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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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