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PURPOSE AND SCOPE 

I n  o r d e r  t o  m a i n t a i n  an up t o  da te  a s s e s s m e n t  o f  the 
m e t e o r o i d  h a z a r d  t o  P r o j e c t  Apol lo ,  c o n t i n u e d  r ev iew o f  t h e  
a v a i l a b l e  i n f o r m a t i o n  about  t h e  m e t e o r o i d  env i ronmen t  i s  n e c e s s a r y .  
T h i s  p a p e r  i s  t h e  f i r s t  r e p o r t  on a s y s t e m a t i c  e f f o r t  u n d e r t a k e n  
for t h a t  p u r p o s e .  We p r e s e n t  he re  a d i s c u s s i o n  o f  c u r r e n t  
knowledge eo  c e r n i n g  d i s t r i b u t i o n s  o f  p a r t i c l e s  i n  t h e  mass r a n g e  
o f  a b o u t  grams or smaller .  
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SUMMARY 

A r ev iew o f  t h e  micrometeoro id  envi ronment  i s  p r e s e n t e d .  
I n f o r m a t i o n  about  f l u x e s  of d u s t  p a r t i c l e s  i n  t h e  mass r a n g e  o f  
abou t  grams or s m a l l e r  d e r i v e d  from z o d i a c a l  l i g h t  and  
F-corona s t u d i e s  i s  d i s c u s s e d  and compared w i t h  t h e  r e s u l t s  o f  
d i r e c t  measurements o b t a i n e d  b y  s a t e l l i t e s .  Near e a r t h  measure- 
ments o b t a i n e d  b y  microphone s y s t e m s  d e f i n e  a f l u x  t h r e e  t o  f i v e  
o r d e r s  o f  magni tude h i g h e r  t h a n  can b e  p r e d i c t e d  from t h e  a s t r o n o -  
m i c a l  c a l c u l a t i o n s ;  t h e  d i s c r e p a n c y  has been a t t r i b u t e d  t o  a 
h y p o t h e t i c a l  c l o u d  of c a p t u r e d  micrometeoro ids  a r o u n d  t h e  e a r t h .  
Data from t h e  deep  s p a c e  microphone measurements  by M a r i n e r  I1 
are  i n  good agreement  w i t h  t h o s e  d e r i v e d  from t h e  z o d i a c a l  l i g h t  and  
F-corona  s t u d i e s .  No e x p l a n a t i o n  c o n s i s t e n t  w i t h  n e a r  ea r th  micro-  
phone da ta  has been found t o  account  f o r  t h e  c l o s e  agreement  o f  
p a r t i c l e  i n f l u x  ra tes  d e r i v e d  f r o m  t h e s e  s t u d i e s  and t h o s e  d e f i n e d  
by  n e a r  e a r t h  p e n e t r a t i o n  measurements b y  t h e  E x p l o r e r  X V I  s a t e l l i t e .  
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THE MICROMETEOROID ENVIRONMENT OF PROJECT APOLLO 

I ,  I N T R O D U C T I O N  

Space o u t s i d e  t h e  e a r t h ' s  p r o t e c t i v e  a tmosphe re  and 
beyond c o n t a i n s  many small f r agmen t s  o f  i n t e r p l a n e t a r y  d e b r i s .  
An e n c o u n t e r  between such  a n  i n t e r p l a n e t a r y  p a r t i c l e  and a 
s p a c e c r a f t  i s  bound t o  be v i o l e n t  s i n c e  t h e  v e l o c i t y  o f  t h e  
two o b j e c t s  r e l a t i v e  t o  e a c h  o t h e r  i s  many k i l o m e t e r s  p e r  s econd .  
The t y p e  of d e b r i s  which i s  s u f f i c i e n t l y  numerous t o  j u s t i f y  
c o n c e r n  i s  d i v i d e d  here  i n t o  t w o  b road  c a t e g o r i e s  ( a s  a f u n c t i o n  
o f  s i z e ) :  
a b o u t  grams* and the  mic rometeo ro ids ,  r a n g i n g  f rom a b o u t  
grams down t o  10 -I5 grams o r  even l e s s .  
p r e s e n t  p a p e r  w i l l  be  l i m i t e d  t o  t h e  l a t e r  t y p e  p a r t i c l e s ;  a r e v i e w  
o f  t h e  v i s u a l  and r a d a r  me teo ro ids  i s  d e f e r r e d  t o  a f u t u r e  p a r t  
o f  t h i s  s t u d y .  

m e t e o r o i d s  r a n g i n g  i n  mass from a few grams down t o  

The d i s c u s s i o n  i n  t h e  

Mic rometeo ro ids  o r  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s  a r e  t o o  
s m a l l  t o  produce  o b s e r v a b l e  t r a c e s  of  l i g h t  o r  i o n i z a t i o n  when 
e n t e r i n g  t h e  a tmosphe re .  Before  t h e  d a y  t e c h n i q u e s  were deve loped  
t o  d i r e c t l y  measure p a r t i c l e  f l u x e s  by s a t e l l i t e s ,  t he  o n l y  s o u r c e  
of i n f o r m a t i o n  a b o u t  i n t e r p l a n e t a r y  d u s t  came from a s t r o n o m i c a l  
s t u d i e s  o f  t h e  s o l a r  F-corona and of  t h e  z o d i a c a l  l ight . .  

It h a s  been  c o n c l u s i v e l y  e s t a b l i s h e d  t h a t  t h e s e  two 
phenomena a r e  a r e s u l t  o f  t h e  s c a t t e r i n g  and d i f f r a c t i o n  o f  t h e  
s u n ' s  l i g h t  by i n t e r p l a n e t a r y  d e b r i s  ( G r o t r i a n ,  1934; Van d e  Hulst, 
1947; A l l e n ,  1946). Photometr ic  measurements  made i t  p o s s i b l e  t o  
t h e n  c o n s t r u c t  models  o f  t h e  s p a t i a l  and  s i z e  d i s t r i b u t i o n  of t hese  

*When e n t e r i n  t h e  a tmosphere ,  t h e s e  p a r t i c l e s  become luminous  
( v i s u a l  m e t e o r o i d s 7  and produce a t r a i l  o f  i o n i z a t i o n  d e t e c t a b l e  
b y  r a d a r  ( r a d a r  m e t e o r o i d s ) ,  
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i n t e r p l a n e t a r y  p a r t i c l e s .  Approaching t h e  s u b j e c t  i n  h i s t o r i c  
o r d e r ,  a r ev iew of  t h e  i n f o r m a t i o n  d e r i v e d  from t h e s e  s t u d i e s  
i s  b r i e f l y  p r e s e n t e d  ( S e c t i o n  11). 

T- Onn4-<n=. -  
111 r J c L b I u I I  111, w e  d i s c u s s  t h e  s i g n i f i c a n c e  o f  t h e  

i n f o r m a t i o n  g a i n e d  from d i r e c t  measurements b y  r o c k e t s  and 
s a t e l l i t e s .  Data from t h e s e  d i r e c t  measurements  a r e  compared 
w i t h  p a r t i c l e  d i s t r i b u t i o n s  i n f e r r e d  from a s t r o n o m i c a l  c a l c u l a -  
t i o n s  of  t h e  s u r f a c e  b r i g h t n e s s  o f  t h e  F-corona and zodiaca2 .  
c l o u d .  The l a t t e r  s t u d i e s  p r e d i c t  a p a r t i c l e  d i s t r i b u t i o n  o f  
abou t  lo5 t i m e s  s m a l l e r  t h a n  measured b y  microphone s e n s o r s  
used  i n  most of t h e  d i r e c t  measurements .  If one p o s t u l a t e s  
t h a t  a c a p t u r e d  c l o u d  of i n t e r p l a n e t a r y  d u s t  o r b i t s  t h e  e a r t h ,  
t h e  d i f f i c u l t y  a r i s i n g  from t h i s  d i s c r e p a n c y  i s  removed b u t  
some new problems are t h e r e b y  c r e a t e d .  The s i t u a t i o n  i s  n o t  
c l e a r l y  u n d e r s t o o d .  

A r ev iew o f  t e r r e s t r i a l  a c c r e t i o n  s t u d i e s  of micro-  
m e t e o r i t e s  i s  de fe r r ed  t o  t h e  second and f u t u r e  p a r t  o f  t h i s  work. 

11. THE MICROMETEOROID ENVIRONMENT 

A c o n s i d e r a b l e  amount o f  i n t e r p l a n e t a r y  d e b r i s  i s  d i s -  
p e r s e d  i n  s p a c e ,  moving i n  widely d i f f e r e n t  o r b i t s  a round t h e  
s u n .  Most o f  t h e s e  o b j e c t s  a r e  t i n y  d u s t  p a r t i c l e s  b e l i e v e d  to 
b e  f r a g m e n t s  g i v e n  up by  p e r i o d i c  comets .  

The d i s t r i b u t i o n  of  t h e s e  p a r t i c l e s  i s  f a r  from uni form 
and t h e i r  number d e n s i t y  i s  s u b j e c t  to l a r g e  e r r a t i c  f l u c t u a t i o n s  
(Dubin ,  1960-1; Dubin, Alexander  and Berg ,  1 9 6 2 ) .  An u n u s u a l l y  
l a r g e  i n c r e a s e  i n  t h e  number of micrometeo ro ids  i s  c a l l e d  a shower 
and i s  s u s p e c t e d  t o  be  a s s o c i a t e d  w i t h  t h e  o r b i t  o f  p e r i o d i c  
comets .  Such "showers"  may on ly  l a s t  f o r  a f e w  h o u r s .  The t o t a l  
number d e n s i t y  o f  these p a r t i c l e s  i n  t h e  ne ighborhood  of  t h e  
e a r t h ' s  o r b i t  b u t  n o t  n e c e s s a r i l y  i n  t h e  ne ighborhood o f  t h e  
e a r t h  i t s e l f  i s  b e l i e v e d  t o  f l u c t u a t e  a round a mean v a l u e  of 
a b o u t  a few p a r t i c l e s  p e r  c u b i c  mi le .  T h i s  i s  s u f f i c i e n t l y  nu- 
merous t o  g i v e  r i s e  t o  s p a c e c r a f t  hazard as a r e s u l t  o f  p u n c t u r e  
or o t h e r  damage a r i s i n g  from a mutual  c o l l i s i o n .  S i n c e  t h e s e  
p a r t i c l e s  a re  moving w i t h  a v e l o c i t y  o f  many k i l o m e t e r s / s e c  ( a n d  
s o  i s  t h e  s p a c e c r a f t )  r e l a t i v e  to t h e  e a r t h ,  an  a v e r a g e  p a r t i c l e  
w i l l  h ave  a ( r e l a t i v e )  k i n e t i c  energy o f  many times i t s  mass i n  
TNT and t h e  consequences  o f  a c o l l i s i o n  w i t h  a s p a c e c r a f t  w i l l  
b e  c o r r e s p o n d i n g l y  s e r i o u s .  During an Apo l lo  t y p e  m i s s i o n ,  i n  
p a r t i c u l a r ,  t h e  CSM w i l l  e x p e r i e n c e  a g r e a t  many such  e n c o u n t e r s  
w i t h  c e r t a i n t y .  
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The g e n e r a l  problem a t  hand can  be f o r m u l a t e d  a s  f o l l o w s :  
one h a s  t o  c a l c u l a t e  t h e  p r o b a b i l i t y  of e n c o u n t e r i n g  a me teo ro id  
o f  a g i v e n  k ind*  d u r i n g  a s p e c i f i e d  m i s s i o n  and t h e n  t o  d e f i n e  
t h e  h i s t o r y  of t h e  c r a f t  i n  terms of t h e  p a r t i c u l a r  m e t e o r o i d  
e v e n t s  it i s  l i k e l y  t o  e x p e r i e n c e .  With t h i s  i n f o r m a t i o n  s e c u r e d ,  
i t  t h e n  becomes p o s s i b l e  t o  d e s i g n  a s p a c e c r a f t  t o  q u a l i f y  a g i v e n  
m i s s i o n  w i t h i n  s p e c i f i e d  t o l e r a n c e s .  

The dynamic c h a r a c t e r i s t i c s  of i n d i v i d u a l  m e t e o r o i d s  
a r e  s u f f i c i e n t l y  d i v e r s e  and our  knowledge o f  t h e i r  p r o p e r t i e s  
s u f f i c i e n t l y  l i m i t e d  t h a t  s t a t i s t i c a l  c o n s i d e r a t i o n s  have  t o  be 
i n t r o d u c e d .  
p l a c e  c a n  t h e n  be w r i t t e n  a s  

The number of t imes ,  No, t h a t  a g i v e n  e v e n t  w i l l  t a k e  

No = FE (1) 

where t h e  f l u x  F i s  the  number o f  m e t e o r o i d s  of a p a r t i c u l a r  k i n d ,  
f o r  example,  h a v i n g  mass m o r  g r e a t e r ,  c r o s s i n g  a randomly o r i e n t e d  
a r e a  o f  space  p e r  second,  expres sed  i n  u n i t s  of m-' s e c  and E i s  
t h e  p r o d u c t  of the  s u r f a c e  a r e a  of t h e  s p a c e c r a f t  by t h e  t ime  o f  
t h e  m i s s i o n  i n  u n i t s  of m2 s e c ;  E i s  known a s  t h e  e x p o s u r e .  
i f  No <<19 t h e  e v e n t  i s  n o t  l i k e l y  t o  o c c u r  and we may d i s m i s s  i t  
from o u r  c o n s i d e r a t i o n .  I f  on the o t h e r  hand a p r o b a b i l i t y  f o r  no 
p u n c t u r e  o f ,  s ay ,  9% i s  d e s i r e d ,  one h a s  t o  c o n s i d e r  a l l  e v e n t s  
f o r  which No 2 .01. One may t h e n  d e f i n e  a f l u x  to be " s i g n i f i c a n t "  
i f  i t  r e a c h e d  t h e  t h r e s h o l d  va lue  which a d e s i g n e r  must c o n s i d e r  i n  
o r d e r  to s a t i s f y  r e l i a b i l i t y  r e q u i r e m e n t s  e 

-1 

C l e a r l y  

From t h e  p o i n t  o f  view o f  a manned l u n a r  m i s s i o n ,  one 
may g e n e r a l l y  d i s t i n g u i s h  between two t y p e s  of h a z a r d s :  haza rd  
t o  s p a c e c r a f t  and h a z a r d  t o  crew d u r i n g  e x t r a v e h i c u l a r  a c t i v i t i e s ,  
Orrok (1964) d i s c u s s e d  t h i s  problem and found t h a t  t h e  s i g n i f i c a n t  
f l u x  f o r  a n  a s t r o n a u t  d u r i n g  an  Apol lo  t y p e  m i s s i o n  i s  a b o u t  
lo-* t o  10- p a r t i c l e s / m *  s e c  and f o r  t h e  combined CSM i t  i s  a b o u t  

t h i s  p a p e r )  t o  t h e  f l u x  o f  me teo ro ids  w i t h  a mass of a b o u t  
lo-' gm to gm f o r  t he  a s t r o n a u t  and a b o u t  gm to gm 
f o r  t he  CSM. We t h e r e f o r e  conclude t h a t  t h e  f l u x  o f  micro-  
me teo ro ids**  i s  s i g n i f i c a n t  f o r  t h e  a s t r o n a u t  b u t  n o t  f o r  t h e  CSM, 

6 
-9 2 to 10 /m s e c ,  T h i s  co r re sponds  ( s e e ,  e o g o 3  F i g u r e  6 o f  

*By " k i n d "  one u s u a l l y  means i t s  s i z e ,  o r  i t s  mass o r  t h e  
t h i c k n e s s  of  aluminum i t  i s  a b l e  t o  p e n e t r a t e ,  Me teo ro ids  l a r g e  
enough t o  produce d e t e c t a b l e  s i g n a l s  when e n t e r i n g  t h e  e a r t h ' s  
a tmosphe re  a r e  u s u a l l y  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  v i s u a l ,  
p h o t o g r a p h i c  o r  r a d a r  magni tudes.  

i **Defined a s  t h o s e  p a r t i c l e s  wi th  mass l e s s  t h a n  gms. 

I 
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111. ASTRO 3 M I C A L  I 

4 

FORMATION A B 0  ICROMETEOROIDS 

Z o d i a c a l  L i g h t  and F-Corona 

Afte r  t w i l i g h t  and b e f o r e  dawn, a f a i n t  glow c a l l e d  t h e  
z o d i a c a l  l i g h t  can  b e  s e e n  d i m i n i s h i n g  i n  b r i g h t n e s s  f rom t h e  
h o r i z o n  toward  t h e  z e n i t h  i n  t h e  p l a n e  o f  t h e  e c l i p t i c  ( i . e . ,  
p l a n e  o f  t h e  e a r t h ' s  o r b i t  around t h e  sun  or t h e  s u n ' s  p a t h  
i n  t h e  s k y  a round t h e  e a r t h ) .  T h i s  phenomenon i s  s o  f a i n t  
t h a t  i t  can  o n l y  b e  s e e n  on c l e a r  n i g h t s  and f a r  away from c i t i e s .  
The l i g h t  coming from man-made i l l u m i n a t i o n  i s  s u f f i c i e n t l y  s t r o n g  
t o  merge t h e  z o d i a c a l  l i g h t  i n t o  t h e  background.  G r o t r i a n  (1934)  
f i r s t  s u g g e s t e d ,  and now i t  i s  g e n e r a l l y  a c c e p t e d ,  t h a t  a s c a t t e r -  
i n g  o f  t h e  s u n ' s  r a y s  b y  i n t e r p l a n e t a r y  d u s t  g i v e s  r i s e  t o  t h e  
z o d i a c a l  l i g h t .  The F r a u n h o f e r  l i n e s  a re  l i t t l e  broadened  and 
t h e  l i g h t  i s  p a r t i a l l y  p o l a r i z e d .  Near t h e  a n t i s o l a r  p o i n t  t h e  
b r i g h t n e s s  o f  t h e  background s k y  i n c r e a s e s ;  t h i s  f a i n t  glow i s  
known as t h e  g e g e n s c h e i n .  While d i f f e r e n t  o p i n i o n s  e x i s t  i n  
r e g a r d  t o  i t s  o r i g i n ,  t h e r e  a r e  r e a s o n s  ( s e e ,  e . g . ,  Elsasser ,  1963)  
t o  b e l i e v e  t h a t  t h e  g e g e n s c h e i n  i s  t h e  r e s u l t  o f  back  s c a t t e r i n g  

I 

I o f  t h e  s u n ' s  r a y s  by d i e l e c t r i c  d u s t .  

, 
The i n t e n s i t y  o f  t h e  s u n ' s  co rona  can  b e  separated i n t o  

two s p e c t r o s c o p i c a l l y  d i s t i n c t  components, c a l l e d  K and  F ( G r o t r i a n ,  
1 9 3 4 ) .  T h e  K-corona i s  s t r o n g l y  p o l a r i z e d  and  i s  caused  b y  t h e  
s c a t t e r i n g  o f  l i g h t  b y  f r e e  e l e c t r o n s  n e a r  t h e  s u n ' s  s u r f a c e .  
The  F-corona i s  l i t t l e  p o l a r i z e d  (Ohman, 1947)  and i s  a t t r i b u t e d  
t o  s o l a r  pho tons  d i f f r a c t e d  by i n t e r p l a n e t a r y  p a r t i c l e s  f a r  
away from t h e  sun .  A t  s u f f i c i e n t l y  h i g h  e l o n g a t i o n s  t h e  F-corona 
merges i n t o  t h e  z o d i a c a l  l i g h t  and hence  t h e  l a t t e r  can  be  con- 
s i d e r e d  as a mere e x t e n s i o n  o f  t h e  F-corona.  Because  of  da ta  
r e d u c t i o n  d i f f i c u l t i e s ,  a c c u r a t e  o b s e r v a t i o n s  i n  t h e  e l o n g a t i o n  
o f  a b o u t  l o o  t o  20° ( f rom t h e  s u n )  a re  n o t  a v a i l a b l e .  T h i s  i s  
i n d i c a t e d  i n  F i g u r e  1 which i s  a p l o t  g i v e n  by Elsasser  (1963)  
o f  t h e  o b s e r v e d  i n t e n s i t y  o f  t h e  s u n ' s  c o r o n a  and  t h a t  o f  t h e  
z o d i a c a l  l i g h t .  The i n d i v i d u a l  c o n t r i b u t i o n s  of  t h e  F and K 
components t o  t h e  s u r f a c e  i n t e n s i t y  of  t h e  c o r o n a  a r e  i n d i c a t e d .  

I 
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0 

E l o n g a t i o n  i s  measured from t h e  s u n ,  
t h e  s u p e r s c r i p t  M means magnitude*.  

means s q u a r e  degree and 

L)cta.i 1:; of' the obse rave t i  zodiacal l i g h t  i n t e n s i t y  a r e  
better i n d i c a t e d  i n  a semi- logar3 i thmic  p l o t .  F i g u r e  2 g i v e s  
t h e  o b s e r v e d  i n t e n s i t y  ( s o l i d  l i n e )  and p o l a r i z a t i o n  (dashed 
l i n e )  o f  t h e  z o d i a c a l  l i g h t  as  reproduced  from G i e s e  ( 1 9 6 3 ) .  
The l e f t  v e r t i c a l  s c a l e  co r re sponds  t o  t h e  t o t a l  i n t e n s i t y  
( b o t h  p o l a r i z e d  components) and t h e  r i g h t  v e r t i c a l  s c a l e  g i v e s  
t h e  % p o l a r i z a t i o n  P ,  d e f i n i t e d  as 

( 2 )  
P =  %-I2  

I l t 1 2  
where 

I1 and I2 are t h e  i n t e n s i t i e s  i n  e a c h  p l a n e  o f  p o l a r i z a t i o n  
( see  F i g u r e  3 ) .  
u n c e r t a i n t y  i n  t h e  p l o t t e d  v a l u e s .  

The w i d t h  o f  t h e  shaded r e g i o n s  r e p r e s e n t s  t h e  

T h e o r e t i c a l  Models 

Any s a t i s f a c t o r y  model has t o  r e p r o d u c e  t h e  b r i g h t n e s s  
o f  t h e  F-corona and z o d i a c a l  l i g h t  ( F i g u r e s  1 and 2 )  as w e l l  as 
t h e  o b s e r v e d  p o l a r i z a t i o n  ( F i g u r e  2 ) .  The geometry o f  t h e  s i t u -  
a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  3. 

Assuming t h a t  t h e  s c a t t e r e r s  a re  s p h e r i c a l  p a r t i c l e s  
of  r a d i u s  a ,  a m a t h e m a t i c a l  s t a t e m e n t  o f  t h e  probJem can  now be  
g i v e n  i n  t e r m s  o f  t h e  s c a t t e r i n g  f u n c t i o n  Sk ( + ,  a )  f o r  p o l a r i z a t i o n  

*The Magnitude M of  a l i g h t  s o u r c e  i s  d e f i n e d  as 
M =-2.5 loglo L/L where L i s  t h e  i l l u m i n a n c e  of  t h e  s o u r c e  a t  
t h e  p o i n t  o f  o b s e r v a t i o n ;  Lo i s  t h e  i l l u m i n a n c e  o f  a s o u r c e  o f  
z e r o  magn i tude  and i s  e q u a l  t o  2 x f o o t  c a n d l e s  o r  2 x 
l u x .  The s u n  has a magnitude of -26 .7 ,  t h e  full moon - 1 2 . 6  and 
J u p i t e r  -2 .5 .  The l i m i t i n g  magnitude t h a t  t h e  naked eye  can  d e t e c t  
i s  a b o u t  t 6 .  From t h e  d e f i n i t i o n  of  magn i tude ,  one c a n  s e e  t h a t  
i n c r e a s i n g  L by l o x  w i l l  d e c r e a s e  M by  -2 .5  e t c . . .  I n  F i g u r e  1, 
we see  t h a t  t h e  i n t e n s i t y  o f  t h e  z o d i a c a l  l i g h t  a t  90" e l o n g a t i o n  
i s  1 0 0  s t a r s  o f  1 0  /Oo; i n  te rms  o f  magni tude  t h i s  t h e n  becomes 
M = +5/rJ0 o r  b a r e l y  v i s i b l e  w i t h  t h e  naked e y e .  

0 

M 
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where I ( 4 )  i s  t h e  corlI ,r , ibution t o  t h e  s c a t t e r e d  l i g h t  by one 
s c a t t e r e r  a t  s c a t t e r i n g  a n g l e  + ( s e e  F i g u r e  3 ) ,  I i s  t h e  i n -  
c i d e n t  beam and A i s  t h e  d i s t a n c e  from s c a t t e r e r  t o  t h e  o b s e r v e r .  
The f u n c t i o n s  SI and S 2  depend on t h e  s i z e  o f  t h e  p a r t i c l e ,  t h e  

wave leng th  o f  t h e  i n c i d e n t  r a d i a t i o n  and  t h e  complex d i e l e c t r i c  
c o n s t a n t  o f  t h e  s c a t t e r e r .  P h y s i c a l l y ,  S i s  t h e  s u p e r p o s i t i o n  
o f  t h e  p r o c e s s e s  o f  r e f l e c t i o n ,  r e f r a c t i o n ,  d i f f r a c t i o n  and 
a b s o r p t i o n .  

k 
0 

k 

To o b t a i n  t h e  t o t a l  i n t e n s i t y  s c a t t e r e d  i n t o  t h e  
d i r e c t i o n  E, one has t o  i n t e g r a t e  Eq-3 o v e r  t h e  p a r t i c l e  d i s t r i -  
b u t i o n  and a l o n g  t h e  l i n e  of s i g h t .  T h i s  can  be  e x p r e s s e d  as 

where 1, is t h e  sol .a~, c o n s t a n t  and PJ(R,a)da i s  t h e  number o f  
particles per. emJ with a r a d i u s  between a and a+da a t  a d i s t a n c e  R 
from t h e  s u n .  
r e s p e c t i v e l y  . 

2 

a and  al a r e  t h e  minimum and maximum p a r t i c l e  r a d i i ,  
0 

T h i s  problem has been t r ea t ed  i n  t h e  l i t e r a t u r e  b y  a 
number o f  a u t h o r s * .  A l l  o f  these  s t u d i e s  are c o n s i s t e n t  i n  as- 
suming a n  i n t e r p l a n e t a r y  medium o f  s p h e r i c a l  d u s t  p a r t i c l e s  w i t h  a 

*For a r e v i e w ,  s ee  Giese  ( 1 9 6 3 ) ,  Elsasser ( 1 9 6 3 )  and 
Ingham ( 1 9 6 3 ) .  
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r a d i u s  of  t h e  o r d e r  of a micron o r  l a r g e r  ( w i t h  o r  w i t h o u t  an 
admix tu re  o f  f r e e  e l e c t r o n s )  and w i t h  a s p a t i a l  d i s t r i b u t i o n "  of 

N ( a , R )  da  = 0 when R 4 .1 AU (6) 
where N(a,R) da i s  t h e  number of p a r t i c l e s  w i t h  a r a d i u s  between 
a and a+da(cm) p e r  em3 of  s p a c e ,  C y  P, and a a r e  c o n s t a n t s  and R 
i s  t h e  d i s t a n c e  from the  sun  i n  AU**. 

Eq-4 i s  based  on t h e  c o n s i d e r a t i o n  t h a t  a t  .1 AU from 
t h e  sun t h e  p a r t i c l e s  w i l l  become s u f f i c i e n t l y  h o t  t o  m e l t  and 
decay*** 

A minimum v a l u e  f o r  t he  p a r t i c l e  r a d i u s  h a s  t h e o -  
r e t i c a l l y  been e s t a b l i s h e d .  Using c l a s s i c a l  ( e the r )  t h e o r y  
Poyn t ing  (1904) found t h a t  sma l l  p a r t i c l e s ,  due t o  t h e  s u n ' s  
r a d i a t i o n ,  w i l l  g r a d u a l l y  l o s e  momentum ( t o  t h e  r a d i a t i o n  f i e l d )  
and s p i r a l  i n t o  t h e  s u n .  Robertson (1937) t r e a t e d  t h i s  r e l a t i v -  
i s t i c  problem u s i n g  the  c o r r e c t  c o v a r i a n t  f o r m u l a t i o n  t h a t  h a s  
s i n c e  been  deve loped .  The n e t  r e s u l t  i s  t h a t  p a r t i c l e s  w i t h  a 
r a d i u s  l e s s  t h a n  

a 4 .6/pmicrons,  p =  s p e c i f i c  g r a v i t y ,  ( 7 )  
a r e  blown o u t  o f  t h e  s o l a r  system by r a d i a t i o n  p r e s s u r e  and p a r -  
t i c l e s  w i t h  a r a d i u s  somewhat l a r g e r  t h a n  .6/p a r e  a l s o  u n s t a b l e  
i n  t h e  s e n s e  t h a t  t h e y  q u i c k l y  s p i r a l  i n  toward t h e  sun  where 
t h e y  decompose and a r e  t h e n  removed by r a d i a t i o n  p r e s s u r e .  

Two i m p o r t a n t  g e n e r a l i z a t i o n s  can  be d e r i v e d  from t h e  
s o l u t i o n  o f  Eq-4 f o r  a p a r t i c u l a r  model, (1) t h e  F-corona r e s u l t s  
a p p e a r  t o  depend weakly on a i n  Eq-5 ( s e e ,  e . g . ,  A l l e n ,  1946) and 

* E l s a s s e r  (1955) took  N ( a ,R)  = 0 f o r  R c  .4 AU and c o n s t a n t  
s p a t i a l  d i s t r i b u t i o n ,  i . e . ,  a = 0 f o r  R >  .4 AU. 

**AU = d i s t a n c e  from t h e  e a r t h  t o  t h e  s u n .  
***At  t h i s  d i s t a n c e  f r o m  the  sun a b lack-body w i l l  have  a 

t e m p e r a t u r e  of  870"~. While i t  i s  by no means c l e a r  j u s t  what 
would happen t o  a micrometeoroLd unde r  t h e s e  c o n d i t i o n s ,  i t  i s  
g e n e r a l l y  (and pe rhaps  a r b i t r a r i l y )  assumed t h a t  v a p o r i z a t i o n  
and s u b s e q u e n t  o u t g a s s i n g  of  v o l a t i l e  components a r e  l i k e l y  t o  

undo" a micrometeoro id  a t  t h i s  d i s t a n c e  f r o m  t h e  sun ( c f  w i t h  
sixbseqvmt, discussion) 
1 1  

! 
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( 2 )  t h e  l a rges t  c o n t r i b u t i o n  t o  t h e  s c a t t e r e d  l i g h t  a t  l a r g e  
e l o n g a t i o n s  E comes from t h a t  p o r t i o n  o f  t h e  d u s t  a l o n g  t h e  
l i n e  of  s i g h t  which i s  n e a r e s t  t h e  s u n  ( c f  F i g u r e  3 ) .  

R e s u l t  (1) i s  b e l i e v e d  t o  i n d i c a t e  t h a t  t h e  F-coroRa 
i s  caused  b y  d u s t  f a r  away from the  sun* and ( 2 )  means,  e v i d e n t l y ,  
t h a t  t h e  z o d i a c a l  l i g h t  da ta  p r o v i d e  i n f o r m a t i o n  o f  p a r t i c l e s  f a r  
away from t h e  e a r t h .  Because of  t h i s ,  F-corona s t u d i e s  may we l l  
be more r e l e v a n t  i n  p r o v i d i n g  i n f o r m a t i o n  a b o u t  t h e  p a r t i c l e  
d i s t r i b u t i o n  n o t  t o o  f a r  away f r o m  t h e  ea r th  t h a n  a re  d i s t r i b u -  
t i o n s  d e r i v e d  from z o d i a c a l  l i g h t  s t u d i e s .  Those l a t t e r  s t u d i e s  
s h o u l d  t h e n  p r o v i d e  i n f o r m a t i o n  conce rn ing  t h e  s p a t i a l  d i s t r i b u t i o n  
o f  d u s t  a round t h e  s u n ,  i . e . ,  d e f i n e  t h e  v a l u e  of  t h e  p a r a m e t e r  a 
i n  Eq-5. 

It  i s  n o t  e a s y  t o  d e f i n e  a un ique  model which w i l l  
r e p r o d u c e  t h e  o b s e r v a t i o n s .  The d i f f i c u l t y  l i e s  ma in ly  i n  t h e  
f a c t  t h a t  s e v e r a l  d i f f e r e n t  models a r e  c a p a b l e  t o  e x p l a i n  t h e  
o p t i c a l  p r o p e r t i e s  o f  z o d i a c a l  l i g h t .  The s c a t t e r i n g  p r o p e r t y  
o f  small  s p h e r i c a l  p a r t i c l e s  i s  d i f f e r e n t  depend ing  on t h e i r  
s i z e  and  mater ia l  p r o p e r t y ;  one can  g e n e r a l l y  d i s t i n g u i s h  between 

x A two size r a n g e s  271 
x = w a v e l e n g t h o f l i g h t  u s e d ) .  I n  c a s e  ( i ) ,  m e t a l l i c  p a r t i c l e s  
p roduce  p o s i t i v e * *  p o l a r i z a t i o n  bu t  r e a s o n a b l e  d i s t r i b u t i o n s  a re  
u n a b l e  to g i v e  q u i t e  enough p o l a r i z a t i o n  t o  f i t  t h e  o b s e r v a t i o n s ;  
nor' c an  t h e y  r e p r o d u c e  t h e  p rope r  dependence on e l o n g a t i o n  g i v e n  
i n  F i g u r e s  1 and 2 .  D i e l e c t r i c  p a r t i c l e s  p roduce  v e r y  s l i g h t l y  
n e g a t i v e  p o l a r i z a t i o n  or none a t  a l l .  The c o n t r i b u t i o n  t o  t h e  
p o l a r i z a t i o n  o f  l a r g e  (compared w i t h  A )  d i e l e c t r i c  p a r t i c l e s  i s  
t h e r e f o r e  n e g l i g i b l e .  The impor t ance  of  these  p a r t i c l e s  l i e s  i n  
t h e i r  a b i l i t y  t o  back  s c a t t e r  and hence  t o  p r o v i d e  a p o s s i b l e  
e x p l a n a t i o n  o f  t h e  phenomenon of g e g e n s c h e i n .  

( i )  w i t h  a >- and (ii) a <x ( a  = r a d i u s  and 

I n  c a s e  ( i i ) ,  b o t h  m e t a l l i c  and d i e l e c t r i c  p a r t i c l e s  
can  p o l a r i z e  s t r o n g l y ;  t h e  r eason  a g a i n s t  r e l y i n g  t o o  s t r o n g l y  
on s u c h  small p a r t i c l e s  i s  p rov ided  b y  Eq-7. Accord ing  t o  t h e  

*Van d e  H u l s t  ( 1 9 4 7 )  f i n d s  t h a t  t h e  a s s u m p t i o n  o f  no p a r t i c l e s  
t o  be d i s t r i b u t e d  i n  a r e g i o n  of .1 AU from t h e  s u n  changes  h i s  
r e s u l t s  b y  4% o n l y .  

**From Eq-2 and F i g u r e  2 w e  s e e  t h i s  i s  i n  t h e  r i g h t  d i r e c t i o n .  
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Poyn t ing -Rober t son  e f f e c t ,  p a r t i c l e s  x w i t h  a r a d i u s  o f  a 5 = .1 

micron  s h o u l d  have  a l i m i t e d  d i s t r i b u t i o n  b e c a u s e  t h e i r  r a d i i  r e a c h  
t h e  b o r d e r l i n e  o f  t h e  c r i t e r i o n  for s t a b i l i t y .  I n  r e c e n t  e x p e r i -  
ments  by Soberman, e t  a1  (1961) w i t h  t h e  Venus f l y  t r a p  
submicron  s i z e d  p a r t i c l e s  from n e a r  e a r t h  s p a c e  have  been  re-  
c o v e r e d ;  t h i s  s t i m u l a t e d  c o n s i d e r a t i o n  o f  t h e  o p t i c a l  p r o p e r t i e s  
o f  d u s t  models  i n c l u d i n g  v e r y  small p a r t i c l e s  (Giese,  1 9 6 3 ) .  

E l e c t r o n s  can  produce  l a rge  and  p o s i t i v e  p o l a r i z a t i o n s  
and w i t h  a n  assumed s p a t i a l  d e n s i t y  o f  t h e  o r d e r  o f  500-1000 
e l e c t r o n s  p e r  ern3 t h e  c o r r e c t  r e s u l t s  a r e  o b t a i n e d .  U n f o r t u n a t e l y ,  
t h i s  e l e c t r o n  d e n s i t y  i s  t o o  h igh  t o  b e  c o n s i s t e n t  w i t h  o u r  p r e s e n t  
i n f o r m a t  i o n .  

I n  F i g u r e  4 w e  r ep roduce  t h e  r e s u l t s  o f  t h r e e  s u c h  models  
as g i v e n  by Giese ( 1 9 6 3 ) .  A l l  t h r e e  can  e x p l a i n  t h e  o b s e r v e d  
o p t i c a l  p r o p e r t i e s  o f  z o d i a c a l  l i g h t .  Model I c o n t a i n s  " l a r g e "  

Model I1 i s  a m i x t u r e  o f  l a r g e  d i e l e c t r i c  and  l a r g e  and small metal- 

e l e c t r o n s  and  i s  a m i x t u r e  of l a r g e  d i e l e c t r i c  w i t h  l a r g e  and small 
m e t a l l i c  p a r t i c l e s .  De ta i l s  o f  each model a r e  g i v e n  i n  T a b l e  I .  

( i . e . ,  case ( i ) )  d i e l e c t r i c  p a r t i c l e s  and l o 3  e l e c t r o n s / c m  3 . 

l i c  p a r t i c l e s  p l u s  a b o u t  300 e l e c t r o n s / c m  3 . Model I11 i n c l u d e s  no 

T o  e x p l a i n  t h e  F-corona, t h e  s i t u a t i o n  i s  n o t  c o m p l i c a t e d  
by  s t r i c t  p o l a r i z a t i o n  r e q u i r e m e n t s .  The  mater ia l  p a r t i c l e  pro-  
p e r t i e s  a r e  n o t  t h e r e f o r e  c r u c i a l  as i n  t h e  c a s e  o f  t h e  z o d i a c a l  
l i g h t  s t u d i e s  and s i m p l e  s i z e  d i s t r i b u t i o n s  are c a p a b l e  o f  c o r -  
r e c t l y  r e p r o d u c i n g  t h e  o b s e r v a t i o n s .  

F i g u r e  5 i s  a p l o t  o f  v a r i o u s  s u g g e s t e d  p a r t i c l e  d e n s i t y  
d i s t r i b u t i o n s  e v a l u a t e d  a t  e a r t h ' s  o r b i t ,  i . e . ,  a t  1 A U  f rom t h e  
s u i .  n i s t r j i  butions d e r i v e d  by t h e  v a r i o u s  a u t h o r s  s p r e a d  o v e r  t h r e e  
o r d c v s  o f '  mcLp;riituclc a t  p a r t i c l e  r a d i i  o f  a b o u t  1 0  m i c r o n s .  Beyond 
p a r t i c l e  r a d i i  o f  a b o u t  2 0  microns  t h e  F-corona and z o d i a c a l  l i g h t  
c a l c u l a t i o n s  b e g i n  to l o s e  t h e i r  s e n s i t i v i t y  t o  t h e  assumed d i s t r i -  
b u t i o n s .  The i n c r e a s i n g  s p r e a d  i n  t h e  d i s t r i b u t i o n s  as a i n c r e a s e s  
beyond 2 ~ l O - ~ c m  i s  t h e r e f o r e  i n c r e a s i n g l y  i r r e l e v a n t .  

Beard  ( 1 9 5 9 ,  1963)  proposed  a d i s t r i b u t i o n  which would 
l i e  somewhere between t h e  l i n e s  marked maximum arid minimum, i n  
F i g u r e  5.  It can  b e  s e e n  t h a t  a p p r o x i m a t e l y  a l l  o f  t h e  d i s t r i b u -  
t i o n s  l i e  between t h o s e  d e r i v e d  b y  Van de  H u l s t  ( 1 9 4 7 )  and Beard 
( l a b e l e d  as minimum). D i s t r i b u t i o n s  d e f i n e d  by t h e  t h r e e  models  
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i n  T a b l e  I a re  v e r y  c l o s e  t o  each o t h e r  and a re  n o t  p l o t t e d  sepa-  
r a t e l y ;  t h e y  a re  r e p r e s e n t e d  b y  t h e  heavy l i n e  l a b e l e d  G i e s e  ( 1 9 6 3 ) .  

I t  may be n o t e d  t h a t  t h e  c u r v e s  g i v i n g  t h e  smallest  
number d e n s i t y  f o r  p a r t i c l e s  of a g i v e n  r a d i u s  i n c l u d e  smaller  
minimum p a r t i c l e  r a d i i  t h a n  do t h e  o t h e r s .  
s t a t e m e n t  o f  t h e  f a c t  t h a t  t h e  F-corona and z o d i a c a l  l i g h t  s t u d i e s  
can  e i t h e r  b e  e x p l a i n e d  i n  t e rms  o f  a l a r g e  number o f  small p a r t i -  
c l e s  or a smaller number o f  l a r g e  p a r t i c l e s .  

T h i s  i s  a s i m p l e  

More i n f o r m a t i o n  r e g a r d i n g  t h e  o p t i c a l  p r o p e r t i e s  o f  
t hese  p a r t i c l e s  i s  needed i n  o r d e r  t o  d e f i n e  a d i s t r i b u t i o n  w i t h i n  
a smaller  m a r g i n . o f  u n c e r t a i n t y .  

I V .  DIRECT MEASUREMENTS 

B r i e f  Review 

Numerous measurements  have been t a k e n  o f  t h e  micro-  
m e t e o r o i d  f l u x e s  by means o f  s a t e l l i t e s  and r o c k e t s  ( f o r  a 
r e v i e w ,  see e . g . ,  C .  T .  D 'Aiu to lo ,  1 9 6 4 ,  W .  M .  A lexande r ,  C .  W .  
McCracken, L .  S e c r e t a n  and 0.  E .  Berg ,  1 9 6 2 ) .  The m a j o r i t y  o f  
t h e s e  measurements  have  been c o l l e c t e d  w i t h  microphone* s y s t e m s .  
L i g h t  f l a s h  s e n s o r s  t h a t  measure t h e  l i g h t  i n t e n s i t y * *  produced  
upon impac t  have  a l s o  been  employed and a l l  t h e s e  measurements  
( w i t h  some e x c e p t i o n s  t o b e  no ted  l a t e r )  a r e  c o n s i s t e n t  w i t h  e a c h  
o t h e r  i n  d e f i n i n g  a f l u x  i n  t h e  mass r a n g e  from grams t o  

0. 

a b o u t  lo-' grams.  
m a r i z e d  b y  W .  M .  A lexande r ,  e t  a1 ( 1 9 6 2 ) .  The da t a  p l o t t e d  i s  

F i g u r e  6 g i v e s  t h e  e a r l i e r  r e s u l t s  as  sum- 

*These sys t ems  r e c o r d  t h e  impact o f  a d u s t  p a r t i c l e  when 
i t  c o l l i d e s  w i t h  t h e  s e n s o r .  
1960)  t o  b e  s e n s i t i v e  t o  t h e  momentum of  t h e  m i c r o m e t e o r o i d .  
Assuming a n  a v e r a g e  speed  o f  2 5  km/sec r e l a t i v e  t o  t h e  s p a c e c r a f t ,  

These s e n s o r s  have  been  shown (Dub:i.n, 

t h e s e  s e n s o r s  can  d e t e c t  a mass a s  small as 1 0  -11 t o  1 0  -20 grams.  

**This  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  k i n e t i c  ene rgy  of  t h e  
i n c i d e n t  p a r t i c l e ,  from which i n f o r m a t i o n  e n a b l e s  one t o  c a l c u l a t e  
t h e  mass o f  t h e  i m p a c t i n g  p a r t i c l e .  These s e n s o r s  have a mean 
s e n s i t i v i t y  o f  abou t  
i n  t h e  da ta  i n t e r p r e t a t i o n  t h a n  a r e  t h e  microphone s y s t e m s .  

grams b u t  a re  s u b j e c t  t o  more u n c e r t a i n t y  
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L I ( i ! i ~ ~ i i ( ! i r ~ c c t i o r i a l  f l u x  o f  p a r t i c l e s  p e r  s q u a r e  m e t e r  p e r  s econd  
w i t 1 1  a rmss ( i n  grams)  e q u a l  to or g r e a t e r  t h a n  m .  D e s p i t e  l a r g e  
e r r a t i c  f l u c t u a t i o n s  between i n d i v i d u a l  c o u n t e r s ,  t h e  Cumula t ive  
r e s u l t s  c o n s t i t u t e  a w e l l .  d e f i n e d  f l u x .  The  uppermost  da ta  p o i n t  
i n  t h e  f i g u r e  marked "Venus F l y t r a p "  i s  t h e  r e s u l t  o f  r o c k e t  
e x p e r i m e n t s  (Soberman, e t  a l ,  1961) where m i c r o m e t e o r o i d s  
were c o l l e c t e d  w i t h  exposed  p l a t e s  and s u b s e q u e n t l y  r e c o v e r e d .  
W i t h  t h e  u s e  of  e l e c t r o n  microscopy i t  was p o s s i b l e  t o  d e f i n e  a 
f l u x  f o r  v e r y  small  p a r t i c l e s  ( f r a c t i o n  o f  a micron  and l a r g e r ) ;  
ex t reme c a r e  was e x e r c i s e d  t o  avoid  c o n t a m i n a t i o n  by t e r r e s t r i a l  
p a r t i c l e s .  

T h e  s o l i d  l i n e  i n  t h e  f i g u r e  i s  a good f i t  t o  t h e  
e x p e r i m e n t a l  da ta  and obeys t h e  e m p i r i c a l  f o r m u l a  

l o g  F = -17.0 - 1.70 l o g  m ( 8 )  
2 where F i s  t h e  o m n i d i r e c t i o n a l  i n f l u x  of  p a r t i c l e s  p e r  m - s e c  

w i t h  mass o f  m grams or l a r g e r .  

The shaded r e g i o n  i n  F i g u r e  6 c o r r e s p o n d s  t o  t h e  p a r t i -  
c l e s  a p p r o a c h i n g  t h e  minimum s i z e  p e r m i t t e d  b y  r a d i a t i o n  p r e s s u r e ;  
t h i s  i s  r e f l e c t e d  by a g r a d u a l  drop i n  t h e i r  d i s t r i b u t i o n  as 
i n d i c a t e d .  Noth ing  i s  known about  t h e  d e n s i t y  o f  t h e s e  p a r t i c l e s  
arid h e n c e ,  t h e  l i m i t i n g  s i z e  from Eq-7 i s  i n d i c a t e d  f o r  t h r e e  dif- 
f e r e n t  d e n s i t i e s .  

A l l  measurements  c o r r e s p o n d i n g  t o  p a r t i c l e s  w i t h  a 
mass o f  1 0  -13 grams have been t a k e n  w i t h  l i g h t  f l a s h  s e n s o r s .  
t h e  e x c e p t i o n  o f  t h e  Venus F l y t r a p  da t a  a l l  t h e  o t h e r  measurements  
have b e e n  t a k e n  w i t h  microphone s y s t e m s .  

With 

The u n c e r t a i n t i e s  i n  t h e  d a t a  are  due ma in ly  t o  t h e  
a s s u m p t i o n  o f  ( i )  a v e l o c i t y  o f  25 km/sec r e l a t i v e  t o  t h e  space -  

) ,  (ii) u n c e r t a i n t y  i n  t h e  s e n s i -  km c r a f t  ( e s c a p e  v e l o c i t y  i s  11 ec 
t i v i t y  o f  t h e  s e n s o r ;  t h e r e  mgy b e  an e r r o r  o f  an  o r d e r  o f  magni- 
t u d e  a s s o c i a t e d  w i t h  t h e  p l o t  g i v e n  i n  F i g u r e  6 .  C l e a r l y ,  w e  
have a c o n s i s t e n t  s e t  of  e x p e r i m e n t a l  measurements  d e f i n i n g  a 
n e a r  e a r t h  f l u x  of mic rometeo ro ids .  T h e  l a r g e r  d e v i a t i o n s  from 
t h e  main c u r v e ,  such  as P i o n e e r  I ,  i n d i c a t i n g  a f l u x  a b o u t  1 0  or 
1 0  t imes l e s s  t h a n  Eq-8 would p r e d i c t ,  i s  p o s s i b l y  n o t  s i g n i f i c a n t *  

2 

3 

*The da t a  p o i n t  f o r  P i o n e e r  I was d e t e r m i n e d  from 17 c o u n t s  
r e c o r d e d  d u r i n g  t h e  1 1 / 2  day  f l i g h t  and hence  i t s  s t a t i s t i c a l  
s i g n i f i c a n c e  may b e  s u b j e c t  t o  r e s e r v a t i o n .  
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(Dubin ,  1 9 6 2 ) .  The Venus F l y t r a p  expe r imen t  i n d i c a t i n g  a f l u x  
a b o u t  l o 2  t imes h i g h e r  t h a n  Eq-8 c a n n o t  b e  c o n v i n c i n g l y  e x p l a i n e d .  
C a r l e t o n  ( 1 9 6 2 )  q u e s t i o n e d  the r e l i a b i l i t y  o f  t h e  Venus F l y t r a p  
measurements  as a r e s u l t  o f  an a n a l y t i c a l  compar ison  w i t h  t h e  
s o l a r  c o r o n o g r a p h i c  s t u d i e s  by Volz  and Goody ( 1 9 6 2 ) .  C a r l e t o n  
gave  e v i d e n c e  t h a t  t h e  F l y t r a p  exper iment  may o v e r e s t i m a t e  t h e  

d u s t  p a r t i c l e  d e n s i t y  by  1 0  . 4 

We may n o t e ,  w i t h o u t  comment, t h a t  among t h e  data  
p r e s e n t e d  i n  F i g u r e  6 ,  c o n s i s t e n c y  i s  o b s e r v e d  o n l y  for t h e  
microphone da t a  among themse lves  and t h a t  a compar ison  w i t h  t h e  
data  p r o v i d e d  b y  p h o t o m u l t i p l i e r  s y s t e m s  (lO-l3gm) as w e l l  as 
t h e  Venus F l y t r a p  r e q u i r e d  d i s c u s s i o n .  

A s h a r p  d i sag reemen t  w i t h  t h e  t r e n d  e x h i b i t e d  b y  t h e  
data  i n  F i g u r e  6 becomes e v i d e n t  when w e  c o n s i d e r  t h e  da ta  
g a t h e r e d  by E x p l o r e r  X V I .  T h i s  s a t e l l i t e , f l o w n  n e a r  e a r t h  i n  
1962-1963, measured p e n e t r a t i o n s  i n t o  metal  p l a t e s  o f  d i f f e r e n t  
t h i c k n e s s e s  ( o n e  t o  s e v e r a l  m i l s ) .  

The r e d u c e d  da ta  ( w i t h  t h e i r  r e s p e c t i v e  e x p e r i m e n t a l  
e r r o r s )  are  i n d i c a t e d  i n  F i g u r e  7 ,  t o g e t h e r  w i t h  a compar ison  
w i t h  da t a  from o t h e r  s o u r c e s  which w i l l  b e  d i s c u s s e d  below. It 

l e s s  t h a n  p r e d i c t e d  b y  Eq-8. S i n c e  t h e s e  measurements  a re  
s t a t i s t i c a l l y  s i g n i f i c a n t ,  t h e  l a r g e  d e v i a t i o n  callnot be t a k e n  
l i g h t l y .  Hawkins ( 1 9 6 4 )  q u e s t i o n e d  t h e  data r e d u c t i o n  p r o c e s s  
employed and D ' A i u t o l o  ( 1 9 6 3 )  s u g g e s t e d  t h a t  t h e  micro-  
m e t e o r i t e s  may have a s t r u c t u r e  t h a t  p r e v e n t s  most o f  them from 
p e n e t r a t i n g  t h i n  m e t a l l i c  s u r f a c e s .  It may  be  p o s s i b l e  t h a t  t hese  
two s u g g e s t i o n s  a re  e q u i v a l e n t ;  t h e  h y p e r v e l o c i t y  impact  p r o p e r -  
t i e s  o f  e x t r e m e l y  l o o s e  porous  materials i m p a c t i n g  metal  s h e e t s  
has n o t  been  e x p l a i n e d  i n  t h e  l i t e r a t u r e  (or anywhere e l s e ) .  
I f  t h a t  p r o v e s  t o  b e  t h e  c a s e ,  t h e n  t h e  E x p l o r e r  X V I  data  may 
s h i f t  c o n s i d e r a b l y  t o  t h e  r i g h t  o f  t h e i r  p r e s e n t  l o c a t i o n  on 
F i g u r e  7 i n d i c a t i n g  t h a t  t h e y  r e p r e s e n t  measurements  of much 
more m a s s i v e  p a r t i c l e s  t h a n  i s  p r e s e n t l y  b e l i e v e d . *  The d i s -  
c r e p a n c y  u n d e r  d i s c u s s i o n  remains ,  t h e r e f o r e ,  a q u e s t i o n  mark.  

can  b e  s e e n  t h a t  E x p l o r e r  XVI measured a f l u x  lo4 t o  1 0  5 times 

*The i m p l i c a t i o n s  of  t h i s  p o s s i b i l i t y  i s  n o t  c o r r e s p o n d i n g l y  
s e r i o u s  from t h e  p o i n t  of  view o f  t h e  Apo l lo  Program s i n c e  s p a c e -  
c r a f t  h a z a r d  i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  p r o b a b i l i t y  o f  
p e n e t r a t i o n .  R e g a r d l e s s  o f  t h e  a c t u a l  l e v e l  o f  m i c r o m e t e o r o i d  

, f l u x e s  e n c o u n t e r e d  d u r i n g  a space  m i s s i o n ,  one  u s u a l l y  i s  con- 

g j -ven  t h i c k n e s s  o f  p r o t e c t i v e  m a t e r i a l .  
I LLJ. n n m n - 4  I I L U  Gnly ?,<+L 1 1 v I b l 1  t h e  f l u x  o f  pa lb ic :es  a b  l e  + *  bu -e-- pc l l c t r a t e  a 
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Comparison of Eq-8 wi th  d i s t r i b u t i o n s  d e r i v e d  from 
z o d i a c a l  l i g h t  and F-corona s t u d i e s  a l s o  r a i s e s  some q u e s t i o n s ,  
a s  can  be s e e n  from F i g u r e  7. P a r t i c l e  d i s t r i b u t i o n s  f rom t h e s e  
s t u d i e s  a r e  g i v e n  i n  t e rms  of number of p a r t i c l e s  wi th  a g i v e n  

compar ison  p o s s i b l e ,  Such a c o n v e r s i o n  i s  n o t  s t r a i g h t f o r w a r d  
and i s  s u b j e c t  t o  u n c e r t a i n t i e s ;  l i t t l e  i s  known a b o u t  t he  
v e l o c i t y  o f  p a r t i c l e s  i n  t he  z o d i a c a l  c l o u d .  Near e a r t h  o r b i t  
t h e y  shou ld  be moving with a h e l i o c e n t r i c  v e l o c i t y  o f  a round 
30 km/sec, assuming a c i r c u l a r  o r b i t .  
however, be q u e s t i o n e d .  Conversion f r o m  s i z e  d i s t r i b u t i o n  t o  
mass d i s t r i b u t i o n  i s  u n c e r t a i n  because  n o t h i n g  i s  known a b o u t  
t h e  p a r t i c l e  d e n s i t i e s ,  
d i s t r i b u t i o n s  t o  o m n i d i r e c t i o n a l  f l u x e s  may be s u b j e c t  t o  an  
u n c e r t a i n t y  o f  abou t  10- . 
g r a v i t a t i o n a l  a t t r a c t i o n  o f  t h e  e a r t h .  
p a r t i c l e s  w i l l  be caused  t o  a l t e r  t h e i r  o r b i t s  i n  o r d e r  t o  come 
n e a r e r  t he  e a r t h , ,  T h i s  g r a v i t a t i o n a l  c o n c e n t r a t i o n  h a s  been 
s t u d i e d  by Opik (1951) and he f i n d s  t h a t  the  p r o b a b i l i t y  f o r  a 
p a r t i c l e  t o  c o l l i d e  w i t h  the  e a r t h  i s  p r o p o r t i o n a l  t o  t h e  
e x p r e s s i o n  

r a d i u s  p e r  cm 3 e T h i s  i s  t o  be conve r t ed  i n t o  f l u x e s  t o  make a 

T h i s  a s sumpt ion  can ,  

I n  any  e v e n t , . c o n v e r s i o n *  o f  t h e s e  

+1 

A f u r t h e r  d i f f i c u l t y  a r i s e s  a s  a r e s u l t  of  t h e  
Due t o  t h i s  f o r c e ,  

2 2 
'e + ' G  

vG 

where V i s  t h e  g e o c e n t r i c  v e l o c i t y * *  ( i . , , e . ,  t h e  v e l o c i t y  t h e  
p a r t i c l g  would have r e l a t i v e  t o  the  e a r t h  i f  t h e  e a r t h  were 
n o t  p r e s e n t )  o f  t he  p a r t i c l e  and Ve i s  t h e  e s c a p e  v e l o c i t y  

= 11 km/sec a t  e a r t h ' s  s u r f a c e ) .  
1965, I and II)*** i n d i c a t e  t h a t  a n  i n c r e a s e  i n  f l u x  o f  50 

may be e x p e c t e d  f o r  p a r t i c l e s  t r a v e l i n g  with a g e o c e n t r i c  
v e l o c i t y  of abou t  3 km/sec. 

S t u d i e s  by Hale and Wright  

( 9 )  

* I n  t h i s  p a p e r  we have used a n  a v e r a g e  p a r t i c l e  speed  o f  

**Express ion  ( 9 )  i s  seen  t o  become i n f i n i t e  f o r  a v a n i s h i n g  

30 km/sec and a d e n s i t y  o f  1 gm/cm 3 . 
g e o c e n t r i c  v e l o c i t y .  T h i s  i s  a s i m p l e  s t a t e m e n t  o f  t h e  f a c t  t h a t  

a t  r e s t  r e l a t i v e  to the  e a r t h ,  w i l l  f a l l  down ( t o  t h e  
c e r t a i n t y .  

*** See a l s o  S h e l t o n ,  e t  a 1  (1964) .  
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A c o n s i d e r a t i o n  of t h i s  e f f e c t  has n o t  been  i n c l u d e d  
i n  o u r  c o n v e r s i o n  o f  t h e  c a l c u l a t e d  da t a  i n  F i g u r e  7 ,  b u t  we 
may w e l l  keep  i n  mind t h a t  an  a d d i t i o n a l  u n c e r t a i n t y  ( p o s s i b l y  
1 t o  1 0  X> o f  unknown magni tude  is he reby  i n t r o d u c e d .  

R e t u r n i n g  t o  F i g u r e  7 ,  one can  see  t h a t  Eq-8 d e s c r i b e s  
a f l u x  some 5 o r d e r s  of  magni tude h i g h e r  t h a n  i s  s u g g e s t e d  
e i t h e r  b y  t h e  z o d i a c a l  l i g h t  and F-corona da ta  or b y  E x p l o r e r  XVI. 
It  i s  i n t e r e s t i n g  t o  n o t e  t h e  e x c e l l e n t  agreement  o f  t h e  F-corona 
da t a  w i t h  t h o s e  measured by t h e  s a t e l l i t e s  E x p l o r e r  XVI and 
Mar ine r  11. 

S i n c e  Mar ine r  I1 measured,  on i t s  f l i g h t  t o  Venus,  
f l u x e s  f a r  from t h e  e a r t h ,  t h e  agreement  o f  t h e s e  f a r  e a r t h  
f l u x e s  w i t h  t h e  i n f e r r e d  d i s t r i b u t i o n  i s  s a t i s f y i n g .  T h e  
s i t u a t i o n  w i t h  E x p l o r e r  XVI i s ,  however, p u z z l i n g .  Is i t  m e r e l y  
f o r t u i t o u s  t h a t  t h i s  l a t t e r  s a t e l l i t e  measured  f l u x e s  i n  a g r e e -  
ment w i t h  d i s t r i b u t i o n s  i n f e r r e d  by a s t r o n o m e r s ?  T h i s  w r i t e r  
wants  t o  emphas ize  t h e  seeming c o n t r a d i c t i o n s  i n  o u r  p r e s e n t  
knowledge o f  t h e  s u b j e c t  which only f u t u r e  e x p e r i m e n t s  a re  
l i k e l y  t o  c l a r i f y ,  w i t h o u t  d e l i b e r a t e l y  c a s t i n g  doub t  on any 
p a r t i c u l a r  s e t  o f  d i s t r i b u t i o n s  p r e s e n t l y  a v a i l a b l e .  

Assuming t h a t  t h e  n e a r  e a r t h  f l u x  d e f i n e d  by Eq-8 i s  
r e p r e s e n t a t i v e ,  one has t h e  t a s k  o f  e x p l a i n i n g  t h e  la rge  d i s -  
c repancy  between t h i s  f l u x  and t h e  one based on z o d i a c a l  l i g h t  
and F-corona c a l c u l a t i o n s .  S u g g e s t i o n s  have  been  advanced  t h a t  
a c l o u d  o f  c a p t u r e d  d u s t  p a r t i c l e s  s u r r o u n d s  t h e  e a r t h  (Whipple ,  
1960-1961, Nazarova ,  1 9 6 1 ,  Soberman, and  Del la  Lucca,  1 9 6 1 ) .  
Dubin and  McCracken have  expres sed  c r i t i c i s m  on t h e  ground t h a t  
a l l  t h e s e  a u t h o r s  used  assumed d i s t r i b u t i o n  c u r v e s  o t h e r  t h a n  
Eq-8 which i s  t h e  o n l y  d i s t r i b u t i o n  c u r v e  ( w i t h i n  t h e  l i m i t s  of 
e r r o r )  t h a t  can  b e  i n f e r r e d  from t h e  data .  H i b b s  (1961)  a n a l y z e d  
t h e  data from E x p l o r e r  I and found e v i d e n c e  t h a t  t h e  impact  r a t e  
d e c r e a s e d  w i t h  a l t i t u d e .  Dubin,  however ,  q u e s t i o n e d  t h e  s t a t i s -  
t i c a l  s i g n i f i c a n c e  o f  H i b b ' s  c o n c l u s i o n s  (Dubin 1961,  H i b b s ,  1 9 6 1 ) .  
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Another  d i f f i c u l t y  a r i s e s  when a t t e m p t s  a re  made t o  
f o r m u l a t e  a mechanism or p r o c e s s  t h a t  would g i v e  r i s e  t o  a 
d u s t  c l o u d  o f  c a p t u r e d  p a r t i c l e s  whose s p a t i a l  d e n s i t y  i s  abou t  
10’ t imes t h e  d e n s i t y  o f  t h e  z o d i a c a l  c l o u d .  The s u g g e s t i o n s  t h a t  
have  s o  f a r  been  advanced  a r e  s p e c u l a t i v e  i n  n a t u r e  and  no gen- 
e r a l l y  a c c e p t e d  h y p o t h e s i s  e x i s t s  which would q u a n t i t a t i v e l y  
e x p l a i n  how such  a c a p t u r e  p r o c e s s  i s  p o s s i b l e .  I n t e r p r e t a t i o n  
of t h e  n e a r  e a r t h  microphone d a t a  i s  n o t  f r e e  from c o n t r o v e r s y  
(Dubin and  McCracken, 1 9 6 2 ) .  The o n l y  d e f i n i t e  i n f e r e n c e  t h a t  one can  
draw i s  t h a t  i f  a c a p t u r e d  c loud  e x i s t s ,  t h e  d i f f i c u l t y  o f  ye- 
c o n c i l i n g  t h e  microphone d a t a  w i t h  t h e  a s t r o n o m i c a l l y  i n f e r r e d  
d i s t r i b u t i o n s  would b e  removed. The E x p l o r e r  X V I  da ta ,  however,  
would s t i l l  remain  t o  b e  e x p l a i n e d .  

5 

V. DISCUSSION AND CONCLUSIONS 

Our knowledge o f  t h e  d i s t r i b u t i o n  o f  m i c r o m e t e o r i t e s  
i n  s p a c e  based  on d i r e c t  measurements and a s t r o n o m i c a l l y  i n f e r r e d  
c a l c u l a t i o n s  has been  d i s c u s s e d .  T h i s  r e v i e w  i s  p r e l i m i n a r y  t o  
t h e  second  and ma jo r  p o r t i o n  o f  t h i s  s t u d y  where a more comple t e  
r e v i e w  o f  t h e  m e t e o r o i d  environment  f o r  P r o j e c t  Apo l lo  w i l l  b e  
u n d e r t a k e n .  

Each o f  t h e  d i f f e r e n t  t y p e s  o f  i n v e s t i g a t i o n s  pro-  
v i d e  us  w i t h  a d e f i n i t e  and s e l f - c o n s i s t e n t  s e t  o f  da ta  from 
which f l u x e s  o f  mic rometeo ro ids  can  be  d e f i n e d .  The f l u x e s  
d e r i v e d  from t h e  d i f f e r e n t  s t u d i e s  a re  n o t  c o n s i s t e n t  w i t h  each  
o t h e r  and  t h e i r  d i f f e r e n c e s  r e q u i r e  c o n s i d e r a b l e  d i s c u s s i o n .  

The data  d e r i v e d  from d i r e c t  n e a r  e a r t h  measurements  
by microphone s y s t e m s  i n d i c a t e  a f l u x  ve ry  much h i g h e r  t h a n  t h e  
f a r  e a r t h  f l u x  i n f e r r e d  from a s t r o n o m i c a l  c a l c u l a t i o n .  T h i s  l e d  
t o  t h e  h y p o t h e s i s  o f  a n e a r  e a r t h  f l u x  c o n c e n t r a t i o n .  No 
g e n e r a l l y  a c c e p t e d  e x p l a n a t i o n  f o r  t h e  c a u s e  o f  s u c h  a con- 
c e n t r a t i o n  has been  advanced ,  however. 

The p e n e t r a t i o n  s e n s o r s  o f  E x p l o r e r  X V I  i n d i c a t e  a 
n e a r  e a r t h  f l u x  which i s  i n  agreement w i t h  t h a t  d e r i v e d  from 
F-corona c a l c u l a t i o n s  and i s  i n  s h a r p  d i s a g r e e m e n t  w i t h  t h e  
microphone data .  The microphone sys t em o f  M a r i n e r  I1 d e f i n e s  a 
f l u x  i n  agreement  w i t h  F-corona c a l c u l a t i o n s  and may c o n s t i t u t e  
a v e r i f i c a t i o n  o f  t h e  t h e o r y .  

The seeming i n c o n s i s t e n c i e s  among t h e  c u r r e n t l y  a v a i l -  
ab l e  da t a  i n d i c a t e ,  overwhelmingly,  t h e  need f o r  f u r t h e r  r e s e a r c h  
and expe r imen t  i n  t h i s  f i e l d .  
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