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AB ST RACT 

T i t l e  of   Thes is :  A Study  of Low Energy Cosmic Rays a t  1 A .  U. 

James H. Kinsey,  Doctor  of  Philosophy,  1970 

T h e s i s   d i r e c t e d  by:  Frank B.  McDonald 

P r o f e s s o r   o f   P h y s i c s ,   P a r t  T ime  

The r e su l t s   f rom  the  two s c i n t i l l a t o r  AE versus  E - LE t e l e s c o p e s  

on  IMP-111  and IMP-IV and   t he   so l id  s t a t e  t e l e s c o p e  on IMP-IV are  ana- 

lyzed   and   the   resu l t ing   p ro ton   and   a lpha   par t ic le   f luxes   p resented .  

The low ene rgy   f l ux  time h i s t o r i e s  and  energy  spectra   are  shown f o r  

t h e   e n e r g y   i n t e r v a l   1 8 . 7   t o  81.7 MeV/nucleon  from  June 1965 t o  A p r i l  

1967,  and i n   t h e   i n t e r v a l   f r o m   5 . 2   t o  81.7 MeV/nucleon  from May 1967 

to August  1968. 

A compar ison   of   the   qu ie t  time spectra of   both  protons  and  a lpha 

p a r t i c l e s  i"s made. It i s  shown t h a t   t h e   r e s u l t s   a f t e r   s o l a r  minimum 

in   1965  do   no t   agree   wi th   cur ren t ly   accepted   theory   in   the  low energy 

reg ion   of   the  spec t rum.  cons ide red .   Fu r the r ,  i t  i s  shown t h a t   t h e  

r e a s o n   f o r   t h i s  may be  because  of  a h y s t e r e s i s   i n   t h e   p a r t i c l e   f l u x e s  

w i t h  respect t o   e n e r g y .  

In  September  of  1966 a ve ry   ab rup t  decrease i n   p r o t o n   f l u x e s   a t  

energ ies   o f  70 MeV and  below i s  shown to   have   occur red   which  d i d  no t  

r e c o v e r   a g a i n   t o  i t s  p rev ious   l eve l .   Th i s   dec rease  i s  a t t r i b u t e d   t o  

a change i n   t h e   p r o p e r t i e s  of the   p ropagat ion  medium fo l lowing   the  

l a rge   so l a r   p ro ton   even t   o f  2 September  1967. 

I t  i s  found t h a t   t h e r e  i s  a f a i r l y   f l a t   r a t i o   o f  He3 t o  He3 + He4 

in   the   energy   range   cons idered ,   wi th  a va lue  of about  7%. 
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Fur ther   ev idence  i s  presented f o r   t h e   e x i s t e n c e   o f   b o t h   r e c u r r e n c e  

events   wi th  27 day  per iods   which   a re  related t o   l a r g e   c a l c i u m   p l a g e  

reg ions   on   the   sun   and   co- ro ta t ing   reg ions   which   produce   d i scre te   p ro-  

ton  events   observed a t   e a r t h .  These   obse rva t ions   s e rve   fu r the r   t o  

e s t a b l i s h   t h e   s o u r c e  of  pro tons   wi th  MeV e n e r g i e s .  

A two component  model  of  low  energy  cosmic  rays is  i n v e s t i g a t e d  

i n   r e l a t i o n   t o   t h e  IMP-IV p r o t o n   a n d   a l p h a   p a r t i c l e   d a t a .   T h i s  model 

t r e a t s   t h e   o b s e r v e d   c o s m i c   r a y   f l u x   a s   t h e  sum of two  power  laws i n  

energy,  one  with a negat ive  exponent   which i s  t a k e n   a s   t h e   s o l a r  com- 

ponent   and   the   o ther   wi th  a pos i t ive   exponent   which  is  i d e n t i f i e d   w i t h  

the  modulated  galact ic   pr imary  component .  It is  shown t h a t   t h i s  model 

f i t s   t h e   o b s e r v e d   s p e c t r a   e x t r e m e l y  wel l  i n   t h e   e n e r g y  and time i n t e r -  

va l s   cons ide red .  
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I. INTRODUCTION 

A. General 

U n t i l   1 9 5 8 ,   w i t h   t h e   l a u n c h i n g   o f   t h e   f i r s t   s c i e n t i f i c  s a t e l l i t e ,  

a l l  measu remen t s   o f   t he   ene rge t i c   pa r t i c l e   popu la t ion   i n   t he   so l a r   sys -  

tem came f rom  ground  based ,   ba l loon   borne ,   o r   rocke t   borne   par t ic le  

detectors .   Bal loon  experiments   measured the f luxes  of   pr imary  cosmic 

r a y   p a r t i c l e s   i n   t h e   r a n g e   o f   k i n e t i c   e n e r g i e s   f r o m  - 10 t o  10" ev/ 

nucleon. Above t h i s   e n e r g y  i t  was necessa ry   t o   r e ly   on   t he   measu remen t s  

of t h e   s e c o n d a r y   c a s c a d e   p a r t i c l e s   c r e a t e d   i n   t h e   e a r t h ' s   a t m o s p h e r e  by 

h igh   energy   pr imar ies   wi th   k ine t ic   energ ies   o f   be tween  and  lo2' ev/ 

nucleon  using  ground  based a i r  shower  experiments.  Below about 10 ev /  

nucleon and a f s o   i n   t h e   r a n g e   b e t w e e n   t h e   b a l l o o n  and a i r  shower  measure- 

ments, l i t t l e  was known o f   t h e   p a r t i c l e   p o p u l a t i o n s .   A r t i f i c i a l   s a t e l l i t e s  

quickly became e x t r e m e l y   a t t r a c t i v e  as p a r t i c l e   e x p e r i m e n t   p l a t f o r m s   s i n c e  

i t  i s  p o s s i b l e   t o   g e t   c o m p l e t e l y   a b o v e  the las t  ves t iges   o f   a tmosphe re   fo r  

long   per iods   and   in  some c a s e s   t o   g e t   o u t s i d e   t h e   e a r t h ' s   m a g n e t o s p h e r e .  

This i s  a v a s t  improvement  over  balloons,   which  can  only  reach  alt i tudes 

where t h e r e  i s  s t i l l  a few g cm o f  a i r  remaining  above  them  and  only 

f o r  pe r iods  of t e n s   o f   h o u r s .  

8 
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The mot iva t ion  and j u s t i f i c a t i o n   f o r   p u t t i n g   p a r t i c l e   d e t e c t i o n  

experiments  aboard s a t e l l i t e s  i s  s e v e r a l - f o l d .   F i r s t  of a l l  i t  i s  

d e s i r a b l e   t o   s t u d y   t h e   i n t r i n s i c   p a r t i c l e   p o p u l a t i o n s  a t  1 A. U .  f r e e  

of as much of   the  effects   of   the   a tmosphere  and  magnetosphere as p o s s i b l e .  

Fu r the r ,   one   wou ld   l i ke   t o   a sce r t a in   t he   i n t e r s t e l l a r   spec t rum  o f   pa r t i -  

c l e s  and i n   o r d e r   t o   d o   t h i s  i t  is  advan tageous   t o  s t a r t  w i t h  as few 

ext raneous   e f fec ts  as p o s s i b l e .   F i n a l l y ,  i t  i s  o f   i n t e r e s t   t o   s t u d y  

1 



a s o u r c e   o f   e n e r g e t i c   p a r t i c l e s .  

The ac tua l   fo rm of t h e   i n t e r s t e l l a r   p a r t i c l e   e n e r g y   s p e c t r u m  i s  not 

d i r ec t ly   measu rab le   nea r   t he   ea r th   because  of the  solar   modulat ion  of  

p a r t i c l e s   p a s s i n g   i n t o   t h e   s o l a r   s y s t e m .  It i s  a l s o  now  known t h a t   t h e  

I s u n   i t s e l f   a c c e l e r a t e s   c o p i o u s   q u a n t i t i e s   o f   p a r t i c l e s   i n   c o n j u n c t i o n  

w i t h   s o l a r   f l a r e s  and a t  low e n e r g i e s  i s  producing a quas i -cont inuous  

component  of e n e r g e t i c   p a r t i c l e s .   T h i s  i s  c o n t r a r y   t o   t h e   p r e v i o u s l y  

made a s sumpt ion   t ha t   du r ing   so l a r   qu ie t   t imes   t he   obse rved   ene rgy   spec -  

trum  of  cosmic rays was predominant ly   the   so la r   modula ted   ga lac t ic   spec-  

trum. Such  energy   spec t ra   for   bo th   p ro tons  and a l p h a   p a r t i c l e s   a r e  shown 

i n   F i g u r e  1 f o r   t h e   p e r i o d   i n  1965 n e a r   t h e  minimum of   solar   modulat ion.  

IC, l s se l  ain1::x:n: 19 a;he n c i g h b o r h m d  of 50 Y2S7lnuctem c o z p l i c a t e s   t h e  

te3av;or o f  t h i s  s p e c t r m  i n   t h e   e n e r g y   i n t e r v a l  below about 3Od ?teL'/ 

nucleon. The problems  of  the form of the solar f w d u l a t i c m  d l l d  c l l c  

amount of s o l a r   p a r t i c l e   c o n t r i b u t i o n   t o   t h e   l o w e r   e n e r g y   p o r t i o n  of 

the cosmic ray spectrum  must be s o l v e d   i n   o r d e r   t h a t   t h e  t rue i n t e r s t e l -  

lar spectrum may be   de t e rmined ,   a s   we l l  as c o n t r i b u t i n g   t o   t h e   u n d e r s t a n d -  

ing  of   the  sun as a s o u r c e   o f   e n e r g e t i c   p a r t i c l e s  and the   unders tanding  

of t h e   l a r g e   s c a l e   s t r u c t u r e   o f   t h e   i n t e r p l a n e t a r y  medium. 

The importance  of  knowing  the t r u e  i n t e r s t e l l a r   p a r t i c l e   e n e r g y   s p e c -  

t r a ,  p a r t i c u l a r l y   f o r   p r o t o n s ,   w i t h   e n e r g i e s   b e l o w  300 MeV/nucleon i s  

qui te   apparent .   Because   o f   the   s teepness   o f   the   spec t rum at  h i g h e r   e n e r g i e s ,  

i t  i s  p o s s i b l e   t h a t  most   of   the   energy  t ransported by cosmic   rays   in  

i n t e r s t e l l a r   s p a c e  i s  r e s i d e n t   i n   p r o t o n s   h a v i n g   k i n e t i c   e n e r g i e s   b e l o w  

1 GeV. Cosmic r ays   have   an   ene rgy   dens i ty   i n   space   t ha t  i s  comparable 

t o   t h e   e n e r g y   d e n s i t y   r e s i d e n t   i n  a l l  forms   of   e lec t romagnet ic   rad ia t ion .  
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The amount and  form  of t h i s   e n e r g y  i s  most   impor tan t   for   the   equi l ibr ium 

ba lance   o f   energy   in   the   ga laxy ,   for   ins tance .   Balasubrahmanyan e t  a l .  

(1967)  have shown t h a t   t h e   o b s e r v e d   h e a t i n g   o f   i n t e r s t e l l a r  H I  c louds  

using  an  assumed ra te  for   the   hea t ing   can   be   accompl ished  by the  coulomb 

in te rac t ions   o f   cosmic   rays   wi th   the  matter i n   t h e s e   c l o u d s  i f  the  low 

energy  f luxes are high  enough.  Theory shows tha t   the   lower   energy  com- 

ponent  of  the  cosmic  rays  would  do  most of  t h e   h e a t i n g .  

S ince   the   sun   p lays  so important  a r o l e   i n   c o n t r o l l i n g   t h e   p a r t i c l e  

f luxes   seen  a t  e a r t h ,  i t  i s  o f   i n t e r e s t   t o  compare  cosmic  rays  and 

s o l a r   a c t i v i t y   w i t h   r e s p e c t   t o  time. F igu re  2 shows the   average   o f   the  

smoothed sunspot   numbers   for   cycles  1 through  19  superimposed on the  

c u r r e n t   c y c l e  number 20. On t h i s   p l o t  i s  a l s o  shown the  monthly  averages 

of  t he  Deep River hour ly   neu t ron  ra tes  wi th   an   i nve r t ed   r a t e   s ca l e .   The re  

appea r s   t o   be  a time l a g  of about   one   year   o f   the   neut ron   ra tes   behind   the  

sunspot  numbers. It has   been  shown by s e v e r a l   w o r k e r s   t h a t   t h i s   a p p a r e n t  

h y s t e r e s i s   b e t w e e n   s o l a r   a c t i v i t y  and neu t ron  rates i s  probably   no t   s ig-  

n i f i c a n t   i n   i t s e l f .  Simpson  and Wang (1967)  and  Hatton e t  a l .  (1968) 

have shown t h a t   t h e   c o r o n a l  FeXXVI g r e e n   l i n e  a t  A5303 c o r r e l a t e d   v e r y  

well with  the  cosmic  rays   and  with no appa ren t  time lag.  Balasubrahmanyan 

(1969) showed tha t   t he   magne t i c   i ndex  Ap, which i s  c l o s e l y   c o r r e l a t e d   w i t h  

the   so l a r  wind v e l o c i t y ,   a l s o   c 6 r r e l a t e s . w e l l   w i t h   t h e   n e u t r o n  ra tes  dur-  

i ng   so l a r   cyc le   19 .  

S ince   t he   obse rva t ions   o f  Lange  and  Forbush  (1942)  that   there was 

a . co r re l a t ion   be tween  sea leve l  i o n  chamber  counting ra tes  and s o l a r  

f l a r e s ,  i t  has   been  known t h a t   t h e   s u n  was a source   o f   ene rge t i c  p a r t i -  

c l e s .   A l though   t hese   so l a r   pa r t i c l e s  are somet imes   r e fe r r ed   t o  as 

"Solar   cosmic  rays ,"   the term "cosmic  rays" i s  u s u a l l y   r e s e r v e d   f o r  
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par t i c l e s   o r ig ina t ing   ou t s ide   o f   t he   so l a r   sys t em.   The re  i s  subs t an -  

t i a l   e v i d e n c e   t h a t   n o n - f l a r e   a s s o c i a t e d   p a r t i c l e s   a r e   r e l e a s e d  by the  

s u n   i n   s o - c a l l e d   r e c u r r e n c e   e v e n t s   w i t h  a 27 day   per iod   as   wel l  as i n  

c o n n e c t i o n   w i t h   i s o l a t e d   s o l a r   a c t i v e   r e g i o n s   o f  less than 27 days 

l i f e t i m e   ( F i c h t e l  and  McDonald, 1967). The 27 day  period is t h e  

e q u a t o r i a l   r o t a t i o n   p e r i o d   o f   t h e   s u n .  The p r o t o n   f l u x   i n c r e a s e s  

a s s o c i a t e d   w i t h   t h i s   r o t a t i o n   o c c u r   a p p r o x i m a t e l y  when a l a r g e   p e r s i s -  

t en t  ca l c ium  p l age   r eg ion   pas ses   cen t r a l   mer id i an   each   ro t a t ion .  

B r i e f l y ,   t h e n ,   t h e   o b s e r v e d   c h a r a c t e r i s t i c s   a t  1 A .  U. of   these  

f o u r   d i f f e r e n t   c l a s s e s   o f   p a r t i c l e s   a r e  

1. Galact ic   cosmic  rays   which make up  the   bu lk   o f   pa r t i c l e s   de -  

t e c t e d   a t   e n e r g i e s   o f   a b o u t  50 MeV/nucleon  and  above d u r i n g   s o l a r  

q u i e t  t imes .  

2 .  S o l a r   f l a r e   p a r t i c l e s   w h i c h '   a r e  a t r a n s i e n t  component w i t h  

inc reases   o f   a s  manp as 6 o r d e r s  of  magnitude  above  quiescent 

r a t e s   a t  low e n e r g i e s .   T h e s e   p a r t i c l e s  show ve ry  r a p i d  r i s e  

times i n   t h e i r   f l u x e s .   f o l l o w e d  by exponen t i a l   decays   o f   t he  

order   o f   days .  The e n e r g y   s p e c t r a   o f   f l a r e   p a r t i c l e s  i s  s t e e p  

and of n e g a t i v e   s l o p e .  

3 .  Recur rence   even t   pa r t i c l e s  whose f l u x e s   r i s e   s l o w l y   t o  a 

p l a t e a u   f o r   s e v e r a l   d a y s  and then  decay  again so t h a t   t h e   f l u x -  

t i m e   p r o f i l e  i s  qui te   symmetr ica l .   These   par t ic les   a re   recognized  

by t h e i r  27 d a y   r e c u r r e n c e   p a t t e r n   u s u a l l y   c o i n c i d i n g   w i t h   t h e  

t ime   o f   mer id i an   t r ans i t  of l a r g e   p e r s i s t e n t   c a l c i u m . p l a g e  

r e g i o n s  OR t h e   s o l a r   d i s k .  

4 .  I n c r e a s e s   i n  low energy   f luxes   dur ing   qu ie t   t imes  similar i n  

c h a r a c t e r   t o   t h e  27 day   recur renceevents ,   bu t   which   occur   on ly  

- 

i 
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o c c a s i o n a l l y .   T h e s e   p a r t i c l e s   a r e   a s s o c i a t e d   w i t h   l a r g e   a c t i v e  

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

The i n t e r p l a n e t a r y   m a g n e t i c   f i e l d  i s  composed  of t h e   v a r i o u s  

m a g n e t i c   f l u x   l o o p s   o r i g i n a t i n g   i n   t h e   s u n  and t r a n s p o r t e d   r a d i a l l y  

outward  by t h e   s o l a r   w i n d .  Near t h e   s u n ,   a s  shown by Parker  (1963), 

the  mean f i e l d   h a s   t h e   c o n f i g u r a t i o n   o f  an  archimedian sp i r a l ,  which 

much of   the time dominates   the  propagat ion  of  low e n e r g y   p a r t i c l e s  

moving  from the  sun  outward.  On t h e   o t h e r   h a n d ,   t h e   i r r e g u l a r i t i e s  

t h a t   e x i s t   i n   t h e s e   f i e l d s   c a u s e   s c a t t e r i n g   o f   p a r t i c l e s  and g i v e  r i s e  

t o   d i f f u s i o n - l i k e   f l u x   c h a r a c t e r i s t i c s .  The  cosmic  rays  coming  into 

t h e   s o l a r   s y s t e m   i n t e r a c t   w i t h   t h e s e  moving f i e l d s  and t h e i r   i r r e g u -  

l a r i t i e s ,  and it i s  the  form of t h e s e   i n t e r a c t i o n s   t h a t   d e t e r m i n e s   t h e  

form  of   the  f lux  modulat ions.  
- 

The e a r t h ' s   f i e l d ' a l s o   d o m i n a t e s   t h e   m o t i o n   o f   c h a r g e d   p a r t i c l e s  

en ter ing   the   magnetosphere .  The i n t e r a c t i o n s  are s u c h   t h a t   a t  a g iven  

l a t i t u d e   t h e r e   e x i s t s  a c r i t i c a l  momentum below  which p a r t i c l e s  are 

d e f l e c t e d   b a c k   i n t o   i n t e r p l a n e t a r y   s p a c e   r a t h e r   t h a n   b e i n g   a b l e   t o  

p e n e t r a t e   n e a r   t o   t h e   e a r t h ' s   s u r f a c e .   T h i s   c r i t i c a l  momentum, o r  

r i g i d i t y ,  i s  i n v e r s e l y   p r o p o r t i o n a l   t o   g e o m a g n e t i c   l a t i t u d e .   T h i s  

e f f e c t  i s  used i n   b a l l o o n   l a t i t u d e   s u r v e y s   s u c h  as c a r r i e d   o u t  by 

Neher (1967) as a n a t u r a l l y   e x i s t i n g   m a g n e t i c   a n a l y z e r   t o   d e t e r m i n e  

the  spectrum  of  cosmic  rays.  

Most cosmic   r ay   expe r imen t s   de t ec t   cha rged   pa r t i c l e s  by measur- 

ing  the  signal  produced when they   l o se   ene rgy   i n   pas s ing   t h rough   t he  

mater ia l   o f   the   de tec tor .  Knowing t h e   e f f e c t i v e   a r e a  and s o l i d   a n g l e  

subtended  by t h e   d e t e c t o r   f o r   i n c i d e n t   p a r t i c l e s  and t h e  number of 

Par t ic les   counted   dur ing  a s p e c i f i c  time p e r i o d ,  i t  i s  p o s s i b l e   t o  
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expres s   t he   obse rva t ion  as a s p e c i f i c   f l u x ,   o r   i n t e n s i t y ,  of p a r t i c l e s  

w i t h   u n i t s  of number p e r   u n i t  time, u n i t   a r e a  and u n i t   s o l i d   a n g l e .  Such 

f l u x e s  may be s t u d i e d   i n   t e r m s   o f   e s s e n t i a l l y   f o u r   e x p e r i m e n t a l   o b s e r v a b l e s :  

1. Energy  dependence. 

2 .  Charge  and mass composition. 

3 .  Time dependence. 

4 .  Direct ional   dependence 

Over t h e   p a s t  few yea r s   t he re   has   been  a s e v e r a l   f o l d  improvement i n  

r e s o l u t i o n  of t hese   obse rvab le s   because   o f   con t inua l ly   improv ing  

expe r imen ta l   t echn iques .  

B. G a l a c t i c  Cosmic Rays 

Dur ing   pe r iods   o f   min ima l   so l a r   ac t iv i ty  when t h e r e  are few, i f  

a n y ,   m a j o r   f l a r e 3 ,   t h e   r e s i d u a l   p a r t i c l e   f l u x  was g e n e r a l l y   a c c e p t e d   t o  

be  coming  f rom  outs ide  the  solar   system. The modu la t ion   e f f ec t  becomes 

small a t   h i g h e r   e n e r g i e s   t h a n  - 12 GeV a n d   t h e   d i f f e r e n t i a l   p a r t i c l e  

f l u x ,   i . e . ,   t h e   f l u x  per u n i t   e n e r g y   i n t e r v a l ,   h a s   b e e n   f o u n d   t o   f i t  

a power law i n   k i n e t i c   e n e r g y   p e r   n u c l e o n   q u i t e   w e l l  a t  h i g h e r   e n e r -  

g i e s  and i s  usua l ly   exp res sed  as 

where   the   nominal   va lue   o f   the  power law index i s  y =r 2 . 5 .  The i n t e g r a l  

f l u x  J(> Eo), which i s  the   quant i ty   measured  when using  the  geomagnet ic  

l a t i t u d e   e f f e c t ,  i s  de f ined  as t h e   t o t a l   f l u x  above some energy Eo and 

is r e l a t e d   t o   t h e   d i f f e r e n t i a l   f l u x  by 
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me o u t s t a n d i n g   f e a t u r e s   o f   t h e   g a l a c t i c  component a t  1 A .  U .  can  be 

i 

i 

cha rac t e r i zed  by the   fo l lowing   gene ra l   obse rva t ions :  

1. A very  long term time v a r i a t i o n   w i t h  a per iod   of  11 years,   which 

i s  t h e   p e r i o d   o f   t h e   s o l a r   c y c l e   i t s e l f .  The c y c l e   o f   t h e   p a r t i c l e  

f l u x e s   l a g s   t h e   s u n s  pot c y c l e  by about  one  year.  

2 .  N e a r l y   a n   i s o t r o p i c   d i s t r i b u t i o n   o f   p a r t i c l e   a r r i v a l   d i r e c t i o n s  

i s  observed.  

3 .  A monotonical ly   decreasing  energy  spectrum  above 300 MeV which 

approaches   qu i t e  well a power law in   energy   wi th   an   index   of  - 2 . 5  

above  about 1 2  GeV. 

4 .  A compos i t ion   wh ich   d i f f e r s   qu i t e   marked ly  from u n i v e r s a l  

a b u n d a n c e s ' i n   t h a t   t h e r e  are more  heavy  nuclei  than  would  be 

expected . 
5. The energy  densi ty   of   cosmic  rays  i s  approximately .5  eV cm - 3  

which i s  comparable   to   o ther   forms   of   energy   in   the   ga laxy   such  

as t h a t   c o n t a i n e d   i n   e l e c t r o m a g n e t i c   r a d i a t i o n  and t h e   i n t e r -  

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

6 .  Frequen t   dec reases   i n   coun t ing  ra tes  of a temporary   na ture  

a s soc ia t ed   w i th   magne t i c   s to rms  and f r e q u e n t l y   f o l l o w i n g   s o l a r  

f l a r e s  and c l o s e l y   c o i n c i d i n g  with t h e  arr ival  of  t h e   r e s u l t a n t  

plasma wave a t  the   de t ec to r .   These   dec reases   a r e   ca l l ed   Fo rbush  

decreases .  

Any model for   the  product ion  of   cosmic  rays   must   invoke  sources  

ene rge t i c   enough   t o   accoun t   fo r   t he   t o t a l   ene rgy   obse rved   and  m u s t  a l s o  

provide a means o f   t r a n s f o r m i n g   s u c h   e n e r g y   i n t o   k i n e t i c   e n e r g y   o f   t h e ,  

Par t ic les .   Several   source  mechanisms  have  been  considered  in   the l i t -  

erature .  One o f   t he  ea r l i e s t  such  mechanisms  discussed was the  Fermi 
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a c c e l e r a t i o n  mechanism, a p r o c e s s   i n  which p a r t i c l e s   c o u l d   i n c r e a s e  

t h e i r   e n e r g i e s  by m u l t i p l e   r e f l e c t i o n s   f r o m  moving  magnet ic   f ie lds .  

A v e r y   c l e a r   d i s c u s s i o n   o f   t h i s  mechanism i s  g iven  by Morrison  (1961). 

One of t h e   m o s t   a t t r a c t i v e   s o u r c e s  u p  t o   t he   p re sen t   has   been   t he  s u p e r -  

nova,  which  provides  adequate  energy and has  a frequency and s p a t i a l  

d i s t r i b u t i o n   i n   t h e   g a l a x y ,   s u c h   a s   t o   a c c o u n t   f o r   t h e   i s o t r o p y   o b s e r v e d  

in  cosmic ray f l u x e s ,   a s  well  as  being a p o t e n t i a l l y  good source  of 

heavy  nuclei   which  are  abundant  in  the  cosmic ray pr imaries .   Supernova 

accelerat ion  models   have  been  discussed by Burbidge,  Burbidge,  Fowler, 

and  Hoyle  (1957),  Colgate  and  Johnson  (1960),  Colgate  and White (1963) ,  

and  Axnett  (1966). Most r ecen t ly   s ince   t he   d i scove ry   o f  p u l s a r s  t h e r e  

has  been some d i scuss ion   t ha t   t hese   ob jec t s   cou ld   be   t he   sou rce   o f  

cosmic  rays.  03 the  above  source  mechanisms,  the Fermi p rocess  i s  

p r o b a b l y   t h e   l e a s t   l i k e l y   s i n c e   t h e   e n e r g y   s p e c t r u m   o f   p a r t i c l e s   t h a t  

can be ca l cu la t ed   u s ing   t h i s   mode l  i s  s t e e p e r  by a t  l ea s t   an   o rde r   o f  

magnitude  than i s  observed. 

The nuc lear   composi t ion   o f   cosmic   rays  and t h e i r   c o m p a r i s o n   t o  

universal   abundances i s  a very   impor tan t   source   o f   in format ion   about  

no t   on ly   the   source  of t he   pa r t i c l e s   t hemse lves ,   bu t   a l so   abou t   t he  

propagat ion  of t h e s e   p a r t i c l e s   t h r o u g h   t h e   i n t e r s t e l l a r  medium  and t h e  

n a t u r e   o f   t h i s  medium i t s e l f .  The abundances of heavy   nuc le i   w i th  

r e s p e c t   t o   p r o t o n s  i s  much h igher   in   cosmic  rays t h a n   i n   t h e   u n i v e r s a l  

s c a l e .   T h i s   f a c t   c a n  be i n t e r p r e t e d   e i t h e r  as be ing   due   to   sources  

r i c h   i n  heavy  elements,which  would  be  the  case  for  supernovae  since 

they  have  evolved  their   e lement   burning  up  to   i ron,   or   the   superabundance 

of   heavies   can   be   a t t r ibu ted  t o  p r e f e r e n t i a l   a c c e l e r a t i o n   o f   h e a v i e s  

ove r   t he   l i gh te r   nuc le i   (G inzburg  and Syrova t sk i i ,   1964) .  The l a t t e r  

! 
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i s  n o t   l i k e l y   o n   t h e   b a s i s   o f   s o l a r   p a r t i c l e s   w h i c h   a r e   d e f i c i e n t   i n  

h e a v i e s .   F u r t h e r ,   t h e r e  i s  an  anomolous  abundance  of  the  l ight  elements 

He3, L i ,  Be,  and B i n  cosmic   rays .   These   a re   mos t   eas i ly   accounted   for  

by f r agmen ta t ion   o f   t he   heavy   nuc le i   on   t he   i n t e r s t e l l a r   hydrogen   i n  

the i r   p ropaga t ion   f rom  the   sou rce   t h rough   t he   i n t e r s t e l l a r  medium t o  

the  observer.   Assuming  that   the  source  abundances  of a l l  components 

a re   t he  same as the   un iversa l   abundances ,  i t  can  be shown t h a t   t h e  

superabundances  of  this  l ight  component  can  be  accounted  for i f   t h e  

in tegra ted   hydrogen   a long   the   pa th   o f   p ropagat ion  i s  of   the   o rder   o f  

4 .1  g cm (Ramaty  and L ingenfe l t e r ,   1969) .  - 2  

Very c l o s e l y   r e l a t e d   t o s t h e   n u c l e a r   c o n t e n t  of cosmic  rays i s  t h e  

e l e c t r o n  component  and i t s  r e l a t i o n   t o   t h e   e l e c t r o m a g n e t i c   r a d i a t i o n  

assoc ia ted   wi th   cosmic   rays .  One migh t   expec t   t o   f i nd   equa l  numbers 

of e l e c t r o n s  and p o s i t i v e   i o n s   p r e s e n t   i n   c o s m i c  rays. On t h e   c o n t r a r y  

t h e   r a t i o   o f   e l e c t r o n s   t o   p r o t o n s   o b s e r v e d   i n   c o s m i c   r a y s  i s  about 1%. 

For a time it  was be l i eved   t ha t   t he   e l ec t rons   migh t   be   p roduced   l oca l ly  

i n   i n t e r s t e l l a r   s p a c e  by the   h igh   ene rgy   i n t e rac t ion   o f   cosmic   r ays ,  

such as p - p r e a c t i o n s  and neutron  decay  (Ramaty  and  Lingenfelter,  

1966).  L'Heureux  (1967)  has shown t h a t   t h i s   t h e o r y  i s  n o t   c o n s i s t e n t  

w i th   obse rved   r e su l t s ,   because   t he   spec t r a   o f   e l ec t rons  and p o s i t r o n s  

produced by t h i s  mechanism f a l l  well be low  the   obse rved   spec t r a .   Fu r the r ,  

t h e   c o l l i s i o n   t h e o r y   p r e d i c t s   t h a t   t h e r e   s h o u l d   b e   a n   e x c e s s   o f   p o s i t r o n s  

i n  the   cosmic   rays .   That   th i s  i s  indeed  not   the   case  has   been shown 

(Hartman, e t  a l . ,  1965). One i s  l e f t   t h e n   w i t h   t h e   c o n c l u s i o n   t h a t  

e l e c t r o n s   a r e   p r o b a b l y   a c c e l e r a t e d  by a hierarchy  of   sources .   Evidence 

t h a t   t h i s  i s  t r u e  i s  exhib i ted   in   supernovae   remnants   such   as   the   Crab  

Nebula,  which i s  a s t r o n g   e m i t t e r   o f   p o l a r i z e d   r a d i o   e m i s s i o n   c o n s i s t e n t  

- 
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)ped in   t he   r emnan t ' s   magne t i c  

f ie lds .   Recent   advances  in   x-ray  and gamma ray  as t ronomy  indicate   an 

abundance  of   sources   for   these  forms of r a d i a t i o n   i n   t h e   g a l a x y   ( F a z i o ,  

1967;  Morrison,  1967). The assumption i s  tha t   these   observed   sources  of 

photons   a re   p robably   where   the   cosmic   rays   a re   be ing   acce lera ted ,  o r  a t  

l e a s t   p a r t   o f  them. 

C .  Cosmic Ray Modulation 

Any t h e o r y   t h a t  w o u l d   a t t e m p t   t o   i n f e r   p r o p e r t i e s   a b o u t   i n t e r s t e l l a r  

space and the   ga l axy   i n   gene ra l   f rom  the   obse rved   cosmic   r ays   i n   t he  

v i c i n i t y   o f  1 A. U .  must   incluae a means to   accoun t   fo r   t he   changes  

in   the  cosmic  ray  f luxes.   Observed  cosmic  ray  f luxes are modulated 

.wi th  a per iod  of  11 y e a r s .  Webber (1967)  has  summarized  and  compared 

t h e   o b s e r v a t i o n s   o f  a number of  workers  very well up t o   t h e  minimum i n  

so la r   modula t ion   in   1965.  The gene ra l   a s sumpt ion   has   been   t ha t   i n   t he  

"absence  of s o l a r   f l a r e s  and r e c u r r e n c e   e v e n t s ,   t h e   q u i e t  time observed 

p a r t i c l e   f l u x e s   a r e   p r i m a r i l y   t h e   m o d u l a t e d   g a l a c t i c  component  (Gloeckler 

and Jokip i i ,   1966) .   There   has   been   to   da te  a small amount of  evidence 

t h a t   a t   v e r y  low energ ies   there   might   be  a q u i e t   t i m e   s o l a r   c o n t r i b u t i o n  

(Meyer  and  Vogt,  1963;  Fan e t  a l .  , 1968,  1969).  Neher  (1967) by means 

o f   l a t i t u d e   s u r v e y s   o f   i o n i z a t i o n   r a t e s   w i t h   b a l l o o n   b o r n e   i o n i z a t i o n  

coun te r s   has  set  an  upper  bound  of  approximately a f a c t o r   o f  4 t o   t h e  

change i n   t h e   i n t e g r a l   f l u x   o f   p a r t i c l e s   f o r   e n e r g i e s  > 100 MeV between 

s o l a r  maximum and minimum.  Vogt (1962)  and Meyer  and  Vogt  (1963)  found 

pr imary  proton  spectra   in   1960  and  1961  fol lowing  the  previous  solar  

minimum which  were  considerably  higher  below  100 MeV than  any  of  the 

o the r   obse rva t ions   t o   da t e .   Fu r the rmore ,   t hey   found  a r e l a t i v e  minimum 

a t  about 100 MeV as compared t o   t h e  one a t  about 50 MeV. There  has 
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been   specu la t ion   a s   t o   whe the r   t he   p re sen t   spec t rum  cou ld   r e tu rn   t o  

values  such as they  observed.  

i 

Parker  (1958,  1963,  1966)  has  treated  modulation  as  both a con- 

v e c t i v e   p r o c e s s   w h e r e b y   t h e   s c a t t e r i n g   c e n t e r s   i n   t h e   m a g n e t i c   f i e l d s  

a r e   b e i n g   s t r o n g l y   a f f e c t e d  by s o l a r   a c t i v i t y ,  and i n   t e r m s   o f   a d i a b a t i c  

dece le ra t ion   o f   i ncoming   pa r t i c l e s   due   t o   t he   e f f ec t ive ly   expand ing  

magnetic f i e l d   i n   t h e   s o l a r  w ind .   Theore t i ca l   t r ea tmen t s   o f   so l a r  

modulation  have  been  done by Gleeson  and  Axford  (1968),   Jokipii   (1967, 

1968),  and J o k i p i i  and  Parker   (1967) .  A good summary o f   t h e   c r i t i c a l  

a s p e c t s   o f   t h e   v a r i o u s   t h e o r i e s   w i t h   r e s p e c t   t o   t h e   o b s e r v a t i o n s  i s  

given by Webber (1968).  

as  

P a r k e r ' s   t h e o r e t i c a l   r e l a t i o n   f o r   m o d u l a t i o n   ( 1 9 6 3 )  may be  expressed 

03 

- _W d r  

d j e   ( P , t >  = dj,(P)e ( 3 )  Y 

1 a .u .  

where t h e   d i f f e r e n t i a l   f l u x  a t  t h e   o r b i t   o f   e a r t h   d j  i s  a func t ion   o f  e 

p a r t i c l e   r i g i d i t y  and  t ime, dj, i s  the  unmodulated  f lux  beyond  the 

solar  system  and w and K are t h e   s o l a r  wind v e l o c i t y  and d i f f u s i o n  

coe f f i c i en t s ,   r e spec t ive ly .   G loeck le r   and   Jok ip i i   ( 1966)   have  shown 

t h a t   t h e   d i f f u s i o n   c o e f f i c i e n t  i s  sepa rab le   i n to   t he   p roduce   o f  a 

func t ion   o f   r i g id i ty   and   ve loc i ty   and  a f u n c t i o n   o f   r a d i a l   d i s t a n c e  

and time, thus  

Esing t h i s  las t  r e l a t i o n  it is  p o s s i b l e   t h e n  t o  expres s  ( 3 )  i n   t h e  form 



1 2  

Following  Nagashima e t   a l .   ( 1 9 6 6 ) ,  i t  i s  convenient  for  comparison  of 

s p e c t r a   a t   d i f f e r e n t   e p o c h s  t and t '  to   t ake   t he   l oga r i thm  o f   t he  

r a t i o s   o f   t h e  two f l u x e s   u s i n g   e q u a t i o n  (5)  t o   g e t  

w i th  

Webber (1962)  shows t h a t   u s i n g   t h e   r e l a t i o n   i n   e q u a t i o n   ( 6 )   w i t h  

t c o r r e s p o n d i n g   t o   t h e   s o l a r  minimum i n  1965  and t '  f o r   t h e   f l u x e s  

p r i o r   t o   t h i s  time t h a t   t h e  form of  f ( P , $ )  i s  PI3 f o r  P > 1 GV.  The 

1/P$  and 1/B dependency   of   the   logar i thmic   ra t io   o f   f luxes   ho lds   for  

bo th   p ro tons  and a lpha   par t ic les ;   however ,   the   modula t ion   cons tan t  

f o r   p r o t o n s  i s  l a r g e r .   F o r   t h e   t i m e ' p e r i o d   c o n s i d e r e d ,  Webber  shows 

t h a t   t h e   o b s e r v a t i o n s   s u p p o r t  a mixture o f   bo th   t he   d i f fus ion -convec t ion  

and the  energy loss t h e o r i e s .  

D.  So lar   Pro ton   Events  

As ment ioned   above ,   t he re   a r e   l a rge   bu r s t s  of p a r t i c l e s   f o l l o w i n g  

s o l a r  f lares .  T h e s e   p a r t i c l e s  come as a r a p i d  i n c r e a s e   i n   t h e  low 

ene rgy   f l uxes  a n d   o c c u r   s h o r t l y   a f t e r  a l a r g e   s o l a r  f la re  r e a c h i n g   f l u x  

v a l u e s  a t  the  lowest   measured  energies   of  as many as 6 orders  of  magni- 

t u d e  above q u i e t   t i m e   l e v e l s .   T h e s e   l a r g e   i n c r e a s e s   i n   c o u n t i n g   r a t e s  

a re   caused   p r imar i ly  by the   p ro ton  component  and  hence l a r g e   p a r t i c l e  

p r o d u c i n g   f l a r e s  and t h e   a t t e n d a n t   h i g h   p r o t o n   f l u x e s   a r e   o f t e n   r e f e r r e d  

t o  as " s o l a r   p r o t o n   e v e n t s . "  Such e v e n t s   a r e   c h a r a c t e r i z e d  by t h e  

f o l l o w i n g   f e a t u r e s :  

1. An i n t e n s e   b r i g h t e n i n g  of hydrogen  a lpha  emission  in   the 
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v i c i n i t y   o f  a so l a r   ac t ive   r eg ion   i n   t he   so l a r   ch romosphere .  

T h i s  b r i g h t e n i n g  i s  almost  always  accompanied,  or  preceded, by 

a  Type I V  s o l a r  microwave b u r s t .  

2 .  Product ion   of   x - rays   o f   severa l   k i lovol t s   energy   in   the  same 

reg ion  as t h e   o p t i c a l   f l a r e .  

3 .  A r r i v a l   o f   p r o t o n s   o f   r e l a t i v i s t i c   e n e r g i e s   a t   t h e   e a r t h  

w i t h i n  a few  minutes   fo l lowing   the   op t ica l  and r a d i o   f l a r e .  

4 .  A v e r y   r a p i d   i n c r e a s e   i n   c o u n t i n g   r a t e s   f o r   a l l   l o w e r   e n e r g i e s  

u n t i l  a maximum c o u n t i n g   r a t e  i s  reached some h o u r s   a f t e r   t h e  

f l a r e .  The a r r i v a l   t i m e s   o f   t h e   p a r t i c l e s   o f   d i f f e r e n t   e n e r g i e s  

u s u a l l y  show  a d i s p e r s i o n   i n   v e l o c i t y ,   b u t   t h e r e   a r e   a l s o  some- 

t i m e s   e o m p l e x   v a r i a t i o n s   i n   t h e   c o u n t i n g   r a t e s   t h a t  may las t  f o r  

days .   In  some e v e n t s   t h e  low e n e r g y   p a r t i c l e s  show  no i n c r e a s e  

i n   c o u n t i n g  ra te  u n t i l   a f t e r   t h e   a r r i v a l  of t h e   f l a r e   b l a s t  wave. 

5. Following  th6  peak  f lux  an  exponent ia l   decay  in   the  count ing 

r a t e s  commences w i t h   p r e - f l a r e   l e v e l s   b e i n g   r e a c h e d   i n   s e v e r a l  

days t o  a week. 

6 .  A mono ton ica l ly   dec reas ing   r i g id i ty   spec t rum  wh ich   can   be  

f i t t e d  by a n   e x p o n e n t i a l   i n   r i g i d i t y   o v e r  much of i t s  range 

( F i c h t e l  and  McDonald,  1967). 

7 .  Alpha p a r t i c l e   t o   p r o t o n   r a t i o s   o f   t h e   o r d e r   t o  10-1 

w i t h   t h e   r a t i o   d e c r e a s i n g   w i t h   e n e r g y   ( F i c h t e l  and  McDonald,  1967). 

E .  The  Scope  of  This  Study 

In   t he   fo l lowing   chap te r s  i t  i s  i n t e n d e d   t h a t   a n   a n a l y s i s   o f   t h e  

proton and a l p h a   p a r t i c l e   f l u x e s   o b t a i n e d   f r o m   t h e  Goddard  cosmic r ay  

experiments a b o a r d   t h e   s a t e l l i t e s  IMP-I11 and IMP-IV w i l l  h e l p   i l l u m i n a t e  

some of  t he   p rob lems   d i scussed   i n   t he   fo rego ing .  Be,cause  of t h e   n a t u r e  
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of  the  experiments   themselves  and t h e i r  times of execu t ion ,   t he   fo l lowing  

c o n s t r a i n t s  were  imposed  on  the  analysis: 

1. The t imes   cons ide red   were   t he   r i s ing   po r t ion  of a s o l a r   c y c l e ,  

going  from m i d -  1965 t o  mid-1968. 

2 .  The k i n e t i c   e n e r g i e s   w e r e   i n   t h e   r a n g e   o f  4 t o  80  MeV/nucleon. 

3 .  The charge  dependence  extended  only as f a r  Z = 2.  

4 .  The radial   dependence  f rom  the  sun as o r i g i n  was f i x e d  a t  1 A. U. 

and t h e r e  was  no d i r e c t i o n a l   i n f o r m a t i o n   a v a i l a b l e .  

In   Chapter  I1 a d iscuss ion   of   the   exper iments  i s  g iven   in   which   bo th  

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

exper iments  are cons ide red .  The gene ra l   ope ra t ing   pa rame te r s  of the   in -  

d i v i d u a l   d e t e c t o r s   a r e   i n d i c a t e d  and the  anomolies   of   the   experiments  

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

A d i s c u s s i o n   o f   t h e   t e c h n i q u e s   u s e d   i n   a n a l y z i n g   t h e   s a t e l l i t e   d a t a  

i s  p r e s e n t e d   i n   C h a p t e r  111. Here a l so   t he   p rob lem of c a l i b r a t i o n   o f  

t h e   d e t e c t o r s  i s  cons ide red .  Most   of   the   mathematical   der ivat ions  are  

c a r r i e d   o u t   i n   t h e   a p p e n d i c e s .  

In   Chap te r  I V  t h e   r e s u l t s   o f   t h i s   a n a l y s i s   a r e   p r e s e n t e d   i n  two 

forms: 

1. t i m e   h i s t o r i e s ,  and 

2.  e n e r g y   s p e c t r a .  

The time h i s t o r i e s   a r e  examined f o r   r e g u l a r i t i e s  and  anomalies  during 

the   th ree   year   per iod   immedia te ly   fo l lowing   the  minimum of s o l a r   a c t i v -  

i t y .  It i s  found t h a t   o n  the basis of a number o f   l a r g e   p a r t i c l e   e v e n t s  

observed,   the   most   act ive  t imes was i n  l a t e  ,1966,  and ear ly   1967,   whi le  

t h e   q u i e t e s t   p e r i o d s   w e r e   e a r l y   1 9 6 5  and la te  1967. 
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Upon examination  of two of   the  higher   energy  proton  f luxes  f rom  the 

s c i n t i l l a t o r   t e l e s c o p e  on a monthly  average  basis ,   an  anomalously  large 

d e c r e a s e   i n   f l u x   l e v e l  was noted  occurring  in  September  1966. It was 

noted t h a t   t h e   h i g h e r   e n e r g y   f l u x  was depressed by a s i g n i f i c a n t  amount 

more than   t he   l ower   f l uxes .   A l so   t he   f l ux   a f t e r   t he   l a rge   dec rease  

never   re turned   to  i t s  p r e - f l a r e   v a l u e s .   F u r t h e r ,   t h e s e  same monthly 

fluxes,  which  were a t  about 50 and 7 1  MeV, d e f i n i t e l y  showed a lag   o f  

about 1 t o  2 mon ths   beh ind   t he   s ea   l eve l   neu t ron   r a t e s ,   i nd ica t ing  some 

amount of h y s t e r e s i s   o f   t h e   p a r t i c l e   f l u x e s   w i t h   r e s p e c t   t o   e n e r g y .  

An examinat ion   of   the   lower   energy   f luxes ,   a t  8 and 24 MeV, con- 

s idered   in   the   exper iments  show tha t   t he   l owes t   ene rgy   f l uxes   va ry  by 

a g r e a t e r  amount t h a n   t h o s e   f l u x e s  a t  h igher   energ ies .   Cons idered   wi th  

the   foregoing   fesu l t s   o f   the   month ly   h igher   energy   f luxes ,  a t  50 and 

71  MeV, a pos i t ive   dependency  on ene rgy ,   t h i s   oppos i t e   behav io r  of t h e  

lower  energy  fluxes  seems  anomalous. As i t  t u r n s   o u t ,   t h e s e  resul ts  a r e  

t h e   b a s i s   f o r  l a te r  cons ide ra t ion   o f   t he   l ower  and h igher   energy   f luxes  

a s   be ing   o f   d i f f e ren t   o r ig ins .  

The long term p r o t o n   a n d   a l p h a   p a r t i c l e   s p e c t r a   a r e   c o n s i d e r e d .  

They a r e  compared  on the   bas i s   o f   t he   d i f fus ion -convec t ion   fo rma l i sm.  

Whereas p re -1965   spec t r a   ag reed   w i th   t heo ry   i n   t ha t   t hey  showed an 

exponential   modulation with the   exponen t   p ropor t iona l   t o  1/@, t h e   r e s u l t s  

of the   p resent   s tudy  show a b e h a v i o r   t h a t  i s  p r o p o r t i o n a l   t o  B ,  o r  P 

which is  e q u i v a l e n t   i n   t h e   r a n g e   c o n s i d e r e d ,   f o r   p r o t o n s .  The modulation 

of t h e   a l p h a   p a r t i c l e s ,   t h o u g h   p r e s e n t ,   d i d   n o t   f i t  any  simple  model. 

I t  is sugges ted   tha t  a p o s s i b l e   s o l u t i o n   t o   t h e  anomoly of t he   p ro ton  

nodulation  would  be  that   the power s p e c t r u m   o f   i r r e g u l a r i t i e s   i n   t h e  

in te rp lane tary   magnet ic   f ie ld   might   be  a func t ion   o f   t ime   such   t ha t  

:X(K) a l/P . 
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Chapter V c o n s t i t u t e s   t h e   f o r m u l a t i o n  and  examination  of a two L 

component  model of   cosmic  rays  a t  1 A. U. t o   e x p l a i n   t h e   d i f f e r e n c e   i n  

behavior  of the   f luxes   above   and   be low  the   re la t ive  minimum observed 

i n  most qu ie t   t ime  low ene rgy   spec t r a   t ha t   have   been   p re sen ted   t o   da t e .  

The o p e r a t i o n a l l y   c o n v e n i e n t   f i t   o f   t h e  sum of two  power laws i n  energy,  

one   wi th   pos i t ive   exponent ,   the   o ther   wi th   nega t ive ,  i s  made.  The 

t e n t a t i v e   a s s o c i a t i o n   o f   t h e   p o s i t i v e  power  component with  modulated 

ga lac t ic   p r imary   cosmic   rays ,   and   the   nega t ive  power w i t h   s o l a r   p a r t i -  

c l e s  i s  made. S t a t i s t i c a l   a n a l y s i s   o f   t h e   r e s u l t s   o f   f i t t i n g   t h e  ob- 

se rved   f luxes   to   the   model   agree   remarkably  well w i t h   t h e   p r e d i c t i o n s  

of   the  model .  

I 

The p i c t u r e   t h a t   f i n a l l y   e m e r g e s   f r o m   t h e   a n a l y s i s   o f   t h e   d a t a  

on the b a s i s   o f   t h e  two  component  model, i s  t h a t   i n d e e d   t h e  low energy 

f l u x e s  up t o   t h e   o b s e r v e d   r e l a t i v e  minimum i n   t h e   s p e c t r u m  are p re -  

dominantly of s o l a r   o r i g i n .  Above t h i s  minimum, where  the level  of 

s o l a r   a c t i v i t y  i s  low enough   t ha t   t he  minimum can   be   observed ,   the  

spectrum i s  t a k e n   t o   b e  a l l  o f   g a l a c t i c   p r i m a r y   o r i g i n .  The s h o r t  time 

r e s o l u t i o n   o f  4 d a y s   u s e d   i n   t h e   a n a l y s i s  i s  v e r y  much s h o r t e r   t h a n   t h e  

11 year   modula t ion   of   cosmic   rays .   Because   o f   th i s ,  what is seen  i s  

t h a t   t h e   g a l a c t i c  component i s  modulated  very l i t t l e ,  wh i l e  a t  t h e  same 

time t h e   s o l a r  component i s  c h a n g i n g   f a i r l y   r a p i d l y  and ove r  many o r d e r s  

of  magnitude. I f  found t o   b e   c o r r e c t   t h r o u g h   f u r t h e r   t e s t i n g  as t h e  

s o l a r   c y c l e   p r o c e e d s ,   t h i s   m o d e l   p r o v i d e s  a means a t  low e n e r g i e s   o f  

s e p a r a t i n g   t h e   e f f e c t s   o f   t h e   s o l a r   p a r t i c l e s   f r o m   g a l a c t i c   p r i m a r i e s ,  

I n   s u p p o r t   o f   t h e   s u n  as a q u a s i - c o n t i n u o u s   s o u r c e   o f   e n e r g e t i c  

p a r t i c l e s   o f   e n e r g i e s  of about 10 t o  20 MeV/nucleon, i t  was a l so   unde r -  

t a k e n   t o  show t h a t   v e r y  good c o r r e l a t i o n  of n o n - f l a r e   r e l a t e d   p r o t o n  

i 

i 
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f lux   enhancemen t s   w i th   so l a r   f ea tu re s   hav ing   bo th  a p e r i o d i c   p r o p e r t y  

and   magnet ic   ac t iv i ty  was p o s s i b l e .  It i s  shown t h a t  a number o f  

r easonab ly   f r equen t   even t s   o f   t h i s   na tu re   d id   occu r ,  and t h a t   t h e s e  

kept   the  low e n e r g y   p a r t i c l e   f l u x e s   u p   t o   s i g n i f i c a n t  levels .  

4 



11. THE EXPERIMENTS 

A.  Theory of the  Detect ion  Technique 

When an   ene rge t i c   cha rged   pa r t i c l e   pas ses   t h rough   ma t t e r  i t  i n t e r -  

a c t s   w i t h   t h e  atoms of t h e   m a t e r i a l   l o s i n g   e n e r g y  by i o n i z a t i o n  of t h e s e  

atoms. The theory   o f   the   co l l i s ion   processes   involved   has   been  worked 

o u t   i n   g r e a t   d e t a i l  by var ious   workers .  A summary of t h e   l i t e r a t u r e  on 

t h e   s u b j e c t  i s  g iven  by Ross i   (1952) .   Us ing   the   resu l t ing   s topping  

power f o r m u l a   f o r   p a r t i c l e s  much h e a v i e r   t h a n   t h e   e l e c t r o n   ( B a r k a s  and 

Berger,  1964)  one may w r i t e   f o r   t h e   e n e r g y   l o s t   p e r   u n i t   p a t h   l e n g t h  

by a p a r t i c l e   o f   k i n e t i c   e n e r g y  E and charge   z ,  

where N i s  Avogadro’s  number, Z i s  the   a tomic   charge   o f   the   mater ia l ,  

e t h e   e l e c t r o n   c h a r g e ,  A t he   mo lecu la r   we igh t   o f   t he   ma te r i a l ,  m the  

e l e c t r o n  mass, and 8 i s  t h e   v e l o c i t y   o f   t h e   p a r t i c l e   r e l a t i v e   t o  c t h e  

v e l o c i t y   o f   l i g h t .  The q u a n t i t y  I r e p r e s e n t s   t h e   a d j u s t e d   e f f e c t i v e  

i o n i z a t i o n   p o t e n t i a l   o f   t h e   m a t e r i a l ,   I n   t h e o r y   t h i s   l a t t e r   q u a n t i t y  

can  be de r ived   f rom  we igh ted   exc i t a t ion   ene rg ie s ,   bu t   i n   p rac t i ce  i t  

must  be  obtained by performing  actual   s topping  power,   or   range,   experi-  

ments. The empir ica l ly   der ived   resu l t s   o f   such   measurements  may be 

expressed  as f u n c t i o n s  of t h e   e l e c t r o n i c   c h a r g e   o f   t h e   m a t e r i a l  Z such 

t h a t  

I = 122 + 7; f o r  z 5 12 

I = 9.762 + 58.8Z-O ‘19 ; f o r  Z > 1 2  

. .  
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so that   once  the  s topping power f o r  one   spec ie s   o f   pa r t i c l e   i n  a 

mater ia l  i s  known as a f u n c t i o n  of v e l o c i t y ,   t h o s e   o f   d i f f e r e n t   c h a r g e s  

are   easi ly   found by comparison.  Equation ( 3 )  may b e   r e w r i t t e n   a s  

which may be i n t e g r a t e a   t o   g i v e   t h e   f o l l o w i n g   r e l a t i o n   f o r   t h e   r a n g e  

of t h e   p a r t i c l e :  

Uclow approximately  l,GeV/nucleon i t  is. p o s s i b l e   t o   r e p r e s e n t  E / m  as  

B power law i n  R so t h a t  
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by which  the two p a r t i c l e s  may be  compared. If p a r t i c l e  a i s  t a k e n   t o  

be a proton   then  

E ,2nml-n Eproton 

which may be  used as a s c a l i n g   r e l a t i o n   t o   s c a l e   r a n g e ,   s t o p p i n g   p o w e r ,  

o r   ene rgy   l o s s   o f  a pro ton   pass ing   th rough a p a r t i c u l a r   m a t e r i a l   t o  

o the r   nuc le i   pas s ing   t h rough   t he  same m a t e r i a l .  

As  sugges t ed   i n   t he  l as t  chap te r   t he   cha rge ,  mass, and energy 

d i s t r i b u t i o n ,  as w e l l  as t h e   a r r i v a l   d i r e c t i o n s  of cosmic   rays   a re  

q u a n t i t i e s  of v e r y   g r e a t   i n t e r e s t .  The d e v i c e   t h a t   h a s   p r o v e n   t o  be 

o f   t h e   g r e a t e s t   u t i l i t y   i n   s t u d y i n g  low energy  cosmic  rays  has  been 

the  dE/dx  versus  E t e l e s c o p e .   T h i s  i s  a device  which  measures two 

p a r a m e t e r s   f o r  a g i v e n   c h a r g e d   p a r t i c l e   p a s s i n g   t h r o u g h   t h e   d e v i c e  

which make i t  poss ib l e   t o   de t e rmine   t he   ene rgy  of t h e   p a r t i c l e  and i t s  

charge  and mass. The t e l e s c o p e  i s  so c o n s t r u c t e d   t h a t  a p a r t i c l e   t h a t  

o b e y s   t h e   p r o p e r   d e t e c t i o n   c r i t e r i a  i s  known t o   h a v e   e n t e r e d   w i t h i n  a 

narrow  cone  def ined  by  the,geometry of t he   i n s t rumen t ,  A schematic  of 

such a device  as used t o   d e t e c t   c o s m i c   r a y s   i n   t h e   e x p e r i m e n t s   r e p o r t e d  

on h e r e i n  i s  shown i n   F i g u r e  3 .  The b a s i c   f e a t u r e s  of any  such t e l e -  

scope are t h e   t h r e e  separate d e t e c t o r s   l a b e l e d  A, B,  and c i n   t h e   d i a -  

gram. 

Consider a p a r t i c l e   h a v i n g  a t r a j e c t o r y   s u c h  as t h e  one l abe led  

2 i n   t h e   s c h e m a t i c .  The range of  t h i s   p a r t i c l e  would  be g r e a t e r   t h a n  

t h e   t h i c k n e s s  of A, b u t   l e s s   t h a n   t h e   t h i c k n e s s   o f  A and B t aken   t o -  

gether .   Such a t r a j e c t o r y  may be  termed a s t o p p i n g   t r a j e c t o r y  as 

opposed t o   p e n e t r a t i n g   t r a j e c t o r i e s   s u c h  as t h e   t r a c k s   l a b e l e d  3 and 

4 .  Detec tor  A i s  usua l ly   abou t  5 - 10%  of   the  thickness  of B.  As a 

i 
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c h a r g e d   p a r t i c l e  of k i n e t i c   e n e r g y  E p e n e t r a t e s   d e t e c t o r  A i t  d e p o s i t s  

an amount of  energy AE. It t h e n   e n t e r s  B and  comes t o  rest g i v i n g  up 

the  remainder  of i t s  k i n e t i c   e n e r g y   t h e r e i n   o f   t h e  amount E - AE. The 

ene rgy   depos i t ed   i n   each  of t h e s e   d e t e c t o r s   p r o d u c e s   e l e c t r i c a l   s i g n a l s  

which may be  amplified  and  analyzed.  For  example,  i f  A and B are made 

of s c i n t i l l a t o r  material t h e  number of   photons  emit ted w i l l  be  propor- 

t i o n a l   t o   t h e   e n e r g y   d e p o s i t e d  and  hence  can  be  detected  and  amplified 

by means of   photomul t ip l ie rs   looking  a t  each   de t ec to r .  

To show tha t   the   measurement   o f  AE and E - AE can  indeed  determine 

the  charge  and mass o f   t h e   p a r t i c l e   n o t e   t h a t   e q u a t i o n  (6)  may be  solved 

for  R as a func t ion   o f  E such, that 

R(E) = Kzw2m1’qE 9 

where 

q = l / n  

(9)  Y 

and K i s  a c o n s t a n t   f o r  a p a r t i c u l a r   d e t e c t o r  material. The range o f  

a p a r t i c l e  of i nc iden t   ene rgy  E a f t e r   l o s i n g   a n  amount AE i n  A i s  j u s t  

R(E-AE) = Kz-2m1-q(E-AE)q (11) .  

I t  i s  a l s o   t r u e   t h e n   t h a t  i f  d e t e c t o r  A h a s  a th i ckness  Ax t h a t  

R(E) = A X  + R(E-AE) 

Equations (9) and (11) may be s u b s t i t u t e d   i n t o   ( 1 2 )  and s o l v e d   f o r  A E  

as a func t ion  o €  E - AE w i t h   t h e   r e s u l t  

AE = [ (Axz2/Km1-q) + (E-AE)q]l/q - (E-AE) 
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It is  e a s i l y   s e e n   t h a t   e q u a t i o n  (13), f o r  a g i v e n   p a r t i c l e   t e l e -  

scope ,   represents  a u n i q u e   a n d   d i s t i n c t   f u n c t i o n   f o r   e a c h   s e t   o f   v a l u e s  

of z and m. The p l o t s   o f   s e v e r a l   o f   t h e s e   r e l a t i o n s   a r e  shown i n  

Figures  4 and 5.  The p a r t i c l e   “ l i n e s ”   i n   F i g u r e  4 are r e l a t i v e l y  

f l a t t e r   f o r  small v a l u e s  of E - AE than  might  be  expected  for  the 

i d e a l i z e d   t e l e s c o p e   d e p i c t e d   i n   F i g u r e  3 .  The r e a s o n   f o r   t h i s  i s  t h a t  

i n   a c t u a l   p r a c t i c e   t h e r e   a r e   o t h e r   l a y e r s   o f   a b s o r b e r s   p r e s e n t   i n   t h e  

c o n s t r u c t i o n   o f   s u c h   t e l e s c o p e s   i n   f r o n t   o f  a l l  of the   de tec tors   which  

a re   unavoidable   because   o f   the   need   for   mechanica l   s t rength   o f   the  

assembly.  Energy i s  d e p o s i t e d   i n   t h e s e  materials a s   w e l l  as i n   t h e  

de tec tors   themselves ,   bu t   th i s   energy  i s  n o t   d e t e c t e d .  The l i n e s   f o r  

hydrogen  and  helium  in  Figure 5 a r e   c l o s e r   t o   t h e o r y   s i n c e   t h e r e  i s  

no t  as much ex t r aneous   ma te r i a l   t h rough   wh ich   t he   pa r t i c l e s  must  pass  

in   the   t e lescope   for   which   these   curves   were   p lo t ted .   In   bo th   o f   these  

f i g u r e s   t h e   s o l i d   c u r v e s   F e p r e s e n t   t h e  A E  v e r s u s  E - AE responses   €or  

s t o p p i n g   p a r t i c l e s ,   w h i l e   t h e   d a s h e d   c u r v e s  show the   con t inua t ion   o f  

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

- 

I n   o r d e r   t o   s e l e c t   o n l y   t h o s e   p a r t i c l e   e v e n t s   t h a t   c o r r e s p o n d   t o  

s t o p p i n g   p a r t i c l e s   c o i n c i d e n c e   c i r c u i t r y  i s  des igned   such   tha t   the  

d e s i r e d   e v e n t s  may be  designated by the   l og ica l   r equ i r emen t  ABE. I n  

F igure  3 it  i s  seen   t ha t   o f   t he   fou r   t r acks  shown o n l y   t r a c k  2 would 

s a t i s f y   t h i s   l o g i c a l   c r i t e r i o n .  By r e s t r i c t i n g   t h e   a n a l y s i s   o f   e v e n t s  

t o   t h o s e   o f   s t o p p i n g   p a r t i c l e s   t h e   f o l l o w i n g   p o i n t s   a r e   n o t e d :  

1. The energy f a l l s  w i t h i n   t h e  l imits  de f ined  by t h e   t h i c k n e s s e s  

of   the two d e t e c t o r s  A and B. 

2 .  Analyzed p a r t i c l e s  must e n t e r   t h e   t e l e s c o p e   w i t h i n  an a p e r t u r e  

cone   def ined   by   the   d iameters   and   separa t ion  of t h e   d e t e c t o r s  A and B. 

i 

i .  
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3 .  S p u r i o u s   e v e n t s   a r e   k e p t   t o  a minimum by t h e   a n t i c o i n c i d e n c e  

requi rement   on   de tec tor  C.  

4 .  The p a r t i c l e s   o f   d i f f e r e n t  z and m w i l l  be e a s i l y   d i s t i n g u i s h a b l e  

b e c a u s e   o f   t h e i r   d i f f e r e n t   l i n e s .  

It s h o u l d   a l s o   b e   n o t e d   t h a t   f o r   e i t h e r   s t o p p i n g ,   o r   p e n e t r a t i n g  p a r t i -  

c l e s   c o n t i n u o u s   i n - f l i g h t   c a l i b r a t i o n   o f   t h e   d e t e c t o r s  and t h e i r   a s s o c -  

i a t e d   e l e c t r o n i c s  i s  provided   because   o f   the   un ique   "endpoin t"   ex is t ing  

fo r   each   s topp ing   pa r t i c l e .   Th i s   endpo in t  i s  de f ined  by t h e   m a t e r i a l s  

and geometry  of a p a r t i c u l a r   t e l e s c o p e   a n d m u s t   r e p r e s e n t  a unique 

inc ident   energy   for  a g i v e n   s p e c i e s   o f   p a r t i c l e .  

B. CsI S c i n t i l l a t o r   T e l e s c o p e   f o r  IMP-I11 and IMP-IV 

A mechanical   layout   of   the  CsI s c i n t i l l a t o r   t e l e s c o p e   u s e d   i n   b o t h  

the IMP-I11  and IMP-IV experiments  i s  shown i n   F i g u r e  7 .  As viewed,  an 

i n c i d e n t   s t o p p i n g   p a r t i c l e  would e n t e r   t h e   t e l e s c o p e  from t h e   r i g h t  

p e n e t r a t i n g   t h e   l i g h t   b a f f l e  and p a s s i n g   i n t o   t h e  A d e t e c t o r   l a b e l e d  

AE s c i n t i l l a t o r   i n   t h e   f i g u r e .  The p a r t i c l e  would cont inue   th rough 

t h e   s e c o n d   l i g h t   b a f f l e , a n d   s t o p   i n   t h e  B d e t e c t o r   l a b e l e d  as t h e  

i 

i 

E - A E  s c i n t i l l a t o r .  Note   tha t   each  of  t h e   t h r e e   p h o t o m u l t i p l i e r   t u b e s  

i s  coupled   th rough  the   open   reg ions   ad jacent   to   each   of   the   th ree   de-  

t ec to r s .  As shown the  assembly i s  very compactly  designed  with  assoc- 

ia ted   h igh   vo l tage  power s u p p l i e s   a n d   p r e - a m p l i f i e r s   a t t a c h e d   t o   t h e  

photomult ipl ier   housings.  i T 

In   o rde r   t o   accu ra t e ly   compute   t he   r e sponse   cu rve  AE v e r s u s  E - AE I 

as shown i n   F i g u r e  4 i t  i s  n e c e s s a r y   t o   t a k e   i n t o   a c c o u n t  a l l  of   the  

m a t e r i a l   i n  a p a r t i c l e   t r a c k   t h r o u g h   t h e   t e l e s c o p e  up t o   b u t   n o t   i n c l u d -  

i n g  the C d e t e c t o r .  A diagram  showing  the  dimensions  and  composition  of 

the s c i n t i l l a t o r   t e l e s c o p e   u s e d  i s  shown i n   F i g u r e  8. The aluminum  and 
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p l a s t i c  foam sandwich shown preceding   the  A d e t e c t o r  and the  one  between 

the  A and B d e t e c t o r s  are p r i m a r i l y   r e s p o n s i b l e   f o r   t h e   f l a t t e n i n g   o f  

t he   cu rves  a t  small e n e r g i e s  as m e n t i o n e d   e a r l i e r .  

To compute the   r e sponse   cu rves  i t  was  assumed t h a t  an i s o t r o p i c  

f l u x   o f   p a r t i c l e s  would en ter   the   f ront   end   of   the   t e lescope .   Such  

p a r t i c l e   t r a c k s  would g e n e r a l l y   b e   i n c l i n e d   t o   t h e   a x i s  of t h e  

t e l e s c o p e .   I d e a l l y   i n   o r d e r   t o   f i n d   t h e   a v e r a g e   r e s p o n s e   c u r v e   t h e  

e n e r g y   l o s s e s   f o r  a l a r g e  number o f   t r acks   o f   va ry ing   ob l iqu i ty   shou ld  

be  computed  and the   ave rage   o f   t hese   ene rgy   l o s ses   fo r   each   va lue   o f  

incident  energy  computed.  This i s  however  not a p r a c t i c a l   a p p r o a c h  

s i n c e   t h e   e f f e c t   o f   o b l i q u e   t r a c k s  i s  second  order .   Rather  i t  i s  

s u f f i c i e n t   t o  compute   t he   ave rage   s l an t   ang le   fo r  a t r a c k   o f   a n   i s o -  

t r o p i c   d i s t r i b u t i o n   o f   e n t r a n t   p a r t i c l e   d i r e c t i o n s  and  use  the  path 

l eng ths  so  computed  through  the  var ious  layers   of  material  i n   t h e   r a n g e  

e n e r g y   c a l c u l a t i o n s .  The computa t ion   o f   t he   f ac to r  by which a l l  of t h e  

t e l e s c o p e  material  t h i c k n e s s e s  m u s t  b e   m u l t i p l i e d  i s  o u t l i n e d   i n  Appendix 

B. F o r   t h e   s c i n t i l l a t o r   t e l e s c o p e   i n   q u e s t i o n   t h e   a v e r a g e   c o r r e c t i o n   f o r  

o b l i q u e   t r a c k s  was computed t o  be  l /<cos €I> = 1.02. Using  the semi- 

e m p i r i c a l   r e l a t i o n s   f o r   r a n g e  and  energy  of  Barkas  and  Berger (1964) i n  

a d ig i ta l   computer   p rogram, the   computa t ions   o f   the   energy  loss  i n   t h e  

v a r i o u s  materials i n d i c a t e d   i n   F i g u r e  8 i n c l u d i n g   t h e   d e t e c t o r s   w e r e  

ca r r i ed   ou t .   The  resul ts  are t h o s e   p l o t t e d   i n   t h e   r e s p o n s e   c u r v e s   i n  

F igu re  4 .  The th i ckness   va lues   u sed   i n   t hese   computa t ions  were those  

r 

obta ined   by   mul t ip ly ing   each   measured   th ickness  by t h e   o b l i q u i t y   f a c t o r  

given  above. 

Using  equa' t ion  (11)  in  Appendix A t he   geomet ry   f ac to r s   fo r   va ry ing  

p e n e t r a t i o n   d e p t h s  of t r a c k s   i n t o   t h e  B d e t e c t o r  were computed.  These 



25 

f o r   s t o p p i n g   p a r t i c l e s  would nominally be  between 20 and 80 MeV/nucleon. 

The a c t u a l   t e l e s c o p e  had a t h r e s h o l d   f o r   p a r t i c l e   d e t e c t i o n   i n   t h e  mz 
mode of 18.7 MeV/nucleon  and t h e   c u t o f f   f o r   t h e  C d e t e c t o r   a n t i c o i n c i -  

dence  occurred a t  81.6 MeV/nuc leon.  

C .  S i l i c o n   S o l i d   S t a t e   T e l e s c o p e   f o r  IMP-IV 

In   o rde r   t o   r each   l ower   ene rg ie s   t han  was p r a c t i c a b l e   w i t h  a s c i n -  

t i l l a t o r   t e l e s c o p e , i t  was dec ided   t o   i nc lude   on   t he  IMP-IV s a t e l l i t e  a 

s o l i d  s ta te  t e l e s c o p e   u s i n g   s u r f a c e   b a r r i e r   t y p e   s i l i c o n   d e t e c t o r s   f o r  

the A and B d e t e c t o r s   i n   a d d i t i o n   t o   t h e  dE/dx  versus E t e l e s c o p e   d e s c r i b e d  

i n  t h e   l a s t   s e c t i o n .  A schemat i c .   o f   t he   mechan ica l   des ign   o f   t h i s   t e l e -  

scope  assembly i s  shown i n   F i g u r e   1 0 .  The nomina l   va lues   o f   t he   k ine t i c  

e n e r g y   p e r   n u c l e o n   f o r   s t o p p i n g   p a r t i c l e s   i n   t h i s   t e l e s c o p e   w e r e  4 t o  20 

MeV/nucleon. I n   c o n j u n c t i o n   t h e n   w i t h   t h e   s c i n t i l l a t o r   t e l e s c o p e   d e s c r i b e d  

i n   t h e   l a s t   s e c t i o n ,   s u c h  an  experiment  would  span  the  region  of  the 

spectrum  shown i n   F i g u r e  1 through  the  low energy minimum. 

As i n d i c a t e d   i n   F i g u r e  10  two s o l i d  s ta te  de tec to r s   were   r equ i r ed  

f o r  the B d e t e c t o r .  The r e a s o n   f o r   t h i s  was s imply   the   unavai lab i l i ty  

of a r e l i a b l e   s i l i c o n   s u r f a c e   b a r r i e r   d e t e c t o r   o f   t h e   r e q u i r e d   t h i c k n e s s  

whereas i t  was p o s s i b l e   t o   o b t a i n   d e t e c t o r s   o f   h a l f   t h e   r e q u i r e d   t h i c k -  

ness t h a t  would  meet t h e   s p e c i f i c a t i o n s .   T h e s e  two de tec to r s   t hen   cou ld  

have t h e i r   s i g n a l s  added  and  were i n   t h i s  way e q u i v a l e n t   t o  a s i n g l e  

detector .  
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The A and B d e t e c t o r s  were  mounted i n   t h e  two ends  of a c y l i n d r i c a l  

p l a s t i c   s c i n t i l l a t o r   w i t h  a p l a s t i c   p l u g  of t h e  same m a t e r i a l   a f t e r  B. 

The s i g n a l s   f r o m   t h e   s i l i c o n   d e t e c t o r s   w e r e   f e d   i n t o   c h a r g e   s e n s i t i v e  

p r e a m p l i f i e r s   s i n c e   t h e  number o f   cha rge   pa i r s   c r ea t ed  by an i o n i z i n g  

p a r t i c l e  would  be p r o p o r t i o n a l   t o   t h e   e n e r g y  i t  depos i t ed .  The plugged 

end  of  the C d e t e c t o r  was c o u p l e d  t o  a p h o t o m u l t i p l i e r .  As i n   t h e  

c a s e   o f   t h e   s c i n t i l l a t o r   t e l e s c o p e   d e s c r i b e d   a b o v e   t h e  AB? l o g i c  was 

invoked t o   d i s c r i m i n a t e   a g a i n s t  a l l  b u t   p a r t i c l e s  coming t o   r e s t   i n  

d e t e c t o r  B a f t e r   hav ing   pas sed   t h rough  A.  

The composition and  geomeery  of t h e   s o l i d   s t a t e   t e l e s c o p e   a r e  

shown i n   F i g u r e  11. Note t h e   t i t a n i u m   f o i l   l i g h t   s h i e l d   i n   f r o n t   o f  

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

l i g h t .   A l s o  Aote t h a t   e a c h   o f   t h e   s i l i c o n   d e t e c t o r s   h a s  a layer   each  

of   gold  and  a luminum  on  f ront   and  back  surfaces ,   respect ively.  The 

a v e r a g e   o b l i q u i t y   f a c t o r   f o r   t h i s   a s s e m b l y  was l /<cos 0> = 1.04.  With 

t h i s   f a c t o r   a p p l i e d  t o  t h e   t h i c k n e s s   o f   m a t e r i a l  shown i n   F i g u r e  11 

the  range  energy  program  mentioned  in  the l as t  s e c t i o n  was used t o  

compute   the   response   curves   in   F igure  5. 

I n   F i g u r e   1 2   t h e   g e o m e t r y   f a c t o r   f o r   t h i s   t e l e s c o p e  i s  p l o t t e d  

a s  a f u n c t i o n   o f   t h e   p e n e t r a t i o n   d e p t h   i n t o   t h e  B d e t e c t o r s ,   w h i c h   a r e  

des igna ted  B 1  and B2. Note t h a t   t h e r e  i s  a pronounced jump i n   t h e  

value  of  G in  going  from B 1  t o  B2. Th i s  la t ter  d i s c o n t i n u i t y   i n  G i s  

because   o f   t he   s epa ra t ion   i n   t he  two elements   of   the  B d e t e c t o r .  Along 

t h e   c u r v e   i t s e l f  are i n d i c a t e d   s e v e r a l   i n c i d e n t   e n e r g i e s   f o r   w h i c h   t h e  

cor responding   va lues   o f  G occur .  

The t h r e s h o l d   e n e r g y   f o r   t h e   a c t u a l   t e l e s c o p e  was 4.2  MeV/nucleon, 

whi le   the   cu tof f   energy  was 19.1 MeV/nucleon. 
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I n   o r d e r   t o   p r o v i d e  a means  of  measuring  even  lower  energy  proton 

? '  

f l u x e s ,   p a r t i c u l a r l y   t h o s e   o r i g i n a t i n g   i n   s o l a r   f l a r e s ,  an 8 l e v e l  

i n t e g r a l   a n a l y z e r  was used  independent ly   f rom  the  above  dE/dx  versus  

E arrangement t o  ana lyze   t he   s igna l   f rom  the  A d e t e c t o r .  The maximum 

energy  for a s t o p p i n g   p r o t o n   i n  A was 4 . 1  MeV i n c i d e n t  on the   f ron t   o f  

the   t e lescope .  The d i s c r i m i n a t i o n  was set such   t ha t   l eve l  3 was t h e  

lowest t h a t  would  admit a s i g n a l ,   t h a t   b e i n g   e q u i v a l e n t   t o   a b o u t   3 . 3 2  MeV. 

Level  6,  which was th ree   s t eps   l ower   t han   3 ,was   s e t  so t h a t   t h e   i n t e g r a l  

f l u x   o f   p a r t i c l e s  would  be i n   t h e   r a n g e   o f  1.1 t o  20 MeV. 

D. The  IMP-111 Experiment 

The IMP-I11 s a t e l l i t e  was launched  on May 29,  1965. Some of   the 

v i t a l   s t a t i s t i c s   f o r   t h i s   s a t e l l i t e   a r e   g i v e n   i n   T a b l e  I. The s c i n t i l -  

l a to r   t e l e scope  was mounted so  t h a t  i t s  a x i s  was p e r p e n d i c u l a r   t o   t h e  

s p i n   a x i s   o f   t h e   s a t e l l i t e .  A b lock   d i ag ram  o f   t he   e l ec t ron ic s   a s soc i -  

ated  with  the  experiment i s  shown in   F igu re   13 .  The f u n c t i o n  of t h e  

c i r c u i t r y   o f   i n t e r e s t   t o   t h e   p r e s e n t   s t u d y  i s  t h a t  par t  which i s  r e l a t e d  

t o  t h e   i n - f l i g h t   a n a l y s i s   o f  ABC type   even t s  and a sample  of  the  count- 

i n g  r a t e  of t h e s e   e v e n t s .  

The s a t e l l i t e   t e l e m e t r y   o p e r a t e d   i n   s u c h  a manner t h a t  a complete 

commutation c y c l e  was completed  every  5 .461  minutes .  Each c y c l e  was 

divided  into 4 sequences  of  81.92  seconds  duration,  of  which  only  the 

f i r s t  3 were u t i l i z e d  by the  cosmic  ray  experiment .   There  were 2 

accumulator  gates  open  for  39.36  seconds  in  each  of  these  sequences 

g i v i n g  a t o t a l  of 6 accumula to r s   e f f ec t ive ly   pe r   cyc le .  One such 

accumulator  each  cycle was a v a i l a b l e   f o r   r e c o r d i n g   t h e  number of AB? 

c v c n t s  thus   providing a s a m p l e   c o u n t i n g   r a t e   f o r   s t o p p i n g   P a r t i c l e s .  

fils0 during  each  of   the 3 sequences   per   cyc le  two g a t e s   o f  34.24  seconds 
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dura t ion   were   open   fo r   pu l se   he igh t   ana lys i s  of ABZ even t s .  When t h e  

f i r s t  ABZ even t   occu r red   a f t e r   one   o f   t hese   ga t e s  was  open  two s e p a r a t e  

512 pu l se   he igh t   ana lyze r s   ana lyzed   t he  A E  and E - A E  s i g n a l s  from t h e  

A and B d e t e c t o r s ,   r e s p e c t i v e l y ,  and s t o r e d   t h e   r e s u l t a n t   c h a n n e l  

numbers i n   t h e  34.24  second  accumulator.  During  the  remainder  of  time 

t h e   g a t e  was open, f u r t h e r   p u l s e   h e i g h t   a n a l y s e s  were i n h i b i t e d ,   t h u s  

e f f e c t i v e l y   l i m i t i n g   t h e  number of p u l s e  he igh t   ana lyzed   even t s  t o  a 

maximum of 6 eve ry   cyc le .  

The IMP-111 exper iment   func t ioned   wel l   th roughout   the   l i fe t ime  of  

t h e   s a t e l l i t e .  Because   o f   t empera ture   changes   in   the   sa te l l i t e ,   there  

was a c e r t a i n  amount  of d r i f t   i n   t h e   g a i n   o f   t h e  two d e t e c t o r s  and t h e i r  

a s soc ia t ed   e l ec t ron ic s .   Th i s   d r i f t   cou ld   be   compensa ted   fo r   qu i t e  sa t i s -  

f a c t o r i l y   i n   t h e   a n a l y s i s   o f   t h e   d a t a  on the  ground by n o t i n g   t h e   s h i f t  

i n   t h e   c h a n n e l  numbers o f  the   p ro ton   curve   endpoin t  and  computing a 

ga in   f ac to r   fo r   each   o f   t he  two parameters  over some spec i f i ed   t ime  

pe r iod .   The re   were   a t   l ea s t  two occas ions  when t h e   s c i n t i l l a t o r   c r y s t a l s  

were   t emporar i ly   sa tura ted  by v e r y   h i g h   p a r t i c l e   f l u x e s .   T h i s   o c c u r r e d  

d u r i n g   t h e   p r o t o n   e v e n t  of  September 2 ,  1966 and aga in   du r ing   t he   even t  

of   January 28, 1967.  IMP-111 e f f e c t i v e l y   d i e d   i n   e a r l y  May 1967, a l -  

t h o u g h   t h e   u s e f u l   d a t a   a v a i l a b l e   f r o m   t h i s   e x p e r i m e n t   r e p o r t e d   i n   t h i s  

s t u d y   c o n t i n u e s   o n l y   u n t i l  A p r i l  10,  1967. 

E .  The IMP-IV Experiment 

IMP-IV, a somewhat  improved v e r s i o n   o f   t h e  IMP s e r i e s ,  was launched 

on May 24, 1967  a lmost   prwiding  complete   coverage  with IXP-111. The 

,....+ : -.-. r =::.s.- * --._* re--&&.=...  &-As"- i 3 i a  0;: chis s a t e l T L c 2  is SkOhT lr, L 2 2 : s  Y .  -2s 

cosmic   r ay   expe r imen t   aboa rd   t h i s   s a t e l l i t e   aga in   u t i l i zed   t he   p rev ious ly  

d i scussed   s c in t i l l a to r   t e l e scope   t o   cove r   t he   nomina l   ene rgy   r ange   o f  

. - .  - 
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from 20 t o  80 MeV/nucleon. I n  what f o l l o w s   t h i s   t e l e s c o p e  w i l l  h e r e a f t e r  

be r e f e r r e d   t o  as the  MED f o r  Medium Energy  Detector .   Besides   this  

exper iment   the   so l id   s ta te   t e lescope   descr ibed   in   Sec t ion  C was oper- 

a ted   in   conjunct ion   wi th  i t .  T h i s   s o l i d  s ta te  t e l e s c o p e  w i l l  be   des ig-  

nated LED h e r e a f t e r   f o r  Low Energy  Detector.  The LED extended  the  energy 

range  measured down to   abou t  4 MeV/nucleon. On IMP-IV t h e  MED was p a r a l l e l  

t o   t h e   s a t e l l i t e   s p i n   a x i s   i n   c o n t r a s t   t o  i t s  coun te rpa r t  on IMP-111. The 

LED was mounted so  t h a t  i t  l o o k e d   p a r a l l e l   t o   t h e   e q u a t o r i a l   p l a n e  of 

the s a t e l l i t e ,  i . e .  , p e r p e n d i c u l a r   t o   t h e   s p i n   a x i s .  The experiment 

f l i g h t   c i r c u i t r y   f o r   t h e s e   e x p e r i m e n t s  i s  i l l u s t r a t e d   i n   b l o c k   f o r m   i n  

Figure  14. One s i g n i f i c a n t . d i f f e r e n c e   i n   c i r c u i t   d e s i g n   f o r   t h i s   e x p e r i -  

ment was the  use of 1 0 2 4   c h a n n e l   p u l s e   h e i g h t   a n a l y z e r s   t o   p r o v i d e   g r e a t e r  

dynamic range i n   a n a l y z i n g   t h e  ABC e v e n t s ,   a l t h o u g h   t h e   t o t a l  number of 

channels was not   ava i lab le   because  of s a t u r a t i o n   e f f e c t s .  

As may be seen  f rom  the  block  diagram,  there   were two s e p a r a t e  

detector  packages,   one  each  for  the LED and MED. A th i rd   package  

contained  the  combined f l i g h t   c i r c u i t r y   f o r   t h e  two t e l e s c o p e s .   I n  

(his  experiment a g r e a t e r   d e g r e e   o f   f l e x i b i l i t y  was des igned   i n to   t he  

clcctronics  so t h a t   b o t h   t h e  LED and MED could be o p e r a t e d   i n  a low 

m d  a high  threshold mode.  The pu rpose   fo r   t he  l a t t e r  change was so 

:ha t  i n  the   h igh   th reshold  mode t h e  AE th re sho ld  would  occur some  20 

chfiilncls h ighe r   t han   i n   t he  low  mode. Th i s  would  permit  more  alpha 

Pa r t i c l e s   t o   be   coun ted   du r ing   h igh   f l ux   r a t e s  when the  normally  high 

:J:inting r a t e s   i n   t he   l ower   channe l s  would e f f e c t i v e l y  mask t h e s e   c o u n t s .  

the LED c i r c u i t r y   p r o v i d e d   f o r   h a l f   t h e   p u l s e   h e i g h t   a n a l y s e s   p e r  

. Y c l C  being  done  on AB t y p e   e v e n t s ,  i .e . ,  o n   p e n e t r a t i n g   p a r t i c l e  

'"l*;\ tS.  
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The timing  of a c y c l e   f o r  IMP-IV was such  that   there   were 32 frames 

per  commutator  cycle  of  5.12  seconds  duration  each  giving a t o t a l   c y c l e  

time  of  2.731  minutes. Of the  5 .12  seconds  f rame  durat ion  for  4.48 

seconds  the  accumulator   gate  was open  with  the  remaining 0.64  seconds 

u t i l i zed   fo r   r eadou t .   The re   were  8 e a c h   p u l s e   h e i g h t   a n a l y s e s   f o r   t h e  

LED low, LED h i g h ,  MED low,  and MED high  modes. The t ime  the   pu lse  

height  analyzer  t ime  bins  were  open was t h e  4.48  second  accumulation 

time. S ince   t he  AB mode was o p e r a t e d   f o r   t h e  LED h a l f   t h e   t i m e ,   t h e r e  

were  then 4 LED and 8 MED AB? pulse   he ight   ana lyses   per   commuta tor   cyc le  

in   each   of   the  two t h r e s h o l d  modes. G r e a t e r   s i g n a l   t o   n o i s e   r a t i o s   f o r  

these  experiments  was provided by causing  each  accumulator   to  be read 

o u t   t w i c e   b e f o r e   r e s e t t i n g   i n   o r d e r   t o   c h e c k   c o n s i s t e n c y .  One accumula- 

t i o n  sample a f  AB? coun t s   fo r  4.48 seconds was made,  one fo r   each   t h re sh -  

old mode f o r   t h e  LED and t h e  MED each   cyc le .  Compared t o   t h e  IMP-111 

exper iment ,  i t  i s  s e e n   t h a t   t h e  MED provides  16 pu l se   he igh t   ana lyses  

du r ing   t he  same time 6 ' c o u l d  be  performed on t h e   e a r l i e r   e x p e r i m e n t ,  

p rov ided   t he   coun t ing   r a t e  was h i g h .  

The IMP-IV experiments   performed  very  wel l   for   the  most  pa r t .  Un- 

l i k e   t h e   p r e v i o u s  IMP expe r imen t s ,   i nc lud ing  IMP-111, very l i t t l e  g a i n  

d r i f t  was n o t e d   d u r i n g   t h e   e f f e c t i v e   l i f e t i m e   o f   t h e   s a t e l l i t e .   A n a l y s i s  

of t h e   d a t a   d i d  show t h a t   t h e  ? provis ion   of   the  LED pa r t   o f   t he   expe r i -  

ment f a i l e d   i n  March  of 1968. T h i s   f a i l u r e   h a s   b e e n   p o s t u l a t e d   t o   h a v e  

been  caused by a c racked   pho tomul t ip l i e r   t ube   fo l lowing   t he   t he rma l  

shock  of  passing  through  the  long  period  of  the  earth 's   shadow,  which 

occurred  once a year .   Otherwise  the  experiment   appeared  to   be  funct ion 

i n g   q u i t e   w e l l  up  through  the l as t  a v a i l a b l e   d a t a   a c q u i r e d   f o r   t h i s  

ana lys i s   which  was up t o  August  20, .  1968. 



111. DATA ANALYSIS 

A .  General  Format  of Data 

The raw da ta   f rom  cu r ren t  s a t e l l i t e  experiments i s  i n  a form  which 

i s  most s u i t a b l e   f o r   h i g h   r a t e s  o f  d a t a   t r a n s m i s s i o n   f r o m   s a t e l l i t e   t o  

ground s t a t i o n s  a t  h i g h   s i g n a l   t o   n o i s e   r a t i o s .   T h i s  4 b i t  PFM code i s  

no t   i n t ended   fo r   da t a   p rocess ing   i n   t he  form rece ived ,   bu t  m u s t  be con- 

ve r t ed   t o   s t anda rd   d ig i t a l   codes   fo r   t he   compute r s  on  which ana lys i s  i s  

t o  be c a r r i e d   o u t .   I n   t h e   i n i t i a l   p h a s e s   o f   d a t a   p r o c e s s i n g   o f   t h e  

taped da ta  as i t  i s  r e c e i v e d   f r o m   t h e   t r a c k i n g   s t a t i o n s ,   t h i s   c o n v e r s i o n  

must be c a r r i e d   o u t  as w e l l  as the   p rocess   o f   s epa ra t ing   t hese  d a t a  from 

d i f f e r e n t   e x p e r i m e n t s   a n d   o u t p u t t i n g   t h i s   o n   t o   s e p a r a t e  tapes f o r  use 

by t he   i nd iv idua l   expe r imen te r s ,  a process   cal led  decommutat ion.  

S e v e r a l   r a t h e r   t e d i o u s  s teps  o f  data   processing  had  to   be  performed 

on the   decommuta ted   t ape8   before   these   could   be   used   in   any   ana lys i s  

schemes. Because a l l  o f   t h e   d a t a   p e r t i n e n t   t o   a n   e x p e r i m e n t   t h a t  was 

received by g r o u n d   s t a t i o n s  was i n c l u d e d ,   t h e r e  was a c e r t a i n  amount of 

overlap and r edundancy   p re sen t   i n   t he  d a t a  a t   t h i s   i n i t i a l   s t a g e  which 

had t o  be e l i m i n a t e d .  The r e s u l t  o'f t h i s   p r o c e s s  was a non-redundant 

t ime-ordered  sequence  of  data.   Other  procedures  performed  on  the  data 

i n  t h i s   p rocess ing   (p re -ana lys i s )   s t age   were   t he   i n se r t ion   o f   pe r t inen t  

time and o rb i t a l   i n fo rma t ion   where   r equ i r ed  and the   r eo rgan iza t ion   o f  

the format   and  condensat ion  of   the  data .  The o u t p u t   t a p e s ,   i n  a form 

for   analysis ,   were 800 b i t   p e r   i n c h   9 - t r a c k   t a p e s   f o r   ' u s e   o n  I B M  s e r i e s  

360 computers. 

For both IMl?-III and IMP-IV t h e   t a p e d   d a t a   f o r   t h i s   s t u d y  was a v a i l -  

a b l e  t o   t he   expe r imen te r   i n  two bas ic   formats ,   which   can   be   des igna ted  

31 
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h e r e  as ( 1 )   f i n a l   d a t a   t a p e s  and ( 2 )  m a t r i x   t a p e s .  The former   cons is ted  

of   records   cor responding   to   the  time o f  one  commutation  cycle  of  the 

s a t e l l i t e   t e l e m e t r y   s y s t e m .  Each record   conta ined   the  U.T. time  and 

d a t e ,   s a t e l l i t e   d i s t a n c e   f r o m   e a r t h ,  and v a r i o u s   r e l a t i v e   c o o r d i n a t e s  

f o r   t h e   p a r t i c u l a r   r e c o r d .  The cosmic  ray  experiment   data   in   each  rec-  

ord   cons is ted  of the   readouts   o f   the   var ious   exper iment   accumula tors  

co r re spond ing   t o   t he  number o f   coun t s   occu r r ing   fo r   each   l og ic   r equ i r e -  

ment ,   e .g .  ABZ fo r   one  mode o f   t he  AE v e r s u s  E - A E  experiments ,  as 

w e l l  as the   readouts   o f   the   pu lse   he ight   ana lyzed   events .  

The m a t r i x  tapes were   t he   r e su l t   o f  a form  of   intermediate   pro-  

ces s ing   wh ich   condensed   t he   da t a   cons ide rab ly .  The ma t r ix  tape con- 

s i s t ed   o f   s equences   o f  n success ive   records   which   conta ined   the  p u l s e  

h e i g h t   a n a l y z e d   d a t a   i n  a compressed  matrix  form, as wel l  as accumu- 

l a t o r  sums f o r  a s p e c i f i e d   p e r i o d ,   u s u a l l y   o n e   c o m p l e t e   o r b i t   o f   t h e  

s a t e l l i t e .  By reading   any  n record  sequence,  a comple te   mat r ix  of t h e  

A E  v e r s u s  E - A E  AB: even t s   cou ld   be   r econs t ruc t ed   fo r  a p a r t i c u l a r  mode 

of a n y   g i v e n   o r b i t ,   t h e  number i n  a p a r t i c u l a r   l o c a t i o n   b e i n g   t h e  number 

of events   having   the   cor responding  A E  and E - AE channel  number. 

B.  C a l i b r a t i o n   o f  AE Versus E - AE Response 

As shown i n   C h a p t e r  11, the  expected  response  of   the  cosmic  ray 

t e l e s c o p e s  was computed  using  the  range-energy  data   of   Barkas  and  Berger  

(1964). The theo re t i ca l   r e sponse   cu rves  s o  ob ta ined  are p l o t t e d   i n  

F igu res  4 and 5 .  The c o l l e c t i v e   r e s u l t s   f r o m   s e v e r a l   o r b i t s  o f  p u l s e  

height   analyzed  data   f rom  one  of   the  cosmic  ray  experiments   can  be 

i n t e r p r e t e d   i n  terms of   one   o f   these   response   curves   in   the   fo l lowing  

manner .   Th i s   da t a   can   be   a r r anged   i n  a two dimensional   array  where  the 

x and y axes r e p r e s e n t   t h e  E - AE and A E  channel   numbers ,   respec t ive ly ,  
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so t h a t   t h e  number o f   coun t s   occu r r ing   fo r  a p a r t i c u l a r   v a l u e  of E - A E  

and AE i s  the   va lue   o f   the   x ,y th   e lement   o f   the   a r ray .   Eecause   o f   the  

v a r i o u s   s t a t i s t i c a l   f l u c t u a t i o n s   i n   e n e r g y   l o s s e s   o f   t h e   d e t e c t e d   p a r t i -  

c l e s ,   t h e r e  w i l l  be a maximum d i s t r i b u t i o n  of c o u n t s   i n  a r eg ion   o f   t he  

a r r ay   co r re spond ing   t o  a p a r t i c l e   l i n e .  

F igu re  15 shows a compute r   p r in tou t   o f   such   an   a r r ay ,   o r   ma t r ix ,  

fo r   t he   pe r iod   f rom 4 June  1965 t o  26 October  1965  for IMP-111. The 

c e n t r a l   c u r v e d   l i n e  i s  drawn  through  the maximum of t h e   d i s t r i b u t i o n  

c o r r e s p o n d i n g   t o   t h e   p r o t o n   l i n e   i n   F i g u r e  4 .  I n   o r d e r   t o   e s t a b l i s h  

a correspondence  between  the  physical   channel   numbers   in   the x and y 

d i rec t ions   and   the   inc ident   energy   of  a p ro ton ,  i t  was f i r s t   n e c e s s a r y  

t o  know the   co r re spond ing   r e l a t ionsh ip   be tween  a d e t e c t o r ' s  p u l s e  

height   analyzed  channel  number  and t h e   k i n e t i c   e n e r g y   d e p o s i t e d   i n  

t h a t   d e t e c t o r .  

S c i n t i l l a t o r s   e x h i b i t  a n o n - l i n e a r i t y   i n   l i g h t   o u t p u t   v e r s u s   e n e r g y  

deposited a t  e n e r g i e s   o f   t h e   o r d e r   o f  10 MeV and g rea t e r   because   o f  a 

p a r t i a l   s a t u r a t i o n   o f   t h e   a v a i l a b l e  number o f   a c t i v a t i o n   c e n t e r s   i n   t h e  

m a t e r i a l .   P r e f l i g h t   c a l i b r a t i o n   o f   t h e  IMP d e t e c t o r s  showed t h a t   t h i s  

i s  bes t   expressed  as a f u n c t i o n   o f   t h e   d i f f e r e n t i a l   l i g h t   o u t p u t   v e r s u s  

stopping  power. I n   t h e   e n e r g y   i n t e r v a l   o f   i n t e r e s t   f o r   t h i s   e x p e r i m e n t ,  

t h i s   func t i cya l   dependence   cou ld   be   expres sed  as 

dL/dE = A - B/(dE/dx) (I), 

with B/A Z 0.3. I n t e g r a t i o n   o f   ( 1 )   i n   t h e   c a s e   o f   t h e  AE d e t e c t o r  

p roduces   t he   r e su l t  

AL = AAE - B'  
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w i t h   t h e   o f f s e t  B' a c t u a l l y   b e i n g  a very   s lowly   vary ing   func t ion   of  

p a r t i c l e   r a n g e  and  hence  energy.   Similar ly  a s t o p p i n g   p a r t i c l e  Of 

inc ident   energy  E - AE on  the E - AE d e t e c t o r  w i l l  g i v e  a l i g h t   r e -  

sponse  of  the  form 

L = A(E - AE) - B' ( 3 )  , 

i n  which  again B' i s  a s lowly   vary ing   func t ion   of   energy .  

Because of t h e   l i n e a r  form of   equa t ions  (2) and ( 3 )  wi th  an o f f s e t  

i t  was p o s s i b l e   t h e n   t o   e x p r e s s   t h e   o v e r a l l   r e s p o n s e   o f   t h e   d e t e c t o r s  

A and B i n   t h e   f o l l o w i n g  form: 

E - A E  = a + b x  ( 4 )  

and 

AE = f -t- gy (5)  

I n   e q u a t i o n s  ( 4 )  and (5) E - A E  and AE represent   the   energy/nucleon  

d e p o s i t e d   i n   t h e   r e s p e c t i v e   c r y s t a l s ,  and x and  y are t h e   s i g n a l   o u t -  

p u t s  f r o m   t h e   e n t i r e   d e t e c t o r   e l e c t r o n i c s   t r a i n   i n   t e r m s   o f   p u l s e  

he igh t   channe l  number. 

S ince   equat ions  ( 4 )  and (5) each   conta in  two undetermined  con- 

s t a n t s ,  two ca l ib ra t ion   po in t s   a long   t he   r e sponse   cu rve   a r e   r equ i r ed .  

The e n d p o i n t   a u t o m a t i c a l l y   p r o v i d e s   t h e   f i r s t   o f   t h e s e   c a l i b r a t i o n  

p o i n t s .   I d e a l l y ,   t h e   s e c o n d   p o i n t ,   o r   s e v e r a l   p o i n t s ,  i s  found  by 

preflight c a l i b r a t i o n   u s i n g  a monoenergetic beam o f   p a r t i c l e s .  Such 

a c a l i b r a t i o n  was c a r r i e d   o u t .  The t h e o r e t i c a l   v a l u e s   f o r  AE and 

E - AE f o r  a p a r t i c l e   w i t h   i n c i d e n t   e n e r g y  E were  computed as de- 

s c r ibed   i n   Chap te r  11. These  values  of E - A E  and AE corresponded 

t o   t h e   c h a n n e l  numbers  x and y found i n   c a l i b r a t i o n .   T h i s   c a n  be 
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located  approximately by not ing  what   channel   the  threshold  of   the E - AE 
s i g n a l   o c c u r s   i n .  The cor responding  A E  channel  i s  t h e  y coord ina te   o f  

the   curve   in   the  matrix h a v i n g   t h i s  x th re sho ld   va lue ,  More a c c u r a t e  

d e t e r m i n a t i o n s   o f   s e v e r a l   p o i n t s   a l o n g   t h i s   d i s t r i b u t i o n   h a v e   a l s o   b e e n  

made by u t i l i z i n g  a monoenergetic beam of   p ro tons   f rom  an   acce le ra tor .  

A combination of t h e s e  two methods was u s e d   t o ’ c a l i b r a t e   b o t h   t h e   s c i n -  

t i l l a t o r  and t h e   s o l i d  s t a t e  telescopes  with  agreement  between  the two 

methods. The c o e f f i c i e n t s   f o r   e q u a t i o n s  ( 4 )  and ( 5 )  f o r   t h e   v a r i o u s  

exper iments   a re   g iven   in   Table  11. 

Using  the  Barkas  and  Berger (1964) range  energy l o s s  expres s ions ,  

de t a i l ed   t ab l e s   were   computed   fo r   t he   p rec i se   t heo re t i ca l   ene rgy  d e -  

p o s i t e d   i n   e a c h   d e t e c t o r   f o r  a given  incident   energy  for   each  one of 

the   t e lescopes .   Us ing   these   t ab les   and   the   appropr ia te   forms   of   equa-  
- 

t ions ( 4 )  and ( 5 ) ,  i t  was then   poss ib1 . e   t o   a sce r t a in   t he   i nc iden t  

energ ies   cor responding   to  a p o s i t i o n   o n   t h e   m a t r i x   c u r v e s .  

Because of p o s s i b l e   g a i n   s h i f t s   i n   t h e   s a t e l l i t e   e l e c t r o n i c s ,  

there  could  be a change i n   o n e ,   o r   b o t h ,   o f   t h e   p u l s e   h e i g h t   a n a l y z e r  

responses. On IMP-I11 t h i s  was a v e r y   n o t i c e a b l e   e f f e c t .   I n   o r d e r   t o  

co r rec t   fo r   such   ga in   changes ,   t he   endpo in t   o f   eve ry   one   o rb i t   ma t r ix  

over t h e   l i f e t i m e  of t h e  s a t e l l i t e  was. examined  and  the E - AE and A E  

channel  numbers  of  the  endpoint  determined in   each   ca se .   P i ck ing   one  

such endpoint as t h e   s t a n d a r d ,  a l l  other   endpoints ,   which  a lways  cor-  

respond t o   t h e  same energy,  could  be  compared t o   t h i s   s t a n d a r d  and AE 

‘ p  
i !  1 
;I 

$ 

Br $ 

and E - AE ga in   fac tors   could   be   computed .   These   ga in   fac tors   could  

be a p p l i e d   t o   t h e   d a t a   f r o m   t h e   r e s p e c t i v e   o r b i t s , p e r m i t t i n g  combin- 

ing of t he   da t a   fo r   l onge r   pe r iods .   Indeed   t h i s  i s  t h e   p r o c e s s   t h a t  

gas used i n  combining  the  almost  four  months  of data  p r e s e n t e d   i n   F i g -  

ure 15. 
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C .  Matrix  Histogram  Analyses 

Cons ide r   aga in   t he   r eg ion   o f   t he   p ro ton   l i ne   i n   F igu re  15. A s  

no ted ,   t he re  are two outer   curves   bounding a r e g i o n   c o n t a i n i n g   t h e  

p r o t o n   l i n e .   T h i s   r e g i o n  was o r ig ina l ly   de t e rmined   u s ing   on ly   one  

o r b i t   o f  da ta  fo l lowing  a l a r g e   s o l a r   f l a r e  so tha t   the   copious   quan-  

t i t i e s  of e n e r g e t i c   p r o t o n s  s o  produced  would e a s i l y   d e l i n e a t e   t h e   l i n e .  

It i s  r e a d i l y   a p p a r e n t   t h a t   t h e r e   a r e  a number of c o u n t s   o u t s i z e  of t h i s  

p ro ton   r eg ion .  The o r i g i n   o f   t h e   n o n - p r o t o n   e v e n t s   c a n   b e   m o s t l y   a t t r i b -  

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

t he   spacec ra f t .   These   coun t s ,   t hough   obey ing   t he  AB: c r i t e r i o n ,   a r e   n o t  

pr imary  protons and c o n s t i t u t e   n o i s e   t h a t  must  be  separated  from  the 

t rue   p r imary   even t s .  An example of  such a r e a c t i o n   c a u s i n g   t h e   h a c k -  

ground  counts  could  be a secondary   neut ron   formed  in   the   spacecraf t  by 

a cosmic  ray  primary.  Such a neu t ron   cou ld   pene t r a t e   t he  C d e t e c t o r ,  

p r o d u c i n g   n o   s i g n a l   i n   t h e   p r o c e s s ,  and then   decay   i n   t he  B d e t e c t o r ,  

where i t  would d e p o s i t  a c e r t a i n  amount of  energy  and  continue  on 

through  the  A d e t e c t o r   l e a v i n g   t h e r e  a small amount of energy.  Such an  

e v e n t   w o u l d   c e r t a i n l y   s a t i s f y   t h e  AB? c r i t e r i o n ,   b u t  would not   be   caused  

by a primary  cosmic  ray,which i s  what  one i s  l o o k i n g   f o r .  

I f  one i s  c a r e f u l   t o   e x c l u d e   r e g i o n s   c o n t a i n i n g   p r o t o n s ,   a l p h a s ,  

o r   e l e c t r o n s   i n   t h e   m a t r i x ,  i t  i s  found t h a t   p a r a l l e l . t o   e i t h e r   a x i s   i n  

the   mat r ix   the   "background"   counts ,  as descr ibed  above,   obey a power 

law i n   c h a n n e l  number t o  a very  good approximation.  This  background 

f l u x  w i l l  contaminate   the   reg ion  of i n t e r e s t ,  and  hence  must  be  removed. 

 AS^ IDXPT la-; SeSavior of the  background  provides a convenier,:  =e:hd 

f o r  removing t h i s   c o n t r i b u t i o n   i n   t h e   n e i g h b o r h o o d   o f   t h e   p r o t o n   l i n e ,  

f o r   i n s t a n c e ,  so t h a t   o n e   c a n   o b t a i n  a t rue   measure   o f   the   p r imary   pro ton  

coun t s  . 

-. 

L 
f 
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In   F igu re   15   t he   r eg ion   o f   t he   p ro ton   l i ne   has   been   d iv ided  u p  

in to   s ix   boxes   wh ich   i n   i nc reas ing   o rde r   r ep resen t   ene rgy   l i nes   l y ing  

between the   i nc iden t   ene rgy   va lues  of 18.7, 29 .2 ,  39.7,  50.2,  60.6,  71.1,  

and 81.6 MeV. By t a k i n g   n a r r o w   s t r i p s   p a r a l l e l   t o   t h e   p r o t o n   l i n e   a n d  

lying  inside  of  the  upper  and  lower  energy  boundaries  as  shown,  the 

number o f   coun t s   i n   each  s t r i p  can  be  determined.  Extending  the number 

o f   t h e s e   s t r i p s   i n   e i t h e r   d i r e c t i o n  beyond the   p ro ton   r eg ion  so  t h a t  

Some of the  background  region w i l l  be   inc luded ,  i t  i s  poss ib l e   t hen  

to   p lo t   h i s tog rams   o f   t he   coun t s  so determined.   Such  his tograms  cor-  

responding t o   t h e   e n e r g y   b i n s  shown i n   F i g u r e  15 a r e   p r e s e n t e d   i n   F i g u r e  

16.  The dashed   l ines  show the  mean v a l u e s   o f   t h e  power  law i n   c h a n n e l  

number and were o b t a i n e d   b y   p l o t t i n g   t h e   s t r i p   c o u n t s  on log- log   paper  

fo r   s eve ra l  t r i a l  m i d p o i n t s   i n   c h a n n e l  number u n t i l   t h e   b e s t   s t r a i g h t  

l i n e   f i t  was obta ined   for   the   background  reg ions .  The shaded areas re- 

p r e s e n t   t h e   t r u e   p r i m a r y   p r o t o n   c o u n t s   i n   t h e   e n e r g y   i n t e r v a l   s p e c i f i e d .  

The r eg ion   be low  the   dashed   l i ne   and   be tween   t he   ve r t i ca l   l i nes   de l imi t -  

ing  the  proton  region i s  the  background  component. 

- 

As d i s c u s s e d   i n   t h e   p r e v i o u s   c h a p t e r ,   t h e  LED experiment was 

surrounded  by a p l a s t i c   s c i n t i l l a t o r  c u p   c o n s t i t u t i n g   t h e  C a n t i c o i n c i -  

dence de tec tor .   His togram  ana lyses   o f   the  LED d a t a   a n a l o g o u s   t o   t h a t  

discussed  above shows a lmost   no   background  contaminat ion .   This   jus t i f ies  

the  assumption  that   most  of  the  background  secondaries  were  produced  in 

the   de t ec to r s ,   o r   t he  walls o f   t h e   t e l e s c o p e   h o u s i n g ,   i n   t h e   c a s e  of t h e  

s c i n t i l l a t o r s  by h igh   energy  primaries w i t h   k i n e t i c   e n e r g i e s  > 1 GeV.  

Further,  if his tograms are p r o d u c e d   f o r   s o l a r   f l a r e   p r o t o n s   a f t e r  a 

l a r g e   f l a r e ,  when v e r y   h i g h   f l u x e s   o f   p r o t o n s   r e g i s t e r  as e v e n t s ,   i n  

the  case of t h e   s c i n t i l l a t o r   t e l e s c o p e   t h e   r e l a t i v e   b a c k g r o u n d  i s  
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van i sh ing ly  small. T h i s   d e c r e a s e   i n   t h e  number o f   s econda ry   p ro tons   w i th  

r e s p e c t   t o   t h e  low energy   pr imar ies  i s  because   t he   f l ux   o f   s econda r i e s  

has   r ema ined   cons t an t .   Th i s   r e in fo rces   t he   v i ew  tha t   s econda r i e s   a r e  

produced by nuc lear   in te rac t ions   o f   h igh   energy   pr imar ies   which   a re   no t  

p r e s e n t   i n   t h e   s o l a r   f l u x  and are not   too  highly  modulated so  t h a t   t h e i r  

f l u x   t h r o u g h   t h e   s p a c e c r a f t   r e m a i n s   r e l a t i v e l y   c o n s t a n t .  

The d i f f e r e n t i a l   p r o t o n   f l u x  was computed  from  the t o t a l   p r o t o n  

c o u n t s   i n   a , s p e c i f i e d   e n e r g y  box u s i n g   t h e   r e l a t i o n  
\ 

where Ni i s  t h e  number o f   p r o t o n s   i n  box i ,  NT t h e   t o t a l  number o f  

c o u n t s   i n   t h e   m a t r i x ,  Na i s  the  accumulated AB? c o u n t s   d u r i n g   t h e  

accumulat ion time t ,  and Gi and AEi are the   geomet ry   f ac to r   and   d i f -  

f e r e n t i a l   e n e r g y   r e s p e c t i v e l y   f o r  box i. The energy Ei t a k e n   f o r   d J i  

i s  j u s t   t h e  mean of  the'upper  and  lower  energy  bounds  of  the i t h  box. 

Using t h i s  method  of   his togram  analysis   for   both  proton  and  a lpha 

l i n e s ,  i t  i s  p o s s i b l e   t o   o b t a i n   v e r y  good c o u n t i n g   s t a t i s t i c s .   I n  

p r a c t i c e ,   p r e l i m i n a r y   e x a m i n a t i o n   o f   t h e   d a t a  was made t o   d e t e r m i n e  

t h e   q u i e t e s t  time pe r iods  s o  t h a t   c o n t a m i n a t i o n  by s o l a r   f l a r e   p r o t o n s  

could   be   avoided .   Excluding   so la r   d i s turbed   per iods ,   da ta   could   be  

combined t o   c o v e r  several months  such as t h e  example shown i n   F i g u r e s  

15 and 16.  F o r   t h e   l a r g e  numbers  of  counts  involved,  Poisson s t a t i s -  

t i c s  are appl icable   (See   the   d i scuss ion   in   Appendix  C ) .  The r e l a t i v e  

e r r o r  i s  a combina t ion   o f   t he   t h ree   r e l a t ive   Po i s son   s t anda rd   dev ia t ion  

f o r   t h e  N i ,  N a ,  and NT,  i . e . ,  
7 

E 
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Examination  of  the  background  shows  that i t  i s  r easonab ly   cons t an t  

Over t h e   l i f e t i m e  of t h e  s a t e l l i t e .  T h i s   f a c t   p r o v i d e s  a means of 

making a background   co r rec t ion   t o   t he   sho r t   t ime   pe r iod   f l uxes   d i scussed  

i n   t h e   n e x t   s e c t i o n .  Such a background  cor rec t ion   can   be   pu t   in   t e rms   of  

a f l u x   i n   t h e  same u n i t s  as t h e   p a r t i c l e   f l u x   t o   b e   m e a s u r e d .   T h i s  i s  

accomplished  s imply  by  using  in   place  of  N i  i n   e q u a t i o n   ( 6 )   t h e  number 

of   background  counts   be low  the   respec t ive   dashed   l ines  as shown i n   t h e  

h i s tog rams   i n   F igu re   16 .   Th i s   co r rec t ion  i s  t o  be   subt rac ted   f rom  f lux  

measurements i n   t h e  same energy  range  for   which  the  background  counts  

have  not   been  separated by  means o f   t he   h i s tog ram method i l l u s t r a t e d  
i 

above. 

For   the  MED t e l e s c o p e   t h e  minimum f lux   measurable   occurs  when t h e  

f lux  and i t s  “computed  s tandard  deviat ion are approximately  equal .  

Examination  of 24 hour   ave rage   p ro ton   f l ux   va lues  showed t h a t   t h i s  

value  occyrred a t  about cm2 s r  MeV. Th i s  i s  a l s o   a b o u t   t h e  

i 

ave rage   va lue   o f   background   f lux   t ha t   had   t o   be   sub t r ac t ed   f rom  the  

MED f l u x e s   t o   c o r r e c t   f o r   n u c l e a r   i n t e r a c t i o n   e v e n t s   i n   t h e   s p a c e c r a f t .  

Even though  there  was no   background   co r rec t ion   necessa ry   fo r   t he  LED 

experiment,  the  box  method  gave  about  the same minimum f o r  a measurable 
I 

f lux. ! 

D. Computa t ion   of   Par t ic le   F lux  T i m e  H i s t o r i e s  

With  Fine Time Reso lu t ion  

The me thods   ou t l i ned   i n   t he  l as t  sec t ion   for   comput ing   f luxes   have  

the l i m i t a t i o n   t h a t   t h e y   a r e  good on ly   fo r   t ime   pe r iods   o f   t he   o rde r  o f  

days to   months .   S ince  many of the   cosmic   ray  phenomena of  g r e a t   i n t e r e s t  

occur i n  times of a few  minutes   to  times o f   h o u r s ,  some o t h e r  method  of 

computation  must  be  used. I n   p r i n c i p l e   t h e  same p r e s c r i p t i o n  as given 
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above  can  be  followed,  but  since  the size of   the   mat r ices   involved  i s  

q u i t e   l a r g e ,  i t  i s  n o t   f e a s i b l e   t o   c o n s t r u c t   t h e s e   m a t r i c e s   e v e r y  few 

minutes and then   examine   the   h i s tograms.   Ins tead  a computa t iona l  

procedure  amenable   to   coding  for  a h igh   speed   d ig i ta l   computer  was 

developed. 

The s h o r t e s t  time per iod   records   for   the   exper iments   were   read  

from f i n a l   d a t a   t a p e s  and e f f e c t i v e l y   t h e   p u l s e   h e i g h t   a n a l y z e d   c o u n t s  

t h a t   f e l l   i n t o   t h e   v a r i o u s   e n e r g y   b i n   a s   d e p i c t e d   i n   F i g u r e  15 were 

accumulated, as were  the ABC c o u n t s ,   t h e   t o t a l  number o f   pu l se   he igh t  
- 

analyzed  counts ,  and t h e  AB? accumulation  t ime. Two modes of compu- 

t a t i o n  were a v a i l a b l e ;   t h e   f i r s t   b e i n g  a f ixed   t ime   pe r iod   p rocess   i n  

which  counts were accumulated  for  a predetermined  t ime and t h e   f l u x e s  

and e r r o r s   t h e n  computed  on the   bas i s   o f   th i s   accumula ted  data. The 

second mode computed  the  f luxes  and  s tandard  deviat ions  of   the   f luxes 

,~ 
,a 

a f t e r   t h e   a d d i t i o n   o f   e a c h   r e c o r d   o f   d a t a , a n d   c o n t i n u e d   t o  add  more da t a  

u n t i l  a prede termined   prec is ion   c r i te r ion   had   been   sa t i s f ied .   These  

two methods  were  designated  the  f ixed  t ime  and  var iable  time t echn iques .  

To obvia te   cons t ruc t ing   mat r ices   o f   the  ABZ pulse   he ight   ana lyzed  
4 

e v e n t s   a s  was done in   t he   p rev ious ly   d i scussed   h i s tog ram  me thod ,   each  

even t  was examined t o   s e e  where i t  would f a l l   i n  such a m a t r i x   i f  i t  

were t o   b e   c o n s t r u c t e d .   T h i s  was accomplished by producing a mask o f   t he  

r e g i o n   s u r r o u n d i n g   t h e   p a r t i c l e   l i n e   i n   q u e s t i o n   f o r  a s t a n d a r d   l i n e  

inc luding   the   energy   boundar ies   o f   the   boxes  as dep ic t ed   i n   F igu re   15 .  

2 

The  mask  was s imply  the x va lues   o f   t he  box boundar ies   for -   each   va lue  

of   y .   For   ins tance   in   F igure   15   i f   an   event   had   the  A E  channel  number 

of 40 and E - A E  channel  numbers  of  more  than  31  and  less  than 38 then 

t h a t   e v e n t  would  be a t t r i b u t e d   t o  box 2 .  This mask d a t a  was t a b u l a t e d  
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on a row  by  row b a s i s   f o r  a s t a n d a r d   l i n e  and  used in   the   computer  as 

a "go-no  go" tes t  i n   t h e  manner d e s c r i b e d .  

One f e a t u r e  of t h i s  box c o u n t i n g   o f   p a r t i c l e   e v e n t s  was t h a t  i t  

p e r m i t t e d   t h e   c o r r e c t i o n   f o r   g a i n   c h a n g e s   i n  a fa i r ly   s imple   manner .  

The g a i n   f a c t o r s  as d e s c r i b e d   i n   t h e  l as t  s e c t i o n  were  simply  applied 

t o   t h e  masks   du r ing   t he   app l i cab le   pe r iods .   In   t h i s  way the re   neve r  

was any  need t o   c o n s i d e r   f r a c t i o n a l   c o u n t s .  

Bes ides   accumula t ing   the   ind iv idua l  box c o u n t s   a s   d e s c r i b e d ,   t h e  

t o t a l  number of AB? pulse   he ight   ana lyzed   events  was accumulated  for a 

g iven   energy   in te rva l   be ing   computed .  Also t h e   t o t a l  ABC coun t s  Na 

and corresponding  count ing  t ime t were  accumulated. It i s  f a i r l y   o b v i o u s  

t h a t   i n   p r i n c i p l e   t h e  box c o u n t s   o b t a i n e d   i n   t h i s  way and t h e   t o t a l  ana- 

lyzed AB? c o u < t s   a r e   e q u i v a l e n t   t o   t h e   t o t a l   h i s t o g r a m   p a r t i c l e   c o u n t s  N i  

and t o t a l   m a t r i x   c o u n t s  NT, r e s p e c t i v e l y ,  as descussed   i n   t he   p rev ious  

- 

s e c t i o n .  The o n l y   d i f f e r e n c e  i s  tha t   i n   t he   p re sen t   ca se   t he   background  

counts   were  included as well as t h e   d e s i r e d   p a r t i c l e s .  To compute t h e  

p a r t i c l e   f l u x   u s i n g   t h e  method  under   discussion,   equat ion (6)  was used 

wi th  Ni r ep l aced  by t h e   t o t a l  box coun t s  as desc r ibed  and NT by t h e  

to t a l   accumula t ed  ABC pulse   he ight   ana lyzed   counts .  Na and t were  the 

same as   before   bu t   accumula ted   over  a very  much shor t e r   t ime   pe r iod .  

- 

The background r a t e   a s   d e s c r i b e d   i n   t h e  l as t  s e c t i o n  was a c o n s t a n t  

throughout   the  l i fe t ime  of  a p a r t i c u l a r   s a t e l l i t e  and hence was s u b t r a c t e d  

from t h e  raw computed f l u x   t o   g i v e   t h e   a b s o l u t e   p a r t i c l e   f l u x .  For com- 

p l e t eness ,   t hen ,   t he   fo rmula   u sed   t o  compute t h e   f l u x  by t h i s   m e t b d  

may be w r i t t e n  as 

f 
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where r i  represents   the  constant   background  component ,  and t h e   o t h e r  

q u a n t i t i e s   a r e   c o m p l e t e l y   a n a l o g o u s   t o   t h o s e   u s e d   i n   e q u a t i o n  ( 6 )  excep t  

f o r  N i  which  contains  background as w e l l  as pr imary  counts .  Also i t  

should   be   no ted   tha t  N T ,  a l though s t i l l  t h e   t o t a l  number of  AB: p u l s e  

he igh t   ana lyzed   coun t s ,  i s  a t  most a small number depending,   of   course,  

on how long a per iod   the   averaging   process   ex tended   for  a s i n g l e   f l u x  

c a l c u l a t i o n .  

The u s e   o f   P o i s s o n   s t a t i s t i c s   f o r   t h i s  method of   f lux   computa t ion  
- 

i s  n o t   q u i t e  so c l e a r   c u t .  The ABC event   counts  were l a r g e  and  reason- 

ab ly   un res t r i c t ed ,   hence   t he   S t anda rd   dev ia t ion   i n  Na i n  (8) was g iven  

by the  Poisson  formula  (See  Appendix C y  equa t ion  (35 ) ) :  

and t h e  re la t ive  s t a n d a r d   d e v i a t i o n  by 

I n   t h e   c a s e   o f   N i , h o w e v e r ,   t h e   u s e   o f   P o i s s o n   s t a t i s t i c s  i s  n o t   j u s t i f i e d  

because   o f   the  small number o f   b ins  NT, which  could  vary  anywhere  from 

4 t o  8 per commutat ion  cycle .  As discussed  in   Appendix C y  the  appro-  

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

Using  equat ion (19)  from  Appendix C y  t h e   s t a n d a r d   d e v i a t i o n   f o r  N i  i s  

given  by 

and t h e   f r a c t i o n a l   s t a n d a r d   d e v i a t i o n   b y  
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The a d d i t i o n a l   r e l a t i o n ,   e q u a t i o n  (20) i n  Appendix C ,  was u t i l i z e d   w h e r e  

r e q u i r e d .   T r e a t i n g   t h e  two e r r o r s  as g iven  by equa t ions  (10) and ( 1 2 )  

as independen t   e r ro r s ,   t he  two may be  combined t o   g i v e  

s = (Sa2 + si2 ) Y2 

so t h a t   t h e   s t a n d a r d   d e v i a t i o n   i n   d J  may b e   w r i t t e n   i n  terms of   (13)  as 

The  "box"  method  under d i s c u s s i o n  worked extremely wel l  f o r   o b t a i n -  

ing   p ro ton   f luxes   s ince   p ro tons   a re   the   p redominant  component of  cosmic 

rays .   For   a lpha   par t ic le   f luxes   which   were   a l so   de te rmined   on  a s h o r t  

t ime  basis ,   one  drawback was a r e l a t i v e   s a t u r a t i o n   o f   t h e   e l e c t m n i c s  

by h igh   p ro ton   f l%x   r a t e s ,   t hus   mak ing  more d i f f i c u l t  a t rue  measure-  

ment o f   t h e   a l p h a   p a r t i c l e   f l u x e s .  One d e s i g n   f e a t u r e   i n  IMP-IV noted 

in   Chap te r  I1 was a h i g h   t h r e s h o l d  mode o f   ope ra t ion   wh ich   i n   p r inc ip l e  

would have  suppressed a number o f   p r o t o n   c o u n t s ,   t h u s   e n a b l i n g   t h e  

count ing  of  a h i g h e r  number o f   a l p h a s .  As i t  t u r n e d   o u t ,   t h e   h i g h  

th re sho ld  AB? sums were  not   t ransmit ted  f rom  the s a t e l l i t e .  Although 

an a r t i f i c i a l  AB? sum could  be  computed  f rom  the  ra t ios  of t o t a l   p u l s e  

h e i g h t   c o u n t s   i n   b o t h  modes  and t h e  low t h r e s h o l d  AB? sum, t h e   a l p h a  

p u l s e   h e i g h t s  were s t i l l  too   scarce   to   compute   reasonable   a lpha   f luxes .  

The v e r y   s c a r c i t y   o f   a l p h a   p a r t i c l e s   n o t e d  made poss ib l e   t he   u se   o f  

a c o m p u t a t i o n a l   t e c h n i q u e   t h a t   u t i l i z e d   t h e  number o f   a l p h a   p u l s e   h e i g h t s  

i n  a g i v e n   e n e r g y   i n t e r v a l  and t h e  time i n t e r v a l   t h a t   t h e   p u l s e   h e i g h t  

b in  was open t o   r e c o r d   a n   e v e n t .   T h e d e r i v a t i o n   o f   t h i s   t e c h n i q u e  i s  

given  in  Appendix D. Using  equat ion  (13)   in   Appendix D, t h e   f l u x   o f  a 

P a r t i c l e   b a s e d  on p u l s e   h e i g h t s   a l o n e  i s  given  by 
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1 
dJ  = I n  [NT/(NT - Ni)] 

where t i s  the   t ime  the   pu lse   he ight   b in  w i l l  a ccep t  a coun t ,  G i s  the  

geometry f a c t o r ,  and AE t h e   e n e r g y   i n t e r v a l .  NT i s  aga in   t he  number of 

pulse  analyzed  counts.   Equation  (15) i s  v a l i d   i n   t h e  limit t h a t  Ni << N ~ .  

The s t anda rd   dev ia t ion   €o r   d J   can  be  computed us ing   equa t ion  (13 )  i n  

Appendix D ,  so  t h a t  

One o t h e r   s t a t i s t i c a l   i t e m  was c o n s i d e r e d   i n   t h e   s h o r t   p e r i o d  

a n a l y s i s .   T h i s  was the  problem of upper limits when there   were no 

coun t s   du r ing   t he   ave rag ing   i n t e rva l .  The procedure  adopted when 

t h e r e  was no count   during  an  averaging  per iod was t o  add  one a r t i f i -  
- 

c i a 1   c o u n t  and  compute t h e   a p p r o p r i a t e   f l u x  on t h e   b a s i s  of t h i s  one 

coun t .   Th i s   f l ux  was then  considered  to   be  the  upper  limit f o r   t h a t  

p a r t i c u l a r   i n t e r v a l   o f   e l a p s e d   t i m e .  

In   Table  111 i s  a  summary of   the  analysis   parameters   used  for  

t h i s   s tudy .   These   va lues   were   u sed   fo r   bo th   t he  box  method  and t h e  

his togram  method  of   analysis .  



I V .  THE OBSERVATIONS 

A. Time H i s t o r i e s  of Low Energy  Proton  Fluxes 

From June  1965  to August 1968 

The pe r iod   conce rned   w i th   i n   t h i s   s tudy   beg ins   w i th   t he   l aunch   o f  

IMP-I11 s p a c e c r a f t   n e a r   t h e  minimum of s o l a r   a c t i v i t y   i n  1965.  There 

i s  a c e r t a i n  amount  of a r b i t r a r i n e s s   i n   s p e a k i n g   o f  a measure  of   solar  

a c t i v i t y .  From a so la r   a s t ronomer ' s   v i ewpo in t   t he  minimum o f   s o l a r  

a c t i v i t y   f o r   t h i s   c u r r e n t   c y c l e   o c c u r r e d   i n   O c t o b e r  1964 as i n d i c a t e d  

by t h e  minimum i n   s u n s p o t  number  shown i n   F i g u r e  2 .  On the   o ther   hand ,  

t h e   c o s m i c   r a y   f l u x   a t   e a r t h  as i n d i c a t e d  by neut ron   moni tor   count ing  

rates reached a f i r s t  maximum i n  A p r i l  1965  and a secondary maximum 

approximate ly-s ix   months   l a te r   in   October   1965.  The c u r r e n t   s t u d y  i s  

concerned  with  the  behavior   of   the  low energy  component  of  cosmic  rays 

du r ing   t he   pe r iod   o f   dec reas ing   ga l ac t i c   cosmic   r ay   f l ux .  

F igu re  17 shows a h i s t o r y   o f   t h e  24 h o u r   p r o t o n   d i f f e r e n t i a l   f l u x e s  

a t  ene rg ie s   o f  29  and 60 MeV f o r   t h e   e n t i r e   p e r i o d   o f   t h i s   s t u d y .   U s i n g  

t h e  results f r o m   t h e   s o l i d   s t a t e   t e l e s c o p e   o n  IMP-IV a t h i r d   f l u x   v a l u e  

computed-a t  12  MeV i s  shown from l a t e  May 1967  up through  the  middle  of 

August  1968  where th i s   s tudy   ends .   Because   o f   the   loss  of communications 

on  IMP-111 t h e r e  i s  miss ing   da ta   f rom 1 May t o  24 May 1967.  There i s  an 

add i t iona l   b lock   o f   da t a   mi s s ing   f rom  th i s   ana lys i s   because   o f  a bad 

data t a p e   f o r   t h e   p e r i o d  from 10 A p r i l   t o  1 May 1967.  This  former i s  

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

pro ton   event  commencing  on 24 May. 

\ 
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The g r o s s   f e a t u r e s   o f   t h e   s o l a r   a c t i v i t y  and product ion   of   ener -  

g e t i c   s o l a r   p r o t o n s   a r e  summarized i n   T a b l e  I V .  I n   t h i s   t a b l e  a semi- 

annual   count   of   the  number o f   s u b s t a n t i a l   i n c r e a s e s   i n   c o u n t i n g   r a t e  

above t h e   q u i e s c e n t   r a t e  of pro tons  i s  t a b u l a t e d   o n   a n   i n t e g r a l   b a s i s .  

The coun t s   i n   each  column a r e   f o r   f l u x e s   g r e a t e r   t h a n   o r   e q u a l   t o  

t h e  column f l u x  head ing   and   t he re fo re   con ta in   a l so   t he  number i n   t h e  

ad jacen t  column t o   t h e   r i g h t .  No account   has   been   taken   in   th i s   t ab le  

as t o  whether   the   increase  was f l a r e   r e l a t e d   o r  a r e t u r n   t o   c e n t r a l   m e r i d i a n  

o f   an   ac t ive   r eg ion ;   however ,   t he   f l uxes   r e f e r   t o   t he   peak   f l ux  

r eached   du t ing   any   o f   t he   i nc reases .  The 29 MeV f l u x  i s  der ived  f rom 

the  lower two boxes of t h e  MED experiment   spanning  the  energy  interval  

18.7 t o  39.7 MeV h e n c e , s h o u l d   c e r t a i n l y   i n d i c a t e   p a r t i c l e s   o f   s o l a r  

o r i g i n .  

Two aspec t s   o f   t he   pe r iod   o f   s tudy   a r e   wor th   cons ide ra t ion .  F i r s t ,  

a maximum i n   a c t i v i t y  as r e f l e c t e d  by the   h igh   f requency   of   l a rge   events  

was r e a c h e d   i n   t h e   f i r s t - h a l f   o f  1967.  This was followed  immediately 

by a minimum i n  number  of even t s   i n   t he   nex t   s ix   mon ths  and then a slow 

r e t u r n   t o  a h igher   number-of   events  by t h e  end  of  1968.  This  large 

maximum followed  by  the minimum i n  1967 i s  p r o b a b l y   r e l a t e d   t o  a con- 

c u r r e n t   d e c r e a s e   i n   q u i e t  time f l u x e s  t o  be  discussed  below. The second 

a spec t   o f   t he   f r equenc ie s  shown i n   t h e   t a b l e  i s  the  monotonical ly   de-  

c r e a s i n g   b e h a v i o r   w i t h   r e s p e c t   t o   p e a k   f l u x   o f   t h e   t o t a l   n u m b e r s   o f  

c o u n t s   o v e r   t h e   e n t i r e   p e r i o d   u n d e r   d i s c u s s i o n .   T h i s   l a t t e r   b e a r s  a 

r e s e m b l a n c e   t o   t h e   f r e q u e n c y   o f   o p t i c a l   s o l a r   f l a r e s   a s  a func t ion   o f  

f l a r e   a r ea   (Smi th   1963) .  

Re tu rn ing   aga in   t o   F igu re   17 ,  i t  i s  seen   t ha t   such   even t s  as a r e  

enumerated i n   T a b l e  I V  represent   enhancements  of a t  l e a s t  a f a c t o r   o f  
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10 above   t he   qu ie t   t ime   r a t e s .  It i s  r easonab le   t o  assume  then  that  

because of t h e   w e l l  known obse rved   co r re l a t ions   o f   t hese   sho r t   t e rm 

p r o t o n   f l u x   i n c r e a s e s   w i t h   s o l a r   a c t i v i t y ,   e i t h e r   i n   t h e   f o r m   o f   f l a r e s  

o r   r e t u r n i n g   s o l a r   a c t i v e   r e g i o n s ,   t h a t   t h e   o r i g i n   o f   p r o t o n s   d u r i n g  

such  events  i s  a lmos t   en t i r e ly   so l a r .   Conver se ly ,  i t  has   been  general ly  

assumed t h a t   d u r i n g   v e r y   q u i e t   s o l a r   p e r i o d s  when p a r t i c l e   f l u x e s   a r e  

a t   t h e i r  minimum observed  values,   the  composition  of  cosmic  rays i s  

p redominan t ly   ga l ac t i c   i n   o r ig in .   Such   so l a r   qu ie t   t imes  would  be 

exempl i f ied  by the  per iods  June  through  September   1965,   October   through 

December  1966 , and  most  of  September  and  October i n  1967. It would  be 

du r ing   t hese ,  or similar, q u i e t   p e r i o d s   t h a t   o n e  would  want t o   s t u d y   t h e  

long term va r i a t ions   o f   cosmic  rays and i n   p a r t i c u l a r   t h e   s o l a r  modu- 

l a t i o n s  of t he   ga l ac t i c   cosmic   r ays .  

It s h o u l d   b e   n o t e d   h e r e   t h a t   a l l ' o b s e r v a t i o n s   o f   s o l a r   f l a r e  

a s soc ia t ed   p ro ton   spec t r a , show a ve ry  steep monotonica l ly   decreas ing  

behav io r   fo r   p ro ton   f l uxes  as a func t ion   o f   k ine t i c   ene rgy .   Wi th   t h i s  

f a c t   i n  mind  and r e f e r r i n g   t o   F i g u r e  1, i t  i s  r e a d i l y   a p p a r e n t   t h a t  

t h e   h i g h e r   e n e r g y   f l u x e s   i n   t h i s   s t u d y   s h o u l d   b e   b e t t e r   a b l e   t o   g i v e  

good s t a t i s t i c s   o n   g a l a c t i c   c o s m i c   r a y s   d u r i n g   q u i e t   t i m e s .  On t h i s  

bas i s   t he   f l ux   w i th   t he   nex t   t o   h ighes t   ene rgy   fo r   t hese   expe r imen t s  

and the  one  just   below i t  are p r e s e n t e d   i n   F i g u r e  18 on a monthly 

basis .  The h ighes t   ene rgy   va lue  was not   used  here   because  of  some 

lack  of  confidence i n  i t s  o v e r a l l   s t a t i s t i c s .   P l o t t e d  on the  same graph 

are  the  monthly  averaged  hourly Deep River   neut ron   counts .  The p ro ton  

flux ave rages   a r e   based   on   t he   qu ie t e s t   f l ux   pe r iods   ava i l ab le   each  

month. There are several months  where no p o i n t s  are presented   s imply  

because of t h e   g r e a t l y   d i s t u r b e d   n a t u r e   o f   t h a t   p e r i o d .  

/ 
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I n exami n i  ng   t he   cosmic   r ay   qu ie t   t ime   behav io r   i n   F igu re  18 

s e v e r a l  marked f e a t u r e s   s t a n d   o u t .   F i r s t   o f  a l l  t he re   appea r s   t o   be  i 

a l a g  of  one t o  two months i n   c o r r e s p o n d i n g   f e a t u r e s   i n   t h e  IlyP p ro ton  

f l u x e s   w i t h   r e s p e c t   t o   t h e   n e u t r o n   r a t e s .   F o r   i n s t a n c e  a b i g  minimum 

i n  neutron  counts  occurs  in  August  1965,  and  the  corresponding minimum 

in   p ro ton   f l ux   does   no t   occu r   un t i l   Oc tobe r .  The second maximum i n  

neu t ron  rates i n  November 1965 i s  followed by the   cor responding   pro ton  

maximum in  January  of   1966.   In   September   of   1966  there  i s  a massive 

Forbush   dec rease ,   wh ich   appea r s   t o   be   r e l a t ed   t o   t he   ab rup t   d rop   i n  

p r o t o n   f l u x e s   i n   O c t o b e r  and  November. I n   t h i s   r e s p e c t  i t  i s  t o   b e  

n o t e d   t h a t   t h e   p r o t o n   f l u x e s   d o   n o t   r e c o v e r   t o   a n y w h e r e   n e a r   t h e i r  

p rev ious  level .  Re fe r r ing   back   t o   F igu re   17d ,  i t  i s  p robab le   t ha t  

t h i s  l a t t e r  behav io r  i s  a s s o c i a t e d   w i t h   t h e   l a r g e   s o l a r   f l a r e   o c c u r r i n g  

on 2 September  1966,  with i t s  r e s u l t a n t   p r o t o n   e v e n t  and g r e a t l y   i n -  

c r eased   p ro ton   f l uxes   t ha t   l a s t ed   t he   r ema inde r   o f   t he   mon th .   Th i s  

lack  of   recovery i s  p o s s i b l y   d i r e c t l y   t h e   r e s u l t   o f  a la rge   change   in  

t h e   i n t e r p l a n e t a r y  medium following t he   Sep tember   so l a r   d i s tu rbance .  

It i s  n o t  as c l e a r   c u t  as t h e   l a g   j u s t   d i s c u s s e d ,   b u t   t h e r e   a p p e a r s  t o  

be some small d i s p l a c e m e n t   i n  time between  the two IMP p r o t o n   f l u x e s .  

{ 

! 
I 

The observed   lags   seen  here wou ld   t end   t o   i nd ica t e  a h y s t e r e s i s   e f f e c t  

i n   t h e   p r o t o n   f l u x e s   w i t h   r e s p e c t   t o   e n e r g y ,  similar t o   t h a t   s u g g e s t e d  by 

Balasubrahmanyan  (1965),  and  Balasubrahmanyan,  Hagge,  and  NcDonald  (1967). 

In   Chap te r  V w i l l  be   p re sen ted  a model  of  the low energy  cosmic  rays 

based  on  the 4 day  averages  of d i f f e r e n t i a l   f l u x e s   s p a n n i n g   t h e   e n e r g y  

i n t e r v a l   f r o m  4.2 t o  81.7 MeV. This  model  and i t s  a n a l y s i s  w i l l  be 

r e s t r i c t e d   t o   t h e  IMP-IV da ta   on ly   wh ich   ex tends  down t o   t h e   l o w e r   e n e r -  

g ies .  A p l o t   o f  these 96 hour  averages f o r  two  of   the   lower   energ ies  
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(one  each  from  the LED and MED experiments) i s  shown i n   F i g u r e  19.  It 

i s  r e a d i l y   a p p a r e n t   t h a t   t h e   f l u x e s   f o r   t h e  two ene rg ie s   t r ack   each   o the r  

q u i t e   w e l l .   F u r t h e r  i t  w i l l  be   no ted   tha t   the   lowes t   energy   va lue   var ies  

considerably  between  widely  separated  extremes,  as compared t o   t h e   h i g h e r  

energy   f lux ,   on  a pe rcen tage   bas i s .   Th i s  la t ter  behavior  may be i n t e r -  

p r e t e d   i n   o n e   o f  two  ways. E i t h e r   t h e   l o w e r   e n e r g y   p a r t i c l e s  are more 

highly  modulated  then at h ighe r   ene rg ie s ,   o r   t he   l ower   ene rgy   f l uxes  

r e p r e s e n t  a l a r g e r  component  of s o l a r   p a r t i c l e s .   I n d e e d   t h i s  i s  t h e  

v e r y   q u e s t i o n   t h a t   t h e   p r e s e n t   s t u d y  w i l l  attempt to   answer.  

In   v i ew  o f   t he  las t  point  noted  above, i t  i s  o f   i n t e r e s t   t o   r e t u r n  

to   F igure   18   and   cons ider   the   re la t ive   changes   for   the  two p r o t o n   f l u x e s  

r e p r e s e n t e d   t h e r e .  It i s  e a s i l y   s e e n   t h a t   t h e   s h o r t  term month t o  month 

changes   a r e   l a rge r   fo r   t he   h ighe r   ene rgy   f l ux .   Fu r the r   t he   l a rge   dec rease  

i n  September 1967 produced a r educ t ion   i n   t he   h ighe r   ene rgy   f l ux   o f   abou t  

2.5 times whereas   the   lower   energy   f lux  was reduced by a f a c t o r   o f  less 

than 2.0. A t  f a c e   v a l u e   t h i s   b e h a v i o r  seems t o  be   j u s t   t he   oppos i t e   o f  

that   encountered  above  for   the 96 hour   p ro ton   f l uxes   a t   l ower   ene rg ie s ,  

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

than  the  lower  energy.  This i s  no t   necessa r i ly   t he   ca se ,   however .  The 96 

hour   averages must r e p r e s e n t  a l l  o f   t h e   d a t a  a t  the   g iven   ene rg ie s   w i th  

no s e l e c t i o n   o f   q u i e t   p e r i o d s ,  and a l s o  i s  a t  t h e  low end  of  the  energy 

in te rva l   where   the   spec t rum  has   been   observed   to   have  a nega t ive   s lope  

as shown i n   F i g u r e  1. On t h e   c o n t r a r y ,   t h e   m o n t h l y   f l u x   a v e r a g e s  shown 

in   F igu re  18 w e r e   t a k e n   f o r   t h e   q u i e t e s t   p e r i o d s   a v a i l a b l e  and l a y   w e l l  

above t h e  minimum a p p e a r i n g   i n   F i g u r e  1. 

i 

The d i f f e rence   i n   t he   mon th ly   ave rages   o f   p ro ton '   f l uxes  a t  t h e  two 

h i g h e r   e n e r g i e s   c a n   a l s o   b e   s a t i s f i e d  by a l t e r n a t e   e x p l a n a t i o n s .   I f  
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t h e   f l u x e s  so presented   a re   p redominant ly  of g a l a c t i c   o r i g i n   t h e n   t h e  

f ac t   t ha t   h ighe r   ene rgy   f l ux   changes   p ropor t iona te ly  more than  the  lower 

must  be i n t e r p r e t e d   a s  a g r e a t e r   e f f e c t   o f   s o l a r   m o d u l a t i o n  on t h e   h i g h e r  

e n e r g i e s   i n   t h e   l i m i t e d   r a n g e   c o n s i d e r e d .   I f  on t h e   o t h e r  hand t h e r e  

were a mono ton ica l ly   dec reas ing   s t eady   so l a r  component i n h e r e n t   i n   t h e s e  

f luxes   then   the   modula t ion   of   the   lower   energy   par t ic les   could  be t h e  

same, o r   g r e a t e r   t h a n ,   t h e   h i g h e r   e n e r g y   p a r t i c l e s  and t h i s   e f f e c t  would 

b e   e f f e c t i v e l y  masked  because  of  the  larger  solar  component a t  the  lower 

energy. 

B. Proton and  Alpha P a r t i c l e   S p e c t r a  

And Cosmic Ray Modulation 

The t ime  dependent  behavior  of  cosmic  rays i s  dominated by  an 11 

year   modula t ion   tha t   has   been   ra ther  well e s t a b l i s h e d   e x p e r i m e n t a l l y   ( s e e  
- 

d i s c u s s i o n   i n   C h a p t e r  I).  By u s i n g   t h e  low energy MED f l u x e s  i t  was 

p o s s i b l e  t o  s c r e e n   t h e   d a t a   o f   b o t h   s a t e l l i t e s   f o r   t h e   q u i e t e s t   t i m e s  

a v a i l a b l e .   U s i n g   t h i s   t e c h n i q u e   s i x   p e r i o d s   a s   t e s t e d   i n   F i g u r e  20 were 

abstracted  f rom  the  data . .   Using  the  his togram  technique  descr ibed  in  

the  last c h a p t e r   t h e   p r o t o n  and a l p h a   p a r t i c l e   f l u x e s  were  determined 

f o r   t h e s e   p e r i o d s .  The r e s u l t s   a r e   p l o t t e d   i n   F i g u r e s 2 0 a  and 21a. 

The p r o t o n   s p e c t r a   p r e s e n t e d   i n   F i g u r e  20a f i r s t  of a l l s h o w   t h a t   o f  

t he   da t a   p re sen ted   t he   June  1965 to   October  1965 per iod and t h e  November 

1965 t o  March  1968 per iod  have  about   the same  minimum  amount of modu- 

l a t ion .   These  two p e r i o d s   r e p r e s e n t   t h e  maximum f l u x e s  a t  t h e  1965 s o l a r  

minimum and are i n   e x t r e m e l y  good  agreement  with  the same e n e r g y   i n t e r v a l  

of  the  spectrum shown i n   F i g u r e  1, which  were  derived by the  Chicago 

group  (Fan e t  a l .   1966a)  and t h e  Goddard  group  (Balasubrahmanyan e t  a l .  

1966a,b) .  The  September to   October  1967  spectrum i s  q u i t e   r e g u l a r  
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excep t   fo r   t he   h ighes t   ene rgy   po in t ,   a l t hough  two s t anda rd   dev ia t ions  

would a l l o w   t h i s  low f l u x .  The most   recent   spectrum,  the  one  for   Apri l  

t o  May 1968,   shows  large  modulat ion  a t   the   high  energies  b u t  a r a t h e r  

pecul iar   double   valued  behavior  a t  t h e  low energy  end. 

In   F igu re  21a again  the  June  to   October   1965  hel ium  spectrum com- 

pa red   ex t r eme ly   we l l   w i th   t he   co r re spond ing   ene rgy   i n t e rva l   i n   F igu re  1. 

The f rac t iona l   modula t ion   be tween  the   p ro tons  and alphas  comparing 

Figures  20b and2 lb  shows t h a t  on the  energy p e r  nuc leon   bas i s   the   p ro-  

t on   f l uxes   a r e   r educed  by a f a c t o r   o f  2 . 7  whi le   the   a lphas   a re   reduced  

by a f ac to r   o f  3.5 dur ing   t he  same t ime ,  It should   be   no ted   tha t   the  

November t o  December  1966 a lpha   spec t rum shows a v e r y   s t e e p  power law 

behavior as compared t o   t h e   o t h e r   a l p h a   s p e c t r a .  

Us ing   the   formula t ion   descr ibed   in   Chapter  I in   equa t ions   (3 )   t h rough  

(7) ,  t h e   l o g a r i t h m s   o f   t h e   r a t i o s  of t h e  minimum f luxes   i n   1965   t o   t he  

f l u x e s   f o r   t h e   o t h e r   p e r i o d s   w e r e   p l o t t e d   i n   F i g u r e s  22 and 23,   €or  

protons and a l p h a   p a r t i c l e s ,   r e s p e c t i v e l y .  As i n d i c a t e d  by Webber (1968) 

the low e n e r g y   c o s m i c   r a y   r a t e s   s h o u l d   f a l l   p a r a l l e l   t o  1 / B  f u n c t i o n s .  

As s e e n   i n   F i g u r e  22 t h e   p r o t o n   l o g a r i t h m i c   f l u x   r a t i o s   h a v e   p o s i t i v e  

s lopes   un l ike   t he   nega t ive   s lope   expec ted .  The a l p h a   d a t a   i n   F i g u r e   2 3  

shows even  more e r r a t i c   behav io r   excep t   fo r   t he   pe r iod   o f   Oc tobe r   t o  

December 1966,  and i n   t h i s   c a s e   t h e   r a t i o s   a r e   p a r a l l e l   t o  a 1/BP f u n c t i o n  

r a t h e r   t h a n   t h e  1/@ expected .  

I n   l i g h t  of t he   ev idence   p re sen ted   i n   t he  last  s e c t i o n   f o r  some 

amount of hys t e re s i s   be tween   f l uxes   o f   d i f f e ren t   ene rg ie s ,   one   migh t  

expec t   the   e r ra t ic   behavior   observed .  I f  s u c h   h y s t e r e s i s   d o e s   e x i s t ,  

then i n   o r d e r   f o r   t h e   s p e c t r a  and t h e s e   m o d u l a t i o n s   t o   r e t u r n   t o   t h e  

forms obse rved   be fo re   so l a r  minimum as desc r ibed  by T)(t)/B  behavior,  



5 2  

then i t  would  be  necessary  for a change   in   the   formula t ion   of   the  

modulation. It i s  a t   l e a s t   a p p a r e n t   t h a t   t h e   a c c e p t e d   m o d u l a t i o n  

t h e o r i e s  do no t   app ly   du r ing   t he   pe r iod   unde r   d i scuss ion .  

As a t e n t a t i v e   e x p l a n a t i o n   t o   t h i s   p r o b l e m   c o n s i d e r   e q u a t i o n   ( 6 )  

in   Chapter  I ,  

wi th  A T  = T ( t ' )  - v ( t ) .  The exponen t   i n   equa t ion  ( 5 )  i n   Chap te r  1 i s  

j u s t  

1 A . U .  

Jok ip i i   ( 1966)  and Roelof  (1967)  have  independently shown t h a t   t h e   d i f -  

f u s i o n   c o e f f i c i e n t  K i n   t h e   i n t e g r a n d   o f  ( 2 )  i s  r e l a t e d   t o   t h e  power 

spectrum  of spa t i a l  i r r e g u l a r i t i e s   i n   t h e   i n t e r p l a n e t a r y   m a g n e t i c   f i e l d .  

In   other   words,   they  have  found a means  of r e l a t i n g  a proper ty   o f   the  

medium t o   t h e   p r o p a g a t i o n   o f   t h e   p a r t i c l e s .  

The fo rm  o f   i he   d i f fus ion   coe f f i c i en t   de r ived   f rom  theo ry  may be 

expressed  as 

where  $c i s  t h e   p a r t i c l e   v e l o c i t y ,  and KO d e s i g n a t e s   t h e  wave  number 

c o r r e s p o n d i n g   t o  a p a r t i c l e   w i t h   g y r o - r a d i u s  ro: 
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The  power spectrum M(K) o f   t h e   s p a t i a l   v a r i a t i o n s  i s  r e l a t e d   t o   t h e  

t ime  var ia t ions   "seen"  by a s a t e l l i t e  by 

where  the  frequency and wave  number s a t i s f y  

f = - K  W 

2n 

Measurements   of   the   magnet ic   f ie ld   in   space  (Webber ,  1968), have shown 

t h a t  

- 
With t h i s  form  of power s p e c t r u m ,   t h e   d i f f u s i o n   c o e f f i c i e n t   i n   e q u a t i o n  

( 3 )  has  the  form 

and h e n c e   i n  (1): 

m e   c o n t r a r y   r e s u l t s   e x h i b i t e d  by t h e   p r o t o n   s p e c t r a   s i n c e   s o l a r  

minimum i n   F i g u r e  22 show t h a t   t h e   p r e s e n t   t h e o r y  must  be modified SO 

t h a t  

f (P,B) OC l / p n  
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where  the AM r e p r e s e n t s   t h e   c h a n g e   i n   t h e  power s p e c t r u m   s i n c e   s o l a r  

minimum'unt i l   the   measurement   of   the   re la t ive  modulat ion.  n must  be 

1, o r   g r e a t e r , t h e n   f o r   t h e   o b s e r v e d   f l u x   r a t i o s   t o   e x h i b i t   t h e   f o r m  

p r e d i c t e d  by t h e o r y .  

C .  Comparison  of   Quietest  Time Energy  Spectra 

From IMP-IV w i t h   S o l a r  Minimum Spectrum 

Refe r r ing   ahead   t o   F igu re   39 ,  i t  i s  r e a d i l y   s e e n   t h a t   d u r i n g   s e v e r a l  

time i n t e r v a l s   i n   S e p t e m b e r  and   Oc tobe r   1967   t he   d i f f e ren t i a l   f l ux   o f  

protons a t  5 . 2  MeV was a t  a minimum. Examination of t h e s e  two months  of 

p r o t o n   a n d   a l p h a   p a r t i c l e   f l u x e s   i n   d e t a i i  showed an   in te rva l   f rom  October  11 

through  October 26 when t h e   a l p h a   p a r t i c l e   c o u n t i n g  ra te  almost   vanished 

i n   t h e  LED t e l e s c o p e .   T h i s   p e r i o d   t h e n  was t a k e n   t o   r e p r e s e n t   t h e  time 

o f   l e a s t   s o l a r   a c t i v i t y   o n   t h e   b a s i s   o f   t h e  low e n e r g y   a l p h a   p a r t i c l e  

f l u x e s .  

A combination  of  methods was u s e d   t o , o b t a i n   t h e   f l u x e s   d u r i n g   t h i s  

pe r iod .  Where coun t ing  ra tes  almost   vanished,   but   were s t i l l  non-zero,  

t h e   f l u x e s  were computed  from  the  few  counts that  f e l l   i n t o  an  energy  bin 

and   t he   t o t a l   accumula t ion   on - t ime   fo r   t he   pe r iod .   In   t he   ca ses   where  no 

counts   occur red ,   one   count  was assumed.  This  one  count was used  to   compute 

an  upper l i m i t  t o  the f lux .   For   h igher   count ing   ra tes ,   the   box   f luxes   were  

a v e r a g e d   f o r   t h e   p e r i o d   i n   q u e s t i o n .  

The pro ton   energy   spec t rum  obta ined   in   the   manner   d i scussed  i s  d i s -  

p l ayed   i n   F igu re  20 ( b ) ,  and t h e   a l p h a   p a r t i c l e   s p e c t r u m  i s  shown i n  

Figure  21  (b) .   Superimposed  on  each  of   these  plots  i s  a so l id   cu rve   r ep -  

resent ing   the   cor responding   1965  qu ie t   t ime  composi te   spec t rum  (Gloeckler  

and Jokipi i ,   1967) .   These  composi te   curves  are i d e n t i c a l   t o   t h e   s p e c t r a  

i n d i c a t e d   i n   F i g u r e  1. As one  would  expect,   the 1967 s p e c t r a   o c c u r r i n g  
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d u r i n g  a t ine o f ' i n c r e a s i n g   s o l a r   a c t i v i t y  show apprec iab le   modula t ion .  

Also they show a low e n e r g y   " t a i l "   w h i c h ,   i n   l i g h t  of t h e  material  t o  

f o l l o w   i n   C h a p t e r  V ,  i s  most  probably of s o l a r   o r i g i n .  I f  o n l y   t h e  

i n c r e a s i n g   p a r t s  of t h e s e  1967 s p e c t r a  are compared wi th   t he   1965   spec t r a ,  

one finds t ha t   t he   modu la t ion  of t h e   p r o t o n s  and a lphas  i s  by a f a c t o r  

of 1.86 and 2 . 2 3 ,  r e s p e c t i v e l y ,  a t  50 NeV/nucleon. 

i 



V .  A TWO COMPONENT MODEL FOR LOW ENERGY 

COSMIC  RAYS AND ITS IMPLICATIONS 

A. The Model 

Q u a l i t a t i v e   e x a m i n a t i o n   o f   t h e  low energy   pro ton   f luxes   dur ing  

v e r y   q u i e t  times i n  1967 ,   fo r   i n s t ance   i n   Sep tember   i n   F igu re   17   (g ) ,  

show t h a t   t h e r e   s e e m s   t o   b e  a v e r y   n o t i c e a b l e   r e l a t i v e  minimum a t  

around 30 MeV. I f  a s l i g h t l y  more a c t i v e   p e r i o d  i s  examined,   say  in  

August 1967 i n   t h e  same f i g u r e ,  i t  i s  a p p a r e n t   t h a t   t h e   l o c a l  minimum 

d i s a p p e a r s  as the   lowes t   energy   f luxes   begin   to   dominate .   Fur ther ,  i t  

i s  n o t i c e d   t h a t   t h e   l o w e s t   e n e r g y   f l u x   i n c r e a s e s   b y   s e v e r a l   o r d e r s   o f  

m a g n i t u d e   w h i l e   t h e   a d j a c e n t   f l u x   i n c r e a s e s  by a much sma l l e r  amount 

and t h e   h i g h e s t   e n e r g y   f l u x  by even less .  This   behavior   immediately 

suggests   that   what   one may be   obse rv ing   i n   t he   ene rgy   r ange   cons ide red  

i s  a monotonica l ly   decreas ing   spec t rum  of   par t ic les   tha t   undergoes   l a rge  

v a r i a t i o n s   a d d e d   t o  a r e l a t i v e l y   s t a b i l e   m o n o t o n i c a l l y   i n c r e a s i n g   s p e c -  

trum o f   p a r t i c l e s .  The admixture  of  these  components  would seem t o   b e  

spec t rum  in   F igu re  1 e x h i b i t s  a minimum a t  a b o u t   t h i s  same energy.  

It i s  v e r y   d i f f i c u l t   n o t   t o   i m m e d i a t e l y   i d e n t i f y   t h e   d e c r e a s i n g  low 

energy  component as o r i g i n a t i n g   i n   t h e   s u n  and t h e   i n c r e a s i n g  component 

as b e i n g   o f   g a l a c t i c   o r i g i n .   S o l a r   p r o t o n   f l u x e s   t h a t  are known t o  be 

a s s o c i a t e d   w i t h   f l a r e s  a l l  have   very   s teep   monotonica l ly   decreas ing  

s p e c t r a .   F u r t h e r , i t   h a s   b e e n   g e n e r a l l y  assumed t h a t   t h e   h i g h e r   e n e r g y  

p a r t i c l e s  were of g a l a c t i c   o r i g i n  as i n   F i g u r e  1. It does  not  seem 

56 
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u n r e a s o n a b l e   t o  assume  then  that  a t  l e a s t   p a r t  of  the  cosmic  rays  below 

t h e   r e l a t i v e  minimum i n   F i g u r e  1 a r e   o f   s o l a r   o r i g i n .  Fan e t  a l .  (1968, 

1969)  have  suggested  that   the  lowest  energy  proton  f luxes  observed by 

them below  10 MeV might   conta in  a s o l a r  component. 

With  the  above  observat ions  in   mind,  i t  i s  then   poss ib l e   t o   con -  

s t r u c t  a two  component  model  of  the low energy  cosmic  rays  which , a s  

w i l l  be s e e n   l a t e r ,   f i t s   t h e   o b s e r v a t i o n s   r e m a r k a b l y   w e l l .   S o l a r   f l a r e  

proton  spectra   have  been shown t o   f i t  a n   e x p o n e n t i a l   r i g i d i t y  law f o r  

a w i d e   r a n g e   o f   r i g i d i t i e s   ( F i c h t e l  and  McDonald, 1967),   but  over a 

l imi t ed   ene rgy   r ange   can   equa l ly   we l l   be   f i t t ed   t o  a power law i n  

energy,   e .g .  

J ( E )  = J O E  - s  
( 1 ) .  

I t  would  seem r e a s o n a b l e   t h e n   t o  assume t h e  same  form f o r   t h e   q u i e t  

time s o l a r   f l u x e s   t h a t  would a p p l y   t o   t h e  model   being  discussed.  

Fu r the r ,  a power law i n   e n e r g y   w i t h  a pos i t ive   exponent   could   equal ly  

w e l l   a p p l y   t o   t h e   i n c r e a s i n g ,   o r   g a l a c t i c ,  component i n   t h e   l i m i t e d  

ene rgy   i n t e rva l   be ing   cons ide red ,   even   t hough   above   t h i s   i n t e rva l  i t  

w i l l  no l o n g e r   h o l d   t r u e .  Very  simply,  then,  such a model may be 

expressed as 

- s  G J (E)  = Fs E + FG E 

where FS and FG a re   t he   va lues   o f   t he   f l uxes  a t  u n i t   e n e r g y ,   f o r   t h e  

s o l a r  and ga lac t i c   componen t s ,   r e spec t ive ly ,  and S and G a r e   t h e  

magnitudes of t h e  power law i n d i c e s   i n   t h e  two c a s e s .   D i f f e r e n t i a t i n g  

(2 )  w i t h   r e s p e c t   t o  E and s e t t i n g   t h e   r e s u l t   e q u a l   t o   z e r o ,  one  ob- 

t a ins   fo r   t he   ene rgy  a t  minimum f l u x  



58 

Asympot i ca l ly   on   e i the r   s ide   o f   t he  minimum, t h e   f l u x  becomes  dominated 

by one  component, o r   t h e   o t h e r ,   s i n c e  

J 2 F E  S -’ f o r  E e 

and 
G 

J 2 F E  
G 

f o r  E > Emin 

The four   independent   parameters   descr ib ing   th i s   model ,  FS, FG, S ,  and 

\1. -- -A? ?C 5Ei tF> : s  3 l  tics. It is t2 be  e ~ e t t e d  t?-zt 1; ZZ? S * ~ i l l  - 

vary  more r a p i d l y   s i n c e   t h e y  are r e l a t e d   t o   t r a n s i e n t   s o l a r   p h e n o a e n a ,  

and  the  galact ic   component  w i l l  show on the   ave rage   on ly  a comparat ively 

slow v a r i a t i o n ,   p r o v i d e d   t h e   a v e r a g i n g  time i s  long  enough t o  remove 

t r a n s i e n t   m o d u l a t i o n   e f f e c t s .   I f   i n d e e d   t h e   g a l a c t i c  component i s  

r e l a t i v e l y   c o n s t a n t   f o r   s h o r t   p e r i o d s ,   t h e n   t h e   e n e r g y  a t  which  the 

minimum i s  observed  shou’id  be  almost  entirely  dominated by t h e   v a r i a -  

t i o n s  of t he   so l a r   componen t .   E l imina t ing  FS between  equat ions ( 2 )  and 

(3)  o n e   o b t a i n s   t h e  r e s u l t  t h a t  

G 
Jmin = ( 1  + G/S) FEEmin ( 6 ) .  

I f   t h e   g a l a c t i c  component i s  r ep resen ted  by JG then   equa t ion  ( 6 )  may be 

expressed as 

Hence, i f  indeed  the  observed  spectrum i s  due t o  a r a p i d l y   v a r y i n g   s o l a r  

component p l u s  a r e l a t i v e l y   c o n s t a n t   g a l a c t i c   c o m p o n e n t ,   t h e n   e q u a t i o n  ( 7 )  

i s  t o  be  taken as a p r e s c r i p t i o n   f o r   c o m p u t i n g   t h e   g a l a c t i c  component 

from a series of  measurements of Jmin, Emin ,  S ,  and G .  
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1 It i s  now p o s s i b l e   t o  summarize  the  assumptions a n d  p r e d i c t i o n s  of  

this   model .   With  only  the  basic   assumption  that   equat ion ( 2 )  r e p r e s e n t s  

the   cosmic   ray   f luxes   in  some l imi ted   energy   range   conta in ing   the  re la-  

t i v e  minimum i t  f o l l o w s   t h a t  

t 1. The lowest-energy  f luxes  and  highest-energy  f luxes  should  be 

3 r e l a t ive ly   i ndependen t   o f   each   o the r ,  
'1 

I* 
i 

2 .  On e i t h e r   s i d e  of the   re la t ive   min imum, the   f luxes   should  

asymptot ical ly   approach  the  s imple  power- law  form as given by 

equa t ions  ( 4 )  and ( 5 ) .  

If i n   a d d i t i o n  i t  i s  a l s o  assumed t h a t   t h e   s o l a r  component w i l l  e x h i b i t  

greater  magnitude  and more r a p i d l y   v a r y i n g  time dependence  than  the 

ga lac t ic   component ,   then   the   fo l lowing   a re   a l so   p red ic ted :  
$ 2 
B - 

3 .  The l o c a t i o n   o f   t h e   r e l a t i v e  minimum w i l l  b e   c l o s e l y   r e l a t e d  

to   the   lowes t   energy   f luxes ,   and .a lmost   independent   o f   the   f luxes  

a t   h i g h   e n e r g i e s ,  as long as t h a t  minimum f a l l s  between  the  f luxes 

a t   t h e  two extremes.  It should   be   no ted   tha t  when t h e   s o l a r  com- 

ponent  becomes large  enough,  i t  should   even   dominate   the   h igher  { 
8 
4. 

3. energy  f luxes.  

j 
$ 
$. 

4 .  The envelope   of   the   var ious  minimum f luxes   t aken   ove r  a pe r iod  

of t ime   shou ld   t r ace   ou t  a power .law f u n c t i o n   r e l a t e d   t o   t h e   g a l a c -  

t i c  component  by t h e   r e l a t i o n   g i v e n   i n   e q u a t i o n  ( 7 ) .  

With the  above p i c tu re  o f   t h e  two  component  model i n  mind, i t  was 

possible t o  compare t h i s  model to   observed   pro ton   and   a lpha   par t ic le   spec-  

t ra .  

E. Leas t   Squa res   F i t t i ng  of  Model t o  Data 

I n   o r d e r   t o  compare  the  model   presented  in   the las t  s e c t i o n   t o   t h e  

ebserved d a t a ,  i t  was n e c e s s a r y   t o   s y s t e m a t i c a l l y   f i t   t h e   m a t h e m a t i c a l  
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f o r m u l a t i o n   g i v e n   t o   t h i s   d a t a   i n   o r d e r   t o   d e t e r m i n e   t h e   f o u r   p a r a m e t e r s  

FS, FG, S ,  and G. Seve ra l   i ndependen t   me thods   o f   cu rve   f i t t i ng   were  

t r i ed   ou t   be fo re   one   me thod  was adapted as g iv ing   the   mos t   se l f   con-  

s i s t e n t  results.  The  method  used was c o n v e n i e n t l y   a v a i l a b l e   i n   t h e  

form  of a F o r t r a n   l a n g u a g e   s u b r o u t i n e   t h a t  made i t  p o s s i b l e  t o  p e r f o m  

t h e   c a l c u l a t i o n s   o n  a h igh   speed   d ig i t a l   compute r .  

The a lgor i thm  used  i s  c o m p l e t e l y   g e n e r a l   i n   t h a t  no spec ia l   func -  

t i ons   mus t   be   u sed   t o   exp res s   t he   des i r ed   func t ion .  The method i s  f u r -  

t h e r   v e r y   g e n e r a l   i n   t h a t   a n y   f u n c t i o n   w h i c h  i s  a good  measure  of 

goodness  of f i t  between  the  computed  and  observed  values,  such as "chi-  

squa red , "  may be  used  for   computat ion.  The p r o c e s s   i n   e s s e n c e  steps 

e a c h   p a r a m e t e r   o f   t h e   d e s i r e d   f u n c t i o n   i t e r a t i v e l y   u n t i l   t h e   f i t  mea- 

sure r eaches  a re la t ive  minimum. Af te r   va r i a t ion   o f   one   pa rame te r  

ach ieves  a minimum, then   the   next   parameter  i s  va r i ed .   Th i s   p rocedure  

i s  c a r r i e d   t h r o u g h   f o r  two c y c l e s   o f   v a r i a t i o n   u s i n g  a process  of  para- 

i 

i 

bo l i c   i n t e rpo la t ion   abou t   t he   min ima   and   i nc reas ing  and d e c r e a s i n g   t h e  

s t e p  s i z e  as n e c e s s a r y .  

For  convenience i t  was d e c i d e d   t o   u s e  as the  measure  of  goodness 

of f i t   a n   e x p r e s s i o n   f o r   " c h i - s q u a r e d "   g i v e n   b y  

k-here f(si) r e p r e s e n t s  the t h e o r e t i c a l   f u n c t i o n  t o  b e   f i t t e l ,  t'ze >-+ a r e  

the l e p c l e r ~ t   3 5 s e r ~ e l  x-aria3les, t3-e x: L are t?.e i z l e p e n d e c t  crksert-ed 

v a r i a b l e s ,  and the dyi are t h e   s t a n d a r d   d e v i a t i o n s   o r   m e a s u r e d   e r r o r s .  

N i s  the number of d a t a   p o i n t s  so t h a t   i f  P r e p r e s e n t s   t h e  number of 

f r e e   p a r a m e t e r s   i n   f ( x i ) ,   t h e n   t h e   d i s t r i b u t i o n   r e p r e s e n t e d  by xa should 

& 



have a maximum a t  

Ey us ing  x’ t h e n  as the func t ion   to   be   min imized ,  i t  was p o s s i b l e   t o  

ob ta in  a t  t h e  same time a d i r e c t  measure of   the  goodness   of  f i t .  Ex- 

p l i c i t l y   t h e   f o r m   o f  

Xa = 

equat ion   used  was 

10 
C [FS Ei - s  -I- FG Ei G - J . I ” / O i 2  
i= 1 1 

I d e a l l y  i t  would  have  been o f  g r e a t   i n t e r e s t   t o  t r e a t  as s h o r t  time 

averages  of   the   f luxes as p o s s i b l e   i n   o r d e r   t o   a s c e r t a i n  a h i g h   r e s o l u t i o n  

p ic ture   o f   the  time dependence of t h e   m o d e l .   I n   a n   i n i t i a l   a t t e m p t  24 

hour averages 0% t h e  10 d i f f e r e n t i a l   f l u x e s   f o r   t h e   p r o t o n s  and 7 v a l u e s  

f o r   t h e   a l p h a   p a r t i c l e s  were t r i e d ,   b u t  i t  was f o u n d   t h a t   t h e   o v e r a l l  

s t a t i s t i c a l   a c c u r a c y  was too   poor   t o   g ive   mean ingfu l  resu l t s .  It  tu rned  

out  that  96 hour averages o f   t he  same da ta   gave   very  good r e s u l t s  and 

hence t h e   r e s u l t i n g   a n a l y s i s   o f   t h e   d a t a   w i t h   r e s p e c t   t o   t h e   m o d e l  was 

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

Since  the  computations were performed  on a d i g i t a l   c o m p u t e r ,  i t  was 

poss ib l e   t o   code   i n to   t he  same program  the   necessary   ou tput   formats   to  

make i n t e r p r e t a t i o n s  as s imple as p o s s i b l e .  The a n a l y s i s  was a p p l i e d  

o n l y  t o   t h e  IMP-IV da ta   cove r ing   t he   pe r iod   f rom 24 May 1967 t o  18 

August 1968, so that   the  model  could  be  examined a t  as h igh  a r e s o l u t i o n  

as poss ib l e   i n   t he   ene rgy   i n t e rva l   f rom 4 t o  80 MeV. S i n c e   t h e r e  were 

451 days   o f   cont inuous   da ta   inc luded   in  the a n a l y s i s ,   t h e r e  were 113 

sepa ra t e   spec t r a   each   fo r  the p ro ton  and a l p h a   p a r t i c l e   f l u x e s   t h a t   w e r e  

f i t t e d .  It i s  n o t   p a r t i c u l a r l y   i l l u m i n a t i n g   t o   m e r e l y   d i s p l a y   1 1 3   g r a p h s  



6 2  

o f   t h e   f i t t e d   c u r v e s ,   o r   a l t e r n a t i v e l y   1 1 3   s e t s   o f   t h e   f o u r   p a r a r r e t e r s  

FS, FG, S,  and G ,  a l t h o u g h   t h e s e  were p roduced   d i r ec t ly  and  have a 

c e r t a i n   v a l u e .   R a t h e r  i t  was e x p e d i e n t   t o   p e r f o r m   d i r e c t l y   o n   t h e  

f i t t e d   s p e c t r a   t h e   r e q u i s i t e   c o m p a r i s o n s  and a d d i t i o n a l   c a l c u l a t i o n s  

t o  conc i se ly   compare   t he   r e su l t s   w i th   t he   p red ic t ions  of the  model.  

The procedure was as f o l l o w s .   F i r s t  the least  s q u a r e s   f i t t i n g  as 

desc r ibed  was c a r r i e d   o u t   p r o v i d i n g  the b e s t   v a l u e s   o f   t h e   f o u r   p a r a -  

meters i n   q u e s t i o n   f o r   e a c h   o f  the 113 p r o t o n   a n d   a l p h a   p a r t i c l e   s p e c t r a .  

Next t h e  minimum f l u x  and the   energy  a t  minimum flux  were  determined 

n u m e r i c a l l y   u s i n g   t h e   f i t t e d   v a l u e s  of the   func t ion .   Fo r   each  96 hour 

set  o f   p r o t o n   a n d   a l p h a   s p e c t r a ,  a t a b l e  was produced  containing among 

o t h e r   q u a n t i t i e s   t h e   o b s e r v e d   f l u x e s ,   e n e r g i e s ,   s t a n d a r d   d e v i a t i o n s ,  

computed f l u x e s ,   f i n a l   v a l u e s   o f   t h e   f u n c t i o n   p a r a m e t e r s ,  minimum f l u x ;  

energy a t  minimum f l u x ,  and x2 . . A t  t h e  same time a graph of t h e  com- 

p u t e d   s p e c t r a   f o r   b o t h   t h e   p r o t o n s   a n d   a l p h a   p a r t i c l e s  was made. I t  

c o n t a i n e d   t h e   d a t a   p o i n t s   w i t h   e r r o r   b a r s   s u p e r i m p o s e d  on t h e   f i t t e d  

c u r v e s .   I n   a d d i t i o n   t h e   r a t i o s   o f   h e l i u m   t o   p r o t o n   f l u x e s  were computed 

f o r  a number of values   of   energyfnucleon  and a g raph   o f   t hese   r e su l t s  

- 

were  produced. 

A f t e r  the above 

t r e a t e d   c o l l e c t i v e l y  

r e s u l t s .   G r a p h s   f o r  

computations were performed,   the resul ts  were 

i n   o r d e r   t o  examine  the  mult i tude  of   computed 

both   p ro tons   and   he l ium  nuc le i  were produced show- 

i n g   t h e   f o l l o w i n g   c o r r e l a t i o n s :  

1. The f l u x  a t  maximum e n e r g y   v e r s u s   t h e   f l u x  a t  minimum energy.  

2 .  The f l u x  a t  minimum energy   versus   the   energy  a t  minimum f l u x .  

3 .  The f l u x  a t  maximum energy   versus   the   energy  a t  minimum f l u x .  

4 .  The minimum f l u x  versus the   energy  a t  minimum f l u x .  
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5. The  power  law i n d i c e s  v e r s u s   t h e   f l u x   a t  minimum energy .  

6.  The  power  law i n d i c e s   v e r s u s   t h e   f l u x   a t  maximum energy.  

With t h e  resu l t s  in   the  above  descr ibed  form,  i t  was t h e n   p o s s i b l e   t o  

examine t h e   r e s u l t s   i n  a meaningful  manner. 

C .  I n t e r p r e t a t i o n   o f  Results 

S ince  i t  i s  n o t   f e a s i b l e   t o   p r e s e n t   a l l   o f   t h e   g r a p h i c   r e s u l t s  of t h e  

cu rve   f i t t i ng   he re in ,   fou r   r ep resen ta t ive   g raphs   showing   p ro ton   and   a lpha  

p a r t i c l e  spectra are  shown i n   F i g u r e  25.  Going  from l e f t   t o   r i g h t  and 

top t o  bottom,  these show t h e   a c t u a l   d a t a   a n d  computed s p e c t r a   f o r   f o u r  

per iods   having   progress ive ly  less amounts of t h e  low energy  components. 

As would be   expec ted ,   t hese   co r re spond   t o   p rog res s ive ly   qu ie t e r  times of 

s o l a r   a c t i v i t y .  It w i l l  be   no ted   tha t   indeed   these   log- log   p lo ts   o f  

observed  data show s t r a i g h t   l i n e   b e h a v i o r  on e i t h e r  s i d e  of  the   min i -  

mum. F u r t h e r ,  i t  is  t o  b e  no ted   t ha t   t he   h igh   ene rgy  component i s  com- 

p l e t e l y  masked  by t h e   h i g h . l e v e 1   o f   t h e   s o l a r  component f o r   t h e  13-17 J u n e  

p e r i o d .   A l s o   i n   t h e   o t h e r   t h r e e   g r a p h s   t h e   l e v e l   a n d   s l o p e   o f   t h e   g a l a c t i c  

component r e m a i n s   q u i e t   c o n s - t a n t .   T h i s   l a t t e r  i s  c o n s i s t e n t   w i t h   t h e  

assumptions made f o r   t h e  model.  The  alpha par t ic le  s p e c t r a   a r e   s e e n  t o  

have e s s e n t i a l l y   t h e  same b e h a v i o r   a s   t h o s e   f o r   t h e   p r o t o n s .  

F igure  26(a)  d i s p l a y s   f o u r   r e p r e s e o t a t i v e   a l p h a - t o - p r o t o n   r a t i o   p l o t s  

f o r   t h e  same d a t e s   a s   F i g u r e  2 5 .  A l l  of t h e   r a t i o   p l o t s  show l a rge   t ime  

va r i a t ions   w i th  no a p p a r e n t   r e g u l a r i t i e s .  A p l o t  of t h e  means  and s t anda rd  

d e v i a t i o n s   € o r   s e v e r a l  d i scre te  e n e r g i e s  is  shown i n   F i g u r e   2 6 ( b ) .  Two 

impor tan t   fea tures   exhib i ted   by   th i s   long  term average  are  

(1) A maximum r a t i o  of  about .2 a t  50 MeV/nuc leon, 

( 2 )  A d e c r e a s e  i n  t h e   s i z e  o f   t h e   v a r i a t i o n s   f o r   i n c r e a s i n g   e n e r g y .  

Studies of f l a r e   a s s o c i a t e d   e v e n t s   ( F i c h t e l   a n d  McDonald, 1967)  show t h a t  

P 
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t he   a lpha - to -p ro ton   r a t io   va r i e s   be tween   abou t   and  10". A t  g a l a c t i c  

cosmic   ray   energ ies  (Webber,  1967) t h e   r a t i o  i s  r e l a t i v e l y   c o n s t a n t   a t  10" 

a f t e r   f a l l i n g  from a b o u t   . 2   a t  60 MeV/nucleon.  The  decrease i n   s i z e  of  the  

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

r a t i o s   b e i n g   p r i m a r i l y   d u e   t o   s o l a r   p a r t i c l e s ,   w h i l e   t h e   h i g h e r   e n e r g y   r a t i o  

is  more l i k e l y   o f   g a l a c t i c   o r i g i n .  The  observed maximum i n   t h e   r a t i o  and 

decrease  above  50  MeV/nucleon i s  c o n s i s t e n t   w i t h   o b s e r v e d   r a t i o s   f o r  

g a l a c t i c   p a r t i c l e s .  

As has   a l ready   been   sugges ted ,   the   lowes t   energy   f lux   should   p rob-  

a b l y   c o n s i s t   m o s t l y   o f   s o l a r  par t ic les  and t h e   h i g h e s t   e n e r g y   f l u x   o f  

ga l ac t i c   p ro tons .   The  76.4 MeV pro ton   f l ux  i s  p l o t t e d   v e r s u s   t h e   5 . 2  MeV 

f l u x   i n   F i g u r e   2 7 .  Up t o   abou t  a f l u x   o f  lo'* p ro tons / s  cm2 s r  MeV a t  

5.2 MeV, t h e r e   a p p e a r s   t o   b e  no co r re l a t ion   be tween   t he  two e n e r g i e s .  

Above t h i s   f l u x   v a l u e   t h e   c o r r e l a t i . o n  becomes q u i t e  good.  This  behav- 

i o r  i s  c o n s i s t e n t   w i t h   t h e   p r e d i c t i o n   t h a t   d u r i n g   q u i e t  times t h e  two 

extremes of   the  spectrum come from  independent   sources .  

With  the  assumptions made i n   t h e   f i r s t   s e c t i o n ,   t h e  model p r e d i c t s  

t h a t   f o r  a r e l a t i v e l y   c o n s t a n t   g a l a c t i c  component t ha t   t he   l owes t   ene rgy  
1 

f l u x   s h o u l d   c o r r e l a t e   v e r y  well w i t h   t h e   e n e r g y  a t  minimum f l u x   w h i l e   t h e  

f l u x  a t  the   h ighes t   energy   would  show p o o r   c o r r e l a t i o n   w i t h   t h i s   e n e r g y .  

T h i s  i s  v e r y   s t r i k i n g l y   t h e   e f f e c t   t h a t  i s  b r o u g h t   o u t   i n   F i g u r e s  28  and 

29. F igu re  28  shows ex t r eme ly  good co r re l a t ion   be tween   t he  5.2 MeV f l u x  

and  the  energy a t  minimum f l u x ;   w h i l e   t h e   f o l l o w i n g   f i g u r e  shows almost  

no co r re l a t ion   be tween   t he   76 .4  MeV f l u x  and t h e   e n e r g y   a t  .minimum f l u x .  

I n   F i g u r e  30 i s  shown a monotonical ly   increasing  dependence  of   the 
-3 

.b minimum f l u x  as  a func t ion   o f   t he   ene rgy  a t  minimum f l u x .  A s  pointed 

o u t  ea r l i e r ,  i f   t h e  model is  co r rec t   t hen   such   an   i nc reas ing   dependence  

s h o u l d   b e   r e l a t e d  t o  t h e   g a l a c t i c  component  by  equation  (7).  The s l o p e  
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of t h e   d i s t r i b u t i o n   i n   t h i s   p l o t  i s  approximately 1 which i s  in   ex t r eme ly  
+ 
1 good agreement  with the s l o p e s   o f   t h e  two q u i e t  time galact ic   components  

J shown i n   F i g u r e  25. I f  one   t akes  a v a l u e   o f  J EZ a t  10 2 MeV i n  

[ 

min 

4 Figure  30,   and  nominal  values  of G and S of 1 and 3 r e s p e c t i v e l y ,   t h e n  

from e q u a t i o n   ( 7 )  J z .75 Jmin 5 .75 x which i s  q u i t e   c l o s e   t o   t h e  
I G 

\ v a l u e s   f o u n d   i n   t h e  l a s t  two p l o t s   i n   F i g u r e   2 5 .  

I n   t h e   n e x t  two p l o t s ,   F i g u r e s  31 and  32, are shown t h e   d i s t r i b u -  

t i o n   o f   t h e  power law i n d i c e s  as a func t ion   o f   t he   l ow  ene rgy   f l ux  and 

h igh   ene rgy   f l ux ,   r e spec t ive ly .   Wi th   r e spec t   t o  low e n e r g y   f l u x ,   t h e r e  

a p p e a r s   t o   b e   n o   s y s t e m a t i c   f e a t u r e   i n   e i t h e r   i n d e x   e x c e p t   f o r   a n   i n d i c a -  

t ion   o f  a v e r y   s l i g h t   a n t i c o x r e l a t i o n   b e t w e e n   t h e   p o s i t i v e  values o f  S 

and the  low e n e r g y   f l u x .   T h i s   l a t t e r   c a n   b e   i n t e r p r e t e d  as a hardening 

of the   spec t rum  dur ing  times o f   h i g h e r   s o l a r   a c t i v i t y .  The c o r r e l a t i o n s  

o f   t he   i nd ices   w i th   h igh   ene rgy   f l ux  are e i t h e r   n o n - e x i s t e n t ,   o r   v e r y  

= 

small 

It would be   expec ted   f rom  the   behav io r   exh ib i t ed   qua l i t a t ive ly  by 

t h e   a l p h a   p a r t i c l e   s p e c t r a   i n   F i g u r e  25 tha t  e s s e n t i a l l y   t h e  same behav- 

i o r  would h o l d   f o r   t h e s e   p a r t i c l e s  as wel l .  I n d e e d   t h i s  i s  so  f o r   t h e  

most part with a f e w   s i g n i f i c a n t   d i f f e r e n c e s .   F i g u r e   3 3  shows no c o r r e l a -  

t ion  between  the  high  and low energy   f lux   up   to   about  a value of 

p a r t i c l e s l s  cm2 sr MeV/nucleon f o r   t h e   5 . 2  MeV f l u x .  Above t h i s  v a l u e  

t h e r e   a p p e a r s   t o   b e  a small amount o f   an t i co r re l a t ion   wh ich   cou ld   be  

9 

i; 
d 

9: 
fi i n t e r p r e t e d  as t h e   o n s e t   o f   m o d u l a t i o n   o f   t h e   h i g h e r   r i g i d i t y   a l p h a s  
G 

because o f   t h e   g r e a t e r   s o l a r   a c t i v i t y .   F i g u r e s  34 and 35 e x h i b i t   t h e  

comparatively much g r e a t e r   a c t i v i t y  of  t h e   s o l a r   a l p h a s  as compared t o  

t h e i r   g a l a c t i c   c o u n t e r p a r t s .  The v e r y   f l a t   s p e c t r a   f o r   t h e   q u i e t  time 

alphas shown i n   F i g u r e  25 i s  c e r t a i n l y  wel l  supported by t h e   f l a t n e s s  

3 
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o f  minimum f l u x   d i s t r i b u t i o n   w i t h   r e s p e c t   t o   e n e r g y   D r e S e n t e d   i n   F i g u r e  26. 

F i n a l l y ,   t h e r e  i s  n o   i n d i c a t i o n   o f   a n y   s i g n i f i c a n t   r e g u l a r i t i e s   i n   t h e  

d i s t r i b u t i o n   o f   t h e  power law  ind ices   o f   the   a lpha  par t ic le  s p e c t r a   w i t h  

respect t o   e i t h e r   t h e  low o r   h igh   ene rgy   f l uxes .  

D .  The Rela t ion   of   the  Two Component 

Model to   Other   Observa t ions  

I n   t h e  l a s t  s e c t i o n  i t  was shown t h a t   t h e  two  component  model i s  

q u i t e   c a p a b l e  of descr ib ing   the   observa t ions   o f   p ro ton   and   a lpha   f luxes  

i n   t h e   v i c i n i t y   o f   t h e   r e l a t i v e  minimum in  the  cosmic  ray  energy  spectrum. 

Whether t h i s  model is j u s t i f i e d  on other  than  the  phenomenological  grounds 

o f   t he   da t a   f i t t i ng   t he   func t iona l   fonn   p re sen ted   depends   p r imar i ly  on 

some s u b s t a n t i a t i n g   e v i d e n c e   t h a t   t h e   s u n  is  indeed   producing   par t ic les  

w i t h   e n e r g i e s   o f   a t  least  up t o   a b o u t  30 MeV and  on a quas i - con t inuous  

b a s i s .  From t h e   v e r y   h i g h   c o r r e l a t i o n s   b e t w e e n   l a r g e   s o l a r   f l a r e s  and 

t h e   s u b s e q u e n t   a r r i v a l   o f   l a r g e   p r o t o n   f l u x e s ,   t h e r e  is l i t t l e  doubt 

t ha t   t he   sun   p roduces   such   pa r t i c l e s  on occas ion .   In   the   absence   o f  

f l a r e s ,   h o w e v e r ,   t h e   q u e s t i o n  arises of  what,  i f   a n y ,   f e a t u r e s  and  prop- 

e r t i e s  are  present   which  would n e r m i t  a c l o s e   a s s o c i a t i o n   b e t w e e n  ob- 

served  enhancements  in pa r t i c l e  f luxes   and   t he   sun  as t h e i r   s o u r c e .  

Examination  of  any time his tory   o f   cosmic   ray   f luxes   which  is  taken 

a t  low ene rg ie s   and   w i th   ave rag ing  times of  from a few  minutes   to  a few 

days w i l l  show t h a t   t h e r e  a re  many f l u x   i n c r e a s e s  of  va ry ing   s i zes   and  

shaqes.  A few o f   t h e s e   w i t h   v e r y   f a s t  r ise times, l a rge   peak   f l uxes ,  

and exponen t i a l   decays ,   u sua l ly   can   be   immedia t e ly   a s soc ia t ed   w i th  

s o l a r   f l a r e s   w i t h   s i g n i f i c a n t   i m p o r t a n c e s .  The  remaining  events  mus t 

b e   s c r u t i n i z e d   i n  some d e t a i l ,   t e s t i n g   f o r   p e r i o d i c i t y   a n d   c o r r e l a t i o n  

w i t h   s o l a r   f e a t u r e s   o t h e r   t h a n   f l a r e s .   T h i s   l a t t e r   p r o c e s s   u s u a l l y  
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permits   ass ignment  of t he   bu lk   o f   t he   non- f l a re   even t s   t o   e i t he r  27 day 

r ecu r rence   t ype   f l ux   i nc reases ,   o r  less o f t e n   t o   i s o l a t e d   e v e n t s  show- 

ing  no t e n d e n c y   t o   r e a p p e a r .   T h e s e   l a t t e r  two c l a s s e s   o f   e v e n t s   a r e  

c e r t a i n l y   c l o s e l y   a s s o c i a t e d   w i t h   m a g n e t i c a l l y   a c t i v e   r e g i o n s   i n   t h e  

solar   a tmospheres ,   which may b e   r e s p o n s i b l e   f o r   b o t h   t h e   a c c e l e r a t i o n  

and long term s t o r a g e  of t h e   p a r t i c l e s .  

I n   F i g u r e  39 are p resen ted   t he  24 hour   averages of  pro ton   f luxes  

a t  5 . 2  MeV over   t he   pe r iod  of  a n a l y s i s   f o r  IMP-IV. Events   assoc ia ted  

wi th   conf i rmed   f l a r e s   o f  2N t o  2B i m p o r t a n c e ,   o r   g r e a t e r ,   a r e  marked 

with  an F .  Most of  the  remaining  events   have  been  associated  with 

p a r t i c u l a r   l a r g e  area ca lc ium  p lage   reg ions  whose c e n t r a l   m e r i d i a n  

passage  on  the  sun  near ly   coincides   with  the  event .  The p lage   reg ion  

numbers a re   used   to   l abe l   each   of   these   events   in   the   f igure .  The s t r i k -  

i ng   f ea tu re  of  t hese   even t s  s o  i d e n t i f i e d  i s  t h e i r   c l o s e   a s s o c i a t i o n   w i t h  

the   r e tu rn  of the   s ame , - r eg ion   fo r   s eve ra l   so l a r   ro t a t ions   wh ich   a r e   i nd i -  

cated by connec t ion  of t h e  numbers   of   the   re turning  regions  with  hori-  

zon ta l   b roken   l i nes .  O n ,  about 15 June  and 9 J u l y  two i s o l a t e d   e v e n t s  

which a r e   n o t   r e c u r r e n t  are i n d i c a t e d .  

A b e t t e r   i d e a  of  t h e   c h a r a c t e r   o f   t h e s e  two e v e n t s  i s  shown i n  

Figure 40. The  one  shown i n   J u n e  i s  seen   t o   be   ve ry   symmet r i ca l   w i th  

slow rise and  decay  t imes  on  e i ther  s i d e  of a r a t h e r   c o n s t a n t   p l a t e a u  

a t   the   lower   energy .   This  i s  ce r t a in ly   t he   behav io r   one   migh t   expec t  

from a b r o a d   s t r e a m   o f   p a r t i c l e s   o f   c o n s t a n t   i n t e n s i t y   r o t a t i n g   p a s t  

t h e   o b s e r v e r .   I n   c o n t r a s t   t o   t h i s   e v e n t ,  a s m a l l   f l a r e   e v e n t   o c c u r r e d  

on 3 June  and  shows t h e   c h a r a c t e r i s t i c   r a p i d   r i s e  time and  slow  decay. 

The o the r   i so l a t ed   even t   occu r r ing   abou t  9 J u l y  i s  n o t   n e a r l y  so sym- 

metr ica l  as t h e  one i n   J u n e ,   b u t   a g a i n  shows the  s low r ise  and f a l l  
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w i t h   a n   i n t e r v e n i n g   p l a t e a u .  About 2 August a r a t h e r   i r r e g u l a r   p r o l o n g e d  

f lux   i nc rease   occu r s   wh ich  i s  i d e n t i f i e d   i n   F i g u r e  39 as  a 27 day   recur -  

rence   event .  

The IMP-IV d a t a  j u s t  p re sen ted  shows c o n s i d e r a b l e   a c t i v i t y   d u r i n g  

the  per iod  considered.   Al though  the two component  model was a p p l i e d   o n l y  

t o   t h i s   d a t a ,  a t  a time when s o l a r   a c t i v i t y  was q u i t e   h i g h ,  i t  i s  of 

i n t e r e s t   t o  see i f   a t  a q u i e t e r  time the   sun   cou ld   a l so   be  a p o t e n t i a l  

source .   Wi th   th i s   end   in   v iew,   the   in tegra l   f lux   o f   p ro tons  with e n e r g i e s  

g r e a t e r   t h a n  20 MeV obtained  f rom IMP-111 i s  p l o t t e d  on a s i x  h o u r l y   b a s i s  

from March 1966 t o  March  1967 i n   F i g u r e  41. A s  i n   F i g u r e  39 t h e   f l a r e s  

and   ca l c ium  p l age   r eg ion   mer id i an   t r ans i t s  a r e  marked  where  these  can  be 

shown t o   b e   r e l a t e d   t o   t h e   o b s e r v e d   f l u x   e n h a n c e m e n t s .  It is  e v i d e n t  

t h a t  e v e n   d u r i n g   t h e   r e l a t i v e l y   q u i e t e r  times rep resen ted  there a r e  re- 

c u r r e n c e   e v e n t s   t h a t  a r e  p e r i o d i c a l l y   a d d i n g   t h e i r   o u t p u t   t o   t h e   p a r t i c l e  

popu la t ions .  

Table  I V  showed t h a t   t h e  number o f   even t s   i nc reased   qu i t e   marked ly  

t h e   s m a l l e r   t h e   s i z e   o f   t h e   e v e n t   c o n s i d e r e d .  From this   one  might   con-  

j e c t u r e   t h a t   t h e r e  may be   even   more   events   be low  the   l eve l  of d e t e c t i o n .  

Such a c o n j e c t u r e  i s  c e r t a i n l y   n o t   n e c e s s a r y   i n   t h e   c a s e   o f   t h e  IMP-IV 

d a t a   t o   w h i c h  the two  component  model was f i t t e d .   F o r   t h e  low energy 

f l u x   d a t a   a v a i l a b l e  there i s  a n  ample s u p p l y   o f   s o l a r   p r o t o n s ,  as  shown 

i n   F i g u r e   3 9 ,   t o   k e e p   t h e  low energy  component  of  energy  spectra a t  a n  

a p p r e c i a b l e   l e v e l .  It w i l l  b e   n e c e s s a r y   t o  make measurements  during much 

q u i e t e r  times, s u c h   a s   p r e v a i l e d   j u s t   a f t e r  IMP-I11  was  launched  and t o  

see how t h e s e   f i t   t h e  model i n   o r d e r   t o   d e t e r m i n e   i f   t h e  low ene rgy   " t a i l "  

o f   t h e  s p e c t r u m  i s  g rea t ly   r educed .  
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T h e r e   e x i s t s   a t   l e a s t   o n e   c a s e   i n   t h e   l i t e r a t u r e   i n  which  proton 

f lux   obse rva t ions  made a t  a d i f f e r e n t   p h a s e   o f   t h e   s o l a r   c y c l e  seem t o  

be compatable  with  the  model up t o  somewhat h i g h e r   e n e r g i e s .  Meyer  and 

Vogt (1963)   present  a s e r i e s   o f   d i f f e r e n t i a l   p r o t o n   e n e r g y   s p e c t r a  

obtained  f rom  bal loon-borne  detectors   f lown  in   July and  August  of  1961. 

They con tend   t ha t   t hese   spec t r a   wh ich   a r e   ve ry   s t eep   mono ton ica l ly   de -  

c r e a s i n g   f u n c t i o n s  of energy  are   pr imary  cosmic  rays .  The r e l a t i v e  

minima e s h i b i t e d   i n   f o u r   o f   t h e s e   s p e c t r a   o c c u r  from  about 1SO MCV 

u p  to   about  300 MeV, which i s  much h ighe r   t han   t he  minima observed 

s ince 1963 which  have  been i n   t h e   v i c i n i t y   o f  30 MeV. F u r t h e r ,   t h e  

lower energy   decreas ing  part o f   t h e i r   s p e c t r a   w h i c h   e x t e n d s   i n   e n e r g y  

from 100 MeV t o   t h e  minima  exceed  by  about  an  order  magnitude  the  gen- 

e ra1   f lux   l eve ls   observed   f rom  1963  to   the   p resent   t ime.  

- 

The above s p e c t r a   o f  Meyer and  Vogt a r e  much more e a s i l y   e x p l a i n e d  

on the   bas i s   o f   t he  two  component  model  presented  here  than  by  assuming 

that   they are i n d e e d   g a l a c t i c  primaries. If the  model i s  c o r r e c t   t h e n  

they  observed  the  high  energy  end  of   the  solar   f lux  component   where i t  

was o f   comparab le   va lue   t o   t he   p r imary   componen t   r e su l t i ng   i n   t he   r e l a -  

t i v e  minimum. T h i s   i n t e r p r e t a t i o n   o f   t h e i r   r e s , u l t s   d o e s   n o t   d i s a g r e e  

with  the IMP-IV r e s u l t s ,   s i n c e   f o r   s u c h   s o l a r  component l e v e l s   t h e   m i n i -  

mum would have   fa l len   above   the  IMP-IV e n e r g y   i n t e r v a l .  

I n   c l o s i n g  i t  should  be  emphasized  that  the  two  component  model 

presented i s  by  no  means  confirmed  by  what  has  been  discussed.  Further,  

i t  has   no t   conc lus ive ly   been  shown tha t   t he   l owes t   ene rgy   f l uxes   a r e  a l l  

s o l a r   p r o t o n s .   R a t h e r   w i t h   r e s p e c t   t o   t h e   f i r s t   o f   t h e s e   i t e m s ,  i t  

would p r o b a b l y   s u f f i c e   t o  say t h a t   t h e   n e c e s s i t y   c o n d i t i o n   o f  a proof 

has  been met, b u t   n o t   t h e   s u f f i c i e n c y   c r i t e r i o n .  Much f u r t h e r   t e s t i n g  

:? 

i ': 
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of such a model w i l l  be r equ i r ed   ove r   b roade r   ene rgy   i n t e rva l s  and  f o r  

t h e   e n t i r e t y  of t h e   s o l a r   c y c l e .  As t o   t he   s econd   po in t ,  i t  i s  prob- 

ab ly   c l ea r   t ha t   any   i nc reases   above   t he   qu ie t   t ime   f l ux   l eve l s   a r e  

o f   s o l a r   o r i g i n .  When t h i s   l a t t e r  i s  accounted  for,   what  remains 

i s  a s s e r t e d  t o  be of g a l a c t i c   o r i g i n .  
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1 

GEOMETRY  FACTOR  FOR A TELESCOPE WITH CYLINDRICAL SYMMETRY 

Cons ider   the   schemat ic  of a p a r t i c l e   t e l e s c o p e   a s  shown i n   F i g u r e  6 ,  

of  h e i g h t  h and  base  radius  Rl and t o p   r a d i u s  & .  Assume t h a t   t h e  

p a r t i c l e s   h a v e   a n   i s o t r o p i c   f l u x  of J p a r t i c l e s   p e r   u n i t   a r e a  and s o l i d  

$ a n g l e .   R e f e r r i n g   t o   t h e   d i a g r a m ,   t h e n   t h e   d i f f e r e n t i a l  number f a l l i n g  

t on the  increment   of  area dA and passing  through  the  upper   end area 

i increment dA' w i l l  be  given  by 

I a 
t 
i 

t 

i 

dN = J cos 0 dA d r  

1 where e i s  the_ ang le   be tween   t he   ve r t i ca l  h and s ,  t h e   l i n e   c o n n e c t i n g  

B 
i 
i 

the  two a rea   e l emen t s ,  and  where 

From the  diagram i t  i s  a l s o   s e e n   t h a t  

and 

s2 = h2 + l2 (6) , 

cos  0 = h / s  (7) 

Equation  (1)  can now b e   i n t e g r a t e d   u s i n g   t h e s e   r e l a t i o n s   w i t h   t h e  
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N = IG (8) 

where  the  geometry  factor G i s  

0 0 

The f o u r   i n t e g r a l s   i n  (9)  a r e   e a s i l y   p e r f o r m e d   g o i n g   f r o m   r i g h t   t o   l e f t  

w i t h   t h e   f i n a l   r e s u l t  

T? h2 R,2 + g 2  
G = -  [ I +  

R,2 + 
2 ha h2 

+ (R1a - 
h4 1 (10) 

I f   t he   l i nea r   d imens ions   a r e   measu red   i n   cen t ime te r s  and t h e   a n g l e s   i n  

r a d i a n s ,   t h e   u n i t s   o f  G a r e   c e n t i m e t e r 2   s t e r a d i a n s  (cn? s r ) .  In   the  

case  of a r i g h t   c i r c u l a r   c y l i n d e r   o f   r a d i u s  R, i . e .  Rl = & = R, equa t ion  

(10)   reduces t o  the  form > 

For a l o n g   s l e n d e r   t e l e s c o p e ,  i . e .  where  R/h <c 1, equa t ion  (11) reduces  

t o  the  approximation 
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APPENDIX B 

= J's s4  
ha dA dA' 

COMPUTATICN OF AVERAGE PARTICLE PATH LENGTH 

I N  CYLINDRICAL GEOMETRY 

I f   t h e   l i n e  s i n   F i g u r e  6 r e p r e s e n t s  a t y p i c a l   p a r t i c l e   t r a c k   f o r  

a p a r t i c l e  making  an  angle 6 wi th   t he   ax i s ,   t hen   t o   f i nd   t he   ave rage  

t r a c k   l e n g t h  <s> f o r   a n   i s o t r o p i c   d i s t r i b u t i o n   o f   p a r t i c l e s  i t  i s  

necessa ry   t o   ave rage  a l l  s u c h   t r a c k s   o v e r   a n   a p p r o p r i a t e   d i s t r i b u t i o n .  

Th i s  i s  v e r y   e a s i l y  done i f  i t  i s  n o t e d   t h a t   i n  Appendix A the  compu- 

t a t ion   o f   t he   geomet ry   f ac to r  G i s  accomplished  by  integrat ing  over  a l l  

a n g l e s   w i t h i n   t h e  limits s u c k   t h a t   t h e   t r a c k  s passes   th rough  the  two 

ends   o f   t he   cy l inde r .  

Using  Appendix A we c a n   w r i t e   f o r  G 

where s = s ( r , r I y @ , @ ' ) .  It i s  t h e n   p o s s i b l e   t o   w r i t e  a normalized 

d i s t r i b u t i o n   f u n c t i o n   f o r   t h e   a n g l e s   i n   t h e  form 

The average  of s o v e r   a n   i s o t r o p i c   d i s t r i b u t i o n  i s  g iven   then  by 

<s> = JJ w ( r y r ' , @ , @ ' )   s ( r , r '  y @ , @ ' )  dA dA' ( 3 )  Y 

<s> = - JJ ha  dA dA' 
G 

Us ing   the   equat ions  (2)  through ( 7 )  from  Appendix A t h i s   c a n   b e   w r i t t e n  

i n   t h e   e x p l i c i t  form 

3: 

l .L  ;. 

? '  
-1 

I 
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In   t heo ry   equa t ion  (5) i s  i n t e g r a b l e .  It was f o u n d   i n   p r a c t i c e   t h a t  i t  

was more conven ien t   t o   pe r fo rm  the   i n t eg ra t ion   numer i ca l ly  on a d i g i t a l  

computer   over   the  range  of   required  values .   This  was  done q u i t e   e a s i l y  

us ing  a  Monte C a r l o   i n t e g r a t i o n   a l g o r i t h m .  

The computed values   were  expressed as an  average  value  of   the  cosine 

of the  angle   between  the  average  path  length and t h e   l o n g i t u d i n a l   a x i s   o f  

t h e   t e l e s c o p e   s u c h   t h a t  

The c o r r e c t i o n s   f o r   b o t h   t e l e s c o p e s   i n   t h i s   s t u d y   w e r e   o n l y  a few  percent :  



APPENDIX C 

THE BINOMIAL AND POISSON  DISTRIBUTIONS 

For  most  random  processes,   including  the  counting  of  cosmic  ray 

p a r t i c l e s ,   P o i s s o n   s t a t i s t i c s   a r e   u s u a l l y  assumed.  Since  the s t a t i s -  

t i c a l   r e q u i r e m e n t s   o f   t h e   s e v e r a l  forms o f   d a t a   a n a l y s i s   d e s c r i b e d   i n  

t h e   t e x t  are v a r i e d ,  i t  i s  p e r t i n e n t   t o   d e r i v e   h e r e   t h e   r e q u i s i t e   f o r -  

mulae   for   comput ing   the   s tandard   devia t ions   o f   these   exper iments .  

One i s  conce rned   w i th   t he   coun t ing   r a t e  r which i s  by d e f i n i t i o n  

t h e  number o f   p a r t i c l e s  n c o u n t e d   i n   t h e  time i n t e r v a l  t ,  i . e .  

r = n / t  

I f   t h e   i n t e r v a l  t i s  d i v i d e d   i n t o  b b i n s   s u c h   t h a t   t h e   p r o b a b i l i t y  of 

any  two c o u n t s   o c c u r r i n g   i n   o n e   b i n  i s  neg l ig ib l e ,   t hen   one   can  write 

t h e   p r o b a b i l i t y   t h a t  a count w i l l  o c c u r   i n  a b i n  as 

. p  = - n l b  
(2) ¶ 

where n i s  the   ave rage  number o f   c o u n t s   i n   t h e   t i m e  t .  S imi la r ly   one  

can write t h e   p r o b a b i l i t y   t h a t   s u c h  a count w i l l  no t   occu r   i n  a b i n  as 

The combined p r o b a b i l i t y   t h a t  n coun t s  w i l l  o c c u r   i n   t h e  time t ,  o r  b 

b i n s ,   i n  a p a r t i c u l a r   o r d e r  i s  simply 

Now t h e r e  are b! d i f f e r e n t  ways t h a t   s u c h  a p a r t i c u l a r   o r d e r   c a n   b e  
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o b t a i n e d   f o r   d i s t i n g u i s h a b l e   c o u n t s .   T h e r e   a r e  n! d i f f e r e n t  ways t h a t  

t h e  n counts  may be  arranged among themselves  and  (b - n ) !   d i f f e r e n t  

ways the   r ema in ing   b ins  may be  ordered among themselves .  I t  fo l lows  

t h e n   t h a t   t h e  number of  ways n ind is t inguishable   counts   can   occupy b 

bins is g iven  by t h e   e x p r e s s i o n  
L- 

b! 
n! (b  - n)! 

P lu l t ip ly ing   equat ion  ( 4 )  by t h i s  l a t t e r  e x p r e s s i o n ,   o n e   o b t a i n s   f o r   t h e  

p r o b a b i l i t y   t h a t   t h e r e  w i l l  be n coun t s  

(5)  , 

w h e r e   t h e   r e p r e s e n t s   t h e   b i n o m i a l   c o e f f i c i e n t .  

The  binomial  theorem may be   expressed  as 

b 

n=O 
(p + - d b  = c [ :J p n P n  

From equa t ions  (2) and (3 )  

p + q  = 1 (7 )  > 

so t h a t  

and hence wb (n) i s  t h e   p r o b a b i l i t y   d i s t r i b u t i o n   f o r   c o u n t s   o c c u r r i n g  

i n  b b i n s .  By d e f i n i t i o n   t h e  mean value of n c o u n t s   o c c u r r i n g   i n  b b ins  

is  



Using   equat ion  ( 6 )  one may write the   expres s ion  

D i f f e r e n t i a t i n g   e q u a t i o n   ( 1 0 )   w i t h   r e s p e c t   t o  y one   ob ta ins  

- d (py + q ) b  = b(py + q)b-lp = C b nwb (n)  yn" 

dY n=O 

D i f f e r e n t i a t i n g   e q u a t i o n   ( 1 1 )   a g a i n   w i t h   r e s p e c t   t o  y one   ob ta ins  

S e t t i n g  y e q u a l   t o  1 i n   e q u a t i o n  (13) t h e  resul t  i s  by d e f i n i t i o n   t h e  

mean value o f   n (n  - l ) ,  o r  

b 
n(n - 1) wb (n )  = b(b  - l ) p  

2 
n(n - 1) = C 

n=O 

Expanding  the l e f t  hand   s ide   o f   equa t ion  (14) one   ob ta ins  

- 
n ( n  - 1)' = n' - - n = b(b  - I)$ 

By d e f i n i t i o n   t h e   v a r i a n c e  i s  

,2 I <G - n>* 

where 0 i s  t h e   s t a n d a r d   d e v i a t i o n .  

(15) i n to   (16 )   p roduces   t he   r e su l t  
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o r   u s i n g   t h e   p r o b a b i l i t y   o f  a s i n g l e   c o u n t   o c c u r r i n g   i n  a b i n   a s   g i v e n  

by equa t ion  ( 2 ) ,  (18) becomes 

Equat ion (19) i s  a completely  general   formula f o r  t h e   s t a n d a r d  

d e v i a t i o n   o f   t h e  random process   o f   pu t t i ng  n i t e m s   i n  b boxes. As 

w i l l  be shown s h o r t l y ,   t h e   P o i s s o n   d i s t r i b u t i o n  and i t s  r e s u l t a n t  sta- 

t i s t i c a l   q u a c t i t i e s   a r e   s p e c i a l   c a s e s   f o l l o w i n g   f r o m   t h e   b i n o m i a l  d i s -  

t r i b u t i o n   g i v e n   i n   e q u a t i o n  ( 5 ) ,  w i t h   t h e   c o n d i t i o n   t h a t  b and n a r e  

bo th   ve ry   l a rge .  The   b inomia l   d i s t r ibu t ion ,   on   t he   o the r   hand ,  i s  

a p p l i c a b l e   i n   t h e   g e n e - r a l   i n s t a n c e   a n d   h e n c e   h o l d s   f o r   s m a l l  b and 

n .  One i nadequacy   i n   t he   b inomia l   s t anda rd   dev ia t ion   a s   g iven  by 

equat ion   (19)  i s  t h a t  on v a n i s h e s   f o r  n = 0 and n = b .   I n   p r a c t i c e  

t h e   s t a n d a r d   d e v i a t i o n s  may b e   g i v e n   r e a l i s t i c   v a l u e s   f o r   t h e s e  two 

cases  by a rb i t r a r i l y   add ing   one   coun t   and   one   b in   t o  n and b ,  respec-  

t i v e l y .   E q u a t i o n  (19) i s  i n   t h e s e  two c a s e s  

- - 

on = k{ + 1) [I  - (i -+ l ) / ( b  + l)] y2 

If one   cons iders   the   case   where  b becomes ve ry   l a rge   t hen   one   can  

t a k e   t h e  l i m i t  of  equa t ion  ( 5 )  a s  b a p p r o a c h e s   i n f i n i t y .   I n   t h i s  l i m i t  

t h e   b i n o m i a l   c o e f f i c i e n t  becomes 

l i m  [:] = 1 i m  
b 4 m   b + w  

b (b  - 1) ( b  - 2)  . . . ( b  - n + 1)  = - b" 
n! n! 

(21) 9 
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and  the right  most  factor in equation (5 )  is 

With  the  two  limits  obtained  in  equations (21) and (22) ,  the  limiting 

case  for  equation ( 5 )  is  given by 
a 

i 

which  is  the Poisson  distribution  function. 

In  the  limit of Sterling's  approximation  which  is  valid  for  n 2 10 

one  may  express  the  logarithm of ( 2 3 )  as 

In w(n) = n In E - E - 1 n m  - (n +'A) In n - n ( 2 5 )  * 

Differentiating  equation ( 2 5 )  with  respect  to  n  and  setting  the  result 

to zero  one  obtains 

or 

In this case of large n, if one  expands In  w(n) in a  Taylor's  series 

about n, the  first  derivative  with  respect t o  n  vanishes  because of ( 2 8 ) .  
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In  w(n) = In  w(n) + 2: d$ 
- 1 8 I n  w ( n )  i ]E=. * 

where x = n - n.   Us ing   S te r l ing ' s   approximat ion   for   n ,   the  f i r s t  term 

i n  (29)  becomes 

- - 

- -  
nne'" nn  e-" 1 - -  - ( 3 0 ) .  

- -  
w(;;) = - = 

n! JZG Jm 

D i f f e r e n t i a t i n g   e q u a t i o n   ( 2 5 )   t w i c e   w i t h   r e s p e c t   t o   n ,   t h e  resu l t  i s  

d2 In  w(n) = 2 - - 1 
2n2  n ( 3 1 )  * 

d n2 

S u b s t i t u t i n g   e q u a t i o n s  (30) and (31) in to   (29 )   one   ob ta ins   t he  resu l t  

o r   keep ing   on ly   t he   l a rges t   s econd   o rde r  term t h i s  may be  expressed as 

' e  w(n) = - -9 f 2; 
Jzz 

Comparing  equation (33)  w i t h   t h e   u s u a l   G a u s s i a n   e r r o r   d i s t r i b u t i o n  

i t  i s  e a s i l y   s e e n  tha t  t h e   P o i s s o n   s t a n d a r d   d e v i a t i o n  i s  j u s t  

S ince   l ong   coun t ing   runs   a r e   u sua l ly   encoun te red   where   Po i s son  

s t a t i s t i c s  are v a l i d ,  i t  i s  t h e   u s u a l   p r a c t i c e   t o   r e p l a c e  by n i n  



f 
t 

81 

( 3 5 ) .  It should  be  noted by comparing  equation ( 1 9 )  and (35) t h a t   f o r  

small b one c a n n o t   u s e   P o i s s o n   s t a t i s t i c s  as i s  o f t en   e r roneous ly   done .  

As one  would  expect,   however,   equation (19) i n   t h e  limit of l a r g e  b 

reduces t o  e q u a t i o n  ( 3 5 ) .  



APPENDIX D 

COMPUTATION OF COUNTING RATES 

BY THE  DEAD TIME APPROXIMATION 

I n   t h e   c a s e  a t ime  b in  i s  open f o r  a f ixed   per iod   of   t ime  to   accept  

one,  and on ly   one ,   coun t   du r ing   t h i s   pe r iod ,  i t  i s  p o s s i b l e  t o  compute 

a coun t ing  ra te  i f   t h e   p r o b a b i l i t y  of a count   occurr ing i s  much less 

than   un i ty .   Le t  r b e   t h e   c o u n t i n g   r a t e   t h a t  i s  sough t ,  and l e t  t be the  

per iod   such   tha t  a b i n  may be  open t o   r e c e i v e   s u c h  a coun t .   Le t   P (1 , t )  

be   t he   p robab i l i t y   t ha t   one   coun t  w i l l  o c c u r   i n   t h e   i n t e r v a l   a f t e r   t h e  

time t .  Then t h i s  may be  expressed as 

where   P(0 , t )  i s  the   p robab i l i t y   t ha t   no   coun t   occu r red   be fo re   t he   t ime  

t ,  and P ( l , t , d t )  i s  t h e   p r o b a b i l i t y  a count  occurred i n  t h e   d i f f e r e n t i a l  

t ime   d t  a t  t .  I f  r i s  the   coun t ing   r a t e   t hen   t he   s econd   f ac to r  on t h e  

r i g h t  hand s ide   o f   (1)  may be   expressed   as  

P ( l , t , d t )  = r d t  (2)  - 

I f   t h e   i n t e r v a l  t i s  broken up i n t o  N i n t e r v a l s   d t  = t / N ,  then   the   p rob-  

a b i l i t y  a count   does   no t   occur   in  t i s  g iven  by 

w h e r e   t h e   p r o b a b i l i t y   t h a t  a coun t   does   no t   occu r   i n   d t i  and t i  i s  j u s t  

Pi ( O , t i , d t i )  = . 1 - r d t i  ( 4 )  

82 
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t 
1. 

Using  equat ion ( 4 )  i n  ( 3 ) )  one may w r i t e  

P ( 0 , t )  = ( 1  - r d t i )  = l i m  ( 1  - r d t ) N  
17 

i=  1 
N + a  

= l i m  ( 1  - rN) t N = .-rt 
N +  03 

Using  the results o f   equa t ions  ( 2 )  and (5) i n   ( l ) ,  one   f i nds   t ha t  

t h e   p r o b a b i l i t y   f o r   o n e   c o u n t   o c c u r r i n g   a f t e r  a t ime t i s  j u s t  

P ( 1 , t )  = re - r t  d t  ( 6 ) .  

The t o t a l   p r o b a b i l i t y   t h a t   o n e   c o u n t  w i l l  occur   sometime  during  the 

i n t e r v a l  t i s  by i n t e g r a t i n g  ( 6 )  o v e r   t h i s   i n t e r v a l ,  

I f   t h e r e   a r e  b time b i n s  of d u r a t i o n  t and n coun t s   such   t ha t  n << b ,  t hen  

i t  i s  also t r u e   t h a t  

P ( t )  = n / b  

Combining e q u a t i o n s  ( 7 )  and (8), one   ob ta ins  

e - 1 - n /b  - r t  - 

o r  

r = I n   [ b l b  - n) ]  
t 

f o r   t h e   c o u n t i n g  r a t e .  

I f  equat ion   (10)  i s  d i f f e r e n t i a t e d   w i t h   r e s p e c t   t o   n ,   t h e  r e s u l t  

d r  - 1 
dn t ( b  - n) 
- -  
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i s  ob ta ined .  The d i f f e r e n t i a l  may be   r ep laced   w i th   t he   e r ro r s ,   o r  

s t a n d a r d   d e v i a t i o n s   i n   t h i s   c a s e ,  of r and n,   hence 

- o n  
O r  - t ( b  - n)  

on can   be   eva lua ted   u s ing   equa t ion  (19) i n  Appendix C ,  w i th  n r e p l a c i n g  
- 
n ,  so t h a t  

I 

"4 
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TABLE I 

f 

SATELLITE DATA 

IMP- I11  

Launch  Vehicle:   3-stage Delta Vehicle 

DSV- 3C 

Launch S i t e :  Eas t e rn  Test Range 

Launch  Time: 0700:OO May 29,  1965 

Weight : 59.4 Kg 

I n i t i a l   P e r i g e e :  208 Km 

Apogee: 260,800 Km 

I n c l i n a t i o n :  33.94" 

Period:  -' 140 h r s  . 
Spin  Rate: 23 R.P.M. 

IMP- IV 

3-s tage   Del ta   Vehic le  

DSV- 3E 

Western  Test  Range 

1405:  54 May 24, 196 7 

73.8 Kg 

248 Km 

211,116 Km 

67.172" 

104 h r s .  

23.4 R.P.M. 



TABLE I1 

COEFFICIENTS OF TELESCOPE  RESPONSE  FUNCTIONS 

Experiment - a 

IEIP-I11 -3 .104 

IMP-IV HED 0.0 

IMP-IV LED -0 .272 

b - 

0.776 

0.647 

0 .341 

0 .0679 

0 .0434 

-0.0945 

g 

0 . 8 6 2  

0 . 7 4 9  

0 .0645 



9 1  

TABLE 111 

ANALYSIS  PARAMETERS 

Bin No. %in Emax E 

IMP-I11  and  INP-IV MED Proton:  

1 18.7 2 9 . 2  2 3 . 9  

2 2 9 . 2  39.7 3 4 . 4  

3 39.7 50.2 4 4 . 9  

4 5 0 . 2  6 0 . 6  5 5 . 4  
i 

5 6 0 . 6   7 1 . 1   6 5 . 8  
I 

6 7 1 . 1  ' 8 1 . 7   7 6 . 4  

IMP-I11  and IMP-IV +LED Alpha   Pa r t i c  le: 

1 18 .7   40 .0  

2 40.0 6 0 . 0  

3 6 0 . 0  ' 8 1 . 5  : 

IMP-IV LED Proton: 
I 

% 

1 4 . 2   6 . 2  

2 6 . 2   9 . 5  

i 
I ?  

3 9 .5   13 .5  

4 1 3 . 5   1 9 . 1  

2 9 . 4  

50 .O 

7 0 . 8  

5 . 2  

7 . 8  

11.5 

16.3 

L E  

1 0 . 5  

1 0 . 5  

10 .5  

1 0 . 4  

1 0 . 5  

10.6 

2 1 . 3  

2 0 . 0  

21 .5  

2 . 0  

3 . 3  

4 .0  

5 . 6  

G 

3.26 

3 . 1 4  

2 .99  

2 . 8 4  

2 . 6 7  

2 . 5 2  

3 . 2 0  

2 . 9 2  

2 . 6 2  

.764 

. 7  56 

.740 

.594 

IMP-IV LED Alpha P a r t i c  le: 

1 4.8  7 .O  5.9 2 .2   . 764  

2 7 .O  10.0 8 . 5  3 . O  . 7  56 

3 10.0 13.7 11.8 3.7  .740 

4 13.7 1 8 . 9  16  .3 5 .2   .594 

Note: E n e r g i e s   i n   u n i t s  of MeV/nucleon.  Geometry f a c t o r   i n  u n i t s  of cm2s r .  
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Dates 

J a n .  - Jun.   '65 

J u l .  - Dec. ' 6 5  

Jan .  - Jun.  '66 

J u l .  - Dec. '66 

Jan .  - Jun.  '67 
& 

! 
- 

J u l .  - Dec. '67  

Jan .  - Jun .   ' 68  

J u l .  - Dec. ' 6 8  

TOTALS 

TACLE I V  

SENI-ANNUAL COUNT OF 29 MEV 

PROTON FLUX  INCREASES 

2 10 1 

1 

(2 )  

3 

8 "  P 
"J +: Uni t s  are number/s crn2 sr  MeV. 

7 
-'--'- The numbers i n   p a r e n t h e s i s  are normal ized   to  6 months  where  data 

was miss ing .  

3 



i 
i Figure 1. Primary  differential  energy/nucleon  spectra of cosmic-ray protons  and  helium  nuclei  observed near earth  near solar 

minimum in  1965.  Solid  and  open  symbols  represent 
measurements of protons  and  helium nuclei, respectively. 
1. IMP-3, June-Dec. 1965,  Fan et  al.  (1965a) 
2 .  IMP-3 and balloon, June 1965,  Balasubrahmanyan, Hagge, 

3. balloon, June 1964, Waddington and Freier (1966) 
4. balloon, June 1963,  Freier  and  Waddington (1965) 
5 .  balloon, June 1964,  1965,  Ormes  and  Webber (1966) 
6. balloon, 1954,  McDonald (1958) 
7. balloon, May 1965,  Hofmann  and  Winckler (1966) 
8. balloon, April 1963, Anand  et  al. (1966) 
Only data representative of solar  minimum have been  used. 
(from Gloeckler and Jokipii, 1967). 

et  al.  (1966a,b) 

9 3  

I- 
L _" 
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1 2 3 4  

I 
i .. 
i ' W r e  3 .  Schematic of AE ver sus  E - AE p a r t i c l e   t e l e s c o p e .  A denotes  

de tec tor   measur ing  AE and B the   dec tor   measur ing  E - A E .  C i s  
t h e   a n t i - c o i n c i d e n c e   d e t e c t o r ,  
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Figure 5 .  A E  versus E - A E  response  curves €or hydrogen ar3 h s l i u m  
for the so l id  state  particle  telescope on IMP-IV. 
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Figure 6. Schematic  diagram of geometry of a  generalized  circular 
cylindrical  telescope of height  h  and base radii of R1 and R z -  
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PENETRATION OF B DETECTOR (C 

Figure 9. Geometry  factor G versus  penetration of particle  into B 
detector for IMP scintillator telescope. 
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I COLLIMATOR (AL  ALY) 

LIGHT  SHIELD  (TITANIUM) 
INSULATOR  (TEFLON) 
300 SO. MM. RING MOUNTED 
SURFACE BARRIER DETECTOR 
150 MICRONS 
INSERT  (PILOT B PLASTIC 
SCINTILLATOR) 
DETECTOR HOUSING ( A L  ALY) 
WASHER (SILICONE RUBBER) 
( 2 REQUIRED) 
300 SQ. MM. RING MOUNTED 
SURFACE BARRIER DETECTOR 

(I MM  THICK, 2 REQUIRED) 
WASHER (COPPER, 5 REQUIRED) 
END PLUG (PILOT B PLASTIC 
SCINTILLATOR) 

I 
PHOTOMULTIPLIER  TUBE 
( RCA #C-715 I 

RETAINING RING (AL  ALY) 

RTV SILICONE RUBBER 

TUBE HOUSING ( A L  ALY) 

GEOMETRY FACTOR 5 CM~-SR 

- FILTER  CIRCUITRY (PC  BOARD) 

Figure 10. Schematic of IMP-IV so l id   s ta te   de tec tor   t e lescope   assembly .  
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Figure 1 2 .  Geometry factor  G versus  penetration of par t ic le   in to  B 
detector  for IMP-IV solid  state  detector  telescope. 
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P E PROTONS 
( l O / l I / 6 7 -  10/26/67) 

POSITE SPECTRUM 
(GLOECKLER & JOKIPII 1967) 

IO' 
E v/  MUCELON 

IO' 

F i g u r e  20(b). Q u i e t  time p r o t o n   e n e r g y   s p e c t r a .  
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