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S U M M A R Y  

"Dusty Plasmas" i s  t h e  name g iven  t o  plasmas h e a v i l y  laden  w i t h  
charged d u s t  g r a i n s  which t o g e t h e r  w i t h  t h e  sur rounding  i o n s  and e l e c t r o n s  
c o n s t i t u t e  a new kind of plasma regime. Such plasmas ex is t  i n  t h e  r i n g s  of 
p l a n e t s ,  i n  t h e  atmospheres of comets ,  and i n  i n t e r s t e l l a r  d u s t  c louds .  The 
d u s t  g r a i n s  a r e  s t r o n g l y  coupled t o  t h e  f i e l d s  and p a r t i c l e s  i n  t h e  plasma 
through t h e i r  e l e c t r i c a l  charges .  A s  a resu l t  t h e  motions of t h e  g r a i n s  may 
be dominated by e l e c t r i c  and magnetic f o r c e s ,  and c o l l e c t i v e  e f f e c t s  can p l a y  
an  impor tan t  r o l e .  This  f i e l d  of s t u d y  i s  r e c e i v i n g  i n c r e a s e d  a t t e n t i o n  
because of t h e  o b s e r v a t i o n s  of d u s t  d u r i n g  r e c e n t  s p a c e c r a f t  m i s s i o n s  t o  t h e  
p l a n e t s  and comets,  t o g e t h e r  w i t h  t h e  dawning r e c o g n i t i o n  t h a t  t h e  e v o l u t i o n  
of d u s t y  plasma c louds  i n  space  may be q u i t e  d i f f e r e n t  from t h a t  of non-dusty 
c l o u d s .  

A workshop on d u s t y  plasmas was held a t  t h e  U n i v e r s i t y  of C a l i f o r n a  i n  
San Diego on Feb. 10-11, 1986, t o  review recent  work i n  t h i s  f i e l d  and t o  make 
recommendations on t h e  k ind  of r e s e a r c h  t h a t  i s  needed i n  t h e  i m m e d i a t e  
f u t u r e .  The p r i n c i p a l  recommendations a r e :  

u r g e n t  need i s  f o r  experimental  i n v e s t i g a t i o n s  o f :  

Impact e f f e c t s  such as e r o s i o n  p r o d u c t s  of g r a i n s  impact ing 
ices  aiid o the r  materials a t  h igh  velosi~ies (> i o  km/sec j .  
E l e c t r o n  and i o n  emission y i e l d s  on p a r t i c l e  and photon impact ,  
e s p e c i a l l y  t h e  e f f e c t s  of small  g r a i n  s i z e s .  
G r a i n l g r a i n  c o l l i s i o n  processes  such as f r a g m e n t a t i o n ,  a d h e s i o n ,  
and t h e i r  dependence on g r a i n  s i z e ,  c h a r g e ,  and composi t ion.  
Labora tory  s t u d i e s ,  i n c l u d i n g  micro-gravi ty  experiments  a s  on t h e  
S h u t t l e ,  of g r a i n  format ion  and growth i n  a plasma. 
Release  oE d u s t  i n  space with measurements of  t h e  d u s t  mot ions ,  
d u s t / p l a s m a  i n t e r a c t i o n s ,  and g r a i n  growth and/or  f r a g m e n t a t i o n .  
Labora tory  s t u d y  of molecule/charged g r a i n  i n t e r a c t i o n s  such  a s  
molecular  e x c i t a t i o n  and t h e  s t i m u l a t i o n  of i n f r a r e d  emiss ion .  

2. T h e o r e t i c a l  s t u d i e s  shou1.d be extended t o  i n v e s t i g a t e :  

(1) The motion of charged d u s t  g r a i n s  i n  t h e  e a r t h ' s  magnetosphere,  
w i t h  emphasis on t h e  d i s p e r s a l  of p a r t i c u l a t e  d e b r i s .  

( 2 )  The time-dependent motion of d u s t  g r a i n s  i n  t h e  environments  of 
t h e  p l a n e t s  and of comets. 

( 3 )  The e v o l u t i o n  of d u s t y  plasma c louds  w i t h  an  emphasis on t h e i r  
s i g n i f i c a n c e  f o r  t h e  formation of s o l a r  s y s t e m s .  

( 4 )  C o l l e c t i v e  e f f e c t s  i n  a d u s t y  plasma such as  plasma d e p l e t i o n ,  
g r a i n l g r a i n  i n t e r a c t i o n s ,  and t h e  e x i s t e n c e  of new wave modes. 

( 5 )  Numerical s i m u l a t i o n  s t u d i e s  of t h e  growth,  i n t e r a c t i o n s ,  and 
motions of g r a i n s  i n  a plasma. 
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I. I NTROD UC T I O  N 

A workshop on "Dusty Plasmas" was held a t  t h e  U n i v e r s i t y  of C a l i f o r n i a  
a t  San Diego (UCSD) on February 10-11, 1986. The purpose of  t h e  workshop was t o  
have an organized  p r e s e n t a t i o n  and d i s c u s s i o n  of work on d u s t y  plasmas which has  
been c a r r i e d  o u t  b o t h  a t  UCSD i n  t h e  l a s t  three y e a r s  and a l s o  a t  o t h e r  
i n s t i t u t i o n s .  

The t iming of t h e  workshop seems t o  have been p a r t i c u l a r l y  a p p r o p r i a t e  
i n  view of t h e  r e c e n t  f ly-by of Comet Giacobini-Zinner i n  September, 1985, t h e  
Voyager encounter  w i t h  Uranus i n  January ,  1986, and t h e  rendez-vouz of t h e  
Japanese ,  S o v i e t ,  and European s p a c e c r a f t  with Comet Hal ley  i n  March, 1986. I n  
a l l  of t h e s e  e v e n t s ,  d u s t  was d e t e c t e d  i n  c o n s i d e r a b l e  q u a n t i t i e s  i n  t h e  
environments o f  t h e s e  s o l a r  system b o d i e s ,  and plasma e f f e c t s  a r e  be ing  invoked 
t o  e x p l a i n  many of t h e  o b s e r v a t i o n s .  

The workshop c o n c e n t r a t e d  on reviewing t h e  work t h a t  has  been 
accomplished and focussed p a r t i c u l a r l y  on f u t u r e  r e s e a r c h  t h a t  i s  s t i l l  needed. 
This  white paper d e s c r i b e s  t h e  work t h a t  has been accomplished snl the  r e s e a r c h  
t h a t  i s  needed i n  t h e  v a r i o u s  a r e a s  represented  a t  t h e  workshop. The a u t h o r s  of 
e a c h  s e c t i o n  and t h e i r  i n s t i t u t i o n s  are i d e n t i f i e d  a t  t lw beginning of each  
sect  ion .  

This  white paper i s  n o t  intended i n  i t s e l f  t o  be a proposa l .  R a t h e r ,  t h e  

( 1 )  t o  summarize t h e  p r e s e n t  s t a t e  of our  knowledge of t h e  p h y s i c s  of 

( 2 ,  t o  s z r v e  as ,a b a s i s  f o r  d i s c u s s i n g  t h e  k i n d s  of r e s e a r c h  t h a t  nee: 

purpose of  t h e  whi te  paper i s  e d u c a t i o n a l :  It  i s  in tended  

d u s t y  plasmas i n  space  i n  s e l e c t e d  a r e a s ;  and 

t o  be c a r r i e d  o u t  on d u s t y  plasmas i n  t h e  immediate f u t u r o .  

11. DUST I N  PLANETARY AND COMETARY MAGNETOSPHERES 
( A .  Mendis, U n i v e r s i t y  of C a l i f o r n i a  a t  San Diego, La J o l l a ,  CA) 

1. Work accomplished 

Sol id  bodies  immersed i n  t h e  plasma and r a d i a t i v e  environments of 
p l a n e t a r y  and cometary magnetospheres a r e  e l e c t r i c a l l y  charged. This  c h a r g i n g  
h a s  both  p h y s i c a l  and dynamical consequences ( Whipple , 1981). 

The p h y s i c a l  consequences concern e l e c t r o s t a t i c  d i s r u p t i o n  and/or  
"chipping" of smal l  bodies  ( e . g . ,  Mendis, 1981). Also small  g r a i n s  may be 
e l e c t r o s t a t i c a l l y  l e v i t a t e d  o f f  t h e  s u r f a c e s  o f  l a r g e r  bodies  such  as 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 s  (Xendis e t  a l ,  1981) when s t r u c k  by h i g h  speed 
s o l a r  wind s t reams (Flammar e t  a l . ,  1986) 

The r e c o g n i t i o n  t h a t  t h e s e  charged dus t  g r a i n s  i n  p l a n e t a r y  
magnetospheres  may exper ience  e l e c t r i c a l  and g r a v i t a t i o n a l  f o r c e s  of comparable 
maz;.litude 1 ~ 3  t o  the  grav i to-e lec t rodynamic  (GED) desi*::ip;io:l D f  t h e i r  dynamic-@ 
(Mendis e t  a l . ,  1982, 1983). This  s i n g l e - p a r t i c l e  approach n e g l e c t e d  t h e  
e l e c t r i c a l  s f f e c t s  of ne ighbor ing  g r a i n s  on t h e  test p a r t i c l e  and i s  v a l i d  when 
t h e  g r a i n  s e p a r s t i o n  i s  l a r g e r  o r  comparable t o  t h e  Debye s h i e l d i n g  d i s t a n c e  i n  
t h e  plasma. This work l e d  t o  a number of i n t e r e s t i n g  r e s u l t s  i n c l u d i n g  novel 
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I. 

I 

m a g n e t o - g r a v i t a t i o n a l  (1-1) o r b i t a l  resonances and g y r o - o r b i t a l  resonances  which 
were used t o  e x p l a i n  s e v e r a l  p e c u l i a r  f e a t u r e s  i n  t h e  S a t u r n i a n  r i n g  system 
d i s c o v e r e d  d u r i n g  t h e  Voyager 1 and 2 encounters  ( s e e  Mendis e t  a l . ,  1984; Grun 
e t  a l . ,  1984, f o r  d e t a i l e d  rev iews) .  

E a r l i e r ,  H i l l  and Mendis (1979, 1980) cons idered  t h e  d e t a i l e d  dynamics 
and o r b i t a l  e v o l u t i o n  of d u s t  g r a i n s  e n t e r i n g  t h e  J o v i a n  magnetosphere i n  o r d e r  
t o  e x p l a i n  t h e  micrometreoroid d u s t  d i s t r i b u t i o n  observed by t h e  P ioneer  
s p a c e c r a f t .  One i n t e r e s t i n g  d i s c o v e r y  was t h a t  t h e s e  d u s t  g r a i n s  g r a d u a l l y  move 
toward t h e  synchronous o r b i t ,  a r e s u l t  t h a t  was s u b s e q u e n t l y  v e r i f i e d  by 
Northrop and H i l l  (1983a) u s i n g  t h e  a d i a b a t i c  t h e o r y .  Hill and Mendis (1980) 
p r e d i c t e d  t h a t  t h i s  r a d i a l  "gyro-phasz" d r i f t  would l e a d  t o  accumula t ion  of d u s t  
a t  J u p i t e r ' s  synchronous o r b i t ;  something t h a t  h a s  been v e r y  r e c e n t l y  v e r i f i e d  
by t h e  d i s c o v e r y  of t h e  so-ca l led  Gossamer r i n g  (Showalter  e t  a l . ,  1986; 
Northrop e t  a l . ,  1986) .  

It was a l s o  shown ( H i l l  and Mendis, 1982) t h a t  due t o  t h e  r e l a t i v e  
motion between t h e  charged d u s t  and t h e  charge n e u t r a l i z i n g ,  ne ighbor ing  plasma, 
t h e s e  c i rcumplane tary  r i n g s  c o n s t i t u t e d  a novel t y p e  of d u s t  r i n g  c u r r e n t  which 
had i n t e r e s t i n g  i o n o s p h e r i c  consequences ( Ip  and Mendis, 1983) .  Houpis and 
Mendis (1983)  a l s o  demonstrated t h a t  t h e  well known " t e a r i n g "  of such r e s i s t i v e  
c u r r e n t  d i s c s  may e x p l a i n  t h e  observed f i n e  s t r u c t t l r e  of  t h e  S a t u r n i a n  r i n g  
system. 

More r e c e n t l y ,  Horanyi and Mendis (1985, 1986a,b)  have s t u d i e d  t h e  
e f f e c t s  of e l e c t r i c a l  f o r c e s  on t h e  dynamics of t h e  d u s t  i n  t a i l s  o f  comets. 
Recent i n - s i t u  o b s e r v a t i o n s  of t h e  d i s t r i b u t i o n  of f i n e  d u s t  i n  t h e  environments  
of Comets Giacobini-Zinner  and Hal ley  are c o n s i s t e n t  with t h e  c a l c u l a t i o n s .  

2 .  Needed Research 

( a )  Together  w i t h  M. Horanyi ( o f  the Supercomputer Computational 
I n s t i t u t e ,  S t a t e  U n i v e r s i t y  of  F l o r i d a ) ,  we have s t a r t e d  a s t u d y  of t h e  c h a r g i n g  
and dynamical e v o l u t i o n  of t h e  1 t o  10 micron aluminum oxide d u s t  g r a i n s  t h a t  
a r e  i n j e c t e d  i n t o  t h e  t e r r e s t r i a l  magnetosphere d u r i n g  r o c k e t  p r o p e l l a n t  burns .  
The m o t i v a t i o n  f o r  t h i s  work i s  t o  e s t i m a t e  t h e  d u s t  hazard  t o  s p a c e c r a f t  i n  t h e  
f u t u r e ,  p a r t i c u l a r l y  near  geosynchronous o r b i t  because t h e r e  i s  a p o s s i b i l i t y  
t h a t  t h e  g r a i n s  may congrega te  toward t h e  reg ion .  

( b )  We propose t o  extend t h e s e  s t u d i e s  t o  Uranus, whose magnet ic  a x i s  
i s  i n c l i n e d  a t  t h e  l a r g e  angle  of 55 degrees t o  t h e  s p i n  a x i s .  The r e p o r t e d  
p a u c i t y  of s m a l l  d u s t  g r a i n s  i n  t h e  r i n g  plane of Uranus ( i . e . ,  t h e  e q u a t o r i a l  
p l a n e )  may be due t o  t h i s  l a r g e  a n g u l a r  o f f s e t  between t h e  two axes .  It seems 
very  l i k e l y  t h a t  t h e s e  smal l  g r a i n s  (which a r e  n e c e s s a r i l y  e l e c t r i c a l l y  charged)  
may be d i s t r i b u t e d  over  a l a r g e  extended halo about  a s u r f a c e  i n t e r m e d i a t e  t o  
t h e  geographic  and magnet ic  e q u a t o r s .  

( c )  I n  cosmogonic t h e o r i e s  t h a t  propose t h e  e x i s t e n c e  of a d u s t  d i s c  
around a c e n t r a l  body a s  an i n t e r m e d i a t e  s t e p  f 9 r  p l a n e t  and s a t e l l i t e  format ion  
(e .g . ,  Al fven ,  1981)  a major d i f f i c u l t y  i s  t o  g e t  t h e  e v o l u t i o n  t o  proceed 
beyond t h e  r i n g l e t  s t a g e .  One needs a process  of l o n g i t u d i n a l  f o c u s i n g  t o  form 
a s i n g l e  body from a r i n g  of o r b i t a l  p a r t i c l e s .  Pure g r a v i t a t i o n a l  t h e o r y  
cannot  h e l p  because a l l  bodies  l a r g e  and s m a l l  w i l l  move w i t h  t h e  same Kepler 
v e l o c i t y  and no c o l l i s i o n s  t a k e  p l a c e .  However, when one r e c o g n i z e s  t h a t  t h e  
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g r a i n s  a r e  charged and t h a t  d i f f e r e n t  s i z e  g r a i n s  w i l l  have d i f f e r e n t  o r b i t a l  
v e l o c i t i e s  (between Kepler and c o - r o t a t i o n a l )  due t o  t h e i r  d i f f e r e n t  charge t o  
mass r a t i o ,  t h e n  a n a t u r a l  p rocess  f o r  l o n g i t u d i n a l  f o c u s i n g  e x i s t s .  We propose 
t o  do a numer ica l  s i m u l a t i o n  i n  c o l l a b o r a t i o n  w i t h  D r .  M. Horanyi and u s i n g  t h e  
computa t iona l  f a c i l i t y  a t  t h e  Supercomputer computa t iona l  f a c i l i t y  a t  
T a l l a h a s s e e ,  i n  o r d e r  t o  s tudy  t h i s  problem. 

1. Work Accomplished 

( d )  Most of our  s t u d i e s  so  f a r  have used t h e  s i n g l e  p a r t i c l e  approach 
of GED. But c o l l e c t i v e  e f f e c t s  i n  a d u s t y  plasma a r e  c l e a r l y  v e r y  impor tan t  and 
i n t e r e s t i n g  (e .g . ,  Whipple e t  a l . ,  1985).  One v e r y  i n t e r e s t i n g  problem, which 
i s  connected wi th  t h e  propagat ion  of EM r a d i a t i o n  i n  a d u s t y  plasma, a r e  t h e  
v a r i o u s  wave modes t h a t  can be e x c i t e d  i n  i t .  I f  t h e  d u s t y  plasma h a s  o n l y  two 
components (e .g . ,  n e g a t i v e l y  charged g r a i n s  and p o s i t i v e  ions) t h e  r e s u l t s  of 
normal e l e c t r o n - i o n  plasmas can be used w i t h  t h e  p o s i t i v e  ions  i n  t h e  d u s t y  

i f  t h e  d u s t y  plasma has  t h r e e  components (charged d u s t ,  p o s i t i v e  i o n s  and 
e l e c t r o n s )  t h e  s i t u a t i o n  i s  much more complex. This  problem should be pursued ,  
w i t h  t h e  aim of c o n s t r u c t i n g  f o r  a d u s t y  plasma t h e  ana log  of a CMA diagram of 
normal plasmas. 

I 

I 

~ 

, plasma p l a y i n g  t h e  r o l e  of t h e  e l e c t r o n s  i n  a normal plasma. On t h e  o t h e r  hand,  

I 111. DUST I N  PLANETARY RINGS 
I (T. Northrop,  Goddard Space F l i g h t  Center ,  G r e e n b e l t ,  MD) 
t 

I n  t h e  p r e s e n t  work we  have used best e s t i m a t e s  of micrometeor i te  f l u x e s  
I I ( M o r f i l l  et  a l . ,  1953) as a f u n c t i o n  of s i z e  a t  S a t u r n ,  and t h e  p r e s e n t  ( s c a n t y )  

knowledge of impact products  of 30 km/s micrometeor i tes  on rock.  

We f i n d  t h e  r i n g  age t o  be i n  t h e  range 6 m i l l i o n  y e a r s  t o  67 m i l l i o n  
y e a r s ,  depending on assumptions r e g a r d i n g  the micrometeor i te  v e l o c i t i e s  i n  
i n t e r p l a n e t a r y  space .  Thus t h e  r i n g s  must be much younger t h a n  th2  s o l a r  system 
( 4 . 5  b i l l i o n  y e a r s ) .  The most impor tan t  micrometeor i te  s i z e  f o r  e r o s i o n  t u r n s  
o u t  t o  be - 0.01 c m .  

A f a i n t  r i n g  ( t h e  "Gossamer r ing")  has  been d i s c e r n e d  r e c e n t l y  a t  
J u p i t e r ' s  synchronous r a d i u s  (Showalter  e t  a l . ,  1986) .  They b e l i e v e  t h e  
m a t e r i a l  i s  of micron s i z e  and i s  l o c a l l y  produced a t  synchronous r a d i u s  (2.24 
J o v i a n  r a d i i ,  o r  RJ) from l a r g e r  bodies .  We (Nor throp ,  Mendis, F i l l i u s ,  1986) 
have e x p l a i n e d  t h e  presence  of t h e  r i n g  a s  a consequence of charged d u s t  
migration towards synchronous r a d i u s  e i t h e r  from inoons Amalthea (2.5A R J )  o r  
Thebe(3.11 R J )  o r  outward from t h e  main r i n g ,  which e x t e n d s  from 1.72 R J  t o  1.81 
R J .  M i g r a t i o n  towards synchronous r a d i u s  from e i t h e r  s i d e  of i t  i s  a 
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consequence of charge  v a r i a t i o n  on t h e  g r a i n  a t  t h e  gyrof requency ,  which i n  t u r n  
i s  caused by t h e  vary ing  v e l o c i t y  of t h e  g r a i n  through t h e  plasma as t h e  g r a i n  
g y r a t e s  and d r i f t s .  See Northrop and Hill (1983b) f o r  t h e  theory .  There a r e  
a l s o  c o u n t e r a c t i n g  d r i f t s  which t u r n  o u t  t o  be a t  least  two o r d e r s  of magnitude 
s m a l l e r .  One i s  t h e  Poynting-Robertson, or  photon d r a g  r a d i a l  mot ion ,  always 
inward. The o t h e r  and much more s i g n i f i c a n t  o n e ,  bu t  s t i l l  slow compared t o  t h e  
charge  v a r i a t i o n  d r i f t ,  i s  t h a t  due t o  plasma d r a g ,  and i s  always d i r e c t e d  away 
from synchronous r a d i u s .  Both t h e  charge v a r i a t i o n  and plasma d r a g  e f f e c t s  
v a n i s h  a t  synchronous r a d i u s  and t h e  Poynting-Robertson i s  v e r y  small. 

A t  Amalthea (where t h e  plasma drag  e f f e c t  i s  going t o  be about  a t  i t s  
maximum), we f i n d  f o r  t y p i c a l  d u s t  and plasma parameters  t h a t  t h e  charge  
v a r i a t i o n  d r i f t  i s  inward a t  - 600 c m / s ,  the plasma d r a g  d r i f t  i s  outward 
a t  - 6 cm/sec, and t h e  Poynting-Robertson i s  inward a t  0.1 cm/sec. Thus t h e  
charge v a r i a t i o n  d r i f t  predominates .  

2.  Needed Research 

The most impor tan t  need by f a r  i s  experimental  measurement of e r o s i o n  
products  of micrometeor i te  impacts  a t  "30 km/sec on ice and o t h e r  materials. The 
s i z e ,  v e l o c i t y ,  a n g u l a r ,  and charge s t a t e  d i s t r i b u t i o n s  a r e  needed, as w e l l  a s  
t h e  t o t a l  mass excavated.  It i s  n o t  poss ib le  t o  r e p l i c a t e  t h i s  process  by l a s e r  
i r r a d i a t i o n  of t h e  s u r f a c e  because of t h e  l a r g e  plasma blowoff which r e f l e c t s  
t h e  laser l i g h t  and t h e  i n t e n s e  l o c a l  hea t ing  of t h e  s u r f a c e  by t h e  laser.  

Small p r o j e c t i l e s  of t h e  s i z e  and with t h e  v e l o c i t y  needed have not  been 
produced i n  t h e  l a b o r a t o r y  a s  y e t .  G.-T. Devices,  Inc .  of Alexandr ia ,  VA. are 
most l i k e l y  t o  be a b l e  t o  do this i n  about a y e a r ,  u s i n g  h i g h  v e i o c i i y  and 
d e n s i t y  plasmas t o  a c c e l e r a t e  t h e  p a r t i c l e s .  

I V .  COLLECTIVE EFFECTS I N  A DUSTY PLASMA 
(C. Goer tz ,  U n i v e r s i t y  of Iowa, Iowa C i t y ,  I A ;  T. Northrop,  
Goddard Space F l i g h t  C e n t e r ,  Greenbel t ,  MD; E. Whipple, 
U n i v e r s i t y  of C a l i f o r n i a  a t  San Diego, La J o l l a ,  CA) 

1. Work Accomplished 

The q u e s t i o n  of t h e  average charge on a g r a i n  i n  a plasma d u s t  mix ture  
h a s  r e c e n t l y  rece ived  some renewed a t t e n t i o n .  Whereas t h e  problem i s  r e l a t i v e l y  
s t r a i g h t f o w a r d  when t h e  i n t e r g r a i n  d i s t a n c e ,  d ,  i s  much l a r g e r  t h a n  t h e  Debye 
l e n g t h ,  A ,  i t  i s  more complicated when t h i s  d i s t a n c e  i s  s m a l l e r  t h a n  t h e  Debye 
l e n g t h .  In  t h a t  c a s e  d u s t  p a t i c l e s  e l e c t r o s t a t i c a l l y  s c r e e n  each o t h e r  and t h e  
average charge i s  s i g n i f i c a n t l y  less  t h a n  the  s i n g l e  g r a i n  ( d  >> A) c a s e .  We 
have shown t h a t  t h e r e  are two c o u n t e r a c t i n g  e f f e c t s  and have s t u d i e d  them 
q u a n t i t a t i v e l y  a s  a f u n c t i o n  of i n t e r p a r t i c l e  s p a c i n g ,  plasma Debye l e n g t h ,  and 
p a r t i c l e  r a d i u s .  The proximi ty  of neighbors i n c r e a s e s  t h e  c a p a c i t a n c e  of a 
g i v e n  g r a i n  and t h e r e f o r e  i n c r e a s e s  t h e  charge needed on t h e  g r a i n  t o  r e a c h  t h e  
p o t e n t i a l  r e q u i r e d  t o  e q u a l i z e  t h e  i o n  and e l e c t r o n  c u r r e n t s  t o  i t s  s u r f a c e .  
But t h e  second e f f e c t  i s  t h a t  t h i s  requi red  p o t e n t i a l  i s  g r e a t l y  reduced by t h e  
presence  of ne ighbor ing  g r a i n s ,  which a i d  in  d e p l e t i n g  t h e  e l e c t r o n  d e n s i t y  i n  
t h e  plasma w i t h  r e s p e c t  t o  t h e  i o n s .  The g r a i n  need n o t  be as n e g a t i v e  as i n  
t h e  absence of  ne ighbors  t o  e q u a l i z e  t h e  ion and e l e c t r o n  c u r r e n t s  t o  i t s  
s u r f a c e .  This  second e f f e c t  always outweighs t h e  f i r s t  one. 
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For e s t i m a t e d  parameters  i n  Saturn's s p o k e s ,  w e  f i n d  a g r a i n  charge  of 
about 1% of t h a t  i f  t h e  g r a i n s  were w i d e l y  s e p a r a t e d  i n  a plasma of t h e  same 
Debye l e n g t h .  

This  work has  now been extended t o  inc lude  t h e  e f f e c t s  of a d u s t  s i z e  
d i s t r i b u t i o n .  The r e s u l t s  of t h e  a n a l y s i s  a r e  q u a l i t a t i v e l y  similar t o  what w a s  
o b t a i n e d  f o r  g r a i n s  of a s i n g l e  s i z e  i n  a plasma. The d e p l e t i o n  of e l e c t r o n s  and 
t h e  l i m i t i n g  of thq charge on t h e  d u s t  g r a i n s  depends on a parameter  Z which i s  
g iven  by 2 = 4 n A' N C f o r  g r a i n s  of a s i n g l e  s i z e .  
d i s t r i b u t i o n  of g r a i n  s i z e s ,  t h e  same parameter can be used w i t h  t h e  replacement  
of t h e  s i n g l e  g r a i n  c a p a c i t a n c e  by t h e  average c a p a c i t a n c e .  

I n  t h e  c a s e  of a 

The ( l i n e a r i s e d )  s t e a d y  s t a t e  Poisson e q u a t i o n  f o r  t h e  d u s t l p l a s m a  
system was so lved  by Goertz and I p  (1984)  and Whipple e t  a l .  (1985) .  I n  b o t h  
papers  t h e  d e n s i t y  of t h e  plasma p a r t i c l e s  was d e s c r i b e d  by a Boltzmann law 
i n v o l v i n g  t h e  l o c a l  p o t e n t i a l  i n  t h e  plasma. T h i s  o n l y  h o l d s  when c o l l i s i o n s  
a r e  f r e q u e n t  enough t o  keep t h e  d i s t r i b u t i o n  f u n c t i o n  Maxwellian. Recent ly  
Iiavnes e t  a 1  (1986)  have dropped t h i s  assumption and t r e a t e d  t h e  c o l l i s i o n l e s s  
case. I n  t h a t  c a s e  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  a t t r a c t e d  p a r t i c l e s  h a s  a h o l e  
i n  v e l o c i t y  space .  They have found a s u r p r i s i n g  and p o t e n t i a l l y  v e r y  
s i g n i f i c a n t  r e s u l t ,  namely t h a t  f o r  s m a l l  d u s t  d e n s i t i e s  ( d  > A), t h e  plasma 
p o t e n t i a l  i s  p o s i t i v e  even though t h e  g r a i n  charge  i s  n e g a t i v e .  The plasma 
p o t e n t i a l  i n c r e a s e s  wi th  i n c r e a s i n g  d u s t  d e n s i t y  u n t i l  a t  a c e r t a i n  c r i t i c a l  
d e n s i t y  ( r o u g h l y  g i v e n  by d A )  t h e  plasma p o t e n t i a l  jumps d i s c o n t i n u o u s l y  t o  a 
n e g a t i v e  v a l u e .  This  would s u g g e s t  t h a t  a s  l o n g  as t h e  d u s t  d e n s i t y  i s  
s u b c r i t i c a l  t h e  d u s t  g r a i n s ,  even though they a re  n e g a t i v e l y  charged,  would 
a t t r a c t  each o t h e r  and t h e  d e n s i t y  would i n c r e a s e  up t o  t h e  c r i t i c a l  v a l u e  
beyond wnicn che eiecrrric f o r c e  on t h e  d u s t  par t ic les  i s  r epu l s ive .  Elis 
s u r p r i s i n g  phenomenan i s  due t o  t h e  f a c t  t h a t  a n e g a t i v e  d u s t  g r a i n  i s  
surrounded by a p o s i t i v e  charge d e n s i t y  i n  t h e  plasma. An i n s t a b i l i t y  i s  
immediately sugges ted  by t h i s  which would lead t o  d e n s i t y  f l u c t u a t i o n s  and 
clumping of a d u s t  c loud where average  d e n s i t y  i s  s u b c r i t i c a l .  

2. Needed Research 

A shortcoming of t h e  Havnes e t  a l .  (1986)  work i s  t h e  n e g l e c t  of e l a s t i c  
c o l l i s i o n s  between plasma p a r t i c l e s  and charged g r a i n s  which would a c t  t o  smear 
o u t  t h e  hole  i n  v e l o c i t y  space and reduce the e f f e c t .  Thus e l a s t i c  c o l l i s i o n s  
need be i n c l u d e d .  Furthermore t h e  t i m e  dependent e v o l u t i o n  of  a dust-plasma 
system needs t o  be i n v e s t i g a t e d .  T t  seems t h a t  o n l y  a numerical  s i m u l a t i o n  can 
lead  t o  r e a l  p r o g r e s s .  A r e a l i s t i c  s i m u l a t i o n  of t h e  problem i s  imposs ib le  
because of t h e  v a s t l y  d i f f e r e n t  s c a l e  lengths  ( v a r y i n g  from t h e  g r a i n  r a d i u s  a 
t o  t h e  s i z e  of t h e  d u s t  c loud ,  a << d < A  << L) and t i m e  scales ( r a n g i n g  from 
t h e  t r a n s i t  t i m e  of an e l e c t r o n  p a s t  a g r a i n  t o  t h e  plasma p e r i o d  and t h e  ion  
a c o u s t i c  t r a n s i t  t i m e ) .  C l e a r l y  t h e  a c t u a l  a b s o r p t i o n  and s c a t t e r i n g  p r o c e s s  of 
p a r t i c l e s  by t h e  g r a i n s  must be approximated i n  some way. Work on t h i s  problem 
i s  i n  p r o g r e s s  a t  t h e  U n i v e r s i t y  of Iowa. The s i m u l a t i o n  w i l l  answer q u e s t i o n s  
n o t  o n l y  about  t h e  average charge and i t s  f l u c t u a t i o n s  but  a l s o  about  t h e  t i m e  
s c a l e s  f o r  o b t a i n i n g  e q u i l i b r i u m ,  p o s s i b l e  i n s t a b i l i t i e s  of t h e  s y s t e m  and t h e  
e f f e c t  of s e c o n d a r i e s  and p h o t o e l e c t r o n s  on t h e  plasma d e n s i t y  and tempera ture .  
In  addition t h e  plasma p o t e n t i a l  and hence t h e  e l e c t r o s t a t i c  f a r c e  on  t h e  du:t 
g r a i n s  can  be determined and compared w i t h  t h e  a n a l y t i c  work of Havnes e t  a l .  
I€ t h e i r  e f fec t  i s  a l s o  observed when c o l l i s i o n s  are inc luded  a f u r t h e r  
i n v e s t i g a t i o n  of t h e  clumping i n s t a b i l i t y  mentioned above should be under taken .  
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V .  LABOR4TORY STUDIES OF DUST/PLASMA INTERACTIONS 
(R.  Hazel ton and E. Yadlowsky, Hy-Tech Research Co., Radford,  VA) 

1. Work Accomplished 

A s  a p a r t  of an o v e r a l l  e f f o r t  t o  understand t h e  dynamics of d u s t y  
plasmas,  Hy-Tech Research h a s  developed a s y s t e m  capable  of measuring t h e  
i n t e r a c t i o n  of small (.01 t o  1 micron diameter)  p a r t i c l e s  w i t h  a background 
plasma. To produce t h e  p a r t i c l e s ,  bismuth i s  evapora ted  i n  a vacuum oven and 
n u c l e a t e d  i n  a cooled chamber. By d i f f e r e n t i a l l y  pumping the-gust  c loud through 
a series of o r i f i c e s ,  a beam of d u s t  p a r t i c l e s  ( u p  t o  2000 c m  ) i s  produced 
wh'ch can t h e n  be d i r e c t e d  through a plasma w i t h  e l e c t r o n  d e n s i t i e s  r a n g i n g  from 
10 t o  10 c m  . The charge d i s t r i b u t i o n  on t h e  g r a i n s  l e a v i n g  t h e  plasma i s  
determined u s i n g  a r e t a r d i n g  p o t e n t j a l  ana lyzer .  This  technique  works f o r  
p a r t i c l e  d e n s i t i e s  a s  low as 30 cm . The charge t h a t  a p a r t i c l e  a c q u i r e s  
pass ing  through t h e  plasma i s ,  i n  g e n e r a l ,  a complex f u n c t i o n  of e l e c t r o n  
t e m p e r a t u r e ,  d e n s i t y ,  p a r t i c l e  v e l o c i t y  and p a r t i c l e  s i z e .  However, f o r  t h e  
s p e c i a l  c a s e  i n  which a l l  p a r t i c l e s  come t o  t h e  plasma f l o a t i n g  p o t e n t i a l ,  a 
s imple  a n a l y s i s  a p p l i e d  t o  t h e  RPA d a t a  gives  a p a r t i c l e  s i z e  d i s t r i b u t i o n  which 
c o r r e l a t e d  w e l l  w i t h  s i z e  d i s t r i b u t i o n s  der ived from e l e c t r o n  micrographs of 
c o l l e c t e d  d u s t  p a r t i c l e s .  

$ 9 -3 

An impor tan t  a s p e c t  i n  t h e  evolu t ion  of d u s t  g r a i n s  i s  t h e  c o l l i s i o n a l  
processes  t h a t  o c c u r ,  i n c l u d i n g  e l a s t i c  c o l l i s i o n s ,  i n e l a s t i c  c o l l i s i o n s  which 
i n c r e a s e  i n t e r n a l  e n e r g i e s ,  s t i c k i n g  c o l l i s i o n s ,  and d i s r u p t i v e  c o l l i s i o n s .  To 
s t u d y  t h e s e  p r o c e s s e s  a second d u s t  beam has been added t o  t h e  system which 
c o l l i d e s  a t  90  d e g r e e s  t o  t h e  o r i g i n a l  beam. Rayle igh  s c a t t e r i n g  u s i n g  a 5 mW 
Helium/Neon l a s e r  h a s  been used t o  determine t h e  beam d e n s i t y  p r o f i l e s  and 
p o s i t i o n s .  C a l c u l a t i o n s  show t h a t  tne average p a r c i c i e  sca t te rs  112 photon 
while  i n  t h e  s c a t t e r i n g  volume, i n d i c a t i n g  t h a t  t h e  p r e s e n t  system i s  good f o r  
measuring c o l l e c t i v e  e f f e c t s  bu t  n o t  i n d i v i d u a l  p a r t i c l e s .  

To measure i n d i v i d u a l ,  charged p a r t i c l e s  r e s u l t i n g  from a c o l l i s i o n ,  an 
e l e c t r o n  m u l t i p l i e r  d e t e c t i o n  system i s  being developed.  I n i t i a l  measurements 
i n d i c a t e  t h a t  charged p a r t i c l e s  a r e  be ing  d e t e c t e d ,  w i t h  cont inued  work be ing  
r e q u i r e d  t o  o p t i a i z e  and c h a r a c t e r i z e  t h e  system and measure p a r t i c l e  c o l l i s i o n  
r a t e s .  

2.  Needed Research 

The preceding  work has  developed an exper imenta l  system which is  c a p a b l e  
of producing submicron g r a i n s  and in t roducing  them i n t o  a vacuum environment.  
I n  a d d i t i o n ,  d i a g n o s t i c s  have been developed f o r  measuring p a r t i c l e  charge and 
s i z e  d i s t r i b u t i o n s  and d i a g n o s t i c s  a r e  being developed t o  measure i n d i v i d u a l  
g r a i n  parameters .  This  system i s  uniquely  s u i t e d  t o  c a r r y i n g  o u t  a number of 
experiments  which would s e r v e  t o  t e s t  a s p e c t s  of  d u s t y  plasma t h e o r y ,  
i n v e s t i g a t e  g r a i n  a c c r e t i o n  and d i s r u p t i o n  p r o c e s s e s  and de termine  many b a s i c  
p r o p e r t i e s  of submicron p a r t i c l e s  r e l e v a n t  t o  t h e i r  i n t e r a c t i o n  w i t h  t h e  space  
plasma a n d  r a d i a t i o n  environment.  

There a r e  a number of t h e o r e t i c a l  e f f o r t s  i n v e s t i g a t i n g  t h e  e f f e c t  of 
dusii g r a i n s  on t h e  plasina environment.  T!~ese t h e o r i e s  p r e d i c t  t h e  c h a r g i n g  
c h a r a c t e r i s t i c s  of g r a i n s ,  and plasma d e p l e t i o n  e f f e c t s ,  both of which need t o  
be and can be t e s t e d  e x p e r i m e n t a l l y  u s i n g  t h e  system and techniques  which have 
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been developed.  A s  an example Goertz ( s e e  above) has  p r e d i c t e d  t h a t  t h e  plasma 
p o t e n t i a l  of a d u s t y  plasma embedded i n  a background plasma can assume e i t h e r  a 
n e g a t i v e  o r  p o s i t i v e  plasma p o t e n t i a l  depending upon t h e  r e l a t i v e  plasma and 
p a r t i c l e  d e n s i t i e s .  Using e l e c t r o n  beam probes,  t h e  plasma p o t e n t i a l  o f  a beam 
channel  could be measured and t h e  t h e o r y  t e s t e d .  

Beyond t h i s ,  many p r o p e r t i e s  of submicron p a r t i c l e s  such as secondary  
e l e c t r o n  y i e l d s ,  and photoemission have not been determined and are of great 
importance as b a s i c  d a t a  f o r  u s e  i n  t h e o r i e s  of d u s t y  plasmas which r e q u i r e  a n  
unders tanding  of t h e  d e t a i l e d  i n t e r a c t i o n  of a p a r t i c l e  and i t s  environment .  
Again experiments  i n v o l v i n g  t h e  i n t e r a c t i o n  of e l e c t r o n ,  i o n  and photon beams 
w i t h  f r e e  g r a i n s  a r e  needed t o  provide t h i s  d a t a  base.  Various s i l i c a t e  and 
carbon submicron p a r t i c l e s  are a v a i l a b l e  i n  b u l k  q u a n t i t i e s  from Los Alamos 
Nat iona l  L a b o r a t o r i e s  which would a l l o w  one, f o r  t h e  f i r s t  t ime,  t o  s t u d y  t h e  
p r o p e r t i e s  of m a t e r i a l s  of a s t r o p h y s i c a l  i n t e r e s t .  

F i n a l l y ,  g r a i n - g r a i n  i n t e r a c t i o n s  a r e  of g r e a t  i n t e r e s t  t o  f u r t h e r  t h e  
unders tanding  of p a r t i c l e  growth o r  d i s r u p t i o n  f o r  b o t h  charged and uncharged 
g r a i n s .  Although t h e  p r e s e n t  laser  s c a t t e r i n g  s y s t e m  i s  i n s u f f i c i e n t  t o  see 
i n d i v i d u a l  p a r t i c l e s ,  upgrading t o  a 1 W argon i o n  laser would a l l o w  one t o  
d e t e c t  i n d i v i d u a l  p a r t i c l e s  a f t e r  a c o l l i s i o n  and provide  i n f o r m a t i o n  about  
c o l l i s i o n  rates and t y p e s .  

I n  c o n c l u s i o n ,  t h e r e  are many a s p e c t s  of d u s t y  plasma t h e o r i e s  t h a t  can 
and should be t e s t e d  i n  ground based l a b o r a t o r y  exper iments .  Such exper iments  
would e v e n t u a l l y  lead t o  a s u f f i c i e n t  unders tanding  of d u s t y  plasma p r o c e s s e s ,  
t o  a l low one t o  d e s i g n  an opt imal  'space-based experiment  where t h e  micro-gravi ty  
environment would a l l o w  long term s t u d i e s  of d u s t y  plasmas. 

V I .  FORMATION, GROWTH, AND DISPERSION OF GRAINS I N  SPACE 
(J. Stephens ,  Los Alamos Nat ional  Laboratory,  Los Alamos, NM) 

1. Work Accomplished 

The bulk  of  the  workshop c e n t e r e d  on t h e o r e t i c a l  a s p e c t s  of plasma-dust 
i n t e r a c t i o n s  and t h e  behavior  of d u s t  g r a i n s  i n  a plasma a t  high p a r t i c l e  
c o n c e n t r a t i o n s .  My a r e a  of i n t e r e s t  l ies in  t h e  f o r m a t i o n ,  growth, a g g r e g a t i o n ,  
and o r b i t a l  dynamics of 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  materials,  
i n c l u d i n g  s i l i c a t e s ,  S i c ,  g r a p h i t e ,  and i c e s .  

The format ion  c o n d i t i o n s  of b o t h  r e f r a c t o r y  and i c y  d u s t  materials may 
be s i g n i f i c a n t l y  a f f e c t e d  by plasma-dust i n t e r a c t i o n s .  G. Arrhenius  d i s c u s s e d  a t  
t h e  workshop p o s s i b l e  changes i n  t h e  formation tempera ture  of d u s t  i n  a plasma 
r e l a t i v e  t o  a n e u t r a l  environment due t o  t h e  presence  of s t a b l e  i o n  c l u s t e r s .  
Ion c l u s t e r s  may i n c r e a s e  by o r d e r s  of magnitude t h e  rates of chemical  r e a c t i o n s  
which l e a d  t o  d u s t  format ion .  The presence of c l u s t e r s  may a l s o  have a major 
impact on t h e  molecular  s p e c i e s  present  i n  t h e  molecular  g a s ,  f a v o r i n g  t h e  
format ion  of "nonequilibrium" d u s t  m a t e r i a l s  and promoting dus t  condensa t ion  
sequences which a r e  d i s p a r a t e  from t h o s e  p r e d i c t e d  from t h e  thsrmodynamics of 
n e u t r a l  sys tems.  Once d u s t  g r a i n s  are present  i n  t h e  plasma, agglomera t ion  
k i n e t i c s  can be s i g n i f i c a n t l y  enhanced due t o  g r a i n  charge.  Undsr a s t r o p h y s i c a l  
c o n d i t i o n s ,  d u s t s  composed of v a r i o u s  m a t e r i a l s  may assume v a r i o u s  p o t e n t i a l s  
due t o  m a t e r i a l  dependent secondary i o n ,  e l e c t r o n ,  and p h o t o e l e c t r o n  y i e l d s .  
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D i f f e r i n g  d u s t  charge  may l e a d  t o  d i f f e r e n t i a l  motion of d u s t s  r e s u l t i n g  i n  
enhanced g r a i n  agglomera t ion  r a t e s  r e l a t i v e  t o  t h e  co r re spond ing  n e u t r a l  
a g g r e g a t i o n  p r o c e s s e s .  M a t e r i a l - s e l e c t i v e  agglomera t ion  of d u s t s  may a l s o  occur  
due t o  d i f f e r e n t  p o t e n t i a l s  of v a r i o u s  d u s t  m a t e r i a l s .  By i n f l u e n c i n g  t h e  
l o c a t i o n ,  t i m i n g ,  and k i n e t i c s  of d u s t  formation and agg lomera t ion ,  and hence 
t h e  o p a c i t y  of t h e  r e g i o n ,  t h e  presence  and p r o p e r t i e s  of t h e  l o c a l  plasma may 
have a s i g n i f i c a n t  e f f e c t  on t h e  thermal  balance of a s ta r  or evo lv ing  
p r o t o s o l a r  nebula .  

The dynamics o f  d u s t  fo rma t ion ,  growth, and agglomera t ion  i n  a plasma 
environment h a s  been l i t t l e  s t u d i e d  expe r imen ta l ly ,  due t o  t h e  d i f f i c u l t y  i n  
performing exper iments  and t h e  r a t h e r  s p e c i a l i z e d  a r e a  of i n t e r e s t  i n  m a t e r i a l s  
of a s t r o p h y s i c a l  i n t e r e s t .  Some d a t a  a r e  now a v a i l a b l e  on t h e  condensa t ion  
behavior  of s i l i c a t e s  and water  under n e u t r a l  c o n d i t i o n s .  Data has  been 
obta ined  on t h e  s t a b i l i t y  of sme i o n  c l u s t e r s  u s ing  molecu la r  beam methods. 
Agglomeration s t u d i e s  have been carried out on h i g h  t empera tu re  m a t e r i a l s ,  
p a r t i c u l a r l y  metals, and f o r  a number of common l i q u i d s .  For r e f r a c t o r y  
materials of i n t e r e s t  ( s i l i ca t e s ,  S i c ,  g r a p h i t e )  dus t  fo rma t ion  and 
a g g l m e r a t i o n  s t u d i e s  have been l i m i t e d  by s h o r t  expe r imen ta l  t i m e s c a l e s  , due t o  
l i m i t s  imposed by t h e r m a l l y  d r i v e n  convec t ion ,  gasdynamic l i m i t s  i n h e r e n t  i n  the  
exper imenta l  t echnique  , and p a r t i c l e  s e t t l i n g  times. Shor t  t i m e s c a l e s  r e q u i r e  
working i n  t h e  h i g h  p a r t i c l e  format ion  r a t e  regime t o  e n s u r e  t h e  above e f f e c t s  
have a sma l l  e f f e c t  on t h e  exper imenta l  r e s u l t s .  The expe r imen ta l  regime 
p r e s e n t l y  employed p l a c e s  c o n s t r a i n t s  on t h e  p o s s i b i l i t i e s  of s tudy ing  plasma 
e f f e c t s  on p a r t i c l e  fo rma t ion  and behavior .  

2. Needed Research 

I n  o r d e r  t o  s t u d y  t h e  plasma e f f e c t s  on d u s t  fo rma t ion  and dynamics, 
lower gas  d e n s i t i e s  are r e q u i r e d  t o  a l low r e l a t i v e l y  h i g h  charged p a r t i c l e  

r a t e s .  P o s s i b l e  expe r imen ta l  t echn iques  to  s tudy  t h e  e f f e c t  of i o n s  
c o n c e n t r a t i o n s  on p a r t i c l e  fo rma t ion  inc lude  us ing  pulsed  laser t echn iques  t o  
pho to ion ize  molecular  s p e c i e s  i n  a gas con ta in ing  condensable  s p e c i e s  i n  a 
s u p e r s a t u r a t e d  s t a t e  and moni tor ing  t h e  subsequent p a r t i c l e  n u c l e a t i o n  and 
growth. For r e f r a c t o r y  d u s t s  , e x t e n s i o n  of e x i s t i n g  expe r imen ta l  n u c l e a t i o n  
methods, i n c l u d i n g  shock t u b e s ,  h i g h  temperature  f u r n a c e s ,  and molecular  beam 
methods could be employed. Ion induced foxmation of ices ,  p a r t i c u l a r l y  water  
i c e ,  could be s t u d i e d  by ex tend ing  e x i s t i n g  d i f f u s i o n  ce l l  and gas  expans ion  
methods. Inducing  ion  and e l e c t r o n  formation us ing  l a s e r s  has  i n h e r e n t  
l i m i t a t i o n s  due t o  d i f f i c u l t y  i n  monitor ing t h e  v a r i o u s  chemical  s p e c i e s  
c o n c e n t r a t i o n s  and t h e  d i s e q u i l i b r i u m  of species due t o  t h e  l a s e r  pu l se .  

' c o n c e n t r a t i o n s .  Experiments  should be performed a t  lower par t ic le  condensa t ion  

There has  been c o n s i d e r a b l e  i n t e r e s t  i n  performing p a r t i c l e  format ion  
and agglomera t ion  s t u d i e s  i n  a mic rograv i ty  environment which reduces  the rma l ly  
d r i v e n  c o n v e c t i o n ,  e x t e n d s  exper imenta l  timescales, and may a l low g a s  d e n s i t i e s  
t o  be reduced.  Grea te r  c o n t r o l  of t h e  gas phase d e n s i t y ,  t empera tu re ,  and 
charged s p e c i e s  c o n c e n t r a t i o n  is  p o t e n t i a l l y  p o s s i b l e ,  a l l owing  lower p a r t i c l e  
format ion  rates i n  t h e  n e u t r a l  environment, p rov id ing  a g r e a t e r  r e l a t i v e  e f f e c t  
of plasma-induced p a r t i c l e  format ion .  Agglomeration s t u d i e s ,  i n c l u d i n g  t h e  
e f f e c t  of p a r t i c l e  c h a r g i n g ,  may be s i m p l i f i e d  i n  m i c r o g r a v i t y  environment ,  
r e s u l t i n g  from t h e  l a c k  of g r a v i t a t i o n a l  s e t t l i n g  of t h e  p a r t i c l e s  and much 
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reduced g a s  c i r c u l a t i o n  d r i v e n  agglomerat ion.  E f f o r t  i s  r e q u i r e d  t o  de te rmine  
t h e  regime i n  which space  exper iments ,  a s  opposed t o  E a r t h  l a b o r a t o r y  
exper iments ,  a r e  most s u i t e d .  

An e x c i t i n g  p o s s i b i l i t y  f o r  s tudying  t h e  p a r t i c l e - p l a s m a  i n t e r a c t i o n s  
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  environments i s  t o  release w e l l  c h a r a c t e r i z e d  
p a r t i c l e s  i n  E a r t h  o r b i t  and monitor t h e  behavior of t h e  p a r t i c l e s  and l o c a l  
plasma. Phenomena such as g r a i n  o r b i t a l  dynamics and g r a i n  al ignment  due t o  
i n t e r a c t i o n  w i t h  e l e c t r i c  and magnet ic  f i e l d s  are p a r t i c u l a r l y  w e l l  s u i t e d  t o  i n  
s i t u  exper iments .  Work i s  now being pursued a t  t h e  Los Alamos Nat iona l  
Labora tory  t o  s t u d y  t h e  ground-based f a c i l i t i e s  and s p a c e c r a f t  r e q u i r e d  t o  
r e l e a s e  w e l l - c h a r a c t e r i z e d  d u s t  m a t e r i a l s  i n  E a r t h  o r b i t  and moni tor  t h e  d u s t  
o r b i t a l  dynamics and dust-plasma i n t e r a c t i o n s .  Modeling i s  be ing  c a r r i e d  o u t  t o  
e v a l u a t e  t h e  probable  behavior  of d u s t  r e l e a s e d  i n  E a r t h  o r b i t  and t h e  
o b s e r v a t i o n s  n e c e s s a r y  t o  monitor  v a r i o u s  phenomena of i n t e r e s t .  By r e l e a s i n g  
v a r i o u s  d u s t  m a t e r i a l s ,  i n c l u d i n g  r e f r a c t o r y  d u s t s ,  v o l a t i l e  d u s t s ,  and s p e c i a l  
d u s t  m a t e r i a l s  ( f o r  example superparamagnet ic  d u s t )  i t  i s  hoped t o  e l u c i d a t e  t h e  
p r o p e r t i e s  and dynamics of d u s t s  i n  a s t r o p h y s i c a l l y  r e l a t e d  environments .  The 
r e s u l t s  may be a p p l i c a b l e  t o  cometary processes ,  d u s t  format ion  and p r o c e s s e s  i n  
p r o t o s o l a r  n e b u l a ,  and d u s t  r i n g s  surrounding p l a n e t s .  

V I I .  SIMULATION STUDIES OF DUSTY PLASMAS 
(T .  Armstrong, U n i v e r s i t y  of Kansas, Lawrence, E) 

1. Work Accomplished 

Small ,  s o l i d  p a r t i c l e s  are expected t o  c o e x i s t  w i t h  plasmas i n  a v a r i e t y  
of n a t u r a l  systems.  Cool s t a r s ,  comets,  p l a n e t a r y  r i n g s ,  t h e  i n t e r p l a n e t a r y  and 
i n t z r s t e l l a r  m d i a  sr2 firniltar examples P r o t o s t a r s  and t h e  e a r l y  solar sys t em 
a r e  s e v e r a l  o t h e r s .  Apparent ly  t h e  formation of most of t h e  s o l i d  b o d i e s  i n  t h e  
cosmos i s  due t o  t h e  condensa t ion  and a c c r e t i o n  of material i n t o  s o l i d  p a r t i c l e s  
which probably c o e x i s t e d  w i t h  a t  l eas t  p a r t i a l l y  i o n i z e d  plasmas. The p h y s i c a l  
and chemical i n t e r a c t i o n s  of t h e s e  small  s o l i d  p a r t i c l e s  wi th  each o t h e r  and 
t h e i r  s u r r o u n d i n g s  (atmosphere,  plasma, and p a r e n t  body) a r e  l i k e l y  t o  be 
dominated by e 1 e c t r o s : a t i c  and e lec t romagnet ic  f o r c e s .  The e l e c t r o s t a t i c  s t a t e  
of small p a r t i c l e s  c o e x i s t i n g  wi th  a plasma i s  an  important  parameter  t o  
e s t a b l i s h .  

The d e t e r m i n a t i o n  of t h e  e l e c t r o s t a t i c  charge  which r e s i d e s  on a small, 
s o l i d  p a r t i c l e  i n  an environment which i s  a t  least  p a r t i a l l y  i o n i z e d  i s  a 
compl ica ted  problem. Among t h e s e  complicat ions a r e  t h e  e f f e c t  of t h e  shape  and 
s t r u c t u r e  of t h e  s o l i d ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  and photo- and secondary  
e l e c t r o n  y i e l d  of t h e  m a t e r i a l  and p o s s i b l y  t h e  p a s t  e l e c t r i c a l  h i s t o r y  of t h e  
system. The energy and a n g u l a r  d i s t r i b u t i o n s  of b o t h  t h e  f r e e l y  moving c h a r g e s  
i n  t h e  plasma environment and of t h e  photo-and secondary e l e c t r o n s  detemine t h e  
s i g n  and magnitude of t h e  e l e c t r i c a l  charge on t h e  s o l i d .  Since t i m e - s t a t i o n a r y  
c o n d i t i o n s  r e q u i r e  an e lec t r ica l  c u r r e n t  balance between t h e  p a r t i c l e  and i t s  
environment ,  t h e  e l e c t r i c a l  f o r c e  i n  t h i s  t i m e - s t a t i o n a r y  s t a t e  w i l l  be t h a t  
r e q u i r e d  t o  r e g u l a t e  t h e  c u r r e n t s  t o  t h e  t ime-s ta t ionary ,  balanced c o n d i t i o n .  I n  
s i s p l e  g e o m e ~ r y  and with s i rnple  boundary c o n d i t i o n s  t h i s  proSlem ca:i be so l \~cc l  
by a n a l y t i c a l  t echniques  u s i n g  c u r r e n t  ba lance .  However, w i t h  i n n e r  boundar ies  
which lack  symmetry Dr w h e r e  a q i s o t r o p y  i s  in t roduced  i n  t h e  p l a s m  
d i s t r i b u t i o n ,  a n a l y t i c a l  s o l u t i o n  i s  not p o s s i b l e .  
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Numerical s i m u l a t i o n ,  however, can a l low t h e  c a l c u l a t i o n  of t h e  behavior  
of r e p r e s e n t a t i v e  cases from which i n s i g h t  may be ga ined .  Our approach i s  t o  
h l l o w  randonly  s e l e c t e d  i n c i d e n t  plasma charges us iqg  numerical  i n t e g r a t i o n  of 
t h e  Newtonian e q u a t i o n s  of motion. The dominant i n t e r a c t i o n  i n  many i n t e r e s t i n g  
c a s e s  i s  between t h e  i n c i d e n t  p a r t i c l e  and the charges  a l r e a d y  p r e s e n t  on t h e  
s o l i d .  Provid ing  t h a t  t h e s e  a r e  t h e  most important  i n t e r a c t i o n s  i n  t h e  system 
and t h a t  t h e y  can be r e p r e s e n t e d  by a l i m i t e d  number of Couloumbic i n t e r a c t i o n s  
between t h e  i n c i d e n t  p a r t i c l e  and t h e  f i x e d  c h a r g e s ,  one of  t h e  more d i f f i c u l t  
and n u m e r i c a l l y  c h a l l e n g i n g  a s p e c t s  of s e l f - c o n s i s t e n t  plasma s i m u l a t i o n  can  be 
circumvented -- namely, t h e  s o l u t i o n  of Poissons's  e q u a t i o n  f o r  t h e  p o t e n t i a l  i n  
t h r e e  dimensions and wi th  a complicated i n t e r i o r  boundary c o n d i t i o n .  I f  t h e  
t i m e  scale f o r  t h e  r e l a x a t i o n  of t h e  charge d i s t r i b u t i o n  on t h e  s o l i d  by 
exchange of charge w i t h  i t s  sur roundings  i s  s h o r t e r  t h a n  t h e  o t h e r  t i m e  s c a l e s  
of t h e  problem, then  t h e  s i m u l a t i o n  i s  f u r t h e r  s i m p l i f i e d  i n  t h a t  o n l y  a time 
s t a t i o n a r y  s t a t e  i s  needed. A f t e r  a s u f f i c i e n t l y  l a r g e  number of tes t  p a r t i c l e s  
have been presented  t o  t h e  system and t h e  charge s t a t e  o f  t h e  s o l i d  has  a t t q i n e d  
a t i m e  independent  v a l u e  ( a l l o w i n g ,  of c o u r s e ,  f o r  p u r e l y  s t a t i s t i c a l  
f l u c t u a t i o n )  t h e  s t a t e  of  t h e  s i m u l a t i o n  probably r e p r e s e n t s  t h a t  a t t a i n e d  i n  
n a t u r e .  

P r e l i m i n a r y  s i m u l a t i o n s  have a l ready  been run on micron-sized,  
e l e c t r i c a l l y  i n s u l a t i n g ,  c u b i c a l  g r a i n s  i n  plasma c o n d i t i o n s  c h a r a c t e r i s t i c  of 
low E a r t h  o r b i t  ( e x c e p t  €or  being a t  rest with r e s p e c t  t o  t h e  plasma).  Time 
s t a t i o n a r y  s t a t e s  a r e  obta ined  a f t e r  a few t e n s  of  thousands of  test p a r t i c l e s  
have been i n j e c t e d  i n t o  t h e  s y s t e m .  The e q u i l i b r i u m  e l e c t r i c a l  p o t e n t i a l  ( -2 .7  
kTe/e)  a t t a i n e d  by t h e  g r a i n  a t  low plasma tempera turas  i s  w e l l  approximated by 
a n a l y t i c a l  c a l c u l a t i o n  f o r  s p h e r i c a l  g r a i n s  ( - 2 . 5  kTe/e)  . This  g i v e s  some 
a s s u r a n c e  t h a t  t h e  s i m u l a t i o n  techniques  are  r e a s o n a b l e  and t h a t  t h e  numer ica l  
L e p L c a f L I C ~ L L ' J ' I  i s  a c c u r a t e .  - - -.- - "*. - + -. t : ,... 

2. Needed Research 

The s imple  d e s c r i p t i o n  g i v e n  above, however, l e a d s  t o  a r i c h  v a r i e t y  of  
compl ica t ions  when a s i m u l a t i o n  i s  implemented. C l e a r l y ,  t h e  c h a r a c t e r i s t i c s  of  
t h e  s o l i d  m a t e r i a l  p l a y  an impor tan t  r o l e .  Most prominent among t h e s e  a r e  t h e  
secondary and p h o t o e l e c t r o n  emiss ion  c h a r a c t e r i s t i c s  of t h e  m a t e r i a l .  E l e c t r i c a l  
c o n d u c t i v i t y ,  d i e l e c t r i c  c o e f f i c i e n t ,  and s p u t t e r i n g  p r o b a b i l i t i e s ,  e l e c t r o n  
a f f i n i t i e s ,  and chemical  c h a r a c t e r i s t i c s  of t h e  s u r f a c e  a l l  a r e  impor tan t  i n  
some parameter  domain. The geometr ies  and scale s i z e s  are a l s o  expected t o  
a f f e c t  t h e  charge  s t a t e s  which w i l l  be  a t t a i n e d .  For example, t h e  secondary 
e l e c t r o n  y i e l d  de te rmines  t h e  e f f e c t i v e  i n c i d e n t  plasma tempera ture  a t  which 
g r a i n s  would become p o s i t i v e l y  r a t h e r  n e g a t i v e l y  charged which i s  t h e  u s u a l  case 
a t  low plasma tempera tures .  The energy spectrum of t h e  secondary e l e c t r o n s  
d e t e r m i n e s  t h e  l e v e l  t o  which p o s i t i v e  e l e c t r i c a l  charg ing  occurs .  

Tclc m i s s i o n  of secondary e l e c t r o n  emiss ion  caused by plasma p a r t i c l e s  
impact ing on t h e  s u r f a c e  of  t h e  s o l i d  changes t h e  e q u i l i b r i u m  p o t e n t i a l  from 
n e g a t i v e  t o  p o s i t i v e  i f  t h e  number of secondar ies  escaping  from t h e  g r a i n  
exceeds t h e  number of  i n c i d e n t  e l e c t r o n s .  For many m a t e r i a l s  of  i n t e r e s t ,  
e s p e c i a l l y  e l e c t r i c a l l y  i n s u l a t i n g ,  r e f r a c t o r y  m a t e r i a l s  such a s  s i l i c o n  
d i o x i d e ,  t h e  y i e l d  can be l a r g e  -- as high as 8 o r  10 s e c o n d a r i e s  per pr imary.  
I n c i d 2 n t  e!t=ctronc m u s t  3-i-iqe a t  the s u r f s c e  of t h e  g r a i n  wi th  s u f € i c i i . n t  
energy t o  produce a secondary f o r  t h i s  process  t o  be s i g n i f i c a n t .  Once 
s e c o n d a r i e s  a re  g e n e r a t e d ,  t h e y  w i l l  escape u n l 2 s s  t h e  g r a i n  h a s  a t t a i n e d  
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s u f f i c i e n t  p o s i t i v e  charge t o  prevent  t h e i r  escape .  The e q u i l i b r i u m  r e s u l t s  
from t h e  compet i t ion  of t h e  s e v e r a l  f a c t o r s  which i n f l u e n c e  t h e  e l e c t r i c a l  
charge on the  g r a i n .  

C l e a r l y ,  mix tu res  of g r a i n s  of d i f f e r e n t  composi t ion ,  s t reaming p lasmas ,  
plasmas wi th  supra thermal  t a i l s ,  o r  d i f f e r i n g  e l e c t r o n  and i o n  t empera tu res  
o f f e r  a r i c h  spectrum of responses  of d u s t  g r a i n s  i n  t h e  p re sence  of plasma. 
Na tu ra l ly  o c c u r r i n g  d u s t y  plasmas probably e x h i b i t  most of t h e s e  
c h a r a c t e r i s t i c s .  

V I I I .  THE EFFECTS OF CHARGED DUST GRAINS ON MOLECULAR EXCITATION AND 
INFRARED EMISSION 
(R. b e t t e r  and I. Krinsky, Univers i ty  of C a l i f o r n i a  a t  San 
Diego, La J o l l a ,  CA) 

1. Work Accomplished 

It has long been known t h a t  i n t e r s t e l l a r  g r a i n s  have an e l e c t r i c  charge .  
Simple arguments g ive  e l e c t r o s t a t i c  p o t e n t i a l s  of  a few times kT of t h e  g a s .  
Depending on l o c a l  c o n d i t i o n s  e i t h e r  p o s i t i v e  o r  n e g a t i v e  p o t e n t i a l s  can be 
ob ta ined .  
E, a t  t he  g r a i n  s u r f a c e  w i l l  be of t h e  order  10 v o l t s  p e r  cen t ime te r  o r  3x10 
i n  cgs u n i t s .  Smaller  p a r t i c l e s  would acqui re  a h ighe r  s u r f a c e  f i e l d ,  r e s u l t i n g  
i n  f i e l d  emiss ion .  Fur thermore ,  par t ic le  breakup w i l l  occur under such h i g h  
f i e l d s ,  e s p e c i a l l y  i f  t h e  t e n s i l e  s t r e n g t h  of t h e  p a r t i c l e s  i s  low sucg  as i n  
l o o s e  p a r t i c l e  a g r e g a t e s .  A t  t h e  s m a l l e s t  s i z e s  (e .g .  a few t imes 10 microns)  
on ly  s t r o n g  r e f r a c t o r y  g r a i n  c o r e s  are a b l e  t o  s u r v i v e  p a r t i c l e  p o t e n t i a l s  of a 
f e w  v o i r s  (liiii and i~ki id is  1379). 

Thus, f o r  g r a i n s  wi th  a r a d i u s  of 0.83 microns ,  t h e  e lec t r ic  f i e l d ,  

e a s i l y  
A E  

r o t  t y p i c a  

The S t a r k  broadening of a r i g i d  r o t a t o r  i n  an e l e c t r i c  f i e l d  can be 
of 

r f '  c a l c u l a t e d ,  g i v i n g  a s h i f t  i n  t h e  r o t a t i o n a l  energy ,  E 
= d E where d i s  the  permanent d ipole  of t he  molecule .  8 ince  molecule_g8 

l l y  have permanent d i p o l e s  on t h e  order  of a few debyes ( 1  debye = 10 
esu  cm), we f i n d  A Erot 1 E 
e f f e c t  causes  any rotationafokub-structure t o  be "washed out" .  

> 1. Hence under t h e s e  c o n d i t i o n s  t h e  S t a r k  

The presence  of charged g r a i n s  a l s o  a f f e c t s  t h e  c o l l i s i o n  c r o s s  s e c t i o n s  
of charged p a r t i c l e s .  The enhancement t o  the c o l l i s i o n  c r o s s  s e c t i o n  over  t h e  
geometr ic  c r o s s  s e c t i o n  i s  w e l l  known and i s  g iven  by Q = 1 + (ZeV/kT), where e 
is  t h e  e lementary  cha rge ,  Z i s  t h e  number of cha rges  on t h e  p a r t i c l e ,  V i s  t h e  
p o t e n t i a l  of t h e  g r a i n ,  and T i s  the  k i n e t i c  tempera ture  of t h e  p a r t i c l e .  
I n t e r s t e l l a r  c o n d i t i o n s  g i v e  Q t o  be from 1 t o  a few hundred. 

We would a l s o  l i k e  t o  point out  t h a t  charged g r a i n s  may g i v e  r i s e  t o  t h e  
w e l l  known u n i d e n t i f i e d  i n f r a r e d  (UIR) emission f e a t u r e s  seen  a t  wavelengths  of 
3 .3 ,  3.4,  3.5,  6.2, 7.7, 8.6, and 11.3 microns i n  a wide range of a s t r o p h y s i c a l  
o b j e c t s  (Wi l lne r  e t  a l .  1 9 7 7 ) .  These f e a t u r e s  a p p a r e n t l y  o r i g i n a t e  i n  t h e  
i n t e r f a c e  r eg ions  between t h e  hot H 11 gas  and t h e  molecular  cloud m a t e r i a l  ( s e e  
Wil lner  e t  a l .  1979 and r e f e r e n c e s  t h e r e i n ) .  The i n t e r f a c e  reg ion  i s  t h e  only 
a r e a  where i t  i s  expected t h a t  charged dus t  and molecules  can c o e x i s t .  
Consequent iy ,  s u c h  a s p a t i a l  c o r r e l a t i o n  n a t u r a l l y  sugges t s  a r e l a t i o n s h i p  
between t h e  U I R  emiss ions  and charged g r a i n s .  Other exp lana t ions  f o r  t h e  U I R  _ _  
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e m i s s i o n s  have been proposed but  none is  completely s a t i s f a c t o r y  (see h e k ,  
S e l l g r e n ,  S o i f e r ,  and Werner 1980). 

There might be s e v e r a l  ways i n  which charged g r a i n s  could  g i v e  r i se  t o  
t h e  u n i d e n t i f i e d  emiss ion  f e a t u r e s .  F i r s t ,  charged molecular  i o n s  might b e  
a t t r a c t e d  t o  charged g r a i n s ,  a c c e l e r a t e d  t o  s e v e r a l  e l e c t r o n  v o l t  k i n e t i c  
e n e r g i e s ,  and c o l l i d e  i n t o  t h e  g r a i n .  Such c o l l i s i o n s  would c e r t a i n l y  have 
s u f f i c i e n t  energy  t o  e x c i t e  v i b r a t i o n a l  t r a n s i t i o n s ,  i f  n o t  s u f f i c i e n t  t o  b r e a k  
up t h e  molecule.  Furthermore,  o b s e r v a t i o n s  show t h a t  t h e  3 .3  micron f e a t u r e  
does  n o t  break  up i n t o  t h e  s tandard  r o t a t i o n - v i b r a t i o n  s t r u c t u r e  under h i g h  
s p e c t r a l  r e s o l u t i o n  (Grssda len  and Joyce,  1976;  and Tokunaga and Young, 1980). 
The S t a r k  e f f e c t  would d e s t r o y  t h e  t y p i c a l  r o t a t i o n a l  s u b - s t r u c t u r e  s i n c e  
a d j a c e n t  r o t a t i o n a l  s t a t e s  would be smeared t o g e t h e r .  A second s e n a r i o  would 
i n v o l v e  c l o s e  passage of molecules  and g r a i n s .  Classical c a l c u l a t i o n s  of  
molecular  p r o p o r t i o n e d ,  d i p o l e  r i g i d  r o t a t o r s  demonst ra te  t h a t  t h e  t o r q u e s  
e x e r t e d  on molecules  d u r i n g  a g r a i n  passage can change t h e  r o t a t i o n a l  energy  of  
t h e  molecule  on t h e  o r d e r  o f  t h e  d i p o l e - e l e c t r i c  f i e l d  energy. Once t h e  
molecule  i s  i n  such e x c i t e d  r o t a t i o n a l  s t a t e s ,  i t  might be p o s s i b l e  f o r  
r o t a t i o n - v i b r a t i o n  coupl ing  t o  d i s t r i b u t e  the energy  i n t o  v i b r a t i o n a l  motion.  

C a l c u l a t i o n s ,  however,  show t h a t  i n  o r d e r  t o  produce t h e  i n t e n s i t y  of  
t h e  observed e m i s s i o n s ,  t h e  d e n s i t y  of p a r t i c l e s  i n  t h e  i n t e r a c t i o n  r e g i o n  needs 
t o  be enhanced over  t h e  average background ( P u e t t e r  and Kr insky ,  1985).  iln 
experiment  h a s  been des igned  and p a r t i a l l y  b u i l t  i n  o r d e r  t o  t e s t  t h e  e f f i c i e n c y  
of t h e  proposed mechanisms. 

I n  our exper iment ,  charged g r a i n s  a r e  r e p r e s e n t e d  by t h i n  wires i n  a 
m e t a l l i c  brush. The wires, while  l a r g e r  than t h e  i n t e r s t e l l a r  g r a i n s  a r e  
charged i o  d cor re spond ing ly  h i g h s r  p o t e n t i a l  i,n cr - le r  tc? ke?p t o  m_agnitlx!e of  
t h e  e l e c t r i c  f i e l d  a t  t h e  s u r f a c e  comparable. The experiment  i s  designed t o  run  
a t  e i t h e r  room o r  c ryogenic  tempera tures .  In t h i s  manner i t  should be p o s s i b l e  
t o  de te rmine  t h e  e f f e c t s  of molecules  f rozen onto  t h e  g r a i n  s u r f a c e .  Since i t  
has  been proposed t h a t  t h s  u n i d e n t i f i e d  i n f r a r e d  emiss ion  l i n e s  might correspond 
t o  s t r e t c h i n g  and bending modes of  t h e  v a r i o u s  bonds of  carbon and hydrogen 
atoms,  hydrocarbons w i t h  d i p o l e  moments a r e  p r i m a r i l y  used as tes t  g a s e s .  

2. Needed Research 

F u r t h e r  i n v e s t i g a t i o n ,  e s p e c i a l l y  e x p e r i m e n t a l ,  i s  needed t o  de te rmine  
t h e  e f f e c t s  of  charge  on i n t e r s t e l l a r  p a r t i c l e s .  F e a t u r e s  d i s c u s s e d  h e r e ,  such  
as e l e c t r o s t a t i c  g r a i n  r u p t u r e ,  S t a r k  broadening,  and c o l l i s i o n a l  c r o s s  s e c t i o n  
enhancement may a l s o  be impor tan t  i n  processes  o t h e r  than  U I R  emiss ion .  
I n d i c a t i o n s  of o t h e r  mechanisms a s s o c i a t e d  w i t h  d u s t y  plasmas i n  t h e  
i n t e r s t e l l a r  medium may cone from a comparison of H I and H I1 r e g i o n s  s i n c e  
b o t h  a r e  known t o  c o n t a i n  d u s t  but  a t  v e r y  d i f f e r e n t  e l e c t r i c  p o t e n t i a l s .  

I X .  OUTSTANDING QUESTIONS 

A t  t h e  c o n c l u s i o n  of t h e  workshop t h e  p a r t i c i p a n t s  were askzil t o  l i s t  
what t h e y  f e l t  were t h e  o u t s t a n d i n g  ques t ions  about d u s t y  plasmas t h a t  needed t o  
be a d d r e s s e d .  These q u e s t i o n s  f o r  s t a t e n e n t s )  as  t h e y  weri? g i v e n  and the  nan,? 
of t h e  q u e s t i o n e r  a r e  l i s t e d  below. 
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1. (H. Alfven) Rosseland e l e c t r i c  f i e l d s ,  caused by s e p a r a t i o n  of  c h a r g e s ,  
and t h e i r  e f f e c t s  on g ra in lp l a sma  i n t e r a c t i o n s  should be i n v e s t i g a t e d .  

2. (H .  Alfven) Every t h e o r e t i c a l  i d e a  needs  l a b o r a t o r y  v e r i f i c a t i o n .  
Experiments  should be s imple w i t h  the  s i n g l e  aim o f  t e s t i n g  a concept .  

3 .  (R .  Hazel ton)  E f f e c t s  l i k e  a p o t e n t i a l  v a r i a t i o n  w i t h i n  a plasma caused 
by d u s t  should be  measured i n  t h e  l abora to ry .  S i ze  e f f e c t s  on e l e c t r o n  emiss ion  
from g r a i n s  should be measured. 

4 .  ( J .  Stephens)  Experirnents should be extended i n t o  space  t o  g e t  away 
from w a l l  e f f e c t s ,  small  volumes, and g r a v i t y .  (Note:  t h e r e  i s  a sub-group of 
t h e  Flanks committee on exper iments  i n  space which i s  concerned wi th  expe r imen t s  
u s ing  p a r t i c u l a t e s  .) 

5. (J .  Stephens)  How does  t h e  chemis t ry  of  different m a t e r i a l s  a f f e c t  t he  
p rocesses  occur ing  a t  g r a i n  s u r f a c e s ?  

6. ( C .  McIlwain) Experiments  involv ing  " a r t i f i c i a l  comets" such  as  e j e c t e d  
d u s t  c louds  a r e  worthwhile  even though they are n,Dt i d e n t i c a l  t o  rea l  comets ,  as 
long as  they  g i v e  i n s i g h t  i n t o  phys ica l  p rocesses .  

7 .  ( C .  McIlwain) There are many processes  invo lv ing  dus t - -apar t  from a 
plasna--Yhich d e s e r v e  i n v e s t i g a t i o n  i n  t h e i r  own r i g h t .  

8. ( C .  McIlwain) We d i d  not  addres s  i n  d e t a i l  a t  t h i s  workshop some o f  t he  
a s t r o p h y s i c a l  regimes and p rocesses .  We need t o  invo lve  more a s t r o p h y s i c i s t s  i n  
t h i s  area. 

9. ( M .  k r a n y i )  Access t o  supercomputers--in a d d i t i o n  t o  t h e  F l o r i d a  
supercomputer--should be sought  f o r  s imula t ion  work. 

10. (M. HQranyi) The Department of Energy s u p p o r t s  plasma phys ic s  r e s e a r 2 h  
and WE should i n t e r e s t  them i n  t h e  f i e l d  of d u s t y  plasmas. 

11. (T. Northrop) The "Two-thirds F a l l  Down Ef fec t "  needs t o  be 
q u a n t i t a t i v e l y  i n v e s t i g a t e d  f u r t h e r  and w r i t t e n  up f o r  p u b l i c a t i o n .  

12. ( T .  Northrop) Where do the! Uranus r i n g  e r o s i o n  p roduc t s  go? 

13. (T.  Northrop) What are t h e  products  of hype r -ve loc i ty  ( 5  t o  50 km/sec) 
impac t s  of  mic rometo r i t e s  on m a t e r i a l s ?  S imula t ion  s t u d i e s  can perhaps b e  done 
h e r e  and expe r imen ta l ly  v e r i f i e d  i n  one regime, and then  e x t r a p o l a t e d  t o  o t h e r  
regimes. Perhaps l asers  could  be used t o  evapora t e  a s p o t  t o  s t u d y  some o f  t h e  
p r o c e s s e s .  

14. ( I .  Krinsky)  Any d u s t y  plasma e f f e c t s  t h a t  could  l ead  t o  p r e d i c t i o n s  o f  
o b s e r v a t i o n a l  conseqwuences f o r  as t ronomers  should  be pursued.  

15. ( A .  Mzndis) Expsr iments  should be done on ice  and o t h e r  mater ia ls  t h a t  
a c t u a l l y  occur  i n  space  (e .g .  i n  t h e  r i n g s )  t o  measure p h o t o y i e l d s ,  secondary  
emiss ion  c o e f f i c i e n t s ,  e t c .  
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16. (A. Mendis) 
cha rge  on n u c l e a t i o n  

17. ( A .  Mendis) 

18. ( A .  Mendis) 

The i d e a  of inhomogeneous n u c l e a t i o n  and t h e  e f f e c t s  of 
should be pursued both  expe r imen ta l ly  and t h e o r e t i c a l l y .  

Dust d e b r i s  i n  the  ea r th ' s  environment needs  work. 

D i f f e r e n t  i deas  on the  format ion  of r i n g l e t s  should  be 
pursued .  However, t h e  most impor tan t  problem i s  how a r i n g  can be c o l l a p s e d  
i n t o  one body ( l o n g i t u d i n a l  f o c u s s i n g ) :  i . e .  how a cloud goes  t o  a r i n g ,  t h e n  
goes  t o  r i n g l e t s ,  t h e n  goes  t o  noons.  

19. 
i n v e s t i g a t i o n .  

( A .  Mendis) C o l l e c t i v e  e f f e c t s  such as waves i n  a d u s t y  plasma need 

20. (T. Northrop) The d rag  on g r a i n s  due t o  wave r a d i a t i o n  needs 
i n v e s t i g a t i o n .  

21. (E. n i p p l e )  The " e l e c t r o s t a t i c s "  of a d u s t y  plasma needs t o  have t h e  
motions of g r a i n s  pu t  i n t o  t h e  theo ry .  

22. (E. Whipple) It  would be u s e f u l  to  deve lop  s p a c e c r a f t - c a r r i e d  remote 
sens ing  t echn iques  such  a s  radar or l i d a r  s c a t t e r i n g  t o  o b t a i n  in fo rma t ion  on 
d u s t  on a macroscopic  scale i n  space .  
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