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ABSTRACT 

The cond i t ions  of encounter between i n t e r p l a a e t a r y  
dust p a r t i c l e s  and the p l ane t s  a r e  inves t iga t ed  
f o r  the  range of p a r t i c l e  size where the  force of 
s o l a r  r a d i a t i o n  is not  neg l ig ib l e  i n  comparison 
w i t h  t h e  force of s o l a r  gravi ty .  The a c t i o n  of 
s o l a r  r a d i a t i o n  p res su re  i n  reducing t h e  h e l i o c e n t r i c  
o r b i t a l  speed of a sma l l  dust  p a r t i c l e  makes 
poss ib l e  very low p lane tocen t r i c  speeds a t  encounter 
f o r  an e n t i r e  c l a s s  of h e l i o c e n t r i c  o r b i t s  of non- 
z e r o  e c c e n t r i c i t y  and f a i r l y  low i n c l i n a t i o n ,  The 
speed a t  encounter and the  apparent r a d i a n t  depend 
o n  t h e  size of the dust p a r t i c l e  f o r  a given 
h e l i o c e n t r i c  o r b i t  throughout t h e  range of p a r t i c l e  
s i z e  being inves t iga t ed  by means of dus t  p a r t i c l e  
s enso r s  mounted on spacec ra f t  , 

r 

INTRODUCTION 

Dust p a r t i c l e  s enso r s  t o  be flown on spacec ra f t  i n  order 
t o  d i r e c t l y  measure the speeds and d i r e c t i o n s  of motion of sma l l  
dus t  p a r t i c l e s  having masses m .%lo -12 gm have been developed 
dur ing  the pas t  f e w  years .  These senso r s  w e r e  designed t o  be 
used i n  s tudy ing  i n t e r p l a n e t a r y  dus t  p a r t i c l e s  f o r  which the  

force of s o l a r  r a d i a t i o n  is not  neg l ig ib l e  i n  comparison wi th  
the  force of s o l a r  grav i ty .  The range of s e n s i t i v i t y  of t h e  

I .  

senso r s  extends i n t o  t h e  regime of p a r t i c l e  size where d u s t  

p a r t i c l e s  can be ?Blown o u t  
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The effects of s o l a r  r a d i a t i o n  pressure  m u s t  therefore be 

included when the  measured speeds and r a d i a n t s  of sma l l  dust 

p a r t i c l e s  a r e  used i n  computing t h e  orb i t s .  Evaluat ion of these 
e f f e c t s  requires i n v e s t i g a t i n g  t h e  cond i t ions  of encounter 
between a p l ane t  and i n t e r p l a n e t a r y  dust p a r t i c l e s  f o r  which 
r a d i a t i o n  pressure  modifies t h e  h e l i o c e n t r i c  o rb i ta l  speeds. 
Conditions of. encomter with  r a d i a t i o n  pressure  included a l s o  
have an important bea r ing  on the problem of the enhanced f l u x  
of sma l l  dus t  p a r t i c l e s  measured i n  the v i c i n i t y  of t h e  ear th  
and poss ib ly  e x i s t i n g  a l s o  n e a r  t h e  o t h e r  planets .  

THE EARTH'S DUST BELT 

The f l u x  of sma l l  dust  p a r t i c l e s  measured i n  the v i c i n i t y  
of t h e  e a r t h  through the use of rockets and s a t e l l i t e s  is higher 
than  would be expected i f  r a d i a t i o n  pressure  is neglected and 
the orbits of small interplanetary dust particles are assumed 
t o  be s i m i l a r  t o  those  of l a r g e r ,  meteor-producing meteoroids. 
This  enhancement of the f lux  of smal l  d u s t  p a r t i c l e s  has  been 
c a l l e d  a dust  b lanket  by Beard (1959), a dust  b e l t  by Whipple 
(19611, and a dus t  s h e l l  by Singer (1961). The d a t a  t h a t  a r e  
p r e s e n t l y  a v a i l a b l e  do not permit d i s t i n g u i s h i n g  among t he  va r ious  
models envis ioned by these and other i n v e s t i g a t o r s .  A knowledge 
of the geocen t r i c  t r a j e c t o r i e s  is c r i t i c a l  i n  d i scuss ions  of 
the  na tu re  and o r i g i n  of t h e  ea r th ' s  dus t  bel t .  R e f e r r i n g  t o  
the phenomenon a s  an enhancement of t h e  f l u x  of sma l l  dus t  
p a r t i c l e s  i n  the v i c i n i t y  of t h e  e a r t h  carries fewer connotat ions 
about the  p resen t ly  unknown geocent r ic  t r a j e c t o r i e s  of t he  d u s t  
p a r t i c l e s  and, more important ly ,  permits closer con tac t  w i t h  
the  obse rva t iona l  d a t a  t h a t  a r e  now ava i l ab le .  

The r a t e  a t  which information can be obta ined  w i t h  a 
* 

s a t e l l i t e - b o r n e  d u s t  p a r t i c l e  sensor  is increased  by the  enhancement 
of t h e  f lux  of sma l l  dus t  p a r t i c l e s  near  t h e  ea r th .  A t  t he  same 
t i m e ,  the  complicated geocent r ic  trajectories respons ib le  fo r  
the enhancement of the f lux make the experimental  de te rmina t ion  
of t he  orb i t s  of t h e  sma l l  dust par 
for  meteoroids. 
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The geocentric enhancement of t h e  f l u x  of sma l l  dus t  
p a r t i c l e s  is shown i n  Figure 1, which is a cumulative f l u x  
d i s t r i b u t i o n  expressed i n  terms of t h e  p a r t i c l e  mass. The 
numerical  d a t a  used i n  cons t ruc t ing  Figure 1 a r e  given i n  
Table  1. The selected d a t a  are considered here  t o  be r e p r e s e n t a t i v e  
of t h e  a v a i l a b l e  d a t a ,  a l though Figure 1 is a corrected ve r s ion  
of a r a t h e r  outdated f i g u r e  t h a t  was presented i n  an ear l ier  
paper. The d i s t r i b u t i o n  curves shown i n  Figure 1 come f r o m  
s t u d i e s  of t h e  frequency of meteor i te  f a l l s ,  observa t ions  of 
meteors, analyses  of r e s u l t s  f r o m  photometric s t u d i e s  of t h e  
z o d i a c a l  l i g h t ,  and direct measurements made wi th  dus t  p a r t i c l e  
s enso r s  mounted on spacec ra f t .  

p a r t i c l e s  is revea led  by p l o t t i n g  i n  Figure 1 t h e  cumulative 
f l u x  d i s t r i b u t i o n s  for t w o  d i f f e r e n t  reg ions  of space. The 
d a t a  from s t u d i e s  of t h e  Zodiacal  l i g h t ,  meteors, and t h e  
frequency of meteorite f a l l s  a r e  used t o  r ep resen t  t h e  f l u x  of 
dus t  p a r t i c l e s  and meteoroids a t  ea r th ' s  d i s t ance  from t h e  sun 
but  i n  reg ions  removed from t h e  ea r th .  The d i r e c t  measurements 
made i n  t h e  v i c i n i t y  of t h e  e a r t h  a r e  used t o  r ep resen t  t h e  f l u x  
of sma l l  dus t  p a r t i c l e s  nea r  t h e  ea r th .  The flux of meteoroids 
is e s s e n t i a l l y  the same for  both regions of space,  s i n c e  t h e  
known d i s t r i b u t i o n s  of o r b i t s  and t h e  high speeds of encounter  
(20 t o  40 km/sec, on t h e  average, a s  determined by r ada r  and 
photographic s t u d i e s  of meteors) preclude any apprec iab le  geocen t r i c  
enhancement of t h e  f lux  of meteoroids. 
par t ic les /m /sec/2R s te r  f o r  meteoroids having masses til - 1.3 x 10-6gm 
observed by E l fo rd ,  e t  a l .  (1964) through t h e  use of r a d a r  
i n d i c a t e s  t h a t  no measurable geocent r ic  enhancement of t h e  f l u x  
occurs  for  t h e  f a i n t  r ada r  meteors. 

The geocen t r i c  enhancement of t h e  f l u x  of sma l l  dus t  

The f lux of lo'* 
2 

Comparison of t h e  f l u x  of small  dus t  p a r t i c l e s  i n  i n t e r -  
p l ane ta ry  space wi th  t h e  h igher  f l u x  measured i n  t h e  v i c i n i t y  
of t h e  e a r t h  l eads  t o  t h e  conclusion t h a t  a geocen t r i c  enhancement 
of t h e  f l u x  of s m a l l  dust p a r t i c l e s  exists. The degree of 
enhancement of t h e  f lux  and t h e  p a r t i c l e  mass a t  which t h e  f l u x  
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begins t o  be enhanced both depend on which of t h e  var ious  size 
d i s t r i b u t i o n s  der ived  f r o m  s t u d i e s  of t h e  z o d i a c a l  l i g h t  and 
s o l a r  F-corona is used t o  represent  the f l u x  of smal l  d u s t  

p a r t i c l e s  i n  i n t e r p l a n e t a r y  space. The size d i s t r i b u t i o n  derived 
by Ingham (1961) and shown i n  Figure 1 r e p r e s e n t s  t he  best f i t  
t o  the d i s t r i b u t i o n  of surface b r igh tness  of t h e  z o d i a c a l  l i g h t  
t h a t  was observed by Blacbwell a=d Inghm, This size d i s t r i b u t i o n ,  
i f  extended to s m a l l e r  sizes of d u s t  p a r t i c l e s ,  is i n  good 
agreement w i t h  the size d i s t r i b u t i o n  of sma l l  dielectric spheres  
(water ice) used by G i e s e  (1963) i n  c a l c u l a t i n g  models f o r  t h e  
z o d i a c a l  l i gh t ,  The pho toe lec t r i c  observa t ions  of t he  s u r f a c e  
b r i g h t n e s s  and p o l a r i z a t i o n  of t h e  z o d i a c a l  l i g h t  reported by 

given by G i e s e  than  by any of t he  other size d i s t r i b u t i o n s  t h a t  
have been suggested. 
has subsequently been a l t e r e d  and was included in Figure 1 baly to 
i n d i c a t e  the d e s i r a b i l i t y  of a smooth t r a n s i t i o n  between the 
cumulative f l u x  d i s t r i b u t i o n  f o r  t he  z o d i a c a l  dust p a r t i c l e s  and 
t he  one fo r  the r ada r  meteors, 

Weinberg (1964) a r e  f i t t e d  more c l o s e l y  by the  size d i s t r i b u t i o n  

The s ize  d i s t r i b u t i o n  given by E l s%sse r  (1954) 

The geocent r ic  enhancement of the f lux of smal l  d u s t  

p a r t i c l e s ,  a s  portrayed i n  Figure 1, begins  t o  appear a t  a 

p a r t i c l e  mass between and gm and reaches a maximum 
(-lo4 enhancement) for  dus t  p a r t i c l e s  having masses i n  t h e  

gm. This dependence sugges ts  t h a t  neighborhood of rh: - 10- 
some non-gravi ta t iona l  force, such  a s  t h a t  of s o l a r  r a d i a t i o n  
p res su re ,  may p lay  an important role i n  producing t h e  geocen t r i c  
enhancement of the  f l u x  of small dust  p a r t i c l e s .  If so, s i m i l a r  
enhancements of f lux  can be expected t o  exis t  i n  the v i c i n i t y  
of other p l ane t s ,  Inves t iga t ion  of t h i s  p o s s i b i l i t y  aga in  
r e q u i r e s  t h a t  r a d i a t i o n  pressure be inc ludedin  the cond i t ions  of 
encounter  between sma l l  i n t e r p l a n e t a r y  dus t  p a r t i c l e s  and the 
p lane t s ,  

The fo l lowing  s e c t i o n s  a r e  devoted t o  an approximate 
t rea tment  of t h e  cond i t ions  of encounter between t h e  p l a n e t s  and 

11 
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smal l  i n t e r p l a n e t a r y  dust  p a r t i c l e s .  So la r  r a d i a t i o n  pressure  
is inc luded  i n  t h e  t rea tment ,  but o t h e r  non-gravi ta t iona l  f o r c e s  
such a s  cospuscular  drag,  Coulomb drag,  and Lorentz f o r c e s  a r e  
neglec ted  i n  t h i s  first o r d e r  approximation. Any f o r c e  which 
e f f e c t i v e l y  reduces t h e  c e n t r a l  g r a v i t a t i o n a l  f o r c e  exerted by 
t h e  sun can produce e f f e c t s  on t h e  motion of a sma l l  d u s t  
p a r t i c l e  s i m i l a r  t o  t h e  e f f e c t  of r a d i a t i o n  pressure.  

EQUATIONS OF MOTION AND THE POYNTING-ROBERTSON EFFECT 
Some of the equat ions  t o  be used here  a r e  s u f f i c i e n t l y  w e l l -  

known t h a t  they r e a l l y  need not  be presented,  but  they  do provide 
a convenient means f o r  in t roducing  parameters needed i n  t h e  
d iscuss ion ,  The s c a l a r  equat ions of motion given by Robertson 
(1937) o r  by Wyatt and Whipple (1950) form a convenient s t a r t i n g  
poin t .  

Expressed i n  polar coord ina tes  (r, e ) ,  t h e  equat ions  for  
t h e  h e l i o c e n t r i c  motion of a dust p a r t i c l e  of mass m moving i n  
t h e  combined g r a v i t a t i o n a l  and r a d i a t i o n  f i e l d s  of t h e  sun of 
mass Ye >> m a r e  

2 
( r a d i a l )  d r- r de = -'eff - 2a dr  2 (?E) r r 2- - z a 3  

and 

1 d r2d0 - -( =) = - a de 
r d t  r d t  - -  (angular) 

where 

= CI - ac, p = GMQ, and u = - 3h Qpr , 
'eff 16nc2 

I n  the foregoing,  G is t h e  cons tan t  of g r a v i t y ,  L, is t h e  
luminosi ty  of the  sun,  c is t h e  speed of l i g h t ,  6 is t h e  mass 
d e n s i t y  of t he  d u s t  p a r t i c l e ,  and s is t h e  p a r t i c l e  r a d i u s  ( a l l  
measured i n  cgs  un i t s ) .  The parameter Q is t h e  r a d i a t i o n  
pressure  e f f i c i e n c y  f a c t o r  def ined by 

Pr  

where C is t h e  cross-sectional a r e a  of t h e  d u s t  p a r t i c l e  
e f f e c t i v e  i n  i n t e r c e p t i n g  s u n l i g h t  t o  produce r a d i a t i o n  pressure  

P r  
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on t he  dust p a r t i c l e ,  
The magnitude of the force of r a d i a t i o n  is 

where u-(r) is the energy dens i ty  of s u n l i g h t  a t  a h e l i o c e n t r i c  
d i s t a n c e  r, The magnitude of t h e  force of g r a v i t y  is 

F g = W .  
’rz 

A dimensionless parameter f3 defined a s  

w i l l  be used ex tens ive ly  throughout the fo l lowing  discussions.  
The parameter @ is simply t h e  magnitude of the force of r a d i a t i o n  
measured i n  u n i t s  of t h e  force of grav i ty .  Both the  f lux  of 
s u n l i g h t  and the f o r c e  of s o l a r  g r a v i t y  vary i n v e r s e l y  a s  t h e  
square  of t h e  d i s t a n c e  from the sun, so t h e  parameter (3 is 
independent of t h e  h e l i o c e n t r i c  d i s tance ,  Other non-gravi ta t iona l  
forces could be introduced a t  this poin t  by  us ing  an a d d i t i o n a l  
parameter @ *  which would no t  ( i n  genera l )  be independent of 
the  h e l i o c e n t r i c  d i s tance .  The expression given e a r l i e r  fo r  f3 

becomes, upon s u b s t i t u t i o n  of the  appropr i a t e  numerical va lues  
f o r  the va r ious  cons tan ts .  

The equat ions  of motion may be w r i t t e n  a l s o  i n  terms of t h e  
dimensionless parameter B a s  

and 

s i n c e  f3 and a a r e  simply r e l a t e d  by the expression 
ac- 
CI 

@ = - .  
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Radiation pressure  produces s e v e r a l  effects on t h e  motion 
of a sma l l  dus t  p a r t i c l e .  A dust  p a r t i c l e  moving i n  a h e l i o c e n t r i c  
o rb i t  r e c e i v e s  s u n l i g h t  f r o m  a source t h a t  is moving r e l a t ive  
t o  t h e  d u s t  p a r t i c l e ,  so t h e  inc iden t  s u n l i g h t  undergoes 
a b e r r a t i o n  through a s m a l l  angle  

r de q - - -  c . d t  
which can be neglected i n  a first approximation. The component 
of motion of t h e  dust  p a r t i c l e  along t h e  p o s i t i o n  vec to r  of t h e  
dus t  p a r t i c l e  causes  s u n l i g h t  of frequency v t o  be s h i f t e d  
through t h e  Doppler e f f e c t  t o  a new frequency v' given by 

The r a d i a l  mot ion  of t h e  d u s t  p a r t i c l e  and t h e  s h i f t  i n  frequency 
of t h e  i n c i d e n t  s u n l i g h t  produce a corresponding change i n  t h e  
energy d e n s i t y  of t h e  in t e rcep ted  r a d i a t i o n  and, hence, t h e  
r a d i a t i o n  pressure  exerted on t h e  dus t  p a r t i c l e ,  The terms , 

_ -  

de Pe dr and fl - 
-Z c d t  r 7 c d t  r 

rep resen t  t h e  r a d i a l  and t a n g e n t i a l  components, r e s p e c t i v e l y ,  
of t h e  a c c e l e r a t i o n  produced by t h i s  d r a g  force .  The equat ions  
of motion given previously a r e  c o r r e c t  t o  t h e  f i r s t  o r d e r  i n  
t h e  r a t i o  of t h e  speed of t h e  dust  p a r t i c l e  t o  t h e  speed of l i g h t .  
The problem was first formulated c o r r e c t l y  by Robertson (1937) 
who used a r e l a t i v i s t i c  t reatment  i n  o r d e r  t o  de r ive  t h e  
genera l ized  equat ions  of motion. The a c t i o n  of s u n l i g h t  i n  
e f f e c t i v e l y  reducing t h e  c e n t r a l  g r a v i t a t i o n a l  f o r c e  of a t t r a c t i o n  
by t h e  sun and i n  g iv ing  rise t o  t h e  non-conservative d rag  
f o r c e  is c a l l e d  t h e  Poynting-Robertson e f f e c t ,  

c o n s t a n t s  of motion because of t h e  presence of t h e  non-conservative 
d rag  f o r c e  introduced by r a d i a t i o n  pressure.  I n t e g r a t i o n  of 
t h e  angular  equat ion of m o t i o n  y i e l d s  

The energy and angular'momentum no longer  c o n s t i t u t e  
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2 h = r de = ho - pf38 - - 
d t  C 

where h is the angular  momentum (per u n i t  mass) of t h e  dus t  
p a r t i c l e  and 
t i m e  t (or 8) i n c r e a s e s ,  t h e  angular momentum decreases.  The 
dust p a r t i c l e  loses angular  momentum and energy of motion, 
causing i t  t o  s p i r a l  toward t h e  sun. The dynamical evolu t ion  
of the o r b i t s  of meteoroids under t h e  Poynting-Fbbertson effect  
has been considered by Wyatt and Whipple (1950) f o r  e l l i p t i c  
o r b i t s  a s  w e l l  as f o r  the c i r c u l a r  o rb i t s  considered by Robertson 
(1937) . 

is t h e  value of h a t  s o m e  epoch, t = to. As 

Temporarily dropping t h e  smal l  terms in 

r de and - - 1 d r  
c d t  c d t  
- -  

f r o m  t h e  equat ions  of motion leaves 

de 
2 d r  

2-  r i r(-+ x - -2 IJ (1-8) 

and 

The r a d i a l  equat ion of motion now d i s p l a y s  only  t h e  a c t i o n  of 
s o l a r  r a d i a t i o n  pressure  i n  e f f e c t i v e l y  reducing the  c e n t r a l  
‘force of gravi ty .  A value  f3 > l m a k e s  t h e  right-hand s i d e  of 
t h e  r a d i a l  equat ion of motion p o s i t i v e  and causes  t h e  c e n t r a l  

~ f o r c e  t o  become one of repuls ion.  A d u s t  p a r t i c l e  f o r  which I 

f3 > 1 w i l l  be blown ou t  of t h e  s o l a r  system by r a d i a t i o n  p res su re ,  

I 

while one for  which @ = 1 w i l l  not be s u b j e c t  t o  any a c c e l e r a t i o n  I 

by t h e  sun. 

t h e  o r b i t a l  speed v of t h e  dus t  p a r t i c l e  a s  i I n t e g r a t i o n  of t hese  approximate equat ions  of  mot ion  y i e l d s  

where a is t h e  semi-major a x i s  of t h e  o r b i t  of t h e  d u s t  p a r t i c l e .  
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Comparison with t h e  analogous equat ion 

f o r  a dus t  p a r t i c l e  which is s u f f i c i e n t l y  l a r g e  t h a t  f3 2 0 shows 
t h a t  r a d i a t i o n  pressure  reduces the  o r b i t a l  speed of a sma l l  
dust  p a r t i c l e  b e l o w  t h a t  for  t h e  purely g r a v i t a t i o n a l  case. A 
==all  uu3c p a r t i c l e  moving I= a p lane t - l i ke  o r b i t  moves more 

slowly t h a n  t h e  p l ane t  and the re fo re  has a non-zero speed 
r e l a t i v e  t o  t h e  p lane t .  Th i s  e f f e c t  was noted by Poynting i n  
1912, 
experimental ly  v e r i f i e d .  

-....-.-I1 rl..-+ 

Soon a f t e r  t h e  ex i s t ence  of r a d i a t i o n  pressure  had been 

An assumption commonly used i n  s i m p l i f i e d  t rea tments  of 
t h i s  type is t h a t  a dus t  p a r t i c l e  is p e r f e c t l y  absorbing and 
absorbs s u n l i g h t  over an a rea  equal  t o  t h e  geometric cross- 
s e c t i o n a l  a r e a  of the p a r t i c l e .  
assumption (Qpr = 1) a r e  shown g raph ica l ly  i n  Figure 2 for  
va r ious  va lues  of the mass dens i ty  6 and p a r t i c l e  r a d i u s  s. 
As was noted previously,  a value f3 >1 means t h a t  t h e  d u s t  
p a r t i c l e  w i l l  be blown o u t  of t h e  s o l a r  s y s t e m  by r a d i a t i o n  
pressure.  The va lues  f3 = 1 occur  i n  Figure 2 f o r  p a r t i c l e  r a d i i  
s - 1i-i which a r e  comparable t o  the  wavelength of s u n l i g h t  
(-0.55p). The assumption t h a t  c l a s s i c a l  o p t i c s  could be used 
t o  compute f3 f a i l s .  The r a d i a t i o n  pressure  e f f i c i e n c y  f a c t o r  
Qpg (and, hence, 8) is one of t h e  parameters which can be 

s p h e r i c a l  p a r t i c l e s  of a r b i t r a r y  size and known index of r e f r a c t i o n .  
It  is u n l i k e l y  t h a t  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  i s o t r o p i c  
homogeneous spheres ,  bu t  one p re sen t ly  has l i t t l e  choice i n  
computing t h e  va lues  of f3 o t h e r  than t o  assume a composition 
f o r  which t h e  index of r e f r a c t i o n  is known and t o  use t h e  M i e  
theory for  computing Qpr. 

p a r t i c l e  mass o r  size,  mass dens i ty ,  composition, s t r u c t u r e ,  
shape, and the parameter B a r e  beyond t h e  scope of t h i s  work. 
An ex tens ive  t rea tment  of t h e  Mie theory  can be found i n  t h e  
book by van de Hulst  (1957). 

Values of p computed under this 

1 computed through use of t h e  M i e  theory of l i g h t - s c a t t e r i n g  by 

. 
Fur the r  t reatment  of t h e  r a t h e r  complicated r e l a t i o n s  among 

The important points in t h e  present  
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d i scuss ion  can be adequately i l l u s t r a t e d  by t a k i n g  Q = 1 and 
using Figure 2 fo r  r e l a t i n g  0 t o  t h e  phys ica l  parameters of the 

dust  p a r t i c l e s .  A s c a l e  of p a r t i c l e  mass computed f o r  a mass 
dens i ty  of 6 = 2.5  gm/cm3 has been added a long  t h e  t o p  border  
i n  Figure 2 f o r  t h i s  purpose. 

Pr 

The direct measurements apply fo r  dus t  p a r t i c l e s  having 
masses m gn. Reference t o  Figure 2 shows t h a t  such dus t  
p a r t i c l e s  have va lues  of /3 Z 0.1, approximately, f o r  any of t h e  

va lues  of mass dens i ty  6 t h a t  a r e  represented.  A value B = 0.01 
might be considered t o  be n e g l i g i b l e  i n  comparison w i t h  u n i t y ,  
but  such a va lue  a p p l i e s  only for  the  upper end of the range 
of p a r t i c l e  mass encompassed by the d i r e c t  measurements. The 
ma jo r i ty  of t h e  d i r e c t  measurements apply f o r  dus t  p a r t i c l e s  

-11 having masses between about 10 
p a r t i c l e  having a mass m = 10- l1 gm and a mass dens i ty  6 = 2.5 

gm/cm3 has a r ad ius  of about 1 ~.r and, from Figure 2 ,  a va lue  of 
B 0.23,  which is hard ly  neg l ig ib l e  compared t o  uni ty .  

p a r t i c l e  i n t o  t h e  sphere of i n f l u e n c e  of a p l ane t )  on t he  value 
of #3 a s  t h e  mass of t h e  dus t  par t ic le  is v a r i e d  from m - 10- 
gm down t o  any l i m i t s  (0 = 1) se t  by r a d i a t i o n  pressure  is t o  be 
emphasized. The t reatment  is approximate because of t h e  s impl i fy ing  
assumptions made i n  r e l a t i n g  8 t o  t h e  p a r t i c l e  mass or  t h e  

p a r t i c l e  size. It is a l s o  approximate t o  t h e  e x t e n t  t h a t  t h e  
h e l i o c e n t r i c  mot ion  of a dus t  p a r t i c l e  is followed by us ing  
t h e  two-body equat ions  of motion presented e a r l i e r  w i th  r a d i a t i o n  
pressure  included. As the  dus t  p a r t i c l e  e n t e r s  the  planet ' s  
sphere  of i n f luence ,  g r a v i t a t i o n a l  c o n t r o l  is t r a n s f e r r e d  t o  

gm and gm. A dus t  

The dependence of the speed a t  encounter (entry of t h e  dus t  

7 

I 
t h e  p l a n e t ,  and t h e  motion of t he  d u s t  p a r t i c l e  i n  t h e  reg ion  of 
t h e  p l ane t  is t r e a t e d  a s  a two-body problem. The smal l  t a n g e n t i a l  
d rag  f o r c e  produced by r a d i a t i o n  pressure  can be neglected dur ing  
an encounter  but should be included i n  t h e  motion of a dus t  
p a r t i c l e  between encounters.  
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The o r b i t a l  speed of a dus t  p a r t i c l e  a t  encounter is given 

by 
1 v2 = P(1-p) (2 - 

i n  which t h e  semi-major a x i s  a of the  h e l i o c e n t r i c  o rb i t  of t h e  
dus t  p a r t i c l e  is measured i n  u n i t s  of t h e  semi-major a x i s  of 
t h e  p l ane t ' s  o r b i t  (assumed t o  be c i r c u l a r )  a s  

The n o t a t i o n  t o  be used here  is t h a t  employed by Opik (1951). 
The r e l a t i v e  speed can then be found by v e c t o r  a d d i t i o n  of t h e  
v e l o c i t y  of the  dus t  p a r t i c l e  and the v e l o c i t y  of the p lane t ,  
A l t e r n a t i v e l y ,  and much more simply, the problem can be formulated 
a s  a Jacob i  three-body problem w i t h  r a d i a t i o n  pressure  included. 
The speed U of t h e  dus t  p a r t i c l e  a t  encounter (measured r e l a t i v e  
to t h e  p l ane t  and expressed i n  u n i t s  of t h e  c i r c u l a r  speed vc of 
t h e  p l ane t )  is given by 

i n  which e is the e c c e n t r i c i t y  of the  h e l i o c e n t r i c  o r b i t  of t h e  
dus t  p a r t i c l e  and i is the i n c l i n a t i o n  of t h e  h e l i o c e n t r i c  o rb i t  
of the dust p a r t i c l e  measured r e l a t i v e  t o  t h e  plane of the 

planet ' s  o r b i t ,  S e t t i n g  i = Oo and r ep lac ing  A by Q where 

q Q = A ( l - e ) ,  q = a(1-e),  and Q = - 
y i e l d s  

The foregoing  expression reduces t o  

v2 = 1 - 2 GfZG- + (1-8) (l+e) 

for  encounter  a t  t h e  p e r i h e l i o n  passage (Q = 1) of t h e  d u s t  
p a r t i c l e ,  Th i s  expression is quadra t i c  and has  t h e  root 
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N ~ W ,  U = 0 f o r  8 = Bo where Bo and e a r e  r e l a t e d  by t h e  express ion  

B o = l -  1 , 
2x5 

The ranges of Bo and e for  which U -  0 can occur  when r a d i a t i o n  
pressure  is included are 

0 i Bo = 0 . 5 ,  0 5 e < i, (e l l ipt ic  orbits) 

80 = 0 . 5 ,  e = 1, (parabol ic  o rb i t s )  

0.5 < Bo < 1, e > 1, 

C i r c u l a r  h e l i o c e n t r i c  o rb i t s  (e = 0)give  U = 0 only  f o r  @ = 0 ,  

(hyperbolic o r b i t s )  , 

which a p p l i e s  t o  dus t  p a r t i c l e s  considerably l a r g e r  than  those 
s t u d i e d  through the direct measurements technique, Figure 3 
shows U (or v/vc) a s  a func t ion  of 8 f o r  c i r c u l a r  o rb i t s  and 
f o r  s e v e r a l  va lues  of the i n c l i n a t i o n ,  The o r d i n a t e  on t h e  
r i g h t  w i l l  be explained and used la te r ,  It should be noted 
t h a t  sma l l  dust  p a r t i c l e s  having /3 2 0.01 and p l ane t - l i ke  orb i t s  
do not  have p a r t i c u l a r l y  low speeds of encounter (even f o r  zero 
i n c l i n a t i o n )  when the  effect  of r a d i a t i o n  pressure  on the  o r b i t a l  
speed of a dus t  p a r t i c l e  is inc luded .  

f o r  two va lues  of e c c e n t r i c i t y  e a r b i t r a r i l y  chosen such t h a t  
Po f a l l s  i n  the range of p a r t i c l e  s ize  (B 20.01) encompassed by 
the direct  measurements, F igures  3, 4a, and 4b show t h a t  very 
l o w  speeds of encounter between p lane ts  and smal l  dus t  p a r t i c l e s  
can occur  f o r  dust  p a r t i c l e s  having non-circular  h e l i o c e n t r i c  
o r b i t s  of f a i r l y  low i n c l i n a t i o n .  Fu r the r  c a l c u l a t i o n s  show 
t h a t  t h e  s i n g u l a r  s o l u t i o n s  shown i n  F igures  4a and 4b a r e  but  
two of an e n t i r e  c l a s s  of o r b i t s  f o r  which sma l l  dust  p a r t i c l e s  
can have l o w  speeds a t  encounter,  Figure 5 shows the (A- , e) 
domain i n  which the  c l e a r  a r eas  contain va lues  of A and e f o r  
which p l ane ta ry  encounters  a r e  possible .  Representat ive va lues  
of Bo a r e  noted along the l i n e  f o r  p e r i h e l i o n  i n t e r c e p t s .  The 
c l a s s  of s i n g u l a r  s o l u t i o n s  which g ive  U =  0 f o r  i = Oo forms 
a l i n e  s i n g u l a r i t y ,  

order f o r  f3, to f a l l  i n  t h e  range (8 2 0.01, I@ 10.7 w) 

Figures  4a and 4b show U (or v h c )  a s  a func t ion  of f3 

1 

An e c c e n t r i c i t y  e 2 0.01 is requ i r ed  i n  



(. . 
encompassed by the direct measurements. The e n t i r e  c l a s s  of 
o rb i t s  f o r  which i 
which have l o w  speeds a t  encounter provided the encounter occurs 
near  the  pe r ihe l ion  passage of a d u s t  p a r t i c l e .  The a c t i o n  of 
r a d i a t i o n  pressure  in reducing the  p e r i h e l i o n  d i s t a n c e  of a dust  
p a r t i c l e  through t h e  Poynting-Robertson effect f u r t h e r  s e r v e s  
t o  cont inuously move o rb i t s  of low i n c l i n a t i o n  i n t o  p o s i t i o n  
f o r  the l o w  speed encounters  t o  occur. The l i n e  s i n g u l a r i t y  

1 appearing a t  Q = 1 i n  the (A- , e) domain fo r  i = Oo presen t s  
no problem regard ing  an " i n f i n i t e "  enhancement of the f l u x  i n  
the  v i c i n i t y  of a p l a n e t ,  because t h e  number of dust p a r t i c l e s  
having such  o r b i t s  is f i n i t e ,  The o r b i t s  of primary i n t e r e s t  
i n  the problem of t h e  enhanced flux nea r  a p l ane t  are those  in 
the  neighborhood of t h e  l i n e  Q = 1, 0.1 
t h e  (A- l ,  e) domain. 

is given by 

5 O ,  e 2 0.01 provides  sma l l  dus t  p a r t i c l e s  

e < 1, i = Oo, in 

The component of U normal t o  t h e  plane of t h e  p l ane ta ry  o rb i t  

2 f 
uz = 3 3 1-8 f A ( 1 - e  ) s i n  i, 

so i n c r e a s i n g  i f r o m  Oo adds a non-vanishing component t o  U. 
f a i r l y  r a p i d l y  through the  dependence of Ui on s i n  i. 
f a c t o r  -f 1-8 
value  of rX, can be obtained. The component of U along the 

h e l i o c e n t r i c  p o s i t i o n  vec to r  of a dus t  p a r t i c l e  is 

The - 
broadens the  range of i over  which a given smal l  

A non-vanishing component is added t o  U f a i r l y  r a p i d l y  a s  Q is 
reduced below 1. Again, t he  f a c t o r  - f f i  reduces t h e  magnitude 
of the non-vanishing component. Evaluat ion of t h e  degree of 
enhancement of the  f l u x  of sma l l  dust  p a r t i c l e s  which w i l l  occur  
near  a p l ane t  t h e r e f o r e  r e q u i r e s  an i n t e g r a t i o n  over  the  o r b i t a l  
elements a ,  e, and i a s  w e l l  a s  over a s ize  d i s t r i b u t i o n  o r  a 
d i s t r i b u t i o n  of the va lues  of f3 f o r  the d u s t  p a r t i c l e s  encountered 
by the  p l ane t ,  
performing t h i s  i n t e g r a t i o n .  

. 

-The w r i t e r  has  not y e t  been s u c c e s s f u l  i n  
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The ac t ion  of r a d i a t i o n  pressure i n  reducing t h e  o r b i t a l  
speed of a smal l  dus t  p a r t i c l e  a l s o  a f f e c t s  t h e  apparent 
radiant of the dust p a r t i c l e ,  Varying t h e  size of a d u s t  p a r t i c l e  
so t h a t  t h e  value of B crosses a s i n g u l a r i t y  of t h e  type  shown 
f o r  i = Oo in Figures  4 a  and 4b causes t h e  r a d i a n t  of t h e  dus t  
p a r t i c l e  t o  s h i f t  by 180°. 
e > 0 ,  i 4 Oo, and f3 < Po appear t o  overtake t h e  p l ane t ,  while 
those i n  s i m i l a r  o r b i t s  bu t  having 8 > Bo appear t o  be overtaken 
by the p l ane t ,  If a p l ane t  encounters a c loud of dus t  p a r t i c l e s  
a l l  having s i m i l a r  o rb i t s  of l o w  i n c l i n a t i o n  and a d i s t r i b u t i o n  
of va lues  of #3 encompassing the  value of f3. a.ppropriate f o r  
t h e  e c c e n t r i c i t y  of t h e  o r b i t s ,  t he  d u s t  p a r t i c l e s  can appear 
t o  e n t e r  t h e  planet 's  sphere of inf luence  f r o m  a l l  d i rec t ion& 
Such a c loud of dus t  p a r t i c l e s  would,  of course,  be i n  t h e  
process  of d i s p e r s i n g  because of t h e  d i f f e r e n t i a l  e f f e c t s  of 
r a d i a t i o n  pressure  on t h e  h e l i o c e n t r i c  o r b i t s  of t h e  d u s t  
p a r t i c l e s .  

Dust p a r t i c l e s  having o r b i t s  w i th  

The effects  of r a d i a t i o n  pressure on t h e  condi t ions  of 
encounter  t h a t  w e r e  descr ibed  i n  t h e  preceding paragraphs 
apply a l s o  t o  the sma l l  dus t  p a r t i c l e s  detected by a d u s t  
p a r t i c l e  s enso r  mounted on an i n t e r p l a n e t a r y  probe such a s  
blariner I V .  The e f f e c t s  of r a d i a t i o n  pressure  on t h e  speeds 
and r a d i a n t s  of t h e  dus t  p a r t i c l e s  de t ec t ed  by such an instrument  
need t o  be i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l .  

has s o m e  imp l i ca t ions  ( the  importance of which has not y e t  been 
i n v e s t i g a t e d )  regard ing  t h e  formation of p lane tes imals  i n  a 
r o t a t i n g  c i r c u m s t e l l a r  nebula ou t  of which a s t a r  forms. As a 
newly-formed s t a r  becomes luminous and c l e a r s  away the gas 
i n  t h e  nebula,  t h e  smal l  duSt p a r t i c l e s  which a r e  not  blown 
away by r a d i a t i o n  pressure  assume Hepler ian o r b i t s  about t h e  
s t a r .  The a c c r e t i o n  process  may then  change because of t he  

d i f f e r e n t i a l  e f f e c t s  of r a d i a t i o n  pressure  on t h e  p lane tes imals  

The effect of r a d i a t i o n  pressure on t h e  a c c r e t i o n  process  
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and the  sma l l e r  dus t  p a r t i c l e s  being acc re t ed  by t h e  planet-  
esimals.  The s o l a r  system is i n  a s t a g e  somewhat analogous 
t o  the l a t t e r ,  The nebular  gas is gone, so t h e  p l a n e t s  a r e  now 
a c c r e t i n g  sma l l  d u s t  p a r t i c l e s  which have their  h e l i o c e n t r i c  
motion modified by r a d i a t i o n  pressure and t h e  r a d i a l  f low of 
t h e  s o l a r  wind. 

GRAVITATIONAL ENHANCEMENT OF THE FLUX OF INTERPLANETARY DUST PARTICLES ---- 
The geocent r ic  enhancement of t h e  f l u x  of smal l  dus t  

p a r t i c l e s  has been the  s u b j e c t  of cons iderable  d i scuss ion  both 
before  and a f t e r  its ex i s t ence  was recognized i n  the r e s u l t s  
ob ta ined  wi th  dus t  p a r t i c l e  sensors  flown on rockets and s a t e l l i t e s .  
Whipple (1961) suggested t h a t  the dus t  p a r t i c l e s  w e r e  t h e  product 
of meteoroidal  impacts on t h e  moon. The ma jo r i ty  of t h e  remaining 
proposed explana t ions  fo r  t h e  ex i s t ence  of t h e  enhanced f lux  
b a s i c a l l y  depend on t h e  g r a v i t a t i o n a l  concent ra t ion  of i n t e r p l a n e t a r y  
dus t  p a r t i c l e s  s t reaming a t  l o w  speed i n t o  the v i c i n i t y  of the 

e a r t h .  No at tempt  is  made here  t o  review t h e  numerous v a r i a t i o n s  
on t h i s  theme, because t h e  e f f e c t s  of r a d i a t i o n  pressure  on t h e  
cond i t ions  of encounter have been neglected.  

The g r a v i t a t i o n a l  enhancement of t h e  f l u x  of i n t e r p l a n e t a r y  
dus t  p a r t i c l e s  e n t e r i n g  t h e  v i c i n i t y  of the e a r t h  has been 
t r e a t e d  through t h e  use of Liouvi l le ' s  theorem by Singer  (1956, 
1961) and by Shel ton,  e t  a l .  (1964). The three-body problem 
( c o n s i s t i n g  of t h e  sun,  t h e  e a r t h ,  and a d u s t  p a r t i c l e )  was 
t r e a t e d  a s  a success ion  of two-body approximations. Singer  (1961) 
assumed t h a t  t h e  v e l o c i t i e s  of the  dus t  p a r t i c l e s  were i s o t r o p i c  
a t  i n f i n i t y  (en t ry  i n t o  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d ) .  

The degree of enhancement of t h e  f l u x  depends on t h e  average 
speed a t  which dus t  p a r t i c l e s  e n t e r  the v i c i n i t y  of a p lane t .  
The requirements on t h e  speed of encounter can be i l l u s t r a t e d  
by a very b r i e f  t reatment  using &iouv i l l e ' s  theorem and fo l lowing  
c l o s e l y  t h e  expos i t i ons  given by Singer (1961) and by Shel ton,  
e t  a l .  (1964). The gene ra l  t reatment  a p p l i e s  f o r  any p l a n e t ,  
w i th  t h e  degree of enhancement of t h e  f l ux  depending r a t h e r  

- 15 - 



* s e n s i t i v i t y  on t h e  d i s t r i b u t i o n s  of a ,  i, and j3 f o r  t h e  dus t  
p a r t i c l e s  encountered by t h e  planet.  The remainder of t h e  
present  d i scuss ion  is l imi t ed ,  however, t o  t h e  problem of t h e  
geocent r ic  enhancement of t h e  f lux  of dus t  p a r t i c l e s .  

& -  

The d e n s i t i e s  a t  t w o  p o i n t s  (I? ;;"> and (r' v') on a 
g' g g' g 

dynamic t r a j e c t o r y  i n  a six-dimensional phase space composed 
of the geocen t r i c  position and velocity vectors r and v a r e  

3 

lz g 
r e l a t e d  through Liouvi l le ' s  theorem by 

i f  no p a r t i c l e s  a r e  lost .  The dens i ty  of dus t  p a r t i c l e s  i n  real 
space a t  a geocent r ic  d i s t ance  r is obta ined  by i n t e g r a t i n g  

c g 
v ) over  v e l o c i t y  space t o  g e t  

A d -  g +. 

I 

g I 
The s c a l a r  f l ux  of dus t  p a r t i c l e s  a t  a geocent r ic  d i s t a n c e  r 
is 

P ( r g )  = p ( r g )  v (r 1 g g  
t a k i n g  r' 
t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  leads t o  

vg, * p) , and @& t o  apply when t h e  d u s t  p a r t i c l e s  e n t e r  
g' 

and ~ 

a s  t h e  d e n s i t y  enhancement and flux enhancement, r e s p e c t i v e l y ,  I 

a t  a geocen t r i c  d i s t a n c e  r The f a c t o r  f a l lows f o r  those  d u s t  
p a r t i c l e s  which a r e  absent  from the  receding  f l u x  because they  
c o l l i d e d  wi th  t h e  e a r t h .  The a lgeb ra i c  expression for  t h e  I 
f a c t o r  f is given by  Shel toh,  e t  a l .  (1954). The numerical 
va lues  of f range between 0 .5  and 1. The speed a t  i n f i n i t y  

I 

g' 

v corresponds t o  t h e  speed a t  encounter v used e a r l i e r  i n  t h e  
d i scuss ion  of t h e  cond i t ions  of encounter. 
- 

- 16 - 
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The conservat ion O f  energy of geocen t r i c  motion y i e l d s  

where 

A t  t h e  
g' 

is t h e  speed of escape f r o m  t h e  e a r t h  a t  a d i s t a n c e  r 
a l t i t u d e s  of t h e  near-earth s a t e l l i t e s  (r 
of escape is 

- 7000 km), t h e  speed 
g 

v - 10 km/sec. e 
For speeds a t  encounter 

<< ve - 10 km/sec, 
v30 

one has 

so t h a t  t h e  d e n s i t y  and flux enhancements reduce t o  

and 

4 An enhancement of t h e  f l u x  by a f a c t o r  - 10 t h e r e f o r e  
r e q u i r e s  V~ - 0.1 km/sec. The concept of t h e  sphere  of 
i n f luence  inhe ren t  i n  t h e  s i m p l i f i e d  t reatment  using Liouvi l le ' s  
theorem encounters  t r o u b l e ,  f o r  0.1 km/sec is not  sma l l  compared 
t o  t h e  speed of escape a t  t h e  d i s t a n c e  of t h e  boundary of t h e  sphere  
of i n f luence  f o r  t h e  ea r th .  
t h e r e f o r e  r e q u i r e s  numerically i n t e g r a t i n g  t h e  three-body equat ions  
of mot ion  wi th  r a d i a t i o n  prFssure included. 

The o r b i t s  f o r  which very low speeds a t  encounter a r e  poss ib l e  
f o r  dus t  p a r t i c l e s  of va r ious  s i zes  w e r e  discussed e a r l i e r  and 
represented  i n  F igures  3, 4a ,  4b, and 5. The speed a t  encounter  
v measured i n  u n i t s  of t h e  speed of escape ve a t  t h e  a l t i t u d e s  
of t h e  near-ear th  s a t e l l i t e s  is given a s  t h e  o r d i n a t e  on t h e  
r i g h t  i n  F igures  3, Qa, and 4b. 

A r e a l i s t i c  t reatment  of t h e  problem 

- 17 - 



1 
I 

Singer  (1961) assumed t h a t  r e l a t i v e l y  l a r g e  dus t  p a r t i c l e s  
( s  - 2001~)  have almost c i r c u l a r  h e l i o c e n t r i c  o r b i t s  of very low 
i n c l i n a t i o n  (e s 0 , i  &O ) i n  o rde r  t o  j u s t i f y  t ak ing  vd= 1 km/sec, 

2 which l eads  t o  a f l u x  enhancement-10 . A subc la s s  of these  
o r b i t s  w a s  i n v e s t i g a t e d  by Dole (19621, who numerically i n t e g r a t e d  I 

t h e  geocen t r i c  t r a j e c t o r i e s  of dus t  p a r t i c l e s  having i n i t i a l l y  
c i r c u l a r  h e l i o c e n t r i c  o r b i t s  of ze ro  i n c l i n a t i o n  (e = 0 ,  i = Oo), 
Southworth (1963) has  criticized the two-dimensional model used 
by Dole and has argued t h a t  t h e  f r a c t i o n  of zod iaca l  dus t  p a r t i c l e s  
having such h e l i o c e n t r i c  o r b i t s  m u s t  be q u i t e  small .  

of 1 gm/cm3 has  a va lue  of &- 2.4 x which j u s t i f i e s  t h e  
neglec t  of r a d i a t i o n  pressure  by Singer (1961). But t h e  same 
dus t  p a r t i c l e  has  a mass m - 3.3 x gm, which removes it from 
t h e  regime of p a r t i c l e  mass covered by t h e  d i r e c t  measurements 
and p l aces  it i n  t h e  regime of radar  meteors. The a v a i l a b l e  d i r e c t  
measurements apply f o r  d u s t  p a r t i c l e s  having masses m 5 10- 
with the  maximum enhancement of t h e  f l u x  occur r ing  f o r  dus t  

dus t  p a r t i c l e  having a mass m = 10- l1 gm and a mass dens i ty  :6 = 2.5 
gm/cm3 has  a r a d i u s  s & 1 p. 
according t o  Figure 2. The speed of encounter f o r  such a dus t  
p a r t i c l e  having an ea r th - l ike  o r b i t  is about 3.6 km/sec. 
t h i s  a s  an average speed y i e l d s  a f l u x  enhancement of on ly  8 ,  

which is very  much less than t h e  f a c t o r  - 10 given by t h e  d i r e c t  
measurements. 

The shortcomings of t h e  t rea tments  by S inger  (1961) and Dole 

0 

A dus t  p a r t i c l e  having a rad ius  s - 2 0 0 ~  and a mass dens i ty  

7 
gm, 

11 p a r t i c l e s  having masses i n  t h e  neighborhood of m - 10- gm. A 

The value of B is about 0.23, 

Taking 

4 

(1962) a r e  shared  by numerous o the r  proposed explana t ions  f o r  
t h e  geocen t r i c  enhancement of t h e  f l u x  of sma l l  dus t  p a r t i c l e s  
i n  which r a d i a t i o n  pressure  $as neglected.  The work of Dole 
was mentioned here  because such numerical i n t e g r a t i o n s  should be 
extended t o  a three-dimensional model and t o  t h e  case  i n  which 
r a d i a t i o n  p res su re  is not  neglected. The formula t ion  of t h e  
problem of t h e  g r a v i t a t i o n a l  enhancement of f l u x  i n  terms L iouv i l l e*s  
theorem t h a t  was given by Singer  (1961) is use fu l ,  provided t w o  

- - 18 - 



important  changes a r e  made. These a r e  (1) r a d i a t i o n  pressure  
should be included so t h a t  t h e  d i scuss ion  can be directed t o  t h e  
range of p a r t i c l e  size f o r  which the  measured geocent r ic  enhancement 
of the  f l u x  occurs ,  and (2) the  assumption t h a t  the s m a l l  d u s t  
p a r t i c l e s  which produce the zod iaca l  l igh t  have predominantly 
c i r c u i a r  h e i i o c e n t r i c  o rb i t s  of very l o w  i n c l i n a t i o n  siiouici be 
avoided. The assumption t h a t  small  d u s t  p a r t i c l e s  having orb i t s  
of f a i r l y  low i n c l i n a t i o n  con t r ibu te  most t o  the  enhancement of 
t h e  f l u x  near  a p l ane t  cannot be avoided, bu t  the  r e s t r i c t i o n  on 
the range of the i n c l i n a t i o n  can be relaxed s l i g h t l y  because of 
t he  presence of t h e  term -fG i n  t h e  expression fo r  Uz, The 
l o w  speed encounters  occur  only f o r  non-circular  orbi ts  of f a i r l y  
l o w  i n c l i n a t i o n  when dust p a r t i c l e s  of t h e  sizes involved i n  t h e  
measured enhancement of t h e  f lux  a r e  considered. 

The remaining unsolved problem c o n s i s t s  of i n t e g r a t i n g  over  
t h e  unknown d i s t r i b u t i o n  of orbi ts  and the r a t h e r  poorly determined 
size d i s t r i b u t i o n  f o r  the  smal l  i n t e r p l a n e t a r y  dust p a r t i c l e s  i n  
an at tempt  t o  a s c e r t a i n  whether appreciable  p l ane tocen t r i c  
enhancements of the f l u x  can occur d i r e c t l y .  The boundary 
cond i t ions  w h i c h  m u s t  be m e t  by any d i s t r i b u t i o n s  of orb i t s  and 
size d i s t r i b u t i o n s  assumed for  use i n  such an i n t e g r a t i o n  inc lude  
t h e  observed d i s t r i b u t i o n  of su r face  b r igh tness  and p o l a r i z a t i o n  
of t h e  z o d i a c a l  l i g h t  over  t h e  c e l e s t i a l  sphere. 

SulylBdARY 

The cond i t ions  of encounter between p l a n e t s  and sma l l  
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  have been i n v e s t i g a t e d  i n  an approximate 
manner, S o l a r  r a d i a t i o n  pressure  has been included i n  t h e  cond i t ions  
of encounter ,  and t h e  dependence of the speed a t  encounter on 
t h e  s ize  of a d u s t  p a r t i c l e e h a s  been emphasized, 

passage encompass a n .  e n t i r e  c l a s s  of non-circular  h e l i o c e n t r i c  
o r b i t s  of f a i r l y  l o w  i n c l i n a t i o n  when d u s t  p a r t i c l e s  of t h e  sizes 
be ing  s t u d i e d  through t h e  use of s p a c e c r a f t  a r e  considered. Th i s  

The l o w  speeds of encounter which occur  near  p e r i h e l i o n  

- 19 - 



c l a s s  of o r b i t s  provides dust p a r t i c l e s  which can encounter the  
p l ane t s  a t  the very l o w  speeds necessary i n  order for a g r a v i t a t i o n a l  
enhancement of the f lux* occur. Evaluat ion of the  e f f e c t i v e n e s s  
of t h i s  class of orbits i n  d i r e c t l y  producing the  enhanced f lux  
of small  dust  particles measured in the  v i c i n i t y  of the e a r t h  is 
made d i f f i c u l t '  by the  present  l a c k  of knowledge about the o r b i t s  
of smal l  dust  p a r t i c l e s  both i n  the  v i c i n i t y  of t he  e a r t h  and i n  
i n t e r p l a n e t a r y  space. The source of the smal l  dust p a r t i c l e s  
and the  mechanism for  the enhancement of the  f lux  measured i n  
the v i c i n i t y  of the  ear th  through the use of spacec ra f t  s t i l l  
remain to be s a t i s f a c t o r i l y  explained, 

* 



CAPTIONS FOR FIGURES 

Figure  1. Cumulative f l u x  d i s t r i b u t i o n  compiled f r o m  t he  data 
i n  Table I t o  show t h e  enhancement of the  f l u x  of 
small dust p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  earth. 

t o  t h e  force of g rav i ty  on t h e  size and mass dens i ty  
of a dus t  p a r t i c l e .  

Figure 2. 3epeIider;ce of the  rati3 (e )  of the force of radiation 

Figure  3. Dependence on particle size (or 8 )  of t h e  speed a t  
encounter f o r  dus t  p a r t i c l e s  and a p l a n e t  when both 
are moving i n  c i r c u l a r  h e l i o c e n t r i c  o r b i t s ,  

Figure 4a, 4b. Two examples of t h e  dependence on p a r t i c l e  
size (or 8)  of the speed a t  encounter f o r  a p l a n e t  
moving i n  a c i r c u l a r  o rb i t  and dus t  p a r t i c l e s  
moving i n  e l l i p t i c  h e l i o c e n t r i c  o rb i t s .  

-1 
Figure  5 .  The (A , e) domain showing t h e  orb i t s  f o r  which 

p lane tary  encounters  are p o s s i b l e  and t h e  l i n e  
s i n g u l a r i t y  next  t o  which are c l u s t e r e d  t h e  orbi ts  
t h a t  y i e l d  very l o w  speeds of encounter for small 
d u s t  p a r t i c l e s  i n  o r b i t s  of l o w  i n c l i n a t i o n .  
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