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The Source S p e c t r a  and Composition 

Of Cosmic Rays 

Implied by an Ana lys i s  

Of I n t e r s t e l l a r  and I n t e r p l a n e t a r y  T r r v e l  

C. E. F i c h t e l  and D. V .  Reames 

Goddard Space F l i g h t  Center ,  Greenbe l t ,  Maryland 

Abs t r ac t  

The i m p l i c a t i o n s  of a s imple  set  of assumptions r e l a t e d  t o  g a l a c t i c  

cosmic r a y s  are examined and compared t o  t h e  e x i s t i n g  d a t a .  These 

assum2tions are t h a t  ( a )  

have t h e  same s p e c t r a l  shape a t  the  s o u r c e ,  (b)  t he  r e l a t i v e  ebundances 

of He3 and l i g h t  n u c l e i  ( 3  - < Z 5 5) are n e g l i g i b l e  a t  t h e  s o u r c e ,  and 

( c )  t h e  average amount of i n t e r s t e l l a r  m a t e r i a l  t r a v e r s e d  i s  independent 

of p a r t i c l e  energy.  The r e s u l t s  show t h a t  w i t h i n  t h e  , ,resent unce r t a in -  

t ies  of t h e  exper imenta l  d a t a  and of t h e  i n t e r a c t i o n  c r o s s  s e c t i o n s ,  t h e  

d a t a  agree  w i t h  t h e  p r e d i c t i o n s  without  a d d i t i o n a l  assumptions i f  t h e  

d i f f e r e n t i a l  sou rce  s p e c t r a  are r e l a t i v e l y  f l a t  a t  low e n e r g i e s  and t h e  

average  i n t e r s t e l l a r  mean f r e e  path is 2 . 8  20.4 gicm . 

t h e  n e a r l y  cons t an t  r e l a t i v e  abundances of t h e  helium, medium ( 6  < - Z 5 9 ) ,  

and ( Z  - > 10) n u c l e i  w i t h  energyinucleon can be exp la ined ,  and t h e  observed 

v a r i a t i o n  of t h e  l i g h t  t o  medium n u c l e i  f l u x  r a t i o  wi th  energy nucleon 

can be brought  i n t o  f a i r  agreement w i t h  p r e d i c t i o n s .  The c a l c u l a t i o n s  

a l s o  imply t h a t ,  i f  t h e  a n a l y s i s  does r ep resen t  t h e  t r u e  s i t u a t i o n ,  then  

t h e  m u l t i p l y  charged cosmic r a y  n u c l e i  ali 

2 I n  p a r t i c u l a r ,  



t h e r e  i s  l i t t l e  o r  no s o l a r  modulat ion of t h e  cosmic r a y s  nea r  s o l a r  mini-  

mum, and protons and hel ium n u c l e i  have d i f f e r e n t  sou rce  s p e c t r a .  

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

The cosmic ray energy s p e c t r a  which are observed a t  t h e  e a r t h  repre- 

s e n t  t h e  source s p e c t r a  a f t e r  t h e y  have passed through i n t e r s t c l l a r  m a t t e r  

and have been modulated w i t h i n  t h e  s o l a r  system. Whereas presumably t h e  

I s o l a r  system modulation is  p r i m a r i l y  t h e  r e s u l t  of e l e c t r o m a g n e t i c  L i e l d s ,  

i n t e r s t e l l a r  space i s  b e l i e v e d  t o  c o n t z i n  enough material  a long  t h e  path 

ui t h e  p a r t i c l e  t o  change a p p r e c i a b l y  t h e  , . a r t i c l e  energy AS w e l l  ss the 

i n t e n s i t y  ot thc  r a d i a t i o n .  I n  t h e  l a t t e r  case  i t  is normaLly assumed 

t t i a t  t h e  i n t e n s i t y  i n  an energy i n t e r v a l  i s  changed s i g n i f i c a n t l y  o n l y  by  

f r agmen ta t ion  i n  i n t e r a c t  i ons  and by i o n i z a t i o n  loss ,  and iwt b y  ncc-e le r r -  

t i o n  nor by thc complicated time-dependent magnet ic  e f f e c t s  which ,)robably 

cause t h e  i n t e n s i t y  v a r i a t i o n  i n  t h e  s o l a r  system. 

I f  t h e  a c c e l e r a t i o n  i n  i n t e r s t e l l a r  space  i s  n e g l i g i b l e ,  i t  is  p o s s i -  

b l e  t o  c a l c u l a t e  t h e  energy dependence of t h e  r e l a t i v e  abundances of v a r i o u s  

p a r t i c l e  groups o u t s i d e  t h e  s o l a r  system, assuming v a r i o u s  s o u r c e  s p e c t r a ,  

provided t h e  c r o s s  s e c t i o n s  i n  i n t e r s t e l l a r  space  and the amount of m a t e r i a l  

t r a v e r s e d  a r c  s u f f i c i e n t l y  w e l l  known. The e x a c t  n a t u r e  of t h e  s o l a r  modu- 

l a t i o n  i s  n o t  y e t  known, bu t  t h e  g e n e r a l  b e l i e f  is t h a t  i t  probably de,)ends 

o n l y  o n  t h e  v e l o c i t y  and charge-to-mass r a t i o  of t h e  p a r t i c l e .  T h e r e f o r e ,  

a l though  n u c l e i  of t h e  same cherge-to-mass r a t i o  b u t  d i f i e r e n t  cha rges  w i l l  

lose energy at d i f f e r e n t  ra tes  i n  i n t e r s t e l l a r  s p a c e ,  t h e  l l u x e s  o f  t h e s e  
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p a r t i c l e s  w i l l  be  modulated i n  t h e  same way,  t he reby  p e r m i t t i n g  t h e  sepa-  

r a t i o n  of modulat ion e f f e c t s  from i n t e r s t e l l a r  energy l o s s  and fragmenta- 

t i o n  e f f e c t s .  

Enough informat ion  is now accumulat ing on s e v e r a l  d i f f e r e n t  compon- 

e n t s  of t h e  cosmic r a d i a t i o n  t o  permit a meaningful s tudy  of t h e i r  source  

s p e c t r a  and h i s t o r y  of t h e  cosmic r a d i a t i o n  can be obta ined .  The re fo re ,  

i n  t h i s  p a y e r  w e  have determined t h e  expected r e l a t i v e  abundances of t h e  

m u l t i p l y  charged n u c l e i  as a func t ion  of ene rgy .nuc leon  f o r  v a r i o u s  s p e c i f i c  

assumptions about t h e  source  s p e c t r a  and i n t e r s t e l l a r  mean f r e e  p a t h ,  and 

have a l s o  cons idered  t h e  e f f e c t s  of s o l a r  modulation. Throughout,  t h e  

a n a l y s i s  has  been made a s  q u a n t i t a t i v e  as seems reasonable  w i t h i n  t h e  

l i m i t e d  knowledge of some of t h e  parameters .  

11. General Procedure 

The f i r s t  purpose of t h i s  a r t i c l e  is t o  de te rmine  whether a p a r t i c u l a r  

s imple  set  of assumptions l eads  t o  p r e d i c t i o n s  which are c o n s i s t e n t  w i th  t h e  

g a l a c t i c  cosmic r a y  d a t a .  These assumptions a re :  

(a) The source  energy:nucleon s p e c t r a  of e l l  m u l t i p l y  charged n u c l e i  

have t h e  same shape ,  a t  least  above 100 MeV/nucleon. (Note t h a t ,  

s i n c e  a l l  of t h e  mul t ip ly  charged n u c l e i  t h a t  w i l l  be of  i n t e r e s t  

a t  t h e  sou rce  have near ly  t h e  same charge t o  mess r a t i o ,  t h i s  

e f f e c t i v e l y  pe rmi t s  t h e  s p e c t r a  t o  be both  v e l o c i t y  and 

r i g i d i t y  dependent .) 

The r e l a t i v e  abundance of He3 and l i g h t  n u c l e i  ( 3  5 Z - < 5) a t  

t h e  source  are n e g l i g i b l e  compared t o  He and medium n u c l e i  

r e s p e c t  i v e  1 y . 

(b)  
4 
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( c )  The ave rage  i n t e r s t e l l a r  mean f r e e  p a t h  i s  independent of t h e  

ene rgy lnuc leon  of t h e  p a r t i c l e .  

A f t e r  a thorough i n v e s t i g a t i o n  of t h i s  s imple  approach and i t s  l i m i t a t i o n s ,  

w e  c o u s i d e r  a l t e r n a t e  approaches and models ( u s u a l l y  invo lv ing  r:iore a d j u s t -  

a b l e  parameters)  suggested i n  t h e  l i t e r a t u r e  

Before out l i n i n g  t h e  g e n e r a l  p rocedure ,  w e  s h a l l  I l r i e l l y  d i s c u s s  t h e  

assumptic)ns. The s i m i l a r i t y  i n  s o u r c e  s p e c t r a l  s h a , ) e ,  a t  l e a s t  f o r  p e r t i -  

c l e s  o L  t h e  same cha rge  t o  mass r a t i o ,  is suggested by t h e  , ) r e d i c t i o n s  o i  

t h e  basic  a c c e l e r a t i o n  mechanisms, such a s  t h e  siml,Ie Fermi theo ry  t h e  

p r i n c i p l e  of c q u i p a r t i t i o n  ol: energy a s  d i s c u s s e d  by ,$yrovatsky , a, ld  t h e  

theo r )  of t h e  shock a c c e l e r a t i o n  ol: t h e  o u t e r  l aye r  of a supernovae d i s -  

4 5 cussed by Colgnte  and Johnson and Co lga te  . Some oi t h e  morc compliceted 

v a r i a t i o n s  ot t h e  t h e o r i e s  can e x p l a i n  d i f i c r e n c e s  i n  t h e  energy s i l cc t r a  

oL d i f f e r e n t  n u c l e i ,  e s p e c i a l l y  those w i t h  d i f f e r e n t  charge-to-mass r a t i o  

F u r t h e r  support  t o  t h e  cho ice  of s p e c t r a  of t h e  same sha1)e t o r  , , a r t i c l e s  

of t h e  same charge-to-mass r a t i o  i s  ob ta ined  from t h e  s t u d y  ol: s o l a r  

p a r t i c l e s .  I t  should be noted t h a t  sou rce  s p e c t r a  a t  v e r y  low e n e r g i e s  

(‘:IO MeV/nucleon) may d i f f e r  i n  g e n e r a l ,  b u t  t h e y  are  not  germane t o  t h e  

p r e s e n t  d i s c u s s i o n  bccause ,  as w i l l  be d i s c u s s e d  l a t e r ,  t hey  could not be 

d e t e c t e d .  

1 1 2  

3 

2 

With r e s p e c t  t o  t h e  compos i t ion ,  t h e  o n l y  important  assumption t h a t  

3 
w e  s h a l l  make i s  t h a t  l i g h t  n u c l e i  snd He are absen t  i n  t h e  s o u r c e .  Fo r  

t h e  l i g h t  n u c l e i ,  t h i s  assumption is based on t h e  f a c t  t h a t  l i g h t  n u c l e i  

are ve ry  rare i n  t h e  u n i v e r s e  ( abou t  10 OP t h e  abundance of medium -5  

- 1  

4 
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8 
n u c l e i )  because t h e y  

The j u s t  i f  i ca t  ion  f o r  

similar.  

are u n s t a b l e  a t  t h e  h igh  t empera tu res  of m o s t  stars 

assuming t h e r e  is v i r t u a l l y  no H e  a t  t h e  s o u r c e  is 
3 

F i n a l l y ,  t h e  assumption r ega rd ing  t h e  average mean f r e e  p a t h  be ing  

independent o f  energy is based on s i m p l i c i t y  and t h e  f a c t  t h a t  i n  a 

simp1.e s t e a d y  s t a t e  d i f f u s i o n  p rocess ,  t h e  p a t h  l e n g t h  would not  be 

expected t o  v a r y  w i t h  v e l o c i t y .  A r i g i d i t y  dependent average p a t h  l e n g t h  

i s  of cour se  p o s s i b l e  i f ,  f o r  example, h igh  r i g i d i t y  p a r t i c l e s  e scape  more 

e a s i l y .  T h i s  a l t e r n a t e  p o s s i b i l i t y  w i l l  be  one of t h e  ones cons ide red  i n  

s e c t i o n  V .  

I n  proceeding w i t h  the c a l c u l a t i o n s ,  t h e  problem w i l l  be  d i v i d e d  i n t o  

t h r e e  pa r t s  o r  p h y s i c a l  regions:  the  "sourcet1 which s u p p l i e s  t h e  cosmic 

r a d i a t i o n ,  t h e  i n t e r s t e l l a r  medium c o n t a i n i n g  p r i m a r i l y  hydrogen which can 

cause  f r agmen ta t ion  and energy loss o f  t h e  cosmic-ray p a r t i c l e s ,  and 

f i n a l l y  t h e  S o l a r  System which i n f l u e n c e s  t h e  cosmic-ray f l u x e s  v i a  i t s  

e l e c t r o m a g n e t i c  f i e l d s .  

With r ega rd  t o  t h e  sou rce ,  i t  w i l l  be  i n i t i a l l y  assumed t h a t  t h e  s o u r c e  

s l ~ e r t r a  have t h e  p r o p e r t i e s  s t a t e d  i n  assumptions ( a )  and ( b ) ,  and t h e  re- 

maining c h a r a c t e r i s t i c s ,  such as the p o s s i b l e  shapes f o r  t h e  energy s,)ectr,: 

and t h e  r e l a t i v e  abundances of t h e  o t h e r  n u c l e a r  s p e c i e s ,  w i l l  be  determined 

from an  examinat ion of t h e  experimental  d a t a  i n  t h e  l i g h t  of t h e  c a l c u l s -  

t i o n  t o  fol low.  T h e r e f o r e ,  t h e  f i r s t  c o n s i d e r a t i o n  w i l l  be t h e  t r a v e l  of 

t h e  cosmic r a y s  through i n t e r s t e l l a r  space ,  which w i l l  be d i s c u s s e d  i n  

s e c t i o n  111. As w a s  s t a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  model be ing  d i s c u s s e d  

h e r e  does  not  allow t h e  in te rs te l la r  magnetic f i e l d s  t o  a c c e l e r a t e  t h e  

5 



p a r t i c l e s ,  but does  p e r m i t  d i f f u s i o n .  The i n t e r s t e l l a r  p a t h  l e n g t h  t o  

be  determined is  d e f i n e d  as t h e  average number of g/rm2 o f  m a t e r i a l  

t r a v e r s e d  by t h e  p a r t i c l e s .  The i n t e r s t e l l a r  exf i -apola t io i i  i n c l u d e s  

b o t h  t h e  e f l e c  t s  of  energy loss by i o n i z a t i o n  and o f  fragme itstion w h i c h  

is  depcindent on t h e  ene rg )  o t  t h e  cosmic r a y s  

In sec t ia i i  T V ,  t h e  e f f e c t  o f  s o l a r  muduiat ion i s  cons ide red .  Var ious  

p o s s i b l e  types of iiiodulatioii a r e  cons ide red  bo th  from the s t a n d p o i n t  of 

t h e  e x t e n t  ot  t h e  s o l a r  modulat ion and i t s  p o s s i b l e  e f f e c t  u n  p a r t i c l e  

r a t i o s  as a f u n c t i o n  u t  energy.  I t  w i l l  bc seen  Lhat t h e  r e l a t i v e  abun- 

d a n c e s  o f  t h e  m u l t i p l y  charged n u c l e i  a r e  p robab ly  not s e r i o u s l y  a f f e c t e d  

by niodulation, owing t o  t h e  s i m i l a r  charge-tu-mass r a t i o s  of t h e  c o n s t i t -  

u c n t s  o L  i n t e r e s t .  On t h e  o t h c r  hand, p a r t i c l e s  w i t h  the  same Z /M v a l u e  

( Z  arid M a r e  t h e  charge and mass of t h e  p a r t i c l e s  i n  u n i t s  of t h e  p ro ton  

charge and mass),  such as p r o t o n s  and He , w i l l  have t h e  same r a t e  o f  

energy l o s s  p e r  nucleon f o r  a g i v e n  v e l o c i t y  i r i  i n t e r s t e l l a r  s p a c e ,  b u t  

w i l l  be modulated by d i f f e r e n t  amounts. The a l t e r n a t e  approach of de-  

modulating t h e  observed s p e c t r a  and then  e x t r a p o l a t i n g  t o  trie s o u r c e s  

r e q u i r e s  a q u a n t i t a t i v e  knowledge of t h e  modulat ion.  

2 

4 

I n  s e c t i o n  V ,  t h e  expe r imen ta l  d a t a  are compared t o  t h e  p r e d i c t i o n s  

trom t h e  c a l c u l a t i o n s .  I t  will be seen t h a t  t h e  p r e d i c t i o n s  e s s e n t i a l l y  

ag ree  w i t h  the experimental  d a t a  w i t h i n  t h e  u n c e r t a i n t y  of t h e  measurements 

t o t  a s p c c i l i c  s e t  of r e l a t i v e  abundances and a l i m i t e d  range u t  energy 

s p e c t r a .  O t h e r  l ~ o s s i b l e  t h e o r e t i c a l  e x p l a n a t i o n s  of t h e  d a t a  are 01So 

cuiis i dc red  . 

_ .  
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111. I n t e r s t e l l a r  E x t r a p o l a t i o n  

The material i n  i n t e r s t e l l a r  space affects t h e  cosmic-ray p a r t i c l e s  

by caus ing  energy  l o s s  and f ragmenta t ion .  I n  o r d e r  t o  t a k e  bo th  of t h e s e  

3henomena i n t o  accoun t ,  it is necessary  t o  begin  w i t h  t h e  a p p r o p r i a t e  

t r a n s p o r t  equa t ion .  

._  

- 
Ray9 has  shown t h a t  t h e  fundamental e q u a t i o n  can  be 

w r i t t e n  i n  t h e  

where x is t h e  

r e f e r s  t o  t h e  

i n t e n s i t y  p e r  

and Hi 5 ; ;  rhe 

form 

, a r t i c u l a r  n u c l e a r  species, j i  i s  t h e  d i f f e r e n t i a l  d i r e c t i o n a l  

i n i t  energylnucleon ,  E ,  f o r  p a r t i c l e s  of t ype  i, 

number of p a r t i c l e s  added or s u b t r a c t e d  per u::it volulne, 

t i m e ,  so!id ang le ,  and energy nucleon. 

I n  t h e  case under c o n s i d e r a t i o n  Hi c o n s i s t s  of two p a r t s ,  t h e  sou rce  

term si and t h e  l o s s  t e r m  due to  c o l l i s i o n s .  Hence, 

H i ( E  ,x) = Si(E ,X) - j i ( E  ,x) /hi@) ( 2) 

Ai is  t h e  loss mean f r e e  pa th  which i s  r e l a t e d  t o  t h e  i n t e r a c t i o n  

mean f r e e  p a t h ,  h i ,  by t h e  equa t ion  

l l A i  = (1 - P i p i  

where p i i  is  t h e  average number of particles of type  i formed i n  t h e  i n t e r -  

a c t i o n  of a type  i nucleus.  s , ,  i n  t u r n ,  i s  g i v e n  by t h e  r e l a t i o n  
1 

\- 

where Aki is t h e  mean f r e e  pa th  f o r  p roduc t ion  of  i - t y p e  p a r t i c l e s  from 

k- type  par t ic les .  The sum i n  Eq. (4) can  be r e s t r i c t e d  t o  p a r t i c l e s  

7 



h e a v i e r  t h a n  i ,  because t h e  l i g h t e r  ones w i l l  not  c o n t r i b u t e  t o  i n u c l e i  

i n  an i n t e r a c t i o n ,  and t h e  i t o  i t ype  i n t e r a c t i o n  i s  a l r e a d y  included i n  

the l a s t  term of  E q .  ( 2 ) .  

S u b s t i t u t i n g  E q .  ( 2 )  i n t o  (1) and r e a r r a n g i n g  t e r m s  y i e l d s  

4 L w . j . 3  + w i j i  I / P ,  = w s ( 5 )  dx 1 1  i i i  

M u l t i p l y i n g  E q .  (5) by  t h e  i n t e g r a t i n g  f a c t o r  exp (x/A ) and r e w r i t i n g  t h e  

l e f t  hand s i d e  y i e l d s  

Eq. (b)  ciin be used t o  propagate  t h e  p a r t i c l e  energy s p e c t r a  a t  t h e  s o u r c e ,  

ji (E,()), through i n t e r s t e l l a r  matter i n  s m a l l  s t e p s  which, i n  t h e  c a s e  o f  

the c a l c u l a t i o n  performed here  , were 0.02 g/cm o t  i n t e r s t e l l a r  mat ter .  

T h i s  s t e p  s i z e  i s  s u f f i c i e n t l y  s m a l l  t h a t  t h e  v a r i a t i o n s  i n  terms such as 

w On a 

g iven  s tep the  spectrum of t h e  h e a v i e s t  s p e c i e s  was c a l c u l a t e d  f i r s t  so 

t h a t  t h e  source f u n c t i o n  f o r  subsequent  s p e c i e s  would be  a v a i l a b l e .  T h i s  

procedure al lows averaging of t h e  s o u r c e  f u n c t i o n  ( a c t u a l l y  t h e  r igh t -hand  

s i d e  of Eq. (6))over t h e  i n t e r v a l  t o  improve t h e  accuracy of t h e  c a l c u l a -  

t i o n .  The range-energy r e l a t i o n  and ra te  o f  ene rgy  l o s s  i n  hydrogen were 

t aken  from the work of Barkas and Berge r .  

2 -  

(E) and A ~ ( E )  i n t r o d u c e  a n e g l i g i b l e  e r r o r  i n t o  t h e  c a l c u l a t i o n .  i 

10 

The e x i s t i n g  in fo rma t ion  on t h e  energy dependence of t h e  A i ( E ) ' s  and 

AiIC; ' 5  i , .  r e l a t i v e l y  meager. Only a few s p e c i f i c  c r o s s  s e c t i o n s  a r e  

kiiawn as a f u n c t i o n  o f  energy and t h e s e  have been surmnarized by Badhwar 



11 
and Danie l .  An impor tan t  r eason  f o r  t h e  l a c k  o f  d a t a  i s  t h a t ,  when a 

p r o t o n  beam bombards a p a r t i c u l a r  t a r g e t ,  t h e  kragments o f  i n t e r e s t  are 

l e f t  a t  rest i n  t h e  l a b o r a t o r y  and o f t e n  on ly  r a r e  u n s t a b l e  p roduc t s  are 

r e a d i l y  d e t e c t a b l e .  Desp i t e  r e s e r v a t i o n s  r e l a t e d  t o  t h e  f a c t s  t h a t  

d i f f e r e n t  r e a c t i o n  mechanisms might produce a d i f f e r e n t  energy  dependence 

of t h e  unknown r e a c t i o n s  and t h a t  t h e  ve ry  low energy r eg ions  of t h e  para-  

meters (& 70 MeV/nucleon) are q u i t e  u n c e r t a i n ,  t h e  f r agmen ta t ion  parameters  

have been e s t i m a t e d  on t h e  b a s i s  of t h e  e x i s t i n g  d a t a .  The energy depen- 

dence  of t h e  most iniportant parameters  used i n  t h e  c a l c u l a t i o n  i s  shown 

i n  F i g .  1; t h e  high-energy v a l u e s  which t h e  parameters  were assumed t o  

approach are shown i n  Table  I. I n  p repa r ing  t h i s  f i g u r e  and t a b l e ,  

where d a t a  were not  a v a i l a b l e ,  w e  have assumed t h a t  t h e  tendency f o r  t h e  

c r o s s  s e c t i o n s  t o  f a l l  t o  ze ro  below some energy Eo w a s  a f u n c t i o n  of  t h e  

cha rge ,  Z ,  and i l l  p a r t i c u l a r  t h e  E i nc reased  wi th  i n c r e a s i n g  Z and w i t h  

i n c r e a s i n g  change i n  Z froill p r i m a r y  t o  secondary p a r t i c l e .  An a l t e r n a t e  

12 - 14 

0 

energy  dependence of h which emphasizes t h e  oxygen p a r e n t s  more 

s t r o n g l y  is a lso  shown i n  Fig. 1. 
( 5  -9,3-5) 

By us ing  t h e  c a l c u l a t i o n  and t h e  parameters d i scussed  above, t h e  

r e l a t i v e  abundances of v a r i o u s  charge s p e c i e s  can be c a l c u l a t e d  f o r  v a r i o u s  

sou rce  s p e c t r a .  A s  was s t a t e d  p rev ious ly ,  it w i l l  be  assumed t h a t  a l l  

n u c l e a r  s p e c i e s  have t h e  same s p e c t r a l  shape a t  t h e  sou rce  and d i f f e r  on ly  

i n  i n t e n s i t y .  D i f f e r e n t i a l  s p e c t r a  were s e l e c t e d  which ranged i n  deg ree  of  

v a r i a t i o n  i n  energy  from l / E 2 . 5 ,  where E is t h e  p a r t i c l e  k i n e t i c  energy pe r  

nuc leon ,  t o  curve  A i n  F ig .  2 ,  which r e p r e s e n t s  t h e  May 1965 spectrum of 

9 



hel ium n u c l e i  e x t r a p o l a t e d  back through 2.8 g/cm2 of i n t e r s t e l l a r  hydrogen. 

T h i s  l a t t e r  form presumes the complete absence of s o l a r  modulat ion and 

t h e r e f o r e  r e p r e s e n t s  one extreme f o r  t h e  spectral  shape.  

Next i t  i s  necessa ry  t o  s e l e c t  t h e  r e l a t i v e  abundances a t  t h e  sou rce .  

A s  was s t a t e d  i n  s e c t i o n  11, t h e  abundances of H e 3  and l i g h t  n u c l e i  were 

chosen  t o  b c  zero a t  t h c  s o u r c e .  I n  o r d e r  t o  e s t a b l i s h  t h e  b e s t  estimate 

f o r  t h e  rcruainder of t h e  abundances i t  i s  necessa ry  t o  know t h e  average 

amount of m a t e r i a l  t r a v e r s e d  by  t he  p a r t i c l e s  from t h e  s o u r c e  t o  t h e  e a r t h .  

The b e s t  e s t i m a t e  now a v a i l a b l e  tor  t h e  amount of  i n t e r s t e l  i a r  matter 

t r a v e r s e d  comes from t h e  r e l a t i v e  abundance of l i g h t  n u c l e i  a t  h igh  energy.  

'Therefore ,  i n  this pape r  t h e  aniount of i n t e r s t e l l a r  m a t e r i a l  was determined 

krom t h e  l i g h t  t o  medium n u L l e i  r a t i o ,  and t h e n  i t  was s e e n  t o  be c o n s i s t e n t  

w i t h  t h c  o t h e r  d a t a .  In t h e  expe r imen ta l  r e s u l t s  t o  be p re sen ted  i n  s e c t i o n  

V ,  i t  w i l l  b e  s e e n  t h a t  t h e  b e s t  estimate w e  o b t a i n e d  f o r  t h e  average amount 

of i n t e r s t e l l a r  matter t r a v e r s e d  i s  2 .8  20.4 g/cm . The r e l a t i v e  abundances 

a t  t h e  s o u r c e  used i n  t h e  f i n a l  c a l c u l a t i o n  f o r  hel ium, medium ( 6  5 Z 5 9 1 ,  

(10 5 Z 5 19) ,  and ( Z  2 20) n u c l e i  were 1 2 . 1 ,  1.00, 0 . 3 6  and 0 .13 ,  r e spec -  

t i v e  1 y . 

2 

T h e  r e s u l t s  of t h e  c a l c u l a t i o n s  are d i s p l a y e d  i n  F i g s .  3 through 8 S O  

t h a t  t h e  r o l e  of  t h e  v a r i o u s  parameters involved may be  seen .  F i g .  3 shows 

t h e  l i g h t  t o  medium r a t i o  f o r  v a r i o u s  amounts of i n t e r s t e l l a r  material f o r  

a p a r t i c u l a r  source spectrum (dJ/dw = c/w , where w is t h e  t o t a l  energy! 

nucleon,  form B of F i g .  

c u l a t i o n .  The i n c r e a s e  i n  t h i s  r a t i o  as one p roceeds  t o  lower e n e r g i e s  

2 .5  

having been used i n  t h e  ca l -  
2, with *( 6-9 ,3 -5 ) I I  

10 



r e s u l t s  from t h e  combined e f f e c t s  of t h e  i n c r e a s e s  i n  c r o s s  s e c t i o n s  f o r  

c r e a t i o n  of l i g h t  n u c l e i  and t h e  d i f f e r i n g  energy l o s s  rates of l i g h t  and 

medium n u c l e i .  

from t h e  dec rease  of t h e  c r o s s  s e c t i o n s  i n  t h i s  reg ion .  One can  see t h a t  

t h e  g e n e r a l  c h a r a c t e r  of t h e  curve  is determined a f t e r  about  1 g/cm of 

i n t e r s t e l l a r  m a t e r i a l .  Passage  through a d d i t i o n a l  material  on ly  serves 

t o  i n c r e a s e  t h e  r a t i o  a t  a l l  e n e r g i e s ,  a l though t h e  i n c r e a s e  is somewhat 

g r e a t e r  a t  low e n e r g i e s .  The exac t  shape of t h e  low energy ,nd i s  f a i r l y  

u n c e r t a i n  because of t h e  l a c k  of r a t h e r  c r i t i c a l  c r o s s  s e c t i o n  informat ion .  

The d e c r e a s e  o f  t h i s  r a t i o  a t  v e r y  low e n e r g i e s  arises 
. -  

- 2 

Following F i g .  3,  w e  show that t h e  r a t i o s  of (10  5 Z - < 19) and (I, > - 20) 

n u c l e i  t o  medium n u c l e i  i n  F i g .  4 f o r  t h e  same s o u r c e - s p e c t r a l  shape. S ig-  

n i f i c a n t  i n  t h i s  f i g u r e  is t h e  dep res s ion  of t h e  r a t i o s  a t  low e n e r g i e s  

a f t e r  passage through small amounts of m a t e r i a l .  This e f f e c t  arises be-  

cause  of t h e  extremely h igh  r a t e  of energy l o s s  of t h e  heav ie r  n u c l e i  a t  

low e n e r g i e s .  Subsequent ly ,  a p a r t i a l  e q u i l i b r i u m  is  e s t a b l i s h e d  i n  t h e  

low energy r e g i o n  between l o s s  of heavy p a r t i c l e s  v i a  energy degrada t ion  

and t he  supply of heavy p a r t i c l e s  from h ighe r  e n e r g i e s  where they  a r e  now 

more numerous. At high  e n e r g i e s  the r a t i o s  dec rease  more smoothly w i t h  in-  

c r e a s i n g  amounts of material t r a v e r s e d ,  s i n c e  h e r e  t h e  dominant mechanism 

is  f r agmen ta t ion  of t h e  heavy nuc le i .  Fig.  5 shows t h e  similar, though more 

marked, r e s u l t s  u s i n g  a s t e e p e r  source spectrum (dJ /dE  - 1 / E  

t h a t  t h e  p r i n c i p a l  d i f f e r e n c e  between F i g s .  4 and 5 is in t h e  degree  of 

2.5 
) .  Not ice  

- 

- s u p p r e s s i o n  of  t h e  heav ie r  n u c l e i  a t  low e n e r g i e s .  

Cont inuing t o  examine t h e  importance of t h e  shape of t h e  energy spec-  

t rum a t  t h e  sou rce ,  w e  no te  t h a t  Fig.  6 i l l u s t r a t e s  t h e  l i g h t  t o  medium 

11 



. 
r a t i o  f o r  v a r i o u s  sou rce  s p e c t r a  and t h e  two A,/ 

b e s t  estimate of t h e  i n t e r s t e l l a r  mean f r e e  pa th .  

sou rce  s p e c t r a  on t h e  he l ium t o  medium r a t i o  a f t e r  passage  thrclugh 2 . 8  

g/cm2 i s  shown i n  F i g .  7 ,  where t h e r e  is a marked d i f f e r e n c e  i n  t h i s  r a t i o  

a t  low e n e r g i e s  f o r  d i f f e r e n t  sou rce  s p e c t r a .  

f u n c t i o n s  u s i n g  t h e  

The e f f e c t  of d i f f e r e n t  

6-9,3-5) 

I .  

The o t h e r  component of t h e  primary cosmic r a d i a t i o n  which i s  be ing  

3 cons idered  i n  t h e  p r e s e n t  s tudy  is  H e  . I n  t h e  passage of t h e  cosmic r a y s  

through i n t e r s t e l l a r  matter He is  thought t o  ar ise  predominately from 

c o l l i s i o n s  of H e  

He3/He 

and r i s e s  somewhat below t h i s  va lue .  There i s  a l s o  a small con- 

t r i b u t i o n  from t h e  i n t e r a c t i o n  of  h e a v i e r  e lements  w i t h  i n t e r s t e l l a r  matter, 

and t h i s  e f f e c t  has been t aken  i n t o  account i n  t h e  f r agmen ta t ion  e q u a t i o n s .  

The h igh  energy v a l u e s  f o r  t h e  f r agmen ta t ion  parameters  are g i v e n  i n  

11,14 
Table I;  t h e s e  i n c l u d e  t h e  i n t e r a c t i o n s  l ead ing  t o  t r i t o n s  because 

they a l s o  c o n t r i b u t e  t o  t h e  H e  

t r i t o n s  i n t o  He . The sum of t h e s e  e f f e c t s  l e a d s  t o  a He / H e  r a t i o  b e f o r e  

modulation t h a t  is es t ima ted  t o  be .13  a t  h i g h  e n e r g i e s  f o r  2 . 8  g/cm of 

i n t e r s t e l l a r  matter and t h e n  rises as shown i n  F i g .  8 toward lower e n e r g i e s .  

The H e  /(He 

cus tomar i ly  p l o t t e d  i n  t h i s  manner i n  t h e  l i t e r a t u r e .  C o l l i s i o n s  of cosmic- 

r a y  protons and helium n u c l e i  w i t h  i n t e r s t e l l a r  helium n u c l e i  may be i m -  

p o r t a n t ,  but t h i s  e f f e c t  i s  g e n e r a l l y  thought  t o  be s i g n i f i c a n t  on ly  a t  

very  low e n e r g i e s  (5 50 MeV/nucleon). The i n t e r a c t i o n  of  cosmic r ay  he l ium 

3 

l1 T h i s  i n t e r a c t i o n  l e a d s  t o  a 4 
n u c l e i  w i t h  hydrogen. 

4 
r a t i o  t h a t  i s  independent of energy  above about 200 MeV/nucleon 

11,17-20 

3 
p o p u l a t i o n  through t h e  subsequent decay of 

3 3 4  

2 

3 3  4 + H e  ) r a t i o  will be used f o r  comparison with t h e  d a t a .  since it is 
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- L  

and heavy n u c l e i  w i t h  i n t e r s t e l l a r  hel ium should  produce e f f e c t s  s imilar  

t o  t h e i r  i n t e r a c t i o n  w i t h  i n t e r s t e l l a r  hydrogen, bu t  c o n s i d e r a b l y  reduced 

i n  i n t e n s i t y  because of r h e  r e l a t i v e  abundance of  i n t e r s t e l l a r  hel ium 

r e l a t i v e  t o  hydrogen. 

I V .  S o l a r  Modulation 

Between t h e  t i m e  t h e  cosmic rays  e n t e r  t h e  s o l a r  system and t h e  t i m e  

t h e y  r each  t h e  e a r t h ,  t h e y  are modulated e l e c t r o m a g n e t i c a l l y .  T h i s  e f f e c t  

has  been ,:learly e s t a b l i s h e d  i n  r e c e n t  y e a r s  by an  examinat ion  of t h e  cosmic 

r a y  f l u x  and energy  spectrum as a f u n c t i o n  of t h e  pe r iod  i n  che s o l a r  

c y c l e .  The modulat ion produces a dec rease  i n  i ’ a r t i c l e  i n t e n s i t y  

which i s  probably bo th  r i g i d i t y  and v e l o c i t y  dependent  and t h i s  modulat ion 

21-24 

may a l s o  reduce t h e  energy  of t h e  par t ic les .  Numerous t h e o r i e s  have been 

pu t  f o r t h  t o  t r y  to e x p l a i n  t h i s  modulat ion and several pape r s  now 
21-24 

e x i s t  which review and ana lyze  t h e  models i n  s u f f i c i e n t  d e t a i l  t h a t  i t  i s  

not  necessary  t o  do  so he re .  Thus,  on ly  a g e n e r a l  d i s c u s s i o n  of t h e  prob- 

l e m  w i l l  be p re sen ted  w i t h  s p e c i f i c  d e t a i l s  g iven  o n l y  as necessary  t o  t h e  

development of t h e  d i s c u s s i o n .  
15,25,26 

A l l  of t h e  major models proposed, such as t h e  s o l a r  wind model, 

depend 
27 2 8 , 2 9  

t h e  s o l a r  d i p o l e  model, and t h e  e l e c t r i c  d e c e l e r a t i o n  model, 

on e l e c t r i c  and magnet ic  f i e l d s  e i t h e r  i n d i v i d u a l l y  or t o g e t h e r ;  hence,  

t h e  modulat ion depends o n l y  on t h e  v e l o c i t y  of t h e  p a r t i c l e  and i t s  charge 

t o  m a s s  r a t i o .  T h e r e f o r e ,  t h e  f l u x e s  of p a r t i c l e s  of t h e  same v e l o c i t y  and 

cha rge  t o  m a s s  r a t i o  are modulated i n  t h e  same manner, and t h e  r e l a t i v e  

13 



ribundances as a f u n c t i o n  o f  ene rgy  d e r i v e d  i n  t h e  p rev ious  s e c t i o n  w i l l  

remain unchanged f o r  t h e s e  p a r t i c l e s  excep t  t h a t  a g iven  group of p a r t i c l e s  

might be s h i f t e d  t o  a lower energy.  

I f  two p a r t i c l e s  have a s l i g h t l y  d i f f e r e n t  charge t o  mass r a t i o ,  t hey  

w i l l  be d e c e l e r a t e d  by somewhat d i f f e r e n t  amounts i n  t e r m s  of energy/nuc-  

I con ,  thereby p o s s i b l y  a l t e r i n g  t h e  r a t i o  o f  two charged p a r t i c l e s  groups.  

F u r t h e r ,  i n  t h e  s o l a r  wind t h e o r y ,  f o r  a g i v e n  v e l o c i t y ,  t h e  f l u x  of 

par t ic- lcs  wi th  t h e  smaller charge t o  m a s s  r a t i o  ( o r  g r e a t e r  r i g i d i t y )  w i l l  

be  d e & ~ r e s s e d  leas t .  I n  t h i s  l a t t e r  c a s e ,  t h e  i i g h t  t o  medium n u c l e i  v a l u e  

w i l l  bc  enhanced i n  t h e  r e g i o n  of t h e  energy spectrum where t h i s  e f f e c t  

is  iruportant s i n c e  t h e  average charge t o  mass r a t i o  ( Z / M )  f o r  l i g h t  n u c l e i  

i s  .44,  as  compared t o  .50 f o r  medium n u c l e i .  S i m i l a r  c o n s i d e r a t i o n s  

apply t o  t he  (Z 2 20) n u c l e i  t o  medium n u c l e i  r a t i o ,  s i n c e  t h e  averakc 

charge t v  mass r a t i o  f o r  ( Z  5 20) n u c l e i  is about .45.  Conversely t h e  

He /(He + He ) v a l u e  w i l l  be  dep res sed .  These l as t  two p o i n t s  have been 

d i s c u s s e d  by Hildebrand and S i l b e r b e r g .  

o r  dep res s ion  depends on t h e  s p e c i f i c  t h e o r y ,  and no e x a c t  t heo ry  y e t  

e x i s t s .  I t  is t r u e ,  however, t h a t  i n  t h e  s o l a r  wind t h e o r y  t h e  e L f e c t  

should probably be  g r e a t e s t  i n  t h e  energy i n t e r v a l  from about 0 . 1  t o  1.0 

BeV/nucleon du r ing  h igh  s o l a r  a c t i v i t y ,  and i n  a lower energy r e g i o n  nea r  

s o l a r  minimum. 

3 3  4 

The e x a c t  amount of enhancement 30 

Returning now t o  t h e  q u e s t i o n  of d e c e l e r a t i o n ,  t h e  e l e c t r i c  d e c e l e r a -  

T h i s  t h e o r y  was o r i g i n a l l y  suggested t i o n  model w i l l  be cons ide red  f i r s t .  

I n  t h i s  p rocess  i t  is 
29 

by Nagashime” and developed f u r t h e r  by Ehrnert. 

assumed t h a t  a p o t e n t i a l  can be d e f i n e d .  Then, the observed f l u x  can be 
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.I- 

c a l c u l a t e d  immediately r e l a t i v e  t o  t h e  f l u x  o u t s i d e  t h e  s o l a r  system 

us ing  t h e  extended L i o u v i l l e  theorem. 

t h i s  t heo ry  t o  exper imenta l  obse rva t ions  have been made on s e v e r a l  occas-  

Comparisons of  t h e  p r e d i c t i o n  of  

31-33 
ions .  The p r e s e n t  ev idence  seems t o  i n d i c a t e  t h a t  f a i r ,  bu t  not  

p e r f e c t ,  agreement could be obtained f o r  p r o t o n s ,  helium, medium, and 

heavy n u c l e i  f o r  a mean f r e e  pa th  of about  3 g/cm and a source  spectrum 

similar  t o  curve B o r  C of F ig .  2 .  However, t h e r e  a r e  a number of d i f f i -  

c u l t i e s  w i t h  t h i s  model. 

e x i s t s ,  i t  is  d i f f i c u l t  t o  understand how a p o t e n t i a l  of t h e  o r d e r  of 

t h a t  needed, namely 0 .2  t o  1.0 BV, could ex is t  a t  t h e  e a r t h - r e l a t i v e  t o  

i n t e r s t e l l a r  space .  Secondly,  i f  such a p o t e n t i a l  e x i s t e d ,  it would 

2 

F i r s t l y ,  w i th  t h e  s o l a r  p lasma d e n s i t y  which 

a c c e l e r a t e  e l e c t r o n s ,  and t h e r e  i s  no exper imenta l  evidence from t h e  s tudy  

I n  f a c t ,  t h e  work of of e l e c t r o n s  t o  i n d i c a t e  t h a t  t h i s  has  occurred .  

Abraham e t  a l .  i n d i c a t e s  t h a t  i f  t h e r e  has  been any a c c e l e r a t i o n  of t h e  

e l e c t r o n s  a t  a l l ,  i t  has  not  exceeded about 1 .S MeV.  T h i r d l y ,  i f  such a 

p o t e n t i a l  e x i s t e d ,  t h e  dec rease  i n  t h e  l i g h t  t o  medium n u c l e i  r a t i o  below 

about  100 t o  150 MeVInucleon would d i s a p p e a r ,  because t h i s  e f f e c t  was due 

t o  t h e  dec rease  i n  c r o s s  s e c t i o n s  f o r  t h e  product ion  of l i g h t  n u c l e i  below 

t h e s e  e n e r g i e s  i n  i n t e r s t e l l a r  space,  and t h e s e  p a r t i c l e s  cannot r each  t h e  

e a r t h  i f  t h e r e  is a p o t e n t i a l  t h a t  l a r g e .  The r ise  i n  t h e  l i g h t  t o  medium 

n u c l e i  r a t i o  due t o  t h e  i n c r e a s e  i n  t h e  a p p r o p r i a t e  c r o s s  s e c t i o n  v a l u e s  a t  

i n t e r m e d i a t e  e n e r g i e s  combined w i t h  a small, but  c o n t r i b u t i n g  modulat ion 

e f f e . c t  would then  lead  t o  a l i g h t  t o  medium n u c l e i  r a t i o  which con t inues  t o  

r ise  toward lower energ ies - -cont ra ry  t o  observa t ion- -as  w i l l  be seen  i n  t h e  

34 

34 
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next s e c t i o n .  One f i n a l  d i f f i c u l t y  is t h a t  t h e  sou rce  spectrum which 

would g i v e  t h e  best agreement between t h e  p ro ton  and a l p h a  d a t a  i n  t h e  

e l e c t r i c  d e z e l e r a t i o n  model i s  t o o  s t e e p  t o  agree w i t h  t h e  hcavy t o  

medium n u c l e i  r a t i o ,  i f  i t  is assumed t h a t  a l l  sou rce  s p e c t r a  have t h e  

same shape. 

As was mentioned e a r l i e r ,  t h e r e  could be o t h e r  t y p e s  of d e c e l e r a -  

132 t i o n  such as the i n v e r s e  b e t a t r o n  e f t e c t 1 5  o r  t h e  Fermi mechanism 

which would d e c e l e r a t e  b o t h  n u c l e i  and e l e c t r o n s .  Most estimates sug- 

g c s t  t h a t  t h e s e  e f f e c t s  are sma l l ;  however, y a r k e r l 5  has  shown t h a t  t h e  

b e t a t r o i l  e f i c i t  might be iiiiportant. With e i t h e r  of t h e s e  l a t t e r  mechan- 

i s m s ,  t h e  f i r s t  o b j e c t i o n  l i s t e d  b e f o r e  is  n a t u r a l l y  removed s i n c e  l a r g e  

p o t e n t i a l s  ove r  g r e a t  r e g i o n s  of space are not r e q u i r e d .  With r e s p e c t  t o  

t h e  second e a r l i e r  o b j e c t i o n ,  e l e c t r o n s  would now hc d e c e l e r a t e d  as w e 1 1  

as protLjns, ra ther  t h a n  a c c e l e r a t e d .  E x i s t i n g  r a d i o  a s t ronomica l  d a t a ,  

though i n c o n c l u s i v e ,  sugges t  t h a t  e l e c t r o n s  have iiot been s e v e r l y  de- 

c e l e r a t e d :  such d e c e l e r a t i o n  would imply t h a t  t h e  f l u x  of h igh  energy 

e l e c t r o n s  i s  much l a r g e r  o u t s i d e  t h e  s o l a r  system t h a n  nea r  t h e  e a r t h ,  and 

has  a s t e e p e r  spectrum a t  a few hundred M e V .  However, i f  the low energy 

(1-10 MeV) e l e c t r o n s  have a h i g h e r  v e l o c i t y  t h a n  p r o t o n s  of t h e  same ene rgy ,  

and a much lower r i g i d i t y - - p e r h a y s  s m a l l  enough t h a t  t h e y  can v i r t u a l l y  

fo l low t h e  f i e l d  l i n e s  i n t o  t h e  s o l a r  system w i t h o u t  b e i n g  a p p r e c i a b l y  

s c a t t e r e d - - t h e y  may not be a p p r e c i a b l y  d e c e l e r a t e d  because ,  as P a r k e r  po in t ed  

o u t ,  t h e  deg ree  of d e c e l e r a t i o n  i n  t h e  b e t a t r o n  case,  and i n  most models 

based un t h e  Fermi mechanism, depends on t h e  t i m e  s p c n t  i n  t h e  s o l a r  s y s t e m .  
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The c o n s i d e r a t i o n s  w i t h  r e s p e c t  t o  t h e  l i g h t  t o  medium n u c l e i  r a t i o  remain,  

b u t  t h e s e  cannot e l i m i n a t e  t h e  p o s s i b i l i t y  of  a small d e c e l e r a t i o n .  The 

degree  of d e c e l e r a t i o n ,  e s p e c i a l l y  a t  low s o l a r  a c t i v i t y  when t h e  r e l e v a n t  

d a t a  were o b t a i n e d ,  must t h e n  be r e l a t i v e l y  small, and t h e  r e l a t i o n  between 

t h e  p r o t o n  and he l ium s p e c t r a  probably must be  exp la ined  i n  ano the r  way 

t h a n  by a p p r e c i a b l e  d e c e l e r a t i o n  i n  t h e  s o l a r  system. 

It  i s  s t i l l  p o s s i b l e  t h a t  t h e r e  may be some d e c e l e r a t i o n  of t h e  cosmic 

r a y s  by t h e  s o l a r  sys tem d u r i n g  pe r iods  of h igh  s o l a r  a c t i v i t y .  An i n t e r -  

e s t i n g  t e s t  would be t h e  o b s e r v a t i o n  of  a s h i f t  i n  t h e  peak of t h e  l i g h t  

t o  medium n u c l e i  r a t i o  t o  lower energy as s o l a r  a c t i v i t y  i n c r e a s e s .  Good 

s p e c t r a l  d a t a  would be needed t o  s e p a r a t e  d e c e l e r a t i o n  e f f e c t s  from de- 

p r e s s i v e  r i g i d i t y  dependent e f f e c t s ,  bu t  by s tudy ing  o t h e r  r a t i o s ,  such  as 

He / ( H e  + He 3 3 4  
and p r o t o n s  t o  helium n u c l e i ,  i t  should be p o s s i b l e  t o  do so. 

V .  D i scuss ion  

Comparison w i t h  Exper imenta l  Data 

Having d i s c u s s e d  t h e  i n t e r s t e l l a r  t r a v e l  of cosmic r a d i a t i o n  and t h e  

s o l a r  modulation, i t  is now a p p r o p r i a t e  t o  compare t h e  p r e d i c t i o n s  of t h e  

t h e o r i e s  t o  t h e  expe r imen ta l  results--making a p a r t i c u l a r  e f f o r t  t o  sepa- 

ra te  t h e  e f f e c t s  of  t h e  two phenomena wherever p o s s i b l e .  I n  what fo l lows  

t h e  exper imenta l  d a t a  w i l l  be  examined from t h e  viewpoint of i n v e s t i g a t i n g  

t h e  s o l a r  modula t ion ,  i n t e r s t e l l a r  t r a v e l ,  and t h e  o r i g i n a l  sou rce  s p e c t r a  

and composition. 

I n  t h e  last  s e c t i o n  it w a s  demonstrated t h a t  t h e  s o l a r  modulation 

p robab ly  depends o n l y  on t h e  v e l o c i t y  and t h e  cha rge  t o  mass r a t i o s  o f  t h e  

p a r t i c l e s .  S i n c e ,  f l u e s  of p a r t i c l e s  w i t h  t h e  same v e l o c i t y  and charge t o  

17 
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m a s s  r a t i o  would be reduced by t h e  same amount, l e a v i n g  t h e  re la t ive  

abundances unchanged. These same r e l a t i v e  abundances as a f u n c t i o n  of 

ene rgy lnuc leon  t h e r e f o r e  would a l s o  exis t  o u t s i d e  t h e  s o l a r  s y s t e m  and 

be d i r e c t l y  comparable to  those  c a l c u l a t e d  i n  s e c t i o n  111. F i g s .  9 and 

10 show t h e  r a t i o s  of (2 - > 10) n u c l e i  ‘and (2 - > 20) n u c l e i  t o  medium 

n u c l e i  as measured by s e v e r a l  expe r imen te r s .  S ince  t h e s e  r a t i o s  seem 

independent of the  pe r iod  i n  t h e  s o l a r  c y c l e ,  no a t t empt  has been made t o  

s e p a r a t e  t h e  measurements i n t o  d i f f e r e n t  t i m e  p e r i o d s .  I n  f a c t ,  t h e  ve ry  

heavy t o  medium r a t i o  might be expec ted  t o  va ry  somewhat w i t h  t i m e  i n  t h e  

s o l a r  cyc le  because of t h e  d i f f e r e n c e  i n  t h e  modulation e f f e c t  r e s u l t i n g  

from t h e  small d i f f e r e n c e  i n  the  charge t o  mass r a t i o  mentioned i n  t h e  

p rev ious  s e c t i o n .  The cu rves  for t h e  p r e d i c t e d  r a t i o s  a6 a f u n c t i o n  of  

energy t o r  2 . 8  g/cm2 of i n t e r s t e l l a r  material and s e v e r a l  d i f f e r e n t  sou rce  

s p e c t r a  a r e  a l s o  shown i n  F i g s .  9 and 10. There i s  g e n e r a l l y  good agree-  

m e n t  betwcen the exper imenta l  v a l u e s  and t h e  c a l c u l a t e d  cu rves .  N o  real 

s e l e c t i o n  of source s p e c t r a  can  be made from t h e s e  d a t a  a lone  w i t h  t h e  

e x c e p t i o n  of r e j e c t i n g  v e r y  s t e e p  source  s p e c t r a  of t h e  forin of Curve D i n  

F i g .  2 o r  s t e e p e r .  

The s i m i l a r  d a t a  f o r  t h e  helium t o  medium r a t i o  are shown i n  F ig .  11. 

I n  o r d e r  t h a t  t h e r e  be  agreement between t h e  c a l c u l a t e d  cu rves  and t h e  d a t a  

i n  t h i s  c a s e ,  t h e  source spectrum must be q u i t e  f l a t - - a p p r o x i m a t e l y  of t h e  

forin of curve A o r  B i n  F i g .  2 Here a g a i n  i t  has been assumed t h a t  t h e  

cosmic r a d i a t i o n  has passed through approximate ly  2 . 8  g,cm2 o f  i n t e r s t e l l a r  

m a t e r i a l ,  as t h e  r e l a t i v e  abundances of  t h e  l i g h t  n u c l e i  i n d i c a t e ,  AS has 

been mentioned, a s m a l l  e r r o r  i n  t h e  mean f ree  p a t h  (+ - 1 g/cm ) does  not  2 
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a f f e c t  t h i s  conc lus ion  because of the r e l a t i v e l y  slow v a r i a t i o n  of t h e  curve 

f o r  t h e  medium t o  hel ium n u c l e i  r a t i o  w i t h  i n t e r s t e l l a r  pa th  l e n g t h  a f t e r  

2 .- t he  f i r s t  g/cm . 
I n  F i g .  12 ,  t h e  exper imenta l  d a t a  f o r  t h e  ( Z  2 20) t o  hel ium n u c l e i  

f l u x  r a t i o s  are compared t o  t h e  p red ic t ed  curves.  

agrcerrient between t h e  p r e d i c t e d  curves and observed p o i n t s  i n  F i g .  12 seems 

t o  be due p r i m a r i l y  t o  d i f f e r e n c e s  i n  exper imenta l  d a t a - - t h a t  i s ,  h ighe r  

values f o r  t he  ( 7  - 2 20)  t o  hel ium nuc le i  r a t i o  than t h e  d i r e c t l y  measured 

v a l u e s  u f  r e t e r e n c e  51 a r e  obta ined  a t  high e n e r g i e s  by t a k i n g  r a t i o s  of  

the  exper imenta l  d a t a  presented  i n  t h e  two pe rv ious  f i g u r e s .  

The somewhat h~oorer  

The l i g h t  t o  medium r a t i o  h a s  a more complicated energy dependence 

as w a s  shown i n  F ig .  6. The experimental  d a t a  f o r  t h e  l i g h r  t o  medium 

2 r a t i o  a r e  compared t o  t h e  p red ic t ed  va lues  f o r  2 . 5 ,  2 .8 ,  and 3 .1  gicm of  

i n t e r s t e l l a r  m a t t e r  i n  F i g .  13 f o r  a spectrum of  t h e  form of curve B of  

F ig .  2 .  

pa th  l e n g t h  i s  now, of cour se ,  c l e a r  from an examinat ion of t h e  high energy 

r e g i o n  of t h e  cu rve ,  where t h e  r a t i o  i s  independent of s p e c t r a l  shape.  Notice 

t h a t  t h e r e  i s  reasonable  agreement i n  t h e  energy range from 150 t o  1000 MeV/ 

nuc leon ,  e s p e c i a l l y  s i n c e  t h e  modulation e f f e c t  w i l l  a l s o  probably i n c r e a s e  

t h e  l i g h t  t o  medium n u c l e i  r a t i o  s l i g h t l y  i n  t h i s  r e g i o n ,  whereas a t  h igh  

and p o s s i b l y  very  low e n e r g i e s  i t  w i l l  n o t .  

of  t h i s  e f f e c t  i n d i c a t e  t h a t  i t  might cause t h e  l i g h t  t o  medium n u c l e i  f l u x  

r a t i o  t o  i n c r e a s e  by from 0 t o  25 percent  over  t h e  va lues  i n  F ig .  13 i n  t h e  

energy  r eg ion  around 300 MeV/nucleon where t h e  e f f e c t  is thought  t o  be most 

pronounced du r ing  the  per iod  when t h e  measurements were made. i,:ter i n  

The reason  f o r  choosing approximately 2 . 8  gicm2 f o r  t h e  i n t e r s t e l l a r  

E s t i m a t e s 1 6  of  t h e  i q o r t a n c e  
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t h i s  s e c t i o n ,  we s h a l l  d i s c u s s  r e a s o n s  f o r  b e l i e v i n g  t h e  i n c r e a s e  i s  

n e a r l y  zero  near s o l a r  minimum. 

111 the  low energy r e g i o n  t h e r e  is not enough in fo rma t ion  t o  de t e rmine  

t h c  v a r i a t i o n  wi th  energy of t h e  c r o s s  s e c t i o n s  l e a d i n g  t o  t h e  p roduc t ion  

oL l i g h t  n u c l e i .  I L  t h e  approach is assumed t o  be  c o r r e c t ,  t h e  r e s u l t s  

- 

wvuld i n d i c a t e  t h e  c r o s s  s e c t i o n s  were c l o s e r  t o  t h e  type I1 cross  s e c t i o n s  

thdn t c  t he  type I v a l u e s .  S i n c e  the  type  11 cross s e c t i o n s  emphasize oxy- 

gen t h i s  r e s u i t  i s  i n  agreement w i t h  t h e  conclusioi is  of R e a m e s  and F i c h t e l  

which s h o w  oxygeii to be more abundant t h a n  carbon ( e s p e c i a l l y  a t  the  s o u r c e ) .  

‘rhesi. dntr! n l s o  orguc a g a i n s t  s t eep  s o u r c e  spec t r a  which y i e l d  l a r g e  l i g h t  t o  

iiiediuin i i uc l c i  r a t i o s  a t  i o w  e n e r g i e s  ( s e e  F i g .  6 ) .  

45 

3 Looking next a t  t h e  H e  /He r e s u l t s ,  F i g .  14 shows t h a t ,  w i t h  t h e  

excep t ion  o f  t h ree  p o i n t s ,  t h e  expe r imen ta l  d a t a  seem t o  ag ree  w e l l  w i t h  

Lhe curve which r e p r e s e n t s  t h e  expected r a t i o  f o r  a sou rce  spectrum of 

t he  t L i r r i i  o f  A or B i n  P i g .  2 and 2 . 8  g/cm of  i n t e r s t e l l a r  n i a t e r i a l .  

S ince  t h e  t h r e e  d a t a  p o i n t s  a t  h ighe r  e n e r g i e s  which d i s a g r e e  were t aken  

a t  t imes c lose  t o  t h c  o t h e r  expe r imen t s ,  tht  d i s c r e p a n c y  must be con- 

s i d e r e d  as one between experiments  r a t h e r  t h a n  between c a l c u l a t e d  and 

observed v a l u e s .  The r e c e n t  experiments  which have r e s o l u t i o n  and r ecu rd  

t h e  p a r t i c l e s  themselves d i r e c t l y  a l l  a g r e e  w i t h  t h e  cu rve .  

t h e r e  is  f u r t h e r  evidence t o  t h e  c o n t r a r y ,  w e  s h a l l  assume t h e  d a t a  p o i n t s  

ag ree  w i t h  t h e  cu rve .  

a r e l a t i v e l y  f l a t  sou rce  spectruin and l i t t l e  modulat ion nea r  s o l a r  minimum. 

2 

Thus, u n t i l  

T h i s  is  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  d i s c u s s i o n  of  

3 I n  t h c  low energy r e g i o n ,  modulat ion would r educe  t h e  H e  / H e  r a t i o .  

A s  w a s  i nd ica t ed  b e f o r e ,  i t  i s  d i f f i c u l t  t o  know t h e  d e g r e e  o f  t h e  supPres-  

sion produced by t h e  modulation; however, i t  would be  a l a r g e r  e f f e c t  t h a n  
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t h a t  f o r  t h e  l i g h t  t o  medium n u c l e i  r a t i o  because o f  t h e  l a r g e r  d i f f e r e n c e  

3 i n  t h e  charge t o  m a s s  r a t i o .  The He /He r a t i o ,  t h e r e f o r e ,  r e p r e s e n t s  an  

i n t e r e s t i n g  test o f  r i g i d i t y  dependent s o l a r  modulat ion e f f e c t s ,  and it 

can be used throughout  t h e  s o l a r  cyc le  as a check f o r  t h e  conc lus ions  

.- 

deduced from p r o t o n  and hel ium s t u d i e s .  

Degree of So la r  Modulat ion 

The c o n s i d e r a t i o n s  p re sen ted  i n  s e c t i o n  IV i n d i c a t e d  a l r e a d y  t h a t  

t h e r e  is no a p p r e c i a b l e  d e c e l e r a t i o n  of t h e  cosmic r a y s  near  s o l a r  mini-  

inum, but  t h e  q u e s t i o n  of whcther  t h e  d e p r e s s i o n  of t h e  cosmic r a y  f l u x  

i s  or  is  not  a p p r e c i a b l e  has  ye t  t o  be  cons ide red .  Ear l ie r  i n  t h i s  s e c t i o n  

i t  was seen  t h a t ,  if t h e  average i n t e r s t e l l a r  p a t h  l e n g t h  of 2 . 8  gicm2-- 

deduced from t h e  l i g h t  t o  medium n u c l e i  r a t i o - - i s  used ,  t h e  observed rela- 

t i v e  abundances of  He, medium, and (10 < - 2 2 19) n u c l e i  can  be produced 

f o r  s imi l a r  sou rce  s p e c t r a  o n l y  i f  t h e  sou rce  spectrum is ve ry  n e a r l y  t h a t  

which w i l l  g i v e  t h e  ccsmic-ray-maximum s p e c t r a  a f te r  passage through 2 . 8  

g/cm , t h a t  i s ,  s p e c i f i c a l l y  of the  form of cu rves  A o r  B i n  F ig .  2. The 

observed  v e r y  heavy t o  medium n u c l e i  r a t i o  is a l s o  c o n s i s t e n t  w i t h  t h i s  type  

of  s o u r c e  spectrum; b u t  t h i s  is a s l i g h t l y  less s e v e r e  t es t  because t h e  

l a t t e r  r a t i o  cou ld ,  i n  p r i n c i p l e ,  be enhanced by modulat ion a t  low e n e r g i e s  

s i n c e  t h e  v e r y  heavy n u c l e i  have s l i g h t l y  smaller charge t o  mass r a t i o s  than  

t h e  medium n u c l e i .  With t h e  s t a t e d  assumption,  t h e  d a t a  on r e l a t i v e  abun- 

dances  mentioned above imply t h a t  t h e  cosmic r a d i a t i o n  is only  ve ry  s l i g h t l y  

modulated when i t  r eaches  i t s  maximum v a l u e  nea r  s o l a r  minimum. 

2 

I f  t h e r e  is i n  f a c t  ve ry  l i t t l e  o r  no modulat ion nea r  s o l a r  minimum, 

t h e n  t h e  p ro ton  and hel ium n u c l e i  a p p a r e n t l y  have ve ry  d i f f e r e n t  energy;  
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nucleon s p e c t r a .  T h i s  statement fo l lows  from t h e  f a c t  t h a t  i f  t h e y  have 

t h e  same energyinucleon s p e c t r a  a v e r y  l a r g e  modulat ion i s  needed t o  

produce t h e  observed p r o t o n  t o  hel ium n u c l e i  r a t i o  as a f u n c t i o n  o f  energy.  
16  

I t  is  a l s o  u n l i k e l y  t h a t  t h e  r i g i d i t y  s p e c t r a  of t h e  p r o t o n s  and hel ium 

n u c l e i  are s i m i l a r  a t  t h e  sou rce  under t h e  same assumptions i f  t h e  d a t a  

are c o r r e c t  because t h e  sou rce  s p e c t r a  p r e d i c t e d  f o r  hel ium n u c l e i  would 

t h e n  be of the  form of curve C i n  F i g .  2 .  An a l t e r n a t e  p o s s i b i l i t y  i s  

t h a t  t h e  p ro ton  t o  hel ium n u c l e i  r a t i o  i s  i n  f a c t  about  f i v e  f o r  t h e  same 

energylnucleon as observed a t  low e n e r g i e s ,  and t h e  f l u x  measurements a t  

h igh  e n e r g i e s  have been i n  e r r o r  i n  t h a t  a s a t i s f a c t o r y  a lbedo  c o r r e c t i o n  

16  

66 
h a s  not  been made. Ana lys i s  of t h e  albedo c o r r e c t i o n  made by McDonald 

makes t h e  l a t t e r  a l t e r n a t i v e  s e e m  u n l i k e l y .  

An a c c e l e r a t i o n  mechanism t h a t  i s  b o t h  v e l o c i t y  and r i g i d i t y  dependent ,  

6 ,67 ,68  
such as a modified Fermi mechanism could produce d i f f e r e n t  sou rce  

energylnucleon s p e c t r a  f o r  p a r t i c l e s  w i t h  d i f f e r e n t  Z / M  v a l u e s  such as 

hel ium n u c l e i  and p r o t o n s .  An example of t h i s  type of a c c e l e r a t i o n  occur -  

r i n g  i n  n a t u r e  i s  t h e  s o l a r  cosmic r a y  case. I f  such a d i f f e r e n c e  e x i s t s  

between proton and helium n u c l e i  s p e c t r a ,  a d i f f e r e n c e  would be expected 

i n  t h e  helium and v e r y  heavy n u c l e i  s p e c t r a  a l s o ,  b u t  i t  would be small 

because of the  small  d i f f e r e n c e  i n  charge t o  mass r a t i o .  T h i s  f e a t u r e  may 

e x p l a i n  t h e  tendency of t h e  p r e d i c t e d  r a t i o  f o r  (Z 2 20) n u c l e i  t o  hel ium 

n u c l e i  t o  f a l l  s l i g h t l y  above t h e  observed v a l u e s  a t  h i g h  energy i n  F i g .  12. 

I t  s h a l l  be remembered t h a t  b o t h  He’ and l i g h t  n u c l e i  are assumed t o  

b e  s econda r i e s  formed i n  i n t e r a c t i o n s  i n  i n t e r s t e l l a r  s p a c e ;  so t h e i r  energy 
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s p e c t r a  presumably r e f l e c t  t h o s e  of t h e i r  p a r e n t s  excep t  f o r  t h e  e f f e c t  

of d i f f e r e n t  rates of  energy  loss as d i s c u s s e d  i n  s e c t i o n  111. 

Other  T h e o r e t i c a l  I n t e r p r e t a t  i o n s  

There are a number o f  o t h e r  p o s s i b l e  t h e o r e t i c a l  approaches r e l a t e d  

t o  t h e  s tudy  of  cosmic r a d i a t i o n  which i n  g e n e r a l  are more complex and 

invo lve  more a d j u s t a b l e  parameters  and assumpt ions .  We s h a l l  now examine 

a few of the more prominent of these  i n  t h e  l i g h t  of  what has  been d i s -  

c u s s e d .  

The f i r s t  is t h e  p o s s i b i l i t y  of va ry ing  p a t h  l e n g t h s  f o r  d i f f e r e n t  

p a r t i c l e s .  S ince  t h e  t r a v e l  of cosmic r a y s  i s  probably  a d i f f u s i o n  

p r o c e s s ,  some cosmic r a y s  may have t r a v e r s e d  more m a t e r i a l  than o t h e r s .  

Balasubrahmanyan et a l .  have t r e a t e d  t h i s  problem r e c e n t l y  i n  some 

d e t a i l .  An examinat ion  of t h e  resu l t s  p r e s e n t e d  h e r e  f o r  p a t h  l e n g t h s  

f r o m  1 t o  6 g/cm2 i n d i c a t e s  t h a t  the v a r i a t i o n  of r a t i o s  and f l u x e s  is 

s u f f i c i e n t l y  slow and smooth t h a t  t h e  conc lus ions  reached on t h e  b a s i s  of 

assuming a l l  cosmic r a y s  w i l l  have t r a v e r s e d  a g i v e n  amount of material, 

Xo, w i l l  be e s s e n t i a l l y  t h e  same as assuming a r easonab le  d i s t r i b u t i o n  

about  an average  v a l u e  of X . 

69 

Hence, t h e  conc lus ions  w i l l  be t h e  same. 
0 

Another p o s s i b i l i t y  is t h a t  the  average  p a t h  l e n g t h  v a r i e s  w i t h  t h e  

70,71 
ene rgy  of  t h e  p a r t i c l e .  Apparao has cons ide red  t h e  e f f e c t  of t h i s  

p o s s i b i l i t y  and g i v e s  t h e  necessary  form f o r  t h e  v a r i a t i o n  t o  o b t a i n  agree-  

ment w i t h  some of t h e  exper imenta l  d a t a  under t h e  assumption t h a t  t h e  

c r o s s  s e c t i o n s  ( o r  f r agmen ta t ion  yarameters)are independent of energy and 

Y+l 
t h e  sou rce  spectrum is of t h e  form c f w  . There seem t o  be s e v e r a l  d e t a i l  
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d i t i i c u l t i e s ,  b u t  t h e  most s t r i k i n g  disagreement  is i n  t h e  low energy 

l i g h t  t o  mediurn d a t a  r e c e n t l y  ob ta ined  and shown i n  F i g .  12 .  

k r i p l o n  and S k a d r ~ n ~ ~  have po in ted  o u t  t h a t  agreement c a n  be ob ta ined  

w i t h  t h e  experimental  d a t a  t o r  t h e  l i g h t  t o  medium r a t i o  i f  t h e  p a t h  l e n g t h  

i i r s t  L I I (  rc3i:;es w i t h  energy t o  about 200 MeV/nuclron and then deLreases  

and L i i i : ? l l y  ;Il.'prcJacheS a ccmstant a t  h igh  e n e r g i e s .  They sugges t  t h a t  

t h i s  encr2.Y dcpei idence o r  t h e  p a t h  l e n g t h  may r e s u l t  Lroin a r i g i d i t y  

d c p c r i d c n ~  ( 'scape mechanism a t  t h e  sou rce .  The n e c e s s i t y  o f  t h i s  assump- 

L i u n  ~ L ~ C ~ I I I S  t o  be e l i m i n a t e d  when t h e  v a r i a t i o n  o i  t h e  i n t e r a c t i o n  mean 

L L ~ P  p:itii,s w i t h  energy is  cons ide red .  

Anotlier 3,)proach t o  an  e x p l a n a t i o n  of t h e  observed r e l a t i v e  abun- 

They p o i n t  o u t  t h a t  t h c  
47 

d a n c e s  tias been p re sen ted  by L i m  and Fukui .  

i i cnvy  t C J  inediuni and medium t o  hel ium r a t i o s  could be exp la ined  by  a l a r g e  

L C \ ~ L L C I U ' ~ ~  d e c e l e r a t i o n  i n  t h e  s o l a r  modulation. There r ema ins ,  however, 

t h v  J i L i i c u l t y  u f  t h e  l i g h t  t o  medium n u c l e i  r a t i o  a t  low e n e r g i e s  i n  t h a t  

C ~ S C ' ,  a s  w e l l  ab the  o t h e r  problems mentioned i n  t h e  modulat ion s e c t i o n .  

38 
C m i s t o c k ,  Fan,  and Sirnpson have reemphasized t h a t  t h e  r e l a t i v e  abun- 

dance L I L  l i g h t  n u c l e i  r e l a t i v e  t o  h e a v i e r  ones h a s  been t h e  p r i n c i p a l  r eason  

iur asAuming the cosmic r a y s  have passed through about 2 . 8  g/cm , and ,  i f ,  

UII   he ~ t h c r  hand, t h e  cosmic r a y s  have passed through almost no mater ia l ,  

the  r e l a t i v e  abundances of hel ium, medium and h e a v i e r  n u c l e i  would remain 

v i r t u a l l y  indcpcndent of energy,  as i s  obse rved .  An examinat ion of t h e  

c J c ~ c 1 r ~ ) n  d a t a  also s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  t h e  cosmic r a y s  may have 

p ~ s s t ' d  through ve ry  l i t t l e  m a t e r i a l .  T h e r e f o r e ,  i f  t h e r e  i s  some reason-  

a b l e  w a y  of  exp la in ing  the  p re sence  of l i g h t  n u c l e i  and H e  i n  t h e  s o u r c e  

2 

73 

3 
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r e g i o n  b e f o r e  a c c e l e r a t i o n  w i t h  t h e i r  p a r t i c u l a r  r e l a t i v e  abundances as 

* -  a f u n c t i o n  of  energy ,  t h e  s tudy  of i n t e r s t e l l a r  t r a v e l  can  be reexamined 

2 - without  t h e  r e s t r i c t i o n  of a p a t h  l eng th  of  s e v e r a l  gicm . T h i s  sug- 

ges t ion - -a l though  an  i n t e r e s t i n g  p o s s i b i l i t y  which should not  be com- 

p l e t e l y  i gnored - -p resen t ly  seems much less l i k e l y  than  t h e  format ion  of  

l i g h t  n u c l e i  i n  c o l l i s i o n s  i n  i n t e r s t e l l a r  space f o r  t h e  r easons  s t a t e d  

i n  s e c t i o n  I1 of t h i s  paper .  

74 
F i n a l l y ,  some d a t a  seem t o  i n d i c a t e  t h a t  t h e  hel ium t o  medium n u c l e i  

r a t i o  may i n c r e a s e  aga in  a t  h igh  e n e r g i e s  (2  5 BeVInucleon). I t  has  been 

sugges ted  by Apparao71 and Webber'l' t h a t  t h i s  c h a r a c t e r i s t i c ,  may be due 

t o  a d i f f e r e n c e  i n  t h e  energy s p e c t r a  of hel ium and medium nuc le i .  There 

is no ev idence  to  i n d i c a t e  t h a t  t h e  c r o s s  s e c t i o n s  for medium n u c l e i  

i n c i d e n t  upon hydrogen i n c r e a s e  apprec i ab ly  a t  high e n e r g i e s ,  o r  t h a t  t h e  

c r o s s  s e c t i o n  f o r  hel ium n u c l e i  i nc iden t  upon hydrogen dec reases  apprec i -  

ab ly .  Thus, i f  t h e  helium t o  medium n u c l e i  r a t i o  i n  t h e  r eg ion  from 5 t o  

50 BeV/nucleon should prove l a r g e r  t han  t h a t  i n  t h e  - 5  t o  5 BeV/nucleon 

r e g i o n ,  a real  d i f f e r e n c e  i n  source s p e c t r a  would appa ren t ly  be i n d i c a t e d .  

I f  t h i s  d i f f e r e n c e  is accepted ,  then v i r t u a l l y  any model w i l l  g i v e  

s a t i s f a c t o r y  agreement wi th  experiments f o r  some set of sou rce  s p e c t r a .  

S ince  a t  t h i s  t i m e  t h e r e  i s  no compelling reason  t o  choose any p a r t i c u l a r  

set of r e l a t i v e  source  s p e c t r a  o the r  than  assuming a l l  p a r t i c l e s  w i t h  the  

same charge t o  mass r a t i o  have the  same energy/nucleon s p e c t r a  a s  chosen 

h e r e ,  t h i s  p o s s i b i l i t y  w i l l  no t  be explored  f u r t h e r .  
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The a n a l y s i s  which has  been p r e s e n t e d  h e r e  shows t h a t  t h e  e x p e r i -  

mental  d a t a  011 t he  m u l t i p l y  rharged cosmic ray n u c l e i  seem t o  be i n  

g e n e r a l i p  good ‘igreement w i t h  t h e  p r e d i c t i o n s  on  t h e  s i m p l e  s e t  of 

assuillptiuns made a t  t h e  beg inn ing  CJE t h e  a r t i c l c .  A s  R reminder,  t h c s c  

werL: 

I 

( . I )  A l l  n i u i t  i p l y  liarbed cosmic ray n u c l e i  have thc same s p e c t r a l  

Si l2Pc  :It 1 /1C> S t J U I - C C .  

3 
(I,) Thc r c l a t  ive  abundantcs of. HL? and l i g h t  n u c l e i  at: L t l c  source  

n ~ c ’  [ i c g l i g i b l y  s m a l l  compared to  those  uf He4 and medium 

nu( i c i  r e a p e c  t ivc.ly. 

( t  ) T l i ~  average ainounL oL i n t e r s t e l l a r  matter t r a v e r s e d  i s  inde-  

pendent 01 enc~rgy .  

With t h e s e  assumptions i t  i s  p o s s i b l e  t o  ob ta i i i  r ea sonab ly  good agree- 

ment: w i t h  t h e  cxperi inental  d a t a  un the  r e l a t i v c  abunciances Cor t h e  niulLiply 

c:i;ir,;cd nuclei  under t h c  fo l lowing  c o n d i t i o n s :  

(‘1) T h c  d i f k e r e n t b l  energy s p e c t r a  a t  the  suurcc  must be q u i t e  P l a t  

O L  the form o f  curve A i n  F i g .  2 o r  p o s s i b l y  cu rve  B ,  b u t  not  

much s t e e p e r  than B and c e r t a i n l y  no t  as s t e e p  as curve C .  T h i s  

c o n d i t i o n  i s  s e t  p a r t i c u l a r l y  s t r o n g l y  by t h e  hel ium t o  niedium 

n u c l e i  f l u x  r a t i o  as a f u n c t i o n  o f  energy.  

The average i n t e r s t e l l a r  p a t h  l e n g t h  i s  2 . 8  i0.4 g/cm . 

The r e l a t i v e  abundances of t h e  hel ium, medium, (10 - -  d: 7 < 19) and 

( 7  2 21)) 

and 0 .13 .  The u n c e r t a i n t y  of  t h e s e  numbers i s  p robab ly  between 

5% and 10% i f  t h e  assumptions are v a l i d .  

2 
(b)  

( c )  

n u c l e i  a t  t h e  s u u r c e  a r e  approx ima te ly  1 2 . 1 ,  1.00, 0 . 3 6 ,  
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I .- 

I 

These r e s u l t s  t o g e t h e r  w i th  the  d a t a  on t h e  e l e c t r o n s  a l s o  imply 

t h e  fo l lowing:  

(a) There i s  l i t t l e  o r  no d e c e l e r a t i o n  i n  t h e  s o l a r  modulat ion 

mechanism a t  least near  s o l a r  minimum. 

(b)  There i s  v e r y  l i t t l e  modulation of t h e  cosmic r ay  s p e c t r a  nea r  

s o l a r  minimum, s i n c e  curve  A. i n  F ig .  2 i s  i n  f a c t  t h e  cosmic r ay  hel ium 

n u c l e i  maximum spectrum ex t r apo la t ed  back t o  t h e  sou rce .  

(c)  Assuming t h e  obse rva t iona l  d a t a  t o  be c o r r e c t ,  p ro tons  and 

hel ium n u c l e i  have d i f f e r e n t  energyinucleon s p e c t r a  a t  t h e  source .  T h i s  

conc lus ion  i s  a c o r o l l a r y  of t h e  preceding conc lus ion  because t h e  marked 

d i f f e r e n c e  observed i n  t h e  cosmic ray p ro ton  and helium n u c l e i  s p e c t r a  

must then  r e f l e c t  d i f f e r e n c e s  a t  the s o u r c e ,  s i n c e  only  a ve ry  l a r g e  

modulat ion e f f e c t  could e x p l a i n  the d i f f e r e n t  s p e c t r a  o the rwise .  

There a r e  a l s o  s e v e r a l  p o s t u l a t e s  which have been suggested which 

a r e  a p p a r e n t l y  not  necessary  i n  any marked degree  t o  e x p l a i n  t h e  cosmic 

r a y  d a t a .  For example, i t  is no t  necessary t o  assume an energy dependent 

average  mean f r e e  pa th  i n  i n t e r s t e l l a r  matter There is a l s o  no need t o  

t r y  t o  e x p l a i n  t h e  r e l a t i v e  abundances as a f u n c t i o n  of  ene rgy ,  and i n  

p a r t i c u l a r  t h e  abundances of helium, medium, and heav ie r  n u c l e i ,  by assum- 

ing  t h a t  l i g h t  n u c l e i  and He3 are formed i n  some o t h e r  way than  by f r a g -  

menta t ion .  Th i s  r e s u l t  fo l lows  from t h e  f a c t  t h a t  i t  is p o s s i b l e  t o  

reproduce observed r e l a t i v e  abundances from s i m i l a r  source  s p e c t r a  even 

2 
a f t e r  passage through 2 . 8  40.4 g/cm of i n t e r s t e l l a r  ma t t e r .  F i n a l l y ,  i t  

i s ,  a t  least  p r e s e n t l y ,  no t  necessary t o  assume d i f f e r e n c e s  i n  t h e  energy 

s p e c t r a  of t h e  m u l t i p l y  charged n u c l e i  t o  e x p l a i n  t h e  d a t a ,  a l t hough le f ined  

d a t a  may i n d i c a t e  small d i f f e r e n c e s  a t  h igh  e n e r g i e s .  

27 



Hence, w i t h  t h e  s i m p l e  s t a t e d  assumptions, i t  seems p o s s i b l e  at  

p r e s e n t  to e x p l a i n  t h e  e x i s t i n g  cosmic r a y  d a t a  and a t  t h e  same time 

p o s s i b l y  t o  gain some i n s i g h t  i n t o  t h e  s o l a r  modula t ion  mechanism, t h e  

average amount o i  material  th rough which cosmic r a y s  have passed ,  t h e  

source sp tc t rum o E  t h e  m u l t i p l y  charged cosmic. r a y s ,  arid t h e  r e l a t i v c  

obundai ices  01 cosmic r a y  m u l t i p l y  charged n u c l e i  a t  t h e  suu rce .  

A c k 1lL)W i c t  d grne n t : 

Wc a r e  happy  t o  acknowledge t h c  hc.ip,ful conlments of D r  Frank  B 

PlcDdnaid. 



FIGURE CAPTIONS 

I 

Fig .  1. V a r i a t i o n  of v a r i o u s  mean f r e e  p a t h s  w i t h  energy  deduced from 

t h e  expe r imen ta l  d a t a  s u m r i z e d  by badhwar and D a n i e l . l l  

See t h e  t e x t  f o r  a d i s c u s s i o n  of t h e s e  cu rves .  The numbers i n  

t h e  s u b s c r i p t s  of A i n  t h e  f i g u r e  r e f e r  t o  t h e  charge  
( i , j )  

i n t e r v a l .  

F ig .  2. Some of t h e  sou rce  s p e c t r a  assumed f o r  t h e  c a l c u l a t i o n s  i n  t h i s  

paper .  "A" r e p r e s e n t s  t h e  May 1965 cosmic r a y  he l ium n u c l e i  

spectrum e x t r a p o l a t e d  back t o  t h e  s o u r c e ;  r'B1l is t h e  curve 

0*6/wN2'5 ,  where wN is t h e  t o t a l  energy  i n  BeV/nucleon; %!r 

i s  t h e  spectrum which both t h e  p ro tons  and he l ium n u c l e i  

could have i f  t hey  had s i m i l a r  r i g i d i t y  s p e c t r a  a t  t h e  sou rce  

and underwent a d i f f u s i o n - c o n v e c t i o n  type  modulation" 

w i t h i n  t h e  s o l a r  s y s t e d 6  ; and I'D1! i s  t h e  curve  1 0 7 / E ~ ~ * ~ ,  

where EN i s  t h e  k i n e t i c  energy i n  MeV/nucleon. 

F ig .  3 .  The c a l c u l a t e d  l i g h t  t o  medium n u c l e i  r a t i o  a s  a f u n c t i o n  of 

energy f o r  a sou rce  spectrum of t h e  form of cu rve  B i n  

F i g -  2 ,  I /A(G--g  , 3 - u ) 1 1 7  and t h e  mean f r e e  p a t h s  i n d i c a t e d  

i n  t h e  f i g u r e .  

F i g .  4 .  V a r i a t i o n  of t h e  c a l c u l a t e d  ( 1 0 G ~ 1 9 )  and (2220) t o  medium 

n u c l e i  r a t i o s  w i t h  energy/nucleon f o r  a sou rce  spectrum of t h e  

form of curve  B i n  F i g .  2 and t h e  mean f r e e  p a t h s  i n d i c a t e d  i n  

t h e  f i g u r e .  

F ig .  5. V a r i a t i o n  of t h e  c a l c u l a t e d  (1012S19) and (2120) t o  medium 

n u c l e i  r a t i o s  w i t h  energy/nucleon f o r  a sou rce  spectrum of t h e  

form of cu rveD i n  Fig.  2 and t h e  mean f r e e  p a t h s  i n d i c a t e d  i n  t h e  

f i g u r e .  
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F i g .  6. 

F i g .  7 .  

F i g .  8. 

F ig .  9. 

F ig .  10. 

V a r i a t i o n  of t h e  c a l c u l a t e d  l i g h t  t o  medium n u c l e i  r a t i o  f o r  t h e  

f o u r  energylnucleon s p e c t r a  of F i g .  2 ( l a b e l e d  A t h rough  D ) ,  

t h e  two t y p e s  of f r agmen ta t ion  pa rame te r s  cons ide red  ( l a b e l e d  

I and II), and i n t e r s t e l l a r  mean f r e e  p a t h s  of 1.4 and 2.8 g/cm2. 

V a r i a t i o n  of t h e  c a l c u l a t e d  hel ium t o  medium n u c l e i  r a t i o  w i t h  

energy/nucleon f o r  t h e  f o u r  s o u r c e  s p e c t r a  of F ig .  2 ( l a b e l e d  A 

through D ) ,  and i n t e r s t e l l a r  mean f r e e  p a t h s  of 0 .0 ,  0.5, and 

2.8 g/cm2. 

V a r i a t i o n  of t h e  c a l c u l a t e d  He3/He4rat io  w i t h  energy/nuc 

t h e  f o u r  sou rce  s p e c t r a  of Fig.  2 ( l a b e l e d  A through D ) ,  

i n t e r s t e l l a r  mean f r e e  p a t h s  of 1.0,  2 .0 ,  and 2.8 g/cm? 

Comparison of t h e  expe r imen ta l  da t a  w i t h  t h e  c a l c u l a t e d  

eon f o r  

and 

v a r i a t i o n  wi th  ene rgy lnuc leon  of t h e  (ZslO) t o  medium n u c l e i  r a t i o  

f o r  an  i n t e r s t e l l a r  mean f r e e  p a t h  of 2.8 g/cm? L e t t e r s  r e f e r  

t o  t h e  s o u r c e  s p e c t r a  i n  F ig .  2 ,  and numbers by t h e  experimental  

p o i n t s  g i v e  t h e  r e f e r e n c e s .  

Comparison of t h e  experimental  d a t a  w i t h  t h e  c a l c u l a t e d  v a r i a t i o n  

w i t h  energy/nucleon of t h e  (2520) t o  medium n u c l e i  r a t i o  f o r  

an  i n t e r s t e l l a r  mean f r e e  p a t h  of 2 .8  g/cm?and ( Z 4 0 )  t o  medium 

n u c l e i  r a t i o s  a t  t h e  sou rce  of 0.125 ( s o l i d  c u r v e s )  and 0.15 

(dashed c u r v e ) .  L e t t e r s  r e f e r  t o  t h e  s o u r c e  s p e c t r a  i n  F ig .  2 ,  

and numbers by t h e  expe r imen ta l  p o i n t s  g i v e  t h e  r e f e r e n c e s .  
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Fig.  ll. Comparison of t h e  exper imenta l  d a t a  w i t h  t h e  c a l c u l a t e d  v a r i a t i o n  

w i t h  energy/nucleon  of t h e  he l ium t o  medium n u c l e i  r a t i o  f o r  an 

i n t e r s t e l l a r  mean f r e e  pa th  of 2.8 g/cm2. L e t t e r s  r e f e r  t o  t h e  

sou rce  s p e c t r a  i n  Fig.  2 ,  and numbers by t h e  exper imenta l  

p o i n t s  g i v e  t h e  r e fe rences .  The u n c e r t a i n t y  i n  t h e  r a t i o  of 

r e f e r e n c e  38 may be l a r g e r  t h a n  i n d i c a t e d  because t h e  m a j o r i t y  of 

t h e  medium n u c l e i  were i n  a h i g h e r  energy/nucleon  i n t e r v a l  t h a n  

t h e  he l ium n u c l e i ,  and, t h e r e f o r e ,  a knowledge of t h e  s p e c t r a l  

shape i s  assumed. 

Fig.  1 2 .  Comparison of t h e  exper imenta l  d a t a  w i t h  t h e  c a l c u l a t e d  

v a r i a t i o n  w i t h  energy/nucleon  of t h e  (Z220) t o  he l ium n u c l e i  

r a t i o  f o r  a n  i n t e r s t e l l a r  mean f r e e  p a t h  of 2.8 g/cm2, and ( Z S O )  

t o  he l ium n u c l e i  r a t i o s  a t  t h e  sou rce  of 1.05 x ( s o l i d  

cu rves )  and 1.25 x (dashed cu rve ) .  L e t t e r s  r e f e r  t o  t h e  

sou rce  s p e c t r a  i n  F i g .  2 ,  and numbers by t h e  exper imenta l  p o i n t s  

g i v e  t h e  r e f e r e n c e s .  The u n c e r t a i n t y  i n  t h e  r a t i o  of r e f e r e n c e  

38 may be l a r g e r  t h a n  i n d i c a t e d  because t h e  m a j o r i t y  of t h e  

( Z r 2 0 )  n u c l e i  were i n  a h i g h e r  energy/nucleon  i n t e r v a l  t h a n  t h e  

helium n u c l e i ,  and, t h e r e f o r e ,  a knowledge of t h e  s p e c t r a l  

shape i s  assumed. 

F ig .  13. Comparison of t h e  experimental  data w i t h  t h e  c a l c u l a t e d  v a r i a t i o n  

w i t h  energy/nucleon of the  l i g h t  t o  m e d i u m  n u c l e i  r a t i o  f o r  

i n t e r s t e l l a r  mean free p a t h s  of 2.5 (*-e), 2.8 w, and 3.1 (--I 

Letters  r e f e r  t o  t h e  source s p e c t r a  i n  g/cm2and A ( 6 - 9 , R - F  )I1 

Fig.  2 ,  and iluinuers by t h e  exper imenta l  p o i n t s  g i v e  t h e  r e f e r e n c e s .  
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Fig.  14. Comparison of t h e  exper imenta l  d a t a  wi th  t h e  c a l c u l a t e d  

v a r i a t i o n  wi th  energy/nucleon  of t h e  H e 3  t o  (He" -t He4) n u c l e i  

r a t i o  f o r  a n  i n t e r s t e l l a r  p a t h  of 2.8 g/cm2. L e t t e r s  r e f e r  t o  

t h e  sou rce  s p e c t r a  i n  Fig.  2 ,  and numbers by t h e  exper imenta l  

p o i n t s  g i v e  t h e  r e f e r e n c e s .  

- .  
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Table I 

Asympotic Fragmenta t ion  Parameters and I n t e r a c t i o n  Mean F ree  Pa ths  

( a )  High Energy (E L 1 BeV/nucleon) Fragmentation parameters  ( t h e  average  

number of s e c o n d a r i e s  of type j produced by a primary of type i )  i n  

hydrogen, from t h e  summary and c a l c u l a t i o n s  of Badhwar e t  a l l 2  and 

Kaplon and Skadron 14 

Primary Second a ry 

(205Z530) (10'Z119) (6'.Z29) (3cZ55) He4 He 3 

(20'-Z'-30) .22 .06 .03 .05 .49 .15 

(1lY-Z: 19)  .17 .07 .06 .30 .15 

(61-2' 9) .ll .08 .20 .20 

(3 -255)  .08 .13 .20 

.06 .40 4 He 

(b )  I n t e r a c t i o n  Mean F ree  Paths  i n  hydrogen12 a t  h igh  e n e r g i e s  (E 

Charp.e (2052530) (10'2'19) (6(Z:-9) (35ZC-5) 2 

1 BeV/nucleon 

2.6 4.2 6.3 9.8 14.6 2 
.%.(g/cm 
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