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PBEFACE 

A s  humans, t h e  t o o l s  we have developed for  e x p l o r a t i o n  of  t h e  u n i v e r s e  
i n c l u d e  o b s e r v a t i o n  and i n f e r e n c e .  We u s e  t h e s e  t o o l s  t o  t h e i r  l i m i t s  i n  
e x p l o r a t i o n  of  t h e  major  q u e s t i o n s  of o u r  i n t e l l e c t u a l  L i fe :  t h e  o r i g i n  and 
f a t e  of t h e  u n i v e r s e .  We obse rve  m a t t e r  t h a t  is  e i t h e r  " b r i g h t "  o r  "dark"  i n  
terms of i t s  photon o u t p u t .  O p t i c a l l y  b r i g h t  m a t t e r  t e n d s  t o  be  i n  a h o t ,  
gaseous  phase  i n  t h e  u n i v e r s e ,  w h i l e  d a r k  m a t t e r  i s  s e e n  i n  s i l h o u e t t e  a g a i n s t  
background l i g h t .  Dark m a t t e r  i n  i n t e r s t e l l a r  space  t e n d s  t o  he  c o l d ,  s o l i d  
phase  m a t e r i a l ,  and i s  s e e n  i n  abundance a t  i n f r a r e d  wavelengths .  I n  e i t h e r  
c a s e ,  t h e  m a t t e r  i n  t h e s e  phases  e x i s t s  a s  a r e s u l t  of i t s  h i s t o r y .  R e t r a c i n g  
t h i s  h i s t o r y  and p r o j e c t i n g  i t s  f u t u r e  is t h e  focus  of t h e  e f f o r t s  d i r e c t e d  a t  
t h e  s t u d y  of cosmic m a t e r i a l .  Th i s  worb:sl~op r e p r e s e n t s  p a r t  of  t h a t  e f f o r t .  

S t a r s  h a v e  been i d e n t i f i e d  a s  t h e  p o i n t  of o r i g i n  of much of t h e  d u s t  
g r a i n  m a t e r i a l  observed i n  cosmic environments .  The i n t e r s t e l l a r  medium h a s  
been i d e n t i f i e d  a s  t h e  t r a n s p o r t e r  and p r o c e s s o r  of g r a i n s .  The i n t e r p l a n e -  
t a r y  medium is  t h e  d e p o s i t o r y  f o r  t h e s e  g r a i n s ,  and when they  f a l l  t o  e a r t h  i n  
m e t e o r i t e s ,  we t h e n  can  examine f i r s t - h a n d  t h e  t a n g i b l e  ev idence  of cosmic 
h i s t o r y  locked i n  a  s o l i d  body. 

P a r t i c i p a n t s  i n  t h i s  workshop g rapp led  w i t h  s e v e r a l  q u e s t i o n s :  Is t h e r e  
e v i d e n c e  t h a t  m a t e r i a l  i s  be ing  t r a n s p o r t e d  from s t a r s  l i l t i m a t e l y  t o  t h e  
l a b o r a t o r y ?  P o s s i b l y .  Supernova and s -p rocess  i s o t o p i c  enr ichments  produced 
on ly  i n  s t a r s  have been found i n  m e t e o r i t e s .  However, o u r  t h e o r e t i c i a n s  a r e  
embarass ing ly  c l e v e r  a t  d e s t r o y i n g  d u s t  g r a i n s  i n  i n t e r s t e l l a r  shock f r o n t s  
much more r a p i d l y  t h a n  rep]-acing them w i t h  new g r a i n s .  D e s p i t e  t h i s  i n t e l -  
l e c t u a l  conundrum, abundant  i n t e r s t e l l a r  g r a i n s  a r e  e v i d e n t ,  s o  t h e  s t e l l a r  
m a t e r i a l  must be  a t  l e a s t  p a r t i a l l y  p r e s e r v e d .  F i n a l l y ,  t h e  b e s t  match, a t  
p r e s e n t ,  t o  c e r t a i n  p r e v i o ~ i s l y  u n i d e n t i f i e d  i n t e r s t e l l a r  d u s t  s p e c t r a l  
f e a t u r e s  is an o r g a n i c  m a t e r i a l ,  t h e  p o l y c y c l i c  a r o m a t i c  hydrocarbons  (PAHs). 

T h i s  r e p o r t  c o n t a i n s  t h e  l a b o r s  of a  h i g h l y  i n t e r d i s c i p l i n a r y  mix of f i f t y  
a s t ronomers ,  p l a n e t a r y  s c i e n t i s t s ,  c h e m i s t s  and e x p e r i m e n t a l i s t s  who s h a r e d  
i n f o r m a t i o n  and c o n f r o n t e d  i s s u e s  i n  f r o n t i e r  a r e a s  a t  t h e  l a r g e l y  undef ined  
i n t e r f a c e s  of t h e i r  r e s p e c t i v e  s p e c i a l i t i e s .  The i n v i t e d  t a l k s ,  c o n t r i b u t e d  
p a p e r s ,  d i s c u s s i o n s  and working group r e p o r t s  h i g h l i g h t  t h e  s t a t e  of  knowledge 
of  t h i s  f i e l d  i n  an  unique way. We i n v i t e  you t o  s h a r e  t l ~ e ~ e x c i t e m e n t  f e l t  a t  
t h e  Workshop. 
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I n t r o d u c t i o n  

The  Workshop o n  t h e  I n t e r r e l a t i o n s h i p s  among  C i r c u m s t e l l a r ,  
I n t e r s t e l l a r ,  a n d  I n t e r p l a n e t a r y  G r a i n s  was  h e l d  a t  t h e  Aspen  
I n s t i t u t e ' s  Wye P l a n t a t i o n  C o n f e r e n c e  C e n t e r  i n  M a r y l a n d ,  F e b r u a r y  
27-March 1, 1 9 8 5 .  A l l  m e m b e r s  o f  t h e  S c i e n c e  O r g a n i z i n g  C o m m i t t e e  
(SOC) f e l t  t h a t  a  ' " a c e - t o - f a c e "  m e e t i n g  b e t w e e n  a s i c r o n o m e r s ,  
a s t r o p h y s i c i s t s ,  p l a n e t a r y  s c i e n t i s t s ,  a n d  me teor i t i c i s t s  was 
l o n g  o v e r d u e .  The i m p o r t a n c e  t h e  o r g a n i z i n g  c o m m i t t e e  a n d  i n v i t e d  
p a r t i c i p a n t s  a t t a c h e d  t o  t h e  p r o p o s e d  i n t e r d i s c i p l i n a r y  n a t u r e  
o f  t h e  a g e n d a  i s  r e f l e c t e d  by t h e  r a p i d i t y  w i t h  which  s u c h  a  p r o d u c -  
t i v e  m e e t i n g  c o u l d  be o r g a n i z e d ,  T h e  f i r s t  t e l e c o n f e r e n c e  o f  
t h e  SOC t o o k  p l a c e  o n  S e p t e m b e r  6 ,  1 9 8 4 ,  less t h a n  s i x  m o n t h s  
p r i o r  t o  t h e  workshop .  The  p u r p o s e  o f  t h e  w o r k s h o p  was  t o  f o c u s  
a t t e n t i o n  o n  t h e  i n t e r d i s c i p l i n a r y  n a t u r e  o f  "cosmic d u s t "  r e s e a r c h  
a n d  t o  m a k e  a s t r o n o m e r s  a n d  p l a n e t a r y  s c i e n t i s t s  more a w a r e  o f  
t h e  d e v e l o p m e n t s  t h a t  h a d  o c c u r r e d  o u t s i d e  o f  t h e i r  own r e s e a r c h  
a r e a s  o v e r  t h e  l a s t  d e c a d e  o r  so,  A s e c o n d a r y  o b j e c t i v e  was  t o  
s t i m u l a t e  c r o s s - d i s c i p l i n a r y  r e s e a r c h  b e t w e e n  w o r k e r s  whose e x p e r -  
t i s e  was p o t e n t i a l l y  c o m p l e m e n t a r y ,  b u t  who h a d  n o t  p r e v i o u s l y  
b e e n  a w a r e  o f  t h e  s c i e n t i f i c  j u s t i f i c a t i o n  f o r  s u c h  c o l l a b o r a t i v e  
e f f o r t s .  

T h e  f i r s t  d a y  was  d e v o t e d  t o  t h e  p r e s e n t a t i o n  ( a n d  i d i s c u s s i o n )  
o f  s e v e n  i n v i t e d  r e v i e w  p a p e r s .  The t a l k s  c o v e r e d  c i r c u m s t e l l a r ,  
i n t e r s t e l l a r ,  . and i n t e r p l a n e t a r y  m a t e r i a l s ;  b o t h  o b s e r v a t i o n a l  
a n d  t h e o r e t i c a l  a s p e c t s  were p r e s e n t e d .  S p e a k e r s  were n o t  o n l y  
a s k e d  t o  " g i v e  t h e  f a c t s , " b u t  a l s o  t o  d i s c u s s  u n c e r t a i n t i e s  a n d  
mode l  d e p e n d e n t  c o n c l u s i o n s  i n  a c a n d i d  m a n n e r .  A l t h o i ~ g h  i l l n e s s  
p r e v e n t e d  t h e  p r e s e n t a t i o n  o f  a  t a l k  c o v e r i n g  l a b o r a t o r y  a s p e c t s  
o f  g r a i n  r e s e a r c h ,  t h a t  p a p e r  is i n c l u d e d  i n  t h i s  v o l u ~ n e  f o r  com- 
p l e t e n e s s .  T h e  e v e n i n g  o f  d a y  o n e  was  d e v o t e d  t o  a  p o s t e r  s e s s i o n  
a n d  m a r k e d  by a n  e x t r a o r d i n a r y  amount  o f  c r o s s - d i s c i p l i n a r y  d i s c u s -  
s i o n .  A b s t r a c t s  o f  t h e s e  p o s t e r  p r e s e n t a t i o n s  a r e  i n c l u d e d  i n  
t h i s  volume.  

On d a y  t w o ,  a  s e r i e s  o f  w o r k i n g  g r o u p  m e e t i n g s  were h e l d .  
The  m o r n i n g  s e s s i o n s  were d e v o t e d  t o  t h r e e  p a r a l l e l  w o r k i n g  g r o u p s  
w h i c h  were a s k e d  t o  s u m m a r i z e  t h e  " f a c t s "  a n d  r e l e v a n t  q u e s t i o n s  
i n  t h e  f i e l d s  o f  c i r c u m s t e l l a r ,  i n t e r s t e l l a r ,  a n d  i n t e r p l a n e t a r y  
d u s t .  T h e  a f t e r n o o n  was  r e s e r v e d  f o r  d i s c u s s i o n  o f  t h e  r e l a t i o n -  
s h i p  b e t w e e n  c i r c u m s t e l l a r  a n d  i n t e r s t e l l a r  g r a i n s ,  a n d  be t w e e n  
i n t e r s t e l l a r  a n d  s o l a r  s y s t e m  m a t e r i a l s  i n  t w o  s i m u l t a n e o u s  m e e t -  
i n g s .  F i r s t  d r a f t s  o f  a l l  w o r k i n g  g r o u p  r e p o r t s  were w r i t t e n  
d u r i n g  a n d  i m m e d i a t e l y  a f t e r  t h e  g r o u p  m e e t i n g s .  Summar ies  o f  
w o r k i n g  g r o u p  r e s u l t s  were p r e s e n t e d  i n  p l e n a r y  s e s s i o n  s o  t h a t  
a l l  p a r t i c i p a n t s  h a d  t h e  o p p o r t u n i t y  t o  comment o n  t h e  a n t i c i p a t e d  
c o n t e n t  o f  t h e  r e p o r t s ,  The  p u r p o s e  o f  t h e  r e p o r t s  was t o  f o c u s  
t h e  t h o u g h t s  o f  t h e  p a r t i c i p a n t s  o n  i n t e r d i s c i p l i n a r y  a p p r o a c h e s  
t h a t  m i g h t  b e  a p p l i e d  t o  g r a i n  r e s e a r c h .  A s e c o n d a r y  a s p e c t  o f  
t h e s e  r e p o r t s  w a s  t h e i r  u t i l i t y  a s  a  " q u i c k  r e f e r e n c e  p r i m e r 8 '  
f o r  u s e  by i n t e r e s t e d  r e s e a r c h e r s  w o r k i n g  o u t s i d e  o f  t h e  f i e l d  
c o v e r e d  by t h e  r e p o r t .  



he n o t e  h e r e  t h a t  t h e  m e t h o d s  o f  t h e  f i v e  w o r k i n g  g r o u p  c h a i r m e n  
v a r i e d  c o n s i t l e r a b l y .  A l l  w o r k e d  d i l i g e n t l y  t o  p r o d u c e  r e p o r t s  
r e f l e c t i n g  t h e  c o n s e n s u s  o f  t h e i r  g r o u p s ;  h o w e v e r ,  t h e  s t y l e  o f  
e a c h  r e p o r t  w a s  d e t e r m i n e d  by t h e  i n d i v i d u a l  g r o u p  c h a i r m e n .  
E a c h  r e p o r t  was  s e n t  t o  a l l  p a r t i c i p a n t s  f o r  comment ,  r e w r i t t e n  
by t h e  g r o u p  c h a i r m a n ,  a n d  e d i t e d  a t  N A S A  H e a d q u a r t e r s .  

On t h e  m o r n i n g  o f  d a y  t h r e e ,  w e  h e l d  a  r o u n d t a b l e  d i s c u s s i o n  
i n  w h i c h  e a c h  p a r t i c i p a n t  w a s  a s k e d  t o  s t a t e  t h e  " o n e  b u r n i n g  
q u e s t i o n "  h e  o r  s h e  w o u l d  l i k e  t o  see a n s w e r e d  or  a t  l e a s t  a d -  
d r e s s e d  i n  t h e  n e a r  f u t u r e .  T h e  e d i t e d  t r a n s c r i p t  o f  t h i s  s e s s i o n  
i s  i n c l u d e d  h e r e  b e c a u s e  i t  m a k e s  t h o u g h t - p r o v o k i n g  r e a d i n g .  
I t  a l s o  c o i ? s t i t u t e s  a  s o u r c e  o f  i n t e r e s t i n g  t h e s i s  a n d  d i s s e r t a t i o n  
t o p i c s ,  

I n  t h i s  same v e i n  some p e r s o n a l  o p i n i o n s  o f  t h e  p a r t i c i p a n t s  
a r e  c o n t a i n e d  i n  t h e  " i s s u e  r e s p o n s e  f o r m s "  r e c e i v e d  b e f o r e ,  d u r -  
ing, a n d  a f t e r  t h e  m e e t i n g .  T h e s e  " I s s u e s "  a n d  r e s p o n s e  f o r m s  
w e r e  i n i t i a l l y  i n t e n d e d  t o  s t i m u l a t e  i n t e r d i s c i p l i n a r y  t h i n k i n g  
b y  t h e  p a r t i c i p a n t s ,  a n d  t o  s e r v e  a s  a n  a i d  t o  g r o u p  c h a i r m e n  
i n  w r i t i n y  t h e i r  r e p o r t s .  T h e  r e s p o n s e  f o r m s  a l s o  s e r v e d  t o  i n s u r e  
that u n o r t . h o d o x  i d e a s  a n d  a l t e r n a t i v e  h y p o t h e s e s  o f  p a r t i c i p a n t s  
were i n c l u d e d  i n  t h e  p r o c e e d i n g s  o f  t h e  w o r k s h o p ,  e v e n  when s u c h  
i d e a s  d i d  n o t  e a s i l y  f i t  w i t h i n  t h e  s t r u c t u r e  o f  a  w o r k i n g  g r o u p  
r e p o r t .  

A l l  p a r t i c i p a n t s  s e e m e d  t o  f e e l  t h a t  t h e  w o r k s h o p  w a s  w e l l  
w o r t h  t h e i r  e f f o r t s ,  A c o n s i d e r a b l e  a m o u n t  o f  i n t e r d i s c i p l i n a r y  
e x c h a n g e  o c c u r r e d  i n f o r m a l l y  among p a r t i c i p a n t s  a n d  i t  r e m a i n s  
t o  b e  s e e n  w h e t h e r  o r  n o t  new r e s e a r c h  t h a t  crosses t r a d i t i o n a l  
d i s c i p l i n e  b o u n d a r i e s  h a s  b e e n  s t i m u l a t e d .  I f  t h i s  h a p p e n s  t h e  
w o r k s h o p  c a n  b e  c o n s i d e r e d  a  c o m p l e t e  s u c c e s s .  
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I. INTRODUCTION 

There is an enormous range in the properties of stars are are losing 

mass. In this review I concentrate on those red giants that are responsible 

for injecting roughly half or more of the material into the interstellar 

medium. 

During the past 15 years, there has been a dramatic improvement in our 

understanding of mass loss from red giants. The stars that are losing the 

most mass are enshrouded by cold envelopes of dust and gas so they are 

primarily infrared and radio sources; consequently, with the development of 

appropriate instrumentation, it has been possible to reach a much deeper 

understanding of the mass loss from these stars. Optically, stars such as IRC 

+10216, the carbon rich mass losing prototype, are extremely faint, yet at 10 

Pm, many of the brightest objects in the sky are highly evolved red giants 

(Kleinmann, Gillett and Joyce 1980). 

In this review, I concentrate on describing the physical properties of 

the outflows. Earlier work has been reviewed by Zuckerman (1980), I focus on 

the results obtained during the past 5 years. Also I do not, for example, 

discuss either the importance of the grains in driving the outflows by 

radiation pressure or models for how the grains might form. 1.1 Section 11, I 

describe the physical properties of the gaseous outflows while in Section 111, 

broad-band observational constraints on the dust are described. In Section 

IV, spectroscopic studies of the grains are reviewed. 



11. PHYSICAL PROPERTIES OF TKE GAS OUTFLOWS 

I n  almost a l l  t h e  s t a r s  of i n t e r e s t ,  most of t h e  o u t f l o w i n g  g a s  is 

hydrogen, and t h e  f i r s t  t a s k  is  t o  d e s c r i b e  t h e  p h y s i c a l  s t a t e  of t h i s  gas .  

Searches  f o r  a tomic hydrogen a t  21 cm from t h e  ou t f lows  from r e d  g i a n t s  have 

g e n e r a l l y  been u n s u c c e s s f u l  (Zuckerman, T e r z i a n  and S i l v e r g l a t e  1980; Knapp 

and Bowers 1983). I n  two s p e c i a l  c i rcumstances ,  a Sco and NML Cyg, some of 

t h e  c i rcumste l . l a r  hydrogen is  i o n i z e d ,  and i t  has been p o s s i b l e  t o  d e t e c t  t h e  

t o t a l  mass ou t f low from measurements of t h e  r a d i o  f r e e - f r e e  e m i s s i o n  

(Wjellming and Newell 1983; Morr i s  and J u r a  1983). However, i n  most s t a r s ,  i t  

seems t h a t  t h e  bu lk  of t h e  o u t f l o w i n g  gas  i s  Hz. While i n  a  few c i r c u m s t a n c e s  

t h e  H2 i s  e x c i t e d  by shocks ( ~ e c k w i t h ,  Persson and G a t l e y  1978) ;  c u r r e n t  

technology does n o t  e n a b l e  us  t o  s t u d y  t h e  bulk of t h e  m o l e c u l a r  hydrogen. 

T h e r e f o r e ,  most of t h e  s p e c t r a l  d i a g n o s t i c s  of t h e  o u t f l o w i n g  m a t e r i a l  have 

been performed by s t u d y i n g  t h e  minor c o n s t i t u e n t s  such a s  CO, OH and H30. - 

Because i t  is so  s t a b l e ,  s t a n d a r d  condensat ion t h e o r i e s  p r e d i c t  t h a t  t h e  

f i r s t  molecule t o  form a s  t h e  gas  c o o l s  i s  CO ( ~ a l ~ e t e r  1977) ,  and t h e  CO 

consumes a l l  t h e  a v a i l a b l e  oxygen o r  carbon. That i s ,  a  s t a r  i s  carbon r i c h  

and has f r e e  carbon on ly  i f  [ C ] / [ O ]  > 1;  o the rwise  t h e  s t a r  i s  oxygen-r ich,  

The e x p e c t a t i o n  t h a t  CO i s  abundant i n  t h e  outf lows from l a t e - t y p e  g i a n t s  i s  

well supported by o b s e r v a t i o n s ,  and a  convenient  way t o  s t u d y  t h e  

c i r c u m s t e l l a r  CO has  been i t s  r a d i o  emiss ion.  Recent s u r v e y s  have i n c r e a s e d  

t o  roughly about 100 t h e  number of s t a r s  from which CO has  been d e t e c t e d  i n  

t h e  r a d i o  ( ~ n a p p  and H a r r i s  1985; Zuckerman and Dyck 1985).  

From o b s e r v a t i o n s  of t h e  r a d i o  CO p r o f i l e ,  i t  i s  d i r e c t l y  p o s s i b l e  t o  

measure t h e  ou t f low v e l o c i t y  from t h e  f u l l  wid th  a t  z e r o  i n t e n s i t y  of t h e  l i n e  



(for example, Morris 1975). The characteristic outflow speed is 15 km sW1; 

outflow velocities range from 4 km s-I to greater than 40 km s-l. The outflow 

velocity is correlated with the period of pulsation of the red giant  f orris 

et al. 1979) suggesting that pulsations may be related to the rat:e of mass 

loss (see also DeGioia-Eastwood et al. 1981).  Also, at least in oxygen-rich 

stars, with considerable scatter, it appears that v varies as L ~ / ~  fJura 

, 1984b) .  

With relatively few assumptions, it it also possible to derive the mass 

loss rate, M, from the radio CO observations. The CO radio lines are excited 

by collisions with ambient H2 and by flourescence that results from absorption 

in infrared vibrational transitions. From the shapes of the radio line 

profiles, the relative intensities of the J = 2-1 and J = 1-0 rotational 

transitions and, in some cases, maps of the CO emission, it is possible to 

derive mass loss rates (Kwan and Hill 1977; Morris 1980; Jura 1983b,  Knapp and 

Morris 1985).  The major uncertainties in the analysis are the a'bundance of CO 

relative to H2 and the distance to the star. 

In the usual evolutionary scenario, these mass-losing red giants evolve 

into planetary nebulae (Zuckerman et al. 1977; 1978).  Since observations of 

planetaries do not show large variations in the total amount of 1 3 0  ejected 

into the interstellar medium (Zuckerman and Aller 1985) ,  the uncertainties 

introduced by assuming a CO abundance in the outflow are probably not 

dramatic. Also, while the total mass loss rate of an individual star is 

sensitive to the assumed distance, some relative quantities such as the dust 

to gas ratio in the outflow are not, 

Mass loss rates from red giants cover a very wide range. The highest 

known values are about St) yr-l while there are positive detections of 



l o s s  r a t e s  a s  low a s  lo-* % yr-l.  T h i s  upper l i m i t  is  p robab ly  s i g n i f i c a n t  

s i n c e  the  l a r g e  m a j o r i t y  of t h e s e  red  g i a n t s  a r e  a s y m p t o t i c  g i a n t  branch s t a r s  

approaches  t h e  maximum t h e o r e t i c a l  l u m i n o s i t y  of 6 l o 4  Lo ( I b e n  and Renz in i  

1983).  I f  r a d i a t i o n  p r e s s u r e  on t h e  g r a i n s  d r i v e s  t h e  m a t t e r  t o  i n f i n i t y ,  

then Mv 6 L / C  and w i t h  v  = 15 kxn s-l,  t h i s  i m p l i e s  t h a t  M < lo-' Mg yr-' .  

Although a  few y e a r s  ago i t  was s u g g e s t e d  t h a t  f o r  ca rbon- r i ch  s t a r s ,  Mv could  

be c o n s i d e r a b l y  l a r g e r  than  L / c  (Knapp e t  a l .  1982) ,  t h i s  no l o n g e r  seems t o  

be t h e  c a s e  ( J u r a  1983, Knapp 1985). 

A number of impor tan t  r e s u l t s  a p p e a r  i n  t h e  r e c e n t  su rvey  of mass l o s s  by 

Rnapp and Morr is  (1985).  Some i m p o r t a n t  though s t i l l  t e n t a t i v e  f i n d i n g s  a r e :  

1. The mass i n j e c t e d  i n t o  t h e  i n t e r s t e l l a r  medium bp ca rbon- r i ch  and 

oxygen-rich s t a r s  a p p e a r s  t o  be rough ly  comparable.  ( T h i s  r e s u l t  is  i n  

s t r i k i n g  c o n t r a s t  t o  t h e  o p t i c a l  o b s e r v a t i o n s  t h a t  t h e r e  a r e  many more 

oxygen-rich s t a r s  than  ca rbon- r i ch  s t a r s ,  a  d i s c r e p a n c y  f i r s t  no ted  by 

Zuckerman e t  a l .  1977). 

2. A wide range of s t a r s  c o n t r i b u t e s  t o  t h e  mass e j e c t e d  i n t o  t h e  

i n t e r s t e l l a r  medium. A s  a  f i r s t  approx imat ion ,  t h e  amount of mass 

c o n t r i b u t e d  by s t a r s  w i t h  mass l o s s  r a t e s  of loe4  y r - l  i s  comparable t o  t h e  

7 1 amount c o n t r i b u t e d  by t h e  many more s t a r s  l o s i n g  10- 110 yr' . 
3.  A t  l e a s t  0 ,3  Mg yr-l a r e  r e t u r n e d  t o  t h e  i n t e r s t e l l a r  medium t o  t h e  e n t i r e  

Galaxy by mass l o s s  from r e d  g i a n t s .  T h i s  i s  a t  l e a s t  comparable t o  and 

~ r o b a h l y  l a r g e r  than a l l  t h e  o t h e r  s o u r c e s  of new i n t e r s t e l l a r  m a t t e r .  

Yowever, because t h e i r  sample of s t a r s  was no t  chosen on some s y s t e m a t i c  

b a s i s ,  d e f i n i t i v e  c o n c l u s i o n s  w i l l  no t  be reached u n t i l  t h e  r e c e n t  

c o m ~ r e h e n s i v e  survey by Zuckerman and Dyck (1985) i s  completed.  



Other  molecules  b e s i d e s  CO have a l s o  been used t o  s tudy c i r c u m s t e l l a r  

s h e l l s .  I n  oxygen-rich s t a r s ,  OH, H20, SiO ( s e e  Zuckerman 1980) and most 

r e c e n t l y  H2S ( U k i t a  and Morr is  1983) have been found whi le  i n  carbon-r ich 

s t a r s ,  a  number of molecules  have been found ( L a f o n t ,  Lucas and h o n t  1982) 

i n c l u d i n g ,  most r e c e n t l y ,  S i c 2  (Thaddeus,  Cummins and Linke 1984).  A s  

d e s c r i b e d  below, t h e r e  is  a l s o  r e c e n t  evidence t h a t  l a r g e  po1yc:yclic a r o m a t i c  

hydrocarbons may be p r e s e n t  i n  l a r g e  numbers. 

I s o t o p e  r a t i o s  i n  t h e  mass ou t f lows  from s t a r s  can be measured i n  t h e  

o p t i c a l ,  i n f r a r e d  and r a d i o  s p e c t r a ;  however, a t  a l l  wavelengths  t h e r e  i s  

o f t e n  some ambigui ty  i n  i n t e r p r e t i n g  t h e  d a t a .  Sy f a r  t h e  most commonly 

s t u d i e d  i s o t o p e  r a t i o  i s  " c / ~ ~ c .  For a O r i ,  an oxygen-rich s u p e r g i a n t ,  i f  

appears  w e l l  e s t a b l i s h e d  from i n f r a r e d  o b s e r v a t i o n s  t h a t  12C/ 3~~ = 6  e ern at 

e t  a l .  1979). I n  t h e  w e l l  s t u d i e d  carbon s t a r ,  I R C  +10216, t h e  r e c e n t  

i n f r a r e d  d a t a  (Keady, H a l l  and Ridgway 1985) g i v e  " c / ~ ~ c  = 35 i n  reasonab ly  

good agreement w i t h  most of t h e  o l d e r  s t u d i e s  ( ~ u c k e r m a n  1980).  Th i s  

d i f f e r e n c e  i n  t h e  12C/13C i s o t o p e  r a t i o  between t h e s e  two p a r t i c u l a r  s t a r s  may 

be c h a r a c t e r i s t i c  of oxygen-rich and carbon-r ich s t a r s  t h a t  a r e  l o s i n g  l a r g e  

amounts of mass. That i s ,  Knapp and Chang (1985) f i n d  from r a d i o  measurements 

t h a t  1 2 ~ 0 / 1 3 ~ ~  i s  g e n e r a l l y  l a r g e r  i n  carbon-r ich s t a r s  compared t o  

oxygen-rich s t a r s .  Also ,  o p t i c a l  s t u d i e s  of oxygen-rich red  g i a n t s  i n d i c a t e  

" c / ~ ~ c  r a t i o s  around 10 (Hink le ,  Lambert and S n e l l  1976) which is much lower  

than  t h e  i n t e r s t e l l a r  v a l u e  of 43 ' 5 (Hawkins, J u r a  and Meyer 1984) and 

t h e r e f o r e  cannot be c h a r a c t e r i s t i c  of t h e  bulk of t h e  m a t t e r  wh.ich is  i n j e c t e d  

i n t o  the  i n t e r s t e l l a r  medium. S ince  ca rbon- r ich  s t a r s  c o n t r i b u t e  much of the 

new mass of t h e  i n t e r s t e l l a r  medium, t h i s  i n d i r e c t l y  s u g g e s t s  t h a t  ca rbon- r ich  



s t a r s  have 12c/ "C r a t i o s  h i g h  compared t o  10. U n f o r t u n a t e l y ,  c l a s s i c a l  

o p t i c a l  spec t roscopy  of ca rbon- r ich  s t a r s  has  no t  l e a d  t o  p r e c i s e  measurements 

of i s o t o p e  r a t i o s .  A s  d i s c u s s e d  by Dominy e t  a l .  (1978) and Johnson,  O'Brien 

and Climenhaga (1982),  t h e  i n f e r r e d  range f o r  12c/13c i n  t h e  w e l l  s t u d i e d  

carbon s t a r  V 460 Cyg i s  between 7.9 and 100, a l though  t h e  b e s t  c u r r e n t  v a l u e  

i s  around 30. 

111. BROAD BAND OBSERVATIONS OF THE GRAINS 

One of t h e  most s t r i k i n g  r e s u l t s  of o b s e r v a t i o n s  of mass ou t f lows  from 

l a t e - t y p e  g i a n t s  i s  t h a t  t h e r e  i s  a  s t r o n g  c o r r e l a t i o n  between t h e  gas l o s s  

r a t e  and t h e  amount of g r a i n s  measured by t h e i r  i n f r a r e d  emiss ion  (Zuckerman 

and Dyck 1985). From t h e  observed i n f r a r e d  emiss ion ,  i t  is  p o s s i b l e  t o  i n f e r  

t h e  dus t  l o s s  r a t e ,  and t h i s  v a l u e  can be compared t o  t h e  gas  l o s s  r a t e  

d e r i v e d  from r a d i o  CO measurements d e s c r i b e d  above. It has  been found t h a t  

whi le  t h e r e  m y  be f l u c t u a t i o n s ,  g a s  t o  d u s t  r a t i o s  by mass of about  100 seem 

t o  o b t a i n  ( ~ n a ~ p  1985, Sopka e t  a l .  1985).  I n  o t h e r  words, f o r  s o l a r  

abundances,  most of t h e  r e f r a c t o r y  m a t e r i a l  t h a t  conceivably  could  be 

condensed on to  s o l i d s  a c t u a l l y  does  so. I n d i r e c t  o b s e r v a t i o n a l  ev idence  of 

t h e  gas  a l s o  s u p p o r t s  t h i s  c o n c l u s i o n .  For  example, only  about 1% of t h e  

s i l i c o n  i s  con ta ined  w i t h i n  gas  phase SiO even though t h i s  i s  thought  t o  be 

t h e  major form of t h i s  e lement  i n  t h e  gas .  Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  

view t h a t  most of t h e  s i l i c o n  is  c o n t a i n e d  w i t h i n  g r a i n s  (Morr is  e t  a l .  1979; 

J u r a  and Morr is  1985). 

It seems w e l l  e s t a b l i s h e d  t h a t  n o t  on ly  do the  g r a i n s  c o n t a i n  a  l a r g e  

f r a c t i o n  of t h e  m a t e r i a l  o t h e r  t h a n  v o l a t i l e s  such a s  hydrogen and hel ium,  i t  

seems t h a t  t h e  c i r c u m s t e l l a r  g r a i n s  a l s o  have s i z e s  no t  t o o  d i s s i m i l a r  from 

i n t e r s t e l l a r  g r a i n s .  That i s ,  w i t h  some c o n s i d e r a b l e  u n c e r t a i n t v ,  t h e r e  is 



evidence that many of the grains have sizes within an order of magnitude sf 

0.1 pm. The evidence is the following: 

1. Optical observations of quantities such as the intensity of HaIWB emission 

lines in carbon stars indicate considerable circumstellar reddening (Cohen 

1979). Also, molecules such as H20 and HCN are photodissociated by ambient 

interstellar ultraviolet photons as they flow out of the star (Goldreich and 

Scoville 1976, Huggins and Glassgold 1982, Jura 1983a). Interpretation of the 

spatial distribution of'these molecules indicates that the extinction probably 

continues to rise in the ultraviolet. Therefore, most of the particles in 

circumstellar outflows are probably not larger than 0.1 m; otherwise the 

extinction would not be a strong function of wavelength. 

2. Polarization of the optical (shawl 1974) and near infrared radiation 

(Dyck et al. 1971) can be interpreted in terms of grains of roug:hly 0.1 

size (Daniel 1982). That is, not all the grains are very small; otherwise 

there would be no effective scattering. 

3. In the outer circumstellar envelope (r > 1015 cm), the gas is heated by 

the grains streaming supersonically through the gas (Goldreich aind ScoviPle 

1976). This heating rate is sensitive to the grain size, and at least in the 

case of IRC +10216, the best studied circumstellar envelope arouind a carbon 

star, it appears that the mean size of a grain is 0.04 Dm (Kwan and Kill 

1977). 

4. Papoular and Pegourie (1983) have suggested that the shape of the 10 m 

feature in oxygen-rich stars requires some grains with sizes coniparable to 1 

Dm. While it is important to understand the nature of the profile variations 

among different sources, this could be a result of temperature or 

compositional differences rather than grains having different sizes, 



The overall infrared energy distribution of the light from circumstellar 

dust shells seems to be well understood (Rowan Robinson and Harris 19832,b; 

Sopka et al. 1985). Models of the observations are most consistent with a 

grain emissivity that is modelled by a power law which varies more like h - l * '  

rather than x - - ~  (Campbell et al. 1976, Werner et al. 1980, Sopka et al. 1985). 

In carbon stars, this suggests that the grains are more likely to be composed 

of amorphous carbon rather than graphite. 

The presence of near infrared emission indicates that some bf the grains 

are relatively warm with temperatures near 1000 K. This is an important 

constraint on any formation mechanism of the grains. -41~0, interferometry 

indicates that the grains are formed within 1015 cm of the stars (Sutton et 

al. 1977, 1978, 1979, Dyck et al. 1985). This result also suggests that the 

temperature of formation is near 1000 K. 

-4 very indirect argument on the location of the grain formation conies 

from the observed outflow velocities. If the gas to dust ratio is 100, we 

expect that once the grains form, radiation pressure overpowers the 

gravitational force exerted by the star and drives the material to infinity. 

If the grains form close to the star, then the outflow velocity is predicted 

to be larger than the characteristic speed of 15 km s-I. On the other hand, 

the result that v varies as L ~ / ~  is consistent with condensation of a large 

amount of material at 1000 K (Gehrz and Voolf 1971, Jura 1984a) or roughly 

10" cm from the star of luminoisity lo4 Lo. 

.A final point is that the line profiles in circumstellar outflows may 

provide valuable information on the condensation sequence. In the spectrum of 



IRC+10216, Keady, H a l l  and Ridgway (1985) have measured broad t roughs  i n  t h e  P 

Cygni l i n e s .  A p o s s i b l e  model t o  e x p l a i n  t h e  o b s e r v a t i o n s  i s  t h a t  as  t h e  

g r a i n s  c o o l  i n  t h e  ou t f low,  they  can accumulate molecules  t h a t  were too  

v o l a t i l e  t o  condense on to  t h e  s o l i d  a t  t h e  h i g h e r  t empera tu re  c h a r a c t e r i s t i c  

of t h e  g r a i n s  c l c s e r  t o  t h e  s t a r s .  Rapid accumula t ion  of mant les  might occur  

a t  p r e f e r r e d  t e m p e r a t u r e s  and t h i s  would r e s u l t  i n  impuls ive  a c c e l e r a t i o n  of  

t h e  m a t e r i a l  a s  t h e  g r a i n  o p a c i t y  becomes l a r g e r  ( J u r a  1984b). T h e r e f o r e ,  i t  

may be p o s s i b l e  w i t h  s u f f i c i e n t l y  good d a t a  t o  i n d i r e c t l y  i n f e r  t h e  

c o n d e n s a t i o n  sequence i n  t h e  ou t f low from a  s t a r .  

I V .  SPECTROSCOPY OF CIRCUMSTELLAR DUST 

Although t h e  broad band measurements can p r o v i d e  u s e f u l  c o r ~ s t r a i n t s  on 

t h e  n a t u r e  of t h e  d u s t ,  they  do no t  p rov ide  n e a r l y  a s  much infor-mation on t h e  

d e t a i l e d  s t r u c t u r e  of t h e  g r a i n s .  Y e r r i l l  (1979) and Kleinmann, G i l l e t t  and 

Joyce  (1981) have reviewed t h e  o b s e r v a t i o n s  of t h e  s p e c t r a  of r e d  g i a n t s .  A 

major r e s u l t  i s  t h a t  t h e  oxygen r i c h  s t a r s  d i s p l a y  t h e  s i l i c a t e  f e a t u r e s  a t  

9.7 pm and 18 pm w h i l e  t h e  ca rbon- r i ch  s t a r s  show S i c  a t  11 pm. S ince  1980, 

t h e r e  have been a  number of r e c e n t  advances of our  u n d e r s t a n d i n g  of t h e  

g r a i n s  : 

1. F o r r e s t ,  Houck and McCarthy (1981) have d i s c o v e r e d  a  f e a t u r e  near  30 m i n  

t h e  spect rum of ca rbon- r i ch  s t a r s .  The n a t u r e  of t h e  c a r r i e r  remains 

u n i d e n t i f i e d .  

2. Dra ine  (1984) has  ~ r e d i c t e d  t h e  p resence  of a  f e a t u r e  a t  11.52 m i n  t h e  

s p e c t r a  of ca rbon- r i ch  s t a r s  i f  t h e  g r a i n s  a r e  composed of g r a p h i t e .  The 

absence of t h i s  f e a t u r e  i n  t h e  spect rum of I R C  +I0216 i s  c o n s i s t e n t  w i t h  t h e  

view t h a t  t h e  m a t e r i a l  i s  more l i k e l y  t o  be amorphous carbon than  g r a ~ h i t e .  



3 ,  A few oxygen r i c h  s t a r s  show a b s o r p t i o n  a t  3.1 Dm c h a r a c t e r i s t i c  of i c e  

( s e e ,  f o r  example, S o i f e r  e t  a l .  1981). J u r a  and Morr is  (1985) have argued 

t h a t  gas-phase H 2 0  condenses on to  g r a i n s  once t h e  dus t  t empera tu re  f a l l s  below 

110 K a t  a  s u f f i c i e n t l y  l a r g e  d i s t a n c e  from t h e  s t a r .  Q u a n t i t a t i v e l y ,  t h i s  

model e x p l a i n s  t h e  p resence  of both  gas-phase and sol id-phase  H 2 0  around OH 

231.8a4.2, t h e  s t a r  w i t h  t h e  s t r o n g e s t  known i c e  band. 

4 ,  A remarkable  advance i n  our  u n d e r s t a n d i n g  of t h e  s p e c t r a  of t h e  s o l i d  

s t a t e  m a t e r i a l  comes from t h e  s t u d y  of " u n i d e n t i f i e d "  i n f r a r e d  emiss ion  

bands between 3.3 v m  and 11.3 vm. That i s ,  i n  a  v a r i e t y  of o b j e c t s  such  a s  

t h e  carbon-r ich p l a n e t a r y  n e b u l a  NGC 7027, much of t h e  r a d i a t i o n  i s  c a r r i e d  i n  

d i s c r e t e  bands r a t h e r  t h a n  i n  a  continuum  usse sell, S o i f e r  and W i l l n e r  1977). 

J u s t  b e f o r e  NGC 7027 became a  p l a n e t a r y  nebu la ,  i t  was a  r e d  g i a n t  ( ~ u c k e r m a n  

1977,  J u r a  1984b) and we s t i l l  can d e t e c t  t h e  o u t e r  molecular  s h e l l  

su r rounding  t h e  i n n e r  i o n i z e d  gas .  The d i f f u s e  I R  l i n e s  a r e  produced a t  l e a s t  

i n  p a r t  i n  t h e  o u t e r  molecu la r  gas   i it ken and Roche 1983, I s a a c s o n  1983).  

The i d e n t i f i c a t i o n  of t h e  i n f r a r e d  f e a t u r e s  w i t h  v a r i o u s  v i b r a t i o n a l  

modes of carbon carbon bonds and carbon hydrogen bonds was sugges ted  by Duley 

and Will iams (1981).  In an  impor tan t  advance,  Leger and Puget (1984) 

d e s c r i b e d  q u a n t i t a t i v e l y  how t h e  observed emiss ion  f e a t u r e s  n a t u r a l l y  r e s u l t  

from t h e  a b s o r p t i o n  of u l t r a v i o l e t  r a d i a t i o n  by very  small (-50 atom) g r a i n s ;  

t h e  e q u i v a l e n t  of ve ry  l a r g e  molecules .  By comparing t h e  observed s p e c t r a  

w i t h  l a b o r a t o r y  s t u d i e s ,  Leger and Puget sugges ted  t h a t  p o l y c y c l i c  a r o m a t i c  

hydrocarbons (PAHqs) a r e  t h e  b e s t  c a n d i d a t e s  t o  e x p l a i n  t h e  i n f r a r e d  f e a t u r e s .  

While t h e r e  i s  some q u e s t i o n  a s  t o  t h e  e x a c t  n a t u r e  of t h e s e  molecu la r  

c a r r i e r s  (Allamandola,  T i e l e n s  and Barker  1985) ,  t h e r e  seems t o  be a  good 

chance the  b a s i c  i d e n t i f i c a t i o n  of PAHqs i n  c i r c u m s t e l l a r  o u t f l o w s  i s  

c o r r e c t .  



The p r o p o s a l  t h a t  t h e  I R  bands a r e  c a r r i e d  by PAHIS  does n o t ,  by i t s e l f ,  

d e s c r i b e  t h e  molecu la r  composi t ion.  The observed bands a r e  c h a r a c t e r i s t i c  of 

s p e c i f i c  bonds r a t h e r  than  s p e c i f i c  molecu les .  For p r e c i s e  i d e n t i f i c a t i o n s ,  

i t  w i l l  p robably  be necessa r - -  t o  a c q u i r e  s p e c t r a  of t h e  e l e c t r o n i c  

t r a n s i t i o n s .  

Q u i t e  remarkably ,  t h e r e  i s  some p o s s i b i l i t y  t h a t  t h e  PAH's  can a l s o  

e x p l a i n  a  50 y e a r  o ld  problem --the o r i g i n  of t h e  d i f f u s e  i n t e r s t e l l a r  bands 

obse rved  o p t i c a l l y .  Leger and dlHendecour t  (1985) and van d e r  Zwet and 

Allamandola (1985) have proposed t h a t  t h e s e  f e a t u r e s  may be c a r r i e d  by P A R P  s  

t h a t  a r e  g e n e r a l l y  p r e s e n t  i n  the  i n t e r s t e l l a r  medium. While 1-aboratory  d a t a  

do n o t  ( a t  l e a s t  y e t )  suppor t  t h i s  s u g g e s t i o n ,  i t  may be t h a t  we do not  know 

enough about  t h e  o p t i c a l  s p e c t r a  of t h e  a p p r o p r i a t e  molecules  because  they  a r e  

i o n i z e d  o r  a r e  o t h e r w i s e  modified from normal l a b o r a t o r y  specimens ,  and 

t h e r e f o r e  they have no t  been i n t e n s i v e l y  s t u d i e d .  

I n  r e l a t e d  o b s e r v a t i o n s ,  P r i t c h e t t  and G r i l l m a i r  (1934) have d i scovered  

t h e  p resence  of t h e  d i f f u s e  bands 5780 A and 5797 A i n  the  spect rum of NGC 

7027, a  ca rbon- r i ch  p l a n e t a r y  nebula  t h a t  has  j u s t  evolved from t h e  red g i a n t  

s t a g e .  Because much I f  no t  a l l  of t h e  e x t i n c t i o n  towa;d t h i s  o b j e c t  is  

c i r c u m s t e l l a r  r a t h e r  than  i n t e r s t e l l a r  ( J u r a  1984b) ,  i t  i s  d i s t i n c t l y  p o s s i b l e  

t h a t  t h e  d i f f u s e  bands a r e  c a r r i e d  by l a r g e  ca rbon- r i ch  molecu les ,  such a s  t h e  

PAH's. A s e a r c h  f o r  t h e  f e a t u r e s  i n  oxygen r i c h  c i r c u m s t e l l a r  s h e l l s  was not  

s u c c e s s f u l  (Snow and W a l l e r s t e i n  1972, Snow 1973) ,  but  f u r t h e r  work i s  

a p p r o p r i a t e .  

Th i s  work has  been p a r t l y  suppor ted  by NASA and t h e  NSF. T p a r t i c u l a r l y  thank 

Xark Morr is  and Ben Zuckerman f o r  manv u s e f u l  c o n v e r s a t i o n s .  
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Circumstellar Grain Formation 

B. T. Draine, Princeton University Observatory 

1. Principal Classes of Grain-Forming Stars 

I t  is now evident that grains are present in the outflows from many cool giant 

and supergiant stars. In addition to these cool evolved stars, nova explosions are 

also known to sometimes show evidence for dust condensation (Gehrz e t  al. 1984 

and references therein). Less is known about dust formation in the neighborhood 

of protostars, but this may play a significant role in grain reprocessing (Burke and 

Silk 1976).' The present paper will concentrate on dust formation around cool 

giants and supergiants. 

Cool stellar atmospheres and envelopes are quite cleanly separated into two 

very different classes: those in which oxygen is more abundant than carbon ( C / O  < 

1 ), and those in which carbon is more abundant than oxygen ( C / O  > 1). In both 

cases, the cool atmosphere forms CO to the point of almost fully locking whichever 

of the two elements is least abundant; the remaining atoms of the more abundant 

of C or 0 then dominates the chemistry of the cool atmosphere. 

(a) Oxygen-Ric h Outflows 

The fkst abundant condensate expected in a cooling atmosphere with cosmic 

abundances ( C / O  w 0.5) and densities nHw108cm-3 would be silicate minerals such 

as olivine (Mg,Fe)$304 and enstatite MgSi03 (see the review article by Salpeter 

1977). These silicates appear at  Tw1000K. Dusty outflows from oxygen-rich stars 

commonly show the 10pm "silicate feature" - due to the Si-0 stretching mode -- in 

either emission or absorption, thus confirming the condensation of silicates in 

these outflows. Betelgeuse (a Ori) is an example of a red supergiant star with a 

silicate emission feature; OH 0739-14 is an example of an oxyger-rich outflow witn 
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so much dust that the silicate feature appears in absorption (Soifer e t  al. 1981). 

(b) Carbon-Rich Outflows 

In a carbon-rich atmosphere, some form of solid carbon will be the dorninant 

condensate. Ideal monocrystalline graphite is the thermodynamically favored 

condensate, but kinetic factors will probably result in the formation of some 

polycrystal.line carbon solid - such as "turbostratic" graphite - or "amorphous" or 

glassy carbon. Graphite and amorphous carbon have no strong infrared spectral 

features permittirg unambigous identification, although crystalline grapnite does 

have weak infrared resonances (Draine 1984). In addition to  graphite, Sic (sillcon 

carbide) e,an also condense (although somewhat later than graphite if in LTE). 

Silicon carbide has a spectral band in the 10.5-12pm region which was first 

identified in the spectrum of IRC+10216 (Treffers and Cohen 1974). IRCt-10216 is 

perhaps the best example of a carbon-rich outflow, showing a nearly featureless 

infrared spectrum. 

2. Grain Nucleation in Steady, Spherically-Symmetric Outflows 

(a) Temperatures of Circurnstellar Grains 

The temperature of a circumstellar dust grain is essentially determined by a 

balance between the rate of absorption of radiation from the steliar surface and 

the rate  of thermal infrared emission by the grain. The temperature therefore is 

quite strongly dependent upon the absorptive properties of the particle at the 

wavelengths where most of the stellar radiation is -- typically -1pm for the cool 

stars which concern us here. Clean terrestrial silicates have relatively small 

absorption coefficients in this wavelength region. For a star with a temperature 

T,=3000K, a clean olivine grain at a radius rm1.6R, will be a t  the condensation 

temperature Tm1000K. For a star emitting as a T=2500K biackbody, a clean 

olivine grain a t  r=1 .3Rr  will have T=IOOOK. T k s  c..an olivine particles can exist 



 relative!^ close to the  surfaces of coo1 s tars .  

However, the re  is strong evidence that  the  silicate dus t  s w r o u n d i ~  aL least 

some s tars  mus t  b e  much "dirtier" than  the clean olivine discussed above. Thrs is 

because the grains must  be sufficiently absorptive to  absorb enough of the ste1la.r 

radiation to  reprocess i t  into the  observed infrared emission (Jones and Merrill 

1976). For a s t a r  with T,=3000K, these dirty silicate particles would have T=1000K 

a t  rR4.5R.. Thus we see  tha t  the "condensation radius" depends qu:ite sensitivel;; 

on the zssurned grain optical properties. 

(b) Kinetic Considerations 

Consider a spherically-symmetric steady outflow with loss ra te  M .  

Suppose t ha t  a grain is injected into the outflow a t  radius T , .  If the sticking 

probability is s ,  and depletion of t he  vapor is neglected, the arnoun't Aa by which 

the  grain radius will increase is 

I have assumed a grain density 3gcme3, an average atomic mass 25 m u ,  a n d  a 

mean speed of lkrnsel  for the condensible gas atoms. The condensible gas atornc 

are  assumed to  have a density n=lO-,f + n ~  (f b e ~ n g  appropriate for 

condensation of sillcate grains f rom gas of cosmic abundances Si/H= 3 3x10-" 

h&/H = 2 . 6 ~ 1 0 - ~ ,  Fe/H = 4 . 0 ~ 1 0 - ~ ) .  It is clear that  grain growth in such ar! outflov~ 

is severely limited by klnetic considerations, completely aside from t h e  ques t~on  of 

grain nucleation. 

(c) Nucleation Theory and Its hmita t ions  

A s  seen above, grain growth is subject tc severe kinetic limitations. Perhaps 

on even more severe Limitation is that  posed by the  need to nucleate solid 

particles out of the  vapor. The problem here is tha t  small particles or c!usters are 

not as stable as  bulk material, because surface  free energy makes a silbstantisl 
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contribution to the overall free energy of the cluster. Thus, a t  a given degree of 

supersaturation, there is a minimum particle size (the "critical cluster size") 

below which clusters are more likely to  evaporate than to grow. Statistical 

fluctuations are responsible for a finite rate of formation of ciusters exceeding the 

critical cluster size; once having attained this size, the cluster becomes stable and 

will continue growing until the vapor ceases to be supersaturated. 

Tne idealized problem of nucleation out of a slowty cooling vapor, always close 

to LTE, has been the subject of so-called "classical" nucleation theory (Draine and 

Salpeter 197'7; Yamamoto and Hasegab-a 1977). When account is taken of depletion 

of the vapor 'by cluster nucleation and growth, it turns out that specific predictions 

can be made of, for example, the supercooling which the vapor will undergo before 

the nucleation rate peaks, and the h a 1  sizes of the clusters which will form. 

The theory makes a number of simplifying assumptions. One is that the 

"vibrational" temperature of the clusters and the kinetic temperature of the gas 

are the same. This condition is certainly not satisfied in a circumstellar flow. It is 

relatively easy, however, to make allowance for nonequality of the vibrational 

temperature and the gas kinetic temperature (Draine 1981). A second assumption 

is that  grain growth consists of addition of monomers from the vapor, and that 

chemical distinctions among these monomers may be overlooked. This is certainly 

not correct i:n detail for growth of silicates, for example, as has been emphasized 

by Donn (1976). A third questionable assumption is that the "critical" cluster size 

is large enough that the free energies of these clusters may be sensibly estimated. 

T h s  is a controversial issue; Dralne (1979) has argued that existing iniormation 

concerning the thermodynamics of small clusters suggests that their free energies 

can  be meaningfully estimated, but others have disagreed (Donn and Nuth 1955). 

-4 fourth assumption is that  the critical-sized clusters are large enough so that  the 

internal degrees of freedom of the cluster are able to absorb the latent neat  



released when a new chemical bond is formed a t  the grain surface; this latent beat 

can in fact lead to very small effective 'rsticking'f coefficients for of small 

clusters (Salpeter 1973). 

The applicability of "classical" nucleation theory to the ~zucleation of 

refractory materials is not clear. Donn and Nuth (1985) have argued that existing 

experimental studies of the nucleation of refractory materials are! inconsistent 

with the predictions of classical nucleation theory. My own view is that  "classical" 

nucleation theory must of course be employed with extreme caut.ion wner! the 

critical cluster size is small, but that the theory - for all its lirnitatio~ns - is beteer 

than nothing. Obviously it would be most desirable to have a full kinetic model 

with state-to-state transition rates, but this is far beyond our grasp a t  the present 

time. I am also not persuaded that the experimental data really rule out the 

applicability of "classical" nucleation theory to refractory systems -- the 

experiments are extremely dflicult and demanding, and I hope that more work 

will be done in t h s  area. In any case, as indicated below, the chemical physics of 

grain nucleation -- as incompletely understood as  i t  is - may perhaps not be the 

greatest source of uncertainty in our present understand- of circumstellar gram 

formation. 

3. Real Circurnstellar Mass Flows 

(a) What drives mass loss? 

We observe mass loss from many cool stars,  but it must  be said that the ., . mass 

loss mechanism remains a mystery. In extremely cool stars, grain for~nation~itseU 

could in principle drive the mass loss: grains could nucleate witlnin the stellar 

atmosphere, and radiation pressure acting on the grains could then "lift off" t h e  

upper layers of the atmosphere. The physics of this has been d i s c ~ s s e d  by 

Salpeter (1974a,b). Model calculations of steady mass loss from very ccc: 



(Te j I  =2000K) stars have been done by Deguchi (1980); Woodrow and Auman (1982) 

have modelled the time-dependent mass loss from cool pulsating Mira variable 

stars. 

Conveetion in the envelopes of giant stars is expected to lead to substantial 

variations in temperature over the stellar surface. As a result, Salpeter proposed 

that grain formation might take place within cool patches on the stellar surface. 

T h ~ s  idea continues to have appeal, particularly for understanding mass loss from 

Lbe coolest c;tms. However, many mass-losing stars -- such as a Ori -- are now 

believed Lo h.ave such h g h  efiective temperatures that it is hard to believe that 

there could be patches cool enough for grains to form right in the stellar 

atmosphere, or, indeed, that grains so formed could survive as  they moved away 

from the local cool patch and were exposed to radiation from hotter regions of the 

stellar surface. Remember that silicate grains cannot survive heating to  

temperatures significantly in excess of 1000 K. 

(b) Observational Evidence for Complex Gas Flows Around Mass-Losing Stars 

A c c ~ u l a t i n g  observational evidence is leading to a picture where the gas 

flows around mass-losing stars are extremely complex. In the case of a Ori, 

Bonsgaard (1979) has observed FeII emission lines which she interprets as 

eriginating from material at  -1.8R. f a l l i n g  invlard onto the star.  This is hardly 

comforting t o  proponents of steady, spherically-symmetric outflow models! 

Red giants with SiO masers provide another independent piece of evidence for 

complex outflows. Attempts to model the observed SiO maser emission from VX 

Sag and R Cas lead to the conclusion that the maser emission originates in clumps 

of gas with densities a factor of -lo2 times greater than the density which would 

be appropriate to a spherically-symmetric, steady outflow (Alcock and Ross 1985). 

It 1s evident that we are a lorig way from unaerstandlng the nature of the 

n:ar-star gas ffows ir; these mass loslng stars 



(c) Application to a Ori 

Now let us consider a Ori as a particular, well-observed, example. For 

reasonable parameters ( M ~ z x ~ o + M ~  yr-l, L42x 1 05,Lo , Tsfl =3600K, v =8km s-') 

we find A a  =651 f 4~ (R J T  I t  is clear that if grain formation does not take 

place until, say, ri=6.5R. (the minimum distance a t  whch dirCy silicale grains can 

survive), then (from eq. (1)) the resulting grains must be very small: a < 108, . in 

fact, infrared interferometric observations (McCarthy, Low, and :Howell 1977; 

Sutton 1977; Howell, McCarthy, and Low 198 1; Bloernhof, Townes, and iianderwyck 

1984) have been interpreted as showing that  grain formation around o[ O r i  does not 

occur withh -10R.. The observations of Bloemhof e t  uL. appear to indicate that 

the peak 10pm emission occurs approximately 0.9 arcsec from the star -- 40 

stellar radii (for an assumed stellar angular diameter of 0.046 arcsec). On the 

other hand, scattering of starlight by circumstellar dust has been observed 

(McMillan and Tapia 19?8), which requires the grains to  be at  least -100A or s o  in 

size. Thus we conclude that one or more of the assumptions made atrove must not 

be correct. I t  appears most likely that the assumption of a spherical1.y-symmetric, 

steady outflow is unrealistic, and that the actual gas flow in the grain-forming 

region is time-dependent and possibly not spherically-syrnrnetric. This of course is 

a serious compiication, and one which poses a serious obstacle to progress irk 

understanding the grain formation in t h s  outflow. 

Even so, i t  is difficult to  see how grain nucleation and growth can be deferred 

until the gas reaches such large distances from the star.  One possibiTity, of 

course, is that the outflow is strongly time-dependent, with little grain formation 

a t  the present time. A t  a velocity of 8kms-I, the time scale for flowing one stellar 

radius is -3 year, s o  that this interpretation would suppose that the s tar  last 

produced dust a few decades ago. In this connection, i t  may be noted that the 

dust emission around a Ori aFpears to be asymmetric: Bloemhof e l  d rcpsrt  



greater emission on the west side of the s tar .  Furthermore, two distinct velocity 

conlponerlts are observed in the outflow, with a 14krns-' component present 

exterior 1-0 the 8kms-' component (the 8 and 14kms-' components have CO 

rotational temperatures of 200 and ?OK, repectively; Bernat e t  al. 1979), 

suggesting that the outflow properties have changed withiin the past 1000 years 

(Ridgway 198 1). 

Another possibility for trying to understand the peaking of the l0pm emission 

a t  such large distances from the star is the following idea: the grains may nucleate 

relatively close to the star, as "clean" silicate grains. After the nuclei are present, 

grain growth may proceed in a self'limiting fashion: when the growing gram 

incorporat,es an "impurity" from the gas which enhances the grain absorptivity in 

the -1pm region, the grain may heat up and begin evaporating atoms from the 

surface until it succeeds in removing the "impurity". The grain can obviously 

tolerate greater degrees of absorptivity as it is carried farther and farther from 

the star, until a t  -10R. it can exist in the fully dirty form. By t h s  means gram 

nucleation can be carried out relatively close to the s tar ,  but grain growth will not 

be complete - and the grains will not have attained their maxirnun absorptivity -- 

until the material has reached about 10 stellar radii from the s tar .  This efiect 

evidently helps in reconciling our theoretical expectations with infrared 

observatio:ns, though it seems incapable of accounting for the p e a ~ i n g  of infrared 
. . 

ernission a.t 30R. as reported by Bloemhof e t  al.. 



4. Summary 

Based on the above, we see that our understandzng of the  gram formation 

,d--ienomenon is extremely limited: the optical properties of small clusters are 

amcertain, the molecular physrcs of cluster nucleatlon and gr0wt.h rs poorly 

understood; and the properties of the gas flows within which the nucleatlon occurs 

1-emain mysterious. Much remains to be done on both the obser.vatlona1 and 

theoretical fronts. 
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O b s e r v a t i o n s  and T h e o r i e s  of I n t e r s t e l l a r  Dust  

John  S. M a t i ~ i s ,  U n i v .  of Wiscons in -Madison  

I n t r o a u c t i o n  and D i s c l a i m e r :  I 1 -cry t o  sur; ir~iarize t h e  
o b s e r v a t i o n i i l  p r o p e r t i e s  of  d u s t ,  a s  based  on ( 1 )  t h e  e x t i n c t ~ o n  
o v e r  a  f a c t o r  of 100 i n  wave l eny th  ( 0 . 1  pm - 10 p r ~ l ) ,  ( 2 )  o n  
p o l a r i z a t i o n ,  bo th  1  i n e a r  and c i r c u l a r ,  ( 3 )  on r a t h e r  narrow 
e rn l s s i on  and a b s o i - p t i o n  f e a t u r e s  i n  t h e  s p e c t r u m ,  and : 4 )  or1 
r e f l e c t i o n  n e b u l a e .  I  w i l l  t h e n  d i s c u s s  t h e o r i e s .  C l e a r l y ,  I 
c a n n o t  men t i on  much of t h e  v a s t  1 i t e r a t u r e  which i s  r e l e v a n t .  
T h e r e  a r e  r e v i e w s  i n  Savage  and Ma th i s  ( 1 9 7 9 ) ,  S t e i n  and S o i f e r  
( 1 9 8 3 ) ,  and D r a i n e  ( 1 9 8 4 ) .  To t h e  many w o r k e r s  i n  t h e  f i e l d  
Lrnose p a p e r s  I bri l l  f a i l  t o  c i t e ,  I s a y :  p l e a s e  d o n ' t  f e e l  
s l i y h t e d ;  you have p l e n t y  o f  company. 

I t  i s  e s s e n t i a l  t o  r e a l i z e  t h a t  t n e  words " i n t e r s t e l l a r  
d u s t "  r e f e r  t o  d i f f e r e n t  m a t e r i a l s  when t n e y  r e f e r  t o  t h e  a i f f u s e  
ISM, t o  t h e  o u t e r  e d g e s  of d e n s e  c l o u d s ,  o r  t o  t h e  d a r k  c e n t r d l  
r e g i  ons  o f  t h o s e  c l o u d s .  The re  a r e  o b v i o u s  o b s e r v a t i o n a l  
s e l e c t i o n s  which make i t  d i f f i c u l t  t o  s t u d y  d u s t  i n  a e n s e  
r e g i o n s .  Elost o f  what I w i l l  s.ay r e f e r s  t o  d u s t  i n  d i f f u s e  
r e g i o n s ,  which I \ t i l l  c a l l  " d i f f u s e  d u s t " .  

I .  O b s e r v a t i o n s  

A .  E x t i n c t i o n .  The re  i s  v e r y  good agreement  o n  a  " s t a n d a r u b i  
e x t i n c t i o n  law f o r  d i f f u s e  d u s t  f o r  x > 0 . 3  urn. In d e n s e  
r e g i o n s ,  e x t i n c t i o n  f o r  x > 0 . 5 5  pm seems t o  be t h e  same a s  f o r  
d i f f u s e  d u s t , b u t  t h e  v a l u e  of K ( V )  ( =  A ( v ) / E ( B - V ) )  i n c r e a s e s  from 
t h e  u i f f u s e  ISM v a l u e  o f  3.1 t o  4 o r  5 .  Tne change  seems t o  be 
i n  t h e  B m a g n i t u d e ,  i n  t h e  s e n s e  t h a t  t h e  e x t i n c t i o n  becomes more 
g r e y .  In  t h e  IUE u l t r a v i o l e t ,  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t :  
t h e r e  a r e  c e r t a i n l y  r e a l  v a r i a t i o n s  o f  t h e  e x t i n c t i o n  even  i n  t h e  
d i f f u s e  ISM, e s p e c i a l l y  f o r  x < 0.16 urn (Ibiassa e t  a l e  1 9 8 3 ;  l i i t t  
e t  a7 .  1 9 8 4 a ) .  These  v a r i a t i o n s  a r e  o f t e n  s h a r e d  by a l l  s t a r s  i n  
a  common r e g i o n  of t n e  s k y .  The changes  i n  e x t i n c t i o n  from one ' 

s t a r  t o  a n o t h e r  have a  u n i v e r s a l  wavelengt l l  d e p e n d e n c e ,  
s u y g e s t i n y  t h a t  a  s i n g l e  g r a i n  p o p u l a t i o n  i s  r e s p o n s i b l e  For t h e  

.. far-UV r i s e  ( G r e e n b e r g  and C t 1 1  ew ick i  1983 ;  Massa and Savage  
1 9 8 4 ) .  The famous ~ 2 1 7 5  "bump" i s  t h e  o n l y  e x t i n c t i o n  f e a t u r e  i n  
t h e  whole  visual -UV r e g i o n  ( I  am n o t  c o n s i d e r i n g  t h e  d i f f u s e  
i n t e r s t e l l a r  b a n d s ,  which a r e  l i k e l y  p roduced  b y  some m a t e r i a l  
a s s o c i a t e d  w i t h  d u s t ) .  Unpubl i shed  work by E .  L .  F i t z p a t r i c k  a n d  
U .  F,iassa ( p r i v a t e  commun ica t i on )  show t h a t  t h e  w a v e l e n y t h  of t i l e  
rnaxirnum o f  t h e  b u m p  i s  e x c e e d i n y l y  c o n s t a n t  from d i r e c , t i o n  t o  
d i r e c t i o n ,  w h i l e  t h e  w i d t h  and s t r e n g t h  of t h e  b u m p  v a r y  
s i g n i f i c a n t l y .  T h i s  b e h a v i o r  i s  n o t  a t  a l l  l i k e  t i , a t  e x p e c t e d  
fro111 g r a p h i t e ;  r~lore a b o u t  t h i s  l a t e r . .  . 

The o n l y  o t h e r  s p e c t r a l  a b s o r p t i o n  f e a t u r e s  a r e  i n  t h e  
n e a r - i n f r a r e d  (NIR)  : t h e  9 . 7  pni " s i l i c a t e "  f e a t u r e ,  wrlici-1 i s  
matctled wel l  by arnorplious s i l i c a t e s  b u t  sor;iewhat b e t t e r  by t i l e  
a b s o r p t i o n  i n  t h e  o x y g e n - r i c h  s t a r  p Cep (goc i te  and A i t k e n  1584). 
The re  i s  a 2 0  pn a b s o r p t i o n  f e a t u r o  lrhich i s  a l s o  p r e s e n t  i n  



s ~ l i c a t e s .  A 3 . 4  pm a b s o r p t i o n  i s  ~ ~ e a k  b u t  c o n s i s t e n t  w i t h  
a b s o r p t i o n  by C - H  s t r e t c h i n g .  The a b s o r p t i o n  c o e f f i c i e n t s  o f  
i n d i v i d u a l  h y d r o c a r b o n s  v a r y  g r e a t l y ,  and o n l y  t i n y  amounts  o f  
some s u D s t a n c e s  c o u l d  p roduce  t h e  e n t i r e  3 .4  pm b a n d ,  w h i l e  o t h e r  
m a t e r i a l s  would r e q u i r e  most  of  t h e  c o s m i c a l l y  a v a i l  a b l e  c a r b o n  
i n  o r d e r  T O  h ave  s u f f i c i e n t  s t r e n g t h  ( D u l e y  and W i l l i a m s  1 9 7 9 ) .  
The 3 . 4  um a b s o r p t i o n  i s  s e e n  o n l y  when t h e r e  i s  a  huge amount o f  
v i s u a l  e x t i n c t i o n ,  such  a s  A ( V )  = 25 - 40 mag t o w a r d s  IRS 7 n e a r  
t h e  g a l a c t i c  c e n t e r  ( J o n e s  e t  a l . ,  1983 ;  A l l e n  and Wickramas inghe  
1981). he  happen t o  be  v i ewing  t h e  g a l a c t i c  c e n t e r  t h r o u g h  o n l y  
d ~ f f u s e  I S M ,  s o  t h e  3 .4  pm band i s  p r e sumab ly  found  i n  s t a n d a r d  
d i f f u s e  d u s t .  

T h e r e  i s  an a b s o r p t i o n  f e a t u r e  a t  3.07 um which d o e s  n o t  
o c c u r  i n  d i f f u s e  d u s t .  I t  i s  somet imes  n o t  v i s i b l e  u n t i l  A ( V )  = 
2 5  mag ( H a r r i s  e t  a l .  1 9 7 8 ) ,  b u t  i t  can a p p e a r  a t  A ( V )  = 4  - G 
ma; ( W h i t t e t  e t  a l .  1 9 8 3 ) .  I t  can  be f i t t e d  v e r y  w e l l  by s o l  i d  
w a t e r  and ammonia i c e s  (Hagen e t  a l .  1 9 8 3 ) .  T h e r e  i s  a i s o  a  4 .67 
urn f e a t u r e  i n  v e r y  d a r k  c l o u d s  which i s  p r e sumab ly  c a u s e d  by 
s o l i d  C O  (Lacy  e t  a l .  1 9 8 4 ) .  Hence,  t h e r e  i s  no d o u b t  t h a t  
a e e p  w i t h i n  d a r k  c l o u d s  t h e  g r a i n s  have c o a t i n g s  o f  i c e s .  

E m i s s ~ o n  f e a t u r e s  a r e  o b s e r v e d  a t  3 . 3 ,  3 . 4 ,  6 . 2 ,  7 . 6 ,  8 . 8 ,  
a n d  11 .9  urn i n  such  d i v e r s e  s o u r c e s  a s  some S e y f e r t  I g a l a x i e s ,  
p l a n e t a r y  n e b u l a e ,  and s t e l l a r  s o u r c e s  d e e p  w i t h i n  m o l e c u l a r  
c l o u d s .  The re  i s  a  good r e v i e w  by A i tken  ( 1 9 8 1 ) .  

L i n e a r  p o l a r i z a t i o n  c a u s e d  by a l i g n m e n t  o f  g r a i n s  shows a  
rnaxlmum a t  a  w a v e l e n g t h ,  ~ ( m a x ) ,  which v a r i e s  f rom s t a r  t o  s t a r .  
I t  i s  i n  t h e  r a n g e  0 . 4  t o  1 . 0  pm,  w i t h  an a v e r a g e  o f  0 . 55  pm.  
A n  e m p i r i c a l  law ( W i l k i n g  e t  a l .  1 9 8 2 )  f i t s  t h e  form of p ( ~ )  v e r y  
1 T h e r e  i s  a  good l i n e a r  c o r r e l a t i o n  be tween  ~ ( n a x )  and R(V) 
( W h i t t e t  and van Breda 1 9 7 8 ) ,  u n d e r s t o o d  i n  a  r e a s o n a b l e  b u t  
q u a l i t a t i v e  way by t h e  i d e a  t h a t  b o t h  l a r g e  ~ ( m a x )  and R ( V )  a r e  
a s s o c i a t e d  w i t h  p a r t i c l e s  which a r e  l a r g e r  t h a n  a v e r a g e  ( b u t  s e e  
Chin i  and Kruegel  1983 f o r  a n o t e  of  c a u t i o n  on t h i s  p o i n t ) .  
Tne re  i s  no c o r r e l a t i o n  between p(max)  and E ( B - V ) ,  e x c e p t  t h a t  
t n e i r  r a t i o  n e v e r  e x c e e d s  9% pe r  mag. T h i s  f a c t  i s  e a s i l y  
e x p l a i n e d :  a  t a n g l e d  m a g n e t i c  f i e l d  o r  i m p e r f e c t  g r a i n  a1 ignment  
c a n  e a s i l y  l o ~ ~ e r  p ( m a x ) / E ( S - V ) .  The l a r g e s t  v a l u e s  o f  
p ( m a x ) / E ( E - V )  must be a s s o c i a t e d  w i t h  t h o s e  d i r e c t i o n s  w i t h  t h e  
rnost un i fo rm  m a g n e t i c  f i e l d  and p e r f e c t  a1 i gnmen t .  The o b s e r v e d  
naxiriium v a l u e  i r n p l i e s  a l m o s t  p e r f e c t  s p i n n i n g  a l i g n m e n t  
( G r e e n b e r g  1 9 6 8 ) .  

The 9.7 pm " s i l i c a t e "  a b s o r p t i o n  band shows v e r y  s t r o n g  
I ~ n e a r  p o l a r i z a t i o n  i n  sortie c a s e s ,  such a s  t h e  Or ion  B N  o b j e c t .  
The s i g n i f i c a n c e  of t h i s  f a c t  i s  t h a t  t h e  g r a i n s  r e s p o n s i b l e  f o r  
t h e  9 . 7  pm band must be e l o n g a t e d  and a l i g n e d .  

C i r c u l a r  p o l a r i z a t i o n  p r o v i d e s  a  power fu l  d i a g n o s t i c  
r e g a r d i n g  t K s e  g r a i n s  which a r e  a l i g n e d  ( b u t ,  o f  c o u r s e ,  o n l y  
t h o s e )  b e c a u s e  i t  goe s  t h r o u g h  z e r o  a t  a  w a v e l e n g t h  h ( c i r )  which 
i s  q u i t e  s e n s i t i v e  t o  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  m a t e r i a l .  
O b s e r v a t i o n s  ( M a r t i n  and Angel 1 9 7 7 )  show t h a t  ~ ( c i r )  = ~ j m a x ) ,  
t h e  r ~ a v e l e n g t h  a t  which l i n e a r  p o l a r i z a t i o n  i s  a  maximum. M a r t i n  
( 1 9 7 4 )  shoued t h a t  t h i s  c o n d i t i o n  imp1 i e s  t h a t  t h e  p o l a r i z i n g  
m a t e r i a l  i s  a  d i e l e c t r i c ,  w i t h  a  r e a l  i n d e x  o f  r e f r a c t i o n  and no 



t r u e  a b s o r p t i o n ,  i f  t h e  i ndex  o f  r e f r a c t i o n  i s  i n d e p e n d e n t  o f  
w a v e l e n g t h .  The m a t e r i a l  m a g n e t i t e  h a s  an i n d e x  o f  r e f r a c t i o n  
~ ~ h i c h  v a r i e s  w i t h  A i n  such a  way t h a t  a t  0 .55 u m ,  i t  would have 
~ ( c i r )  = ~ ( m a x ) .  However, t h e  c o n d i t i o n  i s  n e t  f o r  s t a r s  r ihicl)  
have d i f f e r e n t  v a l u e s  of ~ ( m a x ) ,  and m a g n e t i t e  would n o t  p r o v i d e  
t h e  o b s e r v e d  c o n d i t i o n  f o r  o t h e r  w a v e l e n g t h s .  T h u s ,  t h e  g r a i n s  
which p r o v i d e  t h e  p o l a r i z a t i o n  have an a l b e d o  o f  a l m o s t  u n i t y .  
As we s h a l l  s e e ,  t h i s  f a c t  p u t s  power fu l  p r e s s u r e  on t h e o r i e s  o f  
a r a i n s .  
4 

R e f l e c t i o n  nebu l ae  and t h e  d i f f u s e  g a l a c t i c  l i g h t  can  i n  
p r i n c i p l e  p r o v i d e  i n f o r m a t i o n  a b o u t  g r a i n s ,  b u t  u n f o r t u n a t e l y  t h e  
i n t e r p r e t a t i o n  of o b s e r v a t i o n s  i s  h i g h l y  d e p e n d e n t  on t h e  unknown 
g e o m e t r y  of t h e  nebu l a .  The most  i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  
t h e r e  i s  an e x c e s s  of e m i s s i o n  i n  t h e  NIR, p r o b a b l y  e x t e n d i n g  
i n t o  t h e  r ed  s p e c t r a l  r e g i o n  ( S e l l g r e n  1 9 8 4 ,  W i t t  e t  a l .  1 9 2 4 b ) .  
I would g u e s s  t h a t  i t  e x t e n d s  i n t o  t h e  IRAS 12 and 25 urn c h a n n e l s  
a s  w e l l .  I t  i s  presumably caused  by e i t h e r  a  f l u o r e s c i ? n c e  
( e x c i t e d  by a  U V  s t e l l a r  p h o t o n )  o r  by t h e  h e a t i n g  o f  v e r y  t j n y  
g r a i n s  by s i n g l e  U V  p h o t o n s ,  f o l l o w e d  by r a d i a t i v e  c o o l i n g .  Tile 
s p e c t r u m  of t h e  e x c e s s  e m i s s i o n ,  and i t s  v a r i a t i o n  w i t n  s p e c t r a l  
t y p e  of t h e  e x c i t i n g  s t a r ,  w i l l  be  an i n t e r e s t i n g  d i a g n o s t i c  of  
g r a i n s .  

There  a r e  o t h e r  d i a g n o s t i c s  I w i l l  n o t  d i s c u s s .  One i s  t h e  
s p e c t r u m  of t h e  f a r  i n f r a r e d  ( G O  - 200 p m )  e m i s s i o n  f rom t h e  
y r a i n s  h e a t e d  by t h e  g a l a c t i c  s t a r l i g h t .  The s p e c t r u m  depends  
on t h e  d i e l e c t r i c  p r o p e r t i e s  o f  t h e  m a t e r i a l s  t h r o u g h  t h e  
a b s o r p t i o n  of t h e  visual /UV and t h e  e m i s s i v i t y  i n  t h e  F I R .  The 
f o r m a t i o n  and d e s t r u c t i o n  of g r a i n s ,  and t h e  d e p l e t i o n s  o f  
e l e m e n t s  from t h e  gas  phase  o f  t h e  ISM, a l s o  a r e  i m p o r t a n t  c l u e s  
a s  t o  t h e  k i n d s  of p a r t i c l e s  which o u g h t  t o  be p r e s e n t  i n  s p a c e .  

11. T h e o r i e s  of G r a i n s  

There  a r e  a t  l e a s t  f o u r  " c o m p l e t e "  t h e o r i e s  o f  g r a i n s  b ~ h i c h  
c l a i m  t o  e x p l a i n  t h e  e n t i r e  r ange  o f  o b s e r v a b l e  wave l eng t i l s  ( 0 . 1  
- 20  urn). They have one f e a t u r e  i n  common, i n  my o p i n i o n :  e ach  
i s  in  c o n f l i c t  w i t h  a t  l e a s t  one o b s e r v a t i o n .  P o s s i b l y  t h e  r e a l  
answer  i s  a  comb ina t i on  of some o f  t h e s e  i d e a s ,  p l u s ,  I s u s p e c t >  
s e v e r a l  c o n c e p t s  which no one ha s  t h o u g h t  o f  y e t .  

I d i s c u s s  t h e  t h e o r i e s  i n  t u r n ,  f o l l o w e d  by a  c o n t r a s t  o f  
t i l e  two most commonly d i s c u s s e d  o n e s .  

A .  F .  Hoyle a n d - N .  C .  N i ck ramas inghe  ( 1 9 8 2 )  a d v o c a t e  a  
m i x t u r e  of anhydrous  b i o l o g i c a l  m a t e r i a l ,  pl us g r a p h i t e  f o r  t h e  
h2175 - b u m p .  J a b i r ,  Hoyle ,  and Wickramas inghe  ( 1 9 8 2 )  g i v e  a 
s p e c i f i c  l i s t  of  m a t e r i a l s  i n  t h e  mode l ,  b u t  t h e  i n g r e d i e n t s  sesm 
t o  vary  from t i m e  t o  t i m e .  The o n l y  c o n c r e t e  o b j e c t i o n  I am 
aware o f  (Whi t t e t  1984)  i s  t h a t  t h e  model u s e s  an o r d e r  o f  
magni tude  more phosptiorus t h a n  i s  c o s m i c a l l y  a v a i l a b l e .  

B .  W .  L!. Duley ,  T .  J .  M i l l a r ,  and a s s o c i a t e s  ( e .  g . ,  Duley 
and Najdowsky 1 9 8 3 )  e x p l a i n  t h e  e x t i n c t i o n  w i t h  v a r i o u s  m e t a l 1  i c  
o x i d e s  and amorphous ca rbon .  The ~ 2 1 7 5  bunp i s  c a u s e d  by 
t r a n s i t i o n s  of  s u r f a c e  oxyyen i o n s  on t i n y  ( 1 0  Angs t rom)  M g O  
c r y s t a l s .  The t i n y  s i z e  i s  r e q u i r e d  b e c a u s e  o n l y  s u r f a c e  a toms 



c a r r y  t h e  t r a n s i t i o n  ( i n  f a c t ,  b u l k  MgO h a s  a  v e r y  s t r o n g  
a b s o r p t i o n  a t  0 . 1 6 4  pm w h i c h  i s  n o t  s e e n ) .  T h e r e  a r e  a l s o  S iO  
and  FeO g r a i n s  w h i c h  a r e  l a r g e  ( 0 . 1  e l o n g a t e d ,  a n d  a l i g n e d  
i n  t h e  g a l a c t i c  m a g n e t i c  f i e l d .  T h e s e  g r a i n s  p r o v i d e  t h e  
p o l a r i z a t i o n .  T h e  s t r o n g e s t  l a b o r a t o r y  s u p p o r t  o f  t h i s  model i s  
t h e  s t u d y  (MacLean e t  a l .  1 9 8 2 )  o f  b l u e  f l o u r e s c e n c e  r a d i a t i o n  
p r o d u c e d  b y  U V  o f  v a r i o u s  w a v e l e n g t h s  i n c i d e n t  upon MgO c r y s t a l s .  
The b l u e  e m i s s i o n  i s  a  maximum when t h e  U V  i s  a t  h 2 2 0 0 .  A a i r e c t  
n l e a s u r e m e n t  o f  t h e  ~ 2 1 7 5  a b s o r p t i o n  would  be much m o r e  
c o n v i n c i n g ,  

I t  s eems  s t r a n g e  t o  me t h a t  o n e  h a s  t i n y  MgO a n d  l a r g e  S iO 
and  Feu p a r t i c l e s .  A n o t h e r  s e r i o u s  o b j e c t i o n  t o  t h i s  t h e o r y  i s  
t h e  s t r o n g  p o l a r i z a t i o n  o f  t h e  B N  o b j e c t  a t  20 urn ( K n a c k e  and  
Capps  1 9 7 9 ) .  The p o l a r i z a t i o n  i s  c a u s e d  by FeO and  S i O ;  big0 
c a n n o t  p r o d u c e  p o l a r i z a t i o n  b e c a u s e  i t s  c r y s t a l s  a r e  c u b i c  a n d  
a r e  t h e r e f o r e  t o o  s y m m e t r i c a l .  S i O  h a s  no b a n d s  a t  20 p m ,  and  
FeO p r o v i d e s  much l e s s  a b s o r p t i o n  t h a n  MgO a t  20 - 25 urn ( B r 2 h a t  
e t  a l .  1 9 6 6 ) .  

C .  J .  M. G r e e n b e r g  and  h i s  a s s o c i a t e s  h a v e  d e v e l o p e d  a  
t h r e e - c o m p o n e n t  model ( e .  g . ,  G r e e n b e r g  1 9 8 4 a , b ) .  The  
c o n s t i t u e n t s  a r e :  ( 1 )  A p o p u l a t i o n  o f  t i n y  g r a i n s ,  p r o b a b l y  
s i l i c a t e s ,  t o  p r o v i d e  t h e  s t e e p  r i s e  o f  e x t i n c t i o n  w i t h  1 / ~  a t  
x < 0 . 1 6  p m .  ( 2 )  S m a l l  g r a p h i t e  g r a i n s  ( o r  s o m e t h i n g  s i m i l a r )  t o  
p r o v i d e  t h e  ~ 2 1 7 5  bump. ( 3 )  M a n t l e - c o a t e d  s i l i c a t e  g r a i n s  t o  
p r o v i d e  a l m o s t  a l l  o f  t h e  e x t i n c t i o n  f r o m  0 . 3  urn t h r o u g h  t h e  
v i s u a l / N I R .  The m a n t l e s ,  w h i c h  o c c u p y  9 0 %  o f  t h e  v o l u m e ,  a r e  
a s sumed  t o  be  t h e  " y e l l o w  s t u f f "  r e f r a c t o r y  r e s i d u e  l e f t  b e h i n d  
a f t e r  w a r n i n g  U V - p n o t o l y z e a  i c e s  o f  C O ,  w a t e r ,  ammonia e t c . ,  t o  a  
f ew  d e g r e e s  K e l v i n .  The f r e e  r a d i c a l s  i n  t h e  i c e s  r e a c t  and  
p r o d u c e  t h e  y e l l o w  m a t e r i a l  w h i c h  i s  s t a b l e  a t  room t e m p e r a t u r e s .  
T h e s e  r e a c t i o n s  p r o v i d e  t h e  g a s - p h a s e  no1 e c u l e s  w h i c h  a r e  
o b s e r v e d  i n  d a r k  c l o u d s .  Tne o b s e r v a t i o n s  o f  t h e  3 . 0 7  pm 
a b s o r p t i o n  band s t r o n g l y  i n d i c a t e  t h a t  i c y  m a n t l e s  d o  f o r m  w i t h i n  
d a r k  c l o u d s ;  t h e  q u e s t i o n  i s  how much o f  t h e  r e f r a c t o r y  r e s i d u e  
o f  t h e  m a n t l e  c a n  r e rna in  a f t e r  t h e  g r a i n  h a s  b e e n  i n j e c t e d  i n t o  
t h e  d i f f u s e  ISM and h a s  b e e n  s u b j e c t e d  t o  s h o c k s  and  o t h e r  h a r s n  
e n v i  r o n n e n t s .  

D. F l a t h i s ,  Rumpl,  and  N o r d s i e c k  ( 1 9 7 7 ;  h e r e a f t e r  F I R N )  h a v e  
two  p o p u l a t i o n s  of b a r e  r e f r a c t o r y  g r a i n s  f o r  t h e  d i f f u s e  ISM. 
One componen t  i s  g r a p h i t e ;  t h e  o t h e r  i s  s i l i c a t e s .  B o t h  h a v e  a  
p o b ~ e r - l a w  s i z e  d i s t r i b u t i o n  i n  s i z e s .  T h e r e  i s  a  r a t h e r  
a r b i t r a r y  c u t o f f  i n  s i z e s  a t  b o t h  e n d s .  O r i g i n a l l y ,  t h e  s m a l l e s t  
s i z e  was a s sumed  t o  b e  a b o u t  0 . 0 0 5  pm b e c a u s e  t h e  d a t a  w e r e  
i n s u f f i c i e n t  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  o f  s m a l l e r  s i z e s .  T h e  
o b s e r v e d  e x c e s s  NIR e m i s s i o n  o f  r e f l e c t i o n  n e b u l a e  s u g g e s t s  t h a t  
t h e  s m a l l e s t  p a r t i c l e s  m i g h t  be  a b o u t  0 . 0 0 1  p m ,  w h i c h  mak2s t h e m  
m o l e c u l e s  r a t h e r  t h a n  g r a i n s .  The l a r g e s t  p a r t i c l e  s i z e  i s  a l s o  
r a t h e r  a r b i t r a r y ,  b u t  a b o u t  0 .25  u m  o r  s o  f i t s  t h e  e x t i n c t i o n  a n d  
p o l a r i z a t i o n  q u i t e  w e l l .  I n c r e a s i n g  t h e  l a r g e s t  s i z e  f o r  
s i l i c a t e s  f i t s  o b s e r v e d  e x t i n c t i o n  i n  t h e  e d g e s  o f  d a r k  c l o u d s .  
R e c e n t l y ,  t h e  o p t i c a l  c o n s t a n t s  o f  g r a p h i t e  and  s i  I i c a t e s  h a v e  
been  r e d i s c u s s e d  by D r a i n e  and  Lee  ( 1 9 8 4 ) ,  and  any  p r e d i c t i o n s  o f  
t h e  L1KN model s h o u l d  be made w i t h  t h e i r  c o n s t a n t s .  



The M R N  model a l m o s t  s u r e l y  needs  m o d i f i c a t i o n  r e g a r d i n g  t h e  
o r i g i n  of t h e  ~ 2 1 7 5  b u m p .  M R N  r e q u i r e s  t h e  bump t o  be  p roduced  
by a  s i z e  d i s t r i b u t i o n  of g r a p h i t e  p a r t i c l e s  r a t h e r  t h a n  e n t i r e l y  
by small  ones .  The maximum i s  s h i f t e d  a b o u t  0 . 01  pm t o  l o n g e r  
wave l eng th s  by t h e  c o n t r i b u t i o n s  o f  sma l l  b u t  n o t  t i n y  ( e - g . ,  
0 . 0 2  l i m )  p a r t i c l e s ,  r ihich a l s o  c o n t r i b u t e  s c a t t e r i n g  i n  t h e  
1 < 0.15 pm r e g i o n .  T h i s  p i c t u r e  makes t h e  c o n s t a n c y  o f  t h e  
wave leng th  of t h e  maximum of t h e  bump, and t h e  l a c k  of 
c o r r e l a t i o n  o f  t h e  b u m p  s t r e n g t h  w i t h  t h e  x < 0.15 pm e x t i n c t i o n ,  
ha rd  t o  u n d e r s t a n d  ( G r e e n b e r g  and Ch lewick i  1 9 8 3 ) ,  

I  t h i n k  t h a t  t w o  r e c e n t  i d e a s  p r o b a b l y  go a  l o n g  way t o w a r d s  
c l e a r i n g  u p  t h e  problerils w i t h  t h e  ~ 2 1 7 5  b u m p .  They a r e  
t h e o r e t i c a l  c a l c u l a t i o n s  by Leger  and P u g e t  ( 1 9 8 4 ,  and p r e p r i n t s )  
and l a b o r a t o r y  work by S a k a t a  and c o w o r k e r s  ( 1 9 8 3 ,  1 9 8 4 ) .  In t h e  
S a k a t a  e t  a l .  work,  methane i s  s u b j e c t e d  t o  a  d i s c h a r g e ,  and t h e  
p r o d u c t s  a r e  quenched o n t o  a  s u b s t r a t e .  The r e s i d u e  i s  c a l l e d  
Q C C  ( "quenched  c a r b o n a c e o u s  c o n l p o s i t e " ) .  The Q C C  shows b o t h  t h e  
A2175 b u m p  and a b s o r p t i o n  f e a t u r e s  a t  most  o f  t h e  w a v e l e n g t h s  o f  
t h e  NIR e m i s s i o n  bands  i n  t h e  ISM. The Leger  and P u g e t  theor!/ 
s u g g e s t s  t h a t  m i x t u r e s  of  p o l y c y c l  i c  a r o m a t i c  mol e c u l  e s  o f  
m o l e c u l a r  w e i g h t s  o f  a b o u t  50 o r  s o ,  which I t h i n k  of a s ' p i e c e s  
o f  g r a p h i t e ,  shou ld  p roduce  t h e .  e m i s s i o n  f e a t u r e s  and t h e  NIR 
e x c e s s  i n  r e f l e c t i o n  n e b u l a e .  However,  i t  i s  somewhat o b s c u r e  
t o  me how t h e  wid th  o f  t h e  bump c a n  v a r y  much u i t h  t h e  U C C  o r  
po lycyc l  i c  a r o m a t i c s  i d e a s .  

I t  has a lways  been d i f f i c u l t  t o  u n d e r s t a n d  how c a r b o n  can  be 
annea l ed  i n t o  g r a p h i t e  i n  t h e  b r i e f  t i m e  i t  s p e n d s  a s  a  h o t  s o l i d  
i n  a  c a r b o n - s t a r  a tmosphe re .  A n n e a l i n g  i n  i n t e r s t e l l a r  s p a c e  
seems even more d i f f i c u l t .  T h e r e f o r e ,  I  f i n d  t h e  s u g g e s t i o n s  
o u t l i n e d  above ve ry  a p p e a l i n g ,  and f e e l  t h a t  M R N  s h o u l d  be 
mod i f i ed  t o  i n c l u d e  t h e  pol.yc.ylic a r o m a t i c s ,  o r  w h a t e v e r  Q C C  i s ,  

O b s e r v a t i o n a l  c o n f r o n t a t j o n  o f  M R N  a n d - ~ r e e n b e r ~  t h e o r i e s  i s  
~ o s s i b l e  because  of t h e    re dictions of  t h e  n a t u r e  o f  v i s u a l  
e x t i n c t i o n .  The r e a s o n i h g  i s  t h a t  t h e  c i r c u l a r  and 1  i n e a r  
p o l a r i z a t i o n ,  t a k e n  t o g e t h e r ,  show t h a t  t h e  pol a r i  z i n g  m a t e r i  a 1  
i s  a  d i e l e c t r i c .  I f  t h e r e  i s  o n l y  one k ind  o f  g r a i n  p r o v i d i n g  
t h e  e x t i n c t i o n ,  a s  i n  t h e  Greenbe rg  t h e o r y ,  t n e n  t h e  v i s u a l  
a l b e d o  must be a l m o s t  u n i t y  ( s e e  Greenbe rg  1 9 8 4 b ) .  Using t h e  
o p t i c a l  c o n s t a n t s  o f  D r a i n e  and Lee ( 1 9 8 4 ) ,  I  e s t i m a t e  t h a t  l e s s  
t h a n  7% of t h e  e x t i n c t i o n  a t  Ha i s  p r o v i d e d  by t h e  g r a p h i t e  
r e q u i r e d  t o  produce a l l  o f  t h e  b u m p ,  and I  s u s p e c t  t h a t  Q C C  o r  
p o l y c y c l i c  a r o m a t i c  m o l e c u l e s  p r o b a b l y  have  a b o u t  t h e  same 
a b s o r p t i o n  a s  g r a p h i t e  b e c a u s e  o f  a  s i m i l a r  chemica l  s t r u c t u r e .  
Thus ,  t h e  a l b e d o  of t h e  Greenbery  t h e o r y  s h o u l d  be 0 . 9 3  b e c a u s e  
o n l y  t h e  " g r a p h i t e "  i s  p r o v i d i n g  t r u e  a b s o r p t i o n .  Yet;, w e  know 
t h a t  H I 1  r e g i o n s  have f a i r l y  l a r g e  a b s o r p t i o n  of t h e i r  E a l ~ i e r  
l i n e s ,  a s  judged from t h e  H a / r a d i o  con t i nuum r a t i o s  ( e . g , ,  I s r a e l  
and ~ e n n i c u t t - 1 9 8 0 ) .  I f  t h e r e  were  j u s t  s c a t t e r i n g ,  ' t h e  l i n e  
photons  would e s c a p e ,  and we would s e e  n o  r e d u c t i o n  i n  l i n e  
s t r e n g t h .  Thus ,  t h e  a l b e d o  a t  Ha must  be a p p r e c i a b l y  d i f f e r e n t  
from u n i t y ,  and 0 .93  i s  nownsre n e a r  d i f f e r e n t  enough, ,  



S i r n i l  a r  r e a s o n i n g  a p p l i e s  t o  r e f l e c t i o n  n e b u l a e ;  m o s t  
a n a l y s e s  s u g g e s t  a  v i s u a l  a l b e d o  o f  0 . 6  - 0 . 7 .  T h e  M R N  p r e d i c t s  
a n  a l b e d o  o f  a b o u t  0 . 5 5  a t  Ha a n d  0 . 6 1  a t  V .  

A n o t h e r  p o i n t  o f  d i s a g r e e m e n t  b e t w e e n  M R N  a n d  G r e e n b e r g  i s  
r ~ h e t h e r  t h e  g r a i n s  i n  t h e  o u t e r  p a r t s  o f  d a r k  c l o u d s  a r e  l a r g e r  
b e c a u s e  o f  c o a g u l a t i o n  ( M R N ;  s e e  M a t h i s  a n d  W a l l e n h o r s t  1 9 8 1 )  o r  
a c c r e t i o n  o f  m a n t l e s  ( k a n n e s t a d  a n d  G r e e n b e r g  1 9 8 3 ) .  A c c r e t i o n  
i s  a  r e a s o n a b l e  i d e a ,  a n d  m u s t  c e r t a i n l y  t a k e  p l a c e  b e y o n d  s o m e  
p o i n t  i n  t h e  c l o u d .  Hokdever,  o b s e r v a t i o n s  o f  t w o  s t a r s  e m b e d d e d  
i n  c l o u d s ,  p Oph a n d  N U  O r i  ( S h u l l  a n d  v a n  S t e e n b e r g  1 9 8 5 )  
s h o w  t h a t  t h e  r a t i o  o f  t h e  c o l u m n  d e n s i t y  o f  H I  t o  e x t i n c t i o n ,  
N ( H  I ) / A ( V )  i s  g r e a t e r  f o r  t h e s e  s t a r s  t h a n  f o r  t h e  a v e r a g e  ISM. 
I n  o t h e r  w o r d s ,  t h e  e x t i n c t i o n  c r o s s  s e c t i o n  p e r  n e u t r a l  H d r o p s  
a s  we yo i n t o  t h e  c l o u d .  T h i s  i s  p r e d i c t e d  by c o a g u l a t i o n  ( J u r a  
1980), b e c u a s e  l a r g e r  g r a i n s  a r e  1  e s s  e f f i c i e n t  a b s o r b e r s .  T h e  
f a c t  t h a t  o n l y  t w o  s t a r s  show t h e  i n c r e a s e  d o e s  n o t  i m p l y  t h a t  
o t h e r s  d o  n o t  shor t  c o a g u l a t i o n .  I n  d a r k  c l o u d s ,  m o s t  H i s  
m o l e c u l a r ,  w h i c h  IUE c a n n o t  d e t e c t .  I f  a c c r e t i o n  w e r e  t h s  t r u e  
situation, t h e  c o n v e r s i o n  o f  a t o m i c  H t o  n o l e c u l a r  a l o n e  
s h o u l d  d e c r e a s e  N ( H  I ) / A ( V ) ,  s i n c e  t h e  c l o u d  m a t e r i a l  c o n t r i b u t e s  
d u s t  w i t h o u t  a t o m i c  H .  A d d i n g  new m a t e r i a l  t o  e a c h  g r a i n ,  
t h e r e b y  i n c r e a s i n g  A ( V )  f o r  t h e  f i x e d  n u m b e r  o f  g r a i n s  p e r  H 
n u c l e u s ,  m a k e s  m a t t e r s  s o  much w o r s e .  T h u s ,  a c c r e t i o n  i n  t h e  
o u c e r  p a r t s  o f  c l o u d s  p r e d i c t s  t h e  w r o n g  s i g n  o f  t h e  o b s e r v e d  
e x t i n c t i o n  p e r  H n u c l e u s .  

S u p p o s e d l y  t h e  w a v e l e n g t h  d e p e n d e n c e  o f  l i n e a r  p o l a r i z a t i o n  
i s  a s t r o n g  p o i n t  i n  f a v o r  o f  t h e  G ~ e e n b e r g  model  ( k a n n e s t a d  a n d  
G r e e n b e r g  1 9 8 3 ) .  I h a v e  a  p o s t e r  i n  t h i s  w o r k s h o p  g i v i n g  w h a t  
s e e m s  t o  Lie t o  b e  a  n a t u r a l  a n d  q u a n t i t a t i v e  e x p l a n a t i o n  o f  b o t h  
t h e  s h a p e  a n d  c h a n g e s  f r o m  r e g i o n  t o  r e g i o n  o f  t h e  l i n e a r  
p o l a r i z a t i o n .  S i n c e  i t  h a s n ' t  b e e n  p r o p e r l y  r e f e r e e d ,  I w i l l  n o t  
comment  on i t  f u r t h e r .  I  i n v i t e  c r i t i c i s m s  o f  t h e  p o s t e r .  

O v e r v i e w :  - I c l o s e  \ ~ i t h  t h e  t h o u g h t  t h a t  t h e r e  h a v e  b e e n  
g r e a t  s t r i d e s  i n  t h e  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  d u s t  i n  t h e  
p a s t  t e n  y e a r s .  I  f e e l  t h a t  t h e  new i d e a s  r e g a r d i n g  QCC a n d  
p o l y c y c l  i c  a r o m a t i c  h y d r o c a r b o n s  a r e  v e r y  e x c i t i n g .  I s u s p e c t  
t h a t  no o n e  t h e o r y  u i 1 1  e m e r g e  a s  t h e  " w i n n e r " ,  a n d  t h a t  t h e  t r u e  
o n e  h a s  y e t  t o  b e  f o r m u l a t e t i .  
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I.  INTRODUCTION 

There i s  s t r o n g  ev idence f o r  t h e  d e s t r u c t i o n  o f  dus t  g r a i n s  i n  f a s t  shock 

waves i n  t h e  i n t e r s t e l l a r  medium (ISM), Th i s  t a l k  w i l l  d i s cuss  some o f  t h i s  

ev idence and w i l l  r ev iew t h e  mechanisms by which t h e  g r a i n s  a r e  des t royed  i n  

shocks. G ra in  growth i n  shock waves i s  a more c o n t r o v e r s i a l  s u b j e c t ,  a1 though 

i t  i s  p o t e n t i a l l y  as impo r tan t  as t h e  d e s t r u c t i o n  processes. A few comments 

on growth mechanisms w i l l  be made a t  t h e  end o f  t h i s  t a l k .  

11. IMPORTANCE OF SHOCKS 

The shocks most e f f e c t i v e  a t  d e s t r o y i n g  g r a i n s  a re  those  w i t h  v e l o c i t i e s  

i n  t h e  range 30-400 km s - l ,  p ropaga t ing  th rough  d i f f u s e  i n t e r s t e l l a r  c l ouds  
3 (nH = 10 cm- ) o r  i n t e r c l o u d  m a t t e r  (nH = 0.2 ~ m - ~ )  w i t h  magnet ic  f i e l d s  o f  1- 

3 pG. These v e l o c i t y  l i m i t s  a r e  n o t  p rec i se ;  shocks s lower  t h a n  about 30 km 

5 - l  a r e  i n e f f e c t i v e  a t  d e s t r o y i n g  g ra i ns ,  w h i l e  shocks f a s t e r  t han  400 km s - l  

a re  t o o  i n f r e q u e n t  t o  be impo r tan t .  G ra i n  d e s t r u c t i o n  i n  shocks has been 

cons idered by many authors ,  i n c l u d i n g  Cowie (1978),  Shu l l  (1977, 1978), Rarl ow 

(1978a,b,c), D ra i ne  and Sal p e t e r  (1979),  and most r e c e n t l y  by Seab and Shul 1 

(1983). These d e s t r u c t i o n  models a r e  re1  a t i v e l y  independent o f  t h e  source o f  

t h e  shock wave, except  i n s o f a r  as t h e  source determjnes t h e  shock 

parameters. 

The most impo r tan t  source f o r  d e s t r u c t i v e  shocks i s  p robab ly  supernova 

remnant (SNR) b l  a s t  waves (D ra i ne  and Sal p e t e r  1979), w i t h  c l  oud-cl  oud 

c o l l  i s i o n s  be ing  o f  i e s s e r  importance. The shock models can a1 so be appl  ied 
t o  s t e l  1 a r  wind shocks (Castor ,  McCray, and Weaver 1975), and t o  Herbig-Haro 
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Objects (Dopi t a  1978; Raymond 1979; Brugel e t  a1 . 1982) and pre-mai n-sequence 

outflows in molecular clouds (Shull and Reckwith 1982). I t  should be noted 

t h a t  grain destruction within a  rad ia t ive  shock re turns  ce r ta in  elements t o  

the gas phase, where they increase the  cooling and a l t e r  the  s t r uc tu r e  of t he  

post-shock region. 

The importance of shock processing during the  l i f e  of an i n t e r s t e l l a r  

g r a k  can be estimated from the  t jmescale for  a  typical  grain t o  be h i t  by a  

f a s t  shock, which follows from the  supernova r a t e  f o r  the  galaxy and the  

s t ructure  of the ISM. Consider a  typical  SNR with an expansion veloci ty  o f  

100 krn s-I and a  radius of 30 pc. If the  mean interval  between supernovae i s  

50 years throl~ghout the  galaxy, the  shock time fo r  a  grain i s  approximatejy 

the  supernova interval  divided by t h e  f rac t ion of t he  galaxy occupied by the  

SNR : 

More accurate ca lcula t ions  fo r  the  three-phase ISM (McKee and Ostri ker 

1977)  give a  time of lo8 years  fo r  a  grain t o  be h i t  by a  shock 100 krn s-I o r  

fas te r .  This time should be compared t o  the  several by 10' years ca lcula ted 

by Dwek and  Sea10 (1980) f o r  in jec t ion  of new grains in to  the  ISM. The time 

for  a s t r a t i o n ,  o r  destruction by incorporatjon in to  s t a r s ,  i s  about the  sane 

(Greenberg 1984). Therefore, a  typical  i n t e r s t e l l a r  grain i s  hi t by 10-20 

f a s t  shocks i f  i t  l i v e s  long enough for  astrat:on. Grains S n  t he  l e s s  dense 

intercloud medium will be h i t  even more of ten ,  on the order of every 10' 

years. Because of t h i s  high frequency of shocks, the  propert ies of the IS14 

grain popul at'ion ,ri 11 be strongly influenced and perhaps determined by the  

resu l t s  o f  shock processing. 

111,  E V I D E N C E  FOR SHOCK PROCESSING 

The firsl :  evidence suggesting t h a t  grains a re  destroyed in shocks came 

from the observation (Routly and Spi tzer  1952; Siluk and Si lk  1974) t h a t  high 

velocity (20 - 100 km s - l )  i n t e r s t e l l a r  clouds exhibit  a  s t a t i s t i c a l l y  h'gher 



Ca II/Na I ra t io .  Shull, York, and Hobbs (1977) showed that Si and Fe 

abundances were a1 so significantly greater in high velocity clouds. These 

observations have been interpreted as evidence for shock destruct;ian o f  C a ,  

Fe, and Si atoms in grains by sputtering and grain-coll isions (Jura 1 9 7 6 ;  

Spi tzer  1976; Shull 1977). These same shocks are a1 so responsible for 

producing the clouds' observed velocities.  

Further abundance studies with the Copernicus s a t e l l i t e  ( F i g .  I )  showed 

t h a t  clouds with veloci t ies  greater than 100 km s-l  appear t o  have nearly 

cosmic abundances of Fe and Si ,  implying t h a t  most of the grain material has  

been destroyed. The cloud Doppler velocity provides a  lower lim" on the 

actual shock velocity, 0wSng t o  projection effects  and t o  cloud deceleration 

since the t'me the shock destruct'on began. These ul t raviolet  observatbons 

are  s ignif icant  for establishing the 1 ink between shocks and grain 

destruction, since s i l icon i s  commonly believed to  be a  major coniponent o f  

grain material (see Mathis review tal'k in t h i s  volume). 

There ex is t  t w o  weaker pieces of  evidence for grain destruction, The 

f  i  r s t  i s  the correl a t i  on between theoretical shock-processed U V  exti  nction 

curves and - I U E  s a t e l l i t e  observations in l ines  of sight associated w i t h  

supernovae (Seab and S h u l l  1983). These 1 ines of sight show stronger t h a n  

usual 2175 A extinction features and enhanced far-UV extinction r i se s  ( F Q e  

2 ) .  However, other explanations for these trends are possible. Second, S i  o r  

Fe abundance surveys by the Copernicus (Savage and Bohlin 1979)  and - IUE ( S h u l  l 

a n d  Van Steenberg 1982, 1985) sate1 1 i  t e s  have uncovered a correl ation between 

depl et'on and mean 1 ine-of-sight density (Fig. 3 ) .  Thi s  correl a t k n  could 

resul t  from preferential  grain destruction in the l e s s  dense reg'ions or from 

grain growth in the more dense reg5ons. A1 ternatively,  the appar-ent 

correlation might simply be a  sampling a r t i f ac t  of  the ISM cloud structure 

(Spi tzer  1985) . 
Nevertheless, most l ines  of evidence p o ' n t  t o  significant grain 

destruction in high velocity clouds. Each piece of  evidence requ"es a 

theoretical understanding of the fa te  of grains in i  nters tel l  a r  shocks, 



I M ,  GRAINS I N  SHOCKS 

a) Shock S t r u c t u r e  - R a d i a t i v e  Shocks 

The canc in ica l  g r a i n - d e s t r o y i n g  shock modeled by  Seab and S h u l l  ( 1983 )  i s  

a  V s  = 100 km s ,  p l a n e - p a r a l l e l ,  s t e a d y - s t a t e  r a d i a t i v e  shock p r o p a g a t i n g  

I n t o  a  r e g i o n  o f  d e n s i t y  no = 1 0  cm-3 and m a g n e t i c  f i e l d  Bo = 1 6. F o l l o w i n g  

a  r a d i a t i v e  p r e c u r s o r  ( S h u l l  and McKee 1979) ,  t h i s  gas e x p e r i e n c e s  a  

c a l l  i s i o n l e s s  shock 1 a y e r  (NH < 1014 cm-2 f o r  e l e c t r o n - i o n  e q u i l  i b r a t i o n ) ,  

f o l l o w e d  by a  t h i c k  (NH - 5 x 1 0 ~ ~  cm-', o r  s p a t i a l  t h i c k n e s s  1015 cm) p o s t -  

shock c o o l  i n g  r e g i o n .  It i s  i n  t h i s  c o o l  i n g  r e g i o n  t h a t  most  o f  t h e  g r a i n  

d e s t r u c t i o n  occu rs .  To 25% accu racy ,  t h e  t h e r m a l  gas p r e s s u r e ,  nT, i s  

c o n s t a n t  i n  t h e  downstream r e g i o n ,  so t h a t  as t h e  t e m p e r a t u r e  f a l l s ,  t h e  

d e n s j t y  r i s e s .  Us ing  t h e  L a g r a n g i a n  f o r m u l a t i o n ,  f o l l o w i n g  a p a r c e l  o f  

shocked gas a s  i t  f l o w s  downstream f r o m  t h e  f r o n t ,  one may c o n v e r t  between 

pos t -shock  column d e n s j t y  and f l o w  t i m e ,  N H  = noVs t .  

F i g u r e  4 shows t h e  t e m p e r a t u r e  and d e n s i t y  s t r u c t u r e  o f  a  100 km s'l 

shock, Viewed i n  t h e  f rame i n  wh ich  t h e  f r o n t  i s  a t  r P s t ,  p re -shock  gas o f  

d e n s i t y  no st reams toward  t h e  f r o n t  a t  v e l o c i t y  V s .  I m m e d i a t e l y  b e h i n d  t h e  

f r o n t ,  t h e  d e n s i t y  n  jumps t o  a b o u t  4no, and t h e  gas v e l o c i t y  v  r e l a t i v e  t o  

t h e  shock f r o n t  d r o p s  t o  abou t  0.25 V s  ( n v  = noVs b y  mass c o n s e r v a t i o n ) .  The 
- post -shock  t e m p e r a t u r e  Ts i s  d e t e r m i n e d  b y  t h e  s h o c k ' s  ram p r e s s u r e ,  kTS - 

( 3 / 1 6 )  ( uVs2), and i s  e s s e n t i a l l y  i ndependen t  o f  t h e  pre-shock  d e n s i t y  o r  
5 amb:ent t empera tu re .  F o r  a  100 km s - I  shock, Ts - 1 . 4 ~ 1 0  K. C o o l i n g  i n  t h l  s  

h o t  pos t -shock  gas o c c u r s  p r i m a r i l y  by  c o l l i s i o n a l  e x c i t a t i o n  o f  resonance 

1 h e s  o f  H, He, ca rbon  and oxygen. The i o n i z i n g  r a d i a t i o n  f r o m  t h i s  h o t  zone 

a f f e c t s  t h e  shock s t r u c t u r e  i n  two ways: (1) f o r  V S  > 110 km s - l ,  t h e  p re -  

shock medjum i s  f u l l y  i o n i z e d  b y  t h e  r a d i a t i v e  p r e c u r s o r ;  and ( 2 )  downstream 

a b s o r p t f o n  o f  t h e  i o n i z i n g  r a d i a t i o n  ex tends  t h e  hydrogen r e c o m b i n a t i o n  zone 

and c r e a t e s  a  p l a t e a u  i n  t h e  t e m p e r a t u r e  and d e n s i t y  cu rves .  T h i s  p l a t e a u  

occu rs  a t  i = 5000-30,000 K, a f t e r  NH = 10" ~ m - ~ .  F i n a l  l y ,  a t  NH - 5x10 18  

cm-'* t h e  i o n i z i n g  r a d i a t i o n  i s  n e a r l y  absorbed,  and t h e  t e m p e r a t u r e  i s  c o o l e d  

be low a  few hundred degrees by c o l  l i s i o n a l  e x c i t a t i o n  o f  i n f r a r e d  f i n e  

s t r u c t u r e  l i n e s  o f  C I 1  (158 m), 0  I (63 rm) , and Si  I 1  (34.8 w) . 



b )  Grain Motion in Radiative Shocks 

The large  i n e r t i a  of dust grains ensures t h a t  they wil l  flow unimpeded 

through the  th in  col l i s 'onless  shock and in to  the  hot post-shock gas. Because 

t h e  gra ins  a r e  charged, they gyrate in the  magnetic f i e l d .  A t  t he  shock f r o n t ,  

a  g r a i n ' s  pre-shock velocity of V S  r e l a t i ve  t o  the  f ron t  i s  converted in to  a 

gyromotion o f  0.75VS about a guiding center  d r i f t  of 0.25VS. The d e t a i l s  o f  

the  grajn motions a re  determined by the  e l e c t r i c  f i e l d  generated by the  plasma 

flow through the magnetic f i e l d  and by the  thermal charging of the  grajns -- 
see Shull (1977, 1978). As the  magnetic f i e l d  i s  compressed downstream 

together with the  plasma, grains a r e  betatron accelerated t o  hQtier 

gyrovelocit ies by conservation of t h e i r  magnetic moments, while t h e i r  gu idkg  

center  motion i s  locked t o  the  gas flow. Plasma coulomb and col'l is ional  drag 

forces  decelera te  the  gra ins ;  these forces a re  more e f f ec t i ve  on small g r a%s ,  

ow' ng t o  the i  r  1 arger area-to-vol ume r a t i o s .  

Model r e su l t s  show tha t  t he  large  (0.25 rm radius)  gra'ns can reach 

gyrovelocit ies of about 2VS, o r  200 km s - l  f o r  the  canonical shock. The 

gyromotions of the  smallest ( ~ 0 . 0 1  pn) grains a re  damped out earlly h t h e  

post-shock layer  before reachjng the  strong cooling zone. Small grains are 

thus not betatron accelerated t o  high ve loc i t i e s .  Figure 5 shows 

representa t ive  gyrovelocft ies fo r  large  and small grains of d i f f e r en t  types, 

c )  Grain Destruction Mechanisms 

Large grains gyrating a t  over 100 km s-I bump i n to  things frequently.  

Coll!sions with He nuclei a t  100 km s-I  carry  co l l i s i on  energies of 200 eV, 

whereas sput ter ing thresholds f o r  s i l i c a t e s  a r e  around 23 eV. The sput ter ing 

erodes away the  outer  layers  of l a rge  gra ins ,  b u t  leaves the  inner cores 

Sntact ,  This sputtering i s  non-thermal, s ince  i t  i s  driven by t he  velocity of 

the  gra ins  s t r i k ing  the Hednuclei. Sputtering by H nuclei i s  much l e s s  

e f f i c i e n t ,  contributing only about 10% of the t o t a l .  In shocks below 200 lkm 

s'l, sput ter ing due t o  the thermal ve loc i t i e s  of H and He i s  i n s ign i f i c an t .  

A co l l i s ion  between two  grains of comparable s i z e  a t  100 km s"' 

ve loc i t i e s  wf 11  probably vaporize both graSns, including t h e i r  cores ,  Some 

fragmentation m"ht occur, b u t  the  importance of the  fragmentation process i s  



limjted by the requirement of matching the observed gas-phase abundances in 

F i g ,  1, Vaoorization in grain-grain col l is ions i s  dominated by large grains 

striking medium-sized grains, wh?ch are favored because they are  more abundant 

(Mathis, Rurnpl, and Nordsieck 1977 -- hereafter M R N ) .  The threshold enemgies 

in the center-of-mass frame prevent coll isions with the smal l e s t  grains from 

vapori m i  n g  1 arge grains. 

Shock models (Seab and Shull 1983) show tha t  a b o u t  50% of the grain 

material can be returned t o  the gas phase in a 100 km s-' d i f fuse  cioud shock, 

j n  general agreement with Draine and Salpeter (1979) and Shull (1978). The 

Seab-Shull resul ts  are an improvement over the ea r l i e r  work since they use a  

f u 1  l M R N  size and composition dis t r ibut ion t o  calculate grain-grain coll ision 

effects ,  a n d  because t h e i r  code allows the snock's cooling s t ructure t o  be 

affected by the heavy elements re1 eased by grain destruction,. 

The prjncjpal destruction mechanisms in steady-state radiative shocks 

depend primarily on the betatron acceleration of the grains,  and are  therefore 

more effective for large grains. Small  grains survive these shocks, b u t  they 

are preferenti a1 ly destroyed by thermal sputtering in fps t  adiabatic shocks. 

d )  Grain Destruction in Adiabatic Shocks 

Shocks w : t h  V S  > 200 km s-I cannot be treated with the steady-state 

radiative sho~ck models discussed above. The cool'ng time for these shocks 

u s u a l l y  exceeds the expansion time, RS/Vs, of the generating SNR, so tha t  the 

time-dependent pressure drop of the expanding remnant must be considered. The 

effect  o f  t h e  pressure drop i s  t o  par t ia l ly  suppress the betatron acceleration 
6 of  grains, Instead, thermal sputtering in the >10 K post-shock gas becomes 

the d o m i n a n t  grain destruction mechanism, as the tnermal energy of the shocked 

gas increases above the sputterjng threshold. Grajns u p  t o  several 100 A size 

t h a t  survive slower shocks will be destroyed in these f a s t  shocks. 

e) Timescales for Grain Destruction 

Calculating galactic averages for shock destruction rates i s  a  forrn'dable 

problem. I t  involves modeling the occurrence a n d  evolution of  supernova blast  



waves and c loud-c loud c o l l i s i o n s  i n  t h e  galaxy, t o g e t h e r  w i t h  models f o r  t h e  

ISM s t r u c t u r e  and g r a i n  d e s t r u c t i o n  f r a c t i o n s  i n  shocks. Several  au thors  have 

at tempted t h i s  s o r t  o f  modeling. Dwek and Scalo (1980) f i n d  g r a i n  l i f e t i m e s  

of l o 9  years,  somewhat l e s s  than  t h e i r  i n j e c t i o n  r a t e s  o f  new g r a i n s  i n t o  t h e  

ISM. They conclude t h a t  heavy element d e p l e t i o n s  g r e a t e r  than  30% can o n l y  

exp la ined  by g r a i n  a c c r e t i o n  processes i n  t h e  ISM. Dra ine  and Sa lpe te r  (1979) 

o b t a i n  1  i f e t i m e s  nearer  l o 8  years,  which makes t h e  requirement o f  i n  s i t u  

g r a i n  growth even s t ronger .  Greenberg (1984) suggests a  scenar io  f o r  g r a i n  

e v o l u t i o n  i n  t h e  galaxy, b u t  he underest imates t h e  e f f ec t i veness  o f  shock 

des t ruc t i on .  

Seab, Hol lenbach, McKee, and T i  e l ens  (see  abs t rac t ,  t h i s  vo'l ume) have 

undertaken a  thorough a n a l y s i s  o f  t h e  g r a i n  h i s t o r y  and 1 i f e  c y c l e  i n  t h e  

galaxy. T h e i r  p r e l i m i n a r y  r e s u l t s  i n d i c a t e  g r a i n  1  i f e t i m e s  s l  i g l l t l y  over  

5 x 1 0 ~  years,  n e a r l y  independent o f  s ize.  F u r t h e r  work may mod i fy  t h i s  f i g u r e ,  

p a r t i c u l a r l y  f o r  t h e  1  arge g ra ins .  

These g r a i n  1  i f e t i m e s  p resen t  a  problem f o r  s i l i c o n  dep le t i on ,  s i nce  Si  

i s  a  ma jo r  g r a t n  c o n s t i t u e n t  which i s  about 90% dep le ted  i n  t h e  d i f f u s e  I S M  

(F ig .  3). S ince g r a i n  i n j e c t i o n  t imes  a r e  about 10' years,  such l a r g e  

d e p l e t i o n s  would seem t o  r e q u i r e  g r a i n  1  i f e t i m e s  o f  lo1' years. Three 

p o s s i b l e  exp lana t ions  f o r  t h e  d iscrepancy are: ( 1 )  g r a i n  i n j e c t . i o n  r a t e s  a r e  

an o rde r  o f  magnitude l a r g e r ,  c o n t r a r y  t o  observa t ions  o f  t h e  occurrence o f  

supernovae and mass-loss i n  r e d  g i a n t  winds; ( 2 )  g r a i n  d e s t r u c t i o n  r a t e s  a r e  

an o rde r  o f  magnitude lower ,  which seems u n l i k e l y  a t  t h i s  t ime; o r  ( 3 )  much 

o f  t h e  observed g r a i n  mass i s  formed by some process i n  t h e  I S M  ' i t s e l f ,  As an 

example o f  t h e  l a s t  process, we w i l l  n e x t  d i scuss  g r a i n  growth i n  shocks, 

V. G R A I N  GROWTH I N  SHOCKS 

The s tandard sources f o r  new g r a i n s  i n  t h e  ISM are: r e d  g i a n t  winds, 

p l  anetary  nebulae, novae, and p o s s i b l y  p r o t o s t e l  1  a r  nebulae o r  supernova 

e jec ta .  I f  g r a i n s  form e f f i c i e n t l y  i n  supernova e j e c t a ,  then  t h i s  source 

dominates red  g i a n t  winds by a  f a c t o r  o f  t h ree ,  w i t h  t h e  o t h e r  sources be ing  

l e s s  impor tan t  (Dwek and Scalo 1980). As d iscussed above, t h e  t o t a l  i n j e c t i o n  

r a t e s  f rom these sources a r e  inadequate t o  e x p l a i n  t h e  90% d e p l e t i o n  of S i  i n  

t h e  d i f f u s e  ISM, g iven  the c u r r e n t  b e s t  es t ima te  f o r  d e s t r u c t i o n  ra tes ,  



G r a b  growth beh'nd shocks i s  a  speculat ive f i e l d ,  s ince  the re  i s  l ' t t l e  

data suppor thg  such growth. I t  i s  d i f f i c u l t  obse rva t~ona l l y  t o  dist jngu'sh 

newly-grown grain material in  a  shock from grains  swept u p  from the  ambient 

medium (Dwek e t  a l .  1983). Meyers e t  a l .  (1985) present data suggestjng t h a t  

some grain growth has occurred behind a  10 km s-I shock towards Oph;  

however the d i f f i c u l t y  of t he  observation prevents t h e i r  conc lus~ons  from 

being compel 1 i  ng. 

Grain growth i s  more l i ke ly  in low veloci ty  ( V S  < 30 krn s - l )  shocks t ha t  

a r e  ine f f i c ien t  a t  gra'n destruct 'on.  In f a s t  shocks, the  grajn ve loc i t i e s  

are  well over sputtering thresholds ,  and the net e f f e c t  will be t o  spu t te r  

away rather than add t o  grain surfaces.  I t  i s  unlikely t ha t  t he  gra'ns wjll 

sweep u p  much new material a f t e r  they slow below sput ter ing thresholds.  The 

plasma coulomb drag peaks when the  grain veloci ty  i s  comparable t o  the  proton 

thermal veloci ty ,  and the  gyration of t he  grain slows rapidly once i t  drops 

be low 5ts  betatron-accelerated peak. However, even S n  f a s t  shocks, grain 

growth may occur in the  cool dense regions f a r  downstream from the  f ron t .  

A chemical question a r i s e s  in th i  s  context. Approximately l o 4  hydrogen 

atoms w i l l  s t r i k e  the  grain surface f o r  each atom of a  ref ractory  element. I t  

i s  possible t ha t  t h i s  much H could inh 'b i t  grain growth by occupying a l l  the  

available hjnding s i t e s  before a heavy element could s t i c k ,  On the  other 

hand, W 2  format'on on grain surfaces could provide a  "safe ty  valve",  or the  

ionization s t a t e  of the  heavy elements ( C  11, Si 11, Fe 11) and t he  graSn 

charge could complicate the  gas-grain in te rac t ions .  Evidently fu r the r  

laboratory and theoret ica l  work i s  needed on these  questions. 

Two scenar'os have been proposed in which gra'ns could form or  grow 

behind f a s t  shocks. The f i r s t  occurs when a  f a s t  shock irnp'nges on a dense 

c l o u d .  The shock will decelera te  quickly,  so t h a t  the  steady s t a t e  shock 

destruction ra tes  do not apply. Elmegreen (1981) cal cul a t e s  t h a t  the re1 a t i ve  

forward d r i f t  of grains can equ i l i b r a t e  with the  decelerat ion of t he  shock t o  

maintain part  of the  grain population a t  a  fixed posit ion behbd t he  shock 

front  where growth i s  possible. He suggests t h a t  c e n t h e t e r  s'zed gra ins  can 

grow behfnd SNR shocks and po ten t ia l ly  accumulate enough of t he  e jec ta  

matepial t o  explain the  isotopic  anomalies observed in connection with 

jnterpl anetar,y grains ( s e e  Kerridge review in t h i s  volume). A1 t e rn s t i ve ly ,  

Dwek has suggested t h a t  gra'ns can nucleate and grow 5n dense clumps o f  



supernova e jecta  plowing through a  l e s s  dense ambient medium. Such newly 

formed grains will be protected by the  density of the  clump from destructjon 

by the  i n i t i a l  SNR b las t  wave o r  from reverse shocks. 

These two growth mechanisms can potenti a1 ly expl a'n the  observed i  sotop! c 

anomalies in meteori tes,  provided t ha t  a t  l e a s t  some grains survive l o n g  

enough in the  ISM for incorporation in to  the  so la r  system. Howevl?r, none o f  

these  growth mechanisms i s  1  ikely t o  compensate fo r  the  large  des t ruct ion 

r a t e s  calculated fo r  rad ia t ive  and adiabat ic  shocks. Unless substant ia l  

changes are  made in the grain in jec t ion  or destruction r a t e s ,  t he?  a  new g r a i n  

growth mechanism must be found. The best candidate may be gra'n growth i n  

dark i  n ters te l  1 a r  clouds (DraS ne 1984) . 

VI .  C O N C L U S I O N  

Shock processing p1 ays an important ro le  in the 1  i f e  of a typScal 

jn te r s te l  l a r  grain. Shocks of 100 km s-I or g rea te r  can destroy about 50% of 

the  grain material under appropriate pre-shock conditions of densi ty  a n d  

magnetic f i e l d .  The destructjon occurs by grain-grain co l l i s i ons  and non- 

thermal sputtering fo r  steady-state rad ia t ive  shocks (30  < V s  < 200 km s - l )  

and by thermal sputtering fo r  f a s t  adiabat ic  shocks ( V s  > 200 km s - ' ) ~  

The evaluation of the  l i f e t ime  of grains against  shock des t ruct ion 

depends on models of t h e  ISM s t ruc tu re  and on SNR evolution. Results ~ ~ O I I I  

9 various authors give l i fe t imes  between l o 8  and 10  yedrs,  compared t o  t y p ' c a l  
9 in ject ion times for  new grains of a  few times 10 years. These numbers 

require tha t  a  major portion of the i n t e r s t e l l a r  s i l i con  bearing grajn 

material must be formed by grain growth in the  ISM. A t  the same t'rne, the  

presence of isotopjc anomalies in some meteori tes implies t ha t  a t  l e a s t  some 

grajns must survive from the ' r  formation in SNRs or red giant  winds through 

'ncorporation in to  the solar  system. These requirements are  not necessarily 

incompat'ble. 
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FIGURE CAPTIONS 

F ig .  1. D e p l e t i o n  o f  S i  as a  f u n c t i o n  o f  c l oud  r a d i a l  v e l o c i t y ,  compi led by  

Cowie (1978).  The s o l i d ,  dashed, and d o t t e d  curves show t h e o r e t i c a l  

d e p l e t i o n  cu rves  f r om v a r i o u s  au thors .  

Fig. 2. Normal i z e d  E( A-V) /E(B-V) s e l e c t i v e  e x t i n c t i o n  curves towards s t a r s  

assoc ia ted  w i t h  SNRs (Seab and Shu l l  1983),  compared t o  t h e  

"s tandard"  i n t e r s t e l  1 a r  c u r v e  o f  Savage and Math i  s  (1979).  The s t a r s  

HD 48099 and HD 48434 a r e  near  t h e  Mon Loop SNR, w h i l e  HD 72350 and 

HD'  75821 a re  i n  t h e  Vel a SNR. 

F ig .  3. D e p l e t i o n  c o r r e l a t i o n s  o f  i n t e r s t e l l a r  S i  and Fe f rom a  p r e l i m i n a r y  

sample o f  an IUE abundance s-urvey ( S h u l l  and Van Steenberg 1982, 

1985). Note t h e  i nc reased  d e p l e t i o n ,  l o g  6, i n  l i n e s  o f  s i g h t  w i t h  

h i ghe r  mean d e n s i t y ,  N ( H ~ , ~ ) / ~ .  

Fig.  4. Temperature and d e n s i t y  s t r u c t u r e  f o r  a  shock w i t h  V, = 100 km s - l ,  

pre-shock d e n s i t y  no = 10  ~ m - ~ ,  and magnet ic f i e l d  Bo = 1 . Behind 

t h i s  shock, t h e  thermal  pressure,  nT, i s  n e a r l y  cons tan t ,  and t h e  

column d e n s i t y  NH = noVst i n  cm-2 i s  a  f a c t o r  o f  l o 8  g r e a t e r  t han  t h e  

t ime  t i n  seconds. 

F ig .  5. G ra i n  v e l o c i t i e s  beh ind  a  100 km s'l shock (Seab and S h u l l  1983) 

f o r  two g r a i n  s i z e s  and f o r  b o t h  s i l i c a t e  and g r a p h i t e  compos't jon. 

The 1  arge g r a i n s  (0.25 m) exper ience  b e t a t r o n  a c c e l e r a t i o n  and 

reach l a r g e  v e l o c i t i e s ,  w h i l e  t h e  smal l  g r a i n s  (0.01 m) slow 

down rapSdly  by c o l  1  i s i  onal  and p1 asma coul  omb drag. 
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STUDEES OF INTERPLmETARY DUST 

I. INTXODUCTION 

Inkrrplar~etary dust particles collected in three different ways are now available for 
laboratory study. lnipact collectors flown on aircraft samplirig the stratosphere have provided 
Lhe most important source of (more or less) unaltered interplanetary dust material [ I ] .  Larger 
cosmic particlles have been recovered from sediments, both from the sea (21, and, most recently, 
from temipora~ry glacial lakes in Greenland [3]. Finally, debris samples from impacting 
interplanetary particles have also been collected in experimenls fiown in earth orbit and 
rc.tnrned to earlh [4, 5, and 6b].* 

This brief review treats only the analysis of dust particles co1:ccted in the stratosptlerc. 
These particles are the best available samples of interplanetary dust and have been studied 
using a variety of analytical techniques. 'The particles are systematically collected and curated 
by a group a t  the Johnson Space Cenler, Houston. Catalogs of the collections have been 
pubIishetl and individual particles are made available to  qualified irivestigators on request [a]. 

Tllr strat,ospheric dust particles have been called by a variety of names (including the 
deserved description as "Brownlee particles") and a word about nomenclature is in order. In 
what follows, stratospheric particles whose major element compositions are similar to those of 
ctaondritic meteorites, are referred to as "interplanetary dust particles or IDPs." Some particles 
irn th is  cllcmical class are demonstrably extraterrestrial. T o  facilitate discussion, certain IDPs 
have also been given individual names, e.g. Calrissian, Skywalker, etc. Particles in other 
c-heniical classc.s are riot treated in this paper. Although some of them rnay be extraterrestrial, 
both man-mad,e and natural contaminants are abundant in the nori-chondritic chemical classes. 

[:or a more complete view of 1DI's arid other cosmic dust particles the reader is referred to 
t w o  rcvicbws [9,10]. 

The follo,wing questions are addressed in this workshop papcr: 

I .  Is it ~erta~iin that  choridritic stratospheric dust particles are extraterrestrial? 

2. What are Lhc general physical, chemical, mineralogical, isotopic and infrared properties of 
Ii>I's? 

3. I Iow do IDl's cornpare with other extraterrestrial materials, specifically unequilibrated 
rnctcorites and comet dust? 

4. I)o IUI4s (consist of primitive and/or primordial matter? 

5. Is LPlcre any relationship between IDPs and irlterstellar matter? 

6. Can ehe study of IDPs contribute to the understanding of basic astrophysical problems? 
e.g.: tile conditions under which solids form in space? 

Soraic of these questions have clear answers, others not. hior, are the questions independent 
of e:ich other. 

*Lrl f:wt, there i. rurrcsnt I! :I spacecr:lft t t rn~  h ~ s  t>eer~ in near-earth orbit sillre ..lpril o f '  198 1 ( t h e  
I>cang Durat ion Expoburc- I.':ic.ility - I.I)EF I ) ,  which h z s  several Oust collection experinrents on 
i)o:~rtl. Origilrall?. scircdulect to rrturrr to r:irth in \larch of 1985. the recovery has now beell dr- 
i:i\;c.d. .lu>t i l l  thcs Ia.\t f rx  wcrks.  portion^ of a th r rn~n l  t~lankct retrirrred tv a~tron: lu ts  from the 
o i : i r  \ l ax  Ilrpair Alih\iorr 11nr.t. t)t-rn iountl to contuirr ir~lpacrs of iikcbly cstratc~rrastri:il origin [(it)]. 
7'11i.> irliyac: tlcbri, r~l:ltc'ri:il w i l l  h o r t j  l)e rrr:lde availat>lr Tor grrler:~l sc i~nt i f ic  strldy 171. 



D[. IS IT CERTAIN TIPAT CHONDRITIC STPiATOSPNERlC DUST 
PARTICLES ARE EXTRATERRESTRIAL? 

Yes. Ilowcver, many early studies of purported interplanetary dust particles were 
erroneous, and it is useful to  review the evidence bearing on this fundamental pk1int.a 

The simplest proof that  IDPs are extraterrestrial is the recent observation of large densities 
of fossil nuclear particle tracks in silicate crystals contained within IDPs (121. Massive nuclear 
particles (Z  2 20) are needed to  produce tracks in silicates. In the terrestrial environment the 
only natural source of such nuclear particles is the spontaneous fission of '%J, and even in old 
terrestrial samples, fission track densities are low in siiicates. In contrast, samples of 
extraterrestrial silicates, such as lunar soil grains, typicalIy show high track densities produced 
by energetic heavy nuclei from the sun and by galactic cosmic rays [a complete discussion of 
fossil nuclear tracks is given in Reference 131. 

The extraterrestrial origin of IDPs had been firmly established even before the recent track 
observations. Ion probe measurements demonstrated that  some IDPs are highly enriched in 
deuterium relative to  hydrogen compared to terrestrial samples [l4a]. Still eariier measurements 
115,161 showed that  the particles possessed nonterrcstrial abundances and compsit ions of noble 
gases. The fact tha t  IDPs are chondritic in composition is strong evidence i n  itself of a n  
extraterrestrial origin. 

Although the presence of tracks or a large D/kf anomaly can be considered as proof thaL a 
part irular dust particle has resided in interplanetary space, the absence of these effects does not 
preclude an extraterrestrial origin. I t  is thus impossible to  be certain that  all particles labelled 
lDPs are rnicromcteorites; however, this is a plausible working hypothesis. 

*.irr csc.ellerlt cie.;c.rir)tiorr of tflr enrly csonfu~rtl state-of-affairs is given by Ilodgt. in  his rc,c.erl: book 
:11). ..it one poirrt. tirerr H.X- gerr(~r:*l ngrfyrrierlt between x priori e>timatc.; of interplanrt:iry t1r1.t 

influs. partielt, collcctior~x pc,rro:nred wit t r  higlr a l t i t r~de ballool~x, and da ta  fro111 elc~ctronie t i e t w t o r ~  
i r ~  . p n ( ~ ~ .  I .r~for:~~rr:i tr ly.  ttle.;c. were :ill i r r  error a very I:l;gr factor. lrlterpiarietnr t~uqt  eoli~:xc- 
t io~r provtd n n ~ o r r  rorr~riciai)le prot)ierlr t t r : ~ r r  e:irly irlveztigator3 rc.:ilizt~i. 



I][I. ' T ARE TWE PHIYSICBL, MaNE OGICAL, ISOTOPIC 
INF ED PROPERTIES OF DPs? 

IDFs are an extremely diverse set of objects. It is beyond the scope of this paper to  
desiribe all the observations that  have been made. The general kinds of measurements that  are 
possible will be briefly described and some particular features will be highlighted. 

In spite of their small masses (- t o  lo-'' gms) it has proven possible t o  develop a 
variety of techniques for studying individual particles. Initial examination in a scanning 
electron micrmcop (SEM) equipped with an X-ray detection system (EDX) reveals the 
morphologies a.nd major element compositions. Particles can then be individually weighed and 
their densities determined, although this has been done in only a few cases [17]. More typically, 
a particle is crushed or otherwise dispersed and parts of i t  are transferred t o  an electron 
microscow grid where detailed measurements of structures and mineralogies can be made by 
transmission electron microscopy (TEM)[l$a-q]. The bulk of the crushed particle can be 
transferred to  ,a KBr crystal for measurement of its infrared transmission spectrum [19]. If  the 
particle is subsequently mounted on a sold substrale isotopic measurements on different parts of 
3 particle are ~mssible using an ion probe [14a-dl. Alternatively, the particle can be totally 
consumed in a thermal ionization source mass spectrometer to  obtain precision isotopic 
nneasurements of several selected elements, or an  ensemble of particles can be vaporized in a 
noble gas mass spectrometer to  obtain elemental and isotopic information on noble gases 115,161. 
MicreRaman techniques have been used t o  establish the presence of "disordered graphite" in a t  
least one particle 134) and Auger spectroscopy has been used on two non-chondritic stratosphrric 
dust parhicles to  look for evidence of surface contamination due to  interaction with atmospheric 
wrosols [35] .  

Mose measurements have been reported by groups specializing in one kind of 
instrumentation or another, and in only a few cases have the same particles been studied by a 
variety of techniques. Increasingly, however, sequential or parallel measurements of differeni 
types are being; made on single particles. 

Many IDPs consist of extremely porous aggrcgates with a typical "cluster of grapes" 
morphology 191. Indeed, the erroneous belief has arisen that  all IDPs consist of low density, 
ftunjl materials. This is not true. Although all IDPs consist of aggregates of material in the 
sense that. they are not fragments of an igneous rock or pieces of a melt droplet, many are quite 

3 compact and have densities of - 2  gms/cm or higher [17]. 

Detailed measurements of the rnineralogies and structures of about two dozen particles 
have been reported [1$a-q]. Some particles consist of collections of small anhydrous crystalline 
grains which are imbedded in an amorphous carbonaceous material. The proportion of 
amorphous material is highly variable from one particle to  the next. The minerals olivine and 
pyroxene are common, as'are magnetite and sulfides of different types. The proportions of 
different miner,al phases vary from particle to  particle as do the morphologies and compositions 
of s given mineral type. Microchondrules, flattened where they are in contact with one another, 
have been observed, as have lath-like whiskers of pyroxene. Still another large class of particles 
conlairk phyllosilicates and give evidence of interaction with water. 

A first order result of these studies is that  different particles have qualitatively dilfererit 
aswrnblages of minerals. IDI's cannot be lurnped together as a single ~ 1 : ~ s  of objects; they rr~ust 
bc studied individually. 

APtirough infrared transmissio:: mcasurerntnts were undertaken to provide data  that  could 
bc eornpared with astronomical observations, they have also provided a relatively qu i ck  rriear~s 
of measuring Lhe donlinant silicate mineralogy of whole 1DI's. hlost 1I)I's fall irlt,o on(. of t h r w  



IR spectral classes called "olivine," "pyroxene," or "layer lattice silicate" from the similarity of 
the 10 p m  features with those of terrestrial mineral standards [19]. Complementary detailed 
T E M  measurements on several particles in the different spectral classes confirm the IR 
designations. However, the detailed structures seen in the TEM are different for particles i n  the 
same spectral class, underlining the importance of treating IDPs as individual objects. 

IR spectroscopy can also be used t o  locate particles with unusual rnineralogies. For 
example, Calrissian, a particle in the layer lattice silicate class, has an  atypically :strong 
absorption a t  6.8 p m  and an accompanying weaker absorption a t  11.4 pm. These spectral 
features were interpreted as evidence for carbonates [19] and subsequent TEM measurements 
have confirmed the presence of numerous grains of Fe and Mg carbonate [18m]. 

Ion probe isotopic measurements show large, but variable deuterium enrichments in 5 of 8 
IDPs measured to  date 1141. Maximum enrichments of -250% are seen. In particles with 
deuterium enhancements the D/H values are variable on the scale of a few microms. Correlation 
of the isotopic signatures with other ion signals indicate tha t  the deuterium excess is associated 
with C but not with Oti [14b]. In contrast, carbon isotopic ratios are found to  be constant from 
one part  of a particle t o  the next although differences between particles are found [13c]. b t h  
Mg and Si give constant isotopic ratios consistent with terrestrial values in three particles [14e]. 
Earlier, higher precision measurements on several IDPs made using a thermal ionization source 
mass spectrometer indicated the possible presence of Mg isotopic anomalies a t  thee level of up  Lo 
0.4% [?O]. 



W. WCIW DO IDPe COMPARE WTW h.IETEORITES COMETS? 

Similar in some ways, apparently different in others. Consider first the cornparison of IDPs 
with the fine-grained matrix material of unequilibrated meteorites. The question that  
dominated the original studies of IDPs was whether they were simply smaller versions of the 
larger, better known carbonaceous meteorites. No fragments resembling the porous, f lufi  PDPs 
have yet been found in meteorites. It quickly became evident tha t  IDPs were a unique form of 
extraterrestrial material, different from carbonaceous chondrites and deserving of detailed study 
i n  their own right. Moreover, there are distinctive differences in the detailed mineralogies seen 
in both porous and compact IDPs and the mineralogies observed in meteorites. For example, 
although CM carbonaceous chondrites and one IR class of IDPs have similar IR spectra 
dominated by phyllosilicates, the detailed structures of the phyllosilicates are different [18h]. 

Given the initial question, most authors have emphasized the differences between IDPs and 
meteorites. Yet there are strong similarities e.g.: the deuterium enrichments seen in IDPs, acid 
residues of carbonaceous meteorites, and matrix materials from some unequilibrated chondrites. 
It is not clear whether the differences between IDPs and meteorites are fundamental or whether 
bhey represent differences in degree, rather than in kind. It must be remembered that  
meteorites represent a subset of objects tha t  survive atmospheric entry. There may be large 
objects, consisting of assemblages of material similar to IDPs, that  never reach earth because of 
their fragility. 

At this point it would appear prudent to  reserve judgement on the relationship between 
lDPs and meteorites and treat them as  related parts of the same larger puzzle. 

Whether true or not, there is a widely held belief, based largely on mass balance 
arguments, that  interplanetary dust is composed primarily of comet dust 1231. I t  is also believed 
by many that elornets consist largely of primordial material. Direct comparison of IDPs with 
cornetary material suffers from the obvious problem that  no one has yet mounted a space 
mission to return a comet sample. 

In the absence of a returned comet sample, the only direct comparison between IDPs and 
comeL dust is based on their optical properties [19]. The best astronomical observations in the 
infrared are those for Comet Kohoutek where the spectral emission properties of the dust have 
been obtained firom deconvolution of the observational data  using an assumed black body 
spectrum [36]. {Comparison with the spectral transmission da ta  for IDPs shows that  none of the 
spectral classes of the particles gives a good match to  the comet result. However, a composite 
spectrum consisting of equal contributions from the pyroxene and layer-lattice silicate classes 
gives a remonable match. The olivine spectral class gives the worst fit and it appears unlikely 
that  many particles in this class (some of which are known to  be extraterrestrial) are present in 
Cornet Kohoutek. 

The present results therefore suggest either tha t  the olivine component of interplanetary 
dust is not derived from comets or that  Comet Kohoutek is not representative of all comets. 
The olivine C I ~ S : ~  of particles may also be over represented in the limited population of particles 
( a  total of 26) so far measured. These possibilities are obviously not mutually exclusive. 

Spectral matching is not a very satisfactory way to  approach the question of the 
reiationship between IDPs and comets since even a perfect spectral match would not guarantee 
that IDPs came from comets. The main thing in its favor is tha t  it is currently the & way to  
at.tack the problem. 

Apart frorrl obtaining additional, sorely needed spectral data  on both comet dust and IDPs, 
there are several experimental approaches to  solving t.he IDP-comet comparison problem. It has 



long been know11 that  most meteor .s!lowers have orbits that  link them directly wi th  specific 
cornets. Collection and analysis of material from a meteor shower would be a major 
accomplishment, and a joint Franco-Soviet space experiment which will at tempt to colltc t 
impact debris from particles associated with the comet Ciacobini-Zinrier is currently i n  progrcss 
1211. 

As discussed more fully elsewhere 1251, another important approach would be to corlstruct 
a space instrument that  would measure the orbital ~a ran ie te r s  of individual particles wliose 
impact debris atoms would be analyzed upon return to  the laboratory. Interstellai- grains 
traversing the solar system conceivably could also be located and measured with such an 
instrument. 

Comet rendezvous missions performing sophisticated in situ measurements on dus t  grains 
would also help settle the question. And, of course, a sample return mission to  a comet  wouid 
be invaluable. 

Scientific interest in IDPs would likely be enharlced i f  comet samples proved ia contain 
particles of a similar nature. At  best, space missions can sample orily a few comet:3 i n  the 
foreseeable future. I f  IDPs do indeed come predominantly from comets they are samples of 
many different objects; further, their heterogeneity shows that  they contain a record of a variety 
of processes. 



V. DO mPe CONSIST OF P R W T  /OR PRWORD 

Yes and maybe. No generaliy accepted criteria exist to  classify material as either primitive 
or primordial. For the purposes of this paper, primitive matter is defined as  material which has 
isohpie struc'r.ires different from those in "average solar system material" and of a nature that  
cannot be explained by known processes such as spallation reactions by cosmic rays during 
exposure in int~erplanetary space. The implication is that  primitive materials can be used to  
obtain informa'tion about conditions in the early solar system. 

Primordial matter can be defined as (more or less) unaltered material thnt  existed in the 
(presumed) gas-dust cloud that  existed the prior t o  the present solar system i-e.: interstellar 
dust. Certain authors have interpreted isotopic da ta  as indicating the presence of such material 
in rnete0rit.e~ [?!l]. Iiowever, the evidence is circumstantial; no one t o  date has isolated specific 
metmritie grains tha t  have been definitively identified as unaltered interstellar material. 

One of the most intriguing of the many isotopic anomalies that  have been discovered in 
metwrites in recent years in the case of Ne-E. This component of Ne consists almost 

a> .> 
exclusively of " ' ~ e  1321. A plausible explanation of Ne-E is that  live --Na was incorporated into 

9.) 
solid grains where it subsequently decayed into "Ne. Preservation of the isotopic signature 
would require that  the solid carrier phases were never heated to  the point where they totally 
degassed. Thus they might still be present in  recognizable form. However, it remains t o  be 
proven that  this is the case. 

Primordial matter may well exist in both meteorites and IDPs. However, it may be more 
dificult eo identify such material in IDPs simply because of their small sizes. More detailed 
studies using innproved analytical techniques and working with larger IDPs (a  program t o  collect 
larger stratospheric dust particles is currently in progress) will help address this question. Other 
=peets of the relationship of IDPs to  interstellar matter are treated in the next section. 



M. IS TNERE RELATIONS BETWEEN IDPB 
INTERSTELLAR W T T E R ?  

Maybe, maybe not. The most plausible place t o  look for such links is in dense gm-dust 
clouds containing strong infrared sources tha t  have been interpreted as protostars. A 
comparison of the IR absorption features of the protostar W33A with the spectrum of a Lypical 
IDP of the layer lattice silicate class shows certain common features. Present in both spectra 
are features a t  3pm, 6.8 p m  and 10 pm. The dominant 3pm feature in W33A has been 
a t t r ibukd to water ice, a constituent tha t  cannot be present in IDPs where the weaker 3pm 
feature is attributable t o  water incorporated in a layered silicate structure. The 10 prn feature 
seen in both spectra is likely due to  silicates. 

in the IDPs the 6.8 p m  feature is certainly primarily due to  carbonate minerals, alkhouglir s 
smaller contribution from other phases cannot be ruled out a t  this time. I t  is an open question 
whether carbonates are also responsible for the ubiquitous 6.8 pm feature seen in 'N33rZ, and 
other protostellar objects. Such a possibility was originally suggested based on a comparison of 
the IR spectrum of the meteorite Murchison with protostellar spectra (261. fIowever, the 
absence of an expected accompanying carbonate feature a t  > 25 pm [27] was also noted. In 
principle, the presence of carbonate minerals in protostellar sources can be settled by additional 
astronomical measurements. 

Another possible connection between IDPs and interstellar cloud material is provided by 
the deuterium results. Radio observations show that  simple molecules such as I-ICN can be 
greatly enriched in deuterium in cold interstellar clouds j28a,bJ. If interstellar grains are partly 
composed of complex organic molecules built up from simple molecules by processes such as 
photolysis 1291, it is plausible that  the complex molecules would reflect the deuterium 
enrichments present in the simple precursor molecules. The large deuterium enrichments seen i n  
IDF's (and in cer ta~n extracts from unequilibrated meteorites) could be due to  such, deuterated 
interstellar material 1301. 

Although it is useful t o  consider points of contact between IDPs and interstellar material, 
it is equally important to  consider what has not been observed. The depletions of certain 
elements (e.g.: tZ1 and Ca)  in the interstellar gas phase have led to  the view that  interstellar 
grains in clouds should consist in part of refractory cores 1311. No such refractory cores have 
yet been reported in IDPs, although fassaite, a common constituent of calcium alunlinum rich 
refractory inclusions in meteorites has been recently found in one IDP [18k]. 

Tha t  grains with the properties expected for interstellar material have riot yet been 
reported in IDPs, does not necessarily mean that  such material is not present. Perhaps the 
problem is one of concentration and scale. Most of the astronomical observations relate to  
particles of -0.1pm or less. Whilc grains of this size are routinely measured in elecLron 
diffraction studies of IDPs, detailed TEM measurements tend to  be made on the largest sub- 
grains, on those which have euhcdral external morphologies, and those which, by definibion, give 
the strongest electron diffraction signals. Many sub-grains of the kind inferred from 
astrononiical nic~surernents could be present as constituents of modest crystallinity without 
having been singled out in the experimental studies done to  date. 



W. C m  TIXlE S T W Y  OF DDPs CONTRIBUTE TO THE UNDERST IN6  OF 
BASIC ASTROPW'L(SICAL PROBLEMS? 

Probably - especially on the question of the formation of solids in space. Wherever and 
whenever the various components of IDPs were formed, several lines of evidence indicate that  
vapor-solid processes were important. Crystal morphologies unlike those found in terrestrial, 
lunar, or meteoritic rocks are a common feature in IDPs. Specifically, in fluffy, anhydrous 
particles the mineral pyroxene is observed to  occur in the form of whiskers (rods and ribbons) 
and very thin platelets. The presence of axial screw dislocations and absence of extensive 
twinning have been used to  argue that  the crystals were formed by direct vapor phase 
condensation [I&]. It is interesting tha t  the results of laboratory experiments on crystal growth 
served to  predict the presence of the observed morphologies prior t o  their observation in nature 
pa]. 

hqineralogical and morphological features found in other anhydrous porous aggregates have 
been interpretchd as evidence for the formation of carbon compounds by heterogeneous catalytic 
reduction of carbon-rich gases [18f, 18g]. Carbonaceous mantles filaments and fine-grained 
nlatrix nlaterial are found intermixed with Fe-Ni grains and Fe-Ni carbides of several types, 
notably hexagonal €-carbide. Similar phases are characteristic by-products of the laboratory 
decomposition of CO by fine metal particles: Such catalytic processes are widely used 
industrially with an important subset being the Fischer-Tropsch reactions. Based largely on the 
observed distribution of molecular weights of extracted hydrocarbons, such processes had been 
previously proposed as a mechanism for the formation of organic compounds in meteorites 1331. 

Although these results are intriguing, the lack of detailed knowledge of the kinetics of 
eslalytic reactions in plausible astrophysical environments currently limits the constraints tha t  
can be put on the physical conditions under which the observed structures were formed. 

Although olivine and pyroxene platelets have been more commonly observed in anhydrous 
particles,  hey also occur in IDPs of the hydrated silicate type. In one case, a phyllosilicate 
crystal is observed in intimate association with a pyroxene crystal suggesting tha t  phyllosilicates 
are produced by aqueous alteration of pyroxenes 118-k]. Whether this was a liquid or vapor 
reaction is not clear. It has also been suggested tha t  the carbonates observed in layer-lattice 
silicate IDPs may have been formed by catalytic reaction with silicates and magnetite in a 
cooling gas 118-m]. 

The ensen?$le of these mineralogical studies, coupled with the fact that  many of the 
particles possess anomalous deuterium abundances, suggest that  IPDs contain a record of 
processes going on early in the history of the solar system, or possibly, before. 



. CONCLUDING REMARKS 

IDPs are a unique form of primitive extraterrestrial material. Their systennatic study is 
less than a decade old. In spite of the formidable experimental problems in working with  
particles that  are too small t o  be seen with the naked eye, it has proven possible t o  obtain 
considerable information concerning their properties and possible origins. Like ,my new field, 
there are many unanswered questions. Continued work by a growing number of investigators, 
using ever more sophisticated analytic techniques, can be expected t o  give continued progress 
and almost certainly t o  produce some surprises. 
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I n t  rotluc t i on  -- 

" P r i i n o r t i i a l "  i s  a  te rm which we a p p l y  h e r e  t o  m a t e r i a l  t h a t  e n t e r e d  t h e  

s o l a r  sys tem e a r l y  and  became i n c o r p o r a t e d  i n t o  a  m e t e o r i t e  w i t h o u t  t o t a l l y  

l o s i n g  i t s  i d e n t i t y .  I d e r l t i f i c a t i o n  o f  s u c h  m a t e r i a l  s u r v i v i n g  i l l  m e t e o r i t e s  

has s o  fa r  been s o l e l y  t h r o u g h  r e c o g n i t i o n  of arlomalous i s o t o p i c  composi t ior l s  

o f  g e r ~ e r a l l y  mac roscop ic  e n t i t i e s  (e .g .  i n c l u s i o n s )  c o n t a i n e d  w i t h i n  t h o s e  

m e t e o r i t e s .  Those e n t i t i e s  a r e  i n f e r r e d  t o  have  inco rpo ra t ec l  some f r a c t i o n  o f  

p r i m o r d i a l  p a r t i c l e s  b u t  t h e  p a r t i c l e s  t h e m s e l v e s  may w e l l  have  been  a1 terect 

beyond p r e s e n t  r e c o g n i t i o n .  I n  t h e  ma. jor i ty  of c a s e s ,  t h e  a c t u a l  p r i m o r d i a l  

p a r t i c l e s  have  n o t ,  i n  f a c t ,  been c o n v i n c i n g l y  i d e n t i f i e d .  I n  some c a s e s  t h e  

p r i m o r d i a l  m a t e r i a l  was a  g a s  which e s c a p e d  homogen iza t ion  w i t h  p r o t o s o l a r  gas 

a n d  whose i s o t o p i c  c o m p o s i t i o n  was i n h e r i t e d  by a  s u r v i v i n g  s o l i d  phase .  

The s e a r c h  f o r  p r i m o r d i a l  m a t e r i a l  i s  t h e r e f o r e  t h e  s e a r c h  f o r  i s o t o p i c  

a n o m a l i e s  i n  m e t e o r i t e s .  I s o t o p i c  a n o m a l i e s  a r e ,  by d e f i n i t i o n ,  i s o t o p i c  

c o m p o s i t i o n s  which d i F f e r  from t h e  c a n o n i c a l  " s o l a r  s y s t e m  abundances"  i n  ways 

which  c a n n o t  be  e x p l a i n e d  i n  t e r m s  o f  l o c a l  ( i . e .  s o l a r  s y s t e m )  p r o c e s s e s  s u c h  

a s  mass-dependent  f r a c t  i o n a t  i o n ,  cosmic- ray-  i nduced s p a l l a t  i o n  o r  decay  o f  

r a d i o n u c  l i d e s .  

A comprehens ive  a c c o u n t  of i s o t o p i c  a n o m a l i e s  is i m p r a c t i c a l  h e r e ,  s o  i t  

is n e c e s s a r y  t o  be s e l e c t i v e .  A u s e f u l  a p p r o a c h  seems t o  be  t o  f o c u s  on 

issues which a r e  p o t e n t i a l l y  a d d r e s s a b l e  t h r o u g h  t h e  s t u d y  of  s u c h  p r i m o r d i a l  

m a t e r i a l ,  Those i s s u e s  w i l l  be i l l u s t r a t e d  w i t h  s p e c - i f i c ,  b u t  n o t  e x h a u s t i v e ,  

examples .  



Note: Many of the extant anomalies were not originally sought as such but 

emerged in the course of other investigations. Also,,in addition to recogniz- 

ing an anomaly and identifying, where possible, its host phase, it is general- 

ly necessary to consider possible perturbation of the record by secondary 

alteration processes and to assess the possibility of the isotopic effect 

.having been produced by a purely local process. 

Carbonaceous Chondrites 

Most isotopic anomalies observed so far have been found in meteorites 

known as carbonaceous chondrites. The chemical compositions of those meteor- 

ites are minimally altered away from our best estimate of "solar system 

elemental abundances" [Anders and Ebihara, 19821. The idea has therefore 

developed that many of the lithic constituents of those meteorites are them- 

selves more or less pristine surviving nebular condensates. (The meteoritic 

record is generally interpreted in terms of an initially hot and vaporized 

inner solar system which subsequently cooled permitting nucleation and growth 

of solid particles that eventually accreted into planetesimals, the meteorite 

parent bodies, currently identifiable as asteroids.) However, for relatively 

few of the macroscopic constituents o g  carbonaceous chondrites is identifica- 

tion as a pristine nebular condensate convincing, the evidence seeming in most 

cases to favor a relatively complex evolution. 

Carbonaceous chondrites are, in fact, breccias, i.e. disequilibrium mix- 

tures of lithic, and organic, components which may have experienced a variety 

of primary and secondary processing, such as aqueous alteration and/or thermal 



metamorph i sm,  p r i o r  t o  f i n a l  c o m p a c t i o n  i n  t h e i r  p a r e n t  body r e g o l i t h s  

[Ker r idge  and Bunch, 1979; McSween, 1979; and Chang, 19801. Coex i s tence  

now of two e n t i t i e s  i n  such  a  m e t e o r i t e  i s  no g u a r a n t e e  of any common h i s t o r y  

b e f o r e  f i n a l  compaction. 

C r y s t a l l i z a t i o n  of s e v e r a l  m i n e r a l  phases  i n  carbonaceous  c h o n d r i t e s ,  

i n c l u d i n g  some formed by aqueous a l t e r a t i o n ,  occur red  very  c l o s e  t o  s o l a r  

system fo rmat ion  a t  4.55Gy ago [Gray e t  a l . ,  1973; Tatsumoto e t  a l . ,  1976; 

Mactlougall -- e t  a l . ,  19841. Cornpaction of carbonaceous  chor td r i t e s  i n t o  t h e i r  

c u r r e n t  c o n f i g u r a t i o n  a p p a r e n t l y  took p l a c e  o v e r  a n  i n t e r v a l  from 4.5 t o  4.3Gy 

ago [Macdougall and K o t h a r i ,  19761. 

We now c o n s i d e r  f i v e  i s s u e s  which may be s t u d i e d  v i a  i s o t o p i c  anomal ies  i n  - 
carbonaceous c h o n d r i t e s .  

Nebular Inhomogeneit  y  

T h i s  i s s u e  i s  addressed  u s i n g  t h e  i s o t o p i c  composi t ion of oxygen and 

t i t a n i u m  i n  c e r t a i n  t y p e s  of m e t e o r i t e ,  t h e i r  i n c l u s i o n s  and m i n e r a l s .  Oxygen 

d a t a  f o r  a s u i t e  of calcium-aluminum-rich i n c l u s i o n s  (CAIs, d e s c r i b e d  below) 

from t h e  Allende m e t e o r i t e  a r e  shown i n  F i g u r e  I [Clayton e t  a l . ,  19851. 

Mass-dependent f r a c t i o n a t i o n ,  a s  i n  most chemical  and p h y s i c a l  p r o c e s s e s ,  

a c t i n g  on nominal ly  " s o l a r  system" oxygen can  on ly  g e n e r a t e  i s o t o p i c  composi- 

t i o n s  which l i e  a l o n g  t h e  dashed l i n e  w i t h  a  s l o p e  c l o s e  t o  0.52 [Matsuhisa  - e t  

a l . ,  19783. T h e r e f o r e ,  d e v i a t i o n  of t h e  C A I  d a t a  from t h a t  l i n e  c o n s t i t u t e s  - 
ev idence  f o r  i s o t o p i c  inhomogeneity i n  t h e  s o l a r  system a t  t h e  t ime t h e s e  
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m e t e o r i t i c  samples ach ieved  t h e i r  p r e s e n t  composi t ion.  Before  showing t h a t  

t h e s e  d a t a  imply e x i s t e n c e  of a t  l e a s t  t h r e e  i s o t o p i c a l l y  d i s t i n c t  r e s e r v o i r s  

O F  oxygen i n  t h e  e a r l y  s o l a r  sys tem,  two of them gaseous ,  we must b r i e f l y  

d e s c r i b e  t h e  C A I s ,  i n  which s o  many i s o t o p i c  anomal ies  have been observed.  

Calcium-Aluminum-rich I n c l ~ i s i o n s  

CATS a r e  l i g h t - c o l o r e d  mm- t o  cm-sized i n c l u s i o n s  embedded i n  t h e  d a r k ,  

v o l a t i l e - r i c h  m a t r i x  of c e r t a i n  carbonaceous  c h o n d r i t e s .  They a r e  enr iched  i n  

e l e m e n t s ,  such a s  Ca, A l ,  T i  and t h e  Rare  E a r t h s ,  which a r e  b e l i e v e d  t o  have 

behaved a s  r e f r a c t o r y  l i t h o p h i l e s  i n  t h e  e a r l y  s o l a r  sys tem [Grossman, 19801. 

For  s e v e r a l  y e a r s  they  were i n t e r p r e t e d  a s  some of t h e  e a r l i e s t  m a t e r i a l  t o  

have condensed d u r i n g  c o o l i n g  of an  i n i t i a l . 1 ~  vapor ized  s o l a r  nebu la  [ e - g .  

Grossman and Lar imer ,  19741. More r e c e n t  work, however, h a s  i n d i c a t e d  g r e a t e r  

complexi ty  than  a n  o r i g i n  by s imply e q u i l i b r i u m  condensa t ion  from a  gas  of  

s o l a r  c o ~ n p o s i t i o n  [e.g.  Wark and Lover ing ,  1982; S t o l p e r ,  1982; Meeker e t  a l . ,  

1983; Kornacki and Wood, 1984; Clayton e t  a l . ,  19851. 

The CAT oxygen d a t a  d e f i n e  a  t r e n d  which can on ly  be produced by e i t h e r  

non-mass-dependent f r a c t i o n a t i o n  ( d i s c u s s e d  l a t e r )  o r  mixing of nuc leogene t i -  

c a l l y  d i s t i n c t  r e s e r v o i r s  ( t h e  c u r r e n t l y  p r e f e r r e d  i n t e r p r e t a t i o n ) .  That  

m i x i n g  i s  mos t  l i k e l y  t o  h a v e  b e e n  c a u s e d  by i s o t o p e  e x c h a n g e  be tween  

i ~ i c l u s i o n  m a t e r i a l  and an e x t e r n a l  gaseous  r e s e r v o i r  c h a r a c t e r i z e d  by a d i f -  

f e r e n t  i s o t o p i c  compos i t ion .  The i n d i v i d u a l  m i n e r a l s  w i t h i n  a  C A I  f r e q u e n t l y  

e x h i b i t  a  s p r e a d  i n  i s o t o p i c  va lues  even g r e a t e r  than  t h a t  of t h e  i n c l u s i o n s  

themse lves ,  s e e  F i g u r e  2a. Minera l s  such  a s  m e l i l i t e ,  which a r e  known t o  



exchange oxygen readily with a gas, are found to be L60-poor relative to 

those, such as pyroxene or spinel, which are more resistant to exchange. 

Exchange is therefore inferred to have been between an 160-rich solid and an 

160-depleted gas, as illustrated in Figure 2b. The locations of the end- 

members along the trend line are inferred from various lines of evidence 
, 

[Clayton et al., 19851. 

In contrast to oxygen, the major cations, silicon, magnesium and calcium, 

in CAIs reveal evidence for mass-dependent fractionation [Niederer and 

Papanastassiou, 1984; Clayton et al., 19851, as illustrated in Figure 3 for 

Si. The fractionation trends for the different elements do not generally 

correlate and imply a complex series of evaporation and/or condensation 

episodes during the evolution of the CAIs. Those episodes must have disturbed 

the oxygen isotopic composition, and therefore presumably preceded the isotope 

exchange episode, described above, because oxygen currently shows no evidence 

for such mass-fractionation. Thus, it seems likely that the prevalent 160- 

rich solid, identified above, was produced by exchange with the ambient gas 

during the evaporation/condensation episodes. At the high temperature implied 

by the cation fractionation, close approach to the isotopic composition of the 

gas seems likely so that existence of a gaseous reservoir close to that marked 

1 in Figure 2b seems probable [Clayton et al., 19851. 

In addition to the two gaseous reservoirs implied by the CAI data, one 

further reservoir, apparently a solid phase, may be inferred from the oxygen 

data for chondrules from primitive meteorites. Chondrules are spheroidal 

particles, generally polymineralic and with diameters usually in the range a 



tenth to one mm, which are prevalent in most chondritic meteorites. Their 

textures reveal that they were at least partially molten and their composi- 

tions show that their precursor materials had experienced liticle, if any, 

elemental fractionation from solar abundances for the condensible elements. 

Although the exact heating mechanism is still unclear, it is generally 

believed that chondrules were made by localized melting of small solid 

particles, of either nebular or primordial origin, in the early solar system, 

probably before substantial a,ccretion of planetesimals [King, 19841. 

Chondrules from ordinary and carbonaceous (CV) chondrites show different 

trends on an oxygen three-isotope plot, as illustrated in Figure 4 [Clayton - et 

al., 19851. Both apparently define mixing lines, presumably reflectfng - 

greater or lesser degrees of exchange between the molten chondrule and its 

gaseous environment. For CV chondrules, those whose petrography shows that 

they were only partially molten are more 160-rich than those which were 

completely melted, indicating that initially 160-rich solids, designated 4 '  in 

Figure 2c, were heated while embedded in an 160-depleted gas, 2 in Figure 2c. 

Similar arguments for ordinary chondrites suggest that their chondrules were 

made by heating, in the same gas, solids which were yet more depleted in 160, 

3 in Figure 2c. Chondrules from a third group of meteorites, the enstatite 

chondrites, also define the same gaseous reservoir [Clayton and Mayeda, 19851. 

It seems logical to relate reservoirs 2 and 2' to each other, and to terres- 

trial oxygen, by mass-dependent fractionation. The precursor material for t he  

CV chondrules, 4' in Figure 2c, can be identified with material lying on the 

CAI mixing line and does not, therefore, require a third discrete reservoir, 

but the chondrule trend line for ordinary chondrites requires existence of a 



third, solid, reservoir, depleted in 160 relative to the others, 3 in Figure 

In conclusion, the oxygen data seem to require existence of a minimum of 

one solid and two gaseous reservoirs in the early solar system, Figure 2d. 

Whether these all coexisted or whether they represent successive additions to 

the solar neighborhood is not known, nor is the chemical identity of any of 

the reservoirs. 

In addition to interpretation of the oxygen data in terms of discrete 

nucleogenetic components, it has been suggested that the data may reflect 

non-mass-dependent isotopic fractionation in the early solar system. Evidence 

in support of this view has come from experimental studies of ozone synthesis 

by a spark discharge acting on molecular oxygen [Thiemens and Heidenreich, 

19831. The isotopic compositions of the product ozone and the residual oxygen 

are shown in Figure 5, and reveal a trend line with a slope of unity, not the 

mass-dependent slope of 0.52. The reaction pathways involved in ozone produc- 

tion are quite complex and the actual mechanism responsible for the non-linear 

fractionation is not fully clear. The fractionating step is apparently 

neither the initial dissociation of the oxygen molecule nor the (partial) 

decomposition of the product ozone, but probably involves some metastable 

intermediate species and may be related to the longer lifetime of hetero- 

nuclear species relative to the symmetric homonuclear species [Heidenreich and 

Thiemens, 19851. 

Although the experimental observations are certainly real, their relevance 

to meteoritic data is less clearcut. The existence of a suitably fractionat- 

78 



ing environment in the early solar system has not been demonstrated, nor has a 

mechanism for efficient trapping of the fractionated products. However, it 

would be premature to rule out such an interpretation. 

Anomalous Ti isotopic compositions are ubiquitous among Allende CAIs and 

also present in some other meteoritic samples. The dominant anomaly is an 

4 
excess of 5 0 ~ i ,  up to 28 parts in 10 , but more subtle effects are also 

apparent, including deficits in 4 7 ~ i  and, in some chondrules from unequili- 

brated ordinary chondrites, in 5 0 ~ i  [Niemeyer and Lugmair, 19841. At least 

four isotopic components are needed to account for the Ti data, though the 

nature of those components in the early solar system cannot yet be specified. 

Preservation of the anomalous components as a "chemical memory" in presolar 

grains [Clayton, 19821 seems to be indicated [Niemeyer and Lugmair, 19841. 

Nucleosvnthetic Time Scales 

Isotopic anomalies generated by decay of now-extinct radionuclides can be 

used both to resolve small time differences between events in thle early solar 

system, and to define the time interval, A in Figure 6, between the end of an 

episode of nucleosynthesis and the formation of solid objects within the solar 

system itself. We consider here two examples of the latter application. 

The first utilizes several very short-lived radionuclides to place limits 

on when a "last gasp" of intermediate mass nuclides was produced. A lower 

limit on that & may be derived from an apparent lack of 4 1 ~ a  in the early 

solar system. A search in K-poor, Ca-rich minerals from apparently ancient 



C A I s  i n  A l l e n d e  r e v e a l e d  a h i n t  of  r a d i o g e n i c  4 1 ~ * ,  p o s s i b l y  c o r r e l a t e d  w i t h  

C ~ / K  r a t i o ,  b u t  i t  was deemed n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  and i s  c u r r e n t l y  

4 0  i n t e r p r e t e d  a s  c o r r e s p o n d i n g  t o  a n  u p p e r  l i m i t  on 4 1 ~ * /  Ca o f  8  x  

[Hutcheon e t  a l . ,  19841.  T h i s  would y i e l d  a lower  l i m i t  t o  A of 1.8 x 10  
6 

-- 

y e a r s .  

A mode l -dependen t  u p p e r  l i m i t  on A may be i n f e r r e d  f rom e v i d e n c e  f o r  2 6 ~ g  

e x c e s s e s  a p p a r e n t l y  d e r i v e d  f rom decay  o f  26~1 .  For  many, b u t  n o t  a l l ,  C A I s  

f rom A l l e n d e  and similar m e t e o r i t e s ,  t h o s e  e x c e s s e s  c o r r e l a t e  w i t h  Al/Mg 

2  7  r a t i o s  t o  g i v e  a n  a p p a r e n t  2 6 ~ 1 /  A1 r a t i o  o f  5  x s e e  F i g u r e  7 

2  7  I ~ a s s e r b u r g ,  19851. Some i n c l u s i o n s  y i e l d  o t h e r  v a l u e s  f o r  t h e  2 6 ~ 1 /  Al. 

r a t i o ,  inc lu id ing  a  few which  g i v e  a n u l l  v a l u e ,  w i t h i n  e r r o r .  I t  i s  n o t  clear 

whe the r  d i f f e r e n t  v a l u e s  r e f l e c t  t ime  d i f f e r e n c e s  o r  h e t e r o g e n e o u s  d i s t r i b u -  

t i o n  of  2 6 ~ l .  

I f  i t  i s  assumed t h a t  t h e  2 6 ~ 1  w a s  s y n t h e s i z e d  i n  a  s i n g l e  e v e n t  c l o s e  t o  

t h e  b i r t h  of t h e  s o l a r  sys t em,  t h e  5  x loq5  v a l u e ,  i f  c h a r a c t e r i s t i c  of  a  

s i g n i f i c a n t  f r a c t i o n  o f  s o l a r  sys t em m a t e r i a l ,  l e a d s  t o  a p r o b a b l e  uppe r  l i m i t  

6  2  7  
f o r  of  3 x 10  y e a r s ,  g i v e n  a  p r o d u c t i o n  r a t i o  f o r  26~1 /  A 1  o f  a b o u t  

Suppor t  f o r  t h i s  a s s u m p t i o n  h a s  been  i n f e r r e d  from t h e  a p p a r e n t  a s s o c i a t i o n  of  

two o t h e r  r a d i o n u c l i d e s  w i t h  2 6 ~ 1  i n  t h e  e a r l y  s o l a r  s y s t e m  [Wasserburg ,  

19851. Many i r o n  m e t e o r i t e s ,  a p p a r e n t l y  formed i n  t h e  c o r e s  o f  s e v e r a l  small 

d i f f e r e n t i a t e d  a s t e r o i d s ,  r e v e a l  e v i d e n c e  of  e x c e s s e s  o f  lo7Ag* which 

c o r r e l a t e  w i t h  Pd c o n t e n t ,  i n d i c a t i n g  t h a t  t h e y  were  d e r i v e d  f rom decay o f  

l o7pd  [ K e l l y  and Wasserburg ,  19781. A v a l u e  of  2  x f o r  1 0 7 ~ ~ / 1 0 8 ~ d  i s  

- 4 
commonly obse rved .  A s i m i l a r  v a l u e ,  from 0.7 t o  1 .7  x  10 , i s  c a l c u l a t e d  f o r  



t h e  r a t i o  1 2 9 ~ / L 2 7 ~  i n  many m e t e o r i t i c  m a t e r i a l s ,  based on t h e i r  c o n t e n t s  o f  

r a d i o g e n i c  1 2 9 ~ e *  which c o r r e l a t e  w i t h  I c o n t e n t  [e.g. Niemeyer, 1979; Jordan 

e t  a l . ,  1980; Hohenberg e t  a l . ,  19811. 

From t h e  s i m i l a r  f r a c t i o n a l  abundances of t h e s e  t h r e e  r a d i o n u c l i d e s  w i t h  

ve ry  d i f f e r e n t  mean l i v e s ,  i t  i s  i n f e r r e d  t h a t  t h e i r  p r o d u c t i o n  and i n j e c t i o n  

i n t o  t h e  e a r l y  s o l a r  sys tem were c l o s e l y  r e l a t e d ,  and t h a t  they  r e p r e s e n t  a  

" l a s t  gasp"  a d d i t i o n  amounting t o  about  0.01% of t h e  mass of t h e  s o l a r  sys tem 

[Wasserburg,  19851. However, o t h e r  e x p l a n a t i o n s  f o r  t h e  2 6 ~ g *  excess  have 

been proposed.  One i n v o l v e s  a  "chemical  memory" due t o  p r e s o l a r  decay of 2 6 ~ 1  

i n  Al - r i ch  circum- o r  i n t e r s t e l l a r  g r a i n s  which were s u b s e q u e n t l y  i n c o r p o r a t e d  

i n t o  t h e  m e t e o r i t e s  [e.g. C lay ton ,  19821. A l t e r n a t i v e l y ,  t h e r e  i s  evidence 

[Mahoney e t  a l . ,  19841 f o r  a  s i g n i f i c a n t  s t e a d y - s t a t e  l e v e l  of 2 6 ~ 1  i n  t h e  

i n t e r s t e l l a r  medium, a p p a r e n t l y  nova-produced, which, i f  i n c o r p o r a t e d  promptly 

i n t o  t h e  p ro toso la r - sys tem,  might e x p l a i n  t h e  m e t e o r i t i c  d a t a  [Clay ton ,  1984; 

19851. 

The second example u s e s  two r e l a t i v e l y  long- l ived  e x t i n c t  a c t i n i d e s  t o  

p l a c e  l i m i t s  on A f o r  t h e  l a s t  s u b s t a n t i a l  a d d i t i o n  of r e a l  r -p rocess  m a t e r i a l  

t o  t h e  e a r l y  s o l a r  system. The lower l i m i t  i s  s u p p l i e d  by t h e  f a i l u r e ,  s o  

f a r ,  t o  f i n d  ev idence  f o r  t h e  e x i s t e n c e  of l i v e  2 4 7 ~ m  i n  m e t e o r i t i c  m a t e r i a l .  

The decay c h a i n  of 2 4 7 ~ m  p a s s e s  through 2 3 5 ~ ,  s o  t h a t  t h e  former  p resence  of  

2 4 7 ~ m  would he mani fes ted  by a n  anomalously h i g h  v a l u e  of 2 3 5 ~ / 2 3 8 ~ .  Desp i t e  

occas ional .  r e p o r t s  of such  2 3 5 ~  e x c e s s e s ,  a  c o n s e r v a t i v e  i n t e p r e t a t i o n  of t h e  

247 e x t a n t  d a t a  p l a c e s  a n  upper  l i m i t  on c ~ / ~ ~ ~ u  of 4  x low3,  co r respond ing  t o  

8 a lower  l i m i t  t o  a of abou t  10 y e a r s  [Cheu and Wasserburg,  19811. 



The upper limit on A comes from abundant evidence for the presence of live 

244~u in the early solar system. Decay of this nuclide produces fission 

tracks in minerals and also xenon with a characteristic isotopic spectrum. 

Both phenomena have been observed, either individually or correlated in the 

same samples, in a wide variety of meteoritic material. Precise calculation 

of the actual 2 4 4 ~ ~  abundance at the moment of formation of the solar system 

is made difficult by the lack of another, extant, Pu isotope and the fact that 

Pu has been chemically fractionated during formation of most, if not all, of 

the samples analyzed to date. Nonetheless, there is reason to believe that 

the ratio 244~u/238~ was about. at 4.6 Gy ago. This leads to an upper 

limit on a of about 5 x lo8 years and indicates that the final injection of 

pure r-process material, amounting to a few percent of the ambient medium, 

8 took place between 1 and 5 x 10 y before solar system formation [Wasserburg, 

rsas],  

Nucleosv.nthetic Details 

Laboratory analysis of a component believed to have a specific nucleo- 

synthetic origin can, through its superior precision, illuminate details of 

that nucleosynthesis which would not be accessible to either astronomical 

measurement or astrophysical calculation. Two examples will illustrate this 

approach. 

The first example involves analysis of two petrographically unexceptional 

but isotopically unusual CATS, known as EK 1-4-1 and C - 1 ,  respectively. 

Figure 8 shows the isotopic compositions of two Rare Earth elements, neodymium 



a n d  s a m a r i u m ,  f o r  t h e s e  i n c l u s i o n s  [ M c C u l l o u g h  a n d  W a s s e r b u r g ,  1 9 7 8 a , b ;  

Lugmair  e t  a l . ,  19781. S u b s t a n t i a l  d e v i a t i o n  from normal  s o l a r  s y s t e m  v a l u e s  

i s  ev idenced  by EK 1-4-1, w i t h  C-1 showing o n l y  a m o n o i s o t o p i c  e x c e s s  a t  

1 4 8 , 1 5 0 ~ m ,  t h e  EK 1-4-1 1 4 4 ~ m .  By n o r m a l i z i n g  t o  t h e  two s - p r o c e s s  n u c l i d e s  , 

d a t a  c a n  be s e e n  t o  c o n s i s t  o f  e n r i c h m e n t  of  p-process  1 4 4 ~ r n  and of a  s e r i e s  

of  r - u n s h i e l d e d  n u c l i d e s  t h e  d i s t r i b u t i o n  o f  which c l o s e l y  matches  t h a t  o f  

a v e r a g e  s o l a r  sys t em r - p r o c e s s  m a t e r i a l ,  s e e  F i g u r e  9  [Lugmair e t  a l . ,  19781. 

The c o n c l u s i o n  i s  t h e r e f o r e  t h a t  EK 1-4-1 c o n t a i n s  a n  above-average  c o n c e n t r a -  

t i o n  of  c a n o n i c a l  r - p r o c e s s  n u c l i d e s ,  and  t h a t  b o t h  EK 1-4-1 and C--1 c o n t a i n  a 

p -p rocess  e x c e s s .  C o i n c i d e n c e  o f  r- and p -p rocess  e x c e s s e s  i n  one  i n c l r ~ s i o n  

and a s o l e  p-process  e n r i c h m e n t  i n  t h e  o t h e r  shows t h a t  t h e  two p r o c e s s e s  a r e  

n o t  n e c e s s a r i l y  coup led .  Note t h a t  t h e  p h y s i c a l / c h e m i c a l  form i n  which the 

a l i e n  m a t e r i a l  e n t e r e d  t h e  s o l a r  sys t em h a s  n o t  been r e v e a l e d  by a n a l y s e s  t o  

d a t e .  

The second  example i n v o l v e s  a n a l y s i s  o f  c o n s t i t u e n t s  o f  ca rbonaceous  chon- 

d r i t e s  q u i t e  d i f f e r e n t  f rom t h e  C A I s  which have  dominated  d i s c u s s i o n  s o  f a r .  

When t h e s e  m e t e o r i t e s ,  and  a l s o  some u n e q u i l i h r a t e d  o r d i n a r y  c h o n d r i  t e s ,  a r e  

l a r g e l y  d e m i n e r a l i z e d  by d i s s o l v i n g  t h e  b u l k  o f  t h e i r  l i t h i c  f a b r i c  i n  HF/HCl, 

a  t i n y  r e s i d u e  i s  l e f t  which c o n t a i n s  a v e r y  h i g h  p r o p o r t i o n  of  t h e  p r i m o r d i a l  

n o b l e  g a s  i n v e n t o r y  o f  t h e  m e t e o r i t e .  By a v a r i e t y  o f  p r o c e d u r e s ,  t h i s  n o b l e  

g a s  p o p u l a t i o n  c a n  be  s e p a r a t e d  i n t o  a  number o f  i s o t o p i c a l l y  d i s t i n c t  com- 

p o n e n t s ,  some of  which  are mundane b u t  o t h e r s  of  which r e v e a l  i s o t o p i c  compo- 

s i t i o n s  which a r e  b e l i e v e d  t o  be of n u c l e o g e n e t i c  o r i g i n .  The main s o l i d  

s p e c i e s  c o m p r i s i n g  s u c h  a n  a c i d - r e s i s t a n t  r e s i d u e  a r e  o r g a n i c  m a t t e r ,  elemen- 

t a l  c a r b o n ,  s p i n e l  and c h r o m i t e .  We c o n s i d e r  h e r e  a C component ,  a p p a r e n t l y  



e m a n a t i n g  f r o m  a  r e d  g i a n t  s t a r ,  w h i c h  t e l l s  u s  s o m e t h i n g  a b o u t  n u c l e o -  

s y n t h e s i s  i n  a t  l e a s t  o n e  s t a r  o f  t h a t  t y p e ,  and  i n  t h e  n e x t  s e c t i o n  we 

d i s c u s s  what t h a t  and o t h e r  components can  r e v e a l  abou t  condensa t ion  p r o c e s s e s  

i n  v a r i o u s  a s t r o p h y s i c a l  environments .  

Dur ing s t e p w i s e  r e l e a s e  of Xe from an a c i d - r e s i s t a n t  r e s i d u e  from t l ~ e  

Murchison carbonaceous  c h o n d r i t e ,  a  ve ry  s m a l l  f r a c t i o n  of g a s  r e v e a l e d  a n  

i s o t o p i c  composi t ion q u i t e  d i s t i n c t  from any p r e v i o u s l y  found,  F i g u r e  10 

[ S r i n i v a s a n  and Anders,  19781. I n  e v e r y  d e t a i l  i t  matched v e r y  c l o s e l y  t h e  

composi t ion of Xe c a l c u l a t e d  t o  be produced by t h e  s -p rocess  i n  a  red  g i a n t  

[C lay ton  and Ward, 19781. I ts  p robab le  h o s t  phase  appeared t o  be e l e m e n t a l  C 

w i t h  a n  unusua l  i s o t o p i c  composi t ion (12c /13c  = 42 [Swart  e t  a l . ,  19831) which 

was a l s o  c o n s i s t e n t  w i t h  o r i g i n  i n  a  r ed  g i a n t ,  t h u s  making such  an o r i g i n  

seem very  l i k e l y .  The anomalous Xe i n  t h i s  component was accompanied by 

k ryp ton  which was a l s o  anomalous, R 6 ~ r  b e i n g  d i s t i n c t l y  e n r i c h e d  over  t h e  

normal s o l a r  system v a l u e  [Matsuda e t  a l . ,  19801. Th i s  is of i n t e r e s t  because  

t h e  s -p rocess  p r e c u r s o r  of R 6 ~ r  i s  r a d i o a c t i v e  R 5 ~ r  w i t h  a  mean L i fe  of abotlt 

1 5  y e a r s .  P e r s i s t e n c e  o f  8 5 ~ r  t o  a n  e x t e n t  c a p a b l e  o f  b u i l d i n g  up 8 6 ~ r  

i m p l i e s  a mean t ime between s u c c e s s i v e  n e u t r o n  c a p t u r e s  which was of t h e  same 

o r d e r  a s  t h e  mean l i f e ,  i . e .  5 t o  100 y e a r s  [Matsuda e t  a l . ,  19801. Whether 

o r  not  t h i s  i s  c h a r a c t e r i s t i c  of r ed  g i a n t s  i n  g e n e r a l ,  i t  n i c e l y  i l l u s t r a t e s  

t h e  k ind  of i n f o r m a t i o n  o b t a i n a b l e  from l a b o r a t o r y  a n a l y s i s  of " a s t r o p h y s i c a l "  

m a t e r i a l .  

N o t e  t h a t  i n  t h i s  c a s e ,  t h e  p h y s i c a l / c h e m i c a l  n a t u r e  of t h e  h o s t  phase i s  

c o n s i s t e n t  w i t h  t h e  p u t a t i v e  a s t r o p h y s i c a l  o r i g i n ,  i . e .  condensa t ion  i n  t h e  



atmosphere of a red giant, though more elaborate, if less likely, scenarios, 

could be envisaged. 

Condensation in Astrouhvsical Environments 

For only a few anomalies has the actual presolar carrier phase been 

reliably identified. Note that identification is influenced by such factors 

as the ability of the grain to survive throughout an arduous existence, and 

presence of some distinctive feature during microscopic examination of the 

sample. Note also that the carrier cannot be assumed to be pristine; altera- 

tion is possible at any stage, up to and including preparation of the sample 

for analysis. 

Five host phases are listed in Tahle 1 for three well established 

anomalous noble gas components. The nature of Xe-s was considered in the 

previous section. The isotopic spectrum of Xe-HL is shown in Figure 11 [Lewis 

and Anders, 19831; note enrichment of both heavy and light isotopes, which 

have been attributed to r-process and p-process zones, respectively, of a 

supernova [Manuel et al., 1972; Black, 1975; Ott et al., 19811. Xe-HL is 

apparently associated with nitrogen which is highly enriched in l4'P? [Lewis r i  - 

al., 19831. Its host phase is reasonably securely identified as elemental - 

carbon with a grain size in the range 20 to 90 8 [Lewis and Anders, 19831. 

The final component, Ne-E, is essentially pure 22~e, Figure 12, [Eberhardt 

et al., 1981 1, probably formed by decay of 2 2 ~ a  with a 2.0 year half-life. A 

nova source seems likely Eor the 22~a, consistent with identification of two 



of  i t s  h o s t  p h a s e s  a s  C and s p i n e l  [Lewis and Anders,  19831. However, one  o f  

t h e  h o s t  phases  f o r  Ne-E i s  a p a t i t e  [ E b e r h a r d t  e t  a l . ,  19811, a  m i n e r a l  which 

i s  c l e a r l y  of s e c o n d a r y  s o l a r  sys t em o r i g i n .  How, when and where t h i s  m i n e r a l  

became a s s o c i a t e d  w i t h  Ne-E i s  unknown. 

A n o t h e r  p o i n t  w o r t h  making i s  t h a t  t h e  2.6 y e a r  h a l f - l i f e  o f  2 2 ~ a  p l a c e s  

s e v e r e  c o n s t r a i n t s  on t h e  time i n t e r v a l  be tween n u c l e o s y n t h e s i s  and condensa-  

t i o n  of t h e  s o l i d  p h a s e s  c a p a b l e  of r e t a i n i n g  Ne. Such o b s e r v a t i o n s  w i l l  

undoub ted ly  shed  much l i g h t  on c o n d e n s a t i o n  p r o c e s s e s  i n  s t e l l a r  e n v e l o p e s .  

Thermal H i s t o r y  o f  S o l a r  Mater ia l .  

S u r v i v a l  of  a p r e s o l a r  i s o t o p i c  anomaly i m p l i e s  t h a t  i t s  h o s t  was n e v e r  

h e a t e d  t o  a s u f f i c i e n t l y  h i g h  t e m p e r a t u r e  t o  pe rmi t  i s o t o p i c  e q u i l i b r a t i o n  

w i t h  i t s  s u r r o u n d i n g  medium. B e c a u s e  o f  m a j o r  d i f f i c u l t i e s  i n  p l a c i n g  

i n d i v i d u a l  m e t e o r i t i c  components a t  s p e c i f i c  t i m e s  and l o c a t i o n s  w i t h i n  t h e  

e a r l y  s o l a r  sys t em,  e x i s t i n g  d a t a  do  n o t  s e r v e  a s  usefu l .  c o n s t r a i n t s  on models 

of t h e  t h e r m a l  e v o l u t i o n  of t h e  s o l a r  n e b u l a ,  s o  t h a t  t h i s  e x p l o i t a t i o n  of  

i s o t o p i c  a n o m a l i e s  is l a r g e l y  h y p o t h e t i c a l  a t  t h e  p r e s e n t  t ime.  However, i t  

i s  u s e f u l  t o  make two comments r e l e v a n t  t o  t h i s  t o p i c .  

First, t h e r e  is ve ry  l i t t l e  cosmochemical  e v i d e n c e  f o r  nebula-wide  h i g h  

t e m p e r a t u r e s ,  i . e .  t h o s e  c a p a b l e  of  v a p o r i z i n g  l i t h i c  m a t e r i a l .  There a r e  

abundan t  s i g n s  of h i g h  t e m p e r a t u r e s ,  e .g .  p r e s e n c e  of  Chondru le s  and Frac- 

t i o n a t i o n  p a t t e r n s  i n v o l v i n g  r e f r a c t o r y  e l e m e n t s ,  b u t  it  i s  p o s s i b l e ,  and even  

l i k e l y ,  t h a t  t hey  r e E l e c t  p r o c e s s i n g  on a  1-ocal  s c a l e .  The b e s t  e v i d e n c e  f o r  



l a r g e - s c a l e  v a p o r i z a t i o n  of t h e  p r o t o s o l a r  sys tem used t o  be t h e  o t ~ s e r v e d  l a c k  

o f  i s o t o p i c  a n o m a l i e s  i n  m e t e o r i t e s  b u t  c l e a r l y  t h a t  a r g u m e n t  no l o n g e r  

a p p l i e s ,  a t  l e a s t  s t r i c t l y .  There  i s  ev idence  t h a t  some m e t e o r i t i c  m a t e r i a l s  

formed by condensa t ion  from a  g a s ,  e.g. Rare  E a r t h  Element p a t t e r n s  f o r  some 

r e f r a c t o r y  i n c l u s i o n s  [Boynton, 19851, which a r e  c o n s i s t e n t  wi th  p roduc t ion  

d u r i n g  c o o l i n g  of a  g a s  of s o l a r  compos i t ion ,  b u t  t h e  s c a l e  and l o c a t i o n  of 

t h a t  e v e n t  a r e  n o t  r i g o r o u s l y  c o n s t r a i n e d .  

Secondly ,  much of t h e  o r g a n i c  m a t e r i a l  i n  p r i m i t i v e  m e t e o r i t e s  i s  s o  

h i g h l y  e n r i c h e d  i n  deu te r ium t h a t  an  o r i g i n  by ion-molecule r e a c t i o n s  i n  

i n t e r s t e l l a r  c louds  i s  wide ly  i n f e r r e d ,  [ G e i s s  and Reeves,  1981; K e r r i d g e ,  

19831. Besides  h o l d i n g  t h e  promise of e v e n t u a l l y  c l a r i f y i n g  some detai1.s of 

molecu la r  c loud c h e m i s t r y ,  s u r v i v a l  of  such  m a t e r i a l  i m p l i e s  t h a t  i t  was never  

h e a t e d  above abou t  600K, though u n c e r t a i n t y  abou t  when and where t h i s  m a t e r i a l  

e n t e r e d  t h e  s o l a r  sys tem i n h i b i t s  u s e  of t h i s  c o n c l u s i o n  t o  cons t r a i n  condi-  

t i o n s  i n  t h e  e a r l y  s o l a r  system. 

Loca l  P roduc t ion  ? 

F o r  mos t  of t h e  anomal ies  c o n s i d e r e d  s o  f a r ,  a l o c a l ,  s o l a r  sys tem o r i g i n  

i s  i n c o n c e i v a b l e  because  of t h e  ext reme c o n d i t i o n s  needed f o r  s y n t h e s i s ,  e - g .  

t h e  h i g h  nel i t ron f l u x  needed f o r  t h e  r -p rocess .  For  t h r e e  anomali-es, lTovever, 

such  a n  o r i g i n  h a s  been proposed,  though t h e  f l u x  requ i rements  f o r  p r o d u c t i o n  

of Ne-E i n  t h e  s o l a r  sys tem seem p r o h i b i t i v e  and i t  w i l l  n o t  be cons ide red  

h e r e .  



B o t h  t h e  r e m a i n i n g  a n o m a l i e s  a l s o  r e q u i r e  h i g h  p r o t o n  f l u x e s  i n  t h e  e a r l y  

s o l a r  sysrem.  P r o d u c t i o n  o f  " ~ 1  by p , n  r e a c t i o n s  on 2 6 ~ g  r e q u i r e s  1 0  21 cm-2 
> 

w h i l e  C M - ~  a r e  needed t o  g e n e r a t e  che  160  e x c e s s  by d e s t r u c t i o n  o f  1 7 ,  180 

t h r o u g h  p , o  r e a c t i o n s  [Lee ,  19781. Note a l s o  t h a t  t h e  p r e s e n c e  o f  r a d i o g e n i c  

from e x t i n c t  2 6 ~ 1  d o e s  n o t  r i g o r o u s l y  c o r r e l a t e  w i t h  e n r i c h m e n t  i n  "0, 

though a l o o s e  a s s o c i a t i o n  may e x i s t .  I n  n e i t h e r  c a s e  c o u l d  i r r a d i a t i o n  of  

t h e  e n t i r e  n e b u l a r  mass have  been i n v o l v e d ,  t h e  most p l a u s i b l e  s c e n a r i o  b e i n g  

i r r a d i a t i o n  of  g r a i n  o r  p l a n e t e s i m a l  s u r f a c e s  by a n  e a r l y  a c t i v e  sun .  I f ,  

i n d e e d ,  t h e  2 6 ~ 1  were  a s s o c i a t e d  w i t h  l o7pd  and  1 2 9 ~ ,  a s  i n f e r r e d  e a r l i e r ,  a  

l o c a l  i r r a d i a t i o n  o r i g i n  seems p r e c l u d e d  [Wasserburg ,  19851. I n  summary, 

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

o b s e r v e d  a n o m a l i e s  a n d ,  where  n o t  i m m e d i a t e l y  i m p l a r i s i b l e ,  l e a d s  t o  q u i t e  

c o n t r i v e d  icondi t i o n s .  N o n e t h e l e s s ,  s u c h  s c e n a r i o s  r e q u i r e  f u r t h e r  s t u d y  

b e f o r e  t h e y  can  be  r u l e d  o u t .  

I t  m u s t  b e  r eemphas i zed  t h a t  t h e  work c i t e d  above  r e p r e s e n t s  o n l y  a small 

f r a c t i o n  of  r e c e n t  s t u d i e s  i n t o  i s o t o p i c  a n o m a l i e s .  The r e a d e r ' s  a t t e n t i o n  i s  

drawn i n  p a r t i c u l a r  t o  t h e  s u b s t a n t i a l  body o f  work on t h e  i s o t o p i c  s y s t e m s  of 

Ca [ e . g ,  Lee  -- e t  a l . ,  1978;  N i e d e r e r  and  P a p a n a s t a s s i o u ,  1984;  Jungck  e t  a l . ,  

19841  and T i  [e .g .  N i e d e r e r  e t  a l . ,  1981;  Niemeyer and Lugmair ,  19841. 
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Figure Captions 

Figure 1. Oxygen isotopic compositions of a suite of calcium-aluminum-rich 

inclusions from the Allende meteorite. The ordinate shows variations in 

I 7  1 6  0/ 0 ratios in parts in lo3 relative to the terrestrial ocean water 

standard; the abscissa shows variations in 180/160 ratios. The dashed 

line corresponds to mass-dependent fractionation. The Allende data define 

a mixing line, apparently produced by isotopic exchange between distinct 

components, probably of nucleosynthetic origin. From Clayton et al. 

[1985]. 

Figure 2. (a) Oxygen isotopic compositions of individual minerals separated 

from Allende CAIs. Spinel and pyroxene undergo isotopic exchange less 

readily than melilite, suggesting that their compositions more closely 

reflect that of the solid which subsequently exchanged with nebular gas to 

produce the observed mixing line. This exchange is shown schematically in 

(b), in which composition /I1 is that of the solid and # 2 '  that of the 

gaseous reservoir. (c) Schematic representation of the data in Figure 4. 

Allende ehondrules, initially with compositions close to #4', and ordinary 

chondrules, at #3, apparently both exchanged with a gaseous reservoir at 

2 (d) Summary of minimal population of oxygen isotopic reservoirs in 

the early solar system, identified so far. An apostrophe denotes a com- 

position readily derivable, either by mixing or fractionation, from 

established reservoirs. 



Figure 3. Silicon isotopic compositions of a suite of Allende CAIs, analogous 

to Figure 1 for oxygen. Note that the data closely deEine a Line with a 

slope of 0.5, indicative of mass-dependent fractionation. From Clayton - et 

al. [19851. - 

Figure 4. Oxygen isotope plot, like Figure 1, for individual chondrtlles 

separated from Allende and some ordinary chondrites. Note that for 

Allende, porphyritic chondrules, which were not totally molten, are more 

160-rich than barred chondrules which were completely melted. From 

Clayton et al. 119851. 

Figure 5. Oxygen isotopic compositions generated during spark-discharge pro- 

duction of ozone from molecular oxygen. Square symbols represent composi- 

tions of ozone samples: round symbols those of residual oxygen, Note 

that the data fall on a line with a slope of unity, not on the rnass- 

fractionation trend line (dashed). From Thiemens and Heidenreich &1983].  

Figure 6. Schematic representation of the time interval between nucleo- 

synthesis of an element and its incorporation into solid objects during 

solar-system formation. Elements produced by different nucleosynthetic 

schemes would be characterized by different values of b, . After 

Wasserburg [1985]. 

Figure 7. Magnesium isotopic compositions of individual minerals separated 

from an Allende CAI, as a function of Al/Mg ratio. The strong positive 

correlation indicates that the observed 2 6 ~ g  excesses resulted from decay 

of extinct 26~1, After Lee et al. 119771. 
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F i g u r e  8. I s o t o p i c  composi t ions  of neodymium and samarium i n  two unusua l  

A l l e n d e  C A I s ,  p l o t t e d  a s  d e v i a t i o n s ,  i n  p a r t s  i n  l o 4  r e l a t i v e  t o  t e r -  

r e s t r i a l  va lues .  The n u c l e o s y n t h e t i c  p r o d u c t i o n  mechanisms b e l i e v e d  t o  be 

r e s p o n s i b l e  f o r  e a c h  n u c l i d e  a r e  i d e n t i f i e d .  A f t e r  Wasserburg e t  a l .  

[ 19791.  

F i g u r e  9, ( a )  I s o t o p i c  e x c e s s e s  i n  Nd and Sm observed i n  Al lende  i n c l u s i o n  EK 

1-4-1.  Absolute  e x c e s s e s  i n  atoms a r e  p l o t t e d  ve r sus  a tomic  mass. Note 

t h e  smooth curves  f o r  even- and odd n e u t r o n  n u c l i d e s .  ( b )  C a l c u l a t e d  

"average so la r - sys tem"  abundances of t h e  n u c l i d e s  d e p i c t e d  i n  ( a ) .  Note 

s t r i k i n g  congruency between t h e  c u r v e s  i n  ( a )  and i n  ( b ) .  A f t e r  Lugmair 

e t  a l .  [1978].  

F i g u r e  10. R e l a t i v e  abundances of t h e  xenon i s o t o p e s  i n  a  s m a l l  f r a c t i o n  of 

g a s  r e l e a s e d  from t h e  Murchison and O r g u e i l  m e t e o r i t e s .  Note t h e  exce l -  

l e n t  agreement w i t h  t h e  xenon composi t ion c a l c u l a t e d  by Clay ton  and Ward 

[ I9781  t o  be produced by t h e  s -p rocess  i n  r ed  g i a n t s .  From Anders [19811. 

F i g u r e  11. I s o t o p i c  composi t ion of a  xenon component e x t r a c t e d  from Allende.  

N o t e  e n r i c h m e n t  i n  bo th  Heavy and L i g h t  i s o t o p e s  r e l a t i v e  t o  "normal" Xe, - - 
l e a d i n g  t o  i t s  d e s i g n a t i o n  a s  Xe-HL. A supernova o r i g i n  is  i n f e r r e d  f o r  

t h i s  component, s e e  t e x t .  From Lewis and Anders [1983].  

F i g u r e  12. I s o t o p i c  compos i t ions  of neon components i d e n t i f i e d  i n  p r i m i t i v e  

m e t e o r i t e s .  The component known a s  Ne-E, c o n s i s t i n g  of e s s e n t i a l l y  p u r e  

2 2 ~ e ,  i s  d r a m a t i c a l l y  d i f f e r e n t  from t h e  more common components and i s  

b e l i e v e d  t o  be of nova o r i g i n .  A f t e r  Eberhard t  e t  a l .  [1981].  
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EXPERIMENTAL INVESTIGATIONS RELATING TO THE PROPERTIES AND 

FORMATION OF COSMIC GRAINS 

Bertram Donn 

Laboratory for Extraterrestrial Physics 

GSFC 

I. INTRODUCTION 

The interpretation of observations or theoretical analyses of interstel- 

lar processes requires a sound knowledge of relevant data. In many instances 

this can only be obtained by experiments carried out under appropriate condi- 

tions. This report is a general survey of the availability of such data 

applicable to the subjects of this workshop and the techniques for obtaining 

it. Laboratory investigations of extraterrestrial matter are discussed in the 

reports by Walker, Kerridge, and Wood. 

There exist many significant measurements taken for other purposes but 

useful for astrophysical problems. It is necessary to use caution and good 

judgement when treating an astrophysical problem with data obtained for ter- 

restrial purposes. Astrophysical conditions, particularly, temperature, pres- 

sure, and surface to volume ratio often differ greatly from those under which 

the measurements were made. The user needs to be alert to the reliability of 

the data Eor the conditions under which it is being used. This constraint 

often applies.when experiments have an astrophysical objective because the 

experiment may not he possible under actual conditions, for example, at the 

low densities of interstellar or circumstellar clouds. The next section lists 

the major collections of experimental data, many of which are well known. 

Some are more specialized or more recent and not well known. 

This report is not intended as a comprehensive review of experimental 

results or techniques. Its purpose is to serve as a guide to sources of data 

and call attention to laboratory procedures which have or will supply new, 

much needed results. New measurements are continuously being carried out and 

the researcher needs to follow up the literature for such data. 
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11- SOUIRC:ES OF EXPERImNTAL DATA 

1, General 

There are a number of comprehensive collections of data covering 

physics, chemistry, geophysics and other scientific disciplines. These are 

listed below. 

1. Landoldt -Bornste in-Tables  of Numerical Values and Functions (in 

Ge rman ) 

2 ,  International Critical Tables 

3. Handbuch der Physik 

4, Handbook of Physics and Chemistry - Chem. Rubber Co. 
5. Handbook of Geochemistry 

There are in addition to these compendia many smaller or more special- 

ized tables of numerical data which are available in libraries. A continuing 

source of new or improved data is the "Journal of Physical and Chemical 

Reference Data" available through the American Chemical Society. As with all 

the above publications, some small fraction of the material is relevant to 

cosmic dust, 

In addition, the series of Annual Reviews e.g. Physical Chemistry, 

Nuclear Physics, Material Science, will have pertinent articles. Also, to be 

kept in mind are a growing collection of review publications, e.g. Reviews of 

Modern Physics, Advances in Physics, Reports on Progress in Physics, 

Contemporary Physics, Chemical Reviews, Accounts of Chemical Research, Soviet 

Physicks Uspekhi (Soviet Reviews of Modern Physics), Progress i.n Surface 

Science and others. Finally, there are the numerous journals of current 

research in physics, chemistry and related subjects. 

2, Spectroscopy 

The standard reference on spectroscopy is Herzberg's very comprehensive 

four volume treatise "Molecular Structure and Molecular Spectra". Other 



s o r ~ r c e s  which supp lemen t  t h a t  a r e ,  P e a r s e  and Gaydon ( 1 9 6 5 ) ,  Suchard  ( 1  975, 

1 9 7 6 ) ,  and Rosen ( 1 9 7 0 ) .  I J l t r a v i o l e t  s p e c t r a  o f  o r g a n i c  m o l e c u l e s  a r e  d i s -  

p l a y e d  i n  two m u l t i v o l u m e  s e t s ,  L a n g  ( 1 9 6 1 )  a n d  U .  V .  A t l a s  o f  O r g a n i c  

Compounds, Plcnum P r e s s ,  V.Y. C l a r  (1964)  p r e s e n t s  t h e  n e a r  u l t r a v i o l e t -  

v i s i b l e  s p e c t r a  of  p o l y n u c l e a r  a r o m a t i c s .  

T h e r e  a r e  a  numher oE c o l l e c t i o n s  of i n f r a r e d  s p e c t r a  o f  m o l e c u l e s  and 

m i n e r a l s .  F o r  m o l e c u l e s ,  p e r h a p s  t h e  b e s t  i s  t h e  Coblenz S o c i e t y  "Eva lua t ed  

I n f r a r e d  R e f e r e n c e  S p e c t r a "  a v a i l a b l e  f rom S a d t l e r  R e s e a r c h  L a b o r a t o r i e s *  

I n o r g a n i c  s p e c i e s  a r e  t r e a t e d  i n  " I n f r a r e d  S p e c t r a  of I n o r g a n i c  Compounds 

(3800-45 cm-I) R. A.  N y q u i s t  and R. 0.  Kage l  and "The S a d t l e r  I n f r a r e d  S p e c t r a  

Handbook of M i n e r a l s  and C l a y s "  e d i t e d  by J. R. F e r r a r o .  Many t e x t s  and 

r e f e r e n c e  hooks on s p e c t r o s c o p y  and p h o t o c h e m i s t r y  w i l l  show s p e c t r a  and y i e l d  

o t h e r  r e f e r e n c e s  a n d  a s  a l w a y s ,  j o u r n a l  a r t i c l e s  a n d  r e v i e w s  n e e d  t o  be  

examined.  F l u o r e s c e n t  s p e c t r a  of  a  v a r i e t y  of  o r g a n i c  m o l e c u l e s  and numerous 

r e f e r e n c e s  p r i o r  t o  1966 may be found i n  " F l u o r e s c e n c e  and  Phosphorescence  

A n a l y s i s "  e d i t e d  by D. M. H e r c u l e s .  

3. Optical Properties of Solids 

The most d e t a i l e d  a n a l y s e s  of i n t e r s t e l l a r  g r a i n s  have  been  devo ted  t o  

t h e  i n t e r p r e t a t i o n  of  i n t e r s t e l l a r  e x t i n c t i o n  and s c a t t e r i n g .  T h i s  i s  s t i l l  

a n  a c t i v e  f i e l d  of r e s e a r c h .  The p r ime  r e q u i r e m e n t  is  knowledge of t h e  i n d e x  

o f  r e f r a c t j - o n  of  a p p r o p r i a t e  s o l i d s .  Some of  t h i s  d a t a  may be found i n  the 

works c i t e d  i n  S e c t i o n  1 .  Much more e x t e n s i v e  d a t a  a p p e a r s  i l l  p u b l i c a t i o n s  

c o n c e r n e d  w i t h  o p t i c s  of  s o l i d s .  C h a p t e r  10  i n  " A b s o r p t i o n  and S c a t t e r i n g  o f  

L i g h t  by Smal l  P a r t i c l e s "  by C. F. Bohren and D. R.  Huffman c o n t a i n s  r e f e r -  

e n c e s  t o  s e v e r a l  s o u r c e s .  T h i s  book i s  a n  e x c e l l e n t  r e f e r e n c e  f o r  t h e  e n t i r e  

s u b j e c t  of t h e  i n t e r a c t i o n  of l i g h t  w i t h  s m a l l  p a r t i c l e s .  An e a r l i e r  work by 

Huffman (1977)  emphas i ze s  i n t e r s t e l l a r  g r a i n  problems.  

I n  r e c e n t  y e a r s  t h e  i n t e r e s t  i n  cosmic  g r a i n s  h a s  r e s u l t e d  i n  s t u d i e s  of  

a s t r o p h y s i c a l l y  i n t e r e s t i n g  s o l i r l s  i n c l u d i n g  measurement  o f  r e f r a c t i v e  i n -  



dices. Measurements of the wavelength dependence of the index of refraction, 

0.185-2-6 microns, for 24 rocks and minerals are listed and displayed in 

Chapter V, "Optical Properties of Inhomogeneous Materials", W. G. Egan and T. 

W, Rilgeman, Academic Press, N.Y., 1979. Optical properties of small metallic 

colloids, including small size effects, were treated by Hughes and Jain 

(1979) .  A number of materials considered as possible grain components have 

been measured by several investigators. A representative, and not 

comprehensive list is given in Table 1. Extensive references are given in the 

above two reports and in the papers cited in Table I. 

An important measurement for the study of grains at high temperatures in 

circumstellar shells or stellar atmospheres is the temperature dependence of 

the optical properties. Essentially all existing data on optical constants or 

absorption spectra refer to room temperature. The absorption of a quartz 

Layer heated to temperatures in the range 600-1600 K was measured by 

Dvurechenskii et al. (1978). 

Table I 

Measured Optical Properties of Proposed Grain Constituents 

Material - Spectral Range Property Reference 

1, Silicates 10-1600 cm-I Dielectric Perry et al. Moon, 
(lunar rocks) constants - 4, 315, 1972 

2 ,  MgO(O.l 400-800 cm-I Emissivity JOSA 71, 393, 1981 
micron cubes) 0. ~atamura, M. Cho 

3, MgO I R Reflectivity, J. R. Jaspers et 
SK-1960K al., Phys. Rev. 

146, 526, 1966 - 

4 ,  Silicates 4-14 microns Emission and J. R. Stephens, R. 
absorption W. Russell, Ap. J. 
spectra - 228, 780, 1979 

5,  Silicates 7-50 microns Absorption A. Zaikowski , e t 
phyllosili- spectra al. "Solid State 
cates Ap." ed. (p 151) 

Wickramasinghe, 
Morgan, Reidel, 
1976 



S i l i c a t e s  

Hydrated 
s i l i c a t e s ,  
carbonaceous  
c h o n d r i t e s ,  
amorphous 
c a r b o n a t e s  

S i l i c a t e s  

Hydrous 
S i l i c a t e s  

1026-1640 A Complex index  
of r e f r a c t i o n  

2.5-30 microns Absorp t ion  
s p e c t r a  

7-14 microns  Emiss ion s p e c t r a  

7-140 microns E x t i n c t i o n  
c o e f f i c i e n t  
2K-1400K 

P. L. Lamy, I c a r u s  
34 ,  68,  1978 - 

R. F. Knacke, W. 
Kratschmer .  Ast ron,  
As t roph . ,  - 92,  281, 
1980 

Ap. Sp. S c i .  1979 
6 5 ,  47 - 

C. Koik.e, H. 
Haseqawa, T. 
H a t t o r i . ,  Ap. Sp. 
S c i .  88 ,  89,  1982 - 

10. T e r r e s t r i a l  0.2-50 microns Complex index  3 .  B. P o l l a c k ,  0. 
S i l i c a t e s  of r e f r a c t i o n  R. Toon, B .  Khare, 

I c a r u s ,  2, 372, 
1973 

11. Amorphous 1400-400 cm-I Complex i n d e x  T. R. S t e y e r ,  K. 
Quar tz  Gra ins  of r e f r a c t i o n  L. Day,, D* R. 

r=200 A Huffman, Appl. 
O p t i c s ,  - 13, 1589, 
2974 

12. T e r r e s t r i a l  4-14 micron Absorpt ion and Stephens  and 
and Vapor e m i s s i o n  s p e c t r a  Russe1.L (1979) 
Condensed 
S i l i c a t e s  

13. S i l i c a t e  i n f r a r e d  
M i n e r a l s  

N o n - s i l i c a t e  i n f r a r e d  
M i n e r a l s  

Absorp t ion  F. M. Penman (1975) 

Absorp t ion  F. M. Penman ( 1 9 7 6 )  

14. Quar tz  2.5-5.5 micron Emiss ion spect rum Dvureclnenskii e t  
600K-1600K a l .  (1978) 

15. S i l i c a t e s  2-20 o r  8-14 Emiss ion s p e c t r a  Rose (1977) 
microns  

b. Carbon -- 

A number of measrirements of t h e  o p t i c a l  c o n s t a n t s  of g r a p h i t e  from t h e  

u l t r a v i o l e t  t o  t h e  i n f r a r e d  f o r  l i g h t  i n c i d e n t  bo th  p e r p e n d i c u l a r  and p a r a l l e l  



to the basal plane have been carried out. References to these papers and 

discussions of the results are given by Huffman (1977) and Draine and Lee 

(1984). Corresponding data for glassy carbon have been presented by Williams 

and Arakawa (1972) and for amorphous carbon by Duley (1984). There is an 

apparent discrepancy between Duley's results and the measured extinction by 

amorphous grains. The calculated extinction by small amorphous particles do 

not show any broad ultraviolet extinction bumps whereas measured extinction 

curves by Stephens (1980) for 0.03-0.01 micron particles have a distinct peak 

between 4 and 4.25 micron-'. Similar results were obtained at Goddard where 

the peak shifted to shorter wavelengths as the size was reduced. 

Amorphous carbon films have also been prepared by a glow discharge tech- 

nique, Anderson (1977) reports a study of the structure, electrical and opti- 

cal properties of films condensed from a glow discharge in C2~2. Lin and 

Feldman (1983) with a generally similar procedure observed the C-H stretch at 

3,4 microns and the CH2 bending mode at 6.9 microns. The vibrational spectra 

of hydrogenated, amorphous Si-C films was investigated by Wieder et al. 

(1979). The effect of possible hydrogen contamination on some of the proper- 

ties in Anderson's films may be significant. Similar experiments were carried 

out by Watanabe et al. (1982). The hydrogen concentration is very dependent 

on deposition temperature. 

There have been several experimental studies of extinction by small 

carbon grains and silicon carbide grains. These are listed in Table 11, A 

later attempt by Hecht and Donn to extend the measurements reported in item 3 

was not successful. The very small size grains could not be obtained. How- 

ever, a regular structure in the extinction curve, generally similar to that 

reported for the smaller size distribution in the early experiments, regularly 

appeared* It is believed that the structure is an artifact of the experimen- 

tal arrangement and thus raises serious questions about the reality of the 

1978 data. Further work is needed on the extinction of small graphite grains 

and the transition from graphite to large polynuclear aromatics. 



Table I1 

Extinction by Carbon and Silicon Carbide Grains 

G r a i n  S t r u c t u r e  Exper iment  R e f e r e n c e  

1. G r a p h i t e  P o l a r i . z a t i o n  by a l i g n e d  C a y r e l  and Schatzmon 
g r a i n s  (1954)  

2. Amorphous Carbon S i z e  and shape  o f  conden- L e f e v r e  (1967)  
s a t e  from vapor  

3. G r a p h i t e  Normalized e x t i n c t i o n  Donn e t  a l .  (1968)  
c o e f f . ,  350-650 nm, 
r<0.2  micron  

4. Amorphous Carbon E x t i n c t i o n  L e f e v r e  (1970)  

5. Carbon Smoke 30 nm p a r t i c l e s ,  Day and Huffman, 
p r o b a b l y  m o s t l y  amorphous N a t u r e ,  Phy,  S c i .  
120-600 nm - 243,  5 4 ,  1973 

6. Amorphous Carbon S i z e ,  s t r u c t u r e ,  f o r m a t i o n  Kapp le r  e t  a l .  J .  
o f  vapor  condensed  p a r t i -  App. Phy. - 50, 305,  
c l e s  1979 

7 ,  Amorphous Carbon E x t i n c t i o n  210 nm - 340 Koike e t  a l . ,  Ap. Sp. 
m i c r o n s  S c i . ,  - 67 ,  4.95, 1980 

8. Amorphous Carbon,  E x t i n c t i o n  130-800 nm, S t e p h e n s  (1980)  
S i c ,  S i l i c a t e  v a p o r  condensed smokes 
Smokes 

9.  Amorphous Carbon E x t i n c t i o n  200 nm-40 mic ron  Borgl les i  e t  al.., A&A, 
1 4 2 ,  225,  1985 - 

Mass abs .  c o e f f . ,  s i z e  Dorschne r  e t  a l .  (1977)  
d i s t r i b u t i o n  < I .  5 mic ron  As t ron .  Nach.,  - 298, 279 

Mass a b s .  c o e f f . ,  s i z e  Friedemann, ,  e t  al. 
d i s t r i b u t i o n  <4 micron  ( 1 9 8 1 ) ,  A s t .  Sp.  S c i . ,  

7 9 ,  405 - 

Mass a b s .  c o e f f .  Nuth e t  a l ,  (1984)  
Ap. J . ,  290,  L41. -- 



c. L a b o r a t o r y  S y n t h e s i z e d  Non-Vola t i l e  M a t e r i a l  

W i t h  a  few e x c e p t i o n s ,  T a b l e  I d e a l s  w i t h  e i t h e r  t e r r e s t r i a l ,  Lunar  o r  

m e t e o r i t i c  m a t e r i a l .  T h e  e x c e p t i o n s  a r e  c o n d e n s a t e s  f r o m  l a s e r  o r  a r c  

v a p o r i z e d  m a t e r i a l  i.n i t e m s  4  and  15 r e s p e c t i v e l y .  

Measurements  o f  t h e  o p t i c a l  p r o p e r t i e s  of  l a b o r a t o r y  s y n t h e s i z e d  m a t e r i -  

a l  i n c l u d i n g  small.  g r a i n s  have  a l s o  been c a r r i e d  o u t .  Day (1974 ,  1976) pre-  

pa red  amorphous magnesium s i . L i c a t e s  by p r e c i p i t a t i o n  f rom s o l u t i o n  and  

measured  t h e i r  i n f r a r e d  spec t rum.  T,ater,  h e  produced  amorphous f i l m s  of  mag- 

nes ium and i r o n  s i l i c a t e s  (Day, 1979,  1951)  by s p u t t e r i n g  a  mixed MgSi, Mg S i ,  
2  

F e S i  o r  Fe S i  t a r g e t  i n  an argon-oxygen a tmosphe re .  The complex r e f r a c t i v e  2' 
i n d i c e s  were d e t e r m i n e d  by d i s p e r s i o n  a n a l y s i s  of  t h e  t r a n s m i s s i o n  measure-  

ments .  

Amorphous s i l i c a t e  g r a i n s  have  a l s o  been  o b t a i n ~ d  by c o ~ l d e n s a t i o n  from a  

mixed vapor .  I n  a d d i t i o n  t o  c o n d e n s i n g  SiO and Mg+SiO t o  yie1.d amorphous 

g r a i n s  (Day and Donn, 1978a ,  b; Nuth and Donn, 1982,  1983)  t h e s e  e x p e r i m e r ~ t e r s  

a l s o  i n v e s t i g a t e d  c h a n g e s  i n  s p e c t r a  and s t r u c t u r e  when g r a i n s  were a n n e a l e d  

for  v a r i c ~ u s  t i m e - t e m p e r a t u r e  c o m b i n a t i o n s  (Nu th  and Donn, 1983a ,  1984) .  More 

r e c e n t l y  e x p e r i m e n t s  have  been  s t a r t e d  a t  Goddard on t h e  h y d r a t i o n  of amor- 

p h o ~ i s  g r a i n s  (Nuth  e t  a l .  , 1985) .  

Kra t schmer  and Huffman (1979)  i r r a d i a t e d  o l i v i n e  w i t h  e n e r g e t i c  p r o t o n s  

t o  o b t a i n  a  c r y s t a l  w i t h  a  h i g h  d e n s i t y  of d e f e c t s  which woul(1 t h u s  s i m u l a t e  

a n  arnorphous s i l i c a t e .  The i n f r a r e d  s p e c t r u m  was s i m i l a r  t o  t h a t  of condensed  

amorphous s i l i c a t c ? ~  w i t h  s t r t i c t r ~ r e l e s s  9.7 and  18  mic ron  i n t e r s t e l l a r  f ea -  

fl11res. 

T h e  p o s ~ i b l e  r o l e  of c a r b o n  g r : a i ~ l s  as s o u r c e s  of i n t e r s t e l l a r  e x t i n c t i o n  

s t a r t e d  w i t h  t h e  p r o p o s a l s  by L o r e t t a  (1934)  and  O 'Keefe  (1939)  t h a t  t h e  

i r r e g u l a r  o b s c u r a t i o n  o f  R C r  R s ta rs  was c a u s e d  by c o n d e n s a t i o n  of a  c l o u d  of 

c a r b o n .  CaryeL and  Schatzman (1954)  l a t e r  s u g g e s t e d  i n t e r s t e l l a r  p o l a r i z a t i o n  

c o u l d  r e s u l t  from a l i g n e d  g r a p h i t e  g r a i n s  and measured t h e  p o l a r i z a t i o n  O F  

r i ~ a g n e t i c a l l y  a l i g n e d  g r a i n s .  I n  1962,  Hoylc and Wickramasinge ,  c a r r i e d  t h e  



investigation further with the analysis of graphite formation in red giant 

stars. 

These proposals were soon followed by the discovery of the 217.5 nm 

ultraviolet extinction feature Stecher (1965) and its interpretation in terms 

of graphite grains by Stecher and Donn (1965). 
L .  

A variation of the graphite model was introduced with the proposal 

(Donn, 1968) that an array of polycyclic hydrocarbon molecules (Donn and 

Krishna Swamy, 1969) could act as Platt particles (Platt, 1956) and may 

account for the extinction. A preliminary account of experiments on the vapor 

phase absorption spectra as well as the thermal and photodissociation of poly- 

cyclic aromatic hydrocarbons was given by Stief et al. (1970). 

A number of difficulties with graphite as the source of the extinction 

were subsequently noted. Grain optics places a severe constraint on shape and 

size to account for the 217.5 nm feature (see Gilra (1972) and Hecht (1981) 

for a more complete analysis). Problems with the formation of crystalline 

graphite in the interstellar medium including the relevant properties of 

graphite are reviewed by Czyzak et al. (1982). 

Of considerable current interest are the laboratory experiments on the 

quenched carbonaceous composites (QCC) produced by Sakata et al. (1983, 1984). 

A film was prepared by allowing the products of a microwave discharge in 

methane to condense on a quartz or NaCl substrate at room temperature. X-ray 

diffraction analysis revealed evidence for fine graphitic particles with some 

hydrogen present. The authors suggest the presence of hydrocarbons with 

conjugated double bonds. The infrared spectra of the film showed suggestive 

agreement with a number of observed infrared emission features. 

A different explanation for the unidentified infrared emission bands and 

the long time mysterious diffuse interstellar bands is the proposal that they 

arise from polycyclic aromatic hydrocarbons (PAH's). The proposed infrared 

identification was due to Leger and Puget (1984), primarily based on labora- 

tory spectra of coronene, a symmetric seven ring aromatic molecule. 



Allamandola et al. (1985) showed that the Raman spectrum from auto exhaust 

compares well with the spectrum of the Orion bar in the 5-10 micron interval. 

The laboratory sample was a mixture of non-crystalline graphitic material and 

PAH' s. Experiments on the residue composition from ethylene diffusion flames 

(Chakraborty and Long, 1968) determined the PAH concentration dependence on 

the oxygen and hydrogen concentration. Subsequently and simultaneously Leger 

and d%endecourt (1985) and van der Zwet and Allamandola (1985) pointed out 

that a correlation between visible aromatic spectra and the interstellar bands 

is to be expected but no identifications of bands were presented. The latter 

authors report experiments are under way to seek such comparisons. 

Beginning about 1970 Sagan and Khare, summarized in their 1979 paper, 

have produced a variety of complex organic solids from cosmically abundant 

gases CH4, C2H6,  NH3, H2C0 and H2S. The products, produced by ultraviolet 

irradiation or spark discharge, are brown sticky films named tholins. They 

propose such material as constituents of the primitive oceans, aerosols in 

atmospheres of the outer planets and as being present in comets, carbonaceous 

chondrites and the interstellar medium. 

Over the last decade or so Hoyle, Wickramasinghe and colleagues have in- 

vestigated a variety of carbon compounds as the source of the interstellar 

extinction. Generally, they compared the infrared spectra of the material 

with the interstellar spectra. In a few cases the ultraviolet-visible spec- 

trum was also determined and compared. This work is reviewed in a recent 

publications (Hoyle et al., 1985).  Yabushita and Wada (1985) describe an 

attempt to reproduce the measurements on yeast and E. Coli made by Hoyle and 

colleagues. They found significant discrepancies between the two laboratories 

but pointed out the problems of exactly reproducing results. Yabushita and 

Wada emphasized the need to exactly specify the conditions under which the 

measurements are made. Moore and Donn (1983) also measured the infrared 

spectrum of E. Coli. In order to avoid the high pressures in preparing a KBr 

pellet they incorporated the E. Coli in a mull and reproduced the 3.4 micron 

feature, However, other absorption features, equally strong, at longer wave- 

lengths than measured by Hoyle do not show up in the interstellar extinction. 



d. Sma l l  P a r t i c l e s  

Much of t h e  e x i s t i n g  d a t a  and many e x p e r i m e n t s  d e a l  w i t h  b u l k  p r o p e r t i e s  

and macroscop ic  m a t e r i a l ,  T h i s  workshop i s  conce rned  w i t h  a g g r e g a t e s  of mat- 

t e r  below a b o u t  one  micron .  Some p r o p o s a l s  f o r  g r a i n s  have  been  a s  s m a l l  a s  5 

nm where s i g n i f i c a n t  d e v i a t i o n s  from b u l k  b e h a v i o r  o c c u r  ( S m a l l  P a r t i c l e s ,  

1977,  1981;  J o r t n e r ,  1983 ;  Rupin  and Engelman,  1970).  

T h e r e  h a v e  been  many l a b o r a t o r y  programs t o  p r e p a r e  and s t u d y  a  v a r i e t y  

of  c h a r a c t e r i s t i c s  o f  s m a l l  p a r t i c l e s .  A number of  t h e s e  a r e  d e s c r i b e d  i n  t h e  

r e f e r e n c e s  i n  t h e  p r e c e d i n g  pa rag raph .  Kamijo e t  a l .  ( 1375)  p r e s e n t  r e s u l t s  

f o r  a  number of r e f r a c t o r y  e l e m e n t s  and o x i d e s  u s i n g  t h e  g a s  e v a p o r a t i o n  

t e c h n i q u e .  R e f e r e n c e s  a r e  g i v e n  t o  o t h e r  J a p a n e s e  work i n  t h i s  a r e a .  O p t i c a l  

p r o p e r t i e s  were no t  measured.  T a b l e s  1 and 2 i n c l u d e  a  n~lrnber of  s imi la r  

e x p e r i m e n t s  where t h e  emphas is  was on o p t i c a l  p r o p e r t i e s  of  t h e  c o n d e n s a t e s ,  

Once  p a r t i c l e s  are  p r e p a r e d  t h e  d e t e r m i n a t i o n  of s i z e  and compos i t i on  

f o r  m u l t i e l e m e n t  g r a i n s  becomes n e c e s s a r y .  The c h a r a c t e r i z a t i o n  of  p a r t i c l e s  

by many d i f f e r e n t  t e c h n i q u e s  i s  d i s c u s s e d  i n  a  N a t i o n a l  Bureau of  S t a n d a r d s  

p u b l i c a t i o n  ( H e i n r i c h ,  1980) .  Methods f o r  t h e  s t u d y  of  s u r f a c e s  (Kane a n d  

L a r r a b e e ,  1974) and t h i n  f i l m s  a r e  q u i t e  s i m i l a r  and may a l s o  be used .  Many 

r e s u l t s  and t e c h n i q u e s  f o r  t h i n  f i l m s  can  be  found i n  t h e  s e r i e s  " P h y s i c s  of 

T h i n  F i l m s ,  Advances i n  Resea rch  and Development." The i n i t i a l  s t age  of 

l a y i n g  down a  f i l m  c o n s i s t s  of t h e  f o r m a t i o n  of  i s o l a t e d  a g g r e g a t e s .  

4. Themodpamic Data Including Vapor Pressures 

Among t h e  p h y s i c a l  and c h e m i c a l  d a t a  found i n  t h e  r e f e r e n c e s  i n  S e c t i o n  

IT, a r e  e x t e n s i v e  s e t s  of  thermodynamic p r o p e r t i e s  of  a  v a r i e t y  of  r n a t e ~ i a l s ,  

I n  a d d i t i o n  t o  t h o s e  c o ' l l e c t i o n s  t h e r e  are  a number clevoted t o  t h e  s u h j e q t  of 

t h i s  s e c t i o n .  Vapor p r e s s u r e s  a s  a  f u n c t i o n  of t e m p e r a t u r e  a r e  g i v e n  by A. N. 

Nesmeianov (1963)  f o r  t h e  e l e m e n t s  and R a u b l i k  e t  a l .  (1984)  Eor a  l a r g e  

v a r i e t y  of  compounds. The "Handbook of Chemis t ry  and P h y s i c s "  (Weas t ,  1985) 

r e v i s e d  a b o u t  e v e r y  y e a r ,  g i v e s  c o n s t a r i t s  f o r  t h e  vapor  p r e s s u r e  e q u a t j o n  of 

Inany compounds. S t u l l  (1947)  t a b u l a t e s  t e m p e r a t u r e s  of  o r g a n i c  compo~lnds and 



inorganic compounds respectively at which the vapor pressure is 1, 5, 10, 30, 

40, 60, 100, 200, 400, and 760 torr. 

The most comprehensive collection of thermodynamic data appears to be 

the JANAF Thermochemical Tables (D. R. Stull and H. Prophet, 1971) published 

and updated by the Office of Standard Reference Data, U.S. National Bureau of 

Standards. The JANAF Tables give the temperature dependence for: heat 
0 0 capacity, entropy, Cibhs energy function (FO-H0 )IT, H T-H 298, a Hof, 295 

A G * ~ ,  and log Kp. L\ H is the enthalpy, F or G is the Gibbs Free Energy and 
Kp is the equilibrium constant in units of atmospheres. The vapor pressure P 

is obtained from the equation: 

Although the JANAF tables list A F in the next to last column, for 

interpolation purposes it is more accurate to use the Gibbs Function, -(FoT- 

R'~~~)/T, which varies much more slowly with T. Then, A F is given by: 
vap 

F 0 0 0 0 

vaP = T-H 298)/T1 (~ond)-[-(~ T - ~  298lT 'Of,298 (')- 'Of,298 (cond) 

and P = exp [ -  F 
vap ( vap > /RT 1 

where P wi1.l. be in atmospheres. Note that JANAF units are cal/molK for 
vap 

-(F'-H' 
2 9 8 ) /T and Kcal/mole For Allof, 29R. The gas constant, R = 1.987 

cal!mol, Y. 

The application is very straightforward .for monatomic solids, for 

example, iron. For solids with complex compositions, as are all silicates, 

vaporization and stability can be discussed according to the treatment of 

Grossman and Larimer (1974). The reverse process (condensation) is more 

involved as discussed by Donn (1976, 1978, 1979) and at present no reliable 

procedure is available (Donn et al., 1981; Donn and Nuth, 1985). Extensive 

data for vapor pressures at low temperatures are given in the above collec- 

tions. An additional source is found in Nonig and Hook (1960). 



III, EXPERImNTAL INVESTIGATIONS OF GRAINS 

1 .  O p t i c s  

In Section 2, data and some measurements on spherical and compact non- 

spl~erical particles were presented. This section deals with :scattering on 

well defined, irregularly shaped grains. 

One of the earliest studies was by Donn and Powell (1963) also Powell et 

al. (1967). The Angular scattering for both polarizations at two visible 

wavelengths were measured for micron size MgO cubes and ZnO fourlings. The 

latter have four symmetrically arranged narrow prongs extending from a central 

nucleus in the ideal case (which did not always occur). For the cubes, Mie 

calculations for a very similar distribution of spheres, gave a good match, 

However, with the fourlings, more large particles were needed and the measured 

scattering did not match either the angle or wavelength predictions. 

More detailed and systematic investigations of scattering by irregular 

particles can be performed using microwaves and thereby scaling the particle 

dimension from microns to centimeters. An extensive program for this purpose 

was initiated by Greenberg (Wang and Greenberg, 1976; Greenberg and Gustafson, 

1981). It was continued at The State University of New York at Albany 

(Schuerman, 1980a). The laboratory is currently run at the University of 

Florida, Gainesville. A similar laboratory has Seen operating at Ruhr 

University, Rochum, FRG (Zerull, 1980). Additional references to experiments 

on scattering by irregular particles, both optical and microwave, can be found 

in "Light Scattering by Irregularly Shaped Particles" (Schuerman, 1980b). 

2. S p u t t e r i n g  

Sputtering of atoms or molecules off surfaces of either icy or refrac- 

tory materials is an important process for grain evol~ltion in a number of 

astronomical environments (e.g. Rarlow; 1978). Experiments on sputtering by 

energetic ions have been carried out in several laboratories and results 

applied to astrophysical problems. 



I n  t h e  c a s e  o f  i n t e r s t e l l a r  g r a i n s  r e f r a c t o r y  " m i n e r a l s " ,  po lyn le r i c  

ca rbonnceous  macromolec \ l les  and i c y  s u r f a c e s  a r e  l i k e l y  t o  b e  i n v o l v e d .  F o r  

s o l a r  s y s t e m  o b j e c t s  i n c l u d i n g  s a t e l l i t e s  of  t h e  o u t e r  p l a n e t s  and cometary  

s u r f a c e s ,  v o l a t i l e  i c e  m i x t u r e s  a r e  t h e  ma jo r  c o n g t i t u e n t s .  Z o d i a c a l  and 

i n t e r p l a n e t a r y  d u s t  and a  l a r g e  p r o p o r t i o n  of  cometary  g r a i n s  w i l l  c o n s i s t  of 

r e f r a c t o r y  m a t e r i a l .  Bar low r e f e r e n c e s  s p u t t e r i n g  e x p e r i m e n t s  p r i o r  t o  a b o u t  

1970. The b a s i c  t e c h n i q u e s  employ plasma d i s c h a r g e s  o r  i o n  beams t o  o b t a i n  

t h e  i m p a c t i n g  i o n .  The i o n  beam method p e r m i t s  more q u a n t i t i v e  measurements  

as t h e  e n e r g y  and  a n g l e  o f  impac t  can  be a c c u r a t e l y  c o n t r o l l e d .  

D e t a i l e d  d i s c u s s i o n s  and  summaries  o f  e x p e f i m e n t a l  r e s u l t s  a r e  g i v e n  by 

Kaminsky ( 1 9 6 5 ) ,  B e h r i s c h  e t  a l . ,  ( 1973)  and  p a r t i c u l a r l y  B e h r i s c h  (1981,  

1983).  The l a s t  r e f e r e n c e  i s  a c o n t i n u i n g  s e r i e s  " S p u t t e r i n g  by P a r t i c l e  

Bombardment", Volume I i s  s u b t i t l e d  " S i n g l e  Element  Compounds". O f  cons id -  

e r a b l e  r e l e v a n c e  i s  C h a p t e r  VII  " A l l o y s  and Compounds, E l e c t r o n s  and  N e u t r o n s ,  

S u r f a c e  Tomography". The c h a p t e r  by B e t z  and Wehner, "Mult icomponent  

M a t e r i a l s " ,  p r o v i d e s  d a t a  f o r  a number o f  s p e c i e s  o f  a s t r o p h y s i c a l  impor t ance .  

A t h i r d  volumc "Angri lar ,  Mass, Energy  and  Cha rge  D i s t r i b u t i o n "  is i n  p r e p a r a -  

t i o n .  

S p u t t e r i n g  p r o d u c e s  a v e r y  complex s t r u c t u r e  on t h e  i r r a d i a t e d  s u r f a c e .  

T h i s  is  shown i n  t h e  s e c t i o n  on s u r f a c e  tomography i n  R e h r i s c h  (1983) .  The 

consequer lces  f o r  i n t e r s t e l l a r  g r a i n s  w i t h  r e g a r d  t o  c o n t i n u o u s  e x p o s u r e  l e a d -  

i n g  t o  d e s t r u c t i o n  and f o r  o p t i c a l  p r o p e r t i e s  may be i m p o r t a n t .  These  e x p e r i -  

ments  have  been  done on w e l l  o r d e r e d  s u r f a c e s ,  t h e  e f f e c t  on amorphous s u r -  

f a c e s  and For g r a i n s  u n d e r  a  micron  i n  d i a m e t e r  need t o  he  s t u d i e d .  

A b r i e f  b u t  r a t h e r  t ho rough  r e v i e w ,  w i t h  many r e f e r e n c e s ,  t o  s p u t t e r i n g  

e f f e c t s  on  condensed  v o l a t i l e s  i s  g i v e n  by J o h n s o n  e t  a l .  ( 1 9 8 5 ) .  An a d d i -  

t i o n a l  v e r y  r e c e n t  r e f e r e n c e  i s  t h e  f o r t h c o m i n g  p r o c e e d i n g s  o f  t h e  NATO 

Confe rence  on " I c e s  i n  t h e  S o l a r  System" e d i t e d  by J. K l i n g e r .  

T h e  a c t i v e  c e n t e r s  d o i n g  e x p e r i m e n t s  i n  t h i s  a r e a  a r e  a t  t h e  U n i v e r s i t y  

of V i r g i n i a  ( R .  E. . Johnson),  Rel.1 L a b o r a t o r i e s  ( L .  .J. T , a n z e r o t t i ) ,  and t h e  

U n i v e r s i t y  of C a t a n i a  i n  I t a l y  (V. P i r r o n e l l o ) .  



3. N u c l e a t i o n  and Condensat ion 

A number of c a l c u l a t i o n s  of g r a i n  fo rmat ion  i n  s t e l l a r  at inospheres and 

c i r c u m s t e l l a r  s h e l l s  have been c a r r i e d  o u t  o v e r  t h e  p a s t  two decades  ( s e e  Donn 

and Nuth, 1985 f o r  r e f e r e n c e s ) .  The assumpt ions  used i n  t h e s e  i n v e s t i g a t i o n s  

have been q u e s t i o n e d  by Donn i n  a s e r i e s  of p a p e r s ,  i n c l u d i n g  t h e  r e f e r e n c e  

above.  An e x p e r i m e n t a l  s t u d y  of t h e  cor ldensat ion of r e f r a c t o r y  m a t e r i a l s  a t  

t e m p e r a t u r e s  i n  t h e  range 750-1200K was under taken  a t  t h e  Goddard Space F l i g h t  

C e n t e r  t o  s t u d y  t h i s  problem ( s e e  Donn and Nuth, 1985 f o r  r e f e r e n c e s ) .  I n  

t h e s e  exper iments  t h e  r e a c t a n t  o r  r e a c t a n t s  were the rmal ly  vapor ized  t o  form a  

clorid a t  a known tempera tu re  w i t h i n  which p a r t i c l e s  condensed. An i n h e r e n t  

d i f f i c l l l t y  w i t h  t h i s  t e c h n i q u e  is  t h e  a t t a i n m e n t  of good mixing i n  t h e  vapor 

phase  w i t h  m u l t i  component mix tu res .  These exper iments  were an e x t e n s i o n  of 

t h o s e  d e s c r i b e d  i n  S e c t i o n  ZIc f o r  t h e  p r e p a r a t i o n  of  s y n t h e t i c  s i l i c a t e  

g r a i n s .  For a  v a r i e t y  of o t h e r  purposes ,  t h e  problem of t h e  condensa t ion  of  

r e f r a c t o r y  m a t e r i a l s  h a s  been i n v e s t i g a t e d  a t  a  number of o t h e r  i n s t i t u t i o n s  

u s i n g  d i E f e r e n t  t e c h n i q u e s ,  p r i m a r i l y  employing shock tubes .  These have a l l  

been r e f e r e n c e d  and v e r y  b r i e f l y  d e s c r i b e d  by Donn and Nuth. I n  a l l  c a s e s  t h e  

exper iments  r e s u l t e d  i n  s i g n i f i c a n t  d i sagreement  w i t h  n u c l e a t i o n  t h e o r y .  

A t  Goddard, p l a n s  have been developed f o r  s t u d y i n g  bo th  n u c l e a t i o n  and 

p a r t i c l e  fo rmat ion  from multicomponent g a s e s  i n  a  f low sys tem.  The s e p a r a t e  

components w i l l  be mixed i n  a h i g h  t e m p e r a t u r e  f u r n a c e  where condensat ion '  

canno t  occur .  The now w e l l  mixed g a s  w i l l  f l o w  i n t o  a  v a r i a b l e ,  lower temper- 

a t u r e  f u r n a c e  and condense under c o n t r o l l e d  c o n d i t i o n s .  

4 .  C l u s t e r s  

The p r o p o s a l  t h a t  n u c l e a t i o n  theory  cannot  h a n d l e  mutlicomponent mix- 

t u r e s  (Tlonn, 1976) was based on t h e  fo rmat ion  of m e t a s t a b l e  c l u s t e r s  t h a t  

a f f e c t  t h e  f i n a l  g r a i n  composi t ion.  S e v e r a l  of t h e  condensa t ion  exper iments  

reEerenced i n  t h e  l a s t  S e c t i o n  y i e l d e d  p a r t i c l e s  w i t h  non-equ i l ib r ium composi- 

t i o n  (Nuth and Donn, 1982, 1983; S tephens  and Rauer ,  1985).  

I n  o r d e r  t o  s t u d y  t h e  condensa t ion  p r o c e s s  and de te rmine  thermodynamic 

and k i n e t i c  d a t a  f o r  deve lop ing  a  k i n e t i c  t h e o r y  oE condensa t ion  an i r ~ v e s t i g a -  

1 2 3  



t i o n  of t h e  p recondensa t ion  c l u s t e r s  i s  an impor tan t  procedure .  I n  r e c e n t  

y e a r s  t h e r e  has  been e x t e n s i v e  r e s e a r c h  i n t o  t h e  p r o p e r t i e s  of c l u s t e r s ,  

l a r g e l y  because  of t h e i r  r o l e  a s  c a t a l y s t s .  T h i s  work i s  w e l l  p r e s e n t e d  i n  

s e v e r a l  confe rence  p roceed ings  ("Exper iments  on C l u s t e r s " ,  1984; Gole and 

S t w a l l e y ,  1982; Bore1 and B u t t e t ,  1981).  Gas phase  c l u s t e r  exper iments  f o r  

t h e  most p a r t '  i nvo lved  s i n g l e  s p e c i e s ,  o f t e n  m e t a l l i c  o r  i n  s e v e r a l  c a s e s  

a l k a l i  h a l i d ~ e s .  I n  a l l  i n s t a n c e s  t h e  c l u s t e r  formed by expans ion  and c o o l i n g  

of  t h e  c a r r i e r  g a s  p l u s  c o n d e n s i h l e  s p e c i e s  s o  t h a t  t h e  t empera tu re -p ressure  

c o n d i t i o n s  of c l u s t e r  fo rmat ion  were not  determined.  

I n  t h e  last  two y e a r s  two p rocedures  w i t h  c o n s i d e r a b l e  a s t r o p h y s i c a l  

s i g n i f i c a n c e  have been a p p l i e d  t o  t h e  i n v e s t i g a t i o n  of c l u s t e r s .  I n s t e a d  of 

u s i n g  an i n e r t  ambient c a r r i e r ,  a  s m a l l  c o n c e n t r a t i o n  of r e a c t a n t  i s  i n t r o -  

duced i n t o  the  Flowing c a r r i e r .  By t h i s  means r e a c t i o n s  of c o b a l t  and niobium 

c l u s t e r s  wi th  hydrogen ( G u e s i r  e t  a l . ,  1985) and i r o n  w i t h  molecu la r  hydrogen 

( R i c k t s m e i e r  e t  a l . ,  1985) were s t u d i e d .  With a l l  t h r e e  c l u s t e r  t y p e s ,  t h e  

r e a c t i v i t y  was a  s t r o n g  f u n c t i o n  of c l u s t e r  s i z e .  Whetten e t  a l .  (1985) 

r e a c t e d  i r o n  c l u s t e r s  w i t h  0 2 ,  H2S, and CH4. I n  a l l  c a s e s  a tomic  i r o n  is  

u n r e a c t i v e ,  t h e  r e a c t i v i t y  of i r o n  c l u s t e r s  t ends  t o  i n c r e a s e  w i t h  c l u s t e r  

s i z e  and l e v e l s  o f f  f o r  t h e  l a r g e r  c l u s t e r s .  CH4 d i d  not  r e a c t  w i t h  i r o n  

c l u s t e r s .  

By v a p o r i z i n g  a r s e n i c  o r  cesium w i t h  s u l f u r ,  Mar t in  (1984a,  1984b) 

o b t a i n e d  mixed c l u s t e r s  w i t h  a  wide range of composi t ion r a t i o s .  I n  t h e s e  

exper iments  t h e  two s p e c i e s  were vapor ized  from a d j a c e n t  c r u c i b l e s  (Cs + S )  o r  

a s  a r s e n i c  s u l f i d e  from a  s i n g l e  c r u c i b l e .  Reac tan t  g a s e s  were a l s o  i n t r o -  

duced i n t o  t h e  hel ium c a r r i e r .  Research i n  t h e  new a r e a  of c l u s t e r  r e a c t i v i t y  

and  c o m p o s i t e  c l u s t e r s  i s  v e r y  a c t i v e  a n d  new r e s u l t s  a r e  c o n t i n u a l l y  

r e p o r t e d .  

An exper imenta l  program on c l u s t e r s  aimed a t  t h e  a s t r o p h y s i c a l  problem 

of g r a i n  fo rmat ion  h a s  been under taken  a t  Goddard (Donn e t  a l . ,  1981).  The 

emphasis w i l l  be on t h e  fo rmat ion  of s i l i c a t e  g r a i n s  composed of c o s m i c a l l y  

abundant me ta l s .  The p l a n  i s  t o  c r e a t e  and t h e n  condense mult icomponent vapor  

m i x t u r e s -  The composi t ion of t h e  vapor ,  t e m p e r a t u r e  and p r e s s u r e  of c l u s t e r  



formation are the basic parameters to be varied in the experiment. The size 

and compositional distribution as a function of temperature are the results to 

be measured. This information will he a major contribution to the understand- 

ing of cosmic grain formation. 

5. Low Temperature Experiments 

1. Matrix Isolation 

L 

There is always a question of organization in a review covering a broad 

area of research - How best to present material which overlaps several. sec- 
tions? In the present instance clustering has been studied using high temper- 

ature vaporization as in Section 111-1 and also in low temperature matrices. 

The latter aspect is considered here. 

There is a rather long history of the study of clustering and reactivity 

in matrices. The general techniques are reviewed by Moskovits and Ozin (1976) 

and examples appear in Gole and Stwalley (1982). Primarily spectroscopic 

applications are given by Meyer (1971). Two reviews emphasizing the study o f  

molecules prepared at high temperatures have been written by lJeltner (1967, 

1969). He has also studied small carbon clusters in inert matrices (Weltner 

1964a, b, 1966, 1976). Kratschmer et al. (1985) deposited carbon vapor at IOK 

and warmed up the film while monitoring the spectrum. They obtained results 

which may be compared with several diffuse interstellar bands. 

Wdowiak (1980) has condensed the discharge products of methane-argon 

mixtures at 10K and examined the visible spectrum as a functiori of time and 

ultraviolet bleaching. Suggestive similarities with diffuse bands occurred in 

these experiments also. Khanna et al. (1981) monitored changes in the spectra 

of SiO in N2 with warmup. In addition to the growth of small polymers of StO, 

they obtained a non-volatile residue that had an absorption similar to that of 

the Si20j particles that characterize condensates from SiO vapor. Similar 

results were obtained for Mg + SiO gas mixtures (Donn et al. 1981), Experi- 

ments were also carried out on Fe + SiO again with similar results. 



2. Water I c e  and I c e  Mixtures  

A d i f E e r e n t  phase  of low tempera tu re  r e s e a r c h  a p p l i c a b l e  t o  a s t r o p h y s i -  

c a l  problems i s  t h e  s t u d y  of condensed v o l a t i l e  s p e c i e s .  T h i s  a s p e c t  d e a l s  

w i t h  p u r e  wa te r  i c e  and s i m u l a t e d  cosmic i c e  mix tu res .  

A number of l a b o r a t o r y  s t u d i e s  of t h e  s p e c t r a  of i c e s  and i c e  m i x t u r e s  

has been c a r r i e d  o u t .  Lebofsky and Fegley (1976)  have provided t h e  r e f l e c t i o n  

s p e c t r a  of s e v e r a l  molecu la r  f r o s t s  i n  t h e  wavelength  range 0.3-1 micron. 

Moose (1981) a l s o  shows t h e  s p e c t r a  from 2.5-15 microns of a  v a r i e t y  of con- 

densed molecules  and mix tu res .  A s i m i l a r  c o l l e c t i o n  of s p e c t r a  was p r e s e n t e d  

by Wagen e t  a l *  (1983) which i n c l u d e s  t h e  e f f e c t  of changing c o n c e n t r a t i o n  and 

t empera tu re  ( ~ e r r n i t t i n g  i n c r e a s i n g  d e g r e e s  of d i f f u s i o n  i n  t h e  sample) .  The 

s p e c t r a  o f  hydra ted  f r o s t s ,  over  t h e  wavelength  range from 1-6 microns ,  h a s  

been s t u d i e d  by Smythe (1975) .  

A number of exper iments  have i n v e s t i g a t e d  t h e  i n f r a r e d  spec t rum of amor- 

phous i c e  and a p p l i e d  t h e  r e s u l t s  t o  a s t r o n o m i c a l  o b s e r v a t i o n s  (Hagen e t  a l . ,  

1981; Leger e t  a l . ,  1983, K i t t a  and Kratschmer ,  1983). E x t e n s i v e  physiochemi- 

c a l  exper iments  have been c a r r i e d  o u t  on amorphous i c e .  These a r e  reviewed by 

S c e n t s  and Rice  (1982) .  

I n  a d d i t i o n  t o  w a t e r  i c e  and i c e  m i x t u r e s ,  g a s  h y d r a t e s  o r  c l a t h r a t e  

h y d r a t e s  have been proposed f o r  i n t e r s t e l l a r  g r a i n s  o r  g r a i n  mant les  a l t h o u g h  

most of t h e  emphasis of t h e s e  exper iments  have been f o r  comets. M i l l e r  (1961, 

1973) r e p o r t s  e x p e r i m e n t a l  r e s u l t s  f o r  a s t r o p h y s i c a l l y  i n t e r e s t i n g  c l a t h r a t e s .  

E x t e n s i v e  r e v i e w s  a r e  g i v e n  by D a v i d s o n  ( 1 9 7 3 )  and  by v a n  d e r  Waa l s  and  

P l a t t e e u w  (1959).  Recent r e s u l t s  a r e  g i v e n  by Cady (1983) and Davidson e t  a l .  

( 1984 ) .  An i n a b i l i t y  t o  d i r e c t l y  condense c l a t h r a t e s  below abou t  l00K has  

been demonstra ted  and b r i e f l y  d i s c u s s e d  by B e r t i e  and Dev l in  (1983).  

A comprehensive p r e s e n t a t i o n  of t h e  p h y s i c s  and chemis t ry  of w a t e r ,  i c e  

and aqueous s o l u t i o n s  can be found i n  t h e  s e r i e s  "Water - A Comprehensive 

T r e a t i s e "  e d i t e d  by Frank.  Recent r e s e a r c h  on i c e  a p p e a r s  i n  t h e  p roceed ings  

o f  t h e  symposia "The P h y s i c s  and Chemist ry  of I c e "  ( R i e h l  e t  a l . ,  1969) ,  



(Whalley et al., 1973), (J. of Glaciology, 1978) and the volume for the 1983 

meeting. 

Because matter in space is irradiated by ultraviolet photons and parti- 

cles in the Kev or Mev range, experiments on ice irradiation have been carried 

out. A systematic program on ultraviolet irradiation of ice mixtures has been 

underway at Leiden University. An account of this work and many references to 

it are given in Greenberg (1982). At Goddard, the effect of 1 Mev protons on 

ice mixtures has been studied (Moore and Donn, 1983). At the Joffe Institute 

of Physics and Technology in Leningrad, experiments on the irradiation 

(Kaimakov et al., 1977) and vaporization of ice and ice-dust mixtures 

(Kaimakov and Sharkey, 1972; Lizunkova et al., 1977) have been carried out. 

Experiments on the photodetachment, photodissociation and photochemistry of 

ice mixtures have recently been performed at the Institute for Molecular 

Sciences in Japan (Nishi et al., 1984). 

The references to experimental investigations have been colored by my 

interests. As pointed out in the beginning, this review is far from complete. 

A number of significant procedures are undoubtedly missing and important 

experimental studies are also omitted when particular techniques are men- 

tioned. I apologize to the reader who may be misled by the first omission and 

to the investigators who were not given due credit by the second. Some of 

these deficiencies would have been avoided had I been able to attend this 

stimulating meeting but others were due to a desire to limit the size of the 

present work and to gui.de the reader to sources of data and additional 

references. 
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CIRCTJMSTELLAR DUST 

Eli Dwek et al. 

The presence of dust in the general interstellar medium is inferred from 

the extinction, polarization, and scattering of starlight; the presence of 

dark nebulae; interstellar depletions; the observed infrared emission around 

certain stars and various types of interstellar clouds. Interstellar grains 

are subject to various destruction mechanisms that reduce their size or even 

completely destroy them' (e.g. Seab et al, this volume). A continuous source 

of newly-formed dust must therefore be present for dust to exist in the 

various phases of the interstellar medium (ISM). 

This working group has the following goals: 1) review the evidences for 

the formation of dust in the various sources; 2) examine the clues to the 

nature and composition of the dust; 3) review the status of grain formation 
-. 

theories; 4) examine any evidence for the processing of the dust prior to its 

injection into the interstellar medium; and 5) estimate the relative contribu- 

tion of the various sources to the interstellar dust population. 

Sources considered in this report are: cool giant and supergiant stars, 

planetary nebulae, hot stars, evolved stars, novae, supernovae, and proto- 

stars. A brief review on observational aspects of circumstellar dust, and on 

the formation of circumstellar grains is given, respectively, by Jura and by 

Draine in this volume. 

EVIDENCE FOR DUST FORMATION 

The presence of dust in circumstellar shells around cool evolved stars 

is inferred from the infrared (IR) excess above the underlying stellar con- 

tinuum or free-free emission, from the polarization of starlight, and from the 

presence of reflection nebulae surrounding the star. The IR excesses are 

apparent at wavelengths above 5 microns. They appear either as a continuum 

that exhibits a shallower falloff with increasing wavelength compared to the 

underlying stellar emission, or exhibit characteristic dust emission features. 
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I n  p l a n e t a r y  n e b u l a e  t h e  p resence  of d u s t  i s  a l s o  i n f e r r e d  from t h e  

e x t i n c t i o n  and s c a t t e r i n g  of t h e  s t e l l a r  UV and o p t i c a l  emiss ion.  However, a n  

unreso lved  i s s u e  is t h e  phase  i n  t h e  e v o l u t i o n  of t h e  star d u r i n g  which t h e  

d u s t  a c t u a l l y  formed. The d u s t  cou ld  have formed d u r i n g  t h e  r e d  g i a n t  phase ,  

and been accumulated i n  a  s h e l l  d u r i n g  t h e  fo rmat ion  of t h e  p l a n e t a r y  nebula.  

A l t e r n a t i v e l y ,  t h e  d u s t  cou ld  have formed d u r i n g  t h e  p l a n e t a r y  e j e c t i o n  phase.  

The p r e s e n c e  of d u s t  around novae is  i n f e r r e d  from t h e  e v o l u t i o n  of 

t h e i r  r a d i a t i v e  o u t p u t  a t  t h e  v a r i o u s  wavelengths.  A few months a f t e r  t h e  

e x p l o s i o n ,  t h e  nova l i g h t  curve  may e x h i b i t  a  d r a m a t i c  r i s e  i n  t h e  i n f r a r e d  
.. / 

which i s  concur ren t  w i t h  a  r a p i d  d r o p  i n  t h e  UV-visual (e.g. Gehrz e t  a l . ,  

1980 a n d  r e f e r e n c e s  t h e r e i n ) .  The a p p e a r a n c e  of t h e  i n f r a r e d  e x c e s s  i s  

u s u a l l y  i n t e r p r e t e d  as ev idence  f o r  t h e  fo rmat ion  of d u s t  i n  t h e  expanding 

novae e j e c t a  (e.g. C lay ton  and Wickramasinghe, 1976). The appearance  of t h e  

d u s t  i n  t h e  e x p a n d i n g  s h e l l  i s  t h e n  a l s o  t h e  c a u s e  f o r  t h e  d r o p  i n  t h e  

observed UV o u t p u t  from t h e  s t a r .  A d i f f e r e n t  e x p l a n a t i o n  was o f f e r e d  by Bode 

and Evans (1980a). They sugges ted  t h a t  t h e  d u s t  around some novae was n o t  

formed d u r i n g  t h e  nova e v e n t  b u t  d u r i n g  a n  e a r l i e r  phase  i n  t h e  e v o l u t i o n  of 

t h e  p r o g e n i t o r  s t a r .  The observed I R  e x c e s s  i n  t h e i r  model t h e r e f o r e  repre -  

s e n t s  t h e  r e p r o c e s s i n g  of t h e  UV-visual o u t p u t  of t h e  s t a r  by t h e  p r e e x i s t i n g  

c i r c u m s t e l l a r  d u s t  s h e l l .  The c o n c u r r e n t  d r o p  i n  t h e  UV i s  more d i f f i c u l t  t o  

e x p l a i n  i n  t h e i r  model, and i s  a t t r i b u t e d  t o  an  i n c r e a s e  i n  t h e  e f f e c t i v e  

t empera tu re  of t h e  nova t h a t  is  a s s o c i a t e d  w i t h  i t s  d e c r e a s i n g  p h o t o s p h e r i c  

r a d i u s  (Bath and Shaviv ,  1976). 

T h a t  d u s t  f o r m a t i o n  may t a k e  p l a c e  i n  supernovae (SN) i s  i n f e r r e d  from 

t h e  plresence of i s o t o p i c  anomal ies  i n  m e t e o r i t e s  ( s e e  D. D. Clay ton ,  e t  a l .  i n  

t h i s  volume). I n  t h e  absence of a n  u n d e r l y i n g  s o u r c e  of UV emiss ion ,  which 

p rov ides  t h e  h e a t i n g  of t h e  d u s t  i n  novae,  i t  may be i m p o s s i b l e  t o  o b t a i n  

ev idence  f o r  t h e  fo rmat ion  of d u s t  i n  t h e  expanding SN e j e c t a  from t h e  evolu- 

t i o n  of t h e  SN l i g h t  curve.  The e x c e s s  of I R  emiss ion d e t e c t e d  i n  t h r e e  

r e c e n t  Type 11 supernovae ( M e r r i l l ,  1979; Dwek e t  a l . ,  1983; Graham e t  a l . ,  

1984) r e p r e s e n t s  i n  a l l  t h r e e  c a s e s  t h e  UV-visual o u t b u r s t  of t h e  s t a r  repro-  

cessed  by c i r c u m s t e l l a r  d u s t  t h a t  presumably formed d u r i n g  t h e  r e d  g i a n t  phase  

of i t s  e v o l u t i o n  (Bode and Evans, 1980b; Dwek, 1983). Of t h e  t h r e e  supernovae 
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only  SN 1980k was a l s o  c o n s i s t e n t  w i t h  t h e  i n t e r p r e t a t i o n  t h a t  d u s t  formed i n  

t h e  SN e j e c t a  (Dwek e t  a l . ,  1983). D i r e c t  ev idence  f o r  t h e  e x i s t e n c e  of 

supernova condensates  can be o b t a i n e d  by i n f r a r e d  o b s e r v a t i o n s  of young, r e l a -  

t i v e l y  unmixed supernova remnants (Dwek and Werner, 1981).  Two !such candi-  

d a t e s  a r e  t h e  Crab Nebula and t h e  Cas A remnant, however, s o  f a r  n e i t h e r  

remnant shows any c o n c l u s i v e  ev idence  t h a t  che observed d u s t  i s  of supernova 

o ' r ig in  (Marsden e t  a l . ,  1984, and Dwek e t  a l .  i n  p r e p a r a t i o n ) .  

P r o t o s t a r s  a r e  observed t o  be embedded i n  cocoons of d u s t  and were sug- 

g e s t e d  by F i e l d  (1974) ' a s  major s o u r c e s  of i n t e r s t e l l a r  d u s t .  'The observed 

c i r c u m s t e l l a r  d u s t  may, however, be p r e e x i s t i n g  d u s t  from t h e  p r o t o s t e l l a r  

environment ou t  o f  which t h e  s t a r  formed. 

Evolved stars l i k e  R Coronae B o r e a l i s  a r e  extremely ca rbon- r ich  o b j e c t s  

(C/H>>l) which p e r i o d i c a l l y  f a d e  up t o  e i g h t  magnitudes i n  t h e  v i s u a l .  Typi- 

c a l l y  a f t e r  s e v e r a l  months, t h e y  r e t u r n  t o  normal (Payne-Gaposchkin, 1963; 

Alexander e t  a l . ,  1972).  Subsequent t o  t h e  d i s c o v e r y  of a n  I R  e x c e s s  around R 

Coronae B o r e a l i s  (RCR) ( S t e i n  e t  a l . ,  1969) i t  h a s  been g e n e r a l l y  accep ted  

t h a t  d u s t  i s  always p r e s e n t  around RCB t y p e  s t a r s .  The f a d i n g  of t h e  s t a r  i s  

a t t r i b u t e d  t o  t h e  e j e c t i o n  of a  cloud of carbon g r a i n s  a l o n g  our  l i n e  of s i g h s  

(O'Keefe ,  1939; F o r r e s t  e t  a l . ,  1972). UV o b s e r v a t i o n s  of t h e  s t a r ,  and t h e  

d e r i v e d  UV e x t i n c t i o n  c u r v e s  a r e  c o n s i s t e n t  w i t h  t h a t  h y p o t h e s i s  (Necht e t  

a l . ,  1984). - 

2, DUST COWOSITION 

S t a r s  w i t h  c i r c u m s t e l l a r  d u s t  s h e l l s  c a n  b e  g r o u p e d  i n t o  two main 

c l a s s e s  based on t h e i r  p h o t o s p h e r i c  abundances:  t h o s e  i n  which oxygen i s  more 

abundant t h a n  carbon (C/0<1) ,  and t h o s e  f o r  which C/0>1. The d u s t  t y p e  i n  t h e  

c i r c u m s t e l l a r  s h e l l  seems w e l l  c o r r e l a t e d  w i t h  t h e s e  two c l a s s e s , :  s i l i c a t e  

d u s t  w i t h  oxygen-rich s t a r s ,  and carbonaceous and S i c  p a r t i c l e s  w i t h  carbon- 

r i c h  s t a r s .  

The p r e s e n c e  of s i l icates i n  oxygen-rich stars is  i n f e r r e d  from t h e  9 .7  

and 18 micron emiss ion  f e a t u r e s  (e.g. Ai tken ,  1981),  and t h e  f e a t u r e l e s s  
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i n f r a r e d  spect rum observed i n  ca rbon  s t a r s  and p l a n e t a r y  n e b u l a e  (Math i s ,  

1978) i s  u s u a l l y  a t t r i b u t e d  t o  c r y s t a l l i n e  g r a p h i t e .  Dra ine  (1984) p r e d i c t e d  - 
t h a t  c r y s t a l l i n e  g r a p h i t e  shou ld  have a  r e sonance  f e a t u r e  a t  11.52 mLcrons 

which h a s  not  y e t  been d e t e c t e d ,  and t h i s  may s u g g e s t  t h a t  c i r c u m s t e l l a r  

carbon i s  i n s t e a d  amorphous. Sic h a s  a  broad emiss ion  f e a t u r e  e x t e n d i n g  from 

10.5 t o  13 microns which has  been obse rved  i n  c i r c u m s t e l l a r  s h e l l s  around 

carbon s t a r s  and some p l a n e t a r y  nebu lae  ( s e e  review by Ai tken ,  1981).  Based 

on cosmic abundances,  i t  is expec ted  t h a t  l e s s  than  10 p e r c e n t  of t h e  d u s t  

around ca rbon- r i ch  s t a r s  w i l l  be S i c .  T h e r e f o r e ,  S i c  w i l l  be a  minor c o n t r i b -  

u t o r  t o  t h e  i n t e r s t e l l a r  v i s u a l  a n d  UV e x t i n c t i o n  ( M a t h i s ,  Rumpl, a n d  - 
Nordsieck,  1977). A broad 25-30 micron f e a t u r e ,  s e e n  i n  ca rbon  s t a r s  and i n  

carbon-r ich  p l a n e t a r y  nebu lae  (Goebel and Moseley, 1985; F a r r e s  t , Houck, and 

McCarthy, 1981) was s u g g e s t e d  by them t o  be a  resonance f e a t u r e  i n  s o l i d  MgS. 

The f e a t u r e  is  a b s e n t  i n  p l a n e t a r y  nebu lae  w i t h  h i g h  C / O  r a t i o s ,  s u g g e s t i n g  

cha t  most of t h e  s u l p h u r  i n  t h a t  c a s e  i s  locked up i n  CS. 

A few oxygen- r i ch  s t a r s  show a b s o r p t i o n  f e a t u r e s  a t  3.1 microns and 6.0 

microns ( S o i f e r  e t  a l . ,  1981) ,  which is  c h a r a c t e r i s t i c  of w a t e r  i c e  a t  temper- 

a t u r e s  s i g n i f i c a n t l y  lower  t h a n  150 K. These o b s e r v a t i o n s  s u g g e s t  t h a t  H20 

can condense o u t  from t h e  g a s  a t  s u f f i c i e n t l y  l a r g e  d i s t a n c e s  from t h e  s t a r  

( s e e  J u r a ,  t h i s  volume). A d d i t i o n a l  ev idence  f o r  t h e  p r e s e n c e  of  c i r c u m s t e l -  

l a r  i c e  i s  sugges ted  by t h e  UV o b s e r v a t i o n s  of HD 44179 ( S i t k o ,  Savage,  and 

Mead, 19811, t h e  i l l u m i n a t i o n  s o u r c e  f o r  t h e  Red Rec tang le  Nebula. The 1600 A 

a b s o r p t i o n  f e a t u r e  i n  t h e  spect rum has  been i n t e r p r e t e d  by Hecht and Nuth 

(1982) a s  evidence f o r  t h e  p resence  of w a t e r  i c e  i n  t h e  c i r c u m s t e l l a r  s h e l l  of  

Chat s t a r .  

A v a r i e t y  of o b j e c t s  e x h i b i t  a  s e r i e s  of " u n i d e n t i f i e d "  i n f r a r e d  emis- 

s i o n  b a n d s  a t  3 . 3 ,  6 . 2 ,  - 7 . 7 ,  8 . 6 ,  a n d  1 1 . 3  m i c r o n s  ( s e e  r e v i e w  p a p e r  by 

Ai tken ,  1981). R e c e n t l y ,  Leger  and Puget (1984)  sugges ted  t h a t  t h e s e  F e a t u r e s  

a r i s e  from very s m a l l  (50 atoms) hydrogenated carbon " g r a i n s " ,  t h a t  a r e  r a d i -  

a t i v e l y  e x c i t e d  by t h e  s t e l l a r  UV r a d i a t i o n .  P o l y c y c l i c  a r o m a t i c  hydrocarbons  

(PAH's) appear  t h e  most promi-sing c a r r i e r s  of t h e s e  f e a t u r e s ;  however, t h e  

e x a c t  n a t u r e  oE t h e  e x i t a t i o n  mechanism is  s t i l l  c o n t r o v e r s i a l  (Allamandola,  

T i e l e n s ,  and Barker ,  1955) .  



The p resence  of v a r i o u s  c lements  and t h e i r  i s o t o p i c  composi t ion i n  c i r -  

c u m s t e l l a r  d u s t  g r a i n s  can on ly  he  conf i rmed from t h e  s t u d y  o f  m e t e o r i t e s .  

Abundance anomal ies  i n  t h e s e  o b j e c t s  s u g g e s t  t h a t  v o l a t i l e  s -p rocess  e lements ,  

and s h o r t - l i v e d  r a c . l i o a c t i v i t i e s  were t r a p p e d  i n  c i r c u m s t e l l a r  g r a i n s  dur ing  

t h e  condensa t ion  p r o c e s s  ( s e e  Clayton e t  a l . ,  t h i s  volume). The p resence  of 

t h c s e  v o l a t i l e  e l ements  i n  t h e  g r a i n s  p r o v i d e  a c h a l l e n g e  f o r  anyone a t t empt -  

i n g  t o  model t h e  condensati .on p r o c e s s  i n  c i . r c u m s t e l l a r  s h e l l s .  

The c r y s t a l  s t r u c t u r e  o f  t h e  e m i t t i n g  d u s t  can a f f e c t  t h e  shape of  d u r t  

e m i s s i o n  f e a t u r e s  a s  w e l l  a s  t h e  l o n g  w a v e l e n g t h  b e h a v i o r  of  t h e  d ~ i s t  

e m i s s i v i t y .  T h i s  e f f e c t  i s  most obvious  i n  t h e  comparison of t h e  a b s o r p t i o n  

e f f i c i e n c y  of g r a p h i t e  p a r t i c l e s  (e.g.  Dra ine  and Lee,  1984) w i t h  t h a t  o f  

amorphorls carbon (e .g .  Koike,  Hasegawa, and Manabe, 1980).  For  s i l i c a t e s  a n d  

o t h e r  g r a i n  m a t e r i a l s  t h e  d i f f e r e n c e s  may be  more s u b t l e .  The shape of t h e  

9.7 micron Fea tu re  i n  c i r c u m s t e l l a r  s h e l l s  which i s  r e a s o n a b l y  w e l l  f i t  by 

t h a t  of amorphous s i l i c a t e s  ( P a p o u l a r  and P e g o u r i e ,  1983) a p p e a r s  d i f f e r e n t  i n  

red g i a n t  s h e l l s  compared t o  t h e  Trapezium ( s e e  F o r r e s t ,  McCarthy, and Houck, 

1979 and r e f e r e n c e s  t h e r e i n ) ,  s u g g e s t i n g  a d i f f e r e n t  c r y s t a l  s t r u c t l i r e  i n  

t h e s e  r e g i o n s .  The s i g n i f i c a n c e  of t h e  d i f f e r e n c e  i s  c u r r e n t l y  u n c l e a r ,  s i n c e  

t ~ n c e r t a i n t i e s  i n  t h e  s u b t r a c t i o n  of t h e  u n d e r l y i n g  continuum may be l a r g e r  

than  t h e  d i f f e r e n c e  i n  t h e  s p e c t r a .  Addi t iona l  i n f o r m a t i o n  on t h e  c r y s t a l l i n e  

s t r u c t r i r e  of g r a i n s  may be i n f e r r e d  from t h e  f a r - i n f r a r e d  h e h a v i o r  of t h e i r  

e m i s s i v i t y .  An i n v e r s e  s q u a r e  wavelength  dependence i s  expec ted  f o r  c r y s t a l -  

l i n e  p a r t i c l e s .  Recent o b s e r v a t i o n s  (e .g .  Sopka e t  a l . ,  1985) sugges t  t h a t  

t h e  f a r - i n f r a r e d  d rop  i n  a b s o r p t i o n  e f f i c i e n c y  of s i l i c a t e  o r  carbon g r a i n s  

a p p e a r s  t o  f o l l o w  a  wavelength  - I ,  o r  wavelength  b e h a v i o r ,  s u g g e s t i n g  

t h a t  t h e s e  g r a i n s  a r e  amorphous. 'flowever, a  d i s t r i b u t i o n  of g r a i n  tetnpera- 

t u r e s  w i l l  a l s o  h a v e  t h e  e f f e c t  o f  p r o d u c i n g  a  f l a t t e r  s p e c t r u m  f rom a n  

o r i g i n a l l y  s t e e p e r  one. More d e t a i l e d  o b s e r v a t i o n s  a r e  needed t o  d i s t i n g u i s h  

between t h e s e  two p o s s i b i l i t i e s .  

A d d i t i o n a l  ev idence  t h a t  c i r c u ~ n s t e l l a r  carbon may be  amorphous, r a t h e r  

than  c r y s t a l l i n e  g r a p h i t e ,  i s  sugges ted  by t h e  2400-2500 A bump i n  the  UV 

e x t i n c t i o n  curves  toward R Coronae B o r e a l i s  s t a r s .  These s t a r s  a r e  carbon- 

r i c h  and hydrogen-poor w i t h  C / H  r a t i o s  of abou t  100, i n  which g r a p h i t e  r a t h e r  
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than hydrocarbons should be very stable. However, an analysis of the extinc- 

tion curve (Hecht et a1 1984) showed that the feature is consistent with the -2) 

presence of glassy or amorphous carbon around these stars. 

3, DFIS'OC FORMATION 

Although the growth of interstellar dust grains may take place in the 

~~~~~~~~~~~ar medium (see Snow this volume) the cores of these grains are 

probably Eormed in the various sources considered in section 1. Jura (this 

volume) summarized radio and infrared observations of cool giant stars that 

@an provide observational constraints on theories for dust formation in the 

outflowing gas. These constraints include the physical properties of the gas, 

and the size and composition of the dust in the outflow. A summary of how 

these observational constraints mesh with current theories of circumstel~lar 

dust formation was presented by Draine (this volume). 

The nucleation theory which is used to describe the formation and growth 

of particles in astrophysical environments makes a number of simplifying 

assumptions which may not be valid in circumstellar flows. These assumptions 

are: 1) that the vibrational temperature of the clusters and the kinetic 

temperature of the gas are the same; 2) that the chemical distinction between 

the various refractory gas phase constituents can be overlooked; 3) that free 

energies for "critical" cluster sizes can be estimated using their bulk pro- 

perties; and finally 4) that the sticking efficiency of a particle is not 

affected by the latent heat released by the formation of the chemical bond at 

the grain surface. 

These assumptions are still controversial, and there is evidence that 

some of them are incorrect in real astrophysical environments or under labora- 

tory conditions (Nuth and Donn, 1981; Stephens and Bauer, 1981; Donn and Nuth, 

1 9 8 5 ) .  Well outside the stellar photosphere the molecular vibrational 

temperatures drop below the kinetic temperature of the ambient gas. This dis- 

equilibrium reduces the validity of condensation calculations. More specif- 

ically, the reduced vibrational temperature will contribute to the stability 

of clusters and may be a key factor in the onset of the nucleation process 



(Nuth e t  a l . ,  1985).  Another problem encoun te red  i n  r e a l  a s t r o n o m i c a l  envi-  

ronments i s  t h a t  t h e  r e l e v a n t  c o l l i s i o n a l  t i m e s c a l e s  may be l o n g e r  than  t h e  

dynamical  t i m e s c a l e  of t h e  system. T h i s  p o i n t  was i l l u s t r a t e d  by S c a l o  and 

S lavsky  (1980) ,  who showed t h a t  t h e  f i n a l  p r o d u c t s  of t h e  chemical  r e a c t i o n s  

between major c o n s t i t u e n t s  o f  expanding c i r c u m s t e l l a r  s h e l l s  may be c o n t r o l l e d  

by t h e  r e a c t i o n  k i n e t i c s  i n  t h e  ou t f low.  I s o t o p i c  anomal ies  found i n  meteor- 

i t e s  s u g g e s t  t h e  i n c l u s i o n  of v o l a t i l e  e l ements  i n  t h e  d u s t  t h a t  formed around 

red  g i a n t  s t a r s .  N u c l e a t i o n  t h e o r y  h a s  t o  i n c l u d e  t h e  p o s s i b i l i t y  of t r a p p i n g  

v o l a t i l e  e l ements  i n  t h e  condensa t ion  p r o c e s s  ( K o t h a r i  e t  a l . ,  1979). i n  

a d d i t i o n  t o  s i m p l i f i c a t i o n s  i n  t h e  n u c l e a t i o n  t h e o r y ,  models f o r  t h e  fo rmat ion  

of c i r c u m s t e l l a r  d u s t  may have c o n s i d e r a b l y  s i m p l i f i e d  t h e  p h y s i c a l  c o n d i t i o n s  

of t h e  g a s  i n  t h e  f low. 

The complexi ty  of t h e  a c t u a l  p r o c e s s  of c i r c u m s t e l l a r  d u s t  fo rmat ion  can 

he i l l u s t r a t e d  by a p p l y i n g  t h e  t h e o r y  t o  a  w e l l  observed o b j e c t .  The a p p l i c a -  

t i o n  of c l a s s i c a l  n u c l e a t i o n  t h e o r y  t o  c i r c u r n s t e l l a r  g a s  f lows y i e l d s  the 

p o i n t  i n  t h e  f low beyond which t h e s e  c l u s t e r s  become s t a b l e ,  and t h e  growth 

and f i n a l  s i z e  of t h e  d u s t  p a r t i c l e s .  

I n f r a r e d  p h o t o m e t r i c  d a t a  of Alpha O r i o n i s  (summarized by J u r a  i n  t h i s  

volume) s u g g e s t s  t h a t  s i l i c a t e  d u s t  (obse rved  by . i t s  9.7 micron emiss ion 

f e a t u r e )  i s  formed and d e t e c t a b l e  o u t s i d e  of 10-100 s t e l l a r  r a d i i  ( 1 0 ' ~ - 1 0  15 

cm l i n e a r  d i m e n s i o n ) .  The d e n s i t y  i n  a s p h e r i c a l l y  s y m m e t r i c  o u t f l o w  

d e c r e a s e s  w i t h  d i s t a n c e  from t h e  s t a r .  Consequent ly ,  i f  d u s t  fo rmat ion  i s  

d e f e r e d  t o  a  d i s t a n c e  of 10-20 s t e l l a r  r a d i i ,  t h e  r e s u l t i n g  g r a i n  s i z e  i s  much 

s m a l l e r  t h a n  t h a t  i n f e r r e d  from o b s e r v a t i o n s  ( s e e  Dra ine  i n  t h i s  volume), 

These problems i n d i c a t e  t h a t  t h e  f low around t h e  s t a r  i s  s i g n i f i c a n t l y  more 

complex t h a n  assumed i n  t h e  c a l c u l a t i o n s .  I t  is  p o s s i b l e  t h a t  r e g i o n s  i n t e -  

r i o r  t o  10-20 R,, which do n o t  c l e a r l y  c o n t a i n  t h e  "9.7 micron d u s t  f e a t u r e " ,  

may be comprised of d u s t  p r o g e n i t o r s  ( c l u s t e r s )  and molecu la r  masers t h a t  

r e s i d e  i n  c o o l  clumps ( T < ~ O O O K ;  n<lO1° m 3 )  which i n  t u r n  a r e  embedded i n  a 
4 warm, chromospher ic  medium ( T  n e a r  10 K; n  approximate ly  lo8 cm-3) A con- 

I d e n s a t i o n  i n s t a b i l i t y  co t i ld  p r o d u c e  t h e s e  c o n d i t i o n s  n e a r  t h e  s t a r  ( s e e  

S t e n c e l ,  1985; a l s o  t h i s  volume). Such i n s t a b i l i t y  cou ld  a l s o  e x p l a i n  tile 



p r e s e n c e  of d u s t  around h o t  Wolf-Rayet s t a r s  t h a t  e x h i b i t  r a p i d l y  moving (3000 

km/sec) o u t f l o w s ,  o r  around h i g h  t e m p e r a t u r e  (5000 K )  R Corona B o r e a l i s  s t a r s .  

I n  c o n t r a s t  t o  c o o l  s t a r s  which may produce d u s t  c o n t i n u o u s l y  i n  t h e i r  

ou t f low,  novae o n l y  produce d u s t  d u r i n g  s p o r a d i c  o u t b u r s t s .  Dust fo rmat ion  

s e e m s ,  h o w e v e r ,  t o  b e  i n h i b i t e d  i n  " f a s t "  n o v a e ,  s o  c a l l e d  b e c a u s e  t h e y  

e x h i b i t  a  r a p i d  d rop  i n  t h e i r  UV-visual o u t p u t  (e.g.  Gehrz e t  a l . ,  1980).  

Comparison between t h e  v a r i o u s  t y p e  novae may t h e r e f o r e  p r o v i d e  t h e  opportun- 

i t y  t o  examine t h e  p h y s i c a l  pa ramete r s  t h a t  can f a c i l i t a t e  ( o r  i n h i b i t )  t h e  

f o r m a t i o n  of d u s t  i n  t h e i r  e j e c t a  ( G a l l a g h e r ,  1977).  

So f a r ,  d u s t  h a s  n o t  been observed i n  supernova e j e c t a .  However, i t  i s  

expected t h a t  t h e  d u s t  f o r m a t i o n  p r o c e s s  i n  t h e s e  o b j e c t s  may be s i g n i f i c a n t l y  

d i f f e r e n t  from t h a t  o c c u r i n g  around s t a r s  o r  novae. I n  t h e  c a s e  of Type 11 

supernovae,  t h e  c o l l a p s e  of t h e  c e n t r a l  c o r e  of t h e  p r o g e n i t o r  s t a r  l e a v e s  no 

u n d e r l y i n g  s o u r c e  of r a d i a t i o n  s o  t h a t  t h e  f o r m a t i o n  of t h e  d u s t  i n  t h e  e j e c t a  

may be r e g u l a t e d  by c o l l i s i o n a l ,  r a t h e r  t h a n  r a d i a t i v e ,  p r o c e s s e s .  F u r t h e r -  

more, o b s e r v a t i o n s  of Cas A and t h e  Crab Nebula show t h a t  supernovae e j e c t a  

a re  inhomogeneous, w i t h  s i g n i f i c a n t  abundance v a r i a t i o n s  between t h e  clumps. 

The r e s u l t i n g  c o n d e n s a t i o n  sequence and d u s t  composi t ion may t h e r e f o r e  be 

q u i t e  d i f f e r e n t  from t h o s e  c a l c u l a t e d  f o r  a  uniformly expanding g a s  ( s e e  

Clayton e t  a l . ,  t h i s  volume). The enhanced d e n s i t y  i n  t h e  clumps may f a c i l i -  -- 
r a t e  t h e  condensa t ion  p r o c e s s ,  and s h i e l d  t h e  newly-formed g r a i n s  from r e v e r s e  

shocks  t h a t  a r i s e  from t h e  d e c e l e r a t i o n  of  t h e  remnant. 

4, PROCESSING OF THE DUST 

A f t e r  t h e i r  f o r m a t i o n  and p r i o r  t o  t h e i r  i n j e c t i o n  i n t o  t h e  i n t e r s t e l l a r  

medium t h e  newly-formed d u s t  p a r t i c l e s  may be s u b j e c t  t o  v a r i o u s  p h y s i c a l  

c o n d i t i o n s  t h a t  can r e p r o c e s s  them. Rehea t ing  of t h e  d u s t  p a r t i c l e s  can 

change t h e i r  c r y s t a l l i n e  s t r u c t u r e ;  a c c r e t i o n  i n  t h e  f low,  v a r i o u s  s u r f a c e  

r e a c t i o n s ,  o r  UV p r o c e s s i n g  can a l t e r  t h e i r  composi t ion;  and c o l l i s i o n s  among 

themselves  and w i t h  t h e  ambient g a s  can a l t e r  t h e i r  s i z e  d i s t r i b u t i o n  o r  com- 

p l e t e l y  d e s t r o y  them. 



V a r i a t i o n s  i n  g r a i n  composi t ion,  s i z e ,  and morphology a r e  r e f l e c t e d  by 

changes i n  t h e  c e n t r a l  wavelength ,  s t r e n g t h ,  and shape  of t h e i r  c h a r a c t e r i s t i c  

i n f r a r e d  bands. For  example, t h e  e m i s s i o n  peaks of c r y s t a l l i n e  s i l i c a t e s  

d i f f e r  i n  wavelength  and shape from t h e  emiss ion  bands of amorphous s i l i c a t e s  

of t h e  same composi t ion (S tephens  and R u s s e l l ,  1979). Fur the rmore ,  t h e  8-25 

micron spec t rum of v a r i o u s  l abora to ry -produced  amorphous and p a r t i a l l y  c rys -  

t a l l i z e d  s i l i c a t e s  show, i n  a d d i t i o n  t o  t h e  w e l l  known 10 and 20 micron bands ,  

weak f e a t u r e s  which may correspond t o  weak s t r u c t u r e s  p r e s e n t  i n  t h e  i n f r a r e d  

s p e c t r a  of oxygen-rich s t a r s  (Nuth and Donn, 1982). 

Evidence f o r  changes i n  t h e  g r a i n  s i z e  d i s t r i b u t i o n  around R Coronae 

B o r e a l i s  s t a r s  was p r e s e n t e d  by Hecht e t  a l .  (1984) .  From t h e  Fading of t h e  

v i s u a l  o u t p u t  they  proposed t h a t  a f t e r  fo rmat ion  t h e  g r a i n s  grow t o  approx i -  

mate ly  0.1 micron. Subsequent c o l l i s i o n s  r e s u l t  i n  a  MRN power-law d i s t r i b u -  

t i o n  of s i z e s  r a n g i n g  from 0.005 t o  0.060 microns .  

G r a p h i t e  p a r t i c l e s  can r e a c t  w i t h  a t o m i c  o r  i o n i z e d  hydrogen i n  t h e  

v i c i n i t y  of H I 1  r e g i o n s  i f  t h e i r  t e m p e r a t u r e  is  above a  c r i t i c a l  t empera tu re  

of about  110 K. Barlow (1983) proposed t h a t  chemical. s p u t t e r i n g  o f  carbon 

g r a i n s  can form s u r f a c e  hydrocarbon complexes which may be r e s p o n s i b l e  f o r  t h e  

observed " u n i d e n t i f i e d "  i n f r a r e d  e m i s s i o n  f e a t u r e s .  UV i r r a d i a t i o n  can l e a d  

t o  s i m i l a r  r e s u l t s .  The o b s e r v a t i o n s  of t h e s e  f e a t u r e s  on t h e  boundary of H T I  

r e g i o n s  and i n  p l a n e t a r y  nebu lae  may t h e r e f o r e  be ev idence  f o r  r a d i a t i v e  o r  

c o l l i s i o n a l  p r o c e s s e s  on t h e  s u r f a c e  of ca rbon  g r a i n s .  

5- RELATIVE CONTRIBUTION TO THE ISM 

The r e l a t i v e  c o n t r i b u t i o n  of t h e  v a r i o u s  s o u r c e s  t o  t h e  i n t e r s t e l l a r  

d u s t  p o p u l a t i o n  is of  c o n s i d e r a b l e  i n t e r e s t  because  of t h e  d i f f e r e n t  abundance 

p e c u l i a r i t i e s  t h a t  can be locked i n  t h e  d u s t  d u r i n g  t h e  c o n d e n s a t i o n  p rocess .  

For example,  s i l i c a t e s  t h a t  formed i n  supernova  e j e c t a  w i l l  c o n t a i n  pure  1 6 ~ ,  

and were s u g g e s t e d  a s  t h e  s o u r c e  of abundance anomal ies  i n  t h e  m e t e o r i t e s .  The 

r e l a t i v e  c o n t r i b u t i o n  of each  s o u r c e  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  

depends on t h e  t o t a l  amount of mass r e t u r n e d  from t h a t  s o u r c e  t o  t h e  ISM, on 
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the fraction of condensible elements in the ejecta, and on the efficiency with 

which these elements condense out of the gas phase. 

The contribution of Red Giant stars to the interstellar dust population 

is perhaps the least uncertain. In red giant winds it is possible to derive 

the mass loss rate from the star. If the circumstellar gas is ionized the 

mass loss rate can be derived from the radio free-free emission. If the 

hydrogen in the flow is molecular then the mass loss rate can be derived from 

radio observations of minor constituents such as CO. Major uncertainties in 

these derivations are the CO/H2 abundance, and the distance to the star. 

Total mass loss rates integrated over the galaxy are found to be about 0.3 

M /yr with equal contribution from 0- and C-rich stars (Knapp and Morris, sun 
1985). Adopting a gas-to-dust mass ratio of 100 in the flow, the galactic 

contribution to the interstellar dust population from red giant winds is 
-3  approximately 3x10 Msun / ~ r .  The mass of dust in the wind can also be 

derived directly from infrared observations. Major uncertainties in this 

method are the infrared properties of the dust, and the dust temperature pro- 

file from the star. 

Supe,rnovae and novae. The contribution from these sources is less cer- 

tain than the contribution from red giants. If the infrared echo detected 

from SN 1980k is due to dust that formed in the supernova ejecta (Dwek et al., 

1983) then the total amount of dust produced in that event was about ~ o - ~ M ~ ~ ~ ,  

which makes it a neglible contributor to the interstellar dust population. 

IRAS observations of the Crab Nebula (Marsden et al., 1984) show that the IR 

excess above the radio synchrotron emission from the nebula is very small. 
- 3 The excess translates into a dust mass of (5-30)xlO Msun in the nebula which 

is also too small to be significant on a galactic scale. IRAS observations of 

the superno'va remnant of Cas A show a large infrared excess above the free- 

free continuum. A preliminary analysis of these observations (Dwek et al., in 

preparation) suggests that the mass of the emitting dust is between 0.1 and 

0-6 MsUn. Adopting an average value in that range, and a frequency of "Cas A 
type" supernovae of O.Ol/yr gives a total galactic dust production rate of 

3x10-3~sunlyr, comparable to the contribution from red giant winds. 
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T h e  m o s t  c o n v i n c i n g  e v i d e n c e  t h a t  t h e  sudden r i s e  i n  t h e  i n f r a r e d  emis- 

s i o n  obse rved  i n  novae i s  due  t o  d u s t  f o r m a t i o n  is  t h e  c o n c u r r e n t  d r o p  i n  t h e  

UV o u t p t ~ t  from t h e  s t a r .  The mass of  d u s t  produced i n  a  nova e v e n t  can r ange  

from t o  M,,~,, which  f o r  a  f r e q u e n c y  of  40 e v e n t s  a  y e a r  g i v e s  a 

c o n t r i b u t i o n  of  ( 4 - 4 0 ) ~ 1 0 - ~ ~  sUn/yr  o v e r  t h e  g a l a x y  (e .g .  Dwek and S c a l o ,  

1980) .  

P l a n e t a r y  n e b u l a e  and p r o t o s t a r s .  Based on i n f r a r e d  p h o t o m e t r i c  

o b s e r v a t i o n s  of a l a r g e  number of  p l a n e t a r y  n e b u l a e  Cohen and Barlow (1974) 

conc luded  t h a t  t h e s e  o b j e c t s  a r e  d u s t  d e f i c i e n t ,  i .e.  t h e  dust- ' to-gas mass 

r a t i o  i n  p l a n e t a r y  n e b u l a e  is  smaller t h a n  i t s  cosmic  v a l u e  o f  0.91. An 

e s t i m a t e  t h e  mass of t h e  d u s t  r e q u i r e s  a d e t a i l e d  knowledge o f  t h e  compos i t i on  

a n d  s i z e  distribution o f  t h e  e m i t t i n g  p a r t i c l e s ,  s i n c e  t h e s e  p r o p e r t i e s  

d e t e r m i n e  t h e  d u s t  t e m p e r a t u r e  i n  a  g i v e n  r a d i a t i o n  f i e l d .  Rased on f a r -  

i n f r a r e d  o b s e r v a t i o n s  o f  a  number o f  p l a n e t a r y  n e b u l a e  Moseley (1980) 

conc luded  t h a t  t h e i r  dus t - to -gas  mass r a t i o  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  

from t h a t  of  t h e  ISM. The g a s  c o n t r i b u t i o n  from p l a n e t a r y  n e b u l a e  t o  t h e  ISM 

i s  a b o u t  4 x 1 0 - ~  Msun/yr (Dwek and S c a l o ,  1980) ,  which  f o r  a cosmic  dus t - to-gas  

mass  r a t i o  g i v e s  a n  u p p e r  l i m i t  t o  t h e  g a l a c t i c  d u s t  c o n t r i b u t i o n  o f  

The  c o n t r i b u t i o n  of p r o t o s t a r s  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  i s  

h a r d  t o  e s t i m a t e .  P r o t o s t a r s  a r e  o b s e r v e d  t o  be ensh rouded  i n  cocoons o f  

d u s t .  The major  u n c e r t a i n t y  i s  t h e  f r a c t i o n  of  t h e  d u s t  t h a t  e x i s t e d  p r i o r  t o  

t h e  f o r m a t i o n  o f  t h e  s t a r .  Assuming t h a t  h a l f  o f  t h e  c o n d e n s i b l e  e l emen t s  i n  

t h e  p r o t o s t e l l a r  n e b u l a e  e x j s t e d  i n  t h e  g a s  phase  Dwek and S c a l o  (1980)  e s t i -  

-4 mated t h e  d u s t  c o n t r i b u t i o n  of  p r o t o s t a r s  t o  be  (3x10 MSun/yr= 

Hot stars and e v o l v e d  o b j e c t s ,  I n f r a r e d  e x c e s s e s  t h a t  c a n  be a t t r i b u t e d  

t o  c i r c u m s t e l l a r  d u s t  were  o n l y  o b s e r v e d  i n  Wolf-Rayet s ta rs  o f  t y p e  WC9 and 

some 'WC8's. S i n c e  t h e s e  s t a r s  and o t h e r  e v o l v e d  o b j e c t s  a r e  r a r e  t h e i r  con- 

t r i b u t i o n  t o  t h e  i n t e r s t e l l a r  d u s t  i s  n o t  e x p e c t e d  t o  b e  s i g n i f i c a n t .  Abbott  

(1982)  e s t i m a t e d  t h e  g a s  mass Loss ra te  f rom h o t  s tars  t o  be 0.03M /y r ,  
sun  

-4 I y r .  g i v i n g  a  d u s t  p r o d u c t i o n  ra te  <3xlO Msun 



6 ,  PROSPECTS FOR FUTURE RESEARCH 

A s i g n i f i c a n t  amount of o b s e r v a t i o n a l ,  e x p e r i m e n t a l ,  and t h e o r e t i c a l  

work i s  s t i l l  needed t o  r e s o l v e  t h e  v a r i o u s  i s s u e s  reviewed by t h i s  working 

group.  The r o l e  of c e r t a i n  a s t r o n o m i c a l  o b j e c t s  a s  d u s t  s o u r c e s  i s  n o t  y e t  

r e s o l v e d ,  and t h e i r  c o n t r i b u t i o n  t o  t h e  i n t e r s t e l l a r  d u s t  p o p u l a t i o n  i s  un- 

c e r t a i n ,  The c r y s t a l l i n e  s t r u c t u r e  of t h e  newly-formed d u s t  i s  s t i l l  s u b j e c t  

t o  i n t e r p r e t a t i o n s ,  and t h e  d e g r e e  of r e p r o c e s s i n g  i n  t h e  c i r c u m s t e l l a r  env i -  

ronment u n c l e a r .  The i d e n t i f i c a t i o n  of t h e  c a r r i e r s  of t h e  " u n i d e n t i f i e d "  

emiss ion  bands s t i l l  needs  t o  be f i r m l y  e s t a b l i s h e d ,  and d e t a i l s  of  t h e  emis- 

s i o n  mechanism s t i l l  need t o  be worked o u t .  D e t a i l s  of t h e  n u c l e a t i o n  p r o c e s s  

a r e  l a c k i n g ,  and we a r e  i g n o r a n t  abou t  t h e  a s t r o p h y s i c a l  c o n d i t i o n s  i n  t h e  

condensa t ion  s i t e s .  More s p e c i f i c a l l y ,  t h e  f o l l o w i n g  l i s t  of o b j e c t i v e s  may 

h e l p  r e s o l v e  some of t h e  i s s u e s  mentioned above. 

E x t e n s i v e  mapping of t h e  i n f r a r e d  e m i s s i o n  around p l a n e t a r y  nebu lae  w i l l  

e s t a b l i s h  t h e  l o c a t i o n  of t h e  d u s t  w i t h  r e s p e c t  t o  t h e  H I 1  r e g i o n  and may 

r e s o l v e  t h e  q u e s t i o n  of whether  t h e  obse rved  d u s t  was p r e e x i s t i n g  m a t e r i a l  

t h a t  was merely "pushed" o u t  d u r i n g  t h e  p l a n e t a r y  e j e c t i o n  phase  o r  whether i t  

formed i n  t h e  p l a n e t a r y  nebula .  

Superriovae may c o n t r i b u t e  a s  much d u s t  t o  t h e  i n t e r s t e l l a r  medium a s  

g i a n t  and s u p e r g i a n t  s t a r s .  However t h e  p r e s e n c e  of d u s t  i n  supernova e j e c t a  

has  n o t  y e t  been e s t a b l i s h e d .  IRAS follow-up o b s e r v a t i o n s  w i t h  h igh  s p a t i a l  

r e s o l u t i o n  of young, unmixed, "Cas A t y p e "  supernova remnants w i l l  be an  i m -  

p o r t a n t  stiep i n  t h a t  d i r e c t i o n .  High s p e c t r a l  r e s o l u t i o n  o b s e r v a t i o n s  a r e  

needed t o  e s t i m a t e  t h e  c o n t r i b u t i o n  of i n f r a r e d  emiss ion  l i n e s  t o  t h e  observa- 

t i o n s .  Coordinated i n f r a r e d  and o p t i c a l  s e a r c h e s  f o r  Type I1 supernovae a r e  

impor tan t  i f  one hopes t o  obse rve  t h e  d u s t  d u r i n g  i t s  f o r m a t i o n  phase.  

S p a t i a l  imaging,  e s p e c i a l l y  w i t h i n  a  few t e n s  of s t e l l a r  r a d i i ,  and t h e  

d e t e r m i n a t i o n  of d u s t  and molecu la r  abundances w i t h  d i s t a n c e  ( r a d i a l  and 

a z i m u t h a l )  i s  a  u s e f u l  o b s e r v a t i o n  t o  p u r s u e .  An e v o l u t i o n a r y  s e q u e n c e  

("a toms" t o  molecu les  t o  c l u s t e r s  t o  p r e g r a i n s  t o  g r a i n s )  w i t h  d i s t a n c e  from 



the star will yield valuable information on the development of grains in the 

outflow. 

Condensation experiments are needed to examine the validity of classical 

nucleation theory in astrophysical environments. Any alternative' theory will 

have to include the possibility of trapping volatile elements in the condens- 

ing particles. A full kinetic nucleatibn model will require detailed transi- 

tion rates between the various states of the system. 

More observations are needed to characterize the physical conditions in 

the various condensation sites. The implication of these conditions for the 

nucleation process need to be examined. For example, many red giants and 

related stars are observed to pulsate and create slow shocks and density in- 

homogeneities in the outflow. The role of these shocks and inhomogeneities 

(if they persist in the flow) in the nucleation process is unclear. 

Observations capable of detecting spatial or temporal variations in 

grain properties by means oE variations in their spectral properties are crit- 

ical to elucidating processing of circumstellar grains. Changes in the crys- 

tal structure of grains due to processing in a circumstellar environment may 

be monitored by narrow spectral band mapping of the circumstellar region at 

wavelengths centered on the amorphous and crystalline silicate bands. Changes 

in metal to silicon ratio of amorphous silicates introduces small spectral 

shifts which may be monitored using this technique. 

Grain destruction in the ISM is predicted to be so efficient that it 

becomes difficult to account for the observed abundance of refractory grains 

in the ISM, or to account for the preservation of isotopic anomalies in the 

meteorites. The contribution of the various sources to the production of 

interstellar grains needs to be reexamined. Of special importance are super- 

novae which are noted for the overabundafice of refractory elements in their 

ejecta. The contribution of protostellar nebulae is also very uncertain. 

Finally, methods of -producing dust in the interstellar medium (Elmegreen, 

1951) or in dense cloud cores, need further investigation. On the other hand, 

the efficiency for grain destruction may be lower than currently estimated. 



The dynamics and the destruction of the dust in various types of astrophysical 

shocks need to be reexamined in more detail. 
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INTERSTELLAR GRAINS 

T. P. Snow et. al. 

There are few aspects of interstellar grains that can be unambiguously 

defined. Very little can be said that is independent of models or presupposi- 

tions; hence this report will primarily raise issues and categorize questions, 

rather than providing definitive answers. 

The questions and issues that have arisen during the conference fall 

into three general areas: (1) the general physical and chemical nature of the 

grains; (2) the processes by which they are formed and destroyed; and (3) 

future observational approaches to (1) and (2). A fourth category, discussion 

of alternative models for the grains, could be added, but the models have been 

well described in this volume by Mathis, and the reader may judge how well the 

data summarized here compare with the models. 

As an introduction, though, certain general characteristics of the 

interstellar medium (ISM) need to be mentioned. There are several types of 

environments, distinguished on the basis of density and temperatures: (1) 

dark clouds, constituting the majority of the mass in the ISM, having densi- 

ties over lo3 particles per cm3 and temperatures below 50K; diffuse clouds, 

containing perhaps 25-50 percent of the mass, characterized by densities of 

1-100/cm3 and T in the range 50-100K; "intercloud" gas (which may actually 

represent the surfaces of diffuse clouds), containing between 1 and 30 percent 
3 of the mass, with densities of roughly l/cm3 and T near 10 K; and the so- 

called coronal gas, containing insignificant quantities of mass (but filling 

most of the volume of the ISM) with n of 1 0 - ~ / c m ~  and T on the order of 

Grains are detectable in the first three of these environment? The 

greatest quantity of information comes from those in the dark clouds a& the 

diffuse clouds. Hence, this report will concentrate on these two environ- 

ments, but it is worth noting here that attempts to detect and analyze grains 

in the other regimes of the ISM would be of interest. 
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I, TWE L'RYSICAL AND CHEMICAL NATURE OF INTERSTELLAR GRAINS 

Based on o b s e r v a t i o n s  and r e l a t i v e l y  m o d e l - f r r e  i n t e r p r e t a t i o n s ,  we c a n  

s p e c i f y  s e v e r a l  i rnpor tan t  a s p e c t s  o f  i n t e r s  t e l l  a r  g r a i n s ,  and  r a i s e  q u e s t  i o n s  

a s s o c i a t e d  w i t h  each .  

S c a t t e r i n g  t h e o r y  i n d i c a t e s  t h a t  g r a i n s  r e p r e s e n t  r o u g h l y  1  p e r c e n t  of  

t h e  mass i n  t h e  i n t e r s t e l l a r  medium. T h i s  v a l u e  is  c o n s i s t e r ~ t  w i t h  t h e  f r a c -  

t i o n  o f  t h e  mass t h a t  is d e p l e t e d  from t h e  d i f f u s e  i n t e r s t e l l a r  g a s ,  s o  i t  is 

t h o u g h t  t h a t  r a t h e r  l i t t l e  d i f f u s e - c l o u d  mass i s  t i e d  up i n  g r a i n s  ( s u c h  a s  

v e r y  l a r g e  p a r t i c l e s )  t h a t  do  n o t  a f f e c t  i n t e r s t e l l a r  e x t i n c t i o n ,  o r  i n  mole- 

c u l e s .  

From t h e  o b s e r v e d  s c a t t e r i n g  and e x t i n c t i o n  p r o p e r t i e s  o f  i n t e r s t e l l a r  

g r a i n s ,  i t  i s  c l e a r  t h a t  t h e r e  must be  a  r a n g e  of  s i z e s .  The p r e c i s e  s i z e  

d i s t r i b u t i o n  i s  n o t  w e l l  known. The r e v i e w  by M a t h i s  i n  t h i s  volume d i s c u s s e s  

s e v e r a l  a l t e r n a t i v e s  which  have  been  s u g g e s t e d .  I n f r a r e d  d a t a  f rom r e f l e c t i o n  

n e b u l a e  ( S e l l g r e n ,  1984;  W i t t  e t  a l . ,  1984)  i n d i c a t e  t h a t  t h e  s i z e  d i s t r i b u -  -- 
t i o n  e x t e n d s  t o  v e r y  s m a l l  (<100A) g r a i n s ,  b u t  i t  i s  n o t  known what  t h e  l o w e r  

l i m i t  on g r a i n  s i z e s  i s ,  n o r  w h e t h e r  i n  f a c t  t h e  d i s t r i b u t i o n  r e p r e s e n t s  d i s -  

t i n c t  p o p u l a t i o n s  r a t h e r  t h a n  a  cont inuum.  ( T h e r e  i s ,  i n  f a c t ,  a s u b s t a n t i a l  

q u e s t i o n  a b o u t  t h e  d i s t i n c t i o n  between l a r g e  m o l e c u l e s  and s m a l l  g r a i n s  f o r  

t y p i c a l  s i z e s  below 100A). 

The n a r r o w i n g  of  t h e  l i n e a r  p o l a r i z a t i o n  c u r v e  i n  d e n s e  c l o u d s  ( W i l k i n g ,  

Lebof sky ,  a n d  R i c k e ,  1 9 8 2 )  i n d i c a t e s  a r e d u c t i o n  i n  t h e  r a n g e  of  p a r t i c l e  

s i z e s ,  a s  would be e x p e c t e d  i f  g r a i n s  c o a g u l a t e  i n  t h e  c lo t lds  o r  i f  t h e  g r a i n s  

g r o w  m a n t l e s  w h i c h  a r e  t h i c k  i n  c o m p a r i s o n  t o  t h e  c o r e s  ( A a n n e s t a d  a n d  

G r c e n b e r g ,  1983) .  S c a t t e r i n g  d a t a  i n  t h e  i n f r a r e d  ( f o r  clumps a round  IKc2 i n  

OMC-1)  i n d i c a t e  t h a t  g r a i n  s i z e s  i n  d a r k  c l o u d s  a r e  s u b s t a n t i a l l y  l a r g e r  t h a n  

i n  d i f f u s e  c l o u d s  and  c o u l d  t y p i c a l l y  be a f r a c t i o n  of  a micro11 (Ronan and 

T,eger, 1984) .  

L i t  t.Le i s  known d e f i n i t i v e l y  a b o u t  t h e  c o m p o s i t i o n  of  i n t e r s t e l l a r  

g r a i n s ,  b u t  cosrnic abundanccs  impose s e v e r e  c o n s t r a i n t s .  The 9.7 mic ron  emis- 



s i o n  f e a t u r e  p robab ly  shows t h a t  s i l i c a t e s  are p r e s e n t  and i t  has  been a rgued  

t h a t  o r g a n i c  m a t e r i a l  is  a l s o  p r e s e n t  ( A l l e n  and Wickramasinge ,  1981; 

Al lamandola ,  1984).  O t h e r  s p e c t r o s c o p i c  i n d i c a t o r s  a r e  ambiguous o r  u n i d e n t i -  

f i e d .  G r a i n s  c o n t a i n i n g  g r a p h i t e  a r e  s u s p e c t e d  t o  be p r e s e n t ,  s i n c e  ca rbon  

s tars  a r e  r i c h  s o u r c e s  of  g r a i n s .  G r a p h i t e  may a c c o u n t  f o r  t h e  21175A e x t i n c -  

t i o n  f e a t u r e ,  b u t  t h e r e  a r e  d i f f i c u l t i e s  i n  t h i s  i n t e r p r e t a t i o n .  One problem 

i s  t h a t  a p l a u s i b l e  v a r i a t i o n  i n  t h e  s i z e  d i s t r i b u t i o n  f o r  g r a p h i t e  g r a i n s  

( M a t h i s ,  Rumpl, and Nords i eck ,  1977) s h o u l d  produce  a r ange  01' hump wave- 

l e n g t h s  t h a t  is  no t  o b s e r v e d ;  a n o t h e r  problem is t h a t  t h e  bump is  a b s e n t  (and  

r e p l a c e d  by a F e a t u r e  n e a r  2400A) i n  t h e  best-ohservec.1 c a r b o n  s t a r  ( R  C r  R ;  

Hecht  e t  a l . ,  1984) .  -- 

O b s e r v a t i o n s  O F  c i r c u l a r  and l i n e a r  p o l a r i z a t i o n  due  t o  g r a i n s  ( K a r t i n  

and Angel ,  1977)  i n d i c a t e  t h a t  t h e  p o l a r i z i n g  g r a i n s  a r e  d i e l e c t r i c  i n  n a t u r e ,  

i m p l y i n g  t h a t  t h e y  a r e  n e a r l y  p u r e  s c a t t e r c r s .  On t h e  o t h e r  hand,  d a t a  on 

e x t i n c t i o n  i n  e m i s s i o n  n e b u l a e  ( I s r a e l  and Kenn icu t  t ,  1980)  and on s c a t t e r i n g  

i n  r e f l e c t i o n  n e b u l a e  i n d i c a t e  t h a t  some a b s o r p t i o n  occrirs .  Mode'Ls of r e f l e c -  

t i o n  n e b u l a e  ( W i t t  and C o t t r e l l ,  1980) show t h a t  t y p i c a l  g r a i n  a l b e d o s  a r e  

rough ly  0.6. T h i s  i s  c o n s i s t e n t  w i t h  i n f r a r e d  e m i s s i o n  d a t a  from IRAS as 

w e l l ,  b u t  i s  i n c o n s i s t e ~ ~ t  w i t h  t h e  r e q u i r e m e n t  t h a t  d i e l e c t r i c  ( i . e . ,  p u r e l y  

s c a t t e r i n g ,  non-absorbing)  g r a i n s  p roduce  t h e  obse rved  p o l a r i z a t i o n .  Hence, 

t h e  e v i d e n c e  is s t r o n g  t h a t  a t  l e a s t  two d i s t i n c t  t y p e s  o f  g r a i n s  c o n t r i b u t e  

v i s i b l e - w a v e l e n g t h  p o l a r i z a t i o n  and e x t i n c t i o n .  O t h e r  d a t a  may show a  s i g n i f - '  

i c a n t  s h i f t  i n  t h e  s c a t t e r i n g  phase  f u n c t i o n  between v i s i b l e  and u l t r a v i o l e t  

w a v e l e n g t h s ,  s o  a t h i r d  d i s t i n c t  l > o p u l a t i o n ,  r e s p o n s i b l e  f o r  e x t i n c t i o n  i n  t h e  

u l t r a v i o l e t ,  seems a l s o  t o  be  p r e s e n t .  

S t u d i e s  of  g r a i n  f o r m a t i o n  ( d i s c u s s e d  i n  S e c t i o n  I T  be low)  - i n d i c a t e  t h a t  

t h e r e  a r e  a t  l e a s t  two d i s t i n c t  e l lv i ronments  i n  which  f o r m a t i o n  may o c c u r :  

( 1 ) oxygen-r ich  env i ro t lmen t s ,  y i e l d i n g  g r a i  r l  c o m p o s i t i o n s  domina t e d  by s i  L i -  

c a t e s  o r  o x i d e s ;  and ( 2 )  c a r b o n - r i c h  e n v i r o n m e n t s ,  p roduc ing  g r a i n s  made o f  

p u r e  ca rbon  o r  ca rbon  compor~nds s u c h  a s  S i c .  T h i s  p i c t u r e  may be c o n s i s t e r ~ t  

w i t h  t h e  i n d e p e n d e n t  e v i d e n c e  ( c i t e d  above )  f o r  d i s t i n c t  g r a i n  p o p u l a t i o n s ,  

b u t  few o b s e r v a t i o n a l  t e s t s  c a n  be made. E v i d e n t l y ,  t h e  d i f f e r e n t :  g r a i n  popu- 
C 



lations are rather well mixed in the interstellar medium, so it is difficult 

to associate specific grain origins with specific observable grain properties. 

Beyond the general assumption that there are silicate grains and carbon 

grains in the diffuse medium, very little specific information is available on 

grain compositions. One possibility is "quenched carbonaceous condensate", 

produced in the laboratory, which shows a 21756 feature (Sakata -- et al., 1984). 

Another very recent suggestion, consistent with near-infrared photometric data 

indicating the presence of a population of very tiny grains, is that polycy- 

clic aromatic hydrocarbons (PAH's) exist in abundance (Leger and Puget, 1984). 

These molecules may be viewed as constituents of graphite particles. They may 

account for several previously unidentified infrared emission features in 

emission and reflection nebulae (although molecular vibrational transitions 

induced by charged grains have also been suggested (Puetter, this volume)) and 

in solid form (as on grain mantles) they may also play a role in creating the 

broad near-TR emission observed in several reflection nebulae (Wdowiak, this 

volume). Furthermore, they may also explain the emission in the 12 micron 

band by the "interstellar cirrus" clouds discovered by IRAS (Leger, this 

volume; althiough thermal emission by tiny silicates is another possibility), 

and appear potentially interesting as candidates for the carriers of the con- 

founding unidentified diffuse interstellar bands (DIB's) in the visible (Leger 

and dFHendecourt, 1985; van der Zwet and Allamandola, 1985; Crawford, Tielens 

and Allamandola, 1985). 

The potential for PAH's is tempered, however, by a lack of information. 

It remains to be seen how well they will withstand more careful scrutiny. For, 

example, little is known about the detailed spectra of specific species, and 

quantitative measurements of their ultraviolet extinction properties are 

available for only a few relevent species. 

Summary of key questions : 

1 ,  Grain Size Distribution: It is important to know how small and how 

abundant grains are at the small end of the distribution. This has important 

implications for the observed near-IR broadband emissions from some regions, 



and f o r  t h e  s r l r f ace  a r e a  a v a i l a b l e  f o r  d e p l e t i o n  and f o r  o t h e r  s u r f a c e  pro- 

c e s s e s  such  a s  H f o r m a t i o n -  2 

2. Grain Composition: Is t h e r e  g r a p h i t e  i n  t h e  i n t e r s t e l l a r  medium, o r  

n o t ?  M e t e o r i t i c  d a t a  s u g g e s t s  t h a t  t h e r e  may n o t  be (Nuth,  t h i s  volume). In 

e i t h e r  c a s e ,  how do we accoun t  f o r  t h e  i n v a r i a b i l i t y  of t h e  21758 e x t i n c t i o n  

F e a t u r e ,  s i n c e  s h i f t s  i n  wavelength a r e  expec ted  i F  i t  i s  due t o  a  continuum 

of  g r a i n s ?  How much g r a p h i t e  i s  needed t o  produce t h e  21758 f e a t u r e  and how 

wel l -o rde red  must i t s  s t r u c t u r e  be? Can we Find r e g i o n s  dominated by e i t h e r  

ca rbon- r i ch  o r  oxygen-rich g r a i n s ,  s o  t h a t  we can d i r e c t l y  a s s o c i a t e  g r a i n  

p r o p e r t i e s  w i t h  g r a i n  o r i g i n s ?  Do p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s  o r  

qiienched carbonaceous  condensa tes  e x i s t  i n  t h e  i n t e r s t e l l a r  medium? Can w e  

e x p l a i n  t h e  s imul taneous  i n d i c a t i o n s  t h a t  v i s i b l e  p o l a r i z a t i o n  i s  produced by 

pure  s c a t t e r e r s ,  w h i l e  v i s i b l e  e x t i n c t i o n  is  i n  p a r t  due t o  a b s o r p t i o n ?  

11. GRAIN FORMATION AND DESTRUCTION 

A n a l y s i s  of g r a i n  fo rmat ion  r a t e s  ( i n  t h e  a tmospheres  of red g i a n t s  and 

i n  supernovae)  shows t h a t  t h e  e n t i r e  mass of g a l a c t i c  d u s t  and g a s  p o p u l a t j o n  
9 can  be produced i n  abou t  3x10 y e a r s .  On t h e  o t h e r  hand,  g r a i n  d e s t r u c t i o n  i n  

shocks  a p p a r e n t l y  can d e s t r o y  g r a i n s  i n  lo8 y e a r s  (Dra ine  and Sa l -pe te r ,  1979: 

Dwek and S c a l o ,  1980; Seab and S h u l l ,  1983).  Th i s  i n d i c a t e s  t h a t  t h e r e  must 

be a n  a d d i t i o n a l  s o u r c e  of g r a i n s ,  i n  o r d e r  t o  m a i n t a i n  t h e  observed popula- 

t i o n .  The on ly  sugges ted  a d d i t i o n a l  s o u r c e  is  t h e  growth of g r a i n s  by acc re -  

t i o n  o n t o  s m a l l  s e e d s  i n  dense  i n t e r s t e l l a r  c louds  ( D r a i n e ,  1984.; Greenberg,  

1984).  There  is  s u b s t a n t i a l  o b s e r v a t i o n a l  e v i d e n c e ,  i n  t h e  form of measured 

d e p l e t i o n s  and I R  a b s o r p t i o n  due t o  i c y  g r a i n  m a n t l e s ,  t h a t  g r a i n s  can grow 

due t o  a c c r e t i o n  of m a t e r i a l  from t h e  gas .  There  a r e  s u b s t a n t i a l  q u e s t i o n s ,  

however, abou t  t h e  s o u r c e  of n u c l e a t i o n  s e e d s  f o r  such  growth,  abou t  t h e  time- 

s c a l e  on which t h e  growth o c c u r s ,  and abou t  whether  such  growth can produce 

g r a i n s  w i t h  a l l  t h e  observed p r o p e r t i e s .  

N u c l e a t i o n  s e e d s  may be a v a i l a b l e  from shock p r o c e s s i n g  o ~ f  g r a i n s ,  i f  

t h e  g r a i n s  a r e  broken i n t o  Eragments r a t h e r  than  b e i n g  f u l l y  vapor ized .  Con- 

s t r a i n t s  can be p laced  on t h i s  by obse ' rva t ions  of shocked g a s ,  which show t h a t  



most of the grain material is vaporized in high-velocity shocks (as indicated 

by the lack of depletion in shocked gas (e.g. Shull and York, 1977;  Snow and 

Meyers, 1979) .  Lower-velocity shocks may, however, break grains into pieces 

without fully vaporizing them. 

The ti-mescale for grain growth in interstellar clouds depends on the 

available surface area; recent indications that a large number of very small 

grains are present (Sellgren, 1984; Draine and Anderson, 1985)  have substan- 

tially increased the estimated surface area, and hence, have reduced the 

grain-growth timescales to reasonable values. 

Potentially difficult aspects of grain growth in the interstellar medium 

have to do with the observational constraints placed on the resulting grains. 

Several spec.iEic grain features must be reproduced by grains grown in the 

interstellar medium. For example, the 9.7 micron feature indicates the pres- 

ence of silicates, which might be formed by condensation at high temperature 

I n  a stellar atmosphere, but which may be more difficult to form from the 

deposit-ion of silicon atoms onto cold grains in the presence of hydrogen. 

Amorphous films of SiO and Mg + SiO have been grown in argon matrices at 50K. 

These films have infrared absorption properties which resemble interstellar 

silicates (Stranz et al., 1981; Donn et al., 1981).  It is noteworthy in this 

context that virtually all silicon in the diffuse ISM is in the grains, so the 

process of grain growth in the ISM must be very efficient. Also, the analysis 

of Interplanetary material reveals isotopic ratios that probably were created 

by r-process (supernova) or s-process (stellar atmospheres) during circumstel- 

lar grain formation, and which would be very difficult or impossible to re- 

create in grains grown by accretion in the interstellar medium. This implies 

that some fraction of the interstellar grains present when the solar system 

formed were pristine products of the formation processes in supernovae or 

stellar atmospheres, and had not been destroyed and regrown in interstellar 

environments. Also, as noted in Section 11, there apparently are distinct 

grain populations, as evidenced by scattering and polarization analyses. It 

is possible to attribute these to distinct formation environments if grains 

are produced in stars or supernovae, but this is not so easy to do if grains 

are grown in the ISM. Perhaps the distinct populations arise from nucleation 



cores with distinct compositions and differing abilities to grow or retain 

mantles. 

Apart from the general question of grain formation rates versus grain 

destruction rates, more specific information is available on grain growth. 

There is a general pattern oE elemental depletions indicating that certain 

elements (generally refractories) are more highly concentrated in grains than 

others. It is not clear whether this pattern is due to selective accretion of 

refractories onto grains, to selective sputtering or photodesorpt!ion of vola- 

tiles off of grains, or to a grain formation process in which the ref ractosy 

elements are bound into grain cores. Possibly all four processes are at work, 

It is clear that accretion onto grains does occur; that the overall level of 

depletion correlates at least roughly with cloud density (although the evi- 

dence for this is not as strong as commonly supposed; curve-of-growth ambigu- 

ities due to line saturation on one hand, and regional variations on the other 

apparently conspire to enhance the appearance of a correlation). 

A grain growth process that competes with mantle accretion is the coagu- 

lation of grains, as implied by the low ratio of scattering optical depth to 

grain mass that characterizes certain diffuse clouds (Jura, 1980; Mathis and 

Wallenhorst, 1981), and by the particle size distribution in dark clouds 

inferred from infrared scattering studies (Ronan and Leger, 1984). This 

process has no effect on depletions, however, and so it cannot explain the 

enhanced overall depletions in dense clouds. Hence, grain growt'h must occur 

in dark clouds both by the accretion of mantles as well as by coagulation, 

Evidence for mantle growth is found in the 3.1 micron water ice feature and in 

many other bands (e.g. Hagen et al., 1980; Tielens et al., 1984, 1985; 

Allamandola, 1984; Kitta and Kratschmer, 1983). A quantitative analysis of 

the mantle features in one line of sight (W33) implies that 30% of the carbon 

and oxygen are in grain mantles. 

Summary of key questions: 

1 .  Formation And Destruction Rates: Is the timescale for grain de- 

struction really shorter than that for grain formation in supernovae and stel- 



iar atmospheres? If so, then great difficulty arises in finding a way to grow 

grains in the interstellar medium with all the observed properties. More 

specificaLly, what is the source of nucleation cores, and how does grain 

growth produce grains capable of creating the observed polarization, silicate 

emission, silicon (and other) depletions, isotopic ratios, and distinct grain 

populations? 

2 -  Diepletions: What are the relative roles of grain formation, selec- 

tive accretion, and selective sputtering and photodesorption in creating the 

observed pattern of depletions? Which grains are responsible for the deple- 

tions: is it a simple matter of surface area, which favors the abundant small 

grains, or is there a strong dependence on grain composition, temperature, 

charge, or other factors? 

3 ,  Grain Chemistry: What is the chemistry that produces the variety of 

mantles seen in dense clouds? What fraction of the simple molecules in accre- 

tion mantles can be converted to large molecular residues? What is the domi- 

nant conversion mechanism? 

111, FUTURE RESEARCH 

It is fitting that some discussion of future research directions be 

included here. This discussion will be partially redundant with the fore- 

going, but it seems worthwhile to try to systematically collect future strate- 

gies in one place. 

1 ,  The 21758 Extinction Feature: The invariance of the wavelength of 

this feature (to within a few tens of A) is established, but it is important 

to refine this measurement further. There remains the possibility of finding 

a dependence of the bump strength on some physical or chemical parameter that 

might help to identify its origin. For example, it has been attributed to 

graphite, but so far there is no clear-cut definition of what this really 

means. Spec:iEically, does carbon have to be highly ordered, as is normally 

assumed, or is partial ordering sufficient? If the feature is due to carbon 

in some form, perhaps it should be enhanced in carbon-rich environments, but 



n o t  i n  g r a i n s  formed i n  oxygen-rich environments .  I f  s o ,  i t  would be very  

h e l p f u l  t o  t r y  t o  i s o l a t e  bo th  t y p e s  of environments  and t o  s e e  whether t h e  

f e a t u r e  is  a s s o c i a t e d  w i t h  one and no t  t h e  o t h e r  ( t h i s  i s  b e i n g  pursued f o r  

p l a n e t a r y  nebu lae ) .  Another approach i s  t o  s e e  whether ca rbon  d e p l e t i o n  f rom 

t h e  g a s  c o r r e l a t e s  w i t h  bump s t r e n g t h .  S t u d i e s  of man t le  growth and bump 

s t r e n g t h s  may a l s o  be  h e l p f u l .  A c o u p l e  of c louds  have been formed i n  which 

t h e  2175A f e a t u r e  is s t r o n g l y  s u p p r e s s e d ,  and i t  h a s  been sugges ted  t h a t  

mant le  growth i s  r e s p o n s i b l e .  F u r t h e r  s t u d y  of t h e s e  o r  s i m i l a r  c a s e s  may 

h e l p  r e v e a l  wha t  h a s  h a p p e n e d  t o  m o d i f y  t h e  d u s t  s o  t h a t  t h e  f e a t u r e  i s  

a b s e n t .  A more s e n s i t i v e  s e a r c h  f o r  t h e  p r e d i c t e d  11.5 micron g r a p h i t e  f e a -  

t u r e  (Dra ine ,  1984b) i n  d a r k  c louds  shou ld  be made. F i n a l l y ,  p o l a r i z a t i o n  

s t r u c t u r e  ( o r  t h e  l a c k  t h e r e o f )  i n  t h e  2175A f e a t u r e  may h e l p  s p e c i f y  t h e  

c a r r i e r ;  d a t a  w i l l  be a v a i l a b l e  w i t h i n  a  y e a r .  

2. Spectroscopic Exploration Of Candidate Materials : Here t h e r e  a r e  

s e v e r a l  impor tan t  c o n s i d e r a t i o n s .  F i r s t ,  i t  is e s s e n t i a l .  t o  i s o l a t e  s p e c i f i c  

compounds o r  m o l e c u l e s  ( a s  i n  t h e  c a s e  of  t h e  PAH's)  a n d  m e a s u r e  t h e i r  

d e t a i l e d  s p e c t r a .  Many c l o s e  c o i n c i d e n c e s  a r e  a l r e a d y  found,  bu t  t h a t  i s  no t  

s u f f i c i e n t  t o  e s t a b l i s h  t h e  i d e n t i t y  of  observed i n t e r s t e l l a r  f e a t u r e s .  Th i s  

a p p l i e s  t o  t h e  u n i d e n t i f i e d  i n f r a r e d  e m i s s i o n  bands,  t h e  broad red-near-IR 

e m i s s i o n s  i n  r e f l e c t i o n  n e b u l a e ,  and t o  t h e  v i s ib le -wave leng th  d i f f u s e  i n t e r -  

s t e l l a r  bands. Second, p r e d i c t i o n s  shou ld  be made, based on l a b o r a t o r y  spec- 

t r a ,  of i n t e r s t e l l a r  f e a t u r e s  i n  wavelength  r e g i o n s  n o t  y e t  exp lo red .  O f  

g r e a t  p o t e n t i a l  impor tance  h e r e  is  t h e  t e n t a t i v e  i n d i c a t i o n s  t h a t  proposed 

c a n d i d a t e  m a t e r i a l s ,  p a r t i c u l a r l y  t h e  PAH's, have s t r o n g  u l t r a v i o l e t  q igna-  

t u r e s .  E x t e n s i v e  v i s i b l e  u l t r a v i o l e t  measurements of such  m a t e r i a l s  a r e  

a v a i l a b l e  f o r  comparison ( s e e  r e f e r e n c e s  i n  Donn, 1968).  Thq l a b o r a t o r y  d a t a  

shou ld  be t r a n s l a t e d  i n t o  p r e d i c t e d  u l t r a v i o l e t  e x t i n c t i o n  s t r u c t u r e ,  s o  t h a t  

q u a n t i t a t i v e  comparisons can be made. Conversely ,  c o n t i n u e d  a t t e m p t s  a t  

measur ing s t r u c t u r e  i n  UV e x t i n c t i o n  c u r v e s  shou ld  be made. 

3. Polarization And Scattering Measurements: Models of i n t e r s t e l l a r  

g r a i n s  shou ld  be extended t o  p r e d i c t  p o l a r i z a t i o n  p r o p e r t i e s  i n  p r e s e n t l y  

observed wavelengths .  Again, t h e  u l t r a v i o l e t  i s  i m p o r t a n t ,  and w i l l  be ob- 
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served within a year or so by the WUPPE experiment on the Space Shuttle. 

Also, grain shapes and grain alignment mechanisms should be studied further. 

On the basis of polarization measurements, it should be possible to 

place lower limits on the ratio of the axes of grains in various environments. 

It should also be possible to distinguish between oblate and prolate grain 

shapes. In the case of silicate grains, for example, this can be done by . 

comparing the wavelengths of maximum absorption and maximum polarization in 

the 10 and 20 micron absorption features (Lee and Draine, 1985). 

Measurements on the high (or low) frequency side of the thermal emission 

peak of a cloud will favor detection of radiation from low (or high) emissivi- 

ty grains. Polarimetry of the thermal emission at different wavelengths may 

therefore show correlations between grain properties related to temperature 

(dielectric constant and size) and those related to grain alignment and emis- 

sion of polarized radiation (magnetic susceptibility and shape),(Hildebrand, 

1983). 

4. Scattering Properties: The analysis of scattering properties of 

grains, such as albeaos and phase functions, can reveal a great deal about the 

size distribution and the presence or absence of distinct populations (as 

opposed to a continuum of sizes). Ambiguities about star-nebulae geometries, 

which plague present analyses, can be reduced by statistical studies of larger 

numbers of nebulae. 

5. Mantle Growth: Laboratory measurements are capable of simulating 

mantle growth on grains and need to be pursued (Hagen et al., 1979). There 

are important questions having to do with mantle composition in particular, 

which require information on the surface physics. For example, hydrogen atoms 

collide with grains far more frequently than other species do, but the role of 

hydrogen on grain surfaces is not well known: does it desorh immediately, or 

does it dominate the chemistry of other elements? What is the role of ultra- 

violet photodesorption and photolysis? . 



In addition to continued laboratory work, astronomical observations 

relevant to grain mantles need to be extended. Better-quality infrared spec- 

tra from 2 to 14 microns are needed, as are better data on possible ultra- 

violet extinction features. There is - very little data on the 3 , 4  mlcron 

absorption feature seen in diffuse ISM grains (Mathis, this volurne). 

The observation of polarized absorption (Jones et al., 1984) and polar- 

ized thermal emission from a cool dense cloud (Hildebrand, Dragovan, and 

Novak, 1984) shows either that the growth of grain mantles in such a cloud 

does not destroy the persistent surface features required for suprathemal 

rotation (Purcell, 1979), or that grains can be aligned by niechanisms not 

requiring suprathermal rotation. Duley (1978) has discussed alignment by 

ferromagnetic materials. Mathis (this volume) has quantitatively estimated 

the wavelength dependence of polarization of this mechanism. Alternatively, 

Greenberg et al. (1972) have suggested that radicals embedded in grain mantles 

could give grains "permanent" magnetic moments. 

6. D e p l e t i o n s :  Further explanation of the dependence of depletions on 

cloud physical conditions is needed. Improved accuracy in abundance determi- 

nations, requiring high S/N data at very high spectral resolution, should 

further clarify the process of grain destruction in shocks, which is very 

important in assessing the relative roles of grain formation and mantle accre- 

tion in creating the depletions in the first place. Another important 

approach is to make abundance and depletion measurements in dark. clouds, some- 

thing that is technology-limited but becoming more feasible. 

. . 
7 .  Laboratory Experi~oaentatfoa: In addition to the cherr~ical and sp'ec- 

troscopic experiments described in the foregoing sections, it would be useful 

to try to simulate physical processes that may affect grains in the interstel- 

lar environment. For example, it may be feasible to simulate grain-grain 

collisions to get real data on how grains are affected: what is required to 

fully atomize them; can they be broken up into small fragments but not atom- 

ized; does selective sputtering of elements occur; under what conditions does 

coagulation take place? What are the effects of very small grain sizes on 



physical proc.esses such as vaporization and mantle growth? How do UV photons 

affect surface processes? 

Laboratory measurements of low-energy sputtering yields for candidate 

grain materials (both refractory and ice) are needed to check existing 

theoretical estimates for these yields. Measurements of photodesorption cross 

sections are required to clarify the role that ultraviolet radiation may play 

in selectively removing atoms and molecules which accrete onto grain surfaces 

in diffuse clouds. Photoelectric emission from dust grains plays an important 

role both in grain charging and in heating of interstellar gas; studies of 
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INTERSTELLAR MATERIAL IN THE SOLAR SYSTEM 

John A. Wood et al. 

All the substance of the earth and other terrestrial planets once 

existed in the form of interstellar grains and gas. A major aspect of solar 

system formation (and undoubtedly of star formation generally) is the complex 

series of processes that converted infalling interstellar grains into planets. 

A cryptic record of these processes is preserved in certain samples of plane- 

tary materials, such as' chondritic meteorites, that have been preserved in a 

relatively unchanged form since the beginning. 

It is to be expected that some of these primitive materials might con- 

tain or even consist of preserved presolar interstellar grains. The identi- 

fication and study of such grains, the ancestors of our planetary system, is a 

matter of intense interest. This Section briefly discusses the types of 

primitive material accessible to us, or potentially accessible, and its com- 

ponent of or relationship to presolar interstellar grains. 

GRAINS ACGRETING FROM TNE ImRSTELLAR MEDIUMl TO THE SO= S Y S m  IN Tm 

PRESENT EPOCH 

The planets sweep up a certain amount of dust directly frorn interstellar 

space as the solar system moves through the galaxy. The solar system is 

currently surrounded by interstellar material of average density 0.1 N 
3 atom/cm , and temperature 12,000 K. It may be 50% ionized. With respect to 

the sun this material is moving at 25 km/sec. The velocity vector of the sun 

suggests that it has been embedded in material of this density Eor 25 million 

years. 

For a hydrogen-to-dust mass ratio of 100/1 and assuming grain radii of 
3 -1 0 0.01 microns and densities of 3 g/cm , the local dust density ~llrould be $0 

3 grains/cm . If these impinging grains penetrate the heliopause, the solar 

wind, and the magnetopause without destruction, and have their orbits deter- 

mined only by the gravitational field of the sun, we might expect the density 



a t  1 AU t o  be enhanced by g r a v i t a t i o n a l  f o c u s i n g  by f a c t o r s  of  3-10, y i e l d i n g  

a maximum g r a i n  d e n s i t y  n e a r  t h e  e a r t h  of lo-' cmm3. S i n c e  t h e  maxim~mm motion 

of  t h e  e a r t h  r e l a t i v e  t o  t h e  c loud (when E a r t h ' s  o r b i t a l  mot ion i s  c o u n t e r  t o  

t h e  p a r t i c l e  f l u x )  i s  55 km/sec, t h i s  would y i e l d  a  maximum i n t e r s t e l l a r  g r a i n  
- 2 - 1  Flux a t  t h e  top  o f  t h e  e a r t h ' s  a tmosphere  o f  6 x 1 0 ~ ~  cm s e c  . T h i s  is a  

s u b s t a n t i a l  f l u x  i n  terms of numbers, b u t  t h e  increment  of mass i s  ve ry  s m a l l :  

i t  would amount t o  o n l y  1  mg p e r  cm2 of t h e  e a r t h ' s  s u r f a c e  o v e r  t h e  a g e  of 

t h e  s o l a r  sys tem i n  t h e  u n l i k e l y  e v e n t  t h a t  t h e  e a r t h  had a lways  been immersed 

i n  i t s  p r e s e n t  low d e n s i t y  r e g i o n  of i n t e r s t e l l a r  space .  ( T h i s  e s t i m a t e  does  

not  t a k e  i n t o  accoun t  t h e  i n t e r a c t i o n  of t h e  s o l a r  wind w i t h  charged g r a i n s ,  
. I  / 

o r  t h e  i n f l u e n c e  of s o l a r  r a d i a t i o n  p r e s s u r e .  It is p o s s i b l e  t h a t  t h e s e  

e f f e c t s  would s u b s t a n t i a l l y  change t h e  r a t e  of a c c r e t i o n .  of  i n t e r s t e l l a r  

p a r t i c l e s  t o  t h e  e a r t h . )  Thus r e c e n t l y - a r r i v e d  i n t e r s t e l l a r  d u s t  c o n s t i t u t e s  

on ly  a  m i n i s c u l e  f r a c t i o n  of t h e  e x t r a t e r r e s t r i a l  d u s t  swept up by t h e  
4 e a r t h  each  y e a r  0 1 0  t o n s ;  McDonnelL, 1978). 

INTERPLANETARY DUST: PROPERTIES AND PROCESSES 

I n f o r m a t i o n  on t h e  i n t e r p l a n e t a r y  d u s t  c loud h a s  been o b t a i n e d  from 

z o d i a c a l  l i g h t  o b s e r v a t i o n s ,  l u n a r  m i c r o c r a t e r  s t a t i s t i c s ,  d u s t  exper iments  on 

s p a c e c r a f t ,  meteor o b s e r v a t i o n s  and l a b o r a t o r y  s i m u l a t i o n  exper iments .  Here 

we a r e  t a l k i n g  abou t  p a r t i c l e s  i n  t h e  s i z e  range  0.01 microns  t o  1 cm, hav ing  

masses of 10-I' g  t o  1 g. I n  t h e  f o l l o w i n g  we review p r e s e n t  knowledge of t h e  

i n t e r p l a n e t a r y  d u s t  c loud  and p r o c e s s e s  govern ing  i t .  We w i l l  show t h a t  most 

o f  t h i s  d u s t  is  d e r i v e d  from comets,  which c o n s t i t u t e  a  r e s e r v o i r  of r e l a t i v e -  

l y  unprocessed p r e s o l a r  i n t e r s t e l l a r  g r a i n s .  A f t e r  i t s  r e l e a s e  froin comets,  

t h i s - , m a t e r i a l  may h a v e  e x p e r i e n c e d  m u t u a l  c o l l i s i o n s ,  a n d  t h i s  may h a v e  

a l t e r e d  t h e  o r i g i n a l  p r o p e r t i e s  of i n t e r s t e l l a r  g r a i n s .  I n  t h e  f i n a l  para- 

g raph  we d i s c u s s  t h e  p o s s i b i l i t i e s  of i d e n t i f y i n g  and a n a l y z i n g  i n t e r s t e l l a r  

g r a i n s  t h a t  t r a v e r s e  t h e  s o l a r  system. 

The f l u x  of i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  a t  1 AU h a s  been e s t a b l i s h e d  

from measurements of t h e  l u n a r  m i c r o c r a t e r  f r equency ,  c a l i b r a t e d  by s p a c e c r a f t  

p a r t i c l e - i m p a c t  exper iments .  F o r  t h e  l a r g e r  p a r t i c l e s ,  meteor  o b s e r v a t i o n s  

p rov ide  an impor tan t  s o u r c e  of  i n f o r m a t i o n .  The cumula t ive  f l u x  of  t h e  l a r g e r  



-1.34 particles (m) g) is an exponential distribution proportional to m . 
-0.36. 

The midrange particle flux (10-l2 g<m<10-8 g) is flatter, going as m 
-0.85 The small-particle flux steepens up again and is proportional to m ( f 

recent review, see Gr6n -- et al., 1985). 

The spatial distribution of interplanetary dust grains is obtained from 

observations of the zodiacal light (most) of which is reflected from particles 

in the size range 10 microns to 1000 microns, i.e., lo-' g to g), and 

from -- in situ experiments on deep space probes (which encounter particles 

mostly in the size range 0.1 microns to 10 microns, i.e., 10-l5 g to lo-' g). 

Inside 1 AU the spatial density of interplanetary particles increases propor- 

tional to .-Is3, where r is the distance to the sun. This increase continues 

to at least inside 0.1 AU. Outside 1 AU the radial dependence is somewhat 

steeper (,-Ie5) to about 3 AU. Outside this distance little is known. The 

spatial density of small grains (m<10-' g) may be constant or only very ~ 1 0 ~ 1 ~  

decreasing out to 20 AU (Pioneer 10). 4 .  

The major processes presently acting on interplanetary grains are mutual 

collisions, the Poynting-Robertson effect, and radiation pressure ejection of 

small meteoroids. These effects act differently on particles of the different 

size regimes. At 1 AU big meteor particles (m>10-~ g) are believed to be most 
4 affected by mutual collisions. The lifetimes are shortest (10 years) for 

particles of masses g to 1 g. The Poynting-Robertson lifetimes are at 

least a factor 100 longer for these particles. These large particles will not 

change their orbits significantly due to Poynting-Robertson effects before 

they are involved in a collision and fragmented into smaller particles. Only 

smaller zodiacal light particles (m<10-~ g) will have their orbits circular- 

ized by Poynting-Robertson drag and will eventually spiral in towards the sun, 

where they evaporate. Even smaller particles (m<10 -I2) are affected by radia- 

tion pressure, which counteracts gravitational attraction. Such small parti- 

cles, which are generated by collisions between larger parent meteoroids or 

which are released from comets, will generally follow unbound trajectories out 

of the solar system. Because of its short lifetime with respect to collisions 

( lo4 yr) , this meteor-sized particle population needs a steady supply from 
comets throughout the solar system. Collisions among main belt asteroids do 
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not  seem t o  p l a y  a  major r o l e  i n  s u p p l y i n g  s m a l l  me teoro ids  (m<l g )  t o  t h e  

E a r t h  and t h e  i n n e r  s o l a r  system. 

The o r i g i n  of t h e  m a j o r i t y  o f  l a r g e  p a r t i c l e s  ( m > l ~ - ~  g )  i s  comets. 

Meteor s t r eams  a r e  c l e a r l y  d e r i v e d  from comets. Even s p o r a d i c  meteors  have 

somewhat r e l a t e d  o r b i t s  which i n d i c a t e  a  cometary o r i g i n .  The m a j o r i t y  of 

z o d i a c a l  l i g h t  ( 1 0  - lo  g  t o  g )  p a r t i c l e s  a r e  f r a g m e n t s  f rom l a r g e r  

meteor-sized p a r t i c l e s ,  t h e  c o l l i s i o n s  of which a r e  adequa te  t o  accoun t  f o r  

t h e i r  s o u r c e ,  The s m a l l e s t  i n t e r p l - a n e t a r y  p a r t i c l e s  (m<l0-l2 g )  a l s o  o r i g i -  

na te  from c o l l i s i o n s  of meteor-sized p a r t i c l e s ,  f o r  t h e  most p a r t ,  though i n  

extended cometary t a i l s  t h e  s m a l l  p a r t i c l e  p o p u l a t i o n  may be tiominated by 

primary p a r t i c l e s  shed by t h e  nucleus .  

The i n t e r s t e l l a r  p a r t i c l e s  t h a t  p e n e t r a t e  t h e  s o l a r  sys tem ( d i s c u s s e d  

above) c o n s t i t u t e  o u l y  a s m a l l  f r a c t i o n  of  t h e  s m a l l  p a r t i c l e  popu la t ion .  

O r b i t a l  i n f o r m a t i o n  from i n  s i t u  exper iments  on P i o n e e r A 8 ,  9 ,  and H e l i o s  i n d i -  - -- 
c a t e  t h a t  <10% of t h e  observed p a r t i c l e s  have o r b i t s  compat ib le  w i t h  an  i n t e r -  

s t e l l a r  source .  The upcoming I n t e r n a t i o n a l  S o l a r  P o l a r  Miss ion  w i l l  a t t e m p t  

t o  measure t h e  i n t e r s t e l l a r  component of p a r t i c l e s  above t h e  e c l i p t i c  p lane .  

With e x i s t i n g  technology i t  i s  f e a s i b l e  t o  b u i l d  a  new d e d i c a t e d  exper iment  

t h a t  would measure t h e  f l u x  and s i z e  d i s t r i b u t i o n  o f  I S  g r a i n s  e n t e r i n g  t h e  

s o l a r  system. When t e c h n i q u e s  f o r  measur ing p r e c i s e  o r b i t a l  pa ramete r s  oE 

p a r t i c l e s  a r e  r e f i n e d ,  i t  w i l l  be p o s s i b l e  t o  a c t u a l l y  c o l l e c t  p a r t i c l e s  t h a t  

can be proven t o  be e x t r a s o l a r  on t h e  b a s i s  of t h e i r  h y p e r b o l i c  o r b i t s .  Col- 

l e c t i o n  w i l l  be made w i t h  t h e  t echn iques  used on t h e  Long Dura t ion  Exposure 

F a c i l i t y  and developed f o r  t h e  Flyby Comet-Coma-Sample Return  miss ion.  

INTERPMETARU DUST: PARTICLES COLLECTED ON EARTH AND STUDIED INDIVIDUALLY 

Debris  from comets and a s t e r o i d s  e x i s t s  a s  i n t e r p l a n e t a r y  d u s t  f o r  ou ly  

l o 4  y r  hefort. be ing  d e s t r o y e d  by c o l l i s i o n s  and Poynting-Robertson d rag .  

Large numbers of d u s t  p a r t i c l e s  a r e  swept up by t h e  e a r t h ,  and t h e i r  c o l l e c -  

t i o n  and a n a l y s i s  p r o v i d e s  a  means of i n v e s t i g a t i n g  a  v a r i e t y  of p r i m i t i v e  

a s t e r o i d a l  and cometary bod ies  t h a t  may no t  be r e p r e s e n t e d  by samples  i n  t h e  

e x i s t i n g  i n v e n t o r y  of c o n v e n t i o n a l  m e t e o r i t e s .  Of p a r t i c u l a r  importance  i s  



t h e  h igh  p r o b a b i l i t y  t h a t  many of t h e  c o l l e c t e d  d u s t  p a r t i c l e s  a r e  samples of 

comets,  bod ies  t h a t  a c c r e t e d  under ve ry  c o l d  c o n d i t i o n s  and i n  which p r e s o l a r  

TS g r a i n s  may be p rese rved .  

I n t e r p l a n e t a r y  d u s t  p a r t i c l e s  (IDP) a r e  c o l l e c t e d  i n  t h e  s t r a t o s p h e r e  by 

h i g h - a l t i t u d e  a i r c r a f t ,  and p a r t i c l e s  l a r g e r  t h a n  100 microns a r e  c o l l e c t e d  

from t h e  ocean f l o o r  and from p o l a r  i c e .  A l l  of t h e s e  p a r t i c l e s  were s t r o n g l y  

h e a t e d  d u r i n g  s t r a t o s p h e r i c  e n t r y ;  on ly  t h o s e  s m a l l e r  t h a n  10 microns were no t  

h e a t e d  t o  more t h a n  600 C. The c o l l e c t e d  p a r t i c l e s  probably  r e p r e s e n t  d e b r i s  

from a l a r g e  number of small p a r e n t  bod ies :  t h e y  should n o t  be considered t o  

have a  common o r i g i n .  Each p a r t i c l e  i s  an  i n d i v i d u a l  m e t e o r i t i c  o b j e c t  w i t h  

an  unknown o r i g i n .  There  i s  c u r r e n t l y  no c r i t e r i o n  f o r  d i s t i n g u i s h i n g  come- 

t a r y  from a s t e r o i d a l  p a r t i c l e s .  The e x t r a t e r r e s t r i a l  o r i g i n  of t h e  p a r t i c l e s  

i s  proven by t h e i r  c o n t e n t  of cosmic r a y  t r a c k s ,  implanted s o l a r  wind atoms, 

and ( i n  t h e  c a s e  of p a r t i c l e s  >200 microns)  cosmogenic 2 h ~ 1 ,  ln13e, and 5 3 ~ n ,  

p r i m o r d i a l  nob le  g a s e s  (Rajan -- e t  a l . ,  1977; Hudson -- e t  a l . ,  1981),  and l a r g e  

D/H f r a c t i o n a t i o n  r a t i o s  (Z inner  -- e t  a l . ,  1983). 

P a r t i c l e s  c o l l e c t e d  from t h e  s t r a t o s p h e r e  have d i v e r s e  p r o p e r t i e s ,  con- 

s i s t e n t  w i t h  t h e i r  , d e r i v a t i o n  from a  number 'of d i s c r e t e  p a r e n t  bodies .  A 

common p r o p e r t y  of m o s t . o f  t h e  p a r t i c l e s  i s  t h a t  t h e y  have c h o n d r i t i c  ( s o l a r )  

e l e m e n t a l  ahundances of t h e  i n v o l a t i l e  e lements .  Many of t h e  p a r t i c l e s  t h a t  

do n o t  have t h i s  composi t ion a r e  s i n g l e  m i n e r a l  g r a i n s  wi th  m a t e r i a l  of chon- 

d r i t i c .  composi t ion a d h e r i n g  t o  t h e i r  s u r f a c e s ,  implying t h a t  t h e  g r a i n s  were 

o r i g i n a l l y  embedded i n  c h o n d r i t i c  m a t e r i a l .  The c h o n d r i t i c  m a t e r i a l  i s  b lack ,  

c o n t a i n s  up t o  5% carbon,  and i s  o f t e n  ex t remely  f i n e  g r a i n e d .  It i s  t h e  only 

m e t e o r i t i c  material. t h a t  h a s  a  t r u l y  c h o n d r i t i c  composi t ion on t h e  micron s i z e  

s c a l e .  Most of t h e  c h o n d r i t l c  p a r t i c l e s  a r e  a g g r e g a t e s  of g r a i n s  rang ing  i n  

s i z e  from <I00  A t o  )1 micron,  h u t  t h e r e  i s  d i v e r s i t y  i n  s t r u c t u r e  and miner- 

a l o g y  among t h e  a g g r e g a t e s .  

Two d i s t i n c t  t y p e s  a r e  ( a )  r a t h e r  nonporous p a r t i c l e s  composed p r i m a r i l y  

of hydra ted  s i l i c a t e s ,  and (b )  ex t remely  porous a g g r e g a t e s  (F ig .  1).  The 

l a t t e r  c l a s s  ( c h o n d r i t i c  porous a g g r e g a t e s  o r  CPA's) a r e  t h e  most f r a g i l e  of 

m e t e o r i t i c  m a t e r i a l s ;  t h e i r  p h y s i c a l  p r o p e r t i e s  a r e  t h e  most compat ible  wi th  



those inferred for cometary meteors. The basic subunits of these aggregates 

are individual rounded grains in the size range 1000-5000 A, which are weakly 

attached to one another to form a highly porous structure. These constituent 

grains have widely differing compositions, and obviously did not form in equi- 

librium with each other. 

The morphologies of some mineral grains in IDP's suggest that they con- 

densed from a vapor (see below). Some of the rounded submicron grains are 

single minerals, while others are complex particles composed of tiny crystal- 

line phases embedded in amorphous carbon. This unique material contains 

grains less than 100 A in size. No IDP (or meteorite) ever examined has been 

found to contain aggregates of rodlike or rounded core-mantle grains of the 

types that are commonly discussed as interstellar (IS) grain models. It is 

possible, however, that the submicron grains composed of tiny crystals embed- 

ded in carbon could be either metamorphosed IS grains, or that they might 

actually be rather well-preserved IS material. Graphite occurs in these mate- 

rials, but only in trace amounts. Some of the graphite is probably formed by 

catalysis, because it occurs in association with other forms of carbon that 

appear to have formed by catalysis. Carbon is as abundant as Silicon (atomic 

proportions) in IDP's, but the bulk of it is in the form of an amorphous phase 

that occurs both as coatings on grains and as pure grains several thousand 

Angstroms in size. 

An overriding characteristic of the minerals in IDP's is their very 

small grain size. Consequently, few of the standard techniques of mineralo- 

gical analysis are readily applicable. The best method for the study of indi- 

vidual grains is Analytical Electron Microscopy (AEM) in its various aspects. 

Details of grain morphology are obtained by imaging, structure by electron 

diffraction (either selected-area or convergent-beam electron diffraction), 

and composition by energy-dispersive x-ray emission spectroscopy for elements 

o f  atomic number (Z)10 or greater and electron energy-loss spectroscopy For 

t he  lighter elements. The AEM thus offers a complete tool for mineralogical 

characterization on an individual crystal basis (although it does not provide 



i s o t o p i c ,  t r a c e  e l e m e n t ,  o r  s p e c t r o s c o p i c  d a t a ) .  Major  problems a r i s e  from 

sample  p r e p a r a t i o n ,  r a d i a t i o n  damage w i t h i n  t h e  i n s t r u m e n t ,  and t h e  need For 

c r i t i c a l  t i l t i n g  of  t h e  specimen--in some c a s e s  beyond t h e  o p e r a t i o n a l  capa-  

b i l i t i e s  of a v a i l a b l e  i n s t r u m e n t s .  Thus w h i l e  AEM i s  i n  many ways an  i d e a l  

t e c h n i q u e  f o r  a c h i e v i n g  t h e  g o a l  of  u n d e r s t a n d i n g  IDP m i n e r a l o g y ,  i t  i s  a 

d i f f i c u l t  t e c h n i q u e  w i t h  d i s t i n c t  l i m i t a t i o n s .  

The ca rbonaceous  m a t e r i a l  n o t e d  above  may be  p r e s e n t  i n  I D P q s  as "clumpy 

masses"  ( C h r i s t o f f e r s o n  and Buseck,  1984;  R i e t m e i j e r  and Mackinnon,  1985a), a s  

c o a t i n g s  on m i n e r a l  g r a i n s  ( B r a d l e y  -- e t  a l . ,  1983a;  Mackinnon and R i e t m e i j e r ,  

1984;  Mackinnon -- e t  a l . ,  1985) ,  and as f i l a m e n t a r y  g r a i n s .  The l a t t e r  may have  

been  formed by h e t e r o g e n e o u s  c a t a l y s i s  r e a c t i o n s  ( C h r i s t o f f e r s o n  and Ruseck,  

1983;  B r a d l e y  -- e t  a l . ,  1984) .  Some "clumpy masses"  may be hydroca rbon  corn- 

pounds ( C h r i s t o f f e r s o n  and Ruseck,  1983). D e t a i l e d  knowledge of t h e  n a t u r e  of 

t h e s e  hydroca rbon  compounds, e s p e c i a l l y  t h e i r  i s o t o p i c  s i g n a t : u r e ,  w i l l  be 

needed t o  u n d e r s t a n d  t h e i r  o r i g i n  o r  c h e m i c a l  e v o l u t i o n .  The m a j o r i t y  of the  

"clumpy masses"  forms s t a c k s  of many t h i n  (0.01 micron)  p l a t e s .  I n d i v i d i t a l  

p l a t e s  a r e  d e c o r a t e d  w i t h  v e r y  f i n e l y  g r a n u l a r  c a r h o r l a c e o ~ ~ s  m a t e r i a l .  The 

gran111es  sometimes Form c l u s t e r s  w i t h  a n  open f l u f f y  t e x t u r e .  The morphology 

and c r y s t a l l o g r a p h i c  p r o p e r t i e s  of t h e s e  "clumpy masses" a r e  c o n s i s t e n t  w i t h  

t h o s e  of p o o r l y  g r a p h i t i z e d  c a r b o n  (PGC; R i e t m e i j e r  and Mack innon,  1985a) ,  

Micro-Raman s p e c t r a  O F  i n d i v i d u a l  IDP1s  show d o u b l e  pealcs a t  1350 and 1600 

cm-' t h a t  a r e  c h a r a c t e r i s t i c  of " d i s o r d e r e d "  g r a p h i t e  ( F r a u n d o r f  --  e t  a l - ,  

1982) .  PGC i n  CPA1s c o n s t i t u t e s  a l i n k  w i t h  ca rbonaceous  c h o n d r i t e s ,  a s  PGC 

w i t h  s i m i l a r  p r o p e r t i e s  h a s  been  obse rved  i n  a c i d  r e s i d u e s  o f  t h e s e  m e t e o r i t e s  

(Lumpkin, 1983;  Smi th  and Ruseck,  1981,  1982) .  

Mg-rich o l i v i n e  and e n s t a t i t e ,  which  a r e  abundant  i n  c h o n d r i t i c  meteor -  

i t e s ,  a r e  a l s o  o b s e r v e d  i n  c h o n d r i t i c  TDP1s, though i n  t h e  l a t t e r  t h e y  d i s p l a y  

a n a r r o w e r  c o m p o s i t i o n a l  range .  F a s s a i t e  ( C a ,  A l - r i c h  c l i n o p y r o x e n e )  h a s  been 

o b s e r v e d  i n  one IDP (Tomeoka and Ruseck ,  1985a) .  

I n  g e n e r a l ,  c h o n d r i t i c  IDP1s a r e  h e t e r o g e n e o u s ,  n o n - e q u i l i b r i u m  m i x t u r e s  

o f  b o t h  h igh -  and low- tempera tu re  m i n e r a l s .  The low- tempera tu re  m i n e r a l s  may 

i n c l u d e  -- l a y e r  -- si l i c a t e s  (Brownlee ,  1978,  Tomeoka and Buseck ,  1984 ,  1985a, 



1985b; Rietmeijer and Mackinnon, 1985b). These layer silicates include mem- 

bers of the smectite or mica group (Tomeoka and Buseck, 1984), and possibly 

also Mg-poor talc and kaolinite (Rietmeijer and Mackinnon, 1985b) and serpen- 

tine or chamosite (Brownlee, 1978). The layer silicates in chondritic IDP's 

are not similar to the principal layer silicates in C2 chondrite matrices, and 

they are also dissimilar to C1 chondrite phyllosilicates (Rietmeijer and 

Mackinnon, 1985b). These AEM observations contradict the conclusion of 

Praundorf et al. (1981), from their infrared spectroscopy study of chondritfc -- 
IDPYs and C2 chondrite matrices, that layer silicates in both materials are 

similar. The discrepancy probably results from the difficulty of interpreting 

the TR spectra of very-fine-grained crystalline aggregates (Rietmeijer et al., -- 
1985). 

Most of the minerals in IDP's are similar to terrestrial minerals and/or 

those found in carbonaceous chondrites. However, IDP's also contain unusual 

minerals: some that were previously known, though rare, and others that are 

unknown except in IDP's. It is remarkable that the limited studies performed 

on IDP's have turned up as many unusual phases as they have. Two minerals 

have been found to date that are unknown except in IDP's, a carbide and a 

sulfide. 

E-carbide - has a composition between Fe C and Ni C (in approximate pro- 
3 3 

portions of 8:l; Christofferson and Buseck, 1983; Bradley et al., 1984) in two -- 
different IDP's. Although it is only a minor constituent of IDP's, this 

mineral is of special interest because it is a possible residue of the cata- 

lytic conversion of H2 and CO to hydrocarbons by Fischer-Tropsch (F-T) reac- 

tions, Such a catalytic conversion process has been proposed by Anders and 

colleagues (Studier -- et al., 1968) as a solution of the long-standing problem 

of formation of the wide range of hydrocarbons that occur in certain carbona- 

ceous chondrite meteorites. However, there was no evidence in these meteor- 

ites that such catalysis occurred, other than the hydrocarbons themselves. 

E-carbide is known terrestrially to be a product of F-T synthesis, and thus 

its presence in IDP's lends additional credibility to the proposals of Studier 

et al. -- 



Sulfides are common constituents of IDP's, but most occurrences are the 

common minerals troi lite (FeS) , pyrrhotite (FelMx s )  9 and pentlandite, 

( [Fe,NiI9s8). The LOW-CA IDP contains all of these and, in addition, a min- 

eral having the pentlandite structure, but a unique composition (Tomeoka and 

Buseck, 1984). It differs from normal pentlandite in that it contains less 

than 3 atomic percent Ni, whereas normal pentlandite contains over 20 atomic 

percent Ni. This low-Ni pentlandite has been synthesized by deposition from a 

vapor at <200 C, but is not known from the natural environment (meteoritic or 

terrestrial). 

The presence of carbonates was recently confirmed by electron microscope 

studies of the CALRISSIAN IDP (Tomeoka and Buseck, 1985b), where it forms in 

well-developed euhedral crystals having the calcite structure and compositions 

ranging between FeCO and MgC03. 3 

A number of minerals in the IDP's have unusual morphologies that are 

possibly indicative of vapor-phase formation. The whisker crystals and plate- 

lets of enstatite described by Bradley -- et al. (1983b) are strongly suggestive 

of such an origin. The unusual morphology as well as the anomalous direction 

of elongation are characteristic of vapor deposition. Platelets of other 

minerals that are normally more equidimensional have been found in other 

IDP's. These include flat plates of olivine in U2001E3, and of magnetite and 

chromite (Christofferson and Ruseck, 1984, 1985), and plates of pentlandite 

and especially low-Ni pentlandite in LOW-CA (Tomeoka and Buseck, 1984). While 

these unusual morphologies are not proof of vapor deposition, they are expres- 

sed in isometric or orthorhombic minerals that normally have very different 

morphologies. (Platelets oE magnetite also occur in the matrices of carbona- 

ceous chondrites, but here the morphology has been ascribed to aqueous altera- 

tion rather than vapor deposition.) 

Optical Properties 

Detailed infrared absorption measurements in the wavelength region 3 to 

20 mi-crons have been made on over two dozen particles. The experimental 

resrilts and their implications are discussed by Sandford and walker ( 2 9 8 5 ) .  



The earliest work (Fraundorf et al., 1980) showed that the spectrum of an -- 
ensemble of three particles was dominated by a strong absorption at 10 

microns, Subsequent work has shown that almost all particles fall into three 

major categories, labelled "olivine", "pyroxene", and "layer-lattice sili- 

cate," based on their spectral similarities to terrestrial mineral standards. 

Detailed transmission electron microscope investigations of several selected 

particles have confirmed that the actual mineral assemblages are, indeed, 

dominated by the minerals identified by the infrared absorptions. 

Comparison with the dust spectrum of comet Kohoutek determined by 

Merrill indicates both similarities and differences with the particle data; a 

reasonable fit to the comet spectrum is obtained by combining the spectra 

obtained from the pyroxene and layer-lattice silicate classes. However, the 

fit is much wrorse when particles of the olivine class are included. It would 

appear that the infrared properties of the particles can be made to fit the 

comet data, biut only at the expense of including particles with very different 

mineralogies (pyroxenes and layer lattice silicate classes) and excluding 

particles that are known to be extraterrestrial (the olivine class). Thus the 

optical data are not straightforwardly consistent with a cometary origin of 

interplanetarly dust. 

Comparison of the dust spectra with astronomical observations of proto- 

stars show some interesting similarities and raise some questions to be 

answered by future research. In addition to the dominant 10 micron feature in 

their spectra (commonly ascribed to absorption by amorphous Mg,Fe silicate 

dust), both protostars and particles in the hydrated silicate class exhibit a 

ubiquitous feature at 6.8 microns. In one IDP, CALRISSIAN, the 6.8 micron 

band is actustlly stronger than the 10 micron band. The presence in this 

particle of a substantially weaker band at 11.3 microns indicates that the 6.8 

micron band is due to a carbonate mineral. As noted above, detailed electron 

diffraction measurements and imaging of this particle (Tomeoka and Buseck, 

1985b) confino that it contains abundant Fe and Mg carbonates. It is pos- 

sible, but not proven, that the 6.8 micron band seen in other particles of the 

same spectral class are also due to the presence of carbonates. Although the 

carbonate identification is virtually certain in the case of this one IDP, it 



remains an open and i n t e r e s t i n g  ques t i on  whether t h e  band seen  i n  p r o t o s t a r s  

has ,  a t  l e a s t  i n  p a r t ,  a s i m i l a r  explana t ion .  

I s o t o p i c  Compositions 

Although the  smal l  s i z e  of i n t e r p l a n e t a r y  dus t  p a r t i c l e s  makes measure- 

ment a d i s t i n c t  cha l l enge ,  i s o t o p i c  measurements on major e lements  have been 

made. The f i r s t  r e s u l t s  were repor ted  by Esa t  -- e t  a l .  (1979). Ind iv idua l  

p a r t i c l e s  were s t u d i e d  i n  a thermal i o n i z a t i o n  source  mass spectrometer ,  us ing  

a  d i r e c t  load ing  technique.  Data were ob ta ined  on both Mg and C a  i so topes  f o r  

13 samples. The Mg i s o t o p i c  composition of one p a r t i c l e  was found t o  he 

h igh ly  mass f r a c t i o n a t e d  (1.1% pe r  amu). The measured C a  i s o t o p i c  composition 

was t h e  same a s  t e r r e s t r i a l  Ca t o  w i th in  2 percent .  

I n  1983 Zinner e t  a l .  showed t h a t  t h e  D/H r a t i o s  i n  s e v e r a l  p a r t i c l e s  

were very  much h igher  t han  i n  t e r r e s t r i a l  samples. Values up t o  delD+2000 

o/oo* were found. These d a t a  were obtained w i t h  an i o n  microprobe, a n  i n s t ru -  

ment capable  of measuring i so topes  on sub-fragments of an IDP s e v e r a l  microns 

i n  s i z e .  Subsequent work by Zinner and McKeegan (1984) demonstrated t h a t  t h e  

D/H s i g n a t u r e  was h igh ly  v a r i a b l e  from one p a r t  of a  g iven  p a r t i c l e  t o  t h e  

next.  The excess  deuterium was a l s o  found t o  be c o r r e l a t e d  w i th  t h e  concentra- 

t i o n  of C ,  but no t  OH, i n d i c a t i n g  t h a t  t h e  c a r r i e r  was probably a carbonaceous 

phase. 

t y p i c a l  range of t e r r e s t r i a l  

sample - 1 x  1000; samples is  delD = - +200 

(D/H)s tandard 

d e l D = [  I pe r  m i l  (0100) 

------------------------------------------------------------------------------ 



Carbon i s o t o p i c  d a t a  were a l s o  o b t a i n e d  f o r  s e v e r a l  p a r t i c l e s .  D i f f e r -  

ences  between p a r t i c l e s  of up t o  40 '100 were noted.  Th i s  i s  a  s m a l l  e f f e c t ,  

b u t  o u t s i d e  t h e  expec ted  e r r o r s  i n  t h e  measurement. I n  c o n t r a s t  t o  t h e  deu te -  

r ium r e s u l t s ,  t h e  ca rbon  i s o t o p i c  r a t i o s  were found t o  be c o n s t a n t  from one 

fragment t o  t h e  n e x t  of a  g i v e n  p a r t i c l e .  A s  i s  t p e  c a s e  w i t h  m e t e o r i t e s ,  

t h e  hydrogen and carbon i s o t o p i c  e f f e c t s  a p p e a r  t o  be decoupled.  

Measurements  of Mg and S i  i s o t o p e s  i n  t h r e e  p a r t i c l e s  by Z inner  e t  a l .  

(1984) showed no d e v i a t i o n  from t e r r e s t r i a l  v a l u e s .  

E a r l i e r  measurements of t h e  i s o t o p i c  and e l e m e n t a l  compos i t ion  of t h e  

nob le  g a s e s  Ne and A r  i n  a n  ensemble of 13  p a r t i c l e s  by Hudson e t  a l .  (1981) -- 
i n d i c a t e  t h e  p resence  of  a  s o l a r - l i k e  component, presumably s o l a r  wind i o n s  

implanted int:o t h e  p a r t i c l e s  d u r i n g  t h e i r  r e c e n t  s o j o u r n  i n  s p a c e  as s m a l l  

p a r t i c l e s ,  However, t h e  p r e s e n c e  of a n  i n d i g e n o u s  t r apped  n o b l e  g a s  component 

of d i s t i n c t i v e  i s o t o p i c  composi t ion i s  a l s o  p o s s i b l e .  L imi ted  d a t a  on X e  

i s o t o p e s  indeed s u g g e s t  t h e  p resence  of  a  s i z a b l e  t r apped  component. 

P a r t i c l - e s  t h a t  f a l l  i n t o  d i s t i n c t i v e  i n f r a r e d  s p e c t r a l  c a t e g o r i e s  a r e  

c u r r e n t l y  be ing  measured f o r  t h e i r  i s o t o p i c  s i g n a t u r e s .  The d a t a  a r e  a s  y e t  

f r agmenta ry ,  and no  g e n e r a l  c o n c l u s i o n s  can  b e  drawn. Some p a r t i c l e s  f a l l i n g  

i n  t h e  l a y e r - l a t t i c e  s i l i c a t e  and pyroxene i n f r a r e d  c l a s s e s  have l a r g e  delD 

v a l u e s ;  however t h i s  i s  no t  t r u e  of a l l  p a r t i c l e s  i n  t h e s e  s p e c t r a l  c a t e -  

g o r i e s ,  some of which have delD v a l u e s  which f a l l  i n  t h e  range  of t e r r e s t r i a l  

v a l u e s ,  A t  l e a s t  one p a r t i c l e  i n  t h e  o l i v i n e  s p e c t r a l  c l a s s ,  which i s  demon- 

s t r a b l y  e x t r a t e r r e s t r i a l  because  i t  c o n t a i n s  s o l a r  f l a r e  n u c l e a r  p a r t i c l e  

t r a c k s ,  h a s  a  D/H r a t i o  t h a t  i s  t e r r e s t r i a l .  

The excess  deu te r ium s i g n a t u r e  i s  t h u s  h i g h l y  v a r i a b l e  i n  IDPs. Th i s  i s  

sirnlilar t o  t h e  s i t u a t i o n  i n  m e t e o r i t e s .  Most carbonaceous  m e t e o r i t e s  do no t  

g i v e  D / H  anomal ies  when b u l k  samples a r e  measured,  b u t  some do. I n  a d d i t i o n ,  

a c i d  r e s i d u e s  of carbonaceous  c h o n d r i t e s  g e n e r a l l y  e x h i b i t  l a r g e ,  but  v a r i -  

a b l e ,  D e x c e s s e s  (e .g . ,  Yang and E p s t e i n  (1983) ) .  Thus i n  b o t h  IDP's and 

m e t e o r i t e s  t h e r e  a p p e a r s  t o  be a  t r a c e  c a r r i e r  which i s  h i g h l y  e n r i c h e d  i n  

deu te r ium and i s  p r e s e n t  i n  h i g h l y  v a r i a b l e  amounts. S i n c e  t h e  measured D 



values give only lower limits on the deuterium concentration in the trace 

carrier phase, the D/H ratio in the carrier will be very Large. A commonly 

held view is that these deuterium enrichments were probably caused by ion- 

molecule reactions in interstellar clouds. 

The Collection of Interplanetary Dust by Orbiting Spacecraft 

A new way to study interplanetary dust became possible with the return 

to Earth of parts of the Solar Maximum satellite in April 1984. The Solar 

Maximum parts had been exposed to the space environment for about 50 months. 

Impact craters on these parts are being examined by scanning electron micro- 

scopy in conjunction with energy dispersive x-ray spectroscopy; this provides 

an excellent means of determining the compositions of impacted particles 

(Kessler -- et al., 1985) .  The results show that some of the impacted materials 

include residues of chondritic and iron-sulfide micrometeoroids (Schramm - et 

al., 1985).  - 

Several dust experiments are included in the payload of the Long Dura- 

tion Exposure Facility (LDEF I), whose return to Earth, originally scheduled 

for March 1985, has been delayed. The experiments are designed to measure the 

elemental and isotopic composition of dust particles. The high impact veloc- 

ity of the dust makes it unlikely that unaltered material will be studied. 

Instead, atoms from dust impacts will be collected and analyzed. This mission 

is a precursor to Flyby-Comet-Coma-Sample-Return missions, and to future 

experiments in which the orbital parameters of individual dust particles will 

be determined prior to their analysis. 

COMETS 

Dust Particles 

Our knowledge of the physical properties of cometary grains derives 

mostly from measurements of their thermal emission and optical scattering in 

comets observed within 2 AU of the sun. From these data we can mlake only very 

general statements about the grain size and composition. 



The s c a t t e r e d  l i g h t  i s  d i f f e r e n t  i n  c o l o r  f o r  d i f f e r e n t  comets,  r a n g i n g  

from n e u t r a l  t o  somewhat r ed  i n  t h e  wavelength  range  0.25 - 2  microns.  The 

l a c k  of Rayl-eigh s c a t t e r i n g  t e l l s  u s  t h a t  t h e  o p t i c a l l y  i m p o r t a n t  g r a i n s  have 

size > = I  micron (AIHearn,  1982).  Thermal emiss ion  s p e c t r a  i n d i c a t e  tempera- 

t u r e s  up  t o  25% h i g h e r  than a  t h e o r e t i c a l  blaclc body i n  equ i l - ib r ium,  i n d i c a t -  

ing  t h a t  t h e  g r a i n s  c o n t a i n  a b s o r b i n g  m a t e r i a l  and a r e  mos t ly  < = l 9  microns i n  

s i z e .  A s i z e  d i s t r i b u t i o n  f o r  t h e  f l u x  of g r a i n s  r e l e a s e d  from t h e  nuc leus  

t h a t  peaks s t  r a d i i  of 0.35-0.6 microns and d e c r e a s e s  p r o p o r t i o n a l  t o  r -4.2 

f o r  l a r g e r  p a r t i c l e  s i z e s  i s  compat ib le  w i t h  bo th  t h e  pho tomet r i c  d a t a  and 

a n a l y s e s  of  t h e  g r a i n  dynamics (Hanner, 1983,  1985). 

The r a t i o  of t h e  s c a t t e r e d l t h e r m a l  r a d i a t i o n  i n d i c a t e s  t h a t  t h e  g r a i n s  

a r e  ve ry  d a r k ,  wi th  a  g e o m e t r i c  a l b e d o  t y p i c a l l y  0.03-0.04 a t  wavelengths  of 

4-2 microns .  The g r a i n s  shed by Comet Cromelin a t  1 AU were even b l a c k e r ,  

w i t h  geomet r i c  a l b e d o  0.015 a t  1.2 microns  and 0.022 a t  2.2 microns  (Hanner - e t  

a l . ,  1985).  - 

Cometary emiss ion  f e a t u r e s  n e a r  10 microns  and 18 microns  a r e  g e n e r a l l y  

i n t e r p r e t e d  a s  s i g n i f y i n g  t h e  p resence  of s m a l l  (<10 microns)  s i l i c a t e  g r a i n s .  

The on ly  s p e c t r a l  s c a n  t h a t  h a s  been made of t h e  10 micron f e a t u r e  (comet 

Kohoutek a t  0.3 AU; M e r r i l l ,  1974) shows a  broad s t r ~ l c t u r e l e s s  f e a t u r e ,  sug- 

g e s t i n g  amorphous, r a t h e r  t h a n  c r y s t a l l i n e  g r a i n s .  

Much o f  t h e  i c y  m a t e r i a l  i n  comets may have a r r i v e d  t h e r e  from t h e  i n -  

t e r s t e l l a r  medium a s  mant les  on r e f r a c t o r y  g r a i n s ,  and t h e r e f o r e  should  be 

c o n s i d e r e d  i n  t h i s  S e c t i o n .  Near ly  a l l  s p e c i e s  d i r e c t l y  measurable  i n  comets 

a r e  p roduc t s  of p h o t o d i s s o c i a t i o n  o r  o t h e r  p r o c e s s i n g  ( g a s  phase  c h e m i s t r y ,  

i o n i z a t i o n ,  e t c . ) .  I n  a  few c a s e s  t h e  p a r e n t  molecule  i s  r e l i a b l y  known, h u t  

i n  most c a s e s  i t  is  n o t .  

The dominant v o l a t i l e  s p e c i e s  i n  t h e  nuc leus  i s  H 0 .  S t  was d e t e c t e d  
2  

d i r e c t l y  ( v i a  - a  r a d i o  emiss ion  l i n e )  i n  comet IRAS-Araki-Alcock 1983d 

(Al tenhof f  -- e t  - a l . ,  1983) ,  and probably  d e t e c t e d  in comet R r a d f i e l d  1974B 



( Jackson  -- e t  a l . ,  1976). It i s  r e l i a b l y  i n f e r r e d  i n  o t h e r  comets from t h e  

r e l a t i v e  abundances of 0 ,  H ,  OH, and ~ ~ 0 '  (Weaver -- e t  a l . ,  1981).  I n  most 

comets H20 r e p r e s e n t s  more t h a n  95% of t h e  v o l a t i l e ~ ,  a l t h o u g h  i n  a  few comets 

( e . g . ,  comet West 1976  V I )  t h e r e  may b e  r o u g h l y  3 0 %  C O  o r  p o s s i b l y  602 

(Delsemme, 1982).  CO h a s  been d e t e c t e d  d i r e c t l y  i n  comet West by i t s  u l t r a -  

v i o l e t  emiss ion  bands (Feldman, 1982).  

O t h e r  s p e c i e s  w h i c h  may r e s i d e  i n  t h e  n u c l e u s  and  w h i c h  h a v e  b e e n  

d i r e c t l y  d e t e c t e d  i n c l u d e :  NH3, a  t r a c e  s p e c i e s  Seen o n l y  i n  comet I U S -  

Araki-Alcock (Al tenhoff  -- e t  a l . ,  1983); HCN and C H 3 c ~ ,  t r a c e  s p e c i e s  d e t e c t e d  

i n  comet Kohoutek 1973f and comet 1983d, and i n f e r r e d  i n  many o t h e r  comets 

from t h e  p resence  of CN; S2 ,  measured i n  comet 1983d (A'Hearn e t  a l . ,  1983) ,  -- - 
whose s p a t i a l  d i s t r i b u t i o n  s u g g e s t s  t h a t  i t  comes from t h e  n u c l e u s  d e s p i t e  t h e  

u n l i k e l y  chemical  s i t u a t i o n  necessa ry .  Modeli-ng of t h e  chemis t ry  i n  cometary 

comae .has  shown t h a t  t h e  i c e s  of t h e  n u c l e u s  can not  produce t h e  observed 

r a d i c a l s  i n  t h e  coma i n  t h e  r i g h t  amounts i f  t h e  i c e s  a r e  e q u i l i b r i u m  conden- 

s a t e s ,  bu t  can produce them a l l  i n  t h e  r i g h t  amounts i f  t h e  i c e s  c o n t a i n  t h e  

complete  s u i t e  of molecu les  s e e n  i n  i n t e r s t e l l a r  c louds  ( M i t c h e l l  -- e t  a l . ,  

1981).  

The i n v e n t o r y  of atoms i n  t h e  cometary v o l a t i l e s  i s  no t  complete ,  b u t  i t  

seems c l e a r  t h a t  C i s  d e p l e t e d  by a  f a c t o r  of 2-4 r e l a t i v e  t o  i t s  cosmic abun- 

dance (normal iz ing  t o  N ,  0 ,  S ,  and S i ) ;  t h e  abundance of H i s  no more than  

twice  0  (Delsemme, 1982).  

S e v e r a l  arguments s u g g e s t  t h a t  t h e  v o l a t i l e s  a r e  d i r e c t l y  a s s o c i a t e d  

w i t h  t h e  g r a i n s  i n  t h e  coma, and t h e r e f o r e  presumably w i t h  t h e  g r a i n s  w h i l e  

t h e y  were i n  t h e  nuc leus .  F i r s t ,  t h e  r e f l e c t i o n  spectrum of t h e  g r a i n s  has  

shown an  a b s o r p t i o n  a t  3  microns i n  two comets: Bowell 1980b (Campins -- e t  a l . ,  

1983) ,  and Cern i s  19831 (Hanner, 1984).  Both of t h e s e  comets were observed 

f a r  from t h e  sun (more t h a n  3  AU), and a  s u i t a b l e  spectrum r e s o l v i n g  t h e  ab- 

s o r p t i o n  has  no t  y e t  been o b t a i n e d  f o r  any comet, but  t h e  d a t a  a r e  s t r o n g l y  

s u g g e s t i v e  of w a t e r  i c e  on t h e  g r a i n s .  A second,  c l o s e l y  r e l a t e d  p o i n t  i s  

t h a t  comet Bowell a l s o  e x h i b i t e d  a  remarkably high p roduc t ion  of OH a t  4 AU 

from t h e  sun (AIHearn -- e t  a l . ,  1984) ,  a  p roduc t ion  t h a t  cannot  be exp la ined  by 



v a p o r i z a t  iori d i r e c t l y  f rom t h e  n u c l e u s ,  and which t h e r e f o r e  i m p l i e s  t h a t  t h e  

i c e  is  s p r e a d  o v e r  t h e  s u r f a c e  of  a l l  t h e  g r a i n s  i n  t h e  coma. T h i r d ,  a number 

o f  a u t h o r s  have  a r g u e d  t h a t  t h e  s p a t i a l  p r o f i l e s  of  t h e  r e f l e c t e d  continuum i n  

cometary  s p e c t r a  can  o n l y  be e x p l a i n e d  i f  t h e  g r a i n s  d e c r e a s e  i n  s i z e  as t h e y  

move away from t h e  n u c l e u s ;  t h i s  r e d u c t i o n  i n  s i z e  i s  more e a s i l y  u n d e r s t o o d  

i f  i c y  m a n t l e s  a r e  v a p o r i z i n g .  U n f o r t u n a t e l y  t h e s e  o b s e r v a t i o n s  a r e  v e r y  

d i f f i c u l t ,  and some i n v e s t i g a t o r s  f i n d  t h e  e v i d e n c e  less t h a n  c o n v i n c i n g .  

Al though tE-ne o b s e r v a t i o n s  p r o v i d e  no e v i d e n c e  f o r  a  p re sen t -day  c o n n e c t i o n  

be tween v o l a t i l e  i c e s  and r e f r a c t o r y  g r a i n s ,  A'Hearn and Feldman (1985)  have 

drgued t h a t  t h e  p r e s e n c e  of s2 i n  comets  can  o n l y  be  e x p l a i n e d  i f  i t  was 

formed by t h e  i r r a d i a t i o n  of  i c y  m a n t l e s  of i n t e r s t e l l a r  g r a i n s  which  were 

i n c o r p o r a t e [ l  i n  comets  w i t h o u t  s i g n i f i c a n t  warming. T h i s  c o n c l u s i o n  h a s  o f t e n  

been  r eached  u s i n g  l e s s  d i r e c t  a rgumen t s  by Greenbe rg  (1982) .  

I s o t o p i c  r a t i o s  have  been measured f o r  o n l y  two v o l a t i . l e  s p e c i e s  i n  

comet s ,  b o t h  s p e c t r o s c o p i c a l l y .  1 2 ~ / 1 3 ~  i n  Cp  i s  > I 0 0  ( a v e r a g e  o f  5 comet s ) ;  

hi l t  t h e  e r r o r s  are s o  l a r g e  t h a t  t h i s  i s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  

t e r r e s t r i a l  v a l u e  ( s e e  r e f e r e n c e  i n  A'Hearn,  1982) .  lJpper l i m i t s  f o r  D / H  i n  

OH have  been d e t e r m i n e d  f o r  s e v e r a l  comets .  I n  t h e  b e s t  d e t e r m i n e d  c a s e s ,  t h e  

t ipper  l i m i t  i s  D / H  < 2 x 1 0 - ~  (A'Hearn e t  a l . ,  1985) .  The models  f o r  chemica l  -- 
f r a c t i o n a t i o n  between HDO and ~ 2 0  d u r i n g  c o n d e n s a t i o n  on g r a i n s  a r e  no t  y e t  

r e l i a b l e  enough t o  d e t e r m i n e  whe the r  t h e s e  uppe r  l i m i t s  a r e  more cons  is t e n t  

w i t h  i n t e r s t e l l a r  o r  p r e s o l a r  c o n d i t i o n s .  

GHOmRITIC METEORITES 

T h e  m o s t  p r i m i t i v e  s u r v i v i n g  samples  o f  n o n v o l a t i l e  p l a n e t a r y  m a t e r i a l  

a r e  t h e  s u b s e t  o f  m e t e o r i t e s  c a l l e d  c h o n d r i t e s .  The b u l k  c o m p o s i t i o n s  o f  

c h o n d r i t e s  ( e x c e p t  f o r  a few h i g h l y  v o l a t i l e  e l e m e n t s )  d i f f e r  o n l y  min ima l ly  

Erom o u r  b e s t  e s t i m a t e s  of  t h e  s o l a r  e l e m e n t a l  abundances .  C h o n d r i t e s  a r e  

a g g r e g a t i o n s  of  small o b j e c t s  ( c h o n d r u l e s ;  Ca ,Al - r i ch  i n c l u s i o n s ,  o r  C A I ' s ;  

d u s t  p a r t i c l e s ,  a g g r e g a t i o n s  of  which a r e  r e f e r r e d  t o  a s  m a t r i x  and which are 

d i s c u s s e d  below) t h a t  a r e  w i d e l y  u n d e r s t o o d  t o  have  been  d i s p e r s e d  i n  t h e  

p r o t o s o l a r  n e b u l a  a t  t h e  t ime  when t h e  s o l a r  s y s t e m  was Eormed. These  o b j e c t s  

have  no t  been  p e r f e c t l y  p r e s e r v e d  s i n c e  t h e  n e b u l a r  e r a ,  however. T h e i r  min- 



eralogy and petrography reveal that they have actually experienced significant 

thermal processing, in the case of carbonaceous chondrites in a watery envi- 

ronment, while they resided in asteroid-sized parent bodies (Dodd, 1981; 

Kerridge and Bunch, 1979; McSween, 1979). Truly pristine material is rare. 

The least-altered classes of chondrites are the "unequilibrated ordinary 

chondrites" (UOC's; evidence of slight anhydrous metamorphism; Dodd -- et a l . ,  

1967), C3 carbonaceous chondrites (Allende is a prominent example; possible 

slight anhydrous metamorphism; Clarke -- et al., 1970), and C2 carbonaceous chon- 

drites (hydrous mitamorphism; Fuchs -- et al., 1973). 

Several events in the early history of chondritic material have been 

reliably dated radiometrically. Thus, the crystallization of several lithic 

components in carbonaceous chondrites, including some produced by aqueous 
9 activity on the parent body, occurred 4.55~10 years ago (e.g., Tatsumoto - et 

al., 1976; Macdougall et al., 1984), and final compaction of the particulate - -- 
9 components apparently took place during the interval from 4.5 to 4 . 2 ~ 1 0  years 

ago (Macdougall and Kothari, 1976). 

Com~onents of chondritic meteorites: chondrules 

Chondrules (Fig. 2) are mm-size, more or less spheroidal igneous objects 

that are very abundant (up to 70%) in chondrites. It seems clear that they 

were once molten droplets dispersed in the nebula. Some ear1.y high-energy 

process melted a previous generation of dispersed solid material, which may 

(Wood, 1984) or may not (Grossman and Wasson, 1983) have been presolar inter- 

stellar dust. If the precursor was interstellar dust, its properties have 

been almost completely obliterated by the melting event that created the chon- 

drules. Isotopic anomalies which may be a memory of presolar conditions are 

largely lacking--only oxygen isotope anomalies have been documented (Clayton 

et al., 1983). -- 



Ca.Al-rich inclusions 

This class of mm- to cm-size objects (Fig. 3) attracted scientific 

attention initially because they match closely in chemical and mineralogical 

composition the thermodynamically predicted composition of high-temperature 

condensates from a cooling gas of solar composition. They have been regarded 

by many as the most primitive objects in the solar system, and hence are 

thought to contain the best preserved record of early solar system processes 

and raw materials. However, recent studies of isotopic fractionation of mod- 

erately reEractory elements in CAI's (silicon, magnesium and calcium) show 

that the enrichment of non-volatile elements in'the inclusions is due predomi- 

nantly to extensive evaporation of volatile elements from pre-existing solids, 

rather than to condensation of refractory elements from a gas. Furthermore, 

the complicated interrelationships among these elements indicate multiple 

events of evaporation and condensation. These events must have taken place 

while 2 6 ~ 1  (tl,2, 0.7~10 6 yr) was still alive in the solar system, as the 

abundance of its daughter, 26~g, has been found to correlate with the abun- 

dance of the stable isotope of aluminum (27~1) among the minerals of some 

CAI's. In some cases, this extensive chemical processing may have obliterated 

earlier isotopic heterogeneities. In other cases, such as the FUN inclusions, 

they may reveal heterogeneities that previously existed in different chemical 

forms. The CAI's provide some remarkable information about the nucleosynthe- 

tic history of matter in one part of the solar system, but they should not be 

regarded as typical or especially primitive in comparison to other meteoritic 

material. 

CAI's are abundant in the C3 carbonaceous chondrites, are less abundant 

in C2 carbonaceous chondrites, and are present, but rare, in unequilihrated 

ordinary chondrites. In all cases they are less abundant than chondrules. 

Because of the ready availability of large quantities of the Allende (CV3) 

meteorite, most chemical and isotopic studies of, CAI's have been done in this 

meteorite. 
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Chondritic matrix is an aggregation of dust particles of roughly micron 

dimension. The mineralogy and state of oxidation of matrix indicate a lower 

temperature of formation than that of chondrules and CAI's. If presolar in- 

terstellar grains are preserved in chondrites at all, they are located in the 

matrix. To date no particular class of matrix particles has been identified 

as presolar grains, though as will be seen, acid residues--the products of 

extensive laboratory processing and dissolution of bulk matrix samples--have 

isotopic signatures that appear to have been preserved from presolar times. 

The great bulk of chondritic matrix grains differ in significant ways from 

interstellar dust particles (Brownlee -- et al., 1977). 

The matrices of UOC (Huss et al., 1981) and CV3 (Peck, 1983) chondrites 

are largely anhydrous, and in many cases consist of autonomous mineral grains 

(Fig. 4) that appear not to have been seriously disturbed by metaimorphism. It 

is likely that most of these grains are condensates Erom the solar nebula. 

Some are undoubtedly the debris of comminuted chondrules and CAI's; and as 

noted, some may be presolar interstellar grains. C2 matrices consist largely 

of hydrous magnesium silicate minerals. In some cases there is unequivocal 

textural evidence that the hydrated minerals were produced - in -- situ, by post- 

accretional hydrous metamorphism (Kerridge -- et al., 1979; Bunch and Chang, 

1980). Elsewhere this cannot be established: the hydrous minerals may have 

existed as dispersed grains in the nebula or even in interstellar space, pre- 

dating the accretion of parent chondrite planetesimals. 

Of particular interest are the matrices of a few UOC1s, which consist of 

submicron graphite and magnetite grains (Scott -- et al., 1981a); and some chon- 

dritic regolith breccia~ (samples of the impact-comminuted surface layers of 

chondritic planetesimals, subsequently relithified) containing aggregates of 

the same graphite-magnetite material, which clearly were mixed into the rego- 

lith from some external source (Fig. 5; Scott -- et al., 1981b). Magnetite and 

especially graphite are uncommon meteoritic minerals, but they have figured 

prominently in interstellar grain models. However, no evidence has been f o u n d  

as yet that these grains had an interstellar origin. 



P r e s o l a r  Isotopic Signatures Preserved in Meteorites: H, C, N 

A m a j o r  f r a c t i o n  of  t h e  o r g a n i c  m a t t e r  i n  carbonaceous  c h o n d r i t e s  i s  a n  

i n s o l u b l e  macromolecular m a t e r i a l  which resembles  t e r r e s t r i a l  kerogen.  It 

c o n s i s t s  of a h i g h l y  condensed a r o m a t i c  backbone w i t h  minor a l i p h a t i c  b r i d g e s  

and s i d e - c h a i n s .  T h i s  m a t e r i a l  i s  n o t  i s o t o p i c a l l y  homogeneous; d i f f e r e n t  

m o i e t i e s  w i t h i n  i t  a r e  a p p a r e n t l y  c h a r a c t e r i z e d  by s i g n i f i c a n t l y  d i f f e r e n t  

13c/12c and 1 5 ~ / 1 4 ~  v a l u e s  and by v e r y  pronounced d i f f e r e n c e s  i n  D / H .  Bulk 

samples  of t h e  i n s o l u b l e  f r a c t i o n  y i e l d  D/H v a l u e s  up t o  5 . 4 x l 0 - ~ ,  w i t h  v a l u e s  

up  t o  7x10-4 b e i n g  observed d u r i n g  s t e p w i s e  e x t r a c t i o n  ( ~ o b e r t  and E p s t e i n ,  

1382).  However, i t  i s  not  known whether  t h i s  r e p r e s e n t s  t h e  maximum D-enrich- 

ment p rese rved  i n  m e t e o r i t i c  m a t e r i a l ,  o r  whether  even more h i g h l y  e n r i c h e d  

m o i e t i e s  e x i s t  w i t h i n  t h e  o r g a n i c  m a t t e r .  I n  e i t h e r  c a s e ,  t h e  m e t e o r i t i c  

D-enrichments r e l a t i v e  t o  t h e  g a l a c t i c  v a l u e ,  2 x 1 0 - ~ ,  r e q u i r e  f r a c t i o n a t i o n  of 

a  magnitude a p p a r e n t l y  on ly  a c h i e v a b l e  by ion-molecule r e a c t i o n s  a t  very low 

t e m p e r a t u r e s .  Such low t e m p e r a t u r e s ,  and even g r e a t e r  D-enrichments,  a r e  

observed i n  lmolecular c l o u d s ,  s u g g e s t i n g  t h a t  p a r t  of t h e  m e t e o r i t i c  o r g a n i c  

m a t t e r  i s  of  i n t e r s t e l l a r  o r i g i n  ( G e i s s  and Reeves,  1981; K e r r i d g e ,  1983).  

Whether t h e  ke rogen- l ike  m a t e r i a l  i t s e l f  w a s  formed i n  an i n t e r s t e l l a r  c loud 

o r  w h e t h e r  i t  was p r o d u c e d  by " d i a g e n e s i s "  i n  t h e  e a r l y  s o l a r  s y s t e m  o f  

s i m p l e r  molecules  s y n t h e s i z e d  i n  i n t e r s t e l l a r  c l o u d s ,  i s  n o t  known. 

Presolar Isotopic Signatures Preserved in Meteorites: Oxygen 

On eart:h, n a t u r a l  p r o c e s s e s  l e a d  t o  f r a c t i o n a t i o n  of t h e  t h r e e  s t a b l e  

i s o t o p e s  of oxygen due t o  d i f f e r e n c e s  i n  t h e i r  masses. These mass-dependent 

p r o c e s s e s  produce a  wel l -unders tood r e l a t i o n s h i p  between " o / ' ~ o  r a t i o s  and 

1 8 0 f 6 0  r a t i o s .  The observed i s o t o p i c  p a t t e r n s  i n  m e t e o r i t e s  do  n o t  conform 

t o  t h i s  s imple  r e l a t i o n s h i p ,  and t h e r e f o r e  r e q u i r e  a n o t h e r  major  s o u r c e  of 

i s o t o p i c  v a r i a b i l i t y  (C lay ton ,  1978). The s i m p l e s t  i n t e r p r e t a t i o n  of t h e  

o b s e r v a t i o n s  i s  t h a t  t h e  s o l a r  nebu la  was i s o t o p i c a l l y  he te rogeneous ,  and 

c o n s i s t e d  of two o r  more r e s e r v o i r s  d i f f e r i n g  i n  t h e i r  160 abundances.  A 

l i k e l y  p o s s i b i l i t y  is t h a t  t h i s  h e t e r o g e n e i t y  could  be e s t a b l i s h e d  and main- 

t a i n e d  i f  t h e  two o r  more r e s e r v o i r s  were i n  chemica l ly  and p h y s i c a l l y  d i f -  

f e r e n t  s t a t e s ,  such  a s  g a s  and s o l i d s .  The observed m e t e o r i t i c  v a r i a b i l i t y  



could then be accounted for by various degrees of interaction and exchange 

between those reservoirs. 

Oxygen isotopic heterogeneity is observed on every scale yet analyzed: 

from micrometers to planetary size. The range of excess or depletion in 160 

is at least 6%. The oxygen of the earth is not an end-member in the composi- 

tional variation, so that we have no "normal" solar system composition against 

which to measure absolute amounts of excess 160. Oxygen isotopic anomalies 

differ from isotopic anomalies in other elements in two principal ways: (1) 

they are present in all solar system bodies, (2) they involve very large num- 

bers of atoms. These effects may result from the unique cosmochemistry of 

oxygen which allows it to form physically distinct reservoirs, and thus avoid 

the isotopic homogenization that has occurred for other elements. 

There are no oxygen isotopic data on stratospherically col-lected inter- 

planetary dust particles, since they are too small to be analyzed by existing 

techniques. Measurements on composite samples of deep-sea spherules suggest a 

relationship to C2 carbonaceous chondrites. 

The ultimate origin of oxygen isotopic heterogeneities in the early 

solar system remains unknown. One possibility is the inheritance of presolar 

differences due to incomplete homogenization of the products of nucleosynthe- 

sis. The three stable isotopes of oxygen are prodi~ced in different astroL 

physical processes, and may be injected into the interstellar medium chemical- 

ly bound in refractory solid phases. An alternative possibility is the gener- 

ation of the heterogeneities within an initially homogenized solar system, 

either by nuclear reactions involving energetic particles from the sun or by 

isotope effects involving chemical reactions that do not follow the usaal 

dependence of fractionation on isotopic mass. The latter possibility is sug- 

gested by the laboratory experiments of Thiemens and Heidenreich (1983) ,  which 

showed that the conversion of O2 to O3 favors the molecules containing 170 and 
18 

0 and produce a fractionation pattern very similar to that observed in car- 

bonaceous chondrites. The mechanism of the reaction has not yet been estab- 

lished. 
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P r e s o l a r  T s o t : o ~ i c  S i g n a t u r e s  Prese rved  i n  M e t e o r i t e s :  Noble Gases 

Anomalous i s o t o p i c  p a t t e r n s  i n  nob le  g a s e s  (He, Ne, A r ,  K r ,  Xe) a r e  

found p r i m a r i l y  i n  m e t e o r i t e  samples ,  i n  l u n a r  d u s t ,  i n  p u t a t i v e  Mars meteor- 

i t e s ,  and i n  p l a n e t a r y  atmospheres.  They have n o t  been measurable  i n  IDPfs  

because  t h e  p a r t i c l e s  c o l l e c t e d  t o  d a t e  a r e  n o t  l a r g e  enough o r  numerous 

enough, So a s  f a r  a s  d u s t  s t u d i e s  a r e  concerned,  one i s  l i m i t e d  p r i m a r i l y  t o  

samples from m e t e o r i t e s .  

The m e t e o r i t i c  samples s t u d i e d  a r e  not  g r a i n s .  Gra ins  a r e  t o o  s m a l l  t o  

c o n t a i n  enough nob le  g a s  (pe rhaps  10-l2 t o  loM8 cm3 S T P / ~ ~ )  f o r  i n d i v i d u a l  

s t u d y .  The m a t e r i a l s  s t u d i e d  a r e  e i t h e r  samples (pe rhaps  a  m i l l i g r a m )  of bulk  

m e t e o r i t e ,  o r  o t h e r  s m a l l  bu lk  samples t h a t  a r e  s e p a r a t e d  o u t  of a  whole mete- 

o r i t e .  S e l e c t i o n  t e c h n i q u e s  a r e ,  f o r  example, hand-picking of a  chondrule  o r  

i n c l u s i o n ,  g r i n d i n g  and s i e v i n g  i n t o  s i z e  f r a c t i o n s ,  g r a v i m e t r i c  s o r t i n g  i n t o  

d e n s i t y  f r a c t i o n s ,  o r  p a r t i a l  d i s s o l u t i o n  by v a r i o u s  s o l v e n t s .  But i n  any 

c a s e  one g a t h ~ e r s  enough m a t e r i a l ,  s a y  a m i l l i g r a m ,  t o  have enough nob le  g a s  t o  

measure. The wide ranges  of d e t a i l s  and s e n s i t i v i t i e s  can be found on ly  by 

r e f e r r i n g  t o  t h e  l i t e r a t u r e  (e.g. ,  Podosek, 1978).  Because of t h i s  need f o r  a 

r e l a t i v e l y  l a r g e  sample,  i t  is  n o t  g e n e r a l l y  known what p a r t i c u l a r  t y p e  of 

g r a i n  o r  chemical  s t r u c t u r e  t h e  g a s  ana lyzed  r e s i d e s  i n .  Only by r e p e a t e d  

c a r e f u l  i n f e r ~ m c e s  can t h e  n a t u r e  of t h e  c a r r i e r  of a  noble  g a s  anomaly w i t h i n  

t h e  m e t e o r i t e  be i d e n t i f i e d .  

A s  an example of t h i s ' s i t u a t i o n ,  t h e  d i s s o l u t i o n  of bu lk  Al lende  meteor- 

i t e  i n  ac id  hias been shown t o  l e a v e  i n s o l u b l e  r e s i d u e s  t h a t  a r e  ve ry  r i c h  i n  

noble  gases  (Lewis -- e t  a l . ,  1975). Because carbon and hydrocarbon polymers a r e  

no t  g e n e r a l l y  s o l u b l e  i n  a c i d ,  i t  can be i n f e r r e d  t h a t  t h e  c a r r i e r s  i n  t h e s e  

c a s e s  a r e  e i t h e r  t h e  carbonaceous m a t t e r  of t h e  carbonaceous m e t e o r i t e  o r  t h e y  

a r e  m i n e r a l  c a r r i e r s  t h a t  a r e  themselves  i n s o l u b l e  i n  a c i d  o r  a r e  con ta ined  

w i t h i n  and p r o t e c t e d  by carbonaceous m a t t e r .  F u r t h e r  s t u d i e s  on t h e  r e s i d u e s  

a r e  a l s o  p o s s i b l e  and y i e l d  u s e f u l  in fo rmat ion .  

Another t echn ique  t h a t  h a s  been found e s s e n t i a l  f o r  n o b l e  g a s  s t u d i e s  i s  

p a r t i a l  r e l e a s e  of t h e  g a s e s  a s  a f u n c t i o n  of temperature .  For  example, a  



bulk sample is heated in a crucible for enough time to effectively outgas it 

at that temperature. The gas is collected and analyzed isotopicalBy. Then 

the temperature is increased (typically by an increment of 100K) and the pro- 

cedure repeated. In general, the isotopic composition of the gas released 

differs from one temperature fraction to the next. It is then possible to 

seek the minimum number of distinct components (i.e., basis vectors) that can 

describe the entire set of compositions of the different temperature Erac- 

tions. The so-called three isotope diagram [N(i)/N(k) vs. ~(j)/Pt(k), where i, 

j, k are isotopes of the element in question] is useful because it identifies 

mixtures of components. 

Several physical mechanisms have been observed in space and in the labo- 

ratory that lead to isotopic fractionation of noble gases. One such effect is 

the strong fractionation of helium isotopes that occurs in the solar wi.nd, 

which is presumably caused by hydromagnetic acceleration or deceleration pro- 

cesses, such as critical velocity ionization, in the solar atmosphere. Con- 

densation, e.g., of ni-ckel-iron from an argon plasma, has been observed to 

lead to mass fractionation in the occluded noble gas component (Arrhenius, 

1972). The distribution of noble gas isotopes in meteorites suggests Chat 

such processes are also likely to affect condensing matter in space, Methods 

are needed to distinguish this type of effect from those due to cosmic ray 

interaction and nucleosynthetic contributions. Isotopic fractionation in 

noble gases under space excitation conditions has been only superficially 

explored experimentally, and further investigations would seem important for 

understanding the cosmic record. 

With these general remarks one can detail. the major patterns found in 

meteoritic noble gases that have been argued to have presolar memory, 

Helium. Because it has only two isotopes, the rare one, 'He, is useful 

primarily as an indicator of cosmic-ray irradiation. Perhaps the major ques- 

tion in that regard is whether the spallation reactions that produced 3 ~ e  (and 

also 2 1 ~ e ,  another major indicator) occurred entirely within the assembled 

meteorite, or whether some earlier (possible presolar) irradiation is also 
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recorded ,  T h i s  i s  u n s e t t l e d .  Ray and Vijlk (1983)  have d i s c u s s e d  t h e  n u c l e a r  

r e a c t i o n  k inemat ics  and t h e  r e t e n t i o n  of r e c o i l i n g  n u c l e i .  

Neon. Using t empera tu re  r e l e a s e  f r a c t i o n s  on bulk  m e t e o r i t e s ,  Black 

( 1 9 7 2 )  i d e n t i f i e d  f i v e  d i s c r e t e  components of neon, which he  c a l l e d  Ne-A, -B, 

-6, -D,  -E. Of t h e s e  t h e  most i n t e r e s t i n g  i s  Ne-E, which i s  now known t o  be  

e s s e n t i a l l y  pure  2 2 ~ e  (Eberhard t  -- e t  a l . ,  1979) .  Black even went s o  f a r  a s  t o  

s u g g e s t  t h a t  Ne-E was a  p r e s e r v e d  p r e s o l a r  component, a view t h a t  i s  a lmost  

u n i v e r s a l l y  accep ted  today.  The c o n d e n s a t i o n  of 2 2 ~ a  i n  sodium m i n e r a l s  out-  

s i d e  exp lod ing  s t a r s  (C lay ton ,  1975a) i s  t h e  favored  model f o r  c r e a t i n g  i t  

( s e e  t h e  S e c t i o n  on I n t e r r e l a t i o n s h i p s ) .  However, t h e  n a t u r e  and h i s t o r y  of  

t h e  We-E c a r r i e r  from condensa t ion  t o  m e t e o r i t e  i s  y e t  t o  be s p e c i f i e d ,  a  

problem t h a t  i s  s h a r e d  by a l l  n o b l e  g a s  c o n n e c t i o n s  t o  some degree .  

Argon.  With on ly  t h r e e  i s o t o p e s  (36 ,  38,  4 0 ) ,  one of which is  a  decay 

p roduc t  of 4 0 ~ ,  i t  i s  no t  e a s y  t o  s e e k  v e r y  many meaningful  c o n n e c t i o n s  t o  t h e  

p r e s o l a r  ISM. Overwhelmingly t h e  most s i g n i f i c a n t  u s e  of A r  h a s  been t h e  K-Ar 

d a t i n g  method, which l o c a t e s  m e t e o r i t e  ages  a t  4 . 5 ~ 1 0 ~  y r  i n  u n d i s t u r b e d  

c a s e s .  One g r e a t  s u r p r i s e ,  s t i l l  c o n t r o v e r s i a l ,  h a s  emerged--the d i s c o v e r y  of 

some samples t h a t  c o n t a i n  more 4 0 ~ r  t h a n  can  have been produced by 4 0 ~  decay 

o v e r  4 . 5 ~ 1 0 ~  y e a r s  ( J e s s b e r g e r  -- e t  a l . ,  1980).  A p o s s i b l e  c o n n e c t i o n  t o  pre- 

s o l a r  d u s t  i s  i n d i c a t e d ,  because  decay i n  i n t e r s t e l l a r  g r a i n s  could  c a r r y  

e x c e s s  4 0 ~ r  i n t o  t h e  e a r l y  s o l a r  system. T h i s  e f f e c t  was p r e d i c t e d  b e f o r e  

d i s c o v e r y  a s  a  g e n e r a l  a s t r o p h y s i c a l  c l u e  t o  be sought  ( C l a y t o n ,  1975a, 1977).  

J e s s b e r g e r ' s  samples  a r e  K-rich m i n e r a l s  removed from Al lende  i n c l u s i o n s ,  and 

i t  must be remembered t h a t  t h e  o r i g i n  of t h e s e  i n c l u s i o n s  and t h e i r  m i n e r a l s ,  

i s  s t i l l  not  unders tood.  

Krypton.  The l a r g e s t  i s o t o p i c  anomal ies  a r e  found i n  a c i d - i n s o l u b l e  

r e s i d u e s  of A l l e n d e  and  o t h e r  c a r b o n a c e o u s  c h o n d r i t e s .  But  f o r  v a r i o u s  

r e a s o n s  t h e  s i t u a t i o n  i s  n o t  a s  c l e a r  o r  f a v o r a b l e  t o  s t u d y  a s  i s  x e n o n  

(below).  

Xenon. Th i s  nob le  g a s  i s  b l e s s e d  w i t h  n i n e  s t a b l e  i s o t o p e s ,  s o  i t  has  

r i c h  p o s s i b i l i . t i e s  f o r  i d e n t i f y i n g  s p e c i f i c  p r o c e s s e s .  It  i s  a l s o  f o r t u n a t e  



t h a t  m e t e o r i t e s  a r e  q u i t e  r e t e n t i v e  of Xe, e v e n  though i t  i s  a n o b l e  gas, 

T h i s  means t h a t  s u r p r i s i n g l y  l a r g e  q u a n t i t i e s  of X e  a r e  a v a i l a b l e  f o r  s t u d y  

( p e r h a p s  t o  i n  compar ison  t o  abundances  of  n e i g h b o r i n g  r e f r a c t o r y  

heavy e l e m e n t s ) .  The l a r g e s t  L i t e r a t u r e  e x i s t s  on t h e  s p e c i a l  e x c e s s  a t  1 2 9 ~ e  

r e s u l t i n g  f rom t h e  decay  o f  1291, w i t h  h a l f l i f e  17 m i l l i o n  y e a r s .  The ma jo r  

e f f o r t  h a s  been  t o  t r y  t o  f i x  a r e l a t i v e  a g e  scheme f o r  m e t e o r i t e s  by assuming 

t h a t  a l l  e x c e s s  1 2 9 ~ e  h a s  r e s u l t e d  from i n  si t* 1 2 9 ~  decay  i n  t h e  m e t e o r i t e .  -- 
C l a y t o n  (1975b) q u e s t i o n e d  t h i s  on a s t r o p h y s i c a l  g rounds .  The d a t i n g  scheme 

h a s  s i n c e  been  found t o  have  some problems ( J o r d a n ,  -- e t  a l . ,  1980;  Crabb - e t  

a l . ,  1982) ,  b u t  t h e  i n t e r p r e t a t i o n  r e m a i n s  c o n t r o v e r s i a l .  A p o r t i o n  of  t h e  - 
e x c e s s  1 2 9 ~ e  may have  been  t r a p p e d  f rom t h e  b e g i n n i n g  i n  i n t e r s t e l l a r  g r a i n s  

t h a t  were n e v e r  t o t a l l y  d e g a s s e d ,  somewhat l i k e  t h e  e x c e s s  4 0 ~ r  problem n o t e d  

e a r l i e r .  

Much more e x c i t i n g  a r e  t h e  c l e a r  p r e s o l a r  i s o t o p i c  p a t t e r n s  t h a t  have  

been  found i n  t h e  e l e m e n t s  g e n e r a l l y .  One o f  t h e s e  c o r r e s p o n d s  t o  t h e  s-pro-  

c e s s  i s o t o p e s  of  Xe, and i t  h a s  been  found i n  a c i d - r e s i s t a n t  ca rhonaceous  

r e s i d u e s  ( S r i n i v a s a n  and Anders ,  1978;  Lewis -- e t  a l . ,  1979) .  T h i s  d i s c o v e r y  

h a s  p roven  t h a t  t h e  t h e o r e t i c a l  d i v i s i o n  o f  heavy-element n u c l e o s y n t h e s i s  i n t o  

s and r components i s  more t h a n  j u s t  a n  i n t e l l e c t u a l  c o n v e n i e n c e  f o r  mankind. 

N a t u r e  h a s  done  i t  f i r s t .  The q u e s t i o n  i s  where and when. The o c c u r r e n c e  of  ---- 
t h e s e  n u c l i d e s  i n  a c i d - i n s o l u b l e  r e s i d u e s  ( a n d  o n l y  i n  t h e  h i g h - t e m p e r a t u r e  

f r a c t i o n  of  t h o s e )  s u g g e s t s  ca rhonaceous  d u s t .  Carbon-r ich  r e d  g i a n t s  ( c a r b o n  

s t a r s )  have  obse rved  e x c e s s e s  of  s - p r o c e s s  e l e m e n t s ,  s o  t h e  condensa t io i l  o f  

c a r h o n  d u s t  t h e r e  seems t o  be i m p l i c a t e d .  

Xe-X, a l s o  c a l l e d  Xe-HL. Manuel e t  a l . ,  (1972)  d i s c o v e r e d  t h a t  concen- 

t r a t i o n s '  of  t h e  h e a v i e s t  ( 1 3 6 ~ e ,  1 3 4 ~ e )  and  l i g h t e s t  ( 1 2 4 ~ e ,  l Z 6 x e )  i s o t o p e s  

of  xenon a r e  g r e a t l y  enhanced i n  a  s i n g l e  c r y p t i c  component i n  ca rbonaceous  

c h o n d r i t e s ;  t h e y  named t h i s  component "Xe-X". Lewis -- e t  a l . ,  (1975)  subse -  

q u e n t l y  found t h a t  s p i n e l  and c a r b o n  i n  a c i d - i n s o l u b l e  r e s i d u e s  s e r v e  a s  

c a r r i e r s  f o r  Xe-X. R- and p- p r o c e s s  s y n t h e s i s  i n  s u p e r n o v a e  most  p l a u s i b l y  

r a t i o n a l i z e s  t h i s  Xe component ( s e e  I n t e r r e l a t i o n s h i p  S e c t i o n ) .  A s  i n  t h e  

c a s e  of  o t h e r  p r e s o l a r  n o b l e  g a s  components ,  t h e  c a r r i e r  g r a i n s  must have  



survived intact during the nebular phase of solar system history in order for 

us still to he able to see the effect today. 

Xe derived from 2 4 4 ~ ~ .  - The existence of live 244~u (t,,,, 82 myr) in 

some system of solid particles at some early time is attested to by the posi- 

tive identit ication of 244~u spontaneous fission fragments in the Xe isotopes 

of meteorites (Alexander -- et al., 1971). There are possible implications for 

presolar (Clayton, 1975b) as well as meteoritic history (Podosek, 1978). 

Presolar Isotopic Signatures Preserved in Meteorites: Involatile Elements 

Most isotopic anomalies have been found only in very special samples 

and/or special phases. These samples (CAI's) are characterized by their 

refractory nature, and range in size from <1 mm to several cm (Fig. 3). So- 

called FUN inclusions have attracted most of the attention so far: most of 

the isotopic anomalies of involatile elements have been fopnd in these 

objects. It should be pointed out, however, that small individual mineral 

grains which are not portions of larger inclusions could very well also be 

carriers of isotopic anomalies; they simply have not been studied yet to any 

extent. Three types of isotopic effects are observed in meteorites: 

1. Radiogenic effects seen as enrichment of the daughter nuclide. 

Examples are 2 6 ~ g  excesses from 26~1, 107~g from lo7Pd, and 2 ~ d  

and 1 4 3 ~ d  from 146~m and 14'sm. Radiogenic effects can be large 

for large parentldaughter concentration ratios (e.g. , 2 6 ~ g  excesses 
of >loo% in Dhajala hibonite for 27~1/24~g of 17,000: Hinton and 

Bischoff, 1984). 

2. Mass-dependent fractionation (the F in FUN). Usually up to 

1--2%/amu. 

3. Non-mass-dependent excesses" or deficits of certain nuclides, of 

unknown origin (the UN in FUN). 



Both F and UN anomalies are present in FUN inclusions. These samples 

are exceedingly rare; only a few have been found so far, but most of the 

experimental work has been concentrated on them. 

The topic of isotopic anomalies is too complex to be covered adequately 

in the brief survey that follows. For more details the reader is referred to 

reviews by Clayton (1978), Regemann (1980), Lee (1979), and Wasserburg and 

Papanastassiou (1982). Isotopic anomalies have been found in the following 

elements : 

Mg--FUN anomalies in FUN inclusions; in Murchison hibonite, only F with 

no accompanying UN effects (Hutcheon -- et al., 1983), and an excess o f -  2 6 ~ g  from 

the decay of 26~1. 

Si--FUN anomalies in FUN inclusions. F effects in Mg and S i  are related 

to fractionation effects in 0 isotopes. 

Ca--FUN anomalies in FUN inclusions; also 4 8 ~ a  excess, fairly common but 

small in non-FUN CAI's (Jungck -- et al., 1984). 

Ti--FUN anomalies in FUN inclusions (Niederer -- et al., 19E;5), but also 

the ubiquitous presence of complicated UN anomalies in many carbonaceous chon- 

drites; 50Ti excess of up to 10% in C2 hibonites (Fahey -- et al., 1985). 

~ r - - ~ ~ C r  excess in Allende CAI's (Rirk and Allegre, 1984); probably 

related to 50~i. 

Sr-, Ba, Nd, Sm--UN anomalies in FUN inclusions. 

Ag-- lo7tIg excess from the decay of lo7pd. 

These isotopic anomalies are mainly restricted to carbonaceous chon- 

drites. Exceptions are radiogenic 107~g in iron meteorites (Kaiser -- et al., 

1980), and 2 6 ~ g  anomalies in ordinary chondrites (Hinton and Bischof f , 1984). 



Isotopic anoma1i.e~ in meteorites have been taken by many to be signa- 

tures of presolar material which survived the homogenization process of the 

formation of the solar system. What evidence is there that any IS dust mate- 

rial survived? It is clear that some isotopic anomalies must have been pro- 

duced outside of the solar system, and prior to its formation. There is 

strong evidence that live 2 6 ~ 1  was present at the time of the formation of the 

minerals in which 2 6 ~ g  excesses are now found. Fractionation effects could be 

the result of solar system processes. Indeed, some F effects are correlated 

with the thermal histories of the specimens. For example, fine-grained (Group 

11) condensates are consistently enriched in lighter Mg and Si isotopes, while 

coarse-grained (Group I) evaporative residues are enriched in the heavy iso- 

topes. Recent laboratory experiments which produced non-linear mass fraction- 

ation effects in Mg by thermal evaporation (Esat -- et al., 1985) make it appear 

possible that the small Mg and Si UN anomalies seen in FUN inclusions are the 

result of solar system processes. 

However, there is no doubt that a variety of isotopic anomalies must be 

of nucleosynthetic origin. This is the case for most Ti anomalies, especially 

the very large 5 0 ~ i  excesses; also for 4 8 ~ a  and 5 4 ~ r  anomalies, which probably 

have the same source, It is also the case for the elements Ba, Nd, and Sm, 

where definite r-process or s-process patterns have been observed. 

It is not generally understood why many of these nucleosynthetic anoma- 

lies are seen in FUN samples, i.e., why they are associated with mass-depen- 

dent fractionation effects. There are notable exceptions to this association 

of F with UN: 

I. Titanium isotope anomalies, which were originally found in FUN 

samples, are also ubiquitous in other samples which do not show any mass frac- 

tionation nor any isotopic anomalies in other elements. Most prominent is the 

10% 5 0 ~ i  excess in Murray hibonite (Fahey -- et al., 1985) which does not show a 

Mg anomaly. The anomalous Ti has a homogeneous distribution in this 40 micron 

mineral grain. 



2. Very large F effects, without other anomalies, have been found in a 

Murchison hibonite by Hutcheon -- et al. (1983). The mean Mg fractionation is 

+10%/amu, but the anomalous Mg is heterogeneously distributed in tiny patches, 

among which the fractionation ranges up to >35%/amu. 

The Hutcheon et al. (1983) ion micrc~robe study is the only one that -- 
points to small carrier grains, and thus possibly to preserved IS dust. The 

only problem is that, unlike a clear nucleosynthetic signature, a manifesta- 

tion of mass-dependent fractionation is no definite proof of a presolar ori- 

gin. Most techniques of isotopic analysis do not allow the determination of 

the spatial distribution of isotopic anomalies in individual mineral grains. 

Normally, the large sample size and the chemical processing necessary for 

analysis destroys this information. In cases where the spatial distribution 

can be measured (by ion probe), no heterogeneous distribution of isotopic 

anomalies on a micron size scale has been found except for the above example, 

Most meteoritic matter is considerably coarser-grained than IS dust, and 

has undergone thermal processing 4.5~10~ years ago. Thus it is likely that 

most properties of the IS dust precursor to meteorites have. been erased. No 

direct, unequivocal experimental evidence exists for the existence of IS dust 

grains in meteoritic material. Consequently, any isotopic anomalies of pre- 

solar (nucleosynthetic) origin that were brought into the solar system were 

incorporated into larger objects (individual larger mineral grains, whole 

CAI's) from IS dust grains during the early stages of the solar system, and at 

this point the dust grains lost their identity; or possibly these larger 

objects themselves were of presolar origin. While this is unlikely (e,g., why 
. . 

would extreme 50~i effects be found in a hibonite with normal. Mg isotdpic 

composition?) and probably is not the case for whole CAI's, it cannot be 

strictly ruled out for some individual mineral grains. Only improved measure- 

ments probing the isotopic composition on a small spatial scale will be able 

to settle this question. 
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F i g u r e  Captions 

F i g u r e  1. An i n t e r p l a n e t a r y  d u s t  p a r t i c l e  .(IDP) c o l l e c t e d  i n  t h e  e a r t h ' s  

s t r a t o s p h e r e ;  n o t e  1  micron s c a l e  ba r .  T h i s  p a r t i c u l a r  o b j e c t  i s  a  c h o n d r i t i c  

porous a g g r e g a t e  (CPA), c o n s i s t i n g  of r e l a t i v e l y  l a r g e  g r a i n s  of c r y s t a l l i n e  

Mg,Fe s i l i c a t e s  and s m a l l e r  (0 .1  micron)  anhydrous g r a i n s  of v a r i a b l e  composi- 

t i o n .  F i g u r e  from Brad ley  -- e t  a l .  (1983b).  

F i g u r e  2. Chondrules i n  t h e  T i e s c h i t z  UOC c h o n d r i t e  ( t h i n  s e c t i o n ,  i l l u m i -  

na ted  by t r a n s m i t t e d  l i g h t ;  wid th  o f  f i e l d ,  4 mm). These c o n s i s t  l a r g e l y  of  

t h e  Mg,Fe s i l i c a t e s  o l i v i n e  and pyroxene. T h e i r  t e x t u r e s  ( c r y s t a l  morpholo- 

g i e s )  a r e  c h a r a c t e r i s t i c  of igneous  rocks .  F i g u r e  from Wood (1985) .  

F i g u r e  3. A l a r g e  ( d i a m e t e r ,  2.4 cm), coa rse -g ra ined  Ca,Al-r ich  i n c l u s i o n  

( C A T )  from t h e  C V 3  c h o n d r i t e  Allende.  Thin  s e c t i o n ,  i l l u m i n a t e d  by t r a n s -  

m i t t e d  l i g h t .  The m i n e r a l s  a r e  m e l i l i t e ,  a n o r t h i t e ,  f a s s a i t e ,  and s p i n e l ,  

compounds e n r i c h e d  i n  t h e  most i n v o l a t i l e  e l ements  ( s u c h  a s  Ca and A l ) .  The 

igneous  t e x t u r e  and s p h e r o i d a l  shape  make i t  c l e a r  t h a t  t h i s  o b j e c t  was once a 

mol ten  g l o b u l e .  F i g u r e  Erom Cla rke  -- e t  a l .  (1970) .  

F i g u r e  4, Mat r ix  i n  t h e  CV3 c h o n d r i t e  A l l e n d e  (SEM b a c l t s c a t t e r e d - e l e c t r o n  

image of a  p o l i s h e d  s e c t i o n ;  wid th  of f i e l d ,  110 mic rons ) .  T h i s  c o n s i s t s  of a  

l o o s e  a g g r e g a t i o n  o f ,  m o s t l y ,  p l a t e s  of f e r r o u s  o l i v i n e  which appear  a s  rods  

where c u t  by t h e  s e c t i o n .  Also  v i s i b l e  a r e  minor amounts of m e t a l  and s u l f i d e  

m i n e r a l s  ( w h i t e )  and pyroxene ( d a r k e r  g r a y ,  i r r e g u l a r ) .  P o r e  s p a c e  appears  

b lack .  F i g u r e  c o u r t e s y  of J. A. Peck. 

F i g u r e  5 ,  Submicron g r a p h i t e - m a g n e t i t e  a g g r e g a t e  i n  a  c l a s t  Erom t h e  r e g o l i t h  

b r e c c i a  c h o n d r i t e  Sharps  (SEM b a c k s c a t t e r e d - e l e c t r o n  image of a po l i shed  

s e c t i o n ;  n o t e  5 micron s c a l e  b a r ) .  The f i n e s t - g r a i n e d  a r e a s  o f  t h e  image, 

which a r e  p o o r l y  r e s o l v e d ,  a r e  g r a p h i t e  and magne t i t e .  White,  i r r eg f i l l a r  

g r a i n s  a r e  meta l  and s u l f i d e  minera l s .  F i g u r e  c o u r t e s y  of S. Recca and E.  R.  

D. S c o t t .  
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WORRING GROUP ON CIRCUNSTELW/INTERSTELEAR RELIPTIONSHIP'S 

A. E. Glassgold et al. 

Stars of various types are believed to be the main source of I S  dust 

grains. The most important confirmed source is evolved giant and super giant 

stars, which are estimated to eject mass at a rate of approximately 0.3M 
sun 

per year (Knapp and Morris, 1985) with a gas to dust ratio on the order of 100 

(Knapp, 1985). Supernovae may also contribute a mass loss rate of the same 

order of magnitude with important additions of heavy elements to the grains, 

In reviewing the differences between circumstellar (CS) and interstellar ( I S )  

dust the working group discussed the following topics: 

1. Alteration of CS Dust Grains on Entering the ISM - Before a grain 

begins its long and complicated life in the interstellar medium, it may under- 

go significant changes as the CS ejecta dissipate and merge into the ISM, 

Although practically no work has been done on this subject, it was noted that 

a terminating shock, occurring when a CS envelope (CSE) is stopped by the ISM, 

may alter the grains. Another concern is with the high speeds of supernovae 

ejecta, which could lead to significant grain destruction. 

2. Size Distributions of CS and IS Grains - Much less is known about 
the size distribution of CS as compared to IS grains. Jura (invited talk) 

presented evidence for the rough similarity in size of IS and CS dust grains 

around evolved stars. One approach might be to combine UV absorption measure- 

ments with observations of near infrared emission features, as Sitko, Savage, 

and Meade (1981) have done for early type stars. 

Observations of CS dust envelopes at high spatial resolution might also 

be useful in this connection. Fairly sophisticated theoretical models can be 

constructed for symmetrical envelopes which can be used to interpret observa- 

tions of scattering (at optical wavelengths) and emission (at IR wavelengths). 

The models provide a diagnostic aid for determining the gross properties of 

the CS grain size distribution. The spectral shape of the 9.7 micron feature 

might also give a clue to the amount of processing which CS grains undergo 
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b e f o r e  e n t e r i n g  t h e  ISM. For  example,  t h e  g r a i n s  might  become c r y s t a l l i n e  i f  

t h e y  a r c  a n n e a l e d  i n  t h e  CS ou t f low.  

3 .  S p a c e  O b s e r v a t i o n s  of  CS and I S  Dust  - O b s e r v a t i o n s  f rom s p a c e  c a n  - 
advance  o u r  u n d e r s t a n d i n g  of c i r c u m s t e l l a r  g r a i n s  and t h e i r  r o l e  i n  mass l o s s  

f rom s t a r s .  F o r  example,  g r a i n s  f l o w i n g  o u t  of  s t a r s  scat ter  the  i n c i d e n t  

s t a r l i g h t ,  p roduc ing  r e f l e c t i o n  n e b u l a e ,  and r e - r a d i a t e  t h e  s t e l l a r  r a d i a t i o n  

in t h e  i n f r a r e d .  A r e f l e c t i o n  n e b u l a  can  be s e e n  i n  t h e  c a s e  of t h e  Egg 

Mehula (CRL 2688) where b i p o l a r  o u t f l o w  i s  o b s e r v e d  edge  on. However, i n  most  

cases ( e . g ,  Alpha O r i o n i s )  i t  is  d i f f i c u l t  t o  o b s e r v e  t h e  r e f l e c t i o n  n e b u l a e  

b e c a u s e  of s c a t t e r i n g  i n  t h e  E a r t h ' s  a tmosphe re .  With Space T e l e s c o p e ,  i t  

s h o u l d  be p o s s i b l e  t o  make maps of  CS r e f l e c t i o n  n e b u l a e  a t  v a r i o u s  wave- 

lengths i n  t h e  o p t i c a l  and u l t r a v i o l e t  bands .  

More c o m p l e t e  i n f o r m a t i o n  on t h e  CS g r a i n s  can  be  o b t a i n e d  f rom s t u d i e s  

of t h e  energ:y b a l a n c e  of  t h e  n e b u l a e ,  which can  be accompl i shed  by measu r ing  

the f l u x  of r a d i a t i o n  i n  t h e  I R .  SIRTF w i l l  be s u i t a b l e  f o r  measu r ing  t h e  

d u s t  r e r a d i a t i o n  from 100 t o  200 mic rons  and ,  i n  some c a s e s  s u c h  as Alpha 

O r i o n i s ,  w i l l  a l s o  be a b l e  t o  p r o v i d e  maps o f  t h e  e m i s s i o n .  

It s h o u l d  be  n o t e d  t h a t  t h e  p roposed  F a r  U l t r a v i o l e t  S p e c t r o s c o p i c  

E x p l o r e r  (FUSE) c o u l d  a l s o  c o n t r i b u t e  t o  t h e  s t u d y  o f  i n t e r s t e l l a r  g r a i n s .  

The p r i n c i p a l  i n s t r u m e n t  w i l l  be a s p e c t r o g r a p h  o p t i m i z e d  f o r  t h e  912 t o  1200A 

band. Al though i t s  h i g h  r e s o l v i n g  power (30 ,000)  i s  i n t e n d e d  f o r  abundance  

d e t e r m i n a t i o n s  of t h e  i n t e r s t e l l a r  g a s ,  l o w e r  r e s o l u t i o n s  w i l l  be a v a i l a b l e  

for d e t e r m i n i n g  UV e x t i n c t i o n  c u r v e s .  S p e c t r o g r a p h s  w i l l  a l s o  be  a v a i l a b l e  i n  

the 200 t o  912A and 1200-2000A bands ,  and t h e  l a t t e r  i n s t r u m e n t  would a l s o  be  

u s e f u l  f o r  e x t i n c t i o n  measurements .  

4 ,  - Cornparison of  CS and I S  S p e c t r a  - A d e t a i l e d  u n d e r s t a n d i n g  of t h e  

q u a n t i t a t i v e  d i f f e r e n c e s  obse rved  i n  CS and I S  d u s t  s p e c t r a  would be most  

i n f o r m a t i v e  on t h e  p r o p e r t i e s  of  newly formed d u s t  and how i t  is  m o d i f i e d  i n  

o \n t f lows and i n  t h e  ISM. We d i v i d e  t h e  f o l l o w i n g  d i s c u s s i o n  of  compar i sons  

a c c o r d i n g  t o  whether  t h e  CSE i s  C-r ich  o r  0 - r i c h .  
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a .  0-Rich CSEs - The 9.7 micron s i l i c a t e  f e a t u r e  is  observed i n  bo th  CS 

and I S  environments ,  Although t h e  CS emiss ion  f e a t u r e  i s  q u a l i t a t i v e l y  s i m i -  

l a r  t o  t h a t  observed toward t h e  Orion Trapezium r e g i o n ,  t h e r e  a r e  s i g n i f i c a n t  

q u a n t i t a t i v e  v a r i a t i o n s  from s t a r  t o  s t a r  ( F o r r e s t  e t  a l . ,  1975).  These 

d i f f e r e n c e s  could  have a  v a r i e t y  of e x p l a n a t i o n s ,  e .g.  s i z e ,  compos i t ion ,  and 

p h y s i c a l  c o n d i t i o n s .  Papou la r  and Pegour ie  (1983) have emphasized t h e  impor- 

t a n c e  of  t h e  s i z e  d i s t r i b u t i o n ,  b u t  members of t h e  workshop s u s p e c t  composi- 

t i o n a l  d i f f e r e n c e s  p l a y  a  r o l e .  I n  d i s c u s s i n g  t h e s e  i n t e r e s t i n g  q u a n t i t a t i v e  

d e t a i l s ,  i t  i s  impor tan t  n o t  t o  f o r g e t  t h a t  t h e  s i m i l a r i t y  between t h e  I S  and 

CS 9.7 micron f e a t u r e s  ( u s u a l l y  a s s o c i a t e d  w i t h  t h e  Si-0 s t r e t c h  mode), s u p -  

p o r t e d  by a  s i m i l a r  correspondance between t h e  20 micron f e a t u r e  ( u s u a l l y  

a s s o c i a t e d  w i t h  t h e  0-Si-0 bending mode) p r o v i d e  s u p p o r t  f o r  a  c o n n e c t i o l ~  

between I S  and CS g r a i n s .  

The s h a p e  and p o s i t i o n  of t h e  9.7 micron a b s o r p t i o n  f e a t u r e  can a l s o  

vary  from I S  c loud  t o  I S  c loud.  Ai tken  e t  a l .  (1981) have made h i g h  s p a t i a l  

r e s o l u t i o n  o b s e r v a t i o n s  o f  t h e  O r i o n  s o u r c e s ,  B N ,  I R c 2 ,  a n d  I R c 4 ,  w h i c h  

s u g g e s t  t h a t  t h e  d i f f e r e n c e s  between t h e s e  s o u r c e s  a r e  most lnlcely due t o  

r a d i a t i v e  t r a n s f e r  e f f e c t s ,  r a t h e r  t h a n  composi t ion.  

b e  C-Rich S t a r s  - The IR s p e c t r a  a r e  g e n e r a l l y  f a i r l y  smooth ( F o r r e s t  

e t  a l . ,  1975) ,  and a r e  b e l i e v e d  t o  a r i s e  from the rmal  r a d i a t i o n  by amorphous 

ca rbon  g r a i n s .  A f e a t u r e  a t  11 microns i s  commonly a s c r i b e d  t o  SiC. 

The most impor tan t  I S  d u s t  s p e c t r a l  f e a t u r e ,  a lmos t  a lways  a s s o c i a t e d  

w i t h  carbon ( i n  t h e  form of g r a p h i t e ) ,  i s  t h e  bump i n  t h e  s e l e c t i v e  e x t i n c t i o n  

a t  21758. Th i s  bump h a s  not  been d e t e c t e d  i n  t h e  CSEs of evolved 6 - r i ch  

s t a r s ,  which produce a  l a r g e  p a r t  of t h e  I S  d u s t ,  because  t h e  s t a r s  a r e  not  

s u f f i c i e n t l y  b r i g h t  i n  t h e  UV. The f e a t u r e  h a s  been s e e n  i n  NGC 7027, bu t  it 

i s  u n c e r t a i n  whether  i t  i s  CS o r  IS.  R  Corona B o r e a l i s  does  show an e x t i n c -  

t i o n  peak n e a r  2400-26008 (Hecht e t  a l . ,  1984) ,  which is  b e l i e v e d  t o  i n d i c a t e  

amorphous o r  g l a s s y  carbon.  Wu e t  a l .  (1978) observed a  2200.4 hump i n  a  6- 

r i c h  n o v a ,  Nova C y g n i  1 9 7 8 ,  b u t  a  q u a n t i t a t i v e  m e a s u r e m e n t  i s  d i f f i c u l t  

because  of t h e  v a r y i n g  continuum. The 21756 bump h a s  a l s o  been d e t e c t e d  i n  

some A , B  (Herbig  Ae,Be and p e c u l i a r  s h e l l )  s t a r s  ( S i t k o  e t  a l , ,  19811, some 



w h a t  weakened and  s h i f t e d  i n  w a v e l e n g t h  - p r e s u m a b l y  d u e  t o  t h e  s p e c i a l  

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

R u s s e l l  e t  a l .  (1978) have d e t e c t e d  s t r o n g  emiss ion  a t  6.2 and 7.7 

microns i n  t lD 44179, t h e  c e n t r a l  s t a r  of t h e  Red Rectangle .  Th i s  o b j e c t  a l s o  

h a s  e m i s s i o n  f e a t u r e s  a t  3.3 a n d  11 .3  m i c r o n s ,  a s  w e l l  a s  a n  u n u s u a l  U V  

spectrum ( S i t k o  e t  a l . ,  1981). The I R  emiss ion  f e a t u r e s  a r e  a l s o  observed i n  -- 
WGC 7 0 2 7  and o t h e r  s o u r c e s  w h e r e  UV r a d i a t i o n  i s  p r e s e n t .  They a r e  now 

b e l i e v e d  t o  a r i s e  from PAHS, a s  d i s c u s s e d  i n  J u r a ' s  review. Although t h e  

e v o l u t i o n a r y  s t a t e  and p h y s i c a l  p r o p e r t i e s  of HD 44179 a r e  q u i t e  obscure ,  t h e  

o b s e r v a t i o n s  do s u g g e s t  a  p a r t i c u l a r l y  i n t e r e s t i n g  connec t ion  between IS  and 

C S  d u s t ,  It would c l e a r l y  be of g r e a t  i n t e r e s t  t o  d e t e c t  PAHS i n  CS environ-  

ments where d u s t  i s  forming. 

5 ,  I s o t o p i c  S i g n a t u r e s  o f  IS  Dust - One p o t e n t i a l  way t o  connect  CS 

g r a i n s  and /or  l a r g e  molecu les  and i n t e r s t e l l a r  m a t e r i a l  i s  t o  measure i s o t o p e  

r a t i o s  i n  t h e  I R  bands. For  example, t h e  3.4 micron a b s o r p t i o n  band, s e e n  

toward t h e  g a l a c t i c  c e n t e r ,  has  s t r u c t u r e  a p p r o p r i a t e  f o r  a l i p h a t i c  hydrocar-  

bons. It may be hoped t h a t  a s  s igna l - to -no i se  and s e n s i t i v i t y  improve t h e  13c 

c o u n t e r p a r t  w i l l  be measured. Carbon s t a r s  seem t o  have a c h a r a c t e r i s t i c  

r a t i o  of '*c t o  13c of about  35. I t  would a l s o  be of i n t e r e s t  t o  s e a r c h  f o r  

t h e  d e u t e r a t e d  C-H s t r e t c h  which shou ld  be o b s e r v a b l e  a t  about  4.76 microns. 

6 .  - Magel lan ic  Clouds and Nearby G a l a x i e s  - S t u d i e s  of d u s t  i n  nearby 

gal .axies  a r e  impor tan t  i n  unders tand ing  t h e  d u s t  i n  t h e  Milky Way. F u r t h e r  

p r o g r e s s  should be p o s s i b l e  w i t h  Space Telescope.  It i s  i n t e r e s t i n g  t o  n o t e  

that t h e  heiivy e lements  i n  t h e  Mage l len ic  c louds  a r e  s i g n i f i c a n t l y  reduced 

r e l a t i v e  t o  t h e  Milky Way, and t h a t  t h e  C / O  r a t i o  i s  l a r g e r  (Dufour e t  a l . ,  

1982) .  J u r a  (1985) h a s  sugges ted  an  e x p l a n a t i o n  of t h i s  s i t u a t i o n  i n  terms of 

i d e a s  about  mass l o s s  from red g i a n t s  and s t e l l a r  e v o l u t i o n .  Tf t h e  f i n a l  

s t a g e s  of mass l o s s  from evolved s t a r s  a r e  d r i v e n  by r a d i a t i o n  p r e s s u r e  on 

g r a i n s ,  t h e n  t h e  Mage l len ic  Cloud s t a r s  have l o s t  r e l a t i v e l y  l e s s  mass i n  t h e  

p a s t  the reby  producing a  l a r g e r  number of supernovae - which cou ld  e x p l a i n  t h e  

l a r g e r  O / C  r a t i o ,  The o b s e r v a t i o n  of s o  many C s t a r s  i n  t h e  c l o u d s  would t h e n  

s u g g e s t  t h a t  t h i s  s i t u a t i o n  i s  now be ing  a l t e r e d  by t h e  i n j e c t i o n  of C-rich 



m a t e r i a l ,  and t h a t  t h e  t r e n d  of chemical  e v o l u t i o n  of t h e  c louds  i s  toward t h e  

chemical  composi t ion of t h e  Milky Way. Although t h i s  s c e n a r i o  i s  s p e c u l a t i v e ,  

i t  does  i l l u s t r a t e  how t h e  s t u d y  of abundances and d u s t  i n  nearby g a l a x i e s  i s  

r e l e v a n t  t o  our  u n d e r s t a n d i n g  of g a l a c t i c  chemical  e v o l u t i o n .  

7. The L i f e  Cycle  of Dust Gra ins  - The p r e l i m i n a r y  t l ~ e o r e t i c a l  r e s u l t  

of  Seab and c o l l a b o r a t o r s  ( t h i s  volume) t h a t  most I S  g r a i n s  w i l l  be d e s t r o y e d  

i n  about  100 m i l l i o n  y e a r s  was one of t h e  most i n t e r e s t i n g  r e s u l t s  d i s c u s s e d  

a t  t h e  workshop .  S e a b  e t  a l .  a t t e m p t  t o  f o l l o w  g r a i n s  i n  t h e i r  p a s s a g e  

th rough  t h e  d i f f e r e n t  phases  of t h e  ISM, t r e a t i n g  v a r i o u s  growth and d e s t r u c -  

t i o n  p rocesses .  The e f f e c t s  of f a s t  ( > I 0 0  - km/s) shocks  a r e  found t o  be most 

i m p o r t a n t ;  such  shocks  a r e  b e l i e v e d  c a p a b l e  of complete ly  e v a p o r a t i n g  g r a i n s .  

The complete model i n v o l v e s  many complex p h y s i c a l  p r o c e s s e s  some of which a r e  

n o t  complete ly  unders tood .  Seab ' s  r e s u l t  r e q u i r e s  a  d u s t  r ep len i shment  t ime 

between lo8 and 10' y e a r s ,  i .e. g r a i n s  must be formed i n  t h e  ISW - and i t  i s  

q u i t e  u n c l e a r  how t h i s  can be accomplished,  The s i t u a t i o n  could  be saved by 

m o d i f i c a t i o n s  i n  t h e  t h e o r y ,  e.g. some f r a c t i o n  of t h e  a v a i l a b l e  supernova 

energy  may be l o s t  i n t o  t h e  h a l o  of t h e  Milky Way, o r  g r a i n s  may be s h a t t e r e d  

by f a s t  shocks  r a t h e r  t h a n  vapor ized.  I n  any c a s e ,  t h e  p r o c e s s e s  which d e t e r -  

mine t h e  l i f e  c y c l e  of d u s t  g r a i n s  need t o  be b e t t e r  unders tood  b e f o r e  t h i s  

impor tan t  q u e s t i o n  can be reso lved .  

8 ,  P h y s i c a l  and Chemical Data - The d i s c u s s i o n  of g r a i n  p r o p e r t i e s ,  

p a r t i c u l a r l y  s p e c t r a l  f e a t u r e s  ( e x e m p l i f i e d  by t h e  r e c e n t l y  recognized  impor- 

t a n c e  of p o l y c y c l i c  a r o m a t i c  hydrocarbons)  h i g h l i g h t s  t h e  importance of b a s i c  
6 

p h y s i c a l  and chemical  in fo rmat ion .  F u r t h e r  p r o g r e s s  i n  unders tand ing  t h e  

n a t u r e  of CS and I S  d u s t  and t h e i r  gaseous  environments r e q u i r e s  a d d i t i o n a l  

s p e c t r o s c o p i c  d a t a  on a  wide v a r i e t y  of condensed m a t e r i a l s  and on t h e  r a d i a -  

t i v e  p r o p e r t i e s  of i n d i v i d u a l  molecules  i n  many wavelength bandis. Th i s  i s  a 

common s i t u a t i o n  f o r  r e s e a r c h  on t h e  i n t e r s t e l l a r  medium, and t h e  normal a c t i -  

v i t y  of p h y s i c i s t s  and chemis t s  never  seems t o  s a t i s f y  t h e  demands of a s t r o -  

phys ics .  Th i s  working group would l i k e  t o  encourage NASA s u p p o r t  f o r  some of 

t h e  most b a s i c  r e s e a r c h  i n  t h i s  a r e a  t o  pe rmi t  i n c r e a s e d  r e a l i z a t i o n  of t h e  

p o t e n t i a l  of space  based r e s e a r c h .  S c i e n t i s t s  i n t e r e s t e d  i n  CS/IS/IP d u s t  



c o u l d  a l s o  make a n  i m p o r t a n t  c o n t r i b u t i o n  by e n c o u r a g i n g  t h e i r  home i n s t i t u -  

t i o n  t o  pronlote b a s i c  r e s e a r c h  i n  r e l a t e d  a r e a s  o f  p h y s i c s  and c h e m i s t r y .  
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INTERRELATIONSHIPS BETWEEN INTERSTELLAR AND INTERP 

D, D. Clayton et al. 

INTRODUCTORY 

No r e l a t i o n s h i p  between s o l a r  sys tem "dus t "  (SSD) and i n t e r s t e l l a r  d u s t  

p a r t i c l e s  (ISMD) can  be  t aken  f o r  g r a n t e d .  The h i s t o r i c a l  p o s i t i o n  h a s ,  f o r  

t h e  most p a r t ,  been t h a t  l i t t l e  o r  no r e l a t i o n s h i p  e x i s t s  -- t h a t  SSD and 

m e t e o r i t e s  come Erom c o l l i s i o n s  among b o d i e s  Eormed i n  t h e  s o l a r  sys tem Erom 

d u s t  a l s o  formed from a n  i n i t i a l l y  gaseous  s o l a r  nebula.  Today t h a t  p o s i t i o n  

is  b e i n g  r e t h o u g h t ,  s p u r r e d  p r i m a r i l y  by t h e  d i s c o v e r y  of i s o t o p i c  anomal ies  

i n  m e t e o r i t e s .  It is  u n c l e a r  whether SSD h a s  any r e l a t i o n s h i p  t o  t h e  ISM o r  

no t .  Our purpose  t h e n  i s  t o  s e e k  ev idence  f o r  t h e  e x t e n t  of any e x i s t i n g  

r e l a t i o n s h i p s .  

What o n e  wants  i s  a  complete  d e s c r i p t i o n  oE i n t e r s t e l l a r  g r a i n s  s o  t h a t  

comparisons w i t h  w e l l  documented s o l a r - s y s t e m  samples can l e a d  by i n f e r e n c e  t o  

t h e  h i s t o r y  t h a t  h a s  produced t h e  l a t t e r  from t h e  Eormer. T h i s  is a  l o t  t o  

a s k ,  b u t  s lowly  t h e  i n f o r m a t i o n  can be assembled.  Are i n t e r s t e l l a r  g r a i n s  

chemica l ly  f r a c t i o n a t e d  (e.g. S i  s e p a r a t e d  from Fe) o r  a r e  they  r a t h e r  w e l l  

mixed, of rough ly  c h o n d r i t i c  abundances? Do core-mantle s t r u c t u r e s  r ecord  

f r a c t i o n a t i o n  owing t o  thermal. condensa t ion  sequences  o r  a r e  g r a i n s  more amor- 

phous? What i s  t h e  compos i t ion  and h i s t o r y  of v o l a t i l e  m a n t l e s ?  What s p e c i a l  

i s o t o p i c  components e x i s t ?  For  s t u d i e s  r e l a t e d  t o  t h e  o r i g i n  of t h e  s o l a r  

sys tem one may need t o  know t h e  s p e c i f i c  composi t ion i n  molecu la r  c l o u d s ,  

whereas  f o r  g r a i n s  e n t e r i n g  t h e  s o l a r  sys tem today one may r e q u i r e  t h e  pro- 

p e r t i e s  of g r a i n s  i n  a  h o t  low-density shocked medium l i k e  t h a t  s u r r o u n d i n g  

t h e  s o l a r  system. To m a i n t a i n  some s t r u c t u r e  we w i l l  d i s t i n g u i s h  between 

t h e s e  two major epochs  t h a t  a r e  under  s t u d y .  



1, ImEWEWLTIONSEIPS AT TIHE OF SOLAR FORMATION 

A. MeteorPtic Record 

Radioactive chronometers show that the meteorites assembled about 4.55 x 
9 10 years ago, probably in association with the birth of the sun. Until about 

ten years aglo, most meteoriticists assumed that the dust contained within the 

meteorites a:Lso had formed at that same time from an initially gaseous solar 

system. Following the discovery of isotopic anomalies there developed a view 

(Clayton, (1978) Moon and Planets, - 19, 109) that severe isotopic and chemical 

fractionatiorl of specific subclasses of presolar dust from others has left 

many "fingerprints" in the'meteoritic record. This perspective succeeds the 

view of a nearby supernova admixing isotopic anomalies inhomogenously into the 

solar gas (Cameron and Truran (1977) Icarus, - 30, 447 and most papers reporting 

isotopic anomalies). These "fingerprints" partially survived the chemical 

processes of transformation from submicron material to macroscopic minerals 

and breccias, leaving a chemical memory of their prior state that needs 

"developing" (as in film) by careful chemical experiments. To the extent that 

this interrelationship exists, it records conditions at that time rather than 

today, even though the chemical experiments are done today. The implied rela- 

tionship is between interstellar dust and the processes of aggregation and 

chemical alteration that occurred within the forming solar system, probably in 

a turbulent ,secretion disk around the forming sun (Morfill and Volk (1984) 

287, 371: Cameron (1978) Moon and Planets, 18, 5; Lin (1981) Astrophys. J.-, - - 
Astrophys. J.., - 246, 972). 'In this general theory of the meteoritic record, 

one does not (expect to find ISMD per se, but rather effects remembered when it* 

is fused inti:, new forms. The ways in which this might have happened are 

frontier research areas. 

What on!? sees today (primarily from isotopic anomalies) are clues that a 
9 relationship existed 4.55 x 10 yr ago between ISMD and the SSD of that era 

which aggregated into the parent bodies of the meteorites. Conceptually one 

can distinguish between the relationship of SSD to ISMD and the relation of 

SSD to Circumstellar dust. Because the experimental evidence relating to this 

interrelationship is primarily chemical, the thread being sought is that of 



chemical memory from source to meteorite (Clayton (1982) (Q. J.Roy. Astron. 

Soc. 23, 174). To clearly envision ISMD/SSD interrelations, it is first -- 
advisable to identify the more dramatic circumstellar/SSD connections, because 

it is they that attest to the entire cosmic chemical memory. The following 

circumstellar/meteoritic connections are not offered to "explain" more compli- 

cated meteoritic situations, but rather to highlight the excitement of well 

documented isotopic patterns that may be rationalized by nucleosynthesis and 

stellar condensation. This excitement was the direct result of dozens of 

experimental discoveries by meteoritic chemists over the past dozen years. It 
will not be our intent to document all of these in what follows, but rather to 

point to especfally clear treatments. 

Many observable chemical properties of meteorites seem to have first 

been established during mass loss from stars. Condensation in the outflow can 

freeze circumstellar material before it mixes with the ISM, freezing an 

anomaly while it is still quite large. Two stages of processing, one in the 

ISM and one in the processes of solar aggregation, will have modified these 

materials. 

i) Isotopic Connections (Circumstellar) 

Because dust is expected to condense in stellar outflows, even of super- 

novae (Hoyle and Wickramasinghe, 1970 Nature, - 226, 62; Clayton, 1975 Nature,, 

257, 36) and novae (Geisel et al., 1970 Ap. J. (Letters), 161, L101; Clayton - - 
and Hoyle, 1976 Astrophys. J., 203, 490; Clayton and Wickramasinghe, 1976 

Astrophys. Spa. Sci., - 42, 463), isotopic 'structures specific to the star and 

even to specific radial zones of the star may be trapped within that dust and 

offer an explanation for the origin of many isotopically anomalous materials. 

Key examples of this circumstellar/meteoritic connection are: 

(a) ~e-E, an almost isotopically pure 2 2 ~ e  component identifiable as a 

specific gas release from certain meteoritic samples (Black, Geochim. Cosmo- 

chim. .Acta, - 36, 377 (1972); Eberhardt et al., 1979 Astrophys. J. (Letters), 



234, L169; Lewis et al., 1979 Astrophys. J. (Lett.), 234, 165). Clayton - 
(1975, Nature, 257, 36) suggested that sodium condensed in nova and supernova - 
effluent and that these grains, enriched in 2 2 ~ e  after condensation by 22Na 

decay during the next several years, could carry a 2 2 ~ e  component in ISMD- 

Although no other explanation seems to produce such a high-purity sample of 

22~e, it cannot be concluded merely by default that this source is the correct 

one. Still needed are definitive descriptions of the meteoritic carriers and 

the way they evolved from the circumstellar carriers. 

(b) 160, - a monotopic excess of up to 5% in anhydrous minerals from 

Allende inclusions and other related objects. In their discovery paper R. 

Clayton et al. (1973, Science, 182, 485) speculated that the 16~-excess came - 
from interstellar grains with a nucleosynthetic history different from average 

solar system material, while D. Clayton (1975, Astrophys. J., 199, 765; 1977 
Icarus, 32, 255, 1978 op. cit) argued instead that condensation in the outflow 
of a supernova interior was necessary. Later Cameron and Truran (1977 Icarus, 

30, 447) interpreted the available observations as an inhomogeneous spatial - 
admixture of newly synthesized 160 from a supernova trigger to solar birth. 

One current model is that the supernova condensates (SUNOCONs) created ''0- 

rich refractory grains, thereby establishing a generic line to the refractory 

160-rich meteoritic minerals. That spinel ( ~ g ~ 1 ~ 0 ~ )  is the most 160-enriched 

of all interstellar minerals is predicted by the SUNOCON theory, since that 

mineral is predicted to be the major condensate of the carbon-burning ejecta 

(Clayton 1977, Earth Planet. Sci. Lett., 35, 398; Lattimer et al., 1978 Astro- - 
phys. J., 2, 230). However, it does not follow that the spinels as found in 

meteorites are themselves SUNOCONs, or even that the spinel agreement is more 

than a coincidence; more likely the SUNOCONs were nucleation sites for growth 

or amalgamation of macroscopic spinels in the secondary mineralization pro- 

cesses occurring in the solar nebula. R. Clayton (1984 Protostars and Planets 

11, Tucson) has described what the meteoritic evidence seems to suggest. This 

theory also predicts that refractory interstellar dust must be more 160-rich 

in bulk than is interstellar gas, a useful feature of models of later exchange 

of oxygen (R. Clayton and Mayeda (1977) Geophys. Res. Lett., 4, 295; Wood, 

1981 EPSL 56, 32). -- 



( c )  Xe-HL, once  c a l l e d  "ca rbonaceous  c h o n d r i t e  E i s s i o n  (CCF) xenon" and 

somet imes  r e f e r r e d  t o  as Xe-X. Lewis e t  a l .  (1975 S c i e n c e ,  - 190 ,  1251) made a 

g r e a t  i n n o v a t i o n  by c h e m i c a l l y  s e p a r a t i n g  v i a  a c i d  d i s s o l u t i o n  t h e  m i c r o s c o p i c  

p o r t i o n s  of m e t e o r i t e s  t h a t  c a r r y  t h i s  - Heavy- i so tope - r i ch  and - L i g h t - i s o t o p e -  

r i c h  component o f  anomalous xenon. The name CCF xenon h a s  1argc:ly been d i s -  

c a r d e d  a f t e r  Manuel. e t  a l .  (1972 -- N a t u r e ,  - 240,  99 )  showed t h a t  t h e  a s s o c i a t e d  

l i g h t - i s o t o p e  e x c e s s  c o u l d  n o t  be  f i s s i o n  xenon,  s o  t h a t  a name i n v o l v i n g  

f i s s i o n  xenon would n o t  seem a p p r o p r i a t e .  They s u g g e s t e d  t h e  name Xe-X and 

a l s o  s u g g e s t e d  t h a t  a m i x t u r e  of - r - p r o c e s s  xenon and p-process  xenon,  which  

b e a r s  a  s i m i l a r i t y  t o  Xe-X, c o u l d  h a v e  been  e j e c t e d  i n t o  t h e  s o l a r  s y s t e m  by a  

nea rby  supernova .  C l a y t o n  (1975,  Ap. J., 199, 765; 1976 Geochim. Cosmochim. 

Ac ta ,  40 ,  563) p r e f e r r e d  c o n d e n s a t i o n  w i t h i n  SUNOCONs; B lack  (197,5 N a t u r e ,  - - 
253,  417)  advanced a s imilar  i n t e r p r e t a t i o n .  SUNOCONs g r e a t l y  s h o r t e n e d  t h e  - 
r a n g e  of  h a l f  l i v e s  of  f i s s i o n i n g  n u c l e i  t h a t  c o u l d  h a v e  c o n t r i b u t e d  t o  a 

f i s s i o n  component. Subsequen t  e x p e r i m e n t a l  s t u d i e s  by Lewis -- e t  a l ,  ( N a t u r e ,  

305,  767 (1983) ;  S c i e n c e ,  222, 1013 ( 1 9 8 3 ) )  d e m o n s t r a t e d  t h a t  i n  s i t ~  f i s s i o n ,  - -- - -- 
t h a t  i s  t o  s a y ,  f i s s i o n  w i t h i n  t h e  m e t e o r i t e  i n  i t s  p r e s e n t  Form, i s  no longer  

a v i a b l e  a l t e r n a t i v e .  N e i t h e r  t h e  n u c l e a r  o r i g i n  no r  t h e  h i s t o r y  of  t l ~ i s  

component h a s  been  p inned  down, b u t  some invo lvemen t  w i t h  c i r cums  t e l l a s  d u s t  

seems t o  be i n v o l v e d  on g e n e r a l  g rounds .  A p r o m i s i n g  p i c t u r e  i s  h i g h  speed  

i m p l a n t a t i o n  i n  c i r c u m s t e l l a r  c a r b o n  g r a i n s .  ( C l a y t o n  (1981:) P r o c ,  Luna r  

P l a n e t .  S c i . ,  - 12B,  1 7 8 1 ) .  I n  a m o r e  p o p u l a r  a c c o u n t ,  L e w i s  a n d  A n d e r s  

( S c i e n t i f i c  American,  - 249,  66 (1983) )  have  s t r e s s e d  expe r imen ta l .  e v i d e n c e  f o r  

t h e  c o n n e c t i o n  be tween t h i s  component o f  anomalous xenon and g r a i n s  of c a r b o n ,  

wh ich  a r e  presumably  i n t e r s t e l l a r .  

( d )  Xe-s, o r  s - p r o c e s s  xenon. I n  a c i d  r e s i d u e s  f rom t h e  Murchison 

m e t e o r i t e ,  S r i n i v a s a n  and Anders (1978,  S c i e n c e ,  201, 51; Lewis e t  a ] , ,  1979 

o p . c i t . )  found c l e a r  e v i d e n c e  of some c h e m i c a l  carriers t h a t  had t r a p p e d  - s- 

p r o c e s s  xenon b e f o r e  i t  c o u l d  mix w i t h  ISM g a s .  Condensa t ion  o f  ca rbonaceous  

c a r r i e r s  i n  r e d  g i a n t  (C s t a r ,  S  s t a r )  a tmosphe res  seems i n d i c a t e d ,  T h i s  

p o s s i b i l i t y  had p r e v i o u s l y  been  p r e d i c t e d  i n  a p a p e r  s u b m i t t e d  f o r  p u b l i c a t i o n  

i n  1975 ( C l a y t o n  and Ward, As t rophys .  J., 224, 1000 (1978) ) .  What C l a y t o n  and  

Ward (1978)  a r g u e d  is  v e r y  s i m p l e  and g e n e r a l :  b e c a u s e  t h e  f r a c t i o n s  of  xenon 

c o n d e n s i n g  i n t o  g r a i n s  c o u l d  n o t  have  a c c i d e n t a l l y  been  i d e n t i c a l  f o r  s- 
4 



process events and r-process events, any subsequent mechanical variations in - 
the interstellar dustigas ratio must he associated with corresponding sir 

fractionaticsns in the heavy isotopes of a given element. This single diag- 

nostic should find many applications as experimental resolution continues to 

improve, But in the case of Xe-s, the observations could be taken even 

further by Swart et al. (Science, 220, 406 (1983)), who showed that it is - 
carried in carbonaceous material having about twice as much 13c as terrestrial 

carbon, 

(e) Neodymium decomposition. In addition to clearing up some important 

questions for nucleosynthesis theory, the recent measurements of the neutron- 

capture cross sections of Nd by Mathews and Kappeler (Astrophys. J., 286, 810 

(1984)) bring two relationships between Circumstellar and meteoritic dust into 

clearer focus. The first is a confirmation that the isotopic pattern of Nd 

found in acid resistant residues (therefore carried in a carbonaceous compo- 

nent) of the Allende meteorite measured by Lugmair et al. (1983 Lunar Planet. 

Sci., 14, 448) does indeed fit the s-process pattern if the sample carries the - -  
isotopic fractionation suggested by Clayton (1983 Astrophys. J. (Letters), 

271, L101),  If so, this Nd pattern is similar to that of s-process Xe, but it 

is the first - s-process pattern identified in a refractory element. The neu- 

tron cross sections also confirm that the Nd pattern in the FUN Allende inclu- 

sion EK1-4-11 (McCulloch and Wasserburg, 1978 Astrophys. J. (Letters), - 220, 

L 1 5 )  appears to be a simple excess of the - r-process isotopes averaged over 

nucleosynthesis events in the same way that bulk solar matter itself has. 

Identification with average r-process abundances speaks against (Clayton 

(1978)  Astrophys. J., 224, 1007) a neighboring supernova injection and in* 

favor of a chemical-memory fractionation of the ISM, perhaps even by gasidust 

fractionation but also perhaps by r-dustis-dust fractionation. What can be 

said without controversy is that continuing measurements of isotopically 

anomalous sa.mples will be invaluable in the search to identify the chemical 

memory involved. Decomposition of Sm isotopes confirmed this same interpre- 

tation (Lugmair, Marti and Scheinin, 1978, Lunar and Planet Sci., 9, 672; - 
Clayton, 1979 - -  EPSL, 42, 7; Lugmair et al., 1983, Science, - 222, 1015). 



(f) Extinct refractory anomalies in SUNOCONs. Clayton (1975 Nature, 

257, 36) argued from the theory of nucleosynthesis that ref ractvry SUNOCONs - 
should condense some key nuclei as short-lived progenitors. He especially 

singled out 4 1 ~  (via 4 1 ~ a )  and 4 4 ~ a  (via 44~i) as targets of study (see also 

1977 - EPSL, - 36, 381). Although neither prediction has yet been confirmed, 

tantalizing hints exist in published data. A specific 4 4 ~ a  anomaly would be 

especially valuable because its progeniizor is, like that of Ne-E, much too 

short-lived to exist in the interstellar medium or solar system, so that an 

incontrovertible circumstellar/iuterplanetary connection would be indicated. 

The special case of extinct 26~1, predicted to compete with live 2 6 ~ 1  as a 

source of excess 26~g, receives special attention in the next section. 

( g )  Interstellar 2 6 ~ 1  and excess 2 6 ~  When groups in Australia and 

Caltech (Gray and Compston, 1974 Nature, - 251, 495; Lee et al., 1977 Astrophys. 

J. (Letters), - 211, L107) first showed that aluminum-rich minerals within the 

Ca Al-rich inclusions (CAI's) from the Allende meteorite carried an excess of 

the heaviest isotope of magnesium, 2 6 ~ g ,  it was concluded by some meteorit- 

icists that a supernova explosion beside the forming solar system must have 

peppered the solar cloud with radioactive 26~l. This model has been shaken by 

the detection of radioactive 2 6 ~ 1  in the interstellar medium today. The his- 

toric first detection of interstellar radioactivity was made by the HEAO 3 

spacecraft (Mahoney et al., 1984, Astrophys. J., 286, 578) which recorded a 
measurable Elux of 1809 keV gamma rays striking the solar system, The 1809 

keV gamma rays are well known signatures given off following the beta decay of 

an 2 6 ~ 1  nucleus. The HEAO 3 measurements indicate that about 4.8 such gamma 

rays impact a square meter in the solar system every second, and come from the 

general direction of the center of our Galaxy. Any lingering doubts about the 

reality of this astonishing discovery have now been removed by a confirmation 

using the Solar Maximum Mission that was so dramatically repaired by the Shut- 

tle astronauts and which carried a gamma ray spectrometer that had since 

February 1980 taken unintentional periodic looks at our Galactic center. That 

spectrometer team (Share et al., 1985, submitted to Astrophys. J a b )  confirms a 

flux of about 4.0 gamma rays per square meter per second from the general 

direction of the Galactic center, in direct agreement with the UEAO 3 measure- 



rnent, It can now be a s s e r t e d  w i t h o u t  r e a s o n a b l e  doubt  t h a t  some s o u r c e  of 

r a d i o a c t i v e  2 6 ~ 1  l i e s  i n  t h e  g e n e r a l  d i r e c t i o n  of t h e  g a l a c t i c  c e n t e r .  

The a n a l y s i s  of t h e  magnitude of t h i s  gamma r a y  f l u x  and i t s  impl ica-  

t i o n s  f o r  bo th  t h e  o r i g i n  of t h e  e lements  i n  e x p l o s i o n s  of s t a r s  and f o r  t h e  

o r i g i n  of t h e  Al lende  m i n e r a l s  was u n d e r t a k e n  by Clay ton  (1984, Astrophys .  J . ,  

280, 1 4 4 )  who concluded:  ( I )  i f  t h e  2 6 ~ 1  is  s p r e a d  un i fo rmly  throughout  t h e  
P 

i n t e r s t e l l a r  g a s ,  i t s  c o n c e n t r a t i o n  of abou t  10 p a r t s  p e r  m i l l i o n  of aluminum 

i s  r a t h e r  c l o s e  t o  t h e  f o s s i l  ev idence  found i n  Al lende m i n e r a l s ,  s u g g e s t i n g  

t h a t  t h e  requirement  of a  s p e c i a l  supernova t r i g g e r  t o  s o l a r  fo rmat ion  may 

have been unnecessary;  ( 2 )  supernova e x p l o s i o n s  a r e  n o t  a d e q u a t e  t o  m a i n t a i n  

t h i s  ave rage  l e v e l  of i n t e r s t e l l a r  r a d i o a c t i v i t y ,  s o  t h a t  nova e x p l o s i o n s  o r  

g a s  s t r e a m i n g  away from g i a n t  s t a r s  a r e  t h e  more l i k e l y  o r i g i n s  of t h e  r a d i o -  

a c t i v e  a luminum.  The i n e f f e c t i v e n e s s  o f  s u p e r n o v a e  i n  m a i n t a i n i n g  t h e  

observed i n t e r s t e l l a r  c o n c e n t r a t i o n  a l s o  a r g u e s  a g a i n s t  i m p l i c a t i n g  a  s p e c i f i c  

supernova w i t h  t h e  s o l a r  o r i g i n .  Cameron now a r g u e s  ( I c a r u s ,  - 6 0 ,  416 (1984) )  

t h a t  wind from a n  a s y m p t o t i c  g i a n t  b ranch  s t a r  of about  one s o l a r  mass c a r r i e d  

ample 2 h ~ l  a l o n g  w i t h  i t  and p a r t i c i p a t e d  hydrodynamical ly  i n  t h e  f o r m a t i o n  of 

a molecu la r  c loud  c o r e  wherein  t h e  s u n  Formed. I n t e r p r e t a t i o n  of t h e  e x c e s s  

*'Pig i n  Al lende aluminum-rich m i n e r a l s  depends upon t h e  c o r r e c t  i n t e r p r e t a t i o n  

of  t h e  2 6 ~ 1  gamma r a y  l i n e ,  which r e q u i r e s  b e t t e r  i n f o r m a t i o n  on t h e  a n g u l a r  

d i s t r i b u t i o n  of t h e  gamma rays .  Because of wide viewing a n g l e s  t h e  HEAO 3 and 

S o l a r  Maximum Miss ion teams can n o t  b e  v e r y  p r e c i s e  abou t  t h e  a n g u l a r  d i s t r i -  

b u t i o n ,  Alr~hough i t  i s  " c o n s i s t e n t  wi th"  r a d i o a c t i v i t y  c o n c e n t r a t e d  i n  t h e  

g a l a c t i c  p lane  hav ing  peak i n t e n s i t y  n e a r  t h e  G a l a c t i c  c e n t e r ,  t h e  d a t a  might 

n o t  r e q u i r e  t h a t  i n t e r p r e t a t i o n .  A s i n g l e  r e c e n t  supernova toward t h e  g e n e r a l  

G a l a c t i c  c e n t e r  would occupy a  l a r g e  c i r c u l a r  a r e a  on t h e  sky;  however i t  

would be rno:st u n l i k e l y  t h a t  t h e  c e n t e r  of s u c h  a  nearby d i s t r i b u t i o n  would 

happen t o  l i e  i n  t h e  p lane  of t h e  Galaxy. I f  t h e  o b s e r v i n g  teams can success -  

f u l l y  show t h a t  t h e  l a t i t u d e  d i s t r i b u t i o n  i s  narrow and c e n t e r e d  on t h e  p l a n e ,  

we w i l l  be f o r c e d  t o  a c c e p t  t h e  i n t e r p r e t a t i o n  t h a t  t h e  observed 2 6 ~ 1  concen- 

t r a t i o n  is  a  g e n e r a l  f e a t u r e  of t h e  i n t e r s t e l l a r  gas .  

2  7 The i n t e r s t e l l a r  i s o t o p i c  c o n c e n t r a t i o n  ( 2 6 ~ 1 /  A 1  = 10  p a r t s  p e r  m i l -  

l i o n )  l i e s  s q u a r e l y  between bu t  d i s t i n c t  from t h e  c o n c e n t r a t i o n  of 50 p a r t s  



per million seen in some, but not all, aluminum-rich Allende minerals (Lee - et 

al., 1977 op. cit.) and the much smaller concentration (less than I part per - 
million) that could be maintained there by supernova explosions. Thus the 

observed Allende concentrations of excess 2 6 ~ g  are still too large to be 

interpreted as being the average interstellar concentration. - If the 2 6 ~ 1  was 

actually once alive in the Allende mineral:. seen today there must have been 

some source of 2 6 ~ 1  enhancement in the solar cloud as it was collapsing to 

form the solar system. This is the reinterpretation that Cameron now advances 

and which is consistent with a common meteoritic interpretation that the 2 6 ~ 1  

was alive in the minerals at the time of their formation. 

Whatever the source of the 2 6 ~ 1  observed today, those objects are neces- 

sarily ejecting 4 Mo per million years into the interstellar meclium. By con- 

trast supernova eject 24 Mo of new stable aluminum and sears reinject 60 Mo of 

old stable aluminum over the same million years. Arguing that all of these 

ej ecta condense into refractory aluminum-rich solids as they leave their 

respective sources, that the 2 6 ~ 1  decays to 26~g within the resulting mixture 

of well mixed dust grains, Clayton reasoned that the ratio 2 6 ~ g / ~ 1  = 0.04 

results within the aluminum-rich dust. This high interstellar correlation of 

excess 2 6 ~ g  with A1 could not have been totally removed by evaporation, 

because the Allende minerals carry other isotopic anomalies that demonstrate 

that they were not evaporated totally at any stage prior to their assembly, 

Thus, the 2 6 ~ g - ~ 1  correlation observed in Allende minerals may be a manif es ta- 

tion of a cosmic chemical memory (Clayton (1985) Geophys. Res Letters sub- 

mitted). 

At the present time, it is still uncertain whether the 2 6 ~ 1  was alive -- i n  

situ or if it is primarily or partly a fossil. The data may well reflect both 

aspects. Paradoxically the gamma ray observations have raised the plausibili- 

ty of both options! Searches for other extinct radioactivitles, especially 

41~a, 5 3 ~ n  and 60~e are badly needed and are in progress (R. Clayton, personal 

communication), because their presence or absence may point the way to the 

correct interpretation. This entire issue remains one of the most significant 

controversies about possible interrelations of circumstellar dust and meteori- 

tic aggregates. 



ii) - Chemical Fractionations (Circumstellar) 

It has been common to believe that thermal condensation sequences pro- 

duce the same minerals that they would in thermal and chemical equilibrium, 

even during supernova expansions (e.g,, Lattimer et al., 1978 op. cit.). If 

that assumption were true, it would imply that virtually all of the dust that 

has been ejected from the stars exists in refractory condensation sequences, 

so that the interstellar medium would be heavily fractionated with respect to 

these refractory elements. (Note: "fractionated" in this chemical context 

implies only that the elements are not microscopically mixed in their cosmic 

abundance rat ios (e.g., Si/Pe=l ) , but instead reside in chemical structures 

pfgsiO3) that have fractionated them microscopically. It is not talcen 

to mean that averages over large volumes have variable abundances, although 

that too many occur for dynamical reasons.) If the elements are microscop- 

ically fractionated in the circumstellar origin of ISMD, the SSD will in part' 

remember that fractionation, perhaps even in macroscopic meteoritic samples 

(Clayton and Ramadurai, 1977, Nature, 265, 427). However, simplistic models 

of circumsteLPar grain formation which rely on the attainment of "equilibrium" 

i n  the turbulent ejecta of stars undergoing mass loss have often been criti- 

cized by Donn (e,g. 1978, Protostars and Planets, 100-111). Specifically, - 
N u t h  and Donn (1981, Astrophys. J. ,  247, 925) have shown that thermal equilib- 
rium is not attained in such regions due to cooling via molecular radiation 

vhile Donn and Nuth (1985, Astrophys. J., 288, 187) demonstrated that even 
nucleation theory can not be successfully applied to this process. Detailed 

grain models based on "equilibrium condensation" in stellar sources therefore 

seem rather implausible. The challenge in the present context of interrela- 

tionships between ISMD and meteoritic material is to find and describe 

realistic condensation and aggregation histories that map ISMD chemical frac- 

tionation onto meteoritic fractionation. This can be illustrated as a 

question: Does the tendency for meteoritic Mg to exist in oxides while Fe 

exists in metal and sulfides have any connection to the corresponding SUNOCON 

fractionation, or have those meteoritic fractionations been established in the 

solar system itself? That question is then generalized to others of a similar 

nature, 



The reader must be reminded that one interrelation may, but need not, 

imply another. For example, there may exist a connection between CIRCUMSTEL- 

LAR/INTERSTELLAR fractionation patterns without the existence of the corre- 

sponding relation to SSD fractionation patterns - for example if the SSD pat- 
terns were all established in the solar system without memory of prior frac- 

tionation. Isotopic systematics argue against that particular scenario, bvt 

admitting its possibility may help clarify often fuzzy distinctions, 

Section A.l demonstrated the clear evidence for the survivisl of circum- 

stellar signatures in meteoritic dust. With that backdrop one can ask about 

the ISMD/meteoritic connection, which has been controversial and hard to pin 

down. 

i) Some ISMD must survive the origin of the solar system 

This raises the question of just how much ISMD, and which part of it, 

has survived and to what degree it has remained unaltered. The minimum re- 

quirement would seem to be that at least part has survived until at least a 

portion of it has been aggregated into larger accumulations so that its iso- 

topic fingerprints remain on the final product even after some metamorphosis. 

A much stronger definition of survival, and therefore a less likely version, 

would be that interstellar dust particles themselves remain imbedded in mete- 

orites. Between these extremes lies a spectrum of degrees of p~brtial surviv- 

al. This is a frontier research question. That the amount of unhomogenized 

material is large is attested to by macroscopic aggregates having 5% excess of 

160 and 10% excess of 50~i (Fahey et al, Lunar Planet. Sci., - 16, 229 (1985)). 

However, suggestions that isotopic fractionation by distillation may have 

produced these anomalies still exist (Esat, Spear and Taylor, Lunar Planet. 

Sci., 16, 217 (1985)). - -  

The principal observational evidence for the presence of some interstel- 

lar, as distinct from circumstellar, material in meteorites lies in the veq 

high D/H values measured in several organic fractions of carbonaceous and 



other primitive chondrites (e.g. Robert and Epstein, 1982). Enrichments in D 

of up to a factor of about 35 relative to the galactic value are observed. 

The only known mechanism capable of generating such an enrichment is the iso- 

topic Eractionation associated with ion-molecule reactions taking place at 

very low translational temperatures. Such reactions are inferred to be re- 

sponsible for the even larger D enrichments observed astronomically in mole- 

cular clouds (e.g. Watson et al., 1977). Consequently, the idea has become 

widely accepted that at least part of the D found in primitive meteorites 

sterns from molecules formed in such interstellar clouds (Geiss and Reeves, 

8981, Astron. Astrophys, - 93, 189; Kerridge, 1983, EPSL, - 64, 186). Note, how- 

ever, that to a certain extent this is an argument by default; a more rigorous 

observational connection between meteoritic organic matter and interstellar 

chemistry would be most desirable. 

Recently a new set of fine-grained primitive extraterrestrial materials 

has become available through stratospheric dust collections of which the most 

challenging subset is Formed by chondritic Interplanetary Dust Particles 

(IDPPs) (Brownlee ee: al., 1977; Fraundorf et al., 1982; Mackinnon et al., 

1982)* The morphology of chondritic IDPvs varies from non-porous to highly 

porous, fluffy particles commonly referred to as Chondritic Porous (CP)  IDP's 

(Rietmeijer, 1985). The large D / H  fractionation ratios of many chondritic 

LDP's (Zinner et al., 1983) suggest that this new class of extraterrestrial 

materials may be more primitive than the primitive (carbonaceous) chondrite 

meteorites. 

Chondritic, including CP, IDPvs are essentially cosmic sediments in the 

sense suggested by Wilkening (1978) and McSween (1979) Eor matrices of car- 

bonaceous chofidrites. The IDP1s are heterogeneous, non-equilibrium mixtures 

of high- and low-temperature minerals (cf. Wood et al., this volume). Of the 

varied mineralogy of these IDP's, summarized in McKay et al. (1985), grains of 

Bismuth metal (Mackinnon and Rietmeijer, 1984), Titanium metal (Mackinnon and 

Rietmeijer, 1983) and single crystals of Tin or Tin dioxide (Sn02) (Fraundorf, 

1981;  Rietmeijer and Mackinnon, 1984) and Titanium-oxides (Rietmeijer and 

Mackinnon, 1984) underline the very primitive nature of IDP's since these 

minerals appear to be absent in carbonaceous chondrites. These minerals sug- 



gest that chondritic IDP's provide a window through which we may view indi- 

vidual remnant ISMD grains which, even in the carbonaceous chondrites, map 

already have lost their identity through metamorphosis (Rietmeijer, 1985)-  

ii) A specific and correct theory for the aggregation of ISMD (where 

and when) and for the environment (especially thermal) of those aggregates is 

needed to evaluate survival scenarios. Therefore, a continuiag strong re- 

search emphasis must be on the physics and chemistry of aggregation, 

Some aggregation'may occur in the turbulent ISM itself. These aggre- 

gates will form cold. Aggregation could occur in the "mother" m~olecular cloud 

or in prior history. It is exactly at this point that one desires a complete 

description of the chemical constitution of the dust in the molecular cloud, 

Every detail of the chemical history will have to be followed in some statis- 

tical sense, and occasionally in an explicit sense. This formidable problem 

no doubt requires ISM dust science and meteoritic science to proceed itera- 

tively. 

Some aggregation may occur in the collapse of a turbulent cloud t o  a 

protosolar disk (Cameron, 1975 Icarus, - 24, 128). Chondrule sized (0.1 mm) 

bodies may be aggregated in profusion at this time accompanied by a signifi- 

cant rise in the temperature of grain aggregates. Aggregation in the solar 

accretion disk itself might occur subsequently. Model calculations exist 

(Volk et al., 1978 Moon and Planets, - 19, 221; Morfill and Volk, 1984 -- Astro- 

phys.' J., 287, 371). Chondule-sized objects are indicated. 

Conventional wisdom among meteoriticists is that the components of chon- 

drites (chondrules, CAIs, matrix dust) were formed in a wide variety of places 

and temperature regimes, after which they mixed into cm-size aggregations 

which had enough mass to sink to the nebular midplane, There the dust-rich 

layer became gravitationally unstable, and aggregation into planetsimals 

began. Wood (1985a, b) however, has argued from the absence of preserved em- 

size structures in chondrites that this particular stage of coalescenee did 

not occur. He also argues from the fact that various chondritel subtypes con- 

tain distinctive types of chondrules (etc.) which did not mix with one another 



prior to accretion, that in fact chondrite aggregation must have occurred very 

promptly after the high-temperature events or processes that created the chon- 

drules, pro'bably within a few orbital periods. A manifestation of gravita- 

tional instability seems required that does not require concentration of the 

chondrieic solids at the nebular midplane. 

Certain observations allow constraints to be placed on the manner in 

which processed grains aggregated into meteorites in the intermediate parts of 

the solar nebula. The first of those observations is that each different type 

of chondritic meteorite consists of components (CAIs, chondrules, matrix) that 

are usually different from those in other types e.g. (CAIs that are coarse- 

grained and centimeter-sized are found only in CV chondrites such as Allende, 

while ferrolr~agnesian chondrules (though almost universally present) differ in 

composition and size range in the CV, CO, CM, CI, enstatite and ordinary chon- 

drites. There was therefore, very little cross-mixing of components between 

the different chondrite formation regions. The only escape from this conclu- 

sion would be if the ingredients are altered by the cross-mixing; that is, if 

the amlbient temperature and chemistry alter each ingredient as it migrates 

from region to region. On the other hand, some common chondrule types are 

apparently indistinguishable whether they occur in CM, CV, ordinary or ensta- 

tite chondrites (Scott and Taylor - -  JGR, 88, B275 (1983)). 

A second observation is that the main belt asteroids (the probable 

source of meteorites) are stratified into a series of concentric zones which 

change systematically in composition outwards from Type E at 2 AU to Type S to 

Type C to Type D at 5 AU (Gradie and Tedesco, 1982). 

A third' observation is that all of the various chondrite types, though 

made up of quite different components, nevertheless contain approximately 

solar relative proportions of non-volatile elements. This suggests that the 

various chondrite types formed as separate, almost closed, systems and is 

consistent with the absence of cross-mixing noted above. 

A fourth and very important observation is that all chondrites have some 

components (C:AIs, chondrules) that were made at high temperature (>1000~~) and 



then cooled within minutes to days (Paque and Stolper, 1983; Hewins, 1983). 

This requires the high temperature regions to be of quite limited volume 

and/or duration. It also suggests that solar radiation was not the heat 

source. Taken together with the earlier observations, it further indicates 

that refractory components were not made near the sun and transported outwards 

by turbulence. 

The fifth and final observation is that the various components are ran- 

domly mixed within each meteorite. This means that formed components were 

placed into "parking" drbits where they mixed with other components but did 

not clump together to produce the meteorite parent body until after all its 

components had been formed. 

Aggregation of parent bodies from planetesimals occurs subsequently. A 

huge literature exists (e.g. Hayashi et al., 1984 in Protostars and Planets 

11). This more-or-less standard theory relies on larger bodies gathering - 
smaller ones by collisions during the collisional evolution of the disk; but 

alternate ideas exist. 

A detailed "hydromagnetic-planetesimal" model for the agglomeration of 

larger bodies from smaller bodies around a magnetized spinning body (either 

the sun or a planet) has been developed by Alfven (1954) and subsequently 

extended by Alfven and Arrhenius (1975). In this model the h~ydromagnetfc 

transfer of angular momentum from the magnetized, spinning central body to the 

surrounding, infalling, dusty plasma results in the formation of a circum- 

solar or circum-planetary disc in the equatorial plane. There are several 

mechanisms proposed for the spontaneous radial break-up of this dlsc into 

concentric tori. If the collisions between dust grains within each of these 

tori were sufficiently "sticky", they would lead to the gradual formation of 

larger bodies in the equatorial plane. A similar idea of inelastic collisions 

between bodies in nearly identical orbits leading to larger bodies, has also 

be discussed by Safronov (1967). 

iii) The thermal history of aggregates must be known to evaluate the 

loss of volatiles and all subsequent metamorphism. A specially interesting 



problem is  t h e  o r i g i n  of chondru les .  What a r e  t h e  s o u r c e s  of h e a t i n g  t h a t  

must be e v a l u a t e d ?  Many have been s u g g e s t e d ,  bu t  t h e  f o l l o w i n g  look  most 

r e l e v a n t ,  i n  c h r o n o l o g i c a l  sequence of  t h e i r  p o s s i b l e  occur rence .  

( a )  Cold i n t e r s t e l l a r  a g g r e g a t e s  may be h e a t e d  by aerodynamic d r a g  

a f t e r  pass ing  through t h e  s t a n d i n g  g a s  shock a s s o c i a t e d  w i t h  t h e  s u p e r s o n i c  

i n f a l l  of m a t t e r  toward a  s o l a r  d i s k  (Wood, 1984 EPSL, 70,  11) .  Wood assumes - -  
a n  i n f a l l  speed of 10 km/sec d i s s i p a t e d  as d u s t  f a l l s  o n t o  t h e  n e b u l a r  d i s k .  

The subsequent  c h e m i s t r y  and a g g r e g a t i o n  d e s e r v e s  much s t u d y .  I n t e r s t e l l a r  

g r a i n s  and g r a i n  a g g r e g a t e s  would not  be  s t o p p e d  a t  t h e  shock f r o n t  of c o u r s e ,  

but would c o n t i n u e  th rough  t h e  d e c e l e r a t e d  g a s  a t  ( i n i t i a l l y )  t h e  p r e n e b u l a r  

i n f a l l  v e l o c i t y ;  e.g. on t h e  o r d e r  of 10 km/sec. Aerodynamic d r a g  would 

d e c e l e r a t e  and h e a t  t h e  g r a i n s .  Wood (1984) h a s  i d e n t i f i e d  c o n d i t i o n s  under  

which d r a g  h e a t i n g  cou ld  t u r n  i n t e r s t e l l a r  d u s t  i n t o  chondru'les and C A I s .  The 

e f f e c t  appears  t o  be i m p o r t a n t  on ly  where dus t -enr iched  p a r c e l s  of i n t e r s t e l -  

l a r  gas  impact t h e  s o l a r  nebu la :  i n  t h e  absence  of a p  o p t i c a l l y  t h i c k  envi-  

ronment n e a r  t h e  n e b u l a  s u r f a c e  ( such  as a  h i g h  c o n c e n t r a t i o n  of d u s t  would 

p rov ide )  d r a g - d e c e l e r a t e d  o b j e c t s  would c o o l  t o o  e f f i c i e n t l y  by r a d i a t i o n  t o  

be hea ted  s i g n i f i c a n t l y .  A c o r o l l a r y  of t h i s  s i t u a t i o n  is  t h a t  some i n t e r -  

s t e l l a r  g r a i n s  (e.g.  - t h o s e  which d i d  no t  e n t e r  t h e  n e b u l a  i n  d u s t - r i c h  

ensembles) would n o t  be h e a t e d ,  and might s t i l l  r e t a i n  t h e i r  i n t e r s t e l l a r  

p r o p e r t i e s  wfhen i n c o r p o r a t e d  i n  c h o n d r i t i c  p l a n e t e s i m a l s .  

( b )  E:xothermic chemical  h e a t i n g  o c c u r s  whenever h i g h l y  d i s e q u i l i b r a t e d  

a g g r e g a t e s  a r e  h e a t e d  s u f f i c i e n t l y  t o  t r i g g e r  t h e  exo the rmic  rearrangement .  

Clayton (19t30, Astrophys.  J. ( L e t t e r s ) ,  239, L37) h a s  s u g g e s t e d  t h i s  as a 

h e a t i n g  s o u r c e  c a p a b l e  of bo th  chondru le  f o r m a t i o n  and the rmal  metamorphism of 

s m a l l  p l a n e t e s i m a l s .  Aggregat ion of chondru le - s i zed  c l u ~ n p s  would have t o  

occur  i n  such  a  way t h a t  t h e  clump remained c o l d  enough t h a t  i t s  chemical  

rearrangement not  be t r i g g e r e d .  Such d u s t  a g g r e g a t e s  inight s u b s e q u e n t l y  be 

hea ted  by ambient t e m p e r a t u r e s  i n  t h e  a c c r e t i o n  d i s k ,  a t  which p o i n t  chemical  

runaway could  occur .  

( c )  The ambient g a s  t empera tu re  w i t h i n  t h e  s o l a r  a c c r e t i o n  d i s k  cou ld  

be h i g h  enough t o  t h e r m a l l y  a n n e a l  amorphous g r a i n s  o r  even v a p o r i z e  p r e s o l a r  



materials. The source of this heat is the "frictional" dissipation associated 

with viscosity and the outward transport of angular momentum (e.g. I , in  1981 

op. cit.; Morfill and Volk (1984) op. cit.). The highest temperatures 

(>1000K) lie closest to the sun with colder temperatures (<500K) in the likely 

regi'ons of meteoritic accumul.ation. Dust aggregates may be turbulently trans- 

ported between these regions by a radial random walk (Morfill and Volk, 1984 

op. cit.). This situation raises the possibility of adding to parent bodies 

dust aggregates having a wide spectrum o'f thermal histories. In this model 

the aggregation history and the thermal history are coupled problems. But if 

it is to be effective, this radial mixing from regions of different tempera- 

ture must circumvent the chemical arguments against mixing detailed above by 

allowing the aggregates to alter during transport. 

(d) Lightning strokes may heat selected portions of the disk. 

(e) Ohmic dissipation resulting from motion through magnetic fields 

could heat larger bodies over hundreds of thousands of .years. 

( f )  Parent-body heating and alteration may occur after its accumulation 

either by trapped heat, by radioactive energy ,release, or by chemical energy 

release. These stages of thermal metamorphism are a significant part of mete- 

oritical science (c.f. Meteorites, R. T. Dodd, Cambridge University Press 

1981, Chapter 6, or the meteorite section of this report). Some meteorites 

(chondrites) are magmatically differentiated by this process, aind some have 

been altered by "geothermal" fluids. 

iv) Nonthermal effects on presolar grains must be evaluated for tracers 

that can reveal something of the time spent in the ISM. 

a) Sputtering of small refractory grains may be expected to produce an 

isotopic fractionation between the fraction of the element remaining in the 

grains and the fraction in the interstellar gas. Clayton (1981, Astrophys. - 

J . ,  251, 374) has advanced this as the mechanism Eor producing the Large iso- - -  
topic fractionation found in certain anornal.ous Allende inclusions, A more 

detailed scenario for this fractionation is needed. The basic idea is that as 



sputtering grinds grains down to their most refractory centers it also estab- 

lishes a skin depth that is isotopically fractionated. On general grounds one 

expects light isotopes to be removed somewhat preferentially by the sputter- 

ing, If the element is very refractory, so that it resides overwhelmingly in 

grains, the pool of gas phase isotopes may be considerably lighter than the 

condensed portion. Mechanical separation of dust from gas, or of sputtered 

skins from interiors, can result in bulk isotopic fractionation. One way of 

mapping this onto a chemical memory is to recondense the gas onto smafl 

grains, employing grain-size effects to produce bulk macroscopic isotopic 

fractionations (Clayton, 1980 EPSL, 47, 199). - -  

The sputtering of sequentially condensed refractory elements may also 

play a key role in maintaining a higher gas concentration of less refractory 

elements, The most refractory elements remain most shielded from sputtering. 

For example, the fraction of A1 in ISM gas may be much less than the fraction 

of Mg because the A1 is not nearly as exposed to sputtering as Mg is. 

Although the related phenomena are difficult to observe in the astronomical 

setting, they may define important relationships between ISMD and meteoritic 

dust. 

b )  Cosmic rays cause spallation reactions within grains. These may 

produce isotopic anomalies (Ray and Volk, 1983 Icarus, - 54, 406). Heavy cosmic 

ray nuclei also leave ion tracks that may be exposed by etching. A large 

literature exists for study of these effects during solar system history, but 

the presolar component is harder to identify. 

e )  Hligher speed grain-grain collisions (v > 1 krnlsec) are normally 

thought to be disruptive to grains. But is it possible, if ISMD has a com- 

posite structure containing both refractory components and mantles, that 

clumps of larger refractory-rich aggregates can be grown in violently turbu- 

lent settings. Clayton (1977 EPSL, 35, 398; 1981 Astrophys. J., 251, 374) has - -  
argued that this scenario could conceivably prepare parents of the CAI's. 

Elmegreen (1982 Astrophys. J., 251, 820) has argued that this could come about 
in the wake of ISM supernova shock waves, where ample sputtering will also be 

expected. 



The major d u s t  p r o c e s s i n g  a g e n t s  i n  t h e  i n t e r s t e l l a r  medium a r e  i n t e r -  

s t e l l a r  shocks .  The average  d u s t  g r a i n  h a s  passed  th rough  one t o  t e n  100 

km-s-I i n t e r s t e l l a r  shock waves. I n  each  of . t h e s e  shock waves, a g r a i n  com- 
+ posed of N atoms i s  s t r u c k  by 10 N p r o t o n s ,  N He and ~ e + +  i o n s ,  and perhaps  

N ca rbon ,  oxygen and n i t r o g e n  i o n s ,  w i t h  k i n e t i c  e n e r g i e s  of o r d e r  100 m 

eV (where m i s  t h e  mass i n  a tomic  u n i t s  of  t h e  i o n ) .  These i o n s  bo th  s p u t t e r  

t h e  s u r f a c e  of t h e  g r a i n  and a r e  implan ted  i n  t h e  g r a i n s .  The former  p rocess  

may cause  some s m a l l  d e g r e e  of i s o t o p i c  o r  chemical  f r a c t i o n a t i o n  a s  l i g h t e r  

atoms o r  more weakly bound atoms p r e f e r e n t i a l l y  s p u t t e r .  The l a t t e r  p rocess  

may make t h e  g r a i n s  ( o r  t h e i r  s u r f a c e s )  resemble  l u n a r  s u r f a c e s  whLch have 

been exposed t o  t h e  s o l a r  wind. I n  a d d i t i o n ,  i n  e a c h  shock wave a  t y p f c a l  

g r a i n  i s  s t r u c k  by s m a l l e r  g r a i n s  w i t h  r e l a t i v e  v e l o c i t i e s  of 5-100 kn-s-le 

The more e n e r g e t i c  c o l l i s i o n s  cou ld  c e r t a i n l y  r e s u l t  i n  v a p o r i z a t i o n  and s h a t -  

t e r i n g .  The l e s s  e n e r g e t i c  c o l l i s i o n s  may l e a d  t o  c r a t e r i n g  of t h e  l a r g e r  

p a r t i c l e .  The vapor  may l a t e r  be r e d e p o s i t e d  on c o l d e r  i n t e r s t e l l a r  g r a i n s ,  

c a u s i n g  a  d i s t i n c t  man t le  o r  s u r f a c e  l a y e r  t o  appear  on t h e  g r a i n .  nus, an 

i n t e r s t e l l a r  g r a i n  may be  r e c o g n i z a b l e  because  i t  h a s  been s p u t t e r e d ,  fon 

implan ted ,  c r a t e r e d ,  and mantled.  

G r a i n - g r a i n  c o l l i s i o n s  p l a y  a n  i m p o r t a n t  r o l e  everywhere t h e r e  a r e  

g r a i n s  p r e s e n t .  Low v e l o c i t y  impacts  (v<<lkm/s )  g e n e r a l l y  l e a d  t o  a c c r e t i o n  

of  bo th  p a r t i c l e s .  T h i s  e f f e c t  p l a y s  a  major  r o l e  i n  t h e  e a r l y  n e b u l a r  d i s k ,  

and a t  t h e  p r e s e n t  t ime  i n  dense  p l a n e t a r y  r i n g s .   he r e l a t i v e  speeds  i n  t h e  

l a t t e r  c a s e  a r e  i n  t h e  range  of cm/s. However, r e c e n t  l a b o r a t o r y  exper iments  
3 w i t h  impacts  of p r o j e c t i l e s  i n t o  low d e n s i t y  m a t e r i a l s  ( i . e .  <<'lg/cm , Pike  

s ty ro foam)  by Werle,  F e c h t i g  and S c h n e i d e r  (1981,  Proc .  Lunar P l a n e t .  S c i * ,  

12B, 1641) show t h a t  a  major  f r a c t i o n  of t h e  impac t ing  body can be recovered - 
a l m o s t  i n t a c t  even a t  speeds  a s  h i g h  a s  6  km/s. T h i s  speed i s  n o t  a n  upper 

l i m i t  b u t  i s  s imply  t h e  maximum speed a t  which t h e  exper iments  were performed, 

T h i s  s i t u a t i o n  may be  i m p o r t a n t  f o r  t h e  c a p t u r e  of i n t e r s t e l l a r  p a r t i c l e s  I n  

low d e n s i t y  snow on t h e  s u r f a c e  of  comets i n  t h e  o u t e r  s o l a r  sys tem,  where 

r e l a t i v e  speeds  a r e  a t  a  minimum. 

High  speed c o l l i s i o n s  (v>>lkm/s) g e n e r a l l y  l e a d  t o  t h e  d e s t r u c t i o n  a t  

l e a s t  of t h e  s m a l l e r  of t h e  two c o l l i d i n g  p a r t i c l e s .  The e f f e c t s  are  based on 



laboratory experiments which were described by Gault and Wedekind (1969, JGR, - 
74, Q780), Gault (1973, The Moon, 6, 32) and Fujiwara et al. (1977, Icarus, - - 
37, 277). These experiments were performed with mm-sized projectiles at - 
speeds below 10 km/s onto glass, rock and metal targets. Experiments at 

higher speeds 0 2 0  km/s) with micron-sized particles are described by HBrz et 

al, (1975, - Planet. Space Sci., 23, 151). The latter experiments primarily 

studied cratering and therefore, pertain to erosion of the larger body. 

High speed collisions between two particles lead to the destruction 

(evaporation) of the smaller of the two particles while the larger one may be 

just cratered or fragmented. In the first case the excavated material will be 

s o l i d  particles, to a smaller extent liquid droplets and only the order of the 

small particle mass will be evaporated. The total mass excavated (i.e. the 

crater volume) depends on the kinetic energy of the smaller particle in the 

reference frame of the larger particle and of course, on the materials 

involved, 

In interplanetary space, however, even more important is the case where 

the kinetic energy of the collision is sufficient to fragment the larger 

particle completely. A discussion of the relative importance of both cases 

can be found in Dohnanyi (1972, Icarus, 17, 1). Catastrophic collision is 

more important than the slow erosion by cratering because much more mass (of 

the large particle) is shattered than is excavated in the cratering process. 

For example, at an impact speed of 10 km/s, a particle of mass ml can fragment - > a particle of mass m2=4x10 ml. On the other hand, a slightly smaller projec- 

tile =Os5m will only excavate a crater in a particle of mass m 3 1 2 * This 

ratio of the mass of the target particle m2 to the mass of the smallest pro- 

jectile n1 which will still catastrophically destroy the larger particle de- 

pends on the square of the relative speed v. 

The effects of catastrophic collisions are also important for a popula- 

tion of particles. If particles are all of the same size, then a collision 

wfll destroy and perhaps even vaporize both. But if there is a size distribu- 

tion, e.g., g(m)=m-x, then the most probable catastrophic collision of a given 

particle is with a much smaller particle because they are more numerous. The 



f ragments  may f o l l o w  a  s i z e  d i s t r i b u t i o n  of t h e  type  h(m)=mWY, where y=0,83 

( F u j i w a r a  e t  a l . ,  1977) .  T h e r e f o r e ,  f r a g m e n t a t i o n  cou ld  change t h e  o r i g i n a l  

s i z e  d i s t r i b u t i o n .  Dohnanyi (1970, - J G K ,  - 75,  3468) h a s  shown t h a t  only  a  d i s -  

t r i h u t i o n  w i t h  a  p o p u l a t i o n  i n d e x  ( x )  of 1116 i s  s t a b l e  a g a i n s t  f r agmenta t ion  

and w i l l  n o t  change w i t h  time. T h i s  i s  t h e  c a s e  f o r  t h e  d i s t r i b u t i o n  of 

a s t e r o i d s .  I F  t h e  p o p u l a t i o n  index  is  l a r g e r  t h a n  1116, t h e n  more p a r t i c l e s  

a r e  d e s t r o y e d  i n  a  g i v e n  mass i n t e r v a l  t h a n  a r e  g e n e r a t e d  by c o l l i s i o n s  s f  

l a r g e r  p a r t i c l e s  i n  t h e  same mass  i n t e r v a l .  T h i s  i s  t h e  c a s e  f o r  l a r g e  
2 ( 1 0 - ~ ~ < m < 1 0  g )  i n t e r p l a n e t a r y  g r a i n s  (x=1.34) which need t o  be r e p l e n i s h e d  by 

a  s o u r c e  (e.g. from comets) .  I F  t h e  p o p u l a t i o n  index  i s  s m a l l e r  than  11/6  

t h e n  more p a r t i c l e s  a r e  g e n e r a t e d  by c o l l i s i o n s  t h e n  a r e  removed from t h e  same 

mass i n t e r v a l .  An example f o r  t h i s  c a s e  a r e  z o d i a c a l  p a r t i c l e s  
10 (10- g < m < l ~ - 5 g )  which a r e  produced mainly by f r a g m e n t a t i o n  of meteor s i z e d  

o b j e c t s  ( m > 1 0 - ~ ~ ) ,  f a s t e r  than  t h e y  a r e  d e s t r o y e d  by mutual  c o l l i s i o n s .  

v. Sea rch  f o r  P r i m i t i v e  P o l v c v c l i c  Aromatic Hvdrocarbons 

P o l y c y c l i c  Aromatic Hydrocarbon (PAH) molecu les  have recent-Ly been sug- 

g e s t e d  a s  t h e  s o u r c e  of I R  emiss ion  bands (T,eger and Puge t ,  1984, Astron,  

Astrophys . ,  137,  L 5 ) .  T h i s  i d e n t i f i c a t i o n  seems t o  he a  r e a s o n a b l e  hypo thes i s  

bu t  on ly  i n d i c a t e s  t h e  p resence  of a  m o l e c u l a r  f a m i l y  because  many members of  

t h i s  c l a s s  of molecu les  can have t h e  same IR v i b r a t i o n s  (C-H, C-6 modes). 

Labora to ry  d e t e r m i n a t i o n  of t h e  v i s i b l e  s p e c t r a  of PAH i s  b e i n g  under taken ,  

b u t  a  g r e a t  d i f f i c u l t y  i s  t h e  c r i t e r i o n  f o r  s e l e c t i o n  of t h e  molecules  t o  

s t u d y  ( t h e r e  a r e  > l o 4  molecu les  f o r  a carbon atom number between 50 and 100).  

PAH molecu les  have been d e t e c t e d  i n  m e t e o r i t e s  (e.g. Hayatsu and Anders, 

1981) .  I f  one cou ld  f i n d  such  molecu les  i n  s i t u a t i o n s  where t h e r e  i s  some 

hope t h a t  they a r e  p r i m i t i v e  ( i n  t h e  s e n s e  of hav ing  t h e  o r i g i n a l  chemical 

fo rmula )  i t  may be a  most i n t e r e s t i n g  g u i d e  t o  t h e  s e l e c t i o n  of s p e c i e s  f o r  

l a b o r a t o r y  s t u d i e s  and p o t e n t i a l  s p e c t r o s c o p i c  i d e n t i f i c a t i o n .  

v i .  I n t e r s t e l l a r  Organic  (Riogen ic  ? )  M a t e r i a l  

I n  a  s e r i e s  of p a p e r s  over  t h e  p a s t  decade,  Hoyle and Wickramasinghe 

have argued t h a t  o r g a n i c  m a t t e r  i s  t h e  major  s o u r c e  of i n t e r s t e l l a r  o p a c i t y  



(HoyPe, F. and Wickramasinghe, N. C., 1977, Nature, - 268, 610). Their efforts 

have embraced everything from detailed fits of the wavelength dependence of 

interstellar extinction to theoretical arguments about the need to utilize 

organic compounds. If they are correct, these compounds will be the natural 

abundant precursors of the carbonaceous matter found in meteorites. 

But th~ere is an even more important connection between these interstel- 

lar particles and the solar system record -- life itself. Highly controvei- 

sial and not accepted by most of the scientific world, they have argued that 

the chemical memory structures that characterize life did not originate on 

Earth, but were instead inherited by Earth from a larger cosmic evolution 

(Hoyle, F, and Wickramasinghe, N. C., 1979, Astrophys. Spa. Sci., - 66, 77). 

They have stressed that many very deep issues are involved, even our concepts 

of intelligence and of the correct cosmological theory. We must at least 

admit that if they are correct, it is the most important connection of them 

all to a cosmic memory. Because of its radical nature, much of their writing 

has gone straight to the public (e.g. Evolution from Space, J. M. Dent and 

Sons, London 1981). 

Be Planetairy Record 

Postulated relationships between the structures of planets and the 

structure of ISMD are much harder to pin down because the planets have been so 

chemically active. The question may perhaps be asked this way: "What pro- 

perties of planets owe their existence to the actual structure of ISMD; i.e. 

m a t  would have been different if the dust structures had been different?" 

Little consensus exists on these clues because they depend upon a theoretical 

picture of dust aggregation and modification leading to the growth of planets. 

Because the initial generations of dust structures are now gone, one is con- 

cerned with fine effects in the bulk composition of planets, and these fine 

effects are attributable to initial properties of the dust (ISMD) only with 

grave uncertalinty at present. Studies of the transport and aggregation of 

dust in a model of the solar disk (e.g., Lin, 1981, Morfill and Volk, 1984, 

ope cit,) seem at present to offer the most likely chance of establishing a 

connection. But even so, an almost exactly correct description will be needed 



t o  e v a l u a t e  t h e  s m a l l  f r a c t i o n a t i o n  e f f e c t s  on t h e  b u l k  c o m p o s i t i o n s  o f  

p l a n e t s .  P l a n e t a r y  a tmospheres  c o u l d ,  i n  p r i n c i p l e ,  r e c o r d  v o l a t i l e - r i c h  

a c c r e t i o n  over  g e o l o g i c  t ime.  

U n l i k e  m e t e o r i t e s ,  t h e  bir t , . l i lates of comets a r e  unknown, a l though  on 

good grounds t h e y  a r e  a l s o  b e l i e v e d  by most as t ronomers  t o  have formed e a r l y  

i n  s o l a r  sys tem h i s t o r y .  I f  t h a t  i s  t h e  e a s e ,  comets shou ld  c a r r y  some memory 

of t h e  ISM d u s t  from which they  p robab ly  formed. Although c o n n e c t i o n s  t o  hSMD 

t h e n  e x i s t ,  t h e  ha rd  t a s k  i n  t h i s  c a s e  i s  t h e  measurement of t h e  p r o p e r t i e s  of 

cometary m a t e r i a l .  An e x t e n s i v e  l i t e r a t u r e  e x i s t s  and can be approached 

th rough  Comets ( U n i v e r s i t y  of Arizona P r e s s :  Tucson 1384). Some i n  sit11 

measurements may a l r e a d y  e x i s t  i f  cometary breakup i s  a  major souce of i n t e r -  

p l a n e t a r y  d u s t  p a r t i c l e s  ( IDP's  - s e e  Walker ' s  review).  A r e t u r n e d  cometary 

sample could  become t h e  s i n g l e  most i n f o r m a t i v e  p i e c e  of ev idence  of this 

r e l a t i o n s h i p ,  b u t  t h e  proposed f l y b y s  may be a lmost  a s  r e v e a l i n g ,  

4 
Whether  t h e  comets i n  t h e  Oort  c loud  (d > 3x10 AU) were formed i n - s i t u  

o r  were Formed i n  t h e  t rans-Neptunian r e g i o n  and k icked  o u t  by t h e  g r a v i t a -  

t i o n a l  p e r t u r b a t i o n s  of t h e s e  o u t e r  p l a n e t s  i s  s t i l l  a n  open q u e s t i o n .  What- 

e v e r  t h e i r  o r i g i n ,  however, i t  i s  g e n e r a l l y  r egarded  t h a t  comets,  by v i r t u e  of  

t h e i r  s m a l l  masses ( l e a d i n g  t o  a lmost  no i n t e r n a l  h e a t i n g  o r  wea the r ing  a n d  a 

n e g l i g i b l e  number of h i g h - v e l o c i t y  m e t e o r i t i c  impac t s )  pe rhaps  r e p r e s e n t  t h e  

most p r i s t i n e  m a t e r i a l  i n  t h e  s o l a r  sys tem.  Consequent ly ,  a  proper u n d e r -  

s t a n d i n g  of t h e i r  chemlcal  composi t ion and p h y s i c a l  s t r u c t u r e  ( e . g .  do they 

show a  h i e r a r c h i c a l  g r a n u l a r  s t r u c t u r e  s i m i l a r  t o  Brownlee p a r t i c l e s )  coriid 

g i v e  u s  impor tan t  c l u e s  b o t h  t o  t h e  physico-chemical  environment i n  which they 

formed, a s  w e l l  a s  t h e  b a s i c  p h y s i c a l  p r o c e s s e s  t h a t  l e d  t o  t h e i r  format ion.  

For  t h i s  r e a s o n ,  a  sample r e t u r n  miss ion  t o  a  comet i n  t h e  f u t u r e ,  foLEowing 

t h e  p r e s e n t  f ly-by m i s s i o n s  t o  comets Ha l l ey  and Giacobini -Zinner  and t h e  pro- 

posed re:ldezvous m i s s i o n ,  p o s s i b l y  t o  comet Wi ld t2 ,  shou ld  be s t ro r lg ly  sup-  

p o r t e d .  



1, - The relationship of cometary volatiles to the ISM. The relation- 

ship of cometary volatiles to interstellar dust is unclear because it is not 

known whether the volatiles condensed as mantles on grains in dark clouds long 

before accretion into comets or condensed in the pre-solar nebula. A few 

points bear on the condensation process and subsequent history. 

a, If s 2  is truly resident in the cometary nucleus and is not a 
rapidly procluced daughter product, it constrains the history of the grains. 

In particular, it requires irradiation of sulfur compounds in grain mantles 

and it requires that the irradiated mantles remain very cold (T < 30 K) from 
the time of irradiation until accretion into the nucleus (A'Hearn et al. 1983, 

Ap. J. (Lett.), 274, L99). - -  

be The D/H ratio in H 0 (only upper limits exist now but better num- 2 
bers will exist within 1 112 years) constrain the condensation process of ~ ~ 0 .  

Condensation of H20 on grain surfaces should lead to a temperature dependent 

fractionatio:n. Since the ice band is readily observed in dark clouds, it is 

likely that the condensation process should take place there. Better theore- 

tical models of the fractionation, allowing for time dependence, will be 

needed. 

2 ,  - Clometary Refractory Grains. The large (compared to diffuse ISM) 

grains which are presumably friable and porous, require a very gentle aggre- 

gation process, either in clouds or in the pre-solar nebula. Do the clouds 

completely shield the grains from the destructive shocks of the diffuse ISM? 

3 ,  Need for In Situ Measurements. In situ experiments (e.g. from the 

CMF mission) could test whether or not the C depleted from volatiles has gone 

into refractories by measuring the vaporization mass spectra of dust. Such a 

mission can, in principle, lopk for the isotopic anomalies found in meteor- 

ites, although getting sufficient sensitivity in flight instruments may be 

difficult, 



11- INTERRELATIONSHIPS TODAY 

A. "IDP" Captured from ISM 

Because the spectrum of origins of IDP's is not known, the possibility 

exists that some may be captured from the ISM. Entry of ISMD into the solar 

system happens at all times, but especially during those epochs when the solar 

system passes through ISM clouds. The probability frequency of the latter is 

discussed in several papers in the book The Galaxy and the Solar System (Uni- 

versity of Arizona Press: Tucson 1985). Capture in recent times would 

present us with particles related to ISMD today. It is still not known how 

large ISMD particles can be, or even if macroscopic ISMD particles exist. 

1. Estimates of total accretion of interstellar grains onto Earth's 

Surface. Over the earth's total history, probably about a dozen clouds of 

density n =lo00 cmq3 have been encountered. Clouds of such density will 
H 

suppress the heliopause to within 1 AU of the Sun, so that the dust particles 

in these clouds should accrete onto the earth's atmosphere unimpeded by de- 

struction processes associated with the solar wind. It is simplest to assume 

that the radiation pressure on the grain balances the Poynting-Robertson 

effect, a reasonable assumption for a typical a 0.1 micron particle expected 

for nH=lOOO cmV3 clouds. But see the discussion of the size distribution 

below. 

A density enhancement of a factor of 3-10 over the ambient interstellar 

density is expected at 1AU for an average relative sun-cloud velocity of 20 

km/s. If the earth has encountered a dozen such clouds over its history, and 

if each cloud encounter lasted about lo6 years (i.e. a cloud length of lOpc), 

then a total integrated flux of about 0.06 g cm-2 is expected on the earth's 

surface, or a total accumulation of 9 x 1 0 ~ ~  grams. At an average grain density 
3 of 3g/cm , this is enough to build about 25 mountains the size of Mount 

Everest. This interstellar component is unfortunately swamped by the much 

larger influx of solar system micrometeorites (Barker and Anders, 1968, 

Geochim. Cosmochim. Acta, - 32, 175). 



2. I n t e r s t e l l a r  "IDP" E f f e c t s  on Lunar S o i l s .  At t h e  p r e s e n t  t ime  t h e  

s o l a r  sys tem i s  a p p a r e n t l y  l o c a t e d  i n  a  r e g i o n  of space  t h a t  i s  n o t  d e n s e l y  

popu la ted  w i t h  i n t e r s t e l l a r  g a s  and d u s t .  However, t h i s  h a s  a lmos t  c e r t a i n l y  

n o t  been t r u e  f o r  i t s  e n t i r e  h i s t o r y .  A t  v a r i o u s  t imes  i n  t h e  p a s t ,  t h e  s o l a r  

sys tem must have encoun te red  dense ,  i n t e r s t e l l a r  g a s / d u s t  c l o u d s  ( s e e  The - 
Galaxy and t h e  S o l a r  System (Tucson 1985) ) .  I n  p r i n c i p l e ,  t h e  r e c o r d  of such  

e n c o u n t e r s  could  be p r e s e r v e d  i n  i n d i v i d u a l  c r y s t a l s  of t h e  l u n a r  r e g o l i t h .  
4 I n d i v i d u a l  ]Lunar s o i l  g r a i n s  have t y p i c a l l y  been exposed f o r  10  y e a r s  a t  t h e  

v e r y  s u r f a c ~ e  of t h e  moon. C r y s t a l s  removed from d i f f e r e n t  d e p t h s  and from 

d i f f e r e n t  c o r e s  were exposed a t  v a r i o u s  t imes  i n  t h e  p a s t  - i n  some c a s e s  a t  

l e a s t  10' y e a r s  ago. The r e c o r d  of s u r f a c e  exposure  i s  m a n i f e s t e d  by t h e  

p r e s e n c e  of m i c r o m e t e o r i t i c  impact c r a t e r s ,  s o l a r  wind implan ted  i o n s ,  and 

s o l a r  f l a r e  t r a c k s .  Passage  through a  dense  d u s t  c loud would produce c r y s t a l s  

w i t h  a  h i g h e r  average  d e n s i t y  of impact p i t s  r e l a t i v e  t o  implan ted  s o l a r  wind 

i o n s  t h a n  c r y s t a l s  exposed a t  t h e  lower  s u r f a c e .  I n i t i a l  a t t e m p t s  t o  look  f o r  

a n  e f f e c t  were d e f e a t e d  by t h e  p r e s e n c e  of  g l a s s  s p l a s h e s  on g r a i n  s u r f a c e s  

which masked t h e  Mg c o n t r i b u t i o n  which was b e i n g  used a s  a t r a c e r  of implanted 

s o l a r  wind. Recent advances  i n  i n s t r u m e n t a t i o n  have made i t  p o s s i b l e  t o  r e -  

examine t h i s  q u e s t i o n  u s i n g  n i t r o g e n  a s  t h e  s o l a r  wind t r a c e r .  S i n c e  t h e  

ind igenous  n i t r o g e n  c o n c e n t r a t i o n  i s  low on t h e  moon, i t s  u s e  a s  a  t r a c e r  of  

s o l a r  wind e x p o s u r e  s h o u l d  n o t  b e  compromised  by t h e  p r e s e n c e  o f  g l a s s  

s p l a s h e s .  While a d m i t t e d l y  a n  ex t remely  d i f f i c u l t  e x p e r i m e n t a l  problem, i t  i s  

s t i l l  worthwhi le  t o  a t t e m p t  t o  u s e  l u n a r  samples  t o  e s t a b l i s h  a  f u l l e r  r e c o r d  

of t h e  h i s t o r y  of t h e  s o l a r  sys tem t h a n  h a s  t h u s  f a r  been done. Again, how- 

e v e r ,  i t  i s  n e c e s s a r y  t o  s e p a r a t e  t h e  i n t e r s t e l l a r  component from a  mtlch 

g r e a t e r  i n f l u x  of more mundane s o l a r  sys tem p a r t i c l e s  ( s e e  Anders e t  a l . ,  

1973, The Moon, 8 ,  3 ) .  - - 

3. - Dynamical Aspec t s  of Today's Intersellar/Interplanetary Connection. 

I n t e r p l a n e t a r y  m a t t e r  c o n t r i b u t e s  t o  t h e  i n t e r s t e l l a r  medium v i a  t h e  i n j e c t i o n  

of s m a l l  p a r t i c l e s  ( m ( 1 0 - l ~ ~ )  i n t o  h y p e r b o l i c  t r a j e c t o r i e s  under  t h e  i n f l u e n c e  

of  r a d i a t i o n  p r e s s u r e .  There  a r e  two p r o c e s s e s  which g e n e r a t e  t h e s e  s m a l l  

p a r t i c l e s :  ( 1 )  e v a p o r a t i o n  of comets i n  t h e  i n n e r  s o l a r  sys tem w i t h  t h e  sub- 

s e q u e n t  r e l e ( a s e  of cometary d u s t ,  and ( 2 )  c o l l i s i o n a l  f r a g m e n t a t i o n  of l a r g e r  

i n t e r p l a n e t a r y  meteoro ids .  The o u t f l u x  of b o t h  t y p e s  of p a r t i c l e s  from t h e  



solar system is of the order of 10 tons per second (Delsemme 1976, Lecture 

Notes in Physics, - 48, 314; and Griin et al, 1985, Icarus in press). 

On the other hand, interstellar grains will enter the solar system and 

may be observable there. There are certain dynamical processes which affect 

the trajectories and which lead to a dispersion of incoming interstellar 

grains. Radiation pressure reduces the gravitational attraction by the sun. 

The parameter which quantifies this effect is the ratio of the radiation pres- 

sure force Frad over the solar gravitational force Fgrav: beta=Frad/Fgrave 

This ratio is a function only of particle parameters such as the size (s), 

density (p) and optical scattering efficiency Q: beta=Q/sp. For micron- and 

submicron-sized particles beta reaches unity and may even exceed it. For 

smaller particles, it decreases (pure dielectric materials) or stays close to 

unity (absorbing materials). The effect of beta >1 for small particles is 

that .they are repelled from the sun rather than being attracted by it. The 

result will be that these small particles reach only a minimum distance from 

the sun which depends on their incoming velocity. 

Another effect is due to the interaction of interstellar grains with the 

solar wind. Solar wind ions impinging on dust particles also exert a repel- 

ling force on the grains which, for submicron-sized dielectric particles, may 

become the dominating force. Therefore, very small (<0.1 micron) dielectric 

particles are shielded from the inner solar system. 

A third effect which acts to prevent small interstellar grains from 

reaching the inner solar system is the electromagnetic interaction betxtreen 

charged dust particles and the interplanetary magnetic field. Dust particles 

within the heliosphere will be charged positively because of the prevailing 

photoelectric effect, which exceeds the charging by solar wind electrons. The 

surface potential is estimated to be of the order of 10V independent of the 

solar distance (Rhee, 1969). The charged interstellar dust grains interact 

with the interplanetary magnetic field. For micron sized particles this fo rce  

is only a small perturbation compared to the force exerted by gravity and 

radiation pressure. For 0.1 micron sized particles however, the electromag- 

netic force is comparable to the others. Morfill and Griin (1979, -- Planet, 



Space S c i . )  have shown t h a t  i n t e r s t e l l a r  g r a i n s  may be focused  towards o r  

d i s p e r s e d  away from t h e  c u r r e n t  s h e e t  l o c a t e d  c l o s e  t o  t h e  e c l i p t i c  p l a n e ,  

depending on t h e  c o n f i g u r a t i o n  o f  t h e  o v e r a l l  s o l a r  magnet ic  f i e l d  which 

v a r i e s  w i t h  t h e  s o l a r  c y c l e .  Small  charged p a r t i c l e s  e n t e r i n g  t h e  s o l a r  

sys tem a t  h i g h  s o l a r  l a t i t u d e s  w i l l  e n c o u n t e r  on ly  a u n i p o l a r  f i e l d  which w i l l  

e f f e c t i v e l y  r e p e l  them a l l  t h e  t ime.  

The upshot  of t h e s e  c o n s i d e r a t i o n s  i s  t h a t  submicron-s ized ((0.1 micron)  

p a r t i c l e s  made from e i t h e r  a b s o r b i n g  (ca rbon  o r  m e t a l  r i c h )  o r  d i e l e c t r i c  

( s i l i c a t e s )  m a t e r i a l  w i l l  no t  reach t h e  i n n e r  s o l a r  sys tem.  T h e i r  c l o s e s t  

approach depends on t h e i r  speed w i t h  r e s p e c t  t o  t h e  Sun and on t h e i r  e x a c t  

cornpositon ( p u r e  d i e l e c t r i c s  may g e t  somewhat c l o s e r ) .  However, p a r t i c l e s  

l a r g e r  t h a n  a  micron a r e  n o t  r e p e l l e d  by t h e  e f f e c t s  d i s c u s s e d  above and may 

even be g r a v i t a t i o n a l l y  c o n c e n t r a t e d  i n  t h e  s o l a r  sys tem j u s t  a s  t h e  i n t e r -  

s t e l l a r  wind i s  (Fahr  (1974) Space S c i .  Rev., - 15,  483).  T h e r e f o r e ,  a  c r u c i a l  

p r e r e q u i s i t e  f o r  t h e  c a p t u r e  of i n t e r s t e l l a r  g r a i n s  n e a r  1A1J i s  t h e  e x i s t e n c e  

of s u f f i c i e n t l y  l a r g e  p a r t i c l e s  i n  t h e  ISM. From i n - s i t u  i n t e r p l a n e t a r y  d u s t  

measurements ( s e e  i n t e r p l a n e t a r y  g r a i n  r e p o r t )  t h e r e  a r e  i n d i c a t i o n s  t h a t  some 

of t h e  recorded p a r t i c l e s  may have an i n t e r s t e l l a r  o r i g i n .  

4 .  - A l t e r a t i o n  of SSD on Parent: Bodies .  F o r t u n a t e l y  many m i n e r a l s  i n  

c h o n d r i t i c  TDP's may r e t a i n  i d e n t i f i a b l e  memory r e g a r d i n g  p r e v i o u s  e v e n t s  such  

a s  p r o c e s s e s  t h a t  a f f e c t e d  t h e  I D P ' s  a f t e r  accumula t ion  and r e s i d e n c e  i n  a  

p r o t o p l a n e t a r y  p a r e n t  body ( R i e t m e i j e r ,  1985-a; -b; s e e  a l s o  Sandford and 

Walker,  1985 Ap. J. ,  291, 8 3 8 ) ,  d u r i n g  t h e i r  s o l a r  sys tem s o j o u r n  and atmo- 

s p h e r i c  e n t r y .  Prominent among t h e s e  m i n e r a l s  a r e  E p s i l o n  (E-) c a r b i d e ,  

poor ly  g r a p h i t i z e d  carbon,  l a y e r  s i l i c a t e s  and Bi203. The E-carbide 

( C h r i s t o f f e r s e n  and Buseck, 1983) i s  of i n t e r e s t  because  i t  may be a  r e s i d u e  

of  Fischer-Tropsch r e a c t i o n s  which have been proposed by Anders and coworkers 

as a  p o s s i b l e  s o u r c e  of so la r - sys tem hydrocarbons  ( c f .  S t u d i e r  e t  a l . ,  1972).  

R i e t m e i j e r  and Mackinnon (1985-a) s u g g e s t e d  t h a t  c a t a l y t i c a l l y  a c t i v a t e d  

hydrous  p y r o l y s i s  below abou t  3 0 0 ' ~  may a f f e c t  "hydrocarbon compounds" i n  

c l ~ o n d r i t i c  IDP's t o  produce amorphous carbon.  Continued h e a t - t r e a t m e n t  a t  

t e m p e r a t u r e s  below abou t  5 0 0 ' ~  induces  g r a p h i t i z a t i o n  r e s u l t i n g  i n  t h e  forma- 



t i o n  of p o o r l y  g r a p h i t i z e d  carbon (PGC) s i m i l a r  t o  PGC i n  c a r b ~ ~ n a c e o u s  chon- 

d r i t e s  ( R i e t m e i j e r  and Mackinnon, 1985-b). The degree  of graph;  t i z a t i o n  is  a  

p o t e n t i a l  cosmothermometer f o r  p r i m i t i v e  e x t r a t e r r e s t r i a l  m a t e r i a l s  

( R i e t m e i j e r  and Mackinnon, 1985-b). 

The d e b a t e  on t h e  o r i g i n  of l a y e r  s i l i c a t e s  i n  p r i m i t i v e  e x t r a t e r r e s -  

t r i a l  m a t e r i a l s  (carbonaceous  c h o n d r i t e s )  c e n t e r s  on t h e  q u e s t i o n  of whether 

t h e y  a r e  t h e  r e s u l t  of low-temperature aqueous a l t e r a t i o n  (McSween e t  a l . ,  

1979; Bunch and Chang, 1980) o r  whether  t h e y  have formed by d i r e c t  vapor phase 

c o n d e n s a t i o n  (Lew'is, 1972; Saxena and E r i k s s o n ,  1983).  I n  general . ,  Layer 

s i l i c a t e s  a r e  common a l t e r a t i o n  p r o d u c t s  of anhydrous s i l i c a t e s .  Recen t ly  i t  

h a s  b e e n  s u g g e s t e d  t h a t  t h e  a l t e r a t i o n  p r o c e s s e s  may t a k e  p l a c e  a t  room 

t e m p e r a t u r e  ( 2 5 ' ~ )  o r  even below t h e  m e l t i n g  p o i n t  of w a t e r  i c e  (Gooding, 

1984; R i e t m e i j e r  and Plackinnon, 1984-a; R i e t m e i j e r ,  1985-a, -b) .  

Layer  s i l i c a t e s  have been observed i n  f i v e  IDP's -- IDP XP-36 (Brownlee,  

1978) ;  LOW-CA, a  h y d r a t e d  IDP; Skywalker and C a l r i s s i a n  (Tomeoka and Buseck, 

1 9 8 4 ;  1985-a ;  - b )  a n d  i n  CPA W7029*A (Mack innon  a n d  R i e t m e i j e r ,  1 9 8 3 ;  

R i e t m e i j e r  and Mackinnon, 1984-b, 1985-c). The most abundant  l a y e r  s i l i c a t e  

i n  IDP's i s  a  s m e c t i t e ,  o r  a  mica of s i m i l a r  composi t ion.  A phase which may 

be  comparable w i t h  t h e  IDP l a y e r  s i l i c a t e  h a s  been d e s c r i b e d  from a  f i n e -  

g r a i n e d  C A I  i n  t h e  Al lende  (CV) m e t e o r i t e  (Tomeoka and Buseck, 1982).  O t h e r ,  

l e s s  abundant ,  groups  of l a y e r  s i l i c a t e s  i n  IDP1s a r e  chamosi te  o r  s e r p e n t i n e  

(Brownlee,  1978) ,  a  p o o r l y  c r y s t a l l i n e  Fe-r ich  l a y e r  s i l i c a t e  (Tomeoka and 

Buseck,  1985-a, -b; R i e t m e i j e r  and Mackinnon, 1984-b, 1985-c),  Mg-poor t a l c  

and k a o l i n i t e  ( a n  Al - r i ch  l a y e r  s i l i c a t e )  (Mackinnon and RietEmeijer, 1983; 

R i e t m e i j e r  and Mackinnon, 1985-c). Layer  s i l i c a t e s  i n  t h e s e  I D P V s  a r e  n o t  

s i m i l a r  t o  t h e  predominant l a y e r  s i l i c a t e s  i n  CM c h o n d r i t e  m a t r i c e s  and a r e  

a l s o  p r o b a b l y  d i s s i m i l a r  t o  l a y e r  s i l i c a t e s  i n  C I  c h o n d r i t e s ,  a l t h o u g h  

d e t a i l e d  A n a l y t i c a l  E l e c t r o n  Microscope a n a l y s e s  on CI m e t e o r i t e s  a r e  not  

a v a i l a b l e  ( R i e t m e i j e r  and Mackinnon 1985).  

Although t h e  d i v e r s i t y  of l a y e r  s i l i c a t e s  i n  IDP1s p robab ly  p o i n t s  t o  

low-temperature a l t e r a t i o n  of IDP's i n  a  p r o t o - p l a n e t a r y  p a r e n t  body, t h e  

l a r g e  s t a b i l i t y  f i e l d s  of t h e  IDP l a y e r  s i l i c a t e s  r e n d e r  them g e n e r a l l y  un- 



suitable to more precisely constrain the alteration process. One noticeable 

exception is kaolinite, the presence of which in IDP's suggests that (1) 

during solar system transit heating of the IDP was minimal and (2) low water 

vapor pressures may have prevailed in the IDP (Rietmeijer and Mackinnon, 

1985). 

In Chondritic Porous Aggregate (CPA) N7029*A single crystals of Bi o 
2 3 

formed via oxidation of Ri-metal in response to flash-heating of this aggre- 

gate during its atmospheric entry. The simple cubic structure of this oxide 

indicates that this mineral formed below about 300'~ (Mackinnon and 

Rietmeijer, 1984). This low entry temperature' agrees well with the preserva- 

tion of nuclear tracks in olivines found in IDP's [Bradley et al., 19841. 

In general, a careful study of the mineralogy of IDP's may reveal de- 

tailed pieces of its memory, which may eventually enable us to isolate un- 

altered ISM dust grains in chondritic IDP's and even in primitive meteorites. 

5. Searching for relatively Unaltered Material. The look we get at 

the properties of presolar material through the study of meteoritic material 

is clouded and obscured by the event of solar system formation which obliter- 

ated much of the information we seek. Although continued study of the mete- 

oritic record will increase our knowledge of presolar material, it is impera- 

tive to concentrate on material which is primordial, i.e. which has not been 

effected by the solar system formation event. This includes: 

a) Irktensif ied work on interplanetary dust particles collected in the 

stratosphere (IDPs). Judged by the percentage of IDPs exhibiting D-excesses, 

these particles as a class of material are more primitive than primitive mete- 

orites. 

"o Collection of interplanetary dust particles from known sources. 

Orbital parameter determination in conjunction with collection of material in 

space would enable us to distinguish between grains of cometary and asteroidal 

origin as well as (hopefully) present day interstellar grains. Experiments of 

this type have been proposed for implementation on the Space Station. 



c) Collection of cometary material during a fly-by mission. 

d) Collection of material during a comet sample return mission (solid 

material and gas). 

e) Possible future missions dedicated to the collection of dust and 

ice from the rings of the outer planets. 

All experiments designed to trap and analyze the atoms from impacting 

interplanetary duSt particles are currently orbiting the earth on the Long 

Duration Exposure Facility (LDEF I). The spacecraft is due to be returned to 

earth at the end of the Summer 1986. Both elemental and isotopic measurements 

(with a precision of 1/1000) will be made. One interesting question to be 

answered is the extent to which particles collected in this way will show 

similar isotopic effects to those that have already been measured in IDPs 

collected in the upper atmosphere (Walker, this workshop). A sneak-preview of 

the LDEF I experiments is provided by the return of parts from the Solar 

Maximum Satellite which show impacts from chondritic and iron-sulfide micro- 

meteoroids (Schramm et al., 1985, LPSC XVI, 736). 

The current experiments are only crude precursors to what could be Elown 

to identify, collect, and analyze cosmic dust from known sources. With a 

reasonable extrapolation of existing technology, it appears feasible to mea- 

sure the time of arrival of individual particles and, more important, to 

determine their velocities i. e. : the orbital parameters of pairticles whose 

isotopic composition could be measured. An array of many individual "active'" 

capture cells - those that would measure the location, velocity, and time-of- 
arrival has been proposed as a potential space station experiment (see Bank's 

report on the scientific uses of the space station; also Zinner and Walker, 

this conference). Individual cells containing impacts with "interesting'" 

orbital parameters could be removed periodically from the large array and 

returned to earth for detailed study. 

Interesting orbits would be those which indicated that the particles 

originated either from specific comets or came directly from the interstellar 



medium, that is, those particles whose orbits were out of the plane of the 

ecliptic and/or whose velocities were equal to or greater than the escape 

velocity of the solar system. 

Although it is only conjectural at this point, comets appear to be a - 

promising place to look for primordial solar system matter (NAS report on 

small bodies) and interstellar dust that escaped drastic modification during 

the formation of the solar system. 

With existing laboratory instrumentation, it is possible to obtain pre- 

cise isotopic measurements on impacts from 10'micron particles. The flux of 

interstellar particles of this size traversing the solar system cannot be 

calculated exactly from current knowledge, but it is certainly low. If such 

particles could be captured and studied it would open up a new chapter in 

experimental astrophysics. However, even if only interplanetary particles 

were measured, the experiment, which has been given the acronym ODACE (Orbital 

Determination and Capture Experiment), (Walker and Zinner, this conference), 

would contribute important new knowledge about primitive materials. 

IDPs Stored in Regoliths 

If solid bodies'have accreted ISM dust during solar system history, IDPs . 

liberated during collisions with those bodies may be directly related to ISMD. 

This rather remote connection of current IDPs to the ISM will be very hard to 

establish even if it exists. 

C. Circumstellar Material Around Other Stars 

An entirely new perspective on the relationship between interplanetary 

and interstellar material may arise from studies of the solid material orbit- 

ing other stars, first recognized in IRAS datg and recently confirmed with 

optical observations. This field of investigation is sufficiently new and 

difficult observationally that the level of detailed characterization of the 

material which will eventually be attained is difficult to project. However, 

these new samples of material which have survived the transition from the 



i n t e r s t e l l a r  medium t o  long- l ived n e a r - s t e l l a r  d i s k s ,  s h o u l d ,  by v i r t u e  both 

of t h e i r  s i m i l a r i t i e s  t o  and d i f f e r e n c e s  from s o l a r  sys tem m a t e r i a l ,  p rov ide  

new c l u e s  t o  t h e  c h a r a c t e r  of t h e  p r i m o r d i a l  m a t e r i a l  and t h e  changes i n h e r e n t  

i n  t h i s  m a t e r i a l  r e s u l t i n g  from s t e l l a r  fo rmat ion .  
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PARTICIPANT COMMENT SESSION - DAY 3 
NASA DUST GRAIN WORKSHOP 

The scientific organizing committee and working group chairmen met during 
a reception after dinner on the second day of the conference to discuss the 
agenda for the following morning. During this meeting it was suggested that 
it might be interesting if everyone present were given the opportunity to 
"ask one burning question" or "speak his or her mind" on a single issue which 
was related to the conference, but not necessarily within their own particular 
area of expertise. 

Because many people objected to simply "making a list of questions," it was 
decided that if someone could answer a question in one or two lines, this 
would be done. If the question was the spark to considerable controversy; 
however, discussion was halted on that topic and continued at 1ei:sure after 
all questions had been asked. The edited transcript of this expriment is 
contained in the following pages and makes rather interesting reading, A 
number of the questions would make very respectable thesis research,tapics, 
while others clearly define areas where interdisciplinary approaches are 
required. 

As a point of information, if a speakers' name appears in all capital letters, 
the statement which follows was his initial question or comment. Subsequent 
comments on this topic were made by those individuals in which only the first 
letter of the name is capitalized. 

ABHEAFN: As people presumably realize, you can look at the grains 
in comets that have been reported to produce all of the 
interplanetary particles and we can measure very few 
properties, e.g., things like the spectral reflectivity 
and the albedo. Would somebody please tell me what the 
corresponding properties of the collected particles are, 
What color are they? 

Zinner: 

A' Hearn: 

They are black mostly. 

I realize they're dark, I want to know how dark? And by 
black, do you mean the reflectivity is neutral across the 
optical? 

In the region around a protostar where grains are falling 
into an increasingly warm and hot environment, I W  be 
interested to know what processes happen, particularly 
to sulphide grains, e.g., whether those grains melt or 
volatalize, and whether there is any coagulation of molten 
grains or indeed of ferromagnetic grains and under what 
conditions could one have clumping of grains in the infall 
from the interstellar medium. 



AL LA: It's more of a question that I think we all are faced with, 
We constantly hear about the need for lab data and this is 
something ~ o b  mentioned previously. Part of the problem is 
the credibility outside of this community that there really 
is a need for this type of data and we all ought to work 
hard at talking colleagues in other departments into 
doing experiments, in addition to measuring the ion molecule 
rate constants and geomeries. There are other astrophysically 
important experiments to be done, and I think once we get that 
message out, we might find the funding needed to address these 
problems a little easier to get, and also, some of the answers 
to the questions that we really are faced with done in a more 
realistic way, So it's part of our job, I think, to try to 
bring that message across. It's also part of our job to 
referee our work carefully so that it doesn't look like black 
magic. 

ALLEN : 

From the outside you see that many meteorites are iron. What 
criteria have we used to eliminate the possibility that iron 
isn't in the silicate? Is there any optical reason for 
discounting the possibility of metallic grains in the ISM? 

There's no firm optical evidence, or at least I don't believe 
there's any firm optical evidence, against iron grains. One 
has a prejudice that one wants to put together enough 
silicates for the models, but that's more of a prejudice 
than a constraint. 

Joe Nuth and I (Hecht and Nuth, 1982, ApJ 258, 878) measured -- 
iron extinction in the lab and there were no optical 
properties up to 190 nm to distinguish, there was just a 
straight line. So, in principle, I guess iron 
could contribute. 

One sf my pet concerns is the issue of what is the composition 
of grain mantles. If one looks at the numbers, one finds out 
that molecular hydrogen can stick to silicate or ice grains. 
However, there's been this notion in the community for many 
years that the grain mantles are just basically nitrogen, 
oxygen, and carbon with hydrogens on them, rather than 
possibly a large fraction of molecular hydrogen composing 
the grain mantles. This latter possibility would have an 
impact on the grain physics. I would ask researchers to put 
an excess of hydrogen into their experimental mixture and to 
really see whether the hydrogen sticks along with everything 
else to some proportional extent or whether there is, in fact, 
a preferential sticking of the ices relative to the hydrogen 
so that we can really sort out the issue of what is the 
composition of the grain mantles in regions which are heavily 
depleted in volatiles. 



Cne thing that I came here hoping to learn more on is just 
how dirty the silicate grains are. In a fairly optically 
thin dust shell, the amount of the emission you see is very 
much dependent on the dust temperature, and if you want to 
find out how much dust there is, you have to know what the 
dust temperature is, and to do that you have to know how dirty 
the grains are. Therefore, whether it% direct or indirect 
evidence on grain dirtiness, it would be extremely nice to 
have some thing. 

Leger : A complementary question to that is how dirty a silicate has 
been made in the laboratory. For instance, if one wants to 
make a very dirty silicate, what is the maximum K that has 
been achieved in the laboratory? 

Jones : Stick some carbon in it and you can make it as black as you 
want. 

Stephens : Again, you have to define dirtiness, and at which wavelength, 

Leger : It is that amount which is needed to match observations of 
radiation in the infrared around stars, say around 2 microns, 

JONES : One of the things that came out in the joint interstellar/ 
circumstellar session we had the other day was this question 
of whether or not there's evidence for the features we see 
in the diffuse interstellar medium (e.g., the 2175 bmp, the 
3.4 micron stretching and the infrared emission features we 
see in reflection nebulae), in the circumstellar ]regions. 
With the exception of the 2175A feature, which people have 
actually looked for, it's pretty obvious that we haven't 
really thought about it. I think that this is an important 
question, because when we look at planetary nebulae and see 
the IR emission features, it may have important i~nplications, 
presumably it's the ejecta from the red giant phase, Yet, I 
don't t o w  of anybody who's actually started looking at giants 
to see if we can find these features, particularly the 3.4 
micron feature, in the circumstellar environment. 

Hag en : There is a paper by George Wallerstein (Snow and ~dallerstein 
[I9721 PASP 84, 492) a few years back in the PASP where he -- 
looked for the diffuse IS bands around the red giants, 

Jones : Yes, that's the diffuse interstellar bands in the visible 
and they are not found in circumstellar shells. I think 
it's important because if you cannot find those features 
in the circumstellar dust, then maybe that lends weight 
to this idea that it doesn't make any difference what the 
stars make initially because all CS dust gets reprocessed 
in the IS medium. 



Jones : 

HI WEB 

Greg Seab and I once tried to use IUE data to look for the 
mid-UV bump, analogous to the 2175A feature, in some oxygen 
rich red giants. This was long enough ago that the data 
base was not adequate. The signal to noise was poor. Some 
suggestion that the bump moved to longer wavelengths was 
found, but that's the sort of thing that could be repeated 
now with the larger data base. 

It bears directly on the question of grain destruction in 
the interstellar medium. 

I, along with a lot of other people I'm sure, would like to 
know whether the 2175 angstrom feature is really an indicator 
of a large component of carbon bearing grains (since that's 
used as the main piece of evidence for those grains). A 
related question is that as far as I can see, the amount 
of carbon bearing grains in the IDP's is quite small. The 
question that arises from that is how are these carbon grains 
destroyed on their way to the protostellar nebulae if they are 
so prevalent in the IS medium. 

I'd like to know the strengths and detailed shapes of magnetic 
fields in molecular clouds and the mechanisms actually 
responsible for the magnetic alignment of dust grains. 

I'm concerned with CS dust, where the holy grail 'is to find 
out how the dust is formed, and the winds are generated. 
Since these answers won't be forthcoming so readily, I'd 
be pleased to learn something about the W properties of 
the CS dust around evolved stars. This kind of information 
is critical for the further development of CS chemistry. 
The IS W radiation field induces considerable chemistry 
in the outer regions of CSEs. Mike Jura and our collaborators 
have shown that it may be possible to obtain some information 
on the W properties of the dust by studying the spatial 
variation of molecules, but direct determinations would be 
very valuable. 

You might look at Sitko, Savage, and Meade (1981 ApJ 246, 162) -- 
who did look at 10 or 12 circurnstellar shells. 

One question that's most important for me is the size distri- 
bution of interstellar grains, especially those close to the 
solar system. The reason for that is because there are forces 
in the solar system preventing the very small particles from 
entering the inner solar system. Only if there are particles 
in excess of a micron or so, will they reach one AU to be 
captured and brought back to the lab. If you don't have 
those large particles, then you may have to go out to about 
the distance of Jupiter or so in order to catch the incoming 
0.1 micron size grains. .This is not out of reach, but means 
that there are some constraints on the way we might catch IS 
material in the solar system. 



Draine: May I ask what the dominant force is that prevents the 10 
micron particles from reaching 1 AU? 

Grun: - It's radiation pressure, the pressure of the solar wind, and 
electromagnetic forces. 

BUSECK: What sorts of mineralogical and crystallographic features 
would be of most interest to the astronomical corrsn~mity for 
us to look for in these particles? A related question is how 
useful would it be for us to do more work on thing~s like the 
crystallinity of carbon, and how can this informat.ion best be 
transmitted to the astrophysics community? 

Draine : All of our information about interstellar carbon clrains come 
from optical observations, so if you can tell us things like 
how the dielectric function of plycrystalline carbon varies 
as a function of crystallite size, that would be very useful, 
particularly in the W near the 2175 A feature. 

Stencel : To briefly answer your operational question - it might be 
helpful for lab people to consider publishing very 
abbreviated, condensed summaries of large bits of mrk in 
the other journals. For example, you might conderlse a rider 
of things, from say, the Journal of Chemical Physics into a 
single article in the Astrophysical Journal. In turn, perhaps 
astronomers could try to publish brief, problem-olriented 
reviews in JCP or elsewhere, so that people who don" have 
time to read the articles in the original journals wuld at 
least have an access point to the infomtionp 

Buseck : Would there be interest in such an article, and i s  it mrth 
our while to try preparing it; would the ApJ actually accept 
this? 

Stencel : I think if you collaborated with astronomers to make sure -that 
the presentation was of direct interest, it might work, 

Kerridge : Just a comment on that - most journals require the mterial 
to be new. If it's being published somewhere else, even if 
you sent it to some totally unrelated journal, then its still 
not new. So you might have a problem with that sort of policy, 

Stencel : Maybe not if you accentuate the astrophysical application, 
An excellent example of this is a review of several years 
worth of measurements of molecular plnotodissociation rates 
with relation to the interstellar radiation field, by Long 
Lee, in the Astrophysical Journal, Vol. 282, p. 172 (19841, 

LATTIMER: I would like to know more about the application of nucleation 
theory to some of the experiments on nucleation and also how 
much we really believe that nucleation experiments that are 
currently done in the lab have anything to do with &at really 
goes on in circumstellar shells or around supernovae. 



Nuth :: 
v 

Draine : 

Walker : 

Draine : 

Well, I can respond to part of that by saying that Bert Donn 
and I have just had a paper come out in the January 1985 ApJ 
and the conclusion of that paper was that nucleation theory 
has nothing at all to do with reality. Bruce Draine, on the 
other hand, feels that this represents a phenomenally strong 
viewpoint, and maybe I can agree with that sentiment to some 
degree. Maybe he wants to rebut our viewpoint. 

I don't think there's anything to be gained by bringing it out 
here. 

I didn't mean homogeneous nucleation theory, I meant it as a 
generic term to describe a process. 

I was pleased to learn that the 2175A feature is not, as I 
thought, fixed as a graphite feature but that it's basically 
an open field, and one I would like to work on. I feel that 
its very worthwhile for the meteorite and cosmic dust 
community to spend some time on this problem. 

I would just like to repeat a bit of the question that Dr. 
Hagen brought up. I'd like to know more about what produces 
the absorptivity in silicaceous minerals in the 1-2 micron and 
visible region. For instance, cometary dust apparently has a 
very low albedo, as Dr. A'Hearn was telling us. What is it 
that produces the very high absorptivity? Is it carbon, is 
it some defect in the crystal structure? 

It% sot a crystal structure defect. I mean it's not color 
centers. 

In lunar samples - what is the imaginary part of the 
dielectric function at one or two microns, and what is it 
that produces the high absorptivity? 

Lunar samples are a special case, The opaque minerals in 
the case of the lunar samples are a poor analog to anything 
in the interstellar medium, they are titanium minerals. Lunar 
samples are very different from IS grains. 

Apart from wanting more information on just how grains were 
destroyed during grain-grain collisions, I would like to know 
more about the growth of grains in the interstellar medium. 
In particular, how do you grow refractory material, not only 
in the dark cloud phase, but also in the diffuse interstellar 
medium where you perhaps have a lot of atomic hydrogen. We've 
got some data that suggests that even for the outer parts of 
the diffuse clouds we've seen some grain growth effects, 
although there are some problems with interpretation. I'd 
like to see some more work done on that so that we can get 
a better idea of what to put into the theoretical models. 



I think there are 'th determinations of the gas 
use the errors are huge* It is 

t a lot of mterial which to be missirlg frcxn the 
ined in mn-t clouds with extrmly 

narrow line widths such that the Doppler parameter is b<0,,5 W s ,  
Blades et al. (1980, M.N.R.A.S., 193 849) have found, usi~q very high 
resolution observations, that sorrTiffuse clouds are mn--turMent, 
With actual Doppler values so low, gas phase colutln 
substantially underestimted  en higher values are 
analysis of the optical and ultraviolet ahsorption lines, 

WHIPPLE : lyr question is by a statement made on the first day that the 
m m t  of dust in carbon stars is 1 to the a m m t  
produced in oxygen rich stars, even though carbon stars are less 

t. Is it possible that these stars are hiding in their o m  
m k e  screen? 

Jura : - on that. If p u  look optically at the sky, 
If a micron in our own galaxy, mybe only one-ta* 

of the red giants are carbon rich. Wlt if we look at 
ch are loosing a substantial amount of mass, on the 

order of half of them are rich; and that's also trr~ of 
planetary nebulae. So in sense I think that m y  of 
stars are self -enshrouded, I think that we know the a 
your quest ion. 

Unidentified: Let's s t  forget that every carbon star started its life as an 
oxygen-r ich giant. 

Jura : - I'd just like to mention, in addition, that there are ast!ro@ysical 
, such as the Magellenic Clouds where the frac%ion of 
is much higher. The reason we think that this kapm 

is that the oxygen in these envi is much lower relative to 
hydrogen. For the first step in synthesis, hydrqen is 
connected to helim, and then to carbon, and that occurs in the 
center of the star the surface; it's easier 
for the carbon to x y y n  if you start out dth 
relatively little oxygen. 
easier to find carbon stars in our own galaxy, 
clouds were originally deficient in oxygen relative to the Mlky My, 

m: - I'd like to tow more about the ion and mission properties of 
very mall particles (in the 10 size range or mcroml~&&s), 
We have s w  a rapidly growing v o l e  of observations to iindicate that 
particles of this type are present in a ra de range of astro- 

itative deteminatioins 
rticles (e.g., their re B 

than as probes for the i- 
muld be very valuable to b e  such 

best frm laboratory wrk, 
and I look forward to seeing a lot mre laboratory mrk in this 
direction. 



I W  like to know a little bit more about the stability of some 
of these macromolecules outside of the dark clouds. In other 
words, are there more definitive rules about whether something 
will survive or not, There seems to be a gray area between 
something you know will definitely survive outside of the 
dark clouds (like graphite grains) and various simple 
molecules. Where is the cutoff, and are there any tricks 
for shielding, and so forth, where something might exist in one 
region and not in another. Spectroscopically you can probably 
match up any observed spectrum you want - there's enough 
molecules of sufficient variety. A more important question is 
whether or not the molecules are viable in the general 
interstellar medium. Dr. Leger introduced the problem a little 
bit earlier about the stability of molecular species and that's 
something that needs to be looked into a little more. 

WAZ ELTON : This is a new area for me, but one of the questions that I 
havenat seen addressed here is what effect the clouds' plasma 
environment has on such things as nucleation and grain growth, 
In other words, if you have charged particles, is that going to 
change the dynamics of how grains grow and the crystal 
structure of the grains which you might expect from that 
process? 

What is the lower limit to the mass fraction of possible 
circumstellar isotopic anomalies that are needed at time zero 
in the presolar nebula to explain the meteoritic data? I'm 
really trying to get a handle on the minimum number of grains 
which must survive passage through the interstellar medium from 
specific circumstellar environments in order to explain the 
isotopic data. Of course, it would be very helpful if 
in a future version of the ion microprobe you could actually 
analyze 10-15 angstrom chunks of meteorite matrix for isotopic 
anomalies as opposed to melting the entire thing as is done 
right now. 

Zinner :: But there are too few atoms to measure in that small a sample. 

The question you asked cannot be answered in principle unless 
we know the isotopic composition of the grains that were out 
there initially. We can analyze the meteorites as well as you 
want, but it% almost hopeless since we don" know what the 
composition of the raw material was. 

But you may be able to put limits on the amount of material 
that was processed in the solar nebula, Say you figure that 
50% of the material or more got processed in the solar 
nebula. If you see in the meteorites a fraction of the Neon-E 
that's ten percent of the total neon and if you then take a 
factor of 10 or something for processing efficiency, this would 
mean that about 1 or 2% of the original circumstellar material 
must have survived through the interstellar medium 
up to the time of the collapse of the protostellar nebula. 



Kerr idge : I think the problem is a good one, but it's impractical for 
this reason: we'd need to have a complete sarnpling of the 
presolar material, and I think rigorous quantitative answers 
are always going to fall down on these grounds. 

Brownlee : It sure might shed a lot of light on this subject if we could 
recover some of the stuff that Mike AWearn talked about hich 
might have been preserved at 30 K for eons in  comet.^, 

STENCEL: I thought it intellectually stimulating to consider the "hell 
and high water'' that material had to go through fronr its pint 
of origin around stars to get to the terrestrial mic!roseop, 
Quite a few questions come out of that complete set of 
thoughts; however, I think the most applicable thing 1 will 
carry away is a test of the formation of grains around red 
giants, namely, radial and azimuthal variation in the 9.7 
micron and other spectral features within extended 
chromospheres. That, in fact, came out of listening to 
discussions involving chemists. 

ER: My first burning question has already been raised, rlmely 
what causes the comet grains to be so black - does that tell us 
anything about interstellar grains, or is it tellins! u s  
something about solar system processing. So, my next question 
regards the silicates and what one can really learn from the 
infrared features about the nature of the silicates, Are the 
silicates in comet grains at all related to the silicates in 
the interstellar medium? Let me point out two thincjs: (I) 
the 16-24 micron spectral region may be a lot more cliagnostic 
for the kind of silicates than the 10 micron region,, A lot 
more observations are needed there, particularly of comets, 
(2) when you have a comet that goes in fairly close to the sum, 
it's really doing a very nice experiment for you, by ramping 
the temperature of the dust. If one can observe the silicate 
features as a function of the comet's distance from the sun, 
then one is observing those features as a function 
of temperature, and perhaps one can learn something mre abut 
nature of the grains. 

Well, what I'd really like to know is whether theregs any 
graphite out there. We heard that the 2175A feature is really 
remarkable and people have often raised the questibll of does it 
really mean there" any graphite. I also heard so~ncsainig that 
I didn't tow, and that is that graphite has an 800 angstrom 
feature. I was wondering whether people can look tl~rough the 
tails of comets with far W techniques, or look at nearby 
stars and see any evidence for graphite. TPlat8s se3t 1" dike 
to encourage, and if it% not possible, then I'd dilke to know 
if that's true. 



Wetter  : 

STEPHENS : 

Looking through the t a i l s  of comets, o r  even through the coma 
of comets, has been proposed a number of times and attempted 
a number of times, and the problem is t h a t  the  op t ica l  depth, 
even i n  t he  continuous absorption, is rather low. Therefore, 
finding enhancements in  f a r  W extinction is p re t ty  tough. 

So even where the features  a re ,  you don't  f ind them. Does 
t h a t .  t e l l  you the answer? 

No, because the column density is too low. 

One idea was t o  use an H I 1  region t o  serve a s  the diagnostic 
of what is going on a t  800 angstroms, but unfortunately t h i s  
graphite absorption a t  800 angstrom m i m i c s  too c losely t h a t  
of hydrogen, even i n  the  H I 1  regions. It absorbs a f a i r  
amount of energy but doesn' t  change the ionization equilibrium 
so t h a t  you can ' t  play the giGe of saying t h a t  I know what the  
ionizing source spectrum is; I look a t  the nebula and see what 
the  ionization spectrum is, and I can t e l l  what the  ionized 
s t ruc ture  is, so I can t e l l  what the absorption has t o  be. 
That does not work. 

So, basical ly  you're saying t h a t  t h i s  cannot be done. 

The perfect  theoret ical  prediction! 

Could you do it fo r  quasars? 

It might be possible with the Space Telescope t o  g e t  some 
more d i s t an t ,  more high redshif t  quasars. However, even 
the presence of the  2175A feature  in  quasars is extremely 
problemmatical, and i f  you found one with an 800A feature,  
I think t h a t  would be qui te  interesting.  Also, t he re ' s  
another very s ign i f ican t  problem and t h a t  is t h a t  once you 
s t a r t  looking a t  high redshif t  P O ' S  you s t a r t  finding hordes 
of Lyman alpha features  i n  the  intervening material ,  so t h a t  
complicates things tremendously. 

I have a question which m i g h t r e l a t e  t o  a number of d i f fe ren t  
areas. One might be the  re la t ionship of one micron t o  10 
micron absorption of s i l i c a t e s ,  and the second is how much 
of a constra int  does polarization data place on grain  types. 
This is s o r t  of a generic area of how do grains  which may be 
of complex shape, perhaps having many phases in  them, perhaps 
some of which a r e  amorphous, how do these grains  r e l a t e  t o  a 
physicis ts  grain ,  e.g., something t h a t  is spherical ,  has 
uniform d i e l e c t r i c  properties,  and is present in  a very 
nicely separated s i z e  d i s t r ibu t ion ,  I think there  is a 
cer ta in  amount of data t h a t  can be obtained which may break 
some of these constra ints  up. 



Stencel : 

Stephens : 

Hecht : - 

WOOD: - 

Jones : 

Hecht : 

Could you elaborate? 

There are a number of things one can do. As a laboratory 
experimentalist, I think one possibility is to try to make 
grains in the various states, with multiple phases, and see 
if there is a unique signature for these sorts of grains; 
i.e., one makes a laboratory measurement of scattering 
phase function; absorption and albedo; is there a selection 
of these spheres that can mimic the optical properties of 
this collagulate or multiphase structure, or are there 
signatures that allow one to actually say "no these grains 
are not spherical" or "yes they are." 

If the 217% feature is a graphite plasma resonance, (see for 
example, Huf £man, 1977, Adv. Phys. 26 129) then shape effects 
will split that resonance. That's one way of telling that the 
grain& have to be spherical, if the 217g feature is a plasma 
resonance of graphite. If they weren't spherical, then you 
would have to have a split resonance. 

Several of the questions that concern me have already been 
asked, so I will say that I would like to know the extent 
to which physical effects, such as radiation pressure and 
gravitational instabilities cause local enhancements of 
the dust to gas ratio in the interstellar medium. 

Of all of the particles that have been collected in the 
stratosphere, those Mich I personally think have the 
highest likelihood of being cometary, are the porous 
aggregates. They are carbon rich, are composed of anhydrous 
silicates, and contain no metallic iron at all. My question 
is, are most grains in the interplanetary medium anhydrous? 
And again, there is the question of metallic iron (almost 
all meteorites contain metallic iron - all chondrites contain 
metallic iron except for those that have been heavily 
altered). The main question is about the hydrated silicates, 
what evidence is there for or against hydrated silicates in 
the complex that the sun formed from, if not necessarily in 
the general interstellar medium itself. 

What does water of hydration look like in a 0.1 micron grain? 
I know what it looks like on a surface, like on an asteroid, 
but wuld there be a diagnostic spectral signature in a grain? 

You wuld either have two water of hydration features or 
three, I wuld expect. You should have a 6.2 and a 3 point 
something, and if you believe the stuff that Ray Fbssell, John 
Stephens and I have gotten, then you may have another one near 
7 microns (see Hecht et al, this volme). It seems like you 
should have at least a 6.2 and a 3 or a 3.1 micron infrared 
feature. 



Jones : You see those in dark clouds, but you don't see them in the 
diffuse ISM. 

Hecht : 
P 

You don't see them in general? 

Jones : 
P 

You don't see water of hydration in the diffuse ISM, you can 
see ice in dark clouds, but you don't see ice in the diffuse 
ISM. 

Reeht : Well, around W33A (in a dark cloud) you see that absorption 
at 6.0 microns, presumably due to water of hydration. You 
also see a 6.8 micron feature and the cause of that is 
controversial right now. 

Brownlee: So the interstellar grains are expected to be anhydrous? 

Heeht : 
P 

Presumably, yes, 

When you guys say water of hydration, do you.actually mean 
H20 molecules? 

Recht : No, we mean OH groups. 

The hydrated silicates have OH groups. 

Kratscher: Hydrated silicates show an OH-feature a't 2-7 micron which 
is very characteristic for any of these clay-type minerals 
(see e.g. Knacke and Kratschmer, Astron. Astrophys. 92, 
pp, 281-288, 1980). If you could find a 2.7 micron feature 
which is correlated with the 10 micron silicate band, this 
would strongly indicate the presence of hydrated silicate 
grains. However, the 2.7 micron OH band is very difficult 
to observe from the ground because of atmospheric 
absorptions ." 

SNOIIJ: - It seems to me that the material that exists on grain mantles 
has a strong likelihood of having an ultraviolet spectrum of 
some kind, and if so, this might be a relatively unexploited 
way of helping specify the composition of grain mantles. 
My question is what does the structure of the W extinction 
curve have to tell us about the composition of grain mantles, 
and I think that there are two approaches to answering that. 
Anybody who has a candidate material in the laboratory and 
who is making spectroscopic measurements at other wavelengths, 
please try to find out what the W spectrum is and get some 
idea of what the relative strengths of the ultraviolet 
features are. And for we who do ultraviolet observing, the 
challenge is to try to really find out whether there is struc- 
ture in the UV extinction curve, apart from just the 2175 
angstrom bump. 'Ihat's a hard thing to do operationally but 
one can probably think of a way with the new technology that's 
coming, I'd like to see that exploited because I think it's 
got great potential. 



MATHIS : I would dearly love to know how one can maintain two separate 
populations of grains, one of which is a good dielectric, and 
one of which provides a known amount of absorption in 
particular parts of the spectrum, if one in fact does maintain 
two separate populations of grains. 

Hi ldebrand : The evidence you advance that you can't do it with one kind of 
grain is convincing, but it doesn't follow that there are two, 

Mathis: At least more than one. 

HOLLENBACH : I'm interested in the general question of the const.raints 
on the amount of grain destruction in the interstellar medim, 
and there are two specific questions I'd like to ask, One 
is an observational question, namely, how much silicon is 
in silicates in different phases of the interstellar medim? 
The second part is to the people who do the meteoritic and 
cometary record. I've got a much better idea after this 
workshop, and perhaps things will get more quantitative in 
the future about the kind of constraints on the properties 
of the grains which are in the interstellar medium* In other 
words, constraints such as what fraction of interstellar dust 
must be condensed ejecta from supernovae or red giants, and 
what evidence do you have for the chemical composition and 
structure of the interstellar dust. And if you car1 identify 
the materials that are interstellar dust, is there any 
evidence they've been shocked processed, since we can predict 
that almost every grain has been through a fairly energetic 
shock? This means that the grains may have ions inplanted 
in them, they may be sputtered, and perhaps cratered by 
grain-grain collisions. 

Leger : It may be that very small particles, even polyaromatic hydro- 
carbons came from grain-grain collisions in shocks, 'Ibis 
might be a very powerful source for these molecules, The 
origin of these materials is completely open at this time. 

Wdowiak : . Presumably the interplanetary grains came through the bow 
shock of the earth on their way here. Can one see any 
evidence of that? 

Jones : Well, is it really strong enough to do anything? 

Hanner : It could have fragmented fluffy grains. 

S ILVEKBERG : What do other galaxies, such as the Magellanic Clouds, tell 
us about grain formation? 

DWEK : - Does dust actually form in supernovae or is the IRAS data 
contaminated by line emission? 



Is it possible to get to the point where we know enough to 
be able to remove the IR foreground so that we can study the 
cosmological IR background? 

Wow do the thermodynamic conditions in the circumstellar 
environment (e-g., T, P, etc.) effect the final composition 
and structure of the materials delivered to the ISM? For 
example, how do novae produced grains differ from those 
produced in circumstellar shells? 

What really happens to silicates in the interim between 
formation in a circumstellar environment and incorporation 
in the most primitive interplanetary material (such as a 
chondrite matrix)? 

Can we do observations in "cleanw astrophysical environments 
(where conditions such as the temperature and pressure are 
well specified) so that we can follow the progression of 
vapor to amorphous silicate to crystalline silicate? 

Since the deuterium enrichment which is observed in meteorites 
is generally attributed to fractionation in the interstellar 
medium (via ion-molecule reactions), can one predict the 
degree of isotopic fractionation which might be present in 
other elements, such as carbon or nitrogen, which could 
accompany hydrogen? 

The one problem in trying to look for unique relationships 
between D/H fractionation and 12c/13c fractionation is the 
fact that it is currently thought that these branching ratios 
between isotopes are a function of the detailed chemistry that 
a molecule undergoes. Since the fractionation that you have 
found in meteorites is an amalgam of all the interstellar 
molecules, you probably would at best get an average number. 
These observations might be confusing because you wouldn't 
necessarily see the tie-ins to molecular clouds. What you're 
seeing in meteorites is a big mush. 

I realize that this is a real pitfall. I guess I'd still like 
to see it quantified. 

Ulamandola: There is a follow-on, Tielens, about 3 years ago, published 
an article (Astr. Astroph. 119, 177 [1983]) in which he calcu- - 
lateti how the D would be en%& by qrain surface reactions. 
There were some reactions that were-assumed. Some rates were 
a little bit too high, but the basic problem was done 
correctly. 

My specific question is "what is the carrier of the diffuse 
optical bands?" My general question is what is the physics 
of the complicated interaction between hydrodynamics, 
nucleation, and grain formation in the region of CS envelopes 
where that happens and where the matter gets accelerated to 
infinitity? 



Wdowiak: I think that the carrier is carbon; whether it's in the linear 
molecules of Douglas, or in the PAH1s, remains to be answer&, 

Jura : - Tnere are several ways to answer this question, 1% looking 
for a very specific explanation. 

Wdowiak: I think it's either a linear molecule, perhaps about 6 or 7 
carbons long, or it% a PAH. 

Hecht : It doesn't have to be only one molecule, there could be many, 

Wdowiak : I agree, Dr. Kratschmer has made a carbon molecule tha t  we 
think is probably a good candidate for the 4430 band 
(Kratschmer et al, 1985, to be published in Surf S c i , ) ,  - 

Snow: - If you are talking about specific molecules as the source of 
these bands, and we can't even find C3 or C5, then you are 
talking about very serious abundance and stability' constraints, 

Wdowiak : That was the basis of the question I asked earlier, I W  like 
to know about the stability of small molecules. How small can 
you have something and have it be stable in the ISM? 

I" rather have very small pieces of graphite, at Peast they 
might be stable. 

Wdowiak: I think it's either one or the other, they're both electron 
boxes to me, and it doesn't matter whether they"@ linear or 
whether theyke aromatic. 

I agl;ee that there are two main constraints. They should be 
stable in the UV field of the diffuse medium and should be 
quite abundant. We think we have a general statement that 
any molecule with less than 15 atoms would be very efficiently 
disassociated in such a field, so I think we have now some 
constraint. It has to be a large molecule. 

Kratschmer: But the most important constraint is that it has t.o fit the 
interstellar bands! 

Mathis: And what scares me about making it out of common nkolecules 
is that they always have W absorption. Molecular absorption 
has structure in it, and real W extinction does not have 
structure in it, and the bump is not correlated very well with 
the diffuse interstellar bands. I'm very nervous about having 
molecules make the bands, because you canut turn off the 
absorption where you don't want it. 

Something that may help you is that the transitions are 
sharper in the visible than they are in the W. Fa we are 
not expecting to see very sharp transitions in the W e  



Snow: 
P 

But h y  don" you get a good correlation between the diffuse 
bands and the 2175A bump? 

Such correlations wuld mean that all the bands came from 
those particular molecules, and nobody has ever said that. 
It may be only a minor contribution, There" one thing that 
is very interesting, If you look at the small Magellanic 
Cloud, it has very little free carbon in the diffuse medium. 
We now have weak evidence that there are no diffuse bands in 
the two stars which we have observed there to date. 

I%e made a lot of speeches about structure in the W extinc- 
tion curve. The problem is it's very difficult to do with 
present technology for two reasons, One is that the diffuse 
bands in the optical only start showing up at significant 
optical depths. You have to have a color excess of 0.5 
magnitude or more, and because the general level of W 
extinction is so high, that means there are very, very few 
stars with UV fluxes seen through sufficient column density 
that you would expect to see diffuse features in the W. 
mat% the problem we hope that progress will be made on using 
Space Telescope, The other problem is not one that" as easy 
to get away from, and that is that the hot stars have lines in 
the W. They are not good continuum sources, there are lines 
evermere, it's like trying to use an M star or pair of M 
stars to look for features. There is a lot of noise due to 
mismatching stellar absorption lines all through the W. 
%here's so good way around that, that I can see, except to 
get heavily enough reddened lines of sight so that the few 
features that may be there show up despite the noise. Due 
to these uncertainties, I can't rule out that there are 
diffuse bands in the W based on present evidence. 

Mlmandola: A final comment on that is that it might be really helpful 
if it is possible to see what kind of correlations there are 
among the bands themselves. I know if you see one you see 
them all, but when talking about families of molecules, you 
night see three bands going together and that will really be 
a clue, 

Snow : That's been done to a certain extent already but, of course, 
most of what's been done is photographic, often taking spectra 
from different sources, etc. It might be time to try that 
again in a more systematic way. I think that's a fair point. 

I am most curious at the present time about the extent to 
FJhich isotopic and chemical fractionation patterns that are 
found in meteorites have correspondence in isotopic and 
chemical fractionation in the interstellar medium, I would 
like to know whether the excess magnesium 26 found in the 
alurminum rich minerals in the meteorites are there because 
the aluminum is alive in that mineral in that meteorite, or 
if it's a fossil. I would like to know what it is that's 
carrying excess oxygen 16 in the interstellar mechanism, 



I would like to know if silicon and iron are together or 
fractionated from one another in the interstellar medim; 
I think it's important for so many things. Silicon and iron 
are fractionated in meteorites, and if some chondrites have 
higher ratios of silicate to iron than others, is there any 
correspondence to the pre-solar conditions? Another exarnple 
of that kind is the tendency of iron to go with sulfide, does 
this come about because iron is associated from the beginning 
with sulfides in metal in the interstellar medium, or is that 
something that's established strictly in the solar system 
itself from amorphous grains? 

2 INNER: It seems that different people mean different things &en they 
talk about grains. Interstellar grains are considered to be 
tiny grains on the order of 50 to 100 A in size, bile men 1 
think abut a grain, I think about something like 18 microns 
or so, because that's what we can see in the lablratory. It's 
not clear that there is actually a connection between these 
two regimes, Eberhard Grun has already asked "wh~at is the 
chance that we have interstellar grains of the size of 10 
microns or so." This is, of course, very importaint because, 
if there are, then we can get a chance to eventually measure 
those that come into the solar system. But I think it% also 
important to ask whether if grains of that size exist in the 
interstellar medium or in dense molecular clouds before the 
formation of the solar system, did any of those grains 
actually survive? We talk about interstellar grains in 
meteorites, but what most of us mean is material which is 
isotopically different in composition, but is this material 
in the form of actual grains which existed previously? Lots 
of these isotopic anomalies are found in refractcory phases, 
and one of the arguments that refractory elements are in the 
form of grains in the interstellar medium is the depletion 
of these elements, but does it mean that these grains actually 
survived as grains or have all the minerals which we find in 
meteorites been formed in the solar system? 

Stencel : One data point, of course, is that IRAS photometry sqgests 
the Vega and the Beta Pictoris systems contain these and 
larger grains. 

Jones : I remember from the discussion we had in the interstellar 
medium group. There's not enough mass left to make a lot 
of big grains, If you took all the mass that was left and 
put it into big grains you would have very few. You wouldn't 
be able to see them, So I don't see how weB re ever going to 
see them by spectroscopic or photometric techniq~~es in the 
general interstellar medium, it" just not possible, 

Snow : - Well, how much slop do you need, I mean, I think those 
arguments are based on depletions, right? 

Jones : I just repeated what I had heard going around. 



Snow: 
P 

Jones : 

IS: 

Yes, I know, and it has been stated rather dogmatically 
before, It seems to me there's an aw£ul lot of uncertainty 
in just what fraction of the mass could actually not be in 
the gas. I mean it's certainly + 10% and probably is larger 
than that. There could be some iarge grains there even if 
they aren't the dominant size. 

But can we find 10 micron grains? 

Yes, the real fundamental physics puts in some constraints 
from the Kramers-Kronig relationship. In order to get the 
total amount of extinction that you see already, you need 
to have practically all of the heavy elements (with the 
exception of nitrogen and oxygen) in the grains which produce 
extinction and these elements must be distributed in the best 
possible way. The reason MIRN came about was to put the grains 
in the most efficient possible absorbing mode. That" a very 
fundamental relationship, so there can't possibly be much mass 
in grains that you don't tee. On the other hand, no one can 
say that there aren't any large grains. In fact, I assume 
there are, but you cannot possibly say that all, or even a 
significant fraction, of the interplanetary grains were that 
big in the first place. Fundamental physics enters that 
stage, not just a model. 

It has been an article of faith that cometary particles are 
very fragile. I think that it is time to quantify this and 
put limits on the strength of the grains. Much of this comes 
from studies of the pseudo-synchronic bands that are seen down 
the tails of comets and especially Comes West. The numbers 
quoted are on the order of 10 dynes/cm . Since Brownlee 
particles are touted as being cometary particles, it would 
be nice if we could make some measurements of the strengths 
of these particles. Mmittedly, there will be some selection 
effects, since stronger particles will be preferentially 
collected, but I still think such an effort would be 
.worthwhile. 

The question I have is "how can I recognize an interstellar 
grain when I see one?'' It stems from the fact that when I 
look at the meteorite matrices, I don't see anything that 
looks like the interstellar grains that have been described 
to me by &yo Greenberg and my colleagues here; namely little 
refractory cores which are highly asymmetric in order to 
account for polarization, etc. I've looked for interstellar 
grains as I have heard them described by astronomers, and I 
don't see them. Now maybe that's because I have the wrong 
preconceptions, but there are some things that I would like 
the astronomers to tell me which touch on this issue. For 
example, the composition of the grains, not only those that 
you've seen, obviously there are some silicates, but the 
possible compositions that could occur because of the deple- 
tions, things that may not be seen, but may be there and that 
one can infer because of these depletions. And the correla- 
tion of the composition with other properties, specifically 



correlation with isotopic properties. For example, is the 
2175 A band found in the same region in which the C12 to, C13 
ratio has been determined very precisely as 45? Is this the 
region with a great deal of polarization? In what. wavelength 
band is this polarization? Can you tell me something not 
only about whether the carbon .is there and the isotopic 
signatures are there, but also can you tell me something 
about the shape? I think, by the way, that it's s~ tw-ay 
street, that one can look at the meteorites and find certain 
things and perhaps ask the related question whether  ere's 
any evidence for those same things in space or whether the 
evidence precludes.their existence. What is perhaps a red 
herring is the fact that we have the carbonates in the 
interplanetary dust particles, and it has a 6.8 rnjicron band, 
Maybe that doesn't have anything to do with the irlterstellar 
clouds, but it's interesting to note there is a 6,,8 micron 
feature there. What about hibonites which are found in 
mateorites? It's a titanium, calcium rich refractory mineral 
and a big carrier of titanium anomalies. Ernst has just found 
one with a 10% excess of titanium 50. Would hibonites show up 
if they were in the interstellar medium? Is this a refractory 
phase that's partly responsible for the depletions in the ISM 
or not? What can you tell us about that? There must be a 
better way of correlating the information that exists and 
gives a better answer than is currently available to the 
question "how do I recognize an interstellar grain when 
I see one?" 

Mathis: Well, with regard to your question on polarizatioin and what 
kind of grain shape does it give, the answer is tlhat the 
empirical law of polarization can be fitted in a variety of 
ways and one parameter is just how big the particles of that 
distribution are. What we call big particles (tiny ones to 
you; that is around 2/10 or 3/10 of a micron) are important, 
since by fiddling around with those.you can change the shape 
of the polarization, and with a simple power law (distribution 
and absolute cut-off, you in fact derive the average polariza- 
tion curve very well. So I think what you're looking at from 
the polarization shape is the size distribution which is not 
what you are so interested in. 

Walker: By the way, it's true that for isotopic measurements you need 
grains as large as 10 microns. It% not true that you need 10 
micron grains in order to make observations that are relevant. 
The transmission electron microscope works on the scale of 
angstroms and gives you detailed morphology, shapes, and 
compositions. That's a way that we can look at grains that 
we think are primitive and possibly obtain size distributions, 

Brownlee : I think there" a misconception about grain sizes in 
meteorites. Most of the interplanetary dust particles are 
less than lOOOA in size. Although most work on interplanetary 
dust is done on large particles, this is simply because those 
are the ones that we can handle in the laboratory, 



Hecht : - 

Dwek: - 

Hecht : 

Dwek: - 

Hecht : - 

Almost every material that I know of, somewhere from the W 
(say around 1000 angstroms) to the Far IR, contains some 
characteristic features, either IR absorption features, 
emission features, or W bands in the case of metallic grains. 
There are precious few astronomical observations in which 
these features are seen. One would expect that a majority 
of grains have to fit those observational constraints. So 
you may have small quantities of the platinum or iridium 
grains, but it seems unlikely that you could have large 
quantities of exotic materials that have distinct emission. 
features, otherwise you'd see some evidence for this. 

Is there anything known about the optical constants for 
calcium or titanium rich crystals and things like that so 
that people can model double layered silicates that have 
these things in them by Mie theory in order to see whether 
we can rule them out on some grounds? 

Huffman did a section on minerals in his review paper (1977, 
Adv. Phys, 26, 129). - 
Did he talk about calcium and titanium oxides? Because we 
are talking about two different types of things. Astronomers 
are interested in the bulk grain composition, whereas, 
meteoriticists are interested in the rarer elements which 
might be just "dirt" in silicates. 

If you're talking about calcium oxide and things like that, 
those would have specific signatures, but if they are buried 
in the middle of silicates they might not be observable. I'll 
have to ask Joe to make it and measure it. 

Hi ldebrand : It is possible to tell something about the shape of silicate 
grains, at least in principle. Bruce Draine has shown that if 
you compare the wavelength of maximum absorption with that of 
maximum polarization you get information on whether the grain 
is oblate or prolate, and there are other ways to do it. 

Walker : - And what does the grain look like? 

Hildebrand: From polarimetry near 10 microns Draine and Lee ( A N  285, 89 -- 
[1984]) argue that the silicate grains are oblate. I think 
their argument is correct in principle, but it is based on 
the results of difficult measurements. From a comparison of 
10 and 20 micron polarimetry, I would infer that .they are 
prolate. It is an open question on which we can expect new 
measurements and further analysis. 

Brownlee : About that question on the shape of the grains. When you talk 
about prolate grains do you really mean prolate grains or just 
two round grains stuck together? Are most grains aggregates 
of other grains? The easiest way to form elongated grains is 
by aggregation. 



Hecht : 

Stencel : 

I think i n  principle,  op t ica l ly  one should be able  t o  d i s t i n -  
guish between a prolate  grain  and two round grains  stuck 
together. One may have d i f fe ren t  dipole-dipole interactions,  
for  example. Two grains  stuck together have dipol.e-dipole 
interact ions ,  whereas, a prolate  grain a c t s  d i f fe ren t ly ,  
But it's not an easy problem a t  a l l .  

Not being an easy problem summarizes the  whole f ie ld ;  we w i l l +  
adjourn on t h a t  note for  the  open-ended coffee break! 
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U h i v e r s i t y  

The mid- in f ra red  spect rum of  a  c o n t i n u o u s l y  i n c r e a s i n g  number o f  s t e l l a r  
o b j e c t s ,  p l a n e t a r y  and r e f l e c t i o n  n e b u l a e ,  H-I1 r e g i o n s  and e x t r a g a l a c t i c  
s o u r c e s  show a  d i s t i n c t i v e  s e t  of broad e m i s s i o n  f e a t u r e s  a t  3 . 3 ,  3.4, 6 .2 ,  
7.7, 8.6,  and 1 1 . 3  um known c o l l e c t i v e l y  as t h e  u n i d e n t i f i e d  i n f r a r e d  emiss ion  
bands: Although d i s c o v e r e d  i n  1973,  i d e n t i f y i n g  t h e  band c a r r i e r  and 
e l u c i d a t i n g  t h e  emiss ion  mechanism have been e l u s i v e .  To d a t e  t h e  f o l l o w i n g  
models have been s u g g e s t e d  t o  accoun t  f o r  t h e  o b s e r v a t i o n s :  1 )  I R  f l u o r e s c e n t  
emiss ion  from UV e x c i t e d  molecules  on 0 .1  urn r a d i u s  g r a i n s ,  2 )  I R  the rmal  
emiss ion  from s m a l l e r ,  0.01 urn g r a i n s ,  and 3 )  non-equ i l ib r ium the rmal  e m i s s i o n  
froa.  even s m a l l e r  0.001 um g r a i n s .  A l l  s u f f e r  l i n i t a t i o n s ,  t h e  f i r s t  r e q u i r e s  
a multicomponent mant le  composi t ion I w g e l y  independen t  of  l o c a l  c o n d i t i o n s ,  
t h e  second u n u s u a l l y  h i g h  v a l u e s  f o r  t h e  i n f r a r e d  o s c s i l l a t o r  s t r e n g t h  and  he 
t h i r d  r e l i e s  on t h e  q u e s t i o n a b l e  assumpt ion t h a t  a  10A s i z e d  s p e c i e s  c a n  be 
t r e a t e d  a s  hav ing  bulk  the rmal  p r o p e r t i e s .  R e c e n t l y ,  Leger and Puget (1984)  
proposed t h a t  t h e  emiss ion  o r i g i n a t e s  i n  n e u t r a l  p o l y c y c l i c  a r o m a t i c  
hydrocarbons  (PAHa) and used a  bulk  t h e r m a l  model t o  c a l c u l a t e  t h e  p r e d i c t e d  
emiss ion  spec t rum expec ted  from coronene,  which h a s  been " h e a t e d w  by t h e  
a b s o r p t i o n  of  a s i n g l e  photon.  

I n  t h i s  p o s t e r  a  model is summarized i n  which t h e  bands a r i s e ,  n o t  from 
g r a i n s ,  o r  n e u t r a l  molecu les ,  bu t  from p o s i t i v e l y  charged PAH's on t h e  b a s i s  
of  t h e i r  low i o n i z a t i o n  p o t e n t i a l  and t h e  e x c e l l e n t  agreement between t h e  
emiss ion  bands and l a b o r a t o r y  s p e c t r a  of a u t o  e x h a u s t  which c o n t a i n s  t h e s e  
t y p e s  of  molecu les .  These a r e  e x c i t e d  by t h e  a b s o r p t i o n  of i n d i v i d u a l  U.V. 
photons ,  and i n f r a r e d  emiss ion  f o l l o w s  as t h e s e  h i g h l y  v i b r a t i o n a l l y  e x c i t e d  
molecu les  r e l a x  by i n f r a r e d  f l u o r e s c e n c e .  The emiss ion  mechanism must be 
t r e a t e d  e x p l i c i t l y ,  t a k i n g  t h e  s t a t i s t i c a l  n a t u r e  of  t h e  emiss ion  p r o c e s s  
f u l l y  i n t o  accoun t  because  each h i g h l y  v i b r a t i o n a l l y  e x c i t e d  molezuie  c o n t a i n s  
a l i m i t e d  number of  o s c i l l a t o r s  w i t h  d i s t i n c t  f r e q u e n c i e s .  T h i s  p i c t u r e ,  
w h i l e  o b v i a t i n g  t h e  need t o  i n v o l v e  g r a i n s  o r  n e u t r a l  molecu les  a t  a l l ,  can 
accoun t  f o r  t h e  band i n t e n s i t i e s ,  p o s i t i o n s  and s h a p e s .  

The sugges ted  p resence  of  l l smal ln  r i n g  c o n t a i n i n g  molecu les  i n  s p a c e  is 
c o n t r o v e r s i a l ,  and t h i s  s u g g e s t i o n  h a s  s e r i o u s  r a m i f i c a t i o n s  f o r  o t h e r  
s p e c t r a l  r e g i o n s  as w e l l ,  r a n g i n g  from t h e  i n f r a r e d  c i r r u s  d i s c o v e r ~ d  by IRAS 
t o  t h e  c l a s s i c  p rob len  of t h e  d i f f u s e  i n t e r s t e l l a r  a b s o r p t i o n  bands (313's) i n  
t h e  v i s i b l e .  Although d i s c o v e r e d  about  70 yealps ago ,  t h e  c a r r i e r  o f  t h s  DIBss 
reinains unknown. The i n t e r s t e l l a r  o r i g i n  of t h e s e  bands was e s t a b l i s h e d  i n  
t h e  1 9 3 0 ' s  w h e n ' i t  was shown t h a t  t h e  s t r e n g t h  of t h e  f e a t u r e s  d i d  noL Gepend 
on s t e l l a r  t y p e ,  bu t  r a t h e r  on t h e  amount of e x t i n c t i o n ,  o r  r e d d e n i n g ,  toward 
each s t a r .  A s  t h e  redden ing  is caused by t h e  i n t e r v e n i n g  gas  and d u s t ,  



t h e  c a r r i e r  o f t h e  DIi3's must be a s soc i a t ed  wi'th t h i s  m a t e r i a l .  Equally 
s t r o n g  cases  can be made f o r  a  gas phase a s  wel l  a s  a  s o l i d  s t a t e  o r i g i n ,  but 
ne i the r  explana t ion  is completely adequate.  An o r i g i n  i n ,  o r  on, t h e  d u s t  
impl ies  an asymmetry of t h e  bands which is  not  observed while  a  gas phase 
o r i g i n  r e q u i r e s  l a r g e  molecules t o  produce broad bands, ye t  t h e  presence of 
l a r g e  molecules i n  t h e  harsh  i n t e r s t e l l a r  environment seemed impossible .  
Thus, a l though an enormous e f f o r t  has been made obse rva t iona l ly ,  
experimental ly  and t h e o r e t i c a l l y  t o  understand t h i s  phenomenon, i d e n t i f y i n g  
the  c a r r i e r  of t h e  D I B 1 s  has become a  c l a s s i c  prcblem i n  modern astronomy. 

The proposed presence of P A H 1 s  i n  such a  v a r i e t y  of o b j e c t s  p o i n t s  t o  t h e i r  
ubiqui tous presence i n  t h e  i n t e r s t e l l a r  medium. Based on t h i s ,  we suggest  
t h a t  P A H 9 s  a r e  r e spons ib l e  f o r  t h e  D I B ' s .  A s  pointed o u t ,  t h e  i n t e r s t e l l a r  UV 
f i e l d  w i l l  i o n i z e  many of t h e s e  molecules,  changing t h e i r  e l e c t r o n i c  s t r u c t u r e  
i n t o  t h a t  of a  r a d i c a l ,  which w i l l  absorb a t  d i s c r e t e  wavelengths i n  t h e  
v i s i b l e .  Out of a  prev ious ly  published c o l l e c t i o n  of s o l i d  s t a t e  PAH r a d i c a l  
ca t ion  s p e c t r a  we s e l e c t  f i v e  on the  b a s i s  of t h e  unique thermodynamic 
s t a b i l i t y  of t h e i r  c a r r i e r  and compare them d i r e c t l y  t o  t h e  wavelengths of t h e  
DIats. Although t h e  match seems q u i t e  f avo rab le ,  s t r o n g l y  sugges t ing  t h a t  PAH 
r a d i c a l s  a r e  t h e  long  sought  a f t e r  c a r r i e r  of t h e  D I B q s ,  much l a b o r a t o r y  work 
must be done t o  t e s t  t h i s  hypothesis .  



"CLEAN" VS. "DIRTY" SILICATE GRAINS AND THE STATE OF CARBON 
CRYSTALLIZATION IN INTERSTELLAR AND CIRCUMSTELLAR DUST 

Peter R .  Buseck, Departments of Geology and Chemistry, Arizona S t a t e  
Universi ty,  Tempe, Arizona 85287 

The 9.7p-n spect ra l  f e a t u r e  of i n t e r s t e l l a r  dust  has comn~only been 
ascribed t o  rock-forming s i  1 i c a t e s  such as  01 iv ine  [(Mg ,Fej,SiO4] and 
e n s t a t i  t e  pyroxene [ ( ~ g  ,Fe)SiO,]. However, i t  only approximately 
matches t h e i r  spect ra .  To explain th'e d i s t i n c t i o n ,  astronomers r e f e r  t o  
"d i r ty"  s i l i c a t e s ,  although the  meaning of t h i s  term i s  l e f t  vague. A 
common explanation i s  t h a t  these  minerals a re  "disordered" ,  b u t  without 
specifying what i s  meant. However, t e r r e s t r i a l ,  meteori t i c ,  and 
in terplanetary  o l iv ine  and e n s t a t i t e  a r e  well ordered (as ide  from the 
Mg-Fe d isorder  ' t h a t  i s  typica l  of these  minerals)  and, moreover, the re  
a re  no l i k e l y  crystal-chemical ways in which they could d isorder .  lnie 
have used e lec t ron d i f f r a c t i o n  t o  study many in te rp lane ta ry  dust  
p a r t i c l e s  t h a t  contain o l i v i n e  and pyroxene (e .g . ,  Tomeoka and Buseck, 
1984), and in none of them have we detected any s o r t s  of anomalous 
disorder .  I t  i s  not a t  a l l  apparent what s o r t s  of "d isorder"  could 
account f o r  the  "d i r ty"  s i l i c a t e s  in the  i n t e r s t e l l a r  dus t .  I t  thus 
behooves astronomers t o  attempt t o  speci fy  more c l e a r l y  what. s o r t s  of 
s i l i c a t e s ,  i f  indeed they a r e  s i l i c a t e s ,  a r e  indicated by the  9 .7  pm 
spectral  f ea tu re .  Terminology as  used a t  present  i s  not compatible with 
standard mineralogical usage. o 

In another pa r t  of the  spectrum, the  2175 A spect ra l  "bump" appears 
t o  be ubiquitous f o r  i n t e r s t e l l a r  dus ts .  I t  i s  commonly assigned t o  
amorphous graphite  o r  some s imi la r  ma te r i a l ,  although concerns have been 
expressed t h a t .  the wavelength of the  bump should s h i f t  s l i g h t l y  
depending on grain s i z e ,  and such s h i f t s  in  pos i t ion  have not been 
observed (e .g . ,  Mathis, 1985). Recently, r e s u l t s  have been obtained of 
high-rescl ution transmission e lec t ron  microscopy of both natural 
carbonaceous niaterials a n d  organic molecules t h a t  have been heated and 
carbonized in the laboratory under cont ro l led  condit ions (Buseck and 
Huang, 19852,b). These r e s u l t s  ind ica te  t h a t  there  a re  a wide range o f  
recognizable s tages during the  t r a n s i t i o n  from t c t a l l y  disorganized arid 
amorphous carbon t o  good c r y s t a l l i n e  graphi te .  

Degree of polymerization i n t o  individual sub-planar and then planar 
polycyclic aromatic sheets  of hydrocarbons grade in to  poorly stacked 
s e t s  of sheets  f u l l  of many edge d i s loca t ions  and bonding vacancies. 
These, in t u r n ,  grade in to  the  regular ly  stacked and l a t e r a l l y  extensive 
sheets  t h a t  charac ter ize  graphi te .  Work i s  required t o  determine 
whether these s teps  each h a v ~  t h e i r  own IR and UV s i ana tu res  a n 6  how 
they may r e l a t e  t c  the  2175 A bump. In the meantime, however, i t  i s  
important t o  be aware t h a t  the  c r y s t a l l i z a t i o n  of carbon t o  graphi te  i s  
con~plex and t h a t  i t  would be des i rab le  t o  specify the  s t a t e  of c r y s t a l -  
l i z a t i o n  in the i n t e r s t e l l a r  medium more prec ise ly  than j u s t  whether or 
root i t  i s  "amcrphous". 
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EXCESS DEPLETION OF Al, Ca, T i  FROM INTERSTELLAR GAS. Donald D, Clay ton ,  R ice  
U n i v e r s i t y .  Although d a t a  i s  somewhat v a r i a b l e ,  i t  does  n o t  a p p e a r  d i s t o r t e d  
by t h e  f o l l o w i n g  s t a t e m e n t :  t h e  f r a c t i o n  of i n t e r s t e l l a r  Mg - o r  Sf ( t y p i c a l  
r e f r a c t o r y  e lements )  r e s i d i n g  i n  t h e  g a s  phase  i s  a t  l e a s t  t e n  t imes  g r e a t e r  
t h a n  t h e  f r a c t i o n  of  Al o r  Ca ( s u p e r r e f r a c t o r y  e lements )  r e s i d i n g  i n  t h e  g a s  
p h a s e .  T h i s  seems i n e x p l i c a b l e  by t h e r m a l  c o n d e n s a t i o n  b e c a u s e  a l l  o f  t h e s e  
e lements  e v e n t u a l l y  condense  i n  a  t h e r m a l  c o o l i n g  g a s  u n l e s s  t h e '  c o n d e n s a t i o n  
sequence i s  a r t i f i c i a l l y  t e r m i n a t e d  immedia te ly  a f t e r  t h e  c o n d e n s a t i o n  o f  Ca* 
X t  a l s o  seems i n e x p l i c a b l e  by c o l d  s t i c k i n g  b e c a u s e  i t  r e q u i r e s  C.a t o  s t i c k  
t e n  times more e f f i c i e n t l y  t h a n  d o e s  Mg. It a l s o  seems i n e x p l i c a b l e  b e c a u s e  
s p u t t e r i n g  by i n t e r s t e l l a r  shock  waves shou ld  v a p o r i z e  s u r f a c e  Ca a s  e f f i -  
c i e n t l y  a s  i t  d o e s  s u r f a c e  Mg. 

A s e l f - c o n s i s t e n t  e x p l a n a t i o n  seems p o s s i b l e  by combining t h e s e  i d e a s  
w i t h  a  chemical  memory of t h e  c o n d e n s a t i o n  sequence .  Because AJb2O3 condenses  
p r i o r  t o  MgSi03, f o r  example,  t h e  r e f r a c t o r y  c a s e s  of ISM g r a i n s  s h o u l d  con- 
t a i n  Al - r i ch  c o r e s  su r rounded  by MgSi03 5 
mant les ,  a s  i l l u s t r a t e d  i n  t h e  f i g u r e ,  
t a k e n  from C l a y t o n  (1982, Q. J. Roy. 
Astron.  Soc. , 174) .  A s  a  r e s u l t ,  
i n t e r s t e l l a r  s h o c k s  must s p u t t e r  away t h e  
e n t i r e  MgSi03 m a n t l e  ( a s  w e l l  a s  any o v e r -  
l y i n g  c o l d - a c c r e t e d  mant le )  b e f o r e  spu t -  
t e r i n g  t h e  A l ,  The g r a i n  must b e  c o w  
p l e t e l y  d e s t r o y e d  b e f o r e  t h e  Al i s  even 
touched.  I t  t h e r e f o r e  becomes i m p o r t a n t  
i n  t h e  c o n s t r u c t i o n  of  c y c l i c a l  h i s t o r i e s  
f o r  ISM g r a i n s  t o  d i s t i n g u i s h  between 
s p u t t e r i n g  t h a t  on ly  removes 90% of  a  g r a i n  and s p u t t e r i n g  t h a t  t o t a l l y  
d e s t r o y s  each g r a i n  c o r e  (a  much more r e s t r i c t i v e  c o n d i t i o n ) .  ' f ie  same a rgu-  
ment a p p l i e s  t o  Ca and Ti  b e c a u s e  t h o s e  e l e m e n t s ,  l i k e  Al, t a k e  up i n i f i a E  
r e s i d e n c e  w i t h i n  t h e  s u p e r r e f r a c t o r y  c o r e s .  

Because o f  t h i s  s h i e l d i n g  a g a i n s t  s p u t t e r i n g ,  i t  a p p e a r s  t h a t  i n c o r p o r a -  
t i o n  i n t o  s t a r s  ( a s t r a t i o n )  i s  t h e  major d e s t r u c t i o n  mechanism f o r  s u p e r r e -  
f r a c t o r y  c o r e s ,  even  i f  s p u t t e r i n g  i s  t h e  m a j o r  mechanism f o r  c o n v e r t i n g  d u s t  
mass i n t o  g a s e o u s  mass. To r e t a i n  t h e  p r e f e r e n t i a l  d e p l e t i o n  of A l ,  t h e r e -  
f o r e ,  i t  a p p e a r s  n e c e s s a r y  and s u f f i c i e n t  t h a t  i n  a l l  s u b s e q u e n t  mass l o s s  t h e  
Al must a g a i n  r e c o n d e n s e  p r i m a r i l y  i n t o  r e f r a c t o r y  c o r e s  of g raPns .  That  i s ,  
Al i s  s o  d e p l e t e d  b e c a u s e  i t  is  n o t  e j e c t e d  i n  g a s e o u s  fo rm f ro~m s t a r s  e x c e p t  
w i t h  v e r y  low e f f i c i e n c y .  I n  t h e  u s e f u l  nomenc la tu re  SUNOCON r supernova con- 
d e n s a t e  ( t h e r m a l )  and STARDUST : s t e l l a r  t h e r m a l  c o n d e n s a t e ,  we would s a y  t h a t  
f r e s h l y  s y n t h e s i z e d  iil f i r s t  a p p e i r s  i n  SUNOCOK c o r e s  and a s t r a t e d  Al i s  r e i n -  
j e c t e d  i n  STARDUST c o r e s  ( C l a y t o n  1978,  ?loon and P l a n e t s  l9, 109) .  

The impor tance  of t h i s  e x t r a  d e p l e t i o n  of Al and Ca t h u s  becomes i t s  
i n d i c a t o r  of t h e  s t r u c t u r a l  h i s t o r y  of  t h e  r e f r a c t o r y  p a r c s  of  i n t e r s t e l l a r  
g r a i n s .  What i s  now needed i s  d e t a i l e d  n u m e r i c a l  mode l l ing  of fl-te t o t a l  cheic- 
i c a l  h i s t o r y  i n  c o o r d i n a t i o n  w i t h  d e t a i l s  o f  obse rved  d e p l e t i o n  p a t t e r n s .  



PBeGWBITIC W O L E W S  AM, TEE 

L. d'IIendecourt and A. LLger 
G.P.S. Tour 23, University Paris VII - 2 place Jussieu - 

75251 PARIS CEDIX 05 - FRANCE 

The Red-Rectangle (APGL 918) nebula emission has several com- 

ponent s : 
+ (1) Emissions and absorptions characteristic of a H region. 

(2) Blue dominated light scattered from the illuminating star. 

( 3 )  A large and broad emission bump in the red part of the spectrum 

that gives the red aspect of the nebula. 

( 4 )  Narrower emission bands superimposed on feature (3). 

(5) IR emission bands at 3.3 - 6.2 - 7.7 - 8.6 and 11.3 pm. 

In light of the recent identification of component (5) as emission 

from pre-graphitic molecules (L6ger and Puget 1984), we investigate the 

possibility that component (3) is luminescence from the same molecules. 

The broadness of this bump prevents a definite spectroscopical 

identification with any species. However, its wavelengths are typical of 

phosphoite?scence from large pregraphicfc molecules. 

An important argument is the estimate of the needed abundance and 

luminescence y i e l d  of the carrier. Considering the luminosity of the 

illuminating star, that of the nebula, its optical depth ... it is found 
that, with a luminescence yield of 25% in energy, the species respon- 

s ib le  has t o  br responsible for - 10z o f  the absorptfon fn me U?'by the 

nebula material. The pregraphitic molecules can fulfull those zequire- 

ments, for instance, the phosphorescence quantum yield of hexabenzo- 

coronen is - 40% (Schmidt, 1985). For the abundance, they are among the 

very few species which are at that level : 10% of the dust mass and 30% 

of the 2200 absorption, as estimated in the I W S  Cirrus. 



DUST SHELLS TO STUDY SILICATE GRAIN OPACITIES. 
Wendy Hagen, University of New Mexico. Among M gian ts  and supeirgiants with 
s i l i c a t e  emission fea tures ,  a var ia t ion  i n  t h e  shape of t h e  emission fea ture  
i s  seen from s t a r  t o  star. Dust s h e l l  model calcula t ions  show t h a t  these  
differences cannot be explained en t i r e ly  by reasonable differences i n  dust 
density d i s t r ibu t ion  o r  s h e l l  geometry. I n  an op t i ca l l y  t h i n  dust s h e l l ,  
emission i s  p o r ~ o r t i o n a l  t o  Q,~,(x) B,,,(T) , and t h e  estimation of dust opacity 
caa be done more accurately than f o r  dus t i e r  s t a r s  f o r  which rad ia t ive  
t r ans f e r  e f f ec t s  become important. The observed s i l i c a t e  features  f o r  a 
sample of M g iants  and supergiants w i l l  be presented, along w i t l n  probable 
var ia t ion of Qabs over t h e  observable 10-micron feature .  Constraints 
on t he  long-wavelength dust opaci t ies  determined from t h e  IRAS (observations 
w i l l  a l so  be presente-d. 



IUE AND IRAS CIESERVATIO??S,OF LUMINOUS M STAYS WITH VARYING GAS-TO-DUST RATIOS. 
Wendy Hagen, Un ive r s i t y  of' New Mexico; Kenneth G. Carpenter ,  JILA; and Robert 
E .  S t ence l ,  NASA HQ. Previous work on c i r c u m s t e l l a r  gas and dus t  surrounding 
M g i an t s  and supe rg ian t s  (wi th  s u f f i c i ~ n t l y  t h i n  dus t  s h e l l s  t h a t  t h e  s p e c t r a  
i n  t h e  b l u e  can be  observed a t  high r e s o l u t i o n )  has shown t h e  s t a r s  t o  s p l i t  
i n t o  two d i s t i n c t  c l a s s e s  (Hagen, S t e n c e l  and Dickinson, 1983, Ap. J. 274, 286). 
S t a r s  wi th  a h igh  gas-to-dust r a t i o  a l l  show chromospheric Ca I1 H and K 
emission. S t a r s  wi th  a h igh  dust-to-gas r a t i o  do not  show chromospheric C a  I1 
emission bu t  a r e  t h e  only  ones t o  show Balmer emission i n d i c a t i v e  of atmospheric 
shocks and a r e  a l s o  t h e  only ones t o  show maser emission. I n  o r d e r  t o  determine 
whether - a l l  chromospheric i n d i c a t o r s  d i sappear  i n  high dust-to-gas r a t i o  s t a r s ,  
we a r e  conducting a survey of s t a r s  i n  both of t h e s e  c l a s s e s  w i th  t h e  IbT 
s a t e l l i t e .  Our i n i t i a l  low-resolut ion observa t ions  of t h e  2200-3200A s p e c t r a l  
region of a l i m i t e d  nunber of stars r e v e a l  2YOOA blg I1 e a i s s i o n  i n  a l l  t h e  
observed s t a r s  r ega rd l e s s  of  t h e  dust-to-gas r a t i o .  I n  a d d i t i o n ,  very  deep 
exposures of  t h r e e  dusty s t a r s  show Fe 11, A 1  I1 and perhaps Fdg I emission,  and 
one of t h e  t h r e e  (TW peg) even appears  t o  show C I1 ( u V  0.01) emission near  
2325A. These l i n e s  a r e  u sua l ly  a s s o c i a t e d  wi th  chromospheres i n  l a t e - type  
evolved s t a r s .  Although t h e r e  i s  some over la^, t h e  dusty s t a r s  t end  t o  have 
higher  r a t i o s  of f l u x  i n  t h e  Fe and A 1  l i n e s  t o  t h e  f l u x  i n  t h e  Mg l i n e s .  This  
could be  a r e s u l t  of t h e  14g I1 l i n e  (wi th  i t s  s i m i l a r  atomic s t r u c t u r e  t o  t h a t  
of Ca I T  B and K) f l u x  being reduced by t h e  same process  which i n h i b i t s  Ca 
emission. Mg nay not Ye as  s i g n i f i c a n t  a r a d i a t i v e  l o s s  channel f o r  t h e  
chromospheres 3f cool ,  dusty s t a r s .  

The long-.wavelen&th i n f r a r e d  f luxes  f o r  t h e  program s t a r s  were obta ined  from 
t h e  IRAS po in t  source ca t a log .  I n  gene ra l  t h e  long-wavelength f luxes  were 
cons i s t en t  w i th  t h e  s i l i c a t e  emission seen i n  previous observa t ions  of  t h e  
10-micron f e a t u r e .  S t a r s  with no observable 10-micron dust m i s s i o n  show a 
black-body d i s t r i b u t i o n  of t h e  longer-wavelength f l u x .  There i s  no obvious 
d i f fe rence  i n  the long-wavelength observa t ions  between t h e  two groups of s t a r s ;  
t h e  long-wavelength excess tends  t o  fo l low t h e  10-micron excess and no t  t h e  dust-  
to-gas r a t i o .  Comparisons of t h e  IRAS observa t ions  wi th  dus t  s h e l l  model 
clacula,t ions w i l l  be  presented .  



The Nature of Cometary Grains from Remote Sensing 

b r t h a  S. Hanner 
Jet Propuls ion  Laboratory 

C a l i f o r n i a  I n s t i t u t e  of Technology 

Our knowledge of t h e  phys i ca l  p r o p e r t i e s  of cometary g r a i n s  d e r i v e s  
p r imar i l y  from measurements of t h e i r  thermal  emission and o p t i c a l  s c a t t e s -  
ing .  These r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  p r o p e r t i e s  of micrometeori tes  
c o l l e c t e d  i n  t h e  s t r a t o s p h e r e  (Brownlee p a r t i c l e s ) .  

1. The s c a t t e r e d  l i g h t  a t  X 1-2 vm i s  n e u t r a l  o r  somewhat red .  The l a c k  
of Rayleigh s c a t t e r i n g  => g r a i n  d iameter  1. 

2. Thermal emission s p e c t r a  i n d i c a t e  g r a i n  temperatures  h ighe r  than a 
t h e o r e t i c a l  b l ack  body i n  equ i l i b r ium => g r a i n s  composed o f  absorbing 
m a t e r i a l  and g r a i n  s i z e  < 10 pm. 

3. Emission f e a t u r e s  nea r  10 pm ahd 18 pm => small  s i l i c a t e  g r a i n s  p r e s e n t ,  

4. Rat io  of s c a t t e r e d l t h e r m a l  r a d i a t i o n  => g r a i n s  very  da rk ;  geometr ic  
albedo Ap = 0.015 - 0.04 a t  X 1.2 - 2.2 vm, comparable t o  t h e  r i ngs  of 
Uranus . 

5. Analysis  of p a r t i c l e  t r a j e c t o r i e s  i n  dus t  t a i l s  => $lax - 2.5 and - 0.5, t y p i c a l  of sma l l  absorb ing  and d i e l e c t r i c  ( s i l i c a t e )  p a r t i c l e s ,  
r e s p e c t i v e l y .  

6 .  Icy g r a i n s  (H20) a r e  probably p re sen t  i n  t h e  coma of new comets a t  
l a r g e  h e l i o c e n t r i c  d i s t a n c e  ( 3  vm f e a t u r e  seen  i n  Cern is ;  l a r g e  OH 
product ion i n  Bowell) ,  bu t  not  g e n e r a l l y  i n  comets w i th in  - 2 AU of 
t h e  sun. 

7 .  Three comet n u c l e i  have now been de t ec t ed  i n  t h e  thermal i n f r a r e d  (IRAST 
Araki-Alcock; Neujmin 1; Arend-Rigaux), wi th  T - 300 K and Ap < .05 => 
some "old" comet n u c l e i  have a  da rk ,  nonvo la t i l e  su r f ace .  



An Experimental Study 
of Plasma Grain Interactions 

R. C. Hazelton 
E, J. Yadlowsky 

HY-Tech Research Corporation 
P. 0. Box 3422 

Radford, Virginia 24141 

Dust grains occur throughout the universe in many systems such as pro- 

tostellar dust clouds, planetary ring structures and in a near earth envi- 

ronment as the result of man's activities. These grains interact with the 

local plasma and radiation environment and this interaction certainly 

influences the evolution of the dust grains. In the present work, an 

initial, experimental effort has been made to study the interaction of 

bismuth dust particles with a background plasma. 

The approach developed was to pass a beam of bismuth particles through 

a plasma and detect the charge accumulated on the particles emerging from 

the plasma using a retarding potential analyzer. The experiment is there- 

fore defined by three specific functions: 

1. Production of the beam. 

2. Production and diagnosis of the plasma. 

3 .  Detection and analysis of beam charging. 

The beam was produced by melting bismuth in a moderate pressure oven 

( 3 0  - 100 Torr), condensing particles in a cooled chamber and accelerating 

the particles through differentially pumped orifices into the main vacuum 

chamber, 

The plasma is produced by a hot cathode discharge in a background of 1 

--I+ - 40 s 10 Torr of argon. The plasma parameters are determined with a 

Lanpmuir probe and a retarding potential analyzer. 



The charged beam is diagnosed with a retarding potential analyzer. 

Because of the large background flux of electrons from the plasma, phase 

sensitive detection techniques are required. This was achieved by physi- 

cally chopping the beam and measuring the output of the RPA with a lockin 

amplifier. Measurements indicate the existence of two distinct, modulated 

signals. The first is due to the beam of charged bismuth particles while 

the second is due to modulated electrons emerging from the plasma. 

RPA curves of the bismuth beam provide a measure of the relative 

charging rate of the particles as a function of particle size and velocity 

and plasma density and temperature. Analysis of the RPA curves indicates a 

good correlation of the data with simple theory based upon independent 

measurements of particle size distributions, particle velocity and plasma 

parameters. 

The modulated electrons are produced by the perturbation of the back- 

ground electron density and plasma potential. Therefore, analysis of these 

curves is expected to provide s measure of the perturbation of the plasma 

parameters for comparison with theory. 

A new direction is now being taken to measure the interaction of 

positively and negatively charged particles in order to determine the 

effect of charging on coalescence of particles. In order to accomplish 

this, two beams will be produced, with one charged negatively by a low 

energy electron beam and one charged positively by uv radiation. These 

beams will be collided at 90' and coalesced particles will be detected 

along the midline between the beams using laser scattering techniques. 



a 
$IMULATION OF C O S M I C  DUST SPECTRA. J. H. ~ e c h t ~ ,  R. W. Russe l l  , J. R. 
s tephenab,  and P. Grievea. A helium-cooled c i r c u l a r  v a r i a b l e  f i l t e r  

' (R -50 )  spectrometer  has been constructed and is being used i n  a program t o  
measure e m i s s i v i t i e s  from 4-14pm o f  pos s ib l e  as t ronomica l  and cometary d u s t  
m a t e r i a l ,  The first ma te r i a l  measured was an amorphous Mg-poor s i l i c a t e  
suppl ied  by NASA/GSFC~.  The sample showed a s t r o n g  f e a t u r e  a t  9.2 pm, p l u s  
very weak f e a t u r e s  near  11.3 & 12.4pm t y p i c a l  o f  a predominantly Si203 1 and amorphous qua r t z  mixture . Two f e a t u r e s  appeared a t  6.2 and 6 .9pm wi th  
a r e l a t i v e  s t r e n g t h  o f  a q u a r t e r  o f  t h e  9 .2pm peak. Upon exposure t o  
s a t u r a t e d  water vapor t h e  r e l a t i v e  s t r e n g t h  o f  t h e  6.2 and 6 .9pm peaks 
increased compared t o  t h a t  o f  t h e  9.2pm peak. Subsequent h e a t i n g  t o  over  
300°C d id  no t  s i g n i f i c a n t l y  decrease e i t h e r  t h e  6.2 o r  t h e  6 .9pm f e a t u r e  
even though t h e  s p e c t r a l  shape i n  t he  8-14pm reg ion  i n d i c a t e d  t h a t  t h e  d u s t  
changed do amorphous qua r t z  (S i02) .  While q u a r t z  and c r y s t a l l i n e  Mg 
s i l i e a C e s  a r e  not  known t o  have 6-7pm f e a t u r e s ,  some amorphous s i l i c a t e s  have 
been shown t o  have t ransmiss ion  o r  emission f e a t u r e s  i n  t h e  6-7pm wave- 
l e n g t h  range293 p 6  97. These peaks a r e  t e n t a t i v e l y  i d e n t i f i e d  w i th  H20 
which p e r s i s t s  i n  t h e  l a t t i c e  a t  l e a s t  up t o  300°C. While t h e s e  f e a t u r e s  
may match those  seen  i n  s p e c t r a  of  as t ronomical  nebulae495, a more l i k e l y  
occurrence may be i n  H20-rich cometary s i l i c a t e  g r a i n s  such a s  those  asso- 
c i a t e d  wi th  Comet Halley. 
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LABORATORY STUDIES OF THE INFRARED SMALL-PARTICLE EXq! INCTI ON OF 

AMORPHOUS SILICATES ~ 8 6 ~ 2 3 5 1 3  
W. Kratschmer, Max-Planck-Institut fiir Kernphysik, 6900 
Heidelberg, P.0. Box 10 39 80, W.-Germany. 

The broad interstellar IR extinction features located at 9.7 
and 18 um wavelength are believed to originate from silicate dust 
grains. Cosmic abundances suggest that the silicate should have a 
chemical composition similar to that of olivine, i.e. 
(Mg,Fe)* Si04. Olivine is a very common terrestrial silicate 
mineral of crystal line structure. However, crystal 1 ine olivine 
grains do not fit the interstellar features well. Based on spec- 
troscopic data obtained in laboratory studies and astronomical 
observat'ions it has been concluded that the interstellar silicate 
grains consist of a material with amorphous rather than crystal- 
line structure (see e.g. Aitken, 1981, and the references 
therein). In the following, I want to review briefly the 
astronomical arguments and the results obtained in our laboratory 
experiments which support this .view. 

To appreciate the significant difference between the small 
particle extinctions of a crystalline and an amorphous silicate, 
fig. 1 shows both kinds of extinction spectra for a silicate of 
the composition Mgla9 Feo.l Si04. Notice that the extii~ction is 
plotted on a logarithmic scale. The spectra were calculated using 
the published optical constants of both kinds of silicates 
(Huffman, 1977; Kratschmer, 1980), assuming that the dust grains 
are spherical in shape and of sizes small compared to the wave- 
length. The extinction of the amorphous silicate is characterized 
by (a) loss of structure within the peaks and broadening of the 
peaks, (b) decrease of strength in the extinction peak maxima, 
and ( c )  shifts of the peak centers to slightly sho.rter wave- 
length. All these characteristics also seem to be exhibited by 
interstellar silicates. The wavelength positions of the extinc- 
tion maxima of the amorphous silicate (9.7 and 17 um) compare 
favourably with that of the interstellar features. The strength 
of the interstellar extinction at 9.7 um has been estimatdd to 
about 3000 cm-' which, as a peak absorption, is unusually small 
for crystalline silicates (see e.g. Capps and Knacke, 1976), and 
is even lower than that of our amorphous olivine. The most pow- 
erful argument in favour of amorphous interstellar silicates is 
based on the apparent absence of any sub-structure within the 
interstellar 9.7 um band. The sub-features originate from the 
optical anisotropy of the silicates and are tied to the crystal- 
line structure. 
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Fig.1: The extinction of the magnesium-iron-silicate called 
olivine in the crystalline and in the amorphous state. 
The Fe/Mg ratio of this particualar silicate is about 10% 
by atom. The amorphous silicate was produced by ion- 
sputtering of crystalline olivine ( for details, see 
Kratschmer, 1980). 

Since, in the case of a crystalline structure, the detailed 
positions and strengths of the sub-structures depend on the 
chemical composition of the silicate, one may argue that a suit- 
able mixture of a variety of crystalline silicates with all their 
different extinction sub-structures superimposed could mimic the 
interstellar extinction as well. I regard this case as unlikely. 
The absence of wiggles in the shape of the 9.7 um feature, the 
wavelength positions of the extinction peaks, the comparatively 
weak strengths of the interstellar silicate absorptions, all this 
together can be much more coherently explained by silicates with 
amorphous structure. 

The amorphous state of a solid usually is thermodynamically 
metastable, i.e. the solid tends to re-crystallise at a rate 
which strongly increases with increasing temperature. Thus the 
interstellar grains possess an internal memory of their thermal 
history to which an observer has access via IR-spectroscopy. The 
temperature regime at which recrystallisation takes place and in 
whach the silicate grains may be used as temperature probes 
amounts to several 100 K. This seems to be quite high compared to 



average interstellar conditions. The amorphous structure of the 
so far observed interstellar silicates in fact suggests 'chat they 
never were appreciably heated. In this context it may be noted 
that interstellar H20 ice in dense clouds seems to exist in an 
amorphous structure as well (see e.g. Kitta and Mratschmer, 
1983). Phase transitions of this material, detectable by IR 
spectroscopy, occur at much lower temperatures (several 10 K), It 
thus may be useful to exploit the thermal memory of the amorphous 
interstellar grain materials in future IR-astronomical studies to 
investigate the thermal conditions within various interstellar 
environments. 
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Are Axowtic Hydrocarbons the Carriers of the 

Diffuse Interstellar Bands in the Visible ? 

A. G g e r  and L- d'Hendecourt 

Groupe de Physique des Solides de 1'E.N.S. 

Laboratoire Associg au C.N.R.S. - Universitg Paris VII 
Tour 23, 2 place Jussieu - 75251 PARIS CEDEX 05 - FRANCE 

Large Polycyclic Aromatic Hydrocarbons (PAH) are the likely origin of 

the formerly called "Unidentified IR Emission Features". We show that these 

molecules or their ions are also attractive candidates for the carriers o f  

the Diffuse Interstellar Bands in the Visible (DIBs) : 1) they have op- 

tically active transitions in the visible ; 2) they can survive the UV 

photons in the Diffuse Interstellar Medium ; 3) they are the most abundant 

amonE the detected molecular species after H and CO. In particular, they 
2 

are better candidates than the long carbon chains that had been proposed 

previously. A laboratory effort is undertaken to search for a spectroscopic 

support to this point. 

Following our hypothesis, one can predict the absence of the DIBs in 

special abtrbphysical environments such as those where all the carbon is 

locked up in CO. There are some indications that this is the actual situa- 

tion but further observations are su~gested. 
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+ A b s t r a c t : ,  G R A I N  A L I G t J t r l E N T  LY F E K R U l i l A G N E T I C  I M P U R I T I E S  
John S .  t - l a t h i s ,  Washburn Obs.,  Univ. of Wisconsin-r ladison 

The obse rved  wavel e n g t h  dependence  of 1 i  n e a r  pol a r i z a t i o n ,  
and i t s  v a r i a t i o n  from r e g i o n  t o  r e g i o n  ( N i l k i n g ,  Lebofsky ,  and 
R i e c k e ,  A .  J . ,  8 7 ,  6 9 5 ,  1 9 8 2 ) ,  can be e x p l a i n e d  by t h e  fo l lowing  
a s s u ~ n p t i o n s :  ( 1 )  I n t e r s t e l  1 a r  g r a i n s  r e semble  i n t e r p l a n e t a r y  
y r a i n s ,  i n  t h a t  t h e y  a r e  composed of  c o l l e c t i o n s  of  small  
p a r t i c l e s  c o a g u l a t e d  t o g e t h e r  i n t o  e longat -ed  masses .  ( 2 )  A 
f r a c t i o n  of t h e  small  p a r t i c l e s  a r e  f e r r o m a g n e t i c .  Presumably 
t h e s e  a r e  e i t h e r  meta l1  i c  Fe o r  m a g n e t i t e ,  Fe Q ( 3 )  I f  and 
o n l y  i f  a  l a r g e  g r a i n  c o n t a i n s  one o r  more ma:n$iic p a r t i c l e s  i s  
t h e  g r a i n  a l i g n e d  i n  t h e  y a l a c t i c  c ~ a g n e t i c  f i e l d .  ( 4 )  The 
magnet ic  p a r t i c l e s  s t i c k  only  t o  s i l i c a t e  g r a i n s  because  of  
chemical  s i m i l a r i t i e s ,  o r  ( e q u i v a l e n t l y )  any pure-carbon g r a i n s  
i n  t h e  d i f f u s e  I S l l  a r e  t o o  s p h e r i c a l  t o  produce p o l a r i z a t i o n .  
( 5 )  Gra ins  i n  dense  r e g i o n s ,  such a s  t h e  o u t e r  p a r t s  of molecu la r  
c l o u d s ,  a r e  l a r g e r  t h a n  t h o s e  i n  t h e  d i f f u s e  ISM because  o f  
c o a g u l a t i o n  of  t h e  g r a i n s  r a t h e r  t h a n  a c c r e t i o n  of  i c y  man t l e s .  
These r e g i o n s  a r e  known t o  have l a r g e r  t h a n  normal v a l u e s  of 
~ ( m a x ) ,  t h e  bravelength of  t h e  naximuin of  1 i n e a r  pol a r i  z a t i o n ,  

The above a s sumpt ions  are' s u f f i c i e n t  t o  a l low t h e  
c a l c u l a t i o n  of  t h e  wavel eng th  dependence  of t t ie  pol a r i ,  z a t i  on, 
assuming t h a t  a1 igned  p a r t i c l e s  behave 1 i k e  s p i n n i n g  c y l i n d e r s .  
There  i s  a f r e e  p a r a m e t e r ,  which i s  t h e  s i z e  o f  t h e  g r a i n  which 
has a  p r o b a b i l i t y  of 0.5 of c o n t a i n i n g  one o r  more magne t i c  
p a r t i c l e s .  With t h e  s t a n d a r d  M R N  power-law s i z e  d i s t r i b u t i o n  I 
r e c o v e r  t h e  a v e r a g e  p ( ~ , ~ ( m a x ) )  r e l a t i o n s h i p  ( " S e r k o w s k i h  Law' ')9 
which i s  a  f u n c t i o n  c o n t a i n i n g  two p a r a m e t e r s .  For dense  
r e g i o n s ,  t h e  s i z e  d i s t r i b u t i o n  of  t h e  coayul  a t e d  p a r t i ~ c l e s  
d e t e r m i n e s  t h e  form of p ( x , x ( m a x ) ) .  I  have t r i e d  t w o  d i f f e r e n t  
b u t  p o s s i b l e  forms of t h e  s i z e  d i s t r i b u t i o n ;  both'  of them can 
p r o v i d e  t h e  obse rved  p o l a r i z a t i o n .  The c o r r e c t  s i z e  d i s t r i b u t i o n  
f o r  t h e  c o a g u l a t e d  p a r t i c l e s  depends on such q u a n t i t i e s  a s  t h e  
p r o b a b i l i t y  of s h a t t e r i n g  l a r g e  p a r t i c l e s  by small  o n e s ,  a s  
opposed t o  s t i c k i n g  t h e  two t o g e t h e r .  However, i t  i s  c l e a r  t h a t  
c o a g u l a t i o n  of g r a i n s  can l e a d  t o  a  s i z e  d i s t r i b u t i o n  which g i v e s  
b o t h  t h e  c o r r e c t  wavelength  dependence  of p o l a r i z a t i a n  a n d  I t s  
v a r i a t i o n  from r e g i o n  t o  r e g i o n .  
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ABSTRACT 

Some carbon-r ich p l a n e t a r y  n e b u l a e  e x h i b i t  a  s t r o n g  broad emiss ion  
f e a t u r e  beginning a t  X fl 24pm and e x t e n d i n g  t o  X > 30pm ( F o r r e s t  e t  a l . ,  
1981).  We p r e s e n t  30-55pm spec t rophotomet ry  o f  I C  418 and NGC 6572, b o t h  
of which halve t h e  s t r o n g  broad e m i s s i o n  f e a t u r e .  These o b s e r v a t i o n s  a l l o w  
u s  t o  d e f i n e  t h e  wavelength  dependence o f  t h e  e m i s s i v i t y  o f  t h e  d u s t  
r e s p o n s i b l e  f o r  t h e  f e a t u r e .  

Comparison w i t h  l a b o r a t o r y  s p e c t r a  o f  c a n d i d a t e  m a t e r i a l s  which a r e  
l i k e l y  t o  condense i n  a  ca rbon- r ich  environment ( L a t t i m e r ,  Grossman, and 
Schramm, 1977) ,  s u g g e s t s  t h a t  t h e  f e a t u r e  a r i s e s  from MgS (Goebel ,  1980; 
Goebel and Moseley, 1984) .  Adopting t h i s  i d e n t i f i c a t i o n ,  we d i s c u s s  t h e  
i m p l i c a t i o n s  of s u c h  a  s t r o n g  f e a t u r e  a r i s i n g  from a  r e l a t i v e l y  minor  d u s t  
c o n s t i t u e n t .  

F i n a l l y ,  we comment on t h e  environment i n  which MgS may be  found. We 
s p e c u l a t e  t h a t  MgS w i l l  be s e e n  i n  o b j e c t s  w i t h  C / O  r a t i o s  o n l y  s l i g h t l y  
g r e a t e r  t h a n  one ,  bu t  n o t  i n  ex t remely  ca rbon- r ich  o b j e c t s .  I n  o b j e c t s  

0 w i t h  much h i g h e r  carbon abundances ,  e.g. BD+30 3639, t h e  f o r m a t i o n  o f  CS 
consumes S s o  t h a t  i n s u f f i c i e n t  MgS c a n  form t o  e x h i b i t  t h e  s t r o n g  f e a t u r e .  
These o b s e r v a t i o n s  imply t h a t  t h e  emergent f a r  i n f r a r e d  spec t rum of carbon- 
r i c h  o b j e c t s  a r e  v e r y  d i f f e r e n t  depending on t h e  abundance o f  t h e  low 
temperature  condensa te  MgS. 



EXCITATHON, 
e 

Sciences, UCSD, In this abstract we discuss a number of issues 
involving grain charging in the interstellar medium. Such 
effects include (1) Stark broadening of molecular spectral 
features, (2) electrostatic grain rupturing, (3) enha:ncements in 
particle-grain collision cross sections, and (4) excitation of 
molecular rotations and/or vibrations. 

It has long been know that interstellar grains have an 
electric charge (see, for example, Spitzerfs book "Physical 
Processes in the Interstellar Medium"). Simple arguments give 
electrostatic potentials of a few times kT of the gas, (Here we 
will be largely concerned with grains charged by sticking 
collisions with hot electrons; consequently the grains will be 
negatively charged. The effects of positive, photoelectrically 
charged grains, however, can also be important and should not be 
ignored,) Thus, for grains with a radius of 0.03prn, the glectric 
field, E ,  at the grain prface will be of the order 10 volts 
per centimeter or 3x10 in cgs units. Note that smaller 
particles would acquire an even higher surface field, resulting 
in the onset of significant field emission. Furthermore 
particle breakup will occur under such high fields, especially 
if the tensile strength of the particles is low such as in lose 
parsicle agregates. At the smallest sizes (e.9. a few times 
10- pm) only strong refractory grain cores are able to survive 
particle potentials of a few volts (Hill and Mendis 1979, The 
Moon and the Planets, 21, 53). 

The Stark broadening of a rigid rotator in (an electric 
field can be easily calculated, givSng a fractional shift in the 
rotational energy, E, of AE/E = ds/E where d is the permanent 
dipole of the molecule. Since molecules typically have 
perTBnent dipoles of the order of a few debyes (1 debye 
10- esu cm, and we shall assume throughout that d:=3 debyes), 
we find AE/E to be roughly 30. Hence under these conditions the 
Stark effect is much more than a small perturbation on the 
quantum mechanical states and causes any rotational 
sub-structure to be "washed out". 

It should be noted that through Stark broadening the large 
electric field will affect both gas phase rotators an18 molecular 
rotators trapped in ice mantles. Furthermore, the strong 
eiectric field may also affect the quantum mechanics' of su r face  
states and solid state transitions. 

The presence of charged grains also affects the collision 
cross sections for charged particles. Quite obviously, grains 
and particles of like charge are repelled, while grains and 
particles of opposite polarity are attracted. The (enhancement 
to the collision cross section over the geometric crioss section 
is well known (again see, for example, Spitzerps book "Physical 
Processes in the Interstellar Medium") and is given by Q = 
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9 + (2eZV/3kT), where e is the charge on the electron, Z is the 
charge 'on the particle, V is the potential of the grain, and T 
is the kinetic temperature of the particie. For example, for 
positive nnolecular ions with a kinetic temperature of 100 K 
passing by a negatively charged grain of 3 volt potential, the 
enhancement to the geometric cross section is Q = 233. 

We would also like to point out that charged grains may 
give rise to the well known unidentified infrared emission 
features seen at wavelengths of 3.3, 3.4, 3.5, 6.2, 7.7, 8.6, 
and 11,3pm in a wide range of astrophysical objects (including 
the spectrum of the galaxy M82--Willner et al. 1977, 

Irs), - 297, L121). These features apparently originate 
lterface regions between the hot H I1 gas and the 

molecular cloud material (see Willner, Puetter, Russell, and 
Ssifer 1979, Astrophys.SpaceSci., 65, 95, and references 
therein). such a spatial correlation naturally suggests a 
molecular origin for the observed emission. This explanation is 
further strengthened by the fact that the 2 to 20,um spectral 
region is the "molecular signature" region in which most 
molecules emit strong rotation-vibration spectra. ' Based on the 
observation that the 3.3,um feature does not break up into the 
standard rotation-vibration structure under high spectral 
resolution (Grasdalen and Joyce 1976, Ap.J.(Letters), 205, L11 
and Tokunaga and Young 1980, Ap.J.(Letters), 237, L93), most 
authors currently agree that if molecules are responsible for 
the observed emission, then they occur in the solid state as 
volatile n~antles on more refractory grain cores. Two competing 
theories of the origin of this molecular emission are presently 
in favor: (1) thermal emission from grains containing volatile 
mantles (see Dwek, Sellgren, Soifer, and Werner 1980, A J , 
238, 140) and (2) W fluoresence of molecules in vo P? at1 e 
mantles (see Allamandola, Greenberg, and Norman 1979, 
Astron,As 77, 66). Both of these senarios face 

e thermal emission case, an astronomical object 
ich a~parently~requires dust temperatures which 

are quite high (T r 10 K), considerably higher than 
expected and which r$#s!n constant independent of the distance 
to the exciting source (Sellgren, Werner, and Dinerstein 1983, 

rs), 271, L13). In the UV fuoresence senario, on the 
he effeciency of the conversion of UV photons into 

IR transitions must be very high, perhaps unacceptably high 
(Dwek, Sell-gren, Soifer, and Werner 1980, Ap.J., 238, 140). 

There might be several ways in wh 
give rise t:o the unidentified emission f 
molecular ions might be attracted to cha 
to several electron volt kinetic energi 

.ich charged 
eatures. Fi 
.rged grains, 
es, and coll 

grai 
rst, 
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ns c 
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eler 
into 
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rged 
ated 
the 

grain. Such collisions would certainly have sufficient energy 
to excite vibrational transitions, if not sufficient to break up 
the molecule. Furthermore, due to the Stark effect, such 
emission would not show the typical rotational sub-structure 
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since adjacent rotational states would be smeared together, A 
second senario would involve close passage of molecules and 
grains. Classical calculations of molecular prclpoetioned, 
dipole rigid rotators demonstrate that the torques exerted on 
molecules during a grain passage can change the rotational 
energy of the molecule on the order of the dipole-electric field 
energy. Once the molecule is in such excited rotational states, 
it might be possible for rotation-vibration ca~uplling to 
distribute the energy into vibrational motion. 

Having proposed several mechanisms, we now turn to an 
analysis of the amount of observable emission that might result 
from these processes. The volume emissivity of both processes 
can be estimated from 

where N is the number of vibrational transitions a molecule 
experienz&$ in passing by or colliding with a grain, o is the 
grain-molecule cross section ( 2  a,, the geometric cross section 
for neutral molecules; a,Q for charged molecular ions), and 
v is the relative velocity of the molecule and grain, 
AgghEing a gas to dust mass ratio of 100, we find 

where X is the wavelength in microns of the feature. 

We can now estimate the flux of radiation received at the 
telescope. Assuming the emission fills an angular beam, P, of 
10"x10", that we are looking through a path length, L, o f  
material 0.2 parsecs logg, that the value of Q is 300, that the 
hydrogen abundance is 10 (the density that might be expected in 
some of the denser condensations near the Orion molecular 
ridge), that the abundance of the revelant molecular spgcies if 
10- relative to hydrogen, and that v is 2.6~10 cm s 
( i .e. the velocity corresponding to am8&f8cule of molecular 
weight 25 and a kinetic temperature of 100 K), the observed 
flux, Fobs(zjLQQ), received by the telescope is given by 
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Hence we see that the predicted brightnes~~~ompareq favorably 
with obser5ved flux levels (a few times 10- w cm- , see, for 
example, the fluxes quoted in Dwek, Sellgren, Soifer, and Werner 
1 9 8 0 ) .  Slightly higher fluxes can be obtained by using smaller 
grains, although we must point out that this mechanism will only 
work with abundant molecular species in relatively dense 
regions. Still, small molecules and dust are known to cxist in 
abundance in the gas phase in molecular cloud-H I1 region 
interfaces and shock processes in these regions will contribute 
to densit:y enhancements. Thus, this interpretation of the 
unidentlifi~ed emission features could be quite attractive. 



WHAT PREDICTIONS CAN BE MADE ON THE NATURE OF CARBON AND CARBON-BEARING 
COMPOUNDS (HYDROCARBONS) I N  THE INTERSTELLAR MEDIUM BASED ON STUDIES OF INTER- 
PLANETARY DUST PARTICLES? 

Frans  J. M. R ie tmei je r ,  LEMSCO, Mail Code C23, NASA Johnson Space Center,  
Houston, TX 77058. 

The n a t u r e  of hydrocarbons and p r o p e r t i e s  of e lemental  carbon i n  c i r e m -  
s t e l l a r ,  i n t e r s t e l l a r  and i n t e r p l a n e t a r y  d u s t  ha s  been a longstaniding problem 
i n  astronomy and me teo r i t e  research .  Sagan and Khare [I9791 suggested t h a t  
s o l i d  carbon-bearing molecules forming from simple gas  mix tures  a r e  a major 
cons t i tuen t  i n  t h e  i n t e r s t e l l a r  medium, pre-planetary s o l a r  nebule,  earbon- 
aceous chondr i t e s  and comets. This  s o l i d  m a t e r i a l  ( t h o l i n s )  forms a f lufEy 
mixture of many carbon-bearing molecules,  i nc lud ing  carbon cha in  molecules 
[Winnewisser and Walmsley, 19791 and po lycyc l i c  aromatic  hydrocarbons [Sagan 
and Khare, 1979; Leger and Puget, 19841. Although t h e  f i t  i s  not  unique, t h e  
s p e c t r a l  c h a r a c t e r i s t i c s  of  t h o l i n s  f i t  many f e a t u r e s  i n  t h e  III s p e c t r a  of 
c i r c u m s t e l l a r  and i n t e r s t e l l a r  dus t .  The 2175A e x t i n c t i o n  featuree i n  t h e  UV 
s p e c t r a  of c i r c u m s t e l l a r  and i n t e r s t e l l a r  dus t  ha s  been v a r i o u s l y  a t t r i b u t e d  t o  
amorphous, poorly g r a p h i t i s e d  carbon ( = t u r b o s t r a t i c  carbon) o r  g r aph i t e  
( = c r y s t a l l i n e  carbon)  [Snow, t h i s  volume]. However, s p e c t r a  f o r  carbon-rich 
s t a r s  suggest  t h e  presence of amorphous carbon r a t h e r  t han  g r a p h ~ i t e  CDraiaae, 
19841. I n  an a t tempt  t o  unify t h e  observa t iona l  d a t a  Greenberg [19821 proposed 
a t h r e e  component dus t  model o f  t i n y ' s i l i c a t e  and g raph i t e  g r a i n s  and s i l i c a t e  
g r a i n s  mantled by wyellow s t u f f w  o f  photo-processed molecules cont,ailllng C,  0, 
N and H. Greenberg El9821 showed t h a t  nonvo la t i l e  o rgan ic  ~no lecu le s  of' 
non-biotic o r i g i n  a r e  probably common t o  many comets. 

Recently a new s e t  of f ine-gra ined  e x t r a t e r r e s t r i a l  materia1.s has  become 
a v a i l a b l e  t o  t h e  s c i e n t i f i c  community through programs which c o l l e c t  these  
p a r t i c l e s  i n  t h e  E a r t h ' s  s t r a t o s p h e r e  [Fraundorf e t  a l . ,  1982; Clanton e t  a l . ,  
19821. These f ine-gra ined  m a t e r i a l s  are probably of cometary o r i g i n  but may 
a l s o  o r i g i n a t e  i n  t h e  a s t e r o i d  b e l t ,  o r  i n  t h e  i n t e r s t e l l a r  medium [Brownlee e t  
al . ,  19771. An important  subse t  of s t r a t o s p h e r i c  dus t  c o l l e c t i o n s  i s  formed by 
f l u f f y  aggrega tes  of . smal l - s ized  g r a i n s  ranging from < 100A up t o  - 0 . 5 ~ ~  i n  
s i z e  and which have c h o n d r i t i c  bulk composition. The compositions of these  
Chondr i t i c  Porous Aggregates (CPAts) is comparable with t h e  bulk compositions 
of  carbonaceous chondr i t e s  [Fraundorf e t  a l . ,  1982; Mackinnon e t  a:L., 19821 and 
ma t r i ce s  of unequ i l i b r a t ed  o rd ina ry  chondr i t e s  [Rietmei jer and MeKay "185 1 . The 
e x t r a t e r r e s t r i a l  o r i g i n  of  CPA" i s  confirmed by t h e i r  noble ga.s abundanees 
[Rajan e t  a l . ,  1977; Hudson e t  a l . ,  19811 and l a r g e  D/H f r a c t i o n a t i o n  r a t i o s  
[ Zinner e t  a1. , . 1983 ; wood, t h i s  volume]. 

I n  t h e  p a s t  decade many d e t a i l e d  s t u d i e s  have shown t h a t  al-though CPAns 
have a va r i ed  s i l i c a t e  and oxide mineralogy, carbonaceous ma t t e r  is  inva r i ab ly  
presen t  [ c f .  McKay e t  a l . ,  19853. The mineralogy of some CPA1s t e n t a t i v e l y  
suggest  a r e l a t i o n s h i p  between t h e s e  aggrega tes  and carbonaceous chondr i tes  
[Rie tmei je r ,  1985-a; Tomeoka and Buseck, 19851 o r  mat r ices  of  ullequilibriated 
ord inary  chondr i t e s  [Rie tmei je r  and McKay, 19851. The measured D-excesses i n  
many C P A b  [Clayton, t h i s  volume; Wood, t h i s  volume] and i n f e r r e d  1 2 ~ / 1 3 ~  and 
7 ~ i / 6 ~ i  r a t i o s  f o r  cometary d u s t  [Fecht ig ,  19871 suggest  t h a t  CPA.9 ( a  subset  
of c h o n d r i t i c  I n t e r p l a n e t a r y  Dust P a r t i c l e s )  may form a c l a s s  of e x t r a t e r -  
r e s t r i a l  m a t e r i a l s  t h a t  i s  even more p r imi t i ve  than  p r imi t i ve  me teo r i t e s .  

Hydrocarbons a r e  indigenous t o  carbonaceous chondr i tes  [Nagy, 19751 but 
t h e  o r i g i n  of i n d i v i d u a l  molecules is  uncer ta in .  The i s o t o p i c  s i g n a t u s e  of some 



rwaleeules ( r e f e r r e d  t o  as kerogen) suggests  an  o r i g i n  i n  t h e  i n t e r s t e l l a r  
medim [Kenridge, t h i s  volume]. Unfortunately we know l i t t l e  of t h e  mineralogy 
of carbonaceous matter ,  inc luding elemental carbon species ,  i n  p r imi t ive  extra-  
t e r r e s t r i a l  materials .  Analyt ical  Elec t ron Microscope (AEM) s t u d i e s  r evea l  t h a t  
poorly graphi t i sed  carbon (PGC) is present  i n  t h e  Orgueil,  Cold Bokkeveld and 
A1lende metcsorites [Lumpkin, 1981 ; 1983-a; -b; Smith and Buseck, 19811. A few 
AEM s tud ies  of CPA1 s show t h a t  metastable carbon-2H [Rietmei j e r  and Mackinnon, 
1985-aI and poorly g raph i t i sed  carbon, s i m i l a r  t o  m e t e o r i t i c  PGC [Rietmeijer  
and Mackinnon, 1 985-b ] , a r e  t h e  dominant carbon-bearing spec ies ,  although 
mihydro@arbomsn [Chr is tof fersen  and Buseck, 1984 1 may be present .  

The mineral cons t i tuen t s  of C I  and CM carbonaceous chondri tes  i n d i c a t e  
t h a t  these meteor i tes  have been subjected t o  low-temperature (T< 4OOoK) aqueous 
a l t e r a t i o n s  [Bunch and Chang, 1980 ; Clayton and Mayeda, 1 984 1, The mineralogy 
of severa l  CPA1s shows t h a t  low-temperature aqueous, inc luding hydrocryogenic, 
a l t e ra t ions , ,  may have been opera t ive  i n  these  aggregates [Rietmei j e r  , 1 9855.b; 
Rietmeijer and Mackinnon, 1984 ; 1985-c; Tomeoka and Buseck, 19851. These 
observations r a i s e  the  ques t ion  t o  what extent  hydrocarbon and elemental carbon 
phases a r e  indigenous t o  p r imi t ive  e x t r a t e r r e s t r i a l  ma te r i a l s  o r  how much they 
have been a f fec ted  by, o r  may have formed during, low-temperature a l t e r a t i o n  
processes. 

The t ex tu res  and c rys ta l lograph ica l  p roper t i e s  of PGC from carbonaceous 
chondrites and CPA" a r e  comparable with PGC formed by dehydrogenation and 
e a r b o a s a t i o n  of hydrocarbon precursors under na tu ra l  t e r r e s t r i a l  and 
experimental. condit ions [Rietmei j e r  and Mackinnon, 1985-b] . The degree of 
graphit isat j-on of PGC shows a systematic r e l a t i o n s h i p  with t h e  heat-treatment 
temperature o r  dura t ion  of peak-heating. The m i n i m u m  g r a p h i t i s a t i o n  temperature 
f o r  PGC i n  t h e  CPA1s and carbonaceous chondri tes  is ca 4000K [Rietmei j e r  and 
Maekinnon, l985-b]. Importantly, i n  CPA", but not i n  carbonaceous chondr i tes ,  
K C  containis t r a c e s  of another carbon phase i d e n t i f i e d  a s  carbon-2H [Rietmeijer  
and Mackinnon, 1985-a]. Carbon-2H is a metastable product of low-temperature 
hydrous pyrolysis  of a hydrocarbon precursor and i t s e l f  is a precursor of PGC 
[Rietmeijer and Mackinnon, 1985-a]. 

By analogy with t e r r e s t r i a l  hydrocarbon and PGC occurrences Rietmeijer  
and Mackinnon [ I  985-dl proposed a multi-stage model of hydrocarbon diagenes is  
I n  CPA and carbonaceous chondri te  (proto-) planetary parent bodies [Rietmeijer ,  
"1985-a; -el i n  which hydrocarbons a r e  subjected t o  low-temperature hydrous 
pyrolysis .  With continued heat-treatment time and temperature the  pyrolys is  
products, e,g. carbon-2H, a r e  g raph i t i sed  t o  various degrees of PGC. Hydrous 
pyrolysis  and g r a p h i t i s a t i o n  a r e  s e n s i t i v e  t o  t h e  presence of a c a t a l y s t ,  e.g. 
c e r t a i n  non-.metallic elements, metals,  a l l o y s  and l a y e r  s i l i c a t e s ,  which 
contr ibute  t o  lower t h e  temperatures a t  which these  processes occur [Bradley e t  
al., 1981; F i t z e r  e t  a l . ,  1971; Mackinnon e t  a l . ,  1985; Rietmeijer  and 
Mackinnon, 1985-a; -b; Oya and Marsh, 19821. 

I n  summary, elemental carbon phases i n  pr imi t ive  e x t r a t e r r e s t r i a l  
mater ia ls  f ~ r m  by low-temperature processes a f t e r  accumulation of dust  
i n t o  (proto-) y parent bodies. Hydrous pyrolys is  not only produces 
so%&, well-graphit isable,  carbon but may a l s o  r e s u l t  i n  t h e  formation of new 
hydrocarbon rnolecules e i t h e r  from heavier hydrocarbon precursors o r  by reac t ion  
between pyrolysis  in termedia tes  [ F i t z e r  e t  a l . ,  19711. I n  addi t ion ,  hydrous 
pyrolysis  may change the  deuterium conte rocarbons [Hoering, 19821. 
Thus, it  seems not possible t o  recognise an unprocessed hydrocarbon 



phase i n  carbonaceous chondr i t e s  and CPA". 
Although hydrocarbons i n  p r imi t i ve  e x t r a t e r r e s t r i a l  m a t e r i a l s  p resen t  a 

complex model, I conclude t h a t  hydrocarbons, and not  PGC o r  g r a p h i t e ,  dominate 
t h e  dus t  around carbon-rich s t a r s  and i n  t h e  i n t e r s t e l l a r  medim. This 
conclusion,  based on obse rva t iona l  evidence, suppor t s  experimental  s t u d i e s  by 
Dayhoff e t  a l .  [I9641 and Hayatsu e t  al. [I9801 t h a t  vapor phase condensation 
i n  carbon-rich environments w i l l  produce hydrocarbons r a t h e r  than  g r a p h i t e  
because of i t s  high nuc l ea t i on  energy [Czyzak and Sant iago ,  952731. We may 
probably r u l e  ou t  t h e  ex i s t ence  of g r aph i t e ,  and poss ib ly  of PGC, i n  t h e  i n t e r -  
s t e l l a r  medium i f  chemical p rocess ing  i n  t h e  i n t e r s t e l l a r  mediim occurs  a t  
ene rg i e  l e v e l s  comparable wi th  s imu la t i on  s t u d i e s  [ c f .  Greenberg, 1982 ; Sagan 
and Khare, 19791. Addit ional  energy sources  may be t h e  amorphous t o  c r y s t a l l i n e  
t r a n s i t i o n s  of  s i l i c a t e s  [Clayton, 19831 and i c e s  [Smoluchowski and McWilliana, 
19841. 

I n  a d d i t i o n ,  hydrocarbons i n  p r imi t i ve  e x t r a t e r r e s t r i a l  matelrials may not  
be p r i s t i n e  i n t e r s t e l l a r  molecules.  However, cont inued e f f o r t s  t o  reeognise  
hydrocarbons and elemental  carbon phases i n  Chondr i t i c  Porous Aggregates mag 
al low us  t o  understand t h e  mult i -s tage hydrocarbon/elemental carboa model. 

I l i k e  t o  thank D r  I a n  Mackinnon f o r  h i s  generous coopera t ion  and D r  Dave MeMay 
f o r  h i s  support .  
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WHY DO INTERSTELLAR GRAINS EXIST? 

C .  G .  Seab, D. J .  Hollenbach 
NASA-Ames Research Center 

C .  F. McKee and A.  G.  G .  M .  T i e l ens  
U .  C .  Berkeley 

There e x i s t s  a  discrepancy between c a l c u l a t e d  d e s t r u c t i o n  r a t e s  of g r a i n s  i n  
the  inters te:Llar  medium and pos tu la ted  sources  of new g r a i n s .  We have 
examined t h i s  problem by modelling t h e  g loba l  l i f e  cyc le  of g r a i n s  i n  the  
galaxy. The model includes:  g ra in  d e s t r u c t i o n  due t o  supernovae shock waves; 
gra in  i n j e c t i o n  from cool s t a r s ,  p l ane t a ry  nebulae ,  s t a r  format ion ,  novae, and 
supernovae; g ra in  growth by a c c r e t i o n  i n  dark c louds ;  and a  mixing scheme 
between phases of t h e  i n t e r s t e l l a r  medium. 

The p r inc ipa l  r e s u l t s  of c a l c u l a t i o n s  of t h e  shock d e s t r u c t i o n  of g ra ins  a r e  
t h a t  l a r g e  g r a i n s  ( 0.1 um) a r e  r e a d i l y  destroyed by thermal s p u t t e r i n g  i n  
very f a s t  (200 - 400 kms-' ) non-adiabat ic  shocks. These d e s t r u c t i o n  processes  
a r e  i n s e n s i t i v e  t o  t h e  na tu re  of t h e  g r a i n s  involved.  I n  p a r t i c u l a r ,  g r a i n  
cores cannot be pro tec ted  by any kind of mantling. Time s c a l e s  f o r  t h i s  
des t ruc t ion ,  averaged over t h e  inc ide  ce  of shocks i n  t h e  va r ious  phases of P the ISM, a r e  on t h e  order  of l o 7  - 10  yea r s .  These r a t e s  a r e  an order  of 
magnitude smal le r  than t h e  i n j e c t i o n  r a t e s  f o r  f r e s h  g r a i n s  from var ious  
s t e l l a r  sources.  I t  i s ,  t h e r e f o r e ,  d i f f i c u l t  t o  account f o r  t h e  abundance of 
r e f r a c t o r y  g ra ins  i n  t h e  ISM wi th in  t h i s  scheme. 

The so lu t ion  t o  t h i s  dilemma is t o  e i t h e r  i nc rease  t h e  g r a i n  formation r a t e  
and/or t o  decrease t h e  shock d e s t r u c t i o n  r a t e .  We a r e  cons ider ing  g ra in  
growth i n  molecular c louds a s  a  mechanism fo r  i nc reas ing  t h e  formation r a t e .  
To decrease t h e  shock d e s t r u c t i o n  r a t e ,  we a r e  inc luding  s e v e r a l  new phys ica l  
processes ,  such a s  p a r t i a l  vapor iza t ion  e f f e c t s  i n  gra in-gra in  c o l l i s i o n s ,  
breakdown of t he  small  Larmor r a d i u s  approximation f o r  be t a t ron  a c c e l e r a t i o n ,  
and r e l a x a t i o n  of t h e  s t e a d y - s t a t e  shock assumption. 
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Chromospheric Dust Formation, Stellar Masers and Mass Loss 

Robert E. Stencel 
Astrophysics Division, NASA Headquarters 

ABSTRACT 

I outline a multi-step scenario which describes a plausible mass loss mecha- 
nism associated with red giant and related stars. The process in~volves trig- 
gering a condensation instability in an extended chromosphere, leading to the 
formation of cool, dense clouds which are conducive to the formation of mole- 
cules and dust grains. Once formed, the dust can be driven away from the star 
by radiation pressure. Consistency with various observed phenomena is dis- 
cussed. 

New View of Red Giant Chromospheres 

The analysis of cool stars has benefited from reference to the Sun as a well 
studied archetype. However, in the past few years, it has been recognized 
that the solar analogy must be applied with caution, especially in the case of 
much lower surface gravity. Quantitative analyses of red giant chromospheres 
use ultraviolet lines of singly ionized carbon, to derive tempera~ture (Brown 
and Carpenter 1984), densities and physical extent (Carpenter, Brown and 
Stencel 1985; cf. Hartmann and Avrett 1984). 

These analyses combined with other multispectral studies indicate that red 
giants and supergiants altogether lack solar-like coronae, hut instead fill 
comparable volumes with extended warm gas having densities of order 10E7- 
10E8/cm3 at temperatures of order 8,000 degrees Kelvin. Chromospherie radial 
dimensions are at least several stellar radii; approximately 10E14 cm for the 
supergiants. Maintenance of this extended warm region can be accomplished by 
absorption ionization of UV and EUV photons. In what follows, I argue that 
cooling can occur in two co-existing thermal regimes: chromospheric UV line 
emission in "warm" regions, and via molecular masers and thermal emission from 
dust in "cool" regions. This thermal bistability may contribute to the 
observed mass loss and other properties of such stars (cf. Goldberg, 1983). 

Cooling via Condensation Instabilitv 

Key point: if you compress a chromospheric gas (8000K, lE7/cm3), a condensa- 
tion instability occurs because as the density rises, the radiative cooling 
increases with the density squared. Because this happens on the very steep 
portion of the radiative power loss curve (cooling rate, ergs/cm3/sec-vs- 
temperature, cf. Raymond et al. 1976), there is a dethermalizing runaway to 
very low temperatures. 



An original application of this physics was described by Field et al. (1969) 
for the two-phase interstellar medium, where they derived "two thermally 
stable gas phases that coexist in pressure equilibrium, one at 10,000K and the 
other cooler than 300K." Their model was derived for interstellar gas heated 
by low energy cosmic rays. The resulting partition cooled 75% of the gas. 

Lepp et al. (1984) have more recently confirmed this.basic result for matter 
in the presence of radiation fields. By including high energy photons, they 
also derived an inverse Compton term and thus a coronal gas phase. Although a 
steady state solution, this model replicates the three-phase interstellar 
medium and makes predictions for quasar clouds. The coronal result does not 
apply to stellar chromospheres which lack a source of hard photons. The range 
of pressures and heating/cooling channels described by Lepp et al. imply 
applicability to the lower temperature physics of the putative two-phase 
chromospheres. 

Instability Trigger Mechanisms 

Basic stellar structure suggests that red giants possess large convective 
envelopes in response to steep temperature gradients Schwarzschild (1975). 
Convective motion provides a source of "acoustic noise" that will give rise to 
pressure perturbations in an overlying atmosphere. The density enhancement 
can trigger the condensation instability. To avoid shock waves which could 
produce high temperature emission lines, either the input energy varies slowly 
or the density profile with height is less steep than exponential. I prefer 
the latter, anticipating a quasi-isobaric extended chromosphere. Many cool, 
evolved stars pulsate. Shock phenomena may dominate those atmospheres, but it 
is possible that this scenario plays a role in regions where, or at times 
when, shocks are less important. 

Formation of Molecules and Dust 

The condensation instability yields conditions appropriate for the formation 
of molecules and grains. As a result of the rapid cooling and enhanced 
densities, molecules are formed in excited states and then cool via maser 
emission. &cent work by Elitzur and Cooke (1985) states that H20 masers 
occur for densities at and above 1E9,cm3, are collisionally pumped and corre- 
spond to a lOOOK excitation temperature. This is exactly the higher density, 
lower temperature condition expected from the condensation instability. VLBI 
studies show SiO masers occuring within a few stellar radii of dusty objects, 
like IRC+10215 (Lane, 1982; Johnston, et al. 1985). While the detailed 
chemistry is still to be elaborated (Kozasa et al. 1984; Maciel 1973, 19761, 
we may be seieing a manifestation of the condensation instability process. 

Interferometric mapping of the 10 micron emission associated with silicate 
dust grains indicates a lack of such emission inside of approximately 10 stel- 
lar radii in many dusty objects (cf. Sutton et al. 1977). However, molecular 
clusters and less-annealed silicates with spectral features at other than 10 
microns could be forming within this inner dust radius. SiO masers within 10 
stellar radii are probably associated with this chemistry. Chromospheric and 



envelope expansion velocities require months - years for material to move 
several stellar radii. This places temporal constraints on cluster formation 
and subsequent dust nucleation (Donn and Nuth 1985). High spatial resolution 
observations of radial and azimuthal spectral variations may reveal the entire 
process. 

Quenching chromospheric Radiation/Accelerating Dust 

Extended stellar chromospheres are optically thick to the usual radiative loss 
channels (hydrogen lines, Ca +, Mg +). The chromospheric gas is filled with 
photons of the Lyman series, scattered endlessly and effectively trapped 
(Wilson 1960). This radiation field could act on the newly condensed mole- 
cules and grains to provide acceleration and eventual expulsion. Jura (1984; 
1985) has already concluded that once grains form near these stars, radiation 
pressure can accelerate them to infinity. 

An extended chromosphere could trap part of the star's bolometric luminosity 
in endlessly scattered Lyman transitions. A 10E-7 Mo/yr mass loss at 10 
km/sec requires an energy content which is comparable to less than IOE-4 of 
the bolometric luminosity. If we "quench" these chromospheric photons, trans- 
ferring their energy to mass motion of grains, the net effect will be a lack 
of, or reduction of observed ultraviolet chromospheric emission, as discovered 
by Hagen, Carpenter and Stencel (1985). The radiative transfer applicable to 
this reduction of resonance line flux was discussed by LJehrse and Kalkofen 
(1985), where factors of five in flux reduction were derived. In light of the 
detection of UV chromospheric emission from dusty stars, this scenario pro- 
vides an alternative to the quenched chromosphere idea of Jennings and Dyck 
(1972), which was based on the lack of Ca I1 emission in dusty stars. 

Further Work 

To further investigate the validity of this scenario, several lines of work 
are required. First, the timescale for the growth of the instability needs to 
be evaluated, against the constraint of the "fully formed" 10 micron silicate 
dust emission features outside of ten stellar radii. Second, an observational 
test involving high spatial resolution spectral imaging is needed to monitor 
radial and azimuthal changes in the infrared dust emission profiles, in 
response to nucleation, growth and processing of dust grains in the circum- 
stellar environment. Finally, the role of this process in the atmospheres of 
cool, pulsating stars deserves study. I am happy to acknowledge useful dis- 
cussions with Joseph Nuth and Leo Goldberg in the preparation of this report. 
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PREPARATION, ANALYSIS, AND RELEASE OF SIMULATED INTERPLANETARY GRAINS INTO LOW 
EARTH ORBIT 

John R. Stephens, I. B. Strong, and T. D. Kunkle 
Los A1 amos National Laboratory 

LAUR-85-1979 
I, INTRODUCTION 

Astronomical observations which reflect the optical and dynamical pro- 
perties of interstellar and interplanetary grains are the primary means of 
identifying the shape, size, and the chemistry of extraterrestrial grain 
materials and is a major subject of this workshop. Except for recent sam- 
plings of extraterrestrial particles in near-Earth orbit and in the strato- 
sphere (see R. L. Walker, this volume) observations have been the only method 
of deducing the properties of extraterrestrial particles. In order to eluci- 
date the detailed characteristics of observed dust, the observations must be 
cornpared with theoretical studies, some of which are discussed in this volume, 
or compared with terrestrial laboratory experiments. 

Such experiments ty~ically seek not to reproduce astrophysical conditions 
but to illuminate fundamental dust processes and properties which must be ex- 
trapolated to interesting astrophysical conditions. In this report, we discuss 
the formation and optical characterization of simulated interstellar and inter- 
planetary dust with particular emphasis on studying the properties on irregu- 
larly shaped ~articles. We also discuss efforts to develop the techniques to 
allow dust experiments to be carried out in low-Earth orbit, thus extending 
the conditions under which dust experiments may be performed. The objectives 
of this study are three fold: 

1. Elucidate the optical properties, including scattering and absorption, 
of simulated interstellar grains including Sic, silicates, and carbon 
grains produced in the laboratory. 

2. Develop the capabilities to release grains and volatile materials 
into the near-Earth environment and study their dynamics and optical 
properties. 

3. Stud.y the interaction of released materials with the near-Earth envi- 
ronm(2nt to elucidate grain behavior in astrophysical environments. 
Interaction of grains with their enviroment may, for example, lead to 
grain alignment or coaqulation, which results in observable phenomena 
such as polarization of light or a change of the scattering properties 
of tqe grains. 

11 .  EXPERIMENT AND DISCUSSION 

1. Grain pr'eoaration and physical characterization 

The prains may be pre~ared by injecting a gas mixture, including volatile 
precursors containing the elements of interest, into an inductively coupled 
plasna system. The volatile precursors, mixed with other reactant gases, for 



example hydrogen, argon, and N20 are pyrolized in the high temperature plasma 
to an elemental gas. The grains are formed by condensation from the gas in the 
relatively low temperature tailflame of the plasma. For example, Sic or si- 
licate grains may he prepared by nixing combinations of CHq, Fe(C0)5, and 
SiH4 into the plasma feed gases. A schematic of such a plasma system, cur- 
rently used by Los Alamos researchers to form refractory ceramics is shown in 
Figure 1 (from Vogt et a1 ., 1984). Nearly any gas mixture can potentially be 
prepared by using a combination of gaseous, liquid, and powder feed materials. 
The system shown operates at near atmospheric pressure, and local thermodynamic 
equilibrium is believed to be maintained throughout the condensation process. 
Powders can be prepared in the kilogram quantities necessary for release exper- 
iments into orbit. 

The particles produced occur as tangled strings of submicron grains typi- 
cal of laboratory produced grains. Figure 2 shows silicate, Sic, and carbon 
grains prepared by another method, vaporizing a solid into a rarified gas using 
a 1 aser (Stephens, 1980). The diffraction patterns for the "01 ivine" s s i  licate, 
Sic, and carbon grains indicate that the grains are amorphous, highly crystal- 
line B-Sic, and glassy, respectively. 

Optical characterization of grains 

Although the individual grains produced in the plasma are too small to 
produce significant scattering of visible and infrared radiation, the ag- 
glomerated grains have shown measurable scattering to wavelengths at least 10 
microns in the infrared (Stephens and Russell, 1979). Such elongated grains 
could also cause polarization of starlight i f  they are aligned. A laboratory 
apDaratus is being constructed to study the absorption, scattering, and light 
polarization properites of these highly irregular particles as a function of 
scattering angle and wavelength. A schematic of the laboratory apparatus is 
shown in Figure 3. The apparatus consists of a solar simulator light source 
with optional monochromator and polarizer which illuminates a scattering cham- 
ber of several liters volume in which particles are suspended in a gas, Scat- 
tering from the particles is detected by a combination monochromat~~r-optical 
multichannel analyzer (OMA) which is sensitive over the wavelength range of 300 
to 900 nm. The apparatus measures the wavelength and polarization resolved 
scattering of particles averaged over particle shape and orientation and is 
complementary to instruments which measure single particle scattering at a 
single wavelength. Planned enhancements to the system include adding a quartz 
element mass monitor to measure aerosol mass and a photoacoustic detector to 
al low measurement of aerosol absorption. 

In conjunction with the optical measurements of laboratory-pr~oduced par- 
ticles, microwave analogue studies, in collaboration with the Space Astronomy 
Laboratory at the University o f  Florida at Gainesville and the Ruhr University 
at Bochum, Germany are planned. The microwave analogue technique uses micro- 
wave radiation scattered from cm sized "grains" with the appropriate complex 
index of refraction to simulate scattering of visible radiation from micron- 
sized particles. The technique allows accurate measurements of irregular par- 
ticle scattering to be made which are not possible by direct measurements on 
real particles. The microwave analogue measurements on scaled siniqle particles 
complement our measurements on a cloud of particles. 



Grain packaging, release, and monitoring of grains in low-Earth orbit 

The thrust of the orbital release experiments is to monitor the dynamics 
and optical signatures of well characterized laboratory grains released into 
near-Earth orbit to elucidate the behavior of grains in astrophysical environ- 
ments. Several kilograms of laboratory-prepared dust will be required for dust 
release experiments in orbit. Initially, refractory dusts including silicates, 
Sic, or carbon are planned for release. Later, releases of mixtures of dust 
and volatile materials, to simulate a comet nucleus, are possible. It is pre- 
sently planned to collect the dust immediately upon preparation by the plasma 
system in a liquid or solid binder to inhibit grain coagulation during storage. 
A h i g h  vapor pressure liquid or subliming binder are being considered. Samples 
of the grains prepared will be characterized physically and optically, as out- 
lined above, to provide baseline data for the observations of the grains in 
orb i t . 

Grain releases will be carried out from the Space Shuttle Orbiter using a 
Get-Away-Special cannister with the capability of releasing a small satellite 
(XSAT), which is approximately 45 cm on a side, with a weight capacity of 150 
pounds. The XSAT, containing the grains, binder, and supporting electronics 
is ejected from the Shuttle by a crewmember while in orbit. After the shuttle 
has deorbiked, activity on the XSAT may be initiated by radio. Aerosols are 
released from the binder using resistive heating or exothermic chemical re- 
action. The Get-Away Special cannister containing the ejection mechanism has 
been tested on a recent shuttle flight. The XSAT deployed in the recent shut- 
tle flight was developed by the experimenters. NASA has proposed to develop a 
qeneric XSAT with telemetry, limited attitude control, and programmable data 
controller capabilities. The lifetime in orbit would be up to a year with 
solar cells. A photograph of the get-away-special ejector is shown in figure 4 
in cutaway view with the top open. 

Initiation of the grain release from the XSAT and observations will be 
carried out from the AMOS/MOTIF observatory on Mt. Haleakala on Maui in the 
Hawaiian Islands. Grain release will be initiated at a time such that the 
qrains pass overhead near the terminator, with the grains illuminated by the 
sun, but the ground in darkness. Observations will be performed as the grains 
pass overhead, yielding scattering data as a function of sun-grain-observer 
scattering angle. Possible observations include total scattered intensity, 
cloud imaging, and also visible and infrared spectrometry. Polarization re- 
solved observations of scattered light, which may result from grain streaming 
or alignment by the Earth's magnetic field, will be carried out if the signal 
i s  sufficiently strong. Fundamental questions to be answered include the 
magnitude of the atmospheric drag on the particles, efficiency of grain align- 
ment caused by streaming through the atmosphere or alignment with the Earth's 
magnetic field, and charging of the particles which can have a major effect on 
their orbital trajectory. 

111. CONCLUSIONS 

The above program is aimed at elucidating the scattering properties of 
irregular, coagulated dust composed of candidate materials for interstellar 
and interplanetary dust. In addition, this program attempts to extend the 
physical conditions under which dust may be studied by extending laboratory 
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studies to the near-Earth environment. We have outlined several phenomenbn o f  
fundamental interest to the study of interstellar and interplanetary dust which 
will be investigated. The orbital release studies outlined above represent 
only a beginning of what is possible. Releasing mixtures of refractory grains 
and volatiles to simulate comet processes near perihelion is one potentially 
fruitful avenue of research. Simulated comet releases could be used not only 
to study cometary processes, but also to test instruments designed for comet 
rendezvous missions. Such studies would take advantage of the Shuttle as an 
observation platform for performing space experiments. Suggestions and col- 
laborations involving observations, experiments, and equipment design are . 
we 1 come. 

REFERENCES: 

Stephens, J. R. and Russell, R. W. (1979), Ap.J. - 228, p. 780. 
Stephens, J. R. (1980), Ap. J. - 237, p. 450. 
Vogt, G. J., Hollabaugh, C. M., Hull, D. E., Newkirk, L. R., and Petrovic, 

J. J., (1984), Mat. Res. Soc.' Symp. Proc. - 30, p. 283. 

W " d " ~  /-TO Plosmo Gas 

Figure 1 

Schematic of plasma system 
used to generate grain 
materials. The reaction 
gases are injected below 
the plasma induction coil. 
Grains form in the cooling 
chamber and are collected 
in the collection chamber. 
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Figure 3 
Schematic of laboratory 
apparatus f o r  measuring l i g h t  
sca t t e r ing  from grains  as  a  
function of wavelength and 
angle. For d e t a i l s  see t ex t .  

Figure 4 
Photograph of Get-Away-Special 
e j e c to r  f o r  launching a  small 
sate1 1  i t e  from the  Space 
Shut t le  Orbiter .  The e j ec to r  
i s  shown in cutaway w i t h  the  
top open. 
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I n t e r s t e l l a r  Grain Mantles 

d J A.G.G.M. T i e l ens ,  L.J. Allamandola, J. Bregman and F.C. Wit teborn 

NASA/Ames Research Center 
Moffet t  F i e l d ,  CA 

I n t e r s t e l l a r  molecular ( " i c y w )  g r a i n  mantles  a r e  an important  component 
of t h e  i n t e r s t e l l a r  d u s t  i n s i d e  dense molecular c louds  a s  evidenced by t h e  
d e t e c t i o n  of absorp t ion  bands a t  2.97, 3.08, 4.61, 6.0 and 6.8 microns.  They 
may a l s o  be t h e  precursors  of more-complex g r a i n  mantles  i n  t h e  d i f f u s e  
i n t e r s t e l l a r  medium. 

We have c a l c u l a t e d  t h e  molecular composition of  t h e s e  " i cyw g r a i n  mantles  
employing gas  phase a s  well a s  g r a i n  s u r f a c e  r e a c t i o n s .  The c a l c u l a t e d  
mixtures  c o n s i s t  mainly of t h e  molesules H20, H2C0, N 2 ,  CO,  02, H202! NH2, and 
t h e i r  deu t e r a t ed  coun te rpa r t s  i n  varying r a t i o s .  The exac t  composl t lons 
depend s t r o n g l y  on t h e  phys ica l  cond i t i ons  i n  t h e  gas  phase.  The abso rp t ion  
s p e c t r a  of H20 with o t h e r  molecules have been s t u d i e d  i n  t h e  l abo ra to ry .  
Op t i ca l  c o n s t a n t s  have been determined f o r  a  few s e l e c t e d  mix tures .  
Ex t inc t ion  and p o l a r i z a t i o n  c r o s s  s e c t i o n s  a c r o s s  t h e  3um i c e  band have been 
ca l cu l a t ed .  A comparison with t h e  observa t ions  towards BN shows t h a t  t h e  low 
frequency wing observed on t h i s  f e a t u r e  is due t o  abso rp t ion  by a mixture  of 
H20 and o the r  molecules r a t h e r  than s c a t t e r i n g  by l a r g e ,  pure H 2 0  i c e  g r a i n s .  

Recently,  high s i g n a l  t o  n o i s e  (5-8um) s p e c t r a  have been obta ined  of 
s e v e r a l  component sources  embedded i n  dense molecular c louds.  The observed 
abso rp t ion  f e a t u r e s  a t  6.0 and 6.8um show v a r i a t i o n  from sou rce  t o  sou rce .  
The 6.0um f e a t u r e  is a t t r i b u t e d  t o  t h e  OH bending mode i n  H20, i n  l i n e  wi th  
t h e  i d e n t i f i c a t i o n  of t h e  3 . 0 8 ~  band a s  t h e  OH s t r e t c h  i n  H20.  A vary ing  
c o n t r i b u t i o n  of  t h e  C=O s t r e t c h  i n  ketones,  a ldehydes,  esters o r  ca rboxy l i c  
a c i d s  may be r e spons ib l e  f o r  t he  observed v a r i a t i o n s  i n  t h i s  band. The 6.8um 
band is due t o  t h e  CH deformation mode probably i n  a l c o h o l s .  The v a r i a t i o n s ,  
observed i n  t h i s  band a r e  probably due t o  t h e  presence of unsa tu ra t ed  
hydrocarbons o r  s a t u r a t e d  hydrocarbons wi th  s t r o n g l y  e l e c t r o  nega t ive  groups 
i n  some of t h e  sources  a s  wel l .  The observed v a r i a t i o n s  imply a  very r i c h  
chemistry,  sugges t ing  t h a t  e n e r g e t i c  process ing  of g r a i n  mant les ,  such a s  UV 
pho to lys i s ,  may be important.  



EXCIMER EMISSION OF POLYAROMLTIC EYDROCARBOlJS AS T H E  
MECHANISM OF B R O A D - B A N D  VISIBLE FLUORESCENCE OF INTEilS'IIELLAR DUST, 
Thomas J. \ W d o w i a k ,  D e p a r t m e n t  o f  P h y s i c s ,  U n i v e r s i t y  o f  A l a b a m a  a t  
B i r m i n g h a m ,  B i r m i n g h a m ,  AL, 3 5 2 9 4  

I n t r o d u c t i o n .  C o n s i d e r a b l e  i n t e r e s t  e x i s t s  i n  p o l y a r o m a t i c  
h y d r o c a r b o n s  ( P A H ' s )  a s  a n  i n t e r s t e l l a r  c o n s t i t u e n t  ( ~ e ~ e r  a n d  
P u g e t  1 9 8 4 ,  P u g e t  e t  a l .  1 9 8 5 ,  L e g e r  a n d  d ' H e n d e c : o u r l  1 9 8 5 ,  
A l l a m a n d o l a  e t  a l .  1 9 8 5 a ,  A l l a m a n d o l a  e t  a l .  1 9 8 5 b ,  a n d  Ven d e r  
Zwet a n d  A l l a m a n d o l a  1 9 8 5 )  r e s p o n s i b l e  f o r  i n f r a r e d  e m i s s i o n  b a n d s ,  
f a r  i n f r a r e d  " c i r r u s "  e m i s s i o n ,  a n d  t h e  d i f f u s e  i n t e r s t e l l a r  b a n d s  
a t  v i s i b l e  w a v e l e n g t h s .  T h e s e  r e c e n t  d i s c u s s i o n s  a r e  f o u n d e d  o n  
e a r l i e r  e x a m i n a t i o n s  b y  P l a t t  ( 1 9 5 6 ,  1 9 6 0 )  a n d  Donn ( 1 9 6 8 ) .  I t  i s  
t h e  p u r p o s e  o f  t h i s  d i s c u s s i o n  t o  d e m o n s t r a t e  o b s e r v e d  f f u o r e s c e n c e  
o f  d u s t  g r a i n s  ( S c h m i d t  e t  a l .  1 9 8 0 ,  W a r r e n - S m i t h  el; a l .  1981 , 
a n d  W i t t  a n d  S c h i l d  1 9 8 5 )  m i g h t  b e  e x p l a i n e d  by ? A H  e x c i t e d  d i m e r  
e m i s s i o n ,  a l t h o u g h  o t h e r  m o l e c f i l a r  s p e c i e s  c o u l d  be r e s p o n s i b l e  
( ~ d o w i a k  e t  a l .  1 9 8 5 ) .  

E x c i n e r  E m i s s i o n .  T h e  s p e c t r u m  o f  t h e  Red R e c t a n g l e  ( ~ ~ 4 4 1 7 9 )  
e x h i b i t s  a  b r o s d  e m i s s i o n  f e a t u r e  f r o m  5500A t o  7500A ( I ' i g . l )  
( S c h m i d t  e t  a l .  1 9 8 0 ) .  T h i s  b r o a d  f e a t u r e  i s  p u n c t u a t e d  w i t h  
n a r r o w e r  e m i s s i o n s  o f  m o l e c u l a r  o r i g i n .  The  c h a r a c t e r  o f  the 
s p e c t r u m  i s  n o t  u n l i k e  t h a . t  o f  t h e  PAH p y r e n e  a t  1 0 - 2  X o l a r  
c o n c e n t r a t i o n s  i n  s o l v e n t s  s u c h  a s  e t h a n o l  a n d  i n  t h e  c r y s t a l l i n e  
f o r m  ( ~ i ~ . 2 )  ( s t e v e n s  1 9 6 2 )  e x c e p t  t h e t  p y r e n e  e m i s s i o n  i s  a t  
s h o r t e r  w a v e l e n g t h s  ( ( 5 5 0 0 ~ ) .  

Fig.1 The spectrum of the Red Rectangle. 

F i g  2 Absorption (. . . .) and fluorescence (-) spectra of pyrene; (a) lo-" 31 in 
ethtrnol; (b) lo-", in ethanol; (c) absorption ( 2 1  (. . . .) and ernisriion (- - -) 

spectra of crystalline pyene.  



A t  l ow c o n c e n t r a t i o n s  w h e r e  m o l e c u l e s  h a v e  n o  n e a r  n e i g h b o r ,  t h e  
m o l e c u l e  e x h i b i t s  monomer f l u o r e s c e n c e  a t  s h o r t e r  w a v e l e n g t h s  
( 3 ' i g . 2 a ) .  W i t h  i n c r e a s i n g  c o n c e n t r a t i o n  ( I ? i g . 2 b )  a n d  i n  t h e  
c r y s t a l l i n e  s t a t e  ( I ? i g . 2 c ) ,  a  s h i f t  i n  t h e  s p e c t r u m  f r o m  s h o r t e r  
w a v e l e n g t h  s t r u c t u r e d  e m i s s i o n  t o  l o n g e r  w a v e l e n g t h  u n s t r u c t u r e d  
e m i s s i o n  o c c u r s .  T h e  s h i f t  i s  e x p l a i n e d  b y  t h e  f o r m a t i o n  o f  
e x c i t e d  d i m e r s  f r o m  e x c i t e d  s i n g l e t  m o l e c u l e s  ( A * )  a n d  u n e x c i t e d  
o n e s  ( A )  

f o l l o w e d  b y  a  r a d i a t i v e  t r a n s i t i o n  

a n d  r a p i d  d i s s o c i a t i o n  i n t o  monomers.  

W h i l e  t h e  4 - r i n g  PAH p y r e n e  h a s  e x c i m e r  e m i s s i o n  p s a k e d  a t  
4800A,  6 - r i n g e d  a n t h a n t h r e n e  p e a k s  a t  6000A f o r  a  10 -  m o l a r  

s o l u t i o n  i n  b e n z e n e  ( F i g . 3 )  mi irks and  C h r i s t o p h o r o u  7 9 6 4 )  a n d  a t  
6400A a s  m i c r o c r y s t a l s  ( F i g . 4 )  ( ~ o r t h r o p  a n d  S i m p s o n  1 9 5 6 ) .  T h e  

d i f f e r e n c e  c a n  be e x p l a i n e d  b y  t h e  l a r g e r  e l e c t r o n  b o x  o f  t h e  
6 - r i n g  m o l e c u l e .  

mF 
F i g .  4 The fluorescence spectra of arlthanthrene in solution (-) 

and 5s micro crystal^ (- - -) 



D i s c u s s i o n .  The  s u g g e s t i o n  o f  PAH's a s  a n  i n t e r s t e l l a r  
c o n s t i t u e n t  and6 t h e  e x c i m e r  e m i s s i o n  p r o c e s s  i s  a t t r a c t i v e  f o r  
e x p l a i n i n g  o b s e r v e d  b r o a d  b a n d  e m i s s i o n  s u c h  a s  t h a t  o f  t h e  R e d  
R e c t a n g l e  a n d  t h e  r e f l e c t i o n  n e b u l a ,  N G C  2 0 2 3 ,  i n  t e r m s  o f  l a r g e  
? A H ' S  e x i s t i n g  on t h e  s u r f a c e s  o r  i n  t h e  i n t e r i o r s  o f  g r a i n  
m a n t l e s .  I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  e x c i t e d  d i m e r  c a n  be 
composed  o f  d i f f e r e n t  m o l e c u l e s  a s  d e m o n s t r a t e d  b y  m i x e d  d i m e r  
e m i s s i o n  f r o m  p y r e n e  c r y s t a l s  c o n t a i n i n g  p e r y l e n e  ( ~ o c h s t r a s s e r  
1 9 6 2 ) .  T h e  r e s u l t  i s  r i c h n e s s  i n  p o s s i b l e  c o m b i n a t i o n s  b e c a u s e  i t  
i s  u n r e a l i s t i c  t o  c o n s i d e r  i n t e r s t e l - l a r  P A H ' S  t o -  b e  a  few s p e c i f i c  
m o l e c u l e s .  F o r  e x a m p l e  c o a l  t a r  p r e p a r e d  f r o m  c o k i n g  c o a l  c o n t a i n s  
o v e r  4 0 0  i d e n t i f i e d  p o l y a r o m a t i c  s p e c i e s .  

E x c i m e r  e m i s s i o n  o f  PAH's i n c r e a s e s  w i t h  d e c r e a s i n g  
t e m p e r a t u r e  b e c a u s e  t h e  e x c i t e d  d i m e r  i s  r e l a t i v e l y  l o n g - l i v e d  a n d  
d i s a s s o c i a t i o n  p r i o r  t o  t h e  r a d i a t i v e  t r a n s i t i o n  oc :curs  more 
f r e q u e n t l y  a t  h i g h e r  t e m p e r a t u r e s .  T h u s  t h e  p r o c e s s  i s  e x p e c t e d  t o  
b e  more  e f f i c i e n t  a t  l o w  i n t e r s t e l l a r  t e m p e r a t u r e s .  

If PAH's  a r e  r e s p o n s i b l e  f o r  t h e  f a r  I R  " c i r r u s , "  t h e y  may 
e x h i b i t  v i s i b l e  e m i s s i o n .  P e r h a p s  t h i s  e m i s s i o n  may be a  c o m p o n e n t  
o f  t h e  d i f f u s e  g a l a c t i c  l i g h t  a t  r e d  w a v e l e n g t h s .  
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ULTRAVIOLET SPECTROSCOPY OF METEORIC DEBRIS OF 

COMETS, T h ~ m a s  J .  Wdowiak, D e p a r t m e n t  o f  P h y s i c s ,  U n i v e r s i t y  
o f  Alabama a t  B i r m i n g h a m ,  B i r m i n g h a m ,  AL, 3 5 2 9 4 ,  W i l l i a m  R .  
K u b i n e c ,  D e p a r t m e n t  o f  P h y s i c s ,  C o l l e g e  o f  C h a r l e s t o n ,  
C h a r l e s t o n ,  SC 2 8 4 2 4 ,  and  J o s e p h  A Nu th ,  S o l a r  S y s t e m  
E x p l o r a t i o n  D i v . ,  NASA H Q ,  W a s h i n g t o n ,  DC 20546 

I n t r o d u c t i o n .  I t  i s  p r o p o s e d  t o  c a r r y  o u t  s l i t l e s s  
s p e c t r o s c o p y  a t  u l t r a v i o l e t  w a v e l e n g t h s  f r o m  o r b i t  o f  
m e t e o r i c  d e b r i s  a s s o c i a t e d  w i t h  c o m e t s .  The E t a  ~ ~ u a r i d  and  
O r i o n i d / H a l l e y  a n d  t h e  P e r s e i d / l 9 6 2  8 6 2  S w i f t - T u t t l e  s h o w e r s  
wou ld  b e  p r i n c i p a l  t a r g e t s .  Low l i g h t  l e v e l ,  u l t r a v i o l e t  
v i d e o  t e c h n i q u e  w i l l  b e  u s e d  d u r i n g  n i g h t  s i d e  o f  t h e  o r b i t  
i n  a  w i d e  f i e l d ,  e a r t h w a r d  v i e w i n g  mode. Da ta  w i l l  b e  s t o r e d  
i n  c o m p a c t  v i d e o  c a s s e t t e  r e c o r d e r s .  The e x p e r i m e n t  may be  
c o n f i g u r e d  a s  a  GAS p a c k a g e  o r  i n  t h e  HITCHHIKER mode.  The 
l a t t e r  would a l l o w  f l e x i b l e  p o i n t i n g  c a p a b i l i t y  b e y o n d  t h a t  
o f f e r e d  by  s h u t t l e  o r i e n t a t i o n  o f  t h e  GAS p a c k a g e ,  a n d  
d o u b l i n g  o f  t h e  d a t a  r e c o r d .  The  1100-3200  A s p e c t r a l  r e g i o n  
s h o u l d  show e m i s s i o n s  o f  a t o m i c ,  i o n i c ,  and m o l e c u l a r  s p e c i e s  
o f  i n t e r e s t  on  c o m e t a r y  a n d  s o l a r  s y s t e m  s t u d i e s .  

D i s c u s s i o n .  A n a l y s i s  o f ,  m i d d l e  t o  f a r  u l t r a v i o l e t  
s p e c t r a l  d a t a  o f  m e t e o r i c  d e b r i s  o f  c o m e t a r y  o r i g i n  h a s  y e t  
t o  6 e  c a r r i e d  o u t .  O b j e c t i v e s  o f  s u c h  a  s t u d y  i n c l u d e :  

O b s e r v a t i o n  o f  many of  t h e  a t o m i c  s p e c i e s ,  b o t h  n e u t r a l  
a n d  i o n i z e d ,  i n c l u d i n g  t h e  s t r o n g  f e a t u r e  due  t o  MgI a t  
2850A and  t h e  s t r o n g  b l e n d  a t  2800A due  t o  MgII  a n d  MnI. 
An i n t e r e s t i n g  p o s s i b l e  m e t a l  e m i s s i o n  i s  t h a t  o f  B e 1  a t  
2349A. 

. C a r b o n  i s  a n  e x p e c t e d  c o n s t i t u e n t  of c o m e t - a s s o c i a t e d  
m e t e o r s .  Though  s p e c t r a l  f e a t u r e s  c a n  e x i s t  i n  t h e  
v i s i b l e  r e g i o n ,  c a r b o n  c a n n o t  b e  o b s e r v e d  d u e  t o  
m a s k i n g ,  p r i n c i p a l 1 y " b y  i r o n .  The 1000-2000A r e g i o n  
s h o u l d  be. r e l a t i v e l y  f r e e  o f  F e I  and F e I I  e m i s s i o n  
a l l o w i n g  o b s e r v a t i o n  o f  C I  1193A,  C I  1330A, C I  1 5 6 1 ,  and 
C I  16578 .  I n  a d d i t i o n ,  s t r o n g  S i f  and S i I I  e m i s s i o n s  
e x i s t  i n  t h e  r e g i o n  s u g g e s t i n g  d e t e r m i n a t i o n  o f  t h e  C / S i  
r a t i o .  

3. Lyman a l p h a  e m i s s i o n  a t  1215A d u e  t o  h y d r o g e n  f r o m  H 0  
and h y d r o c a r b o n s .  The v i d e o  t e c h n i q u e  a l ? o w s  
e x a m i n a t i o n  o,f t e m p o r a l  d e v e l o p m e n t  o f  e x p e c t e d  s t r o n g  
Lyman a l p h a .  

S u l f u r  a t  1807A,  1820A,  and p h o s p h o r u s  a t  1 6 7 2 8 ,  1675A,  
1680A, a n d  1775A.  S u l f u r  i s  a  r e l a t i v e l y  a b u n d a n t  
component  o f  c a r b o n a c e o u s  c h o n d r i t e s  and i t s  e x i s t e n c e  
i n  c o m e t a r y  d e b r i s  i s  o f  i n t e r e s t .  The r e c e n t  IUE 
o b s e r v a t i o n s  b y  t h e  U .  o f  M a r y l a n d  g r o u p ,  l e d  by  
~ ' H e a r n  r e v e a l i n g  d i m e r  s u l f u r  ( s 2 )  e m i s s i o n s  b e t w e e n  



2820A a n d  3090A o f  c o m e t  I R A S - A r a k i - A l c o c k ,  m a k e s  t h e  
s e a r c h  f o r  m e t e o r  s u l f u r  a l l  t h e  more  i n t e r e s t i n g .  

I n s t r u m e n t a t i o n .  The  e x p e r i m e n t  makes  u s e  o f  h i g h  s p e e d  
( f  r a t i o  o f  0 . 7 5 )  r e f l e c t i n g  o p t i c s  v i e w i n g  a  1 2 '  b y  
1 2 '  : f i e l d  w i t h  a n  o b j e c t i v e  g r a t i n g .  The  i m a g i n g  
d e t e c t o r  i s  a n  i n t e n s i f i e d  s o l i d - s t a t e  a r r a y  h a v i n g  t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s :  

1 1  00-3200A 6  m a / w a t t  s e n s .  ( 1  5 0 0 ~ )  
UV i n t e n s i f i e d  C I D  2 0  m a / w a t t  s e n s .  ( 2 5 0 0 ~ )  
244 x 388 p i x e l s  CsTe/MgF p. c . / w i n d .  
8.7 x 9 1  . 4  mm e x .  ITT 3 .4561  

The  d i s p e r s i n g  e l e m e n t  wou ld  b e  a  300  l / m m  g r a t i n g  b l a z e d  f o r  
f i r s t  o r d e r  w i t h  a  250  A MgF2 p r o t e c t i v e  c o a t i n g .  F i g .  1 
d i s p l a y s  t h e  p r o p o s e d  o p t i c a l  c o n f i g u r a t i o n .  

I n  t h e  GAS c o n f i g u r a t i o n ,  v i d e o  d a t a  w i l l  b e  s t o r e d  i n  a  
s t a c k o f  u p  t o  f o u r  c o m p a c t  v i d e o  c a s s e t t e  r e c , o r d e r s .  
D e p e n d i n g  upon r e c o r d i n g  s p e e d ,  a  t o t a l  r e c o r d  d u r a t i o n  f o r  
t h e  f o u r - s t a c k  w o u l d  be  e i g h t  t o  t w e n t y - f o u r  h o u r s .  B e c a u s e  
d a t a  i s  r e c o r d e d  f o r  a p p r o x i m a t e l y  t w e n t y  m i n u t e s  p e r  o r b i t ,  
d a t a  wou ld  b e  g a t h e r e d  o v e r  t w e n t y - f o u r  t o  s e v e n t y - t w o  
o r b i t s .  C o n t r o l  w o u l d  b e  by  m i c r o p r o c e s s o r  and  t o t a l  power  
r e q u i r e d  wou ld  be  l e s s  t h a n  1 . 2  K W H  f r o m  a  b a t t e r y  p a c k  o f  
l e s s  t h a n  1 f t 3  a n d  1 0 0  l b .  

A HITCHHIKER c o n f i g u r a t i o n  w o u l d  a l l o w  g r e a t e r  v o l u m e  b y  
u t i l i z i n g  s h u t t l e  power  a n d  a d d i t i o n a l  GAS t y p e  c o n t a i n e r s  
f o r  d a t a  s t o r a g e .  The  o p t i c s / d e t e c t o r  c o u l d  t h e n  b e  g i m b e l e d  
t o  a l l o w  p o i n t i n g  c a p a b i l i t y .  



Comet A s s o c i a t e d  M e t e o r  S h o w e r s  (Cook 1 9 7 3 ) .  

S h o w e r  & Comet D a t e s  P e a k  D a t e  

n A q u a r i d s ,  O r i o n i d s ,  a n d  ?/Comet H a l l e y  A p r .  21-May 1 2  May 03 
O c t .  0 2 - ~ 0 ; . 0 7  

P e r s e i d s  a n d  Comet 1 8 6 2  111 s w i f t - ~ u t t l e '  J u l y  23-Aug 2 3  Aug 1 2  

T H e r c u l i d s  a n d  Comet 1 9 3 6  V I  S c h w a s s -  May 1 9 - J u n e  1 4  - J u n e  0'3 
mann-Wachmann 3 

o  D r a c o n i d s  a n d  Comet 1 9 1 9  V M e t c a l f  J u l y  07 -24  J u l y  1 6  

A n n u a l  A n d r o m e d i d s  a n d  t h e  p r e d i c t e d  
o r b i t  o f  P /Comet  B i e l a  f o r  1 9 7 2  S e p t .  25-Nov.12 O c t .  03 

O c t o b e r  D r a c o n i d s  a n d  P/Comet  G i a c o b i n i -  
Z i n n e r  1 9 4 6  V O c t .  0 9  O c t .  0 9  

Leo M i n o r i d s  a n d  Comet 1 7 3 9  Z a n o t t i  O c t .  22-24  O c t .  2 4  

P e g a s i d s ,  December  P h o e n i c i d s ,  and  Comet 0 c t .  2 9 - N O V .  1 2  ~ o v ,  1 2  
1 8 1  9  I V  B l a n p l a i n  

L e o n i d s  a n d  P/Comet T e m p e l - T u t t l e  1 9 6 5  I V  Nov. 14 -20  Nov, 17 

M o n o c e r o t i d s  a n d  Comet 191 7 I M e l l i s h  Nov. 27-Dec .  1 7  Dec ,  10 

U r s i d s  a n d  ?/Comet T u t t l e  Dec. 17 -24  Dee.  2 2  

A , B  - P r i n c i p l e  t a r g e t s  
C - P r i n c i p l e  b a c k  u p  t a r g e t  

R e f e r e n c e s  

Cook,  A.F. ,  1 9 7 3 ,  i n  E v o l u t i o n a r y  and  P h y s i c a l  P r o p e r t i e s  o f  
M e t e o r o i d s ,  
e d .  C . L .  Hemenway, P.M. M i l l m a n ,  and  F .F  Cook ( N A S A  SP-319). 

B i b l i o g r a p h y  

R e i s e l ,  D .  D . ,  1 9 7 6 ,  NASA C R  - 2 6 6 4  
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THE ELECTIROSTATICS OF A DUSTY PLASMA. E. C. Whlpple and D. A. 

Nendis,  U n i v e r s i t y  of  C a l i f o r n i a ,  San Diego,  T. G. Northrop , 
Goddard Space F l i g h t  C e n t e r .  We have d e r i v e d  t h e  p o t e n t i a l  

d i s t r i b u t i o n  i n  a plasma c o n t a i n i n g  d u s t  g r a i n s  where t h e  Debye 

l e n g t h  can be l a r g e r  o r  s m a l l e r  than t h e  average  i n t e r g r a i n  

s p a c i n g .  We t r e a t  t h r e e  models f o r  t h e  gra in-plasma sys tem,  w i t h  

the  assumption t h a t  t h e  sys tem of  d u s r  and plasma is  

charge-neu t ra l  : a  permeable g ra i t l  model, an impermeable g r a i n  

model, and a  c a p a c i t o r  model t h a t  does  n o t  r e q u i r e  t h e  n e a r e s t  

ne ighbor  approximat ion of t h e  o t h e r  two models.  We use  a  

g a u g e - i n v a r i a n t  form of  P o i s s o n ' s  e q u a t i o n  which i s  l i n e a r i z e d  

about  t h e  average  p o t e n t i a l  i n  t h e  sys tem.  The charg ing  c u r r e n t s  

t o  a  g r a i n  a r e  f u n c t i o n s  of t h e  d i f f e r e n c e  be,tween the g r a i n  

p o t e n t i a l  and t h i s  ave rage  p o t e n t i a l .  We o b t a i n  e x p r e s s i o n s  f o r  

the  equil j .brium p o t e n t i a l  of t h e  g r a i n  and f o r  t h e  gauge- 

i n v a r i a n t  c a p a c i t a n c e  between t h e  g r a i n  and the  plasma. The 

charge  on a g r a i n  i s  de te rmined  by t h e  p roduc t  of t h i s  

c a p a c i t a n c e  and t h e  gra in-plasma p o t e n t i a l  d i f f e r e n c e .  

The t h r e e  models g i v e  s i m i l a r  b u t  n o t  i d e n t i c a l  r e s u l t s .  
> 2 

The r e s u l t s  depend p r i m a r i l y  on t h e  parameter  Z = 4711 NC, where X 

i s  the  Debye l e n g t h ,  N i s  t h e  g r a i n  c o n c e n t r a t i o n ,  and C i s  t h e  

g r a i n  t o  plasma c a p a c i t a n c e .  When 2 >> 1, t h e  number of  c h a r g e s  

on a  g r a i n  t h a t  i s  o n l y  charged by plasma c u r r e n t s  i s  g iven  b y  

(*/el [ (p-1) / (p+ l  ) I  [ (6 ) /N] where p i s  t h e  square - roo t  o f  
i e  - 

t h e  ion t a  e l e c t r o n  mass r a t i o ,  and n i  and n a r e  t h e  average  i o n  e  
a n d e l e c t r o n  d e n s i t i e s .  The charge  on a g r a i n  i n  s u c h r , e g i o n s  i s  

s e v e r e l y  d e c r e a s e d  from i t s  f r e e  space  v a l u e .  The charge  

r e d u c t i o n  o c c u r s  because  t h e  plasma e l e c t r o n s  a r e  d e p l e t e d  s o  

t h a t  the  g r a i n  does  n o t  need t o  be a s  n e g a t i v e l y  charged t o  

e q u a l i z e  t h e  ion and e l e c t r o n  f l u x e s  t o  i t s  s u r f a c e ,  d e s p i t e  t h e  

i n c r e a s e d  g r a i n  t o  plasma c a p a c i t a n c e .  



Workshop on t h e  I n t e r r e l a t i o n s h i p s  Among C i r c u m s t e l l a r ,  
I n t e r s t e l l a r ,  and I n t e r p l a n e t a r y  Grains  

February 27,  1985 - March 1,  1985: Aspen I n s t i t u t e ,  Wye, Maryland 

WORKSHOP ISSUES 

I. C i r c u m s t e l l a r  (C-r ich;  0 - r i ch ;  H-poor/C-rich; novae; supern~ovae)  

a .  What r e l a t i v e  c o n t r i b u t i o n  does each  make t o  t h e  ISM? 
b. What i s  t h e  chemical  and i s o t o p i c  composi t ion of t h e  ou t f low?  
c.  What i s  t h e  c r y s t a l  s t r u c t u r e  and morphology of t h e  g r a i n s  produced 

i n  t h e  ou t f low?  
d. To what e x t e n t  w i l l  t h e s e  g r a i n s  t r a p  v o l a t i l e s ?  
e. What i s  t h e  T,P p r o f i l e  of t h e s e  s h e l l s  a s  a  f u n c t i o n  of R ?  
f .  Are newly condensed g r a i n s  p rocessed  i n  t h e  CS environment? 
g. What c o n s t r a i n t s  do a-f p l a c e  on I S  a n d / o r  I P  g r a i n s ?  

11. I n t e r s t e l l a r  ( i n t e r c l o u d ;  d i f f u s e ,  molecu la r ,  and dark c l o u d s )  

a .  What i s  t h e  s i z e  d i s t r i b u t i o n  and composi t ion of g r a i n s ?  
b. How do t h e  observed e l e m e n t a l  d e p l e t i o n s  c o n s t r a i n  models? 
c. What g r a i n  p r o c e s s i n g  occurs  i n  t h e  ISM? 
d. How much t ime  does  an average  g r a i n  spend i n  a  p a r t i c u l a r  environ-  

ment? 
e.  Is any i s o t o p i c  i n f o r m a t i o n  a v a i l a b l e  f o r  I S  g r a i n s ?  
f .  What c o n s t r a i n t s  do a-e p l a c e  on CS and /or  I P  g r a i n s ?  

111. I n t e r p l a n e t a r y  ( s t r a t o s p h e r i c  a e r o s o l s ,  r e l i c t  m e t e o r i t i c )  

a. What i s  known about  p r e - s o l a r  m a t t e r  i n  m e t e o r i t e s ?  
b. What i s  t h e  morphology and c r y s t a l  s t r u c t u r e  of primic.ive g r a i n s ?  
c. What i s  t h e  chemical  and i s o t o p i c  composi t ion of p r i m i t i v e  m a t e r i a l s ?  
d. What c r i t e r i a  can be used t o  d i s t i n g u i s h  p r i m i t i v e  m a t e r i a l s ?  
e.  How does  p r o c e s s i n g  i n  t h e  p r o t o - s o l a r  environment and i n  t h e  modern 

. s o l a r  sys tem a f f e c t  t h e  observed p r o p e r t i e s  of IP  m a t e r i a l s ?  
f .  What c o n s t r a i n t s  do a-e p l a c e  on CS a n d l o r  I S  p a r t i c l e s ?  

I V .  Exper imental  S t u d i e s  

a ,  What exper iments  have been done t o  s t u d y  g r a i n  p r o p e r t i e s  and pro- 
c e s s e s ?  

b. How r e l e v a n t  a r e  t h e s e  exper iments  t o  a s t r o n o m i c a l  problems? 
c. What l a b o r a t o r y  d a t a ,  which i s  r e l e v a n t  t o  g r a i n  r e s e a r c h  bu t  which 

h a s  been o b t a i n e d  f o r  o t h e r  r e a s o n s ,  a l r e a d y  e x i s t s ?  
d. What i s  t h e  f e a s i b i l i t y  of exper iments  needed t o  o b t a i n  t h e  d a t a  

n e c e s s a r y  t o  model r e l e v a n t  a s t r o p h y s i c a l  p r o c e s s e s ?  
e.  What a r e  t h e  a s t r o p h y s i c a l  i m p l i c a t i o n s  of experimentcal s i m u l a t i o n s  

of cosmic phenomena? 

I s s u e s  - 1 



Na-: Louis J. Allamandola 

Date: February 25, 1985 

ISSUES RESPONSE FORM 

Issue Number: 
I. a, b, c, f, g. 
11. a, c, d, e, f. 
I I I . a , b , c , d , e , f .  
IV. a, b, c, d, e. 

Issue Restated: 

Polycyclic Aromatic Hydrocarbons (PAHs) may be relevant to all three areas 
of circumsteliar, interstellar and interplanetary particles, yet their proper- 
ties under celestial conditions are virtually unknown. 

nts and Questions Regarding this Issue: 

The recent suggestion of PAH-like species as carriers of the "Unidenti- 
fied" IR (UIIR) emission bands, the. IR cirrus discovered by IRAS, the Visible 
Diffuse Interstellar bands (DIBs) and, by implication, other phenomena as 
well, raises many questions. The "match" between the IR absorption spectra of 
neutral PAHs with the UIR bands is very suggestive that PAH-like species are a 
ubiquitous component of circumstellar and interstellar dust. Under interstel- 
lar conditions PAHs should be ionized, and the observation of only one IR 
emission band at 11.3 microns implies that they are partially hydrogenated. 
Thus a study of the photochemistry, photophysics and spectroscopy of ionized, 
partially hydrogenated PAHs is imperative to test the hypothesis. 

Experiments to be performed extend beyond the measurement of absorption 
spectra, and include transfer studies between the doublet and quartet states 
of ionized PAHs as well as fluorescence versus phosphorescence efficiency 
determination1 (i.e. - internal conversion - intersystem crossing branching 
ratios between excited electronic states as has long been done on the neutral 
species), 

The thern~odynamics of their formation in stellar atmospheres is extremely 
important. Most of our knowledge of thermodynamic stability comes from flame 
chemistry studies. There is a big difference between the normal terrestrial 
oxidizing flames and the highly reducing conditions in carbon star atmos- 
pheres. How stable are they really? How long can they survive in the diffuse 
interstellar medium and in H-I1 regions? Are what we believe to be PAHs pri- 
mordial or recent? Do the PAHs and other carbonaceous material fo,und in 
meteorites and solar system particles originate in circumstellar shells? 

How big are they? Are we looking at species containing 20, 40, 60, 100, 
or even more carbon atoms? At what upper limit in size (carbon number) is it 
appropriate to treat PAHs as molecules? When is a bulk treatment appropriate? 
Does the 2-dimensional nature of PAHs preclude a bulk treatment? 

Issues - 2 



Name: Lou Allamandola 

ISSUES RESPONSE FORM 

Issue Number: 11. a, b(?), c, d ,  
e9 f 

Date: February 25, 1985 

Issue Restated: 

What are the interrelationships between interstellar dust in both dense 

and diffuse clouds and the connection with comets? 

Comment : 

A three pronged attack combining observations, experiments and theory is 

needed to address this extremely complex issue. Such an approach is required 

since the more fundamental questions to be asked are multidisciplinary in 

nature and the big picture will become clearer only once several of these have 

been addressed. Some (not all) of these questions follow. 

1) What is the precise composition of interstellar grain mantles? Mode- 

rate resolution, good signal to noise spectra from 2 to about 14 

microns can provide much of this information. To date, such observa- 

tions, coupled with laboratory experiments and theory indicate that 

mantles in molecular clouds are made up largely, but not exclusively 

of simple molecules such as CO, H 0, NH and aliphatic hydrocarbons; 2 3 
Recent data in the 5-8 micron region indicates that more complex mole- 

cules such as aldehydes, esters, ketones and alcohols are also pre- 

sent. More data, both observational and experimental is needed to 

interpret these results and extract, more fully, the information that 

is in the observational data. For example, towards the protostar 

W33A, about 30% of the C and 0 are bound up in the mantle in the form 

of aliphatic (-CH -,-CH ) groups and H20. About an additional 2-4% is 
2 3 

in frozen CO. Very significant differences are seen towards other 

protostars. The differences provide a powerful diagnostic of condi- 

tions within each cloud as well as indicate the extent of chemical 

evolution which has occurred. 
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2) What is the connection between grain mantles in molecular clouds with 

the organic material apparently present in the diffuse medium? The 

presence of more complex molecules in grain mantles in molecular 

clouds provides strong evidence of energetic processing within the 

mantle itself in the dense cloud phase since the molecules cannot be 

produced in sufficient abundance by simple gas phase or grain surface 

reactions. Processing by ultraviolet photolysis or cosmic ray bom- 

bardment may be responsible. The significance of each process as well 

as their relative importance is controversial. Yet there is evidence 

that such processing takes place. It would be very useful to deter- 

mine the maximum amount of energy deposited by the lower energy cosmic 

rays, A simple calculation indicates that this is not sufficient to 

account for the observations. As the volatiles evaporate, the mantle 

composition becomes dominated by the larger molecules. Is this the 

precursor of the organic material producing the 3.4 micron band in the 

diffuse m~edium? More observations of diffuse cloud material in the 

3.4 micron region, though difficult, are needed in addition to further 

laboratory studies of these non-volatile residues. 

3)  That are the spectroscopic properties of polycyclic aromatic hydrocar- 

bons (PAHs) suspended in ices? In addition to laboratory studies of 

ices containing simple molecules, PAHs should also be studied. Their 

spectroscopic properties in solids will be different from their pro- 

perties in the gas. In molecular clouds, they should have accreted on 

grains. This may be one of the reasons why the absorption counterpart 

of the unidentified IR emission bands have not yet been detected. Of 

course, in addition to the spectroscopic properties of PAHs, the spec- 

troscopic properties of the organic residue remaining after ices have 

been photc~lyzed should also be measured. 
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Nanae: W. W. Duley 

ISSUES RESPONSE FORM 

Issue Nurnber: IT. 

Date: May 6, 1985 

Issue Restated: 
. -  

"Circumstellar grain formation" by Draine 

nt: "Carbon-Rich Outflows" 

Recent laboratory work by DuJey (Ap. J. - 287, 694, 1984) shows that the 
carbon solid that forms via condensation of gaseous C, C and C contains a 2 3 mix of trigonal (aromatic) and tetrahedral (diamond) bonding. Such amorphous 
material has no 220 nm resonance but absorbs strongly for waveleingths <l6O nm. 
In partially hydrogenated form absorption Eeatures are seen at 3.3 and 3.4 
microns that are quite similar to those observed in interstellar absorption, 

Issue Restated: 

"Observations and Theo,ries of Interstellar Dust" by Mathis 
?. 

nt: "Theories of Grains:' 

A 220 nm absorption band is peen in Mg - silicate as well as in MgO. New 
lab data suggests that surface OH ions may be responsihle. (Duley and Steel, 
unpublished work). The photo-excitation technique is a standard method for 
measuring weak absorption in gases and solids and 's not controversial. Row- ?- - ever, for the record, an absorption band due to 0 in MgO has been measured 
using conventional techniques (cf. Chen et al. Phil. Mag. - 32, 99, 1975 fig. 1 )  
and lies at 217.5 nm. 

Issue Restated: 

"Shock Processing of Interstellar Grains" by Seab and Shull 

It should be remembered that shocks need not lead to the immediate atomi- 
zation of dust. Carbon dust, in particular, has been seen to dissociate into 
molecular fragments as well as atoms in lab experiments. Shocks can liberate 
large carbon molecules from dust in diffuse clouds; molecules that may be 
observable in absorption (cf. Duley and Williams. Mon. Not. Royal Astr. Soc. 
211, 97, 1984). - 
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Name: Alain L,eger 

ISSUES RESPONSE FORM 

Issue Nu~olber: 11. a 

Date: 

Issue Restated: 

Interstellar grains - Diffuse Bands 

It is proposed that the Polycyclic Aromatic Hydrocarbon molecules whose 

presence is inferred from IR emission of IS dust are good candidates for the 

carrier of the Diffuse Interstellar Bands (DIBs) in the visible. 

The suggestion is based on the points: 

- the ions of such molecules are expected to have transitions in the 

visible with appropriate widths. 

- they can survive the UV photons present in the Diffuse IS medium where 

the DIBs are observed. 

- they fulfill the criterion of abundance that one gets considering the 

intensity of the observed bands. This criterion is not fulfilled by 

many other suspected species. 

Different implications of this suggestion should be checked in the future 

such as the absence of such bands in C poor regions. 

A laboratory search for spectroscopic identification has been undertaken. 
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Namwe: A l a i n  ~ e / g e r  

ISSUES RESPONSE FORM 

Issue Number: 11. a 

Date: 

I s s u e  Res ta ted :  

~ o l y c y c l i c  Aromatic Hydrocarbon component of I n t e r s t e l l a r  Medium 

The g r a i n  s i z e  d i s t r i b u t i o n  shou ld  be extended down t o  a l i m i t  which i s  
f i x e d  by a p h y s i c a l  p r o c e s s  l i k e  s u b l i m a t i o n .  For carbon p a r t i c l e s  i n  t h e  
D i f f u s e  I n t e r s t e l l a r  R a d i a t i o n  F i e l d ,  i t  is  a r a d i u s  of approxinla te ly  4 A. I n  
f a c t ,  such  carbon c l u s t e r s  i n  t h e  p resence  of hydrogen a r e  p l a n a r  pre-grapbi-  
t i c  molecu les  ( o r  P o l y c y c l i c  Aromatic Hydrocarbons = PAHs). 

Such b i g  molecu les  can accou t  f o r  o t h e r w i s e  ve ry  d i f f i c u l t  t o  e x p l a i n  
observed phenomena: I R  emiss ion  f e a t u r e s  a t  3.3 - 6.2 - 7.7' - 8 - 6  - B1,3 
microns ,  mid IR extended emiss ion  f a r  from h e a t i n g  s o u r c e s  a s  e x t e n s i v e l y  
observed by IRAS. 

T h o s e  p r e - g r a p h i t i c  molecules  a r e  thought  t o  be a major component of t h e  
I S  medium. T h e i r  p r o p o r t i o n  t o  b i g g e r  g r a i n s  seems t o  f l u c t u a t e  from p l a c e  t o  
p l a c e .  A t y p i c a l  v a l u e  f o r  D i f f u s e  I S  Clouds ( C i r r u s )  i s  10% of t h e  d u s t  mass 
and 5 t imes  t h e  s u r f a c e  a r e a  of b i g g e r  g r a i n s .  

I s s u e  Res ta ted :  

Gra in  s i z e  d i s t r i b u t i o n  i n  da rk  c louds  

There  a r e  s e v e r a l  i n d i c a t i o n s  t h a t  g r a i n s  a r e  s i g n i f i c a n t l y  b i g g e r  i; d a r k  
c louds .  

- .The w a v e l e n g t h  a t  which p o l a r i z a t , i o n  i s  maximum i n  o b j e c t s  l i k e  BN i s  
a p p r o x i m a t e l y  1 .5  m i c r o n s  i n s t e a d  o f  0 .5  m i c r o n s  i n  t h e  D i f f u s e  
Medium. 

- From p o l a r i z a t i o n  measurements i n  t h e  KL nebu la  i t  i s  c l e a r  t h a t  many 
I R  s o u r c e s  a r e  r e f l e c t i o n  nebu la  (IRC3, IRC4, ...). To have s i g n i f i -  
c a n t  a lbedo  a t  3.4 microns you need g r a i n  s i z e  >0.5 microns.  

T h i s  p o i n t s  t o  an  i n c r e a s e  i n  r a d i u s  by a f a c t o r  3 t o  5 which seems t o  
imply coa lescence  of g r a i n s .  

I s s u e s  - 7 



Ha=: Joseph A. Nuth 

ISSUES RESPONSE FORM 

Essue Nurnber: 11. a, 111. f 

Date: December 16, 1984 

Essue Restated: 

Graphitic Carbon is Not a Major Component of the Interstellar Dust 

Previous dogma held that all pre-existing materials were vaporized during 

the initial collapse of the solar nebula; however, recent evidence suggests 

that many interstellar grains still survive in the solar system today. The 

isotopic compositions of many individual meteoritic separates and IDP's 

(Interplanetary Dust Particles) display signatures which suggest distinct 

astrophysical sites as the birthplace of particular grains. ,Carbonaceous 

components have been found which carry "Xenon HL" (thought to have formed via 

the r and p processes in the expanding shell around a supernova) and which 

also carry a relatively pure 14-Nitrogen signature. Similarly, s process 

xenon has been found associated with pure a 13-Carbon signature in a carbona- 

ceous component of chondritic meteorites. This component likely formed in the 

shell of a carbon rich red giant. Virtually all of the carbon found in 

meteorites and IDP's can be characterized as "kerogen-like", a term used to 

describe all of the intermediate stages in the formation of coal - from peat 
to anthracite. Graphite is extremely rare in meteoritic material. Since we 

know that many carbonaceous grains survived the collapse of the solar nebula, 

that graphite is thermodynamically more stable than kerogen, and that graphite 

is very rare in most meteorites and IDP's, we have only two possible scenarios 

to explain our data. First, we can assume that some unknown process in the 

protosoEar nebula selectively destroys graphite without also destroying kero- 

gen and does so with a sufficiently high efficiency to drastically alter the 

interstellar graphitelkerogen ratio. Alternatively, we can assume that there 

was little, if any, graphite in the interstellar grain population of the Giant 

Molecular Cloud which subsequently collapsed to form the solar system. I 

prefer the latter explanation. 
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Name: Joseph A. Nuth 

ISSUES RESPONSE FORM 

Issue Number: 11. e, 111, I: 

Date: December 16, 1984 

Issue Restated: 

A Constraint on Grain Destruction in the ISM from Meteorites 

A variety of isotopic anomolies have been discovered in carbo~naceous chon- 

drites and IDP's (Interplanetary Dust Particles) which suggest that many 

meteoritic grains formed in distinct astrophysical environments. Such 

materials not only survived the collapse of the protosolar nebula but also had 

previously survived passage through the ISM. These grains formed in novae, 

supernovae, carbon rich red giants, etc. The components which are known to be 

isotopically anomolous range in volatility from 26-Magnesium (previously 26- 

Aluminum) to noble gases like neon and xenon. Whereas refractory materials 

require the complete destruction of the grain to eliminate the signature, only 

relatively mild heating (875K-1375K) is needed to release trapped "Xenon HL" 

or "Neon E". If meteoriticists can reliably determine the relarive abundances 

of such anomolous materials in present day chondrites and then extrapolate to 

determine the relative abundances of these grain components prior to the 

collapse of the solar nebula, astrophysicists could combine th~ese estimates 

with theoretical mass loss rates and number densities of the appropriate stel- 

lar sources to independently calculate grain survival rates. Present day 

models of grain destruction predict grain lifetimes a factor o f  ten shorter 

than typical mixing times in the ISM; if this were true then all isotopic 

signatures would have been destroyed well before the individual grains were 

incorporated into the protosolar nebula and would not be observed in the 

meteoritic record. 
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ISSUES RESPONSE FORM 

Name: Richard Puetter 

9 

Issue Number: 11. a 

Date: February 28, 1985 

Issue Restated: 

Presence of polycyclic hydrocarbons in ISM 

The strength of polycyclic hydrocarbons is that they potentially explain 

the unidentifi~ed IR emission features and perhaps the IR cirrus seen by IRAS. 

Another possibility exists, however, i.e. excitation of common small abundant 

molecules by a typically sized interstellar grain which has acquired the 

expected electric charge (r kT /e stat coulombs). Such a mechanism can rota- 
g e 

tionally pump molecules passing by charged grains. Coupling to vibrational 

modes then can excite rotation-vibration transitions. Stark-broadening of the 

rotation levels would remove the normal gas-phase rotational structure, and 

the strong rotational pumping would move the pure rotational emission from the 

far IR/radio to roughly 10 microns to explain the IRAS cirrus emission. Test-I 

i n g  of this mechanism is hence critical since the operation of this mechanism 

would alleviate the need for the more "exotic" small polycyclic hydrocarbons. 

We are currently beginning a laboratory experiment to test this mechanism. 
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: E. Whipple 

ISSUES RESPONSE FORM 

Issue Number: 11. c 

Date: February 28, 1985 

Issue Restated: 

Is the destruction of grains by interstellar shocks as large as is 

currently thought? Can current observations of interplanetary shocks shed 

light on the details of this process? 

The rate of destruction of grains by IS shocks is an order of magnitude 

larger than estimated rates of formation. IP and IS shocks are similar in 

some respects (densities, velocities) and different in other rlespects (eeg. 

magnetic fields). The details of IP shocks are well-observed and analyzed and 

can probably be extrapolated to IS shocks to obtain profiles of magnetic and 

electric fields through shocks. For example, there is an electrostatic poten- 

tial drop across shocks which could affect the grain motion; Grains probably 

gyrate across the shock many times. 

It would be useful to use a kinetic theory description of an IS shock 

(rather than a MHD description) and to follow a grain trajectory numerically 

with time-dependent charging of the grain to get a better estimatle of destruc- 

tion rates by sputtering and grainlgrain collisions. 
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Date: February 27, 1985 

ISSUES RESPONSE FORM 

Issue Number: 11. a 

Zssue Restatecl :: 

What is the size distribution of interstellar grains? 

Information regarding the typical size and the size distribution of inter- 
stellar grains can be derived from the following types of observations: 

1. Wavelength dependence of interstellar extinction at wavelengths >912A. - 
2 ,  Wavelength dependence of interstellar polarization. 
3. Wavelength dependence of the phase function asymmetry of interstellar 

scattering. 
4 .  X-ray scattering by interstellar dust. 

Observationally, only item 1 has received extensive coverage so far. Un- 
fortunately, the models devised to explain existing observations of interstel- 
lar extinction are far from unique. 

Interstellar linear and circular polarization have only been fully ex- 
plored for wavelengths >3000 A and they appear to provide inEormation on a 
component of the interstellar grain spectrum which is dielectric in nature 
with a typical1 size 0.2 microns in radius. Observations in the UV are most 
desirable but could be inconclusive, if smaller interstellar grains are either 
spherical, optically isotopic or unalignable under interstellar conditions. 

Item 3, interstellar scattering, promises to be a rich source of informa- 
tion on the size distribution of grains because the phase function asymmetry 
governing the redistribution of scattered light is strongly size dependent. 
So far, results are limited because of the difficulty of obtaining good ob- 
servational data, especially in the W, and because of remaining ambiguities 
concerning applicable scattering geometries. 

Indications from the studies of the reflection nebulae NGC 7023, NGC 1999, 
NGC 1 4 3 5 ,  NGC 1432 and 17 Tau are: (1) the dust albedo in the UV is high (0.5 
to 0,6 at 1500  A; (2) the phase function asymmetry undergoes a significant 
systematic change with wavelength in the region <4000 A towards a less 
forward-directed phase function at UV wavelengths. These results are in con- 
flict with some currently widely accepted dust s ,  an-+, if correct, would 
indicate a much greater role for grains in the 10 to 10 cm size domain. 

X-ray scattering by interstellar dust is most strongly influenced by the 
largest grains in the interstellar dust distribution. Information, even with 
future X-ray telescopes, will always be quite limited regarding the small-size 
end of the distribution. 
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ISSUES RESPONSE FORM 

Name: A. N. Witt Issue Number: 11. a 

Date: February 28, 1985 

Issue Restated: 

Dust Scattering Properties in the UV 

The subject of dust scattering properties in the 1000 A to 3000 A wave- 

length region remains controversial. The MRN Model and Greenberg's model make 

very different predictions with regard to albedo and phase function asymetry 

in this region, and I maintain that - both are in conflict with observation. 

Reflection nebulae continue to show a decline in albedo from 0.6 to 0.4 from 

3000 A to 2200 A, followed by a rise to 0.6 at 1500 A. Shortward of 1400 A 

the albedo appears to drop slightly. More in conflict are the results on the 

phase function: We find that the phase function changes -- throl~ghout the UV 

from a strongly forward-directed form (g of approximately 0;6 to 0.7) at 3000 

A to a more nearly isotropic (but still forward directed) form (g of 0 2 5  2 
.lo) at 1400 A. By contrast, Greenberg demands g>0.8 for the ent:ire UV,  while 

MRN expects approximately constant 0.5 to 0.6, with a rise to g>0.6 at wave- 

lengths (2000 A. The resolution of this problem will bear heavily on what 

type of particles cause the 2200 A band and the far-UV rise in extinction. 

Issue Restated: 

The Asymmetry of the Scattering Phase Function 

The observation of surface-brightness profiles of high-gala~ctlic latitude 

globules (e.g. thumbprint nebula) provides the surest way to find the value of 

the phase function asymmetry of scattering by interstellar dust. (See Ap. J. 

208, 709, 1976). One problem is that the dust in such clouds may be of larger - 
size than in typical diffuse clouds. Great importance shoulci be placed in 

obtaining W photographs of such objects with the UIT in 1986. 
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ISSITES RESPONSE FORM 

N m :  A. N. Witt Issue Number: 11. a 

Date: February 28, 1985 

Issue Bestatc?d: 

Scattering Properties of Interstellar Dust Derived from Reflection Nebulae 

A frequently repeated argument is that the geometry of reflection nebulae 
is too uncertain to allow the reliable derivation of scattering properties 
from the observation of such objects. 

1,  There are approximately 250 cataloged reflection nebulae, yet virtual- 
ly all work continues to be done with half-a-dozen objects. Why?: 
These are the objects of highest surface brightness. I contend these 
cannot be objects of arbitrary geometry but rather must be objects of 
near optimal geometry, and we know what these conditions must be. 

2. Reflection nebulae are essential from the point of view of presenting 
a geometry which is independent of wavelength. This makes them ideal 
for studies of relative changes in optical properties of the scat- 
terers. 

Issue &stated: 

Nature of Extended Red Emission in Reflection Nebulae 

Recent observations of reflection nebulae with B,V,R,I broad-band filters 
and CCD detectors have led to the discovery of extended red emission in the R 
and I bands. In the I band this excess emission is comparable in intensity to 
the dust-scattered light at I in the nebula, but it exhibits a spatial distri- 
bution much more strongly concentrated towards the illuminating star. The 
relative strength of the I excess reaches a maximum where the nebular color in 
the ( B , v )  range is bluest. 

These observations can be interpreted in terms of a model which explains 
the extended red emission as a luminescence process excited by UV radiation 
from the illuminating star. The dependence of the red-emission intensity upon 
dust optical depth identifies the mid-UV region (1800 A to 2500 A) as the 
likely source of the exciting photons. Both the spatial distribution and the 
Intensity of the extended emission in R and I suggest strongly that this emis- 
sion is the short-wavelength tail of the near-IR extended emission discovered 
by Sellgren et al. in these same nebulae. 
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Name: A. N. Witt 

ISSUES RESPONSE FORM 

Issue Number: 11. a 

Date: March 14, 1985 

Issue Restated: 

What constraints do X-ray haloes provide for the size distribution of 

interstellar grains? 

Comment : 

As discussed by Hayakawa (Progress of Theor. Phys. 43, liii!4, 1970), the 

differential cross section of interstellar grains for scattering of X-rays 
4 

varies as a6, while the total cross section is proportional to a . Given that 
interstellar grains seem to follow a size distribution n(a) proportional to 

-3.5 
a , one would conclude that both the shape of the X-ray halo as well as the 
amount of scattered X-rays for a given line of sight are essentially deter- 

mined by the largest particles in the size distribution. Observations (@.go 

Catura, Ap. J. 275, 645, 1983) of X-ray haloes with the Einstein Observatory 

seem to place an upper limit of approximately 1 micron on the size of inter- 

stellar grains. In order to obtain constraints on the relative number of 

grains in the a - <0.03 micron domain, observations of the faint outer parts of 

the scattering halo must be made with high accuracy, which is technically very 

difficult. 
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ISSUES RESPONSE FORM 

Nam: Mark Allen Issue Numkr: IV ; 

Date: May 1, 1985 

Issue Restatetd: 

The need for laboratory studies of interstellar grain chemistry 

C o m n ( t  : 
., - 

The development of models of the growth of interstellar grain mantles and 

of the impact of heterogeneous processes on the composition of the gas phase 

is hindered by the paucity of relevant laboratory data. The processes of 

adsorption/desorption, migration, and,reaction of chemical species on astro- 

physically realistic surfaces under conditions similar to those of interstel- 

lar clouds need to be examined in detail, to do so may require the development 
* 

of new experimental techniques. The following two examples illustrate how 

basic uncertainties in current astrophysical models require clarification by 

laboratory studies. 

Interstellar grains residing in molecular clouds are thought to be coated 

with a mantle of volatile compounds that have condensed out at the low ambient 

temperatures. Observations of broad infrared absorption bands have been in- 

terpreted as indicating the presence in the grain mantles of H 0 [Whittet et 2 
al., Nature, 303, 218 ( 1 9 8 3 ) ] ,  NH3 [Knacke et ale, Ap. J., 260,  141 (198211,  

and CO and CN groups [Lacy et al., Ap. J., 276, 533 ( 1 9 8 4 ) l .  One point not 

easily derivable from the observations is the identity of the dominant compo- 

nent of the mantles. Laboratory experiments suggest that, at low temperatures 

characteristic of the molecular clouds, several monolayers of molecular hydro- 

gen will accumulate on the surfaces OF bare ice and silicate grains [Augason, 

Ap* J., 162, 463 (1970) ;  Lee, Nature, 237, 99 ( 1 9 7 2 ) l .  But the existence of 

Large amounts of H in the gas phase suggests that, whenever H impinges on a 
2 2  

grain, it desorbs quickly. Such a situation will result only if the mantles 

are predominantly composed of H2 with the heavier molecules being embedded at 

low concentrations. This grain mantle composition would have properties 

significantly different from those of the more classical icy mantles. 
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Greenberg and Yencha [INTERSTELLAR DUST AND RELATED TOPICS, p. 369 (197311 

have proposed that simple molecules comprising grain mantles can be processed 

into more complex compounds if the mantles are exposed to ultraviolet radia- 

tion. In the laboratory simulations of the proposed phenomena [Hagen et al., 

Ap. Space Sci., 65, 215 (1979)], the integrated flux a grain wou1.d be exposed 

to as a consequence of its existing for millions of years in a weak, poten- 

tially highly attenuated, radiation field is reproduced by just sc:aling up the 

light intensity in the terrestrial apparatus. More complicated molecules 

indeed are synthesized in the laboratory experiments. The question is the 

validity of the radiation field scaling procedure. The timescale for pro- 

ducing a complex molecule from two simpler radicals is the timescale for the 

two radicals to find each other multiplied by an efficiency factor for pro- 

ducing the reactant radicals. This efficiency factor is the :ratio of the 

timescale for photocleavage of the molecular bond to produce the radical, a 

function of the incident radiation field, to the timescale for reforming the 

bond from the two original product species. Thus when the radiation field is 

weak, the production of radical reactants is highly inefficient and the syn- 

thesis of more complex species is suppressed. On the other hand, in the 

laboratory experiment, the radiation field in unnaturally intense, allowing a 

critical concentration of radicals to be attained and subsequent complex mole- 

cule synthesis to be accelerated. 
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ISSUES RESPONSE FORM 

Name: Gustaf Arrhenius Issue Number: IV. a, b, c, d 

Date: February 26, 1985 

Issue Restated: 

What expe~ciments have been done to study grain properties and processes? 

A fair number, but few of these .(e.g. Meyer, 1971) attempt to realistical- 
ly model the state of excitation of the medium, the electrodynamic properties 
of the grains and the pronounced thermodynamic disequilibrium between grains 
and the surrounding medium. 

Issue Restatetl: 

Bow relevant are these experiments to astronomical problems? 

Only  to the extent that they attempt to realistically model the actual 
situation in space. 

Issue Restated: 

What laboratory data, which is relevant to grain research but which has 
been obtained for other reasons, already exists? 

Primarily extensive fundamental and applied data on growth of solids, 
including thin films from laboratory plasma and excited gas. 

Issue Restated: 

What is the feasibility of experiments needed to obtain the data necessary 
to model relevant astrophysical processes? 

Aside from necessary funding, the involvement of scientists whose first 
hand experience of the actual properties of the space medium derives from 
direct in situ measurements. 
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Nanne: Gustaf Arrhenius 

ISSUES RESPONSE FORM 

Issue Number: IV. e 

Date: February 26, 1985 

Issue Restated: 

What are the astrophysical implications of experimental simulations of 

cosmic phenomena? 

Comment : 

Because of the remoteness of objects studied by astrophysicists, it is not 

possible to resolve in sufficient detail the phenomena that control grain 

formation and related processes in other stellar systems. For this reason, 

most models used by astrophysicists are unrealistically honiogeneous with 

regard to particles, fields and composition of the medium, and idealized 

physical and chemical behavior is frequently assumed. ' The somewhat increased 

resolution offered by satellite observatories to some extent improving the 

situation, but the necessary resolution to directly measure the crucial 

phenomena in remote stellar systems will probably never be achieved. Relevant 

observations that are now obtained with space probes within our solar system 

are, therefore, of utmost importance in guiding the reconstruiction of past 

processes in our system and ongoing processes in other stellar systems, 

Comets provide useful probes of volatiles and grains introduced in the helio- 

sphere (the sphere of action of the solar field, extending to the limits of 

the solar system). The magnetospheres of the planets provide other excellent 

conditions for studying particle-field interaction and defining the conditions 

on which dust processes (including grain formation, modification, and aggrega- 

tion) appear to depend. 
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: Bob Razelton 

ISSUES RESPONSE FORM 

Issue Number: IV. d 

Date: February 28, 1985 

Issue Restated: 

m a t  is the feasibility of experiments to study grain processes? 

The studly of grain-grain collision processes would be useful in determin- 

ing the mechanisms of conglomeration of small particles or the fracturing or 

vaporization of larger particles in shock waves. 

One method to study this is to produce variable velocity beams of grains 

which can then be collided at controlled relative velocities. By varying the 

charge state of low velocity particles, the effect of electrostatics on col- 

lision cross sections and sticking coefficients could be determined. 

By accel.erating the low energy particles via mass selective accelerators, 

high energy collisions could be produced in which the relative proportion of 

fragmentation or vaporization could be determined. Such a study would support 

theoretical work in the shock processing of dust grains. 
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ISSUES RESPONSE FORM 

Issue Number: IV. a,, b 

Date: January 31, 1985 

Issue Restated: 

Infrared small particle extinction o'f silicates of astropl-~ysical impor- 

tance. 

Comen t : 

We studied the effects of structural disorder on the IR spectra of Mg-rich 

olivines. Significant changes occur in the small particle extinction if one 

moves from the crystalline to the amorphous state. Only the disordered sili- 

cate exhibits extinction maxima at 10 and 17 microns wavelength, i.e. at those 

wavelength positions qt which the interstellar grains show extiniction peaks as 

well. 

The layer-type silicates abundant in C1 and C2 carbonaceous chondrites 

exhibit, in addition to the absorptions at about 10 and 20 microns character- 

istic features at and beyond 2.7 microns. These bands originate from ON 

groups and inter-layer water molecules. For structural reasons, OH groups 

have to exist within the silicate lattice of layer silicates, even if these 

silicates are completely water-free (e.g. in talc). The infrared OII-bands 

correlated in strength with the 10  (and 20) micron absorptions thus indicate 

the presence of dust consisting of layer silicates. This opens the possibili- 

ty to distinguish observationally between layer- and other types of silicate 

dust in interplanetary and interstellar environments. 
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a m :  John S ,  Mathis 

ISSUES ReSPONSE FORM 

Issue Number: IV. b, d 

Date: February 11, 1985 

Issue B9s tate~d: 

Bow much ,yellow stuff is produced inside molecular clouds? 

As far as I know, "yellow stuff" is produced only under certain condi- 
tions. Mixtures of CO, H 0, NH , etc. are deposited simultaneously onto cold 

2 surfaces in the laboratory, an2 the resulting ice layer is processed by W 
photons or energetic protons. When the processed icy mixture of free radicals 
is warmed, gas is evolved and "yellow stuff" remains behind as a rather re- 
fractory residue. 

In actual clouds, it is possible .that water, etc., are frozen out much 
more sequentially; H 0 and NH first, and then CO. Lacy et al. (Ap. J., 276, 3 533, 1984) show spec?ra of sources deep within molecular clouds. All show the 
3,07 micron "ice" band. Some show a band of solid CO; another a line of 
gaseous CO. Thus, "ice" and CO surely freeze out at different times. 

My question is whether or not "yellow stuff" will be produced if water and 
ammonia are deposited first on a cold surface, and then CO. The lack of 
physical pro:simity between the two substances, except at the surface in 
between the layers, might make a large difference in the yield of the refrac- 
tory residue, This question can be answered by existing equipment. Maybe it 
already his been. 

m a t  are the indices of refraction of "yellow stuff" in the visual? 

Linear and circular polarization combine to show that the grains which 
provide the visual polarization are very good dielectrics. If the visual 
extinction is provided by mantles of silicates coated with "yellow stuff" (the 
refractory residue which remains after icy mantles of free radicals are 
warmed), then the mantle must be a dielectric. It would be very interesting 
to determine the optical constants of the "yellow stuff" produced in the 
laboratory. In fact, all one really needs to do is to see if it is a dielec- 
tric, The fact that it looks yellow in the visual makes me suspect that it 
 nus st absorb some colors better than other ones, or that it can't have zero 
absorption at all visual wavelengths. 
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