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I n t r o d u c t i o n  

The modulatory e f f e c t s  of t h e  s o l a r  wind on g a l a c t i c  cosmic rays  as they  

are t r anspor t ed  through t h e  s o l a r  system has  been a s u b j e c t  of i n v e s t i g a t i o n  by 

several au tho r s .  The u s u a l  approach t o  t h e  problem is  t o  choose a model, w r i t e  

t h e  a p p r o p r i a t e  t r a n s p o r t  equat ion ,  and s o l v e  i t  by making some type  of d i f f u s i o n  

approximation. Our approach is  t o  s o l v e  t h e  t r a n s p o r t  problem us ing  Monte Carlo 

techniques ,  thereby  avoiding d i f f u s i o n  approximations and t h e  d i f f i c u l t i e s  w i t h  

e s t ima t ing  d i f f u s i o n  c o e f f i c i e n t s  p a r a l l e l  and perpendicular  t o  t h e  magnet ic  f i e l d .  

Through t h i s  a n a l y s i s  we o b t a i n  t h e  cosmic ray  f l u x  and energy spectrum 

a t  any des i r ed  p o i n t  i n  t h e  s o l a r  system as a func t ion  of t h e  i n c i d e n t  g a l a c t i c  

cosmic ray spectrum. 

t h e  s o l a r  wind and i n  p a r t i c u l a r  i n d i c a t e  whether t h e  cosmic ray  spectrum is  

These d a t a  then  show d i r e c t l y  t h e  modulatory e f f e c t s  of 

hardened o r  so f t ened  by t h e  a c t i o n  of t h e  wind. I n t e g r a t i o n s  with. r e s p e c t  t o  

energy over  t h e  s p e c t r a  obta ined  al lows us  t o  determine t h e  energy ba lance  between 

t h e  cosmic r ays  and t h e  wind a t  any d e s i r e d  p o i n t  i n s i d e  t h e  s o l a r  system as w e l l  

as t h e  o v e r a l l  d i r e c t i o n  of energy flow. 

W e  have cons t ruc t ed  a Monte Carlo a n a l y s i s  of t h e  cosmic r a y  t r a n s p o r t  problem 

us ing  t h e  e s s e n t i a l  f e a t u r e s  of s o l a r  wind model proposed by Parker1 which exper i -  

menta l  evidence seems t o  suppor t .  The model i n  i t s  s i m p l e s t  form c o n s i s t s  of a 

s p h e r i c a l l y  symmetric s t eady  uniform wind ex tending  from t h e  sun t o  d i s t a n c e s  of 

t h e  o rde r  of 20-100 A . U .  (as t ronomica l  u n i t s ) .  On t h i s  p i c t u r e  turbulence  of a ran- 

dom n a t u r e  i s  imposed. S ince  t h e  magnetic l i n e s  of f o r c e  are c a r r i e d  w i t h  t h e  s o l a r  

wind, t h e  r e s u l t i n g  magnet ic  f i e l d  seen  by a charged par t ic le  i s  a r e l a t i v e l y  s t e a d y  

r a d i a l  f i e l d  w i t h  random f l u c t u a t i o n s  superposed on i t .  These f l u c t u a t i o n s  are 

assumed t o  move outward w i t h  t h e  speed of t h e  wind s i n c e  t h e  Alven v e l o c i t y  i s  s m a l l  

compared t o  t h e  wind v e l o c i t y .  A charged p a r t i c l e  moving through t h e  f i e l d  may then  



b e  s c a t t e r e d  by t h e  turbulence  and/or  r e f l e c t e d  by t h e  s t eady  f i e l d .  

t h e  s t eady  f i e l d  t akes  p l a c e ,  of course,  on ly  f o r  incoming p a r t i c l e s  wh i l e  p a r t i c l e s  

moving i n  e i t h e r  d i r e c t i o n  may b e  s c a t t e r e d .  

Mi r ro r ing  by 

From t h e  viewpoint  of a f i x e d  r e f e r e n c e  

frame, t h e  presence  of t h e  s t eady  f i e l d  does n o t  change t h e  energy of t h e  charged 

p a r t i c l e s  wh i l e  a s c a t t e r i n g  event  may r e s u l t  i n  a n e t  l o s s  o r  g a i n  of energy. 
i 

The 

Monte Carlo a n a l y s i s  c o n s i s t s  of fol lowing i n d i v i d u a l  p a r t i c l e s  by keeping t r a c k  of 

t h e i r  momentum and p o s i t i o n  as they  e n t e r  t h e  sphe re  of i n f l u e n c e  of t h e  s o l a r  wind 

and move about i n  t h i s  reg ion .  The Monte Carlo program has been coded, checked-out, 

and is now completely o p e r a t i o n a l .  

Magnetic S c a t t e r i n g  

Our s t u d i e s  of magnet ic  s c a t t e r i n g  by s m a l l  f i e l d  i r r e g u l a r i t i e s  as w e l l  as 

random walk of t h e  f i e l d  l i n e s  themselves i n d i c a t e  t h a t  t h e  s c a t t e r i n g  mean free 

p a t h  i s  p r o p o r t i o n a l  t o  t h e  wavelength of the d is turbance .  I f  t h e  wavelength is 

t h e  o r d e r  of t h e  r a d i u s  of g y r a t i o n  of t h e  p a r t i c l e ,  t h e  p a r t i c l e  may then  be  

s c a t t e r e d  i s o t r o p i c a l l y  i n  t h e  rest frame of t h e  s o l a r  wind. 

the Mariner 4 s p a c e c r a f t  of t h e  power spectrum of t h e  magnetic f i e l d  g i v e  u s  a n  

1 

Measurements made by 

i n d i c a t i o n  of t h e  frequency and scale of magnet ic  f l u x u a t i o n s  from 29 Nov. t o  30 

Dec., 1964. These d a t a  i n d i c a t e  t h a t  

-3/2 
P ( f )  & . f  

where P ( f )  = t h e  magnet ic  power d e n s i t y  d 

f 

Then i f  w e  r e q u i r e  

where = wavelengch of t h e  d i s tu rbance  

= frequency of t h e  f l u x u a t i o n s  

5 R 
F 

R = r a d i u s  of g y r a t i o n  of t h e  p a r t i c l e  
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as t h e  cond i t ion  f o r  s c a t t e r i n g ,  and l e t  P ( f )  b e  a measure of t h e  s c a t t e r i n g  mean 

f r e e  pa th .  Then 

where L ( f )  r e f e r s  t o  L f o r  a p a r t i c l e  whose r a d i u s  of g y r a t i o n  i s  of t h e  o rde r  of 

( = 1) and V i s  t h e  v e l o c i t y  of t h e  s o l a r  wind. 
f 

L e t  L(p) denote  t h e  mean 

free pa th  of  a p a r t i c l e  of momentum p, then  L ( f )  '2 - 1 , and s i n c e  )r 5 R, 

t hen  1 $ r2p  where r = d i s t a n c e  from t h e  sun 

p = momentum of p a r t i c l e .  

This  r e l a t i o n  i s  then  v a l i d  f o r  r = 1 A . U .  s i n c e  t h e  Mariner 4 d a t a  w a s  ob ta ined  

' i n  t h i s  v i c i n i t y .  I f  w e  assume t h a t  t h e  magnet ic  t u rbu lence  i n c r e a s e s  l i n e a r l y  

w i t h  r ,  then  

arguments i f  w e  assume t h a t  P ( f )  approaches a cons t an t  v a l u e  as f approaches 

zero  (random walk of t h e  f i e l d  l i n e s )  t hen  L( r ,p )  4 3  r 2 p- f o r  l a r g e  v a l u e s  

of p. 

Monte Carlo Resu l t s  -- 
The s c a t t e r i n g  mean free pa ths  as d iscussed  above were incorpora ted  i n t o  our  

a n a l y s i s  and t h e  s c a t t e r i n g  p r o b a b i l i t i e s  determined from t h e s e  d a t a .  

fol lowing va lues  f o r  t h e  paremeters  used i n  t h e  program: 

W e  took t h e  

L( r ,p )  = .1 A . U .  f o r  r = 1 A . U . .  and .p  = 1 Bev./c, and rm = 21 A - U .  

were rm = r a d i u s  of i n f luence  of s o l a r  wind, 'and V = 300 km/sec. where V = v e l o c i t y  

of t h e  s o l a r  wind. We sampled ou r  i n c i d e n t  p a r t i c l e s  from an  energy spectrum of 
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t h e  form (E) & E-1*5 where Y ( E )  i s  t h e  t o t a l  number of p a r t i c l e s  

w i t h  energy g r e a t e r  t han  E. The Monte Carlo a n a l y s i s  t hen  gave us  t h e  energy spec- 

trum and re la t ive  number of p a r t i c l e s  a t  ou r  d e t e c t o r  p o i n t s .  

d e t e c t o r  a t  1 A . U .  from t h e  sun  and t h e  o t h e r  a t  20 A.U.'s. The r e s u l t s  of calcu-  

l a t i o n  performed t o  d a t e  can b e  summarized as fo l lows:  

We placed  one 

E i n  is very  n e a r l y  equal  t o  Eout a t  bo th  d e t e c t o r s  where.Ein i s  t h e  energy 

f l u x  toward t h e  sun and Eout is  t h e  energy f l u x  away from t h e  sun. 

A t  t h e  l A . U .  d e t e c t o r  ( d e c t e c t o r  number 1 )  4 1  = . 3  

i n  t h e  1 Bev./c t o  10  Bev./c momentun range of  i n c i d e n t  p a r t i c l e s  

where q3 = p a r t i c l e  f l u x  a t  d e t e c t o r  1 

$) = i n c i d e n t  p a r t i c l e  f l u x  a t  21 A . U .  

A t  t h e  20 A . U .  d e t e c t o r  ( d e t e c t o r  number 2) 4 2 = 1.3  

! 
where = p a r t i c l e  f l u x  a t  d e t e c t o r  2. 

Examidation of  t h e s e  r e s u l t s  l e a d s  t o  two p e r t i n e n t  conclus ions :  (1) t h e  

s o l a r  wind does n o t  s u b s t a n t i a l l y  change t h e  energy of t h e  cosmic r ays  and (2)  low 
i 

energy p a r t i c l e  i n t e n s i t y  i n  t h e  v i c i n i t y  of t h e ' e a r t h  is  cons iderably  reduced from 

i t s  g a l a c t i c  va lue .  A s  w e  accumulate more Monte Carlo d a t a ,  more d e t a i l e d  a n a l y s i s  

of t h e  modulatory e f f e c t s  of t h e  s o l a r  wind on g a l a c t i c  cosmic r ays  w i l l  b e  p o s s i b l e .  
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