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ABSTRACT OF THE DISSERTATION 

Long Term Var i a t ions  i n  High Energy 

Geomagnetically Trapped P a r t i c l e s  

Sherman Edward DeForest 

Doctor of Philosophy i n  Physics  

U n i v e r s i t y  of  C a l i f o r n i a ,  San Diego, 1970 

Professor  Carl E. McIlwain, Chairman 

The omnidi rec t iona l  f l u x  of geomagnetically t rapped  protons of 

40-110 Mev has been measured by i d e n t i c a l  d e t e c t o r s  on board t h r e e  

spacec ra f t  (1njun 111, Explorer  15, and Explorer 26)  from 1963 t o  1966. 

This  d a t a  i s  shown t o  be c o n s i s t e n t  wi th  a  model of protons d i f f u s i n g  by 

v i o l a t i o n  of t h e  t h i r d  a d i a b a t i c  i n v a r i a n t .  The der ived  d i f f u s i o n  co- 

e f f i c i e n t  i s  D(L, po) = 1.9 x loe7 L6 e  
.27 (5 .6+sinpo) (1. 0-sinp0) 

2 
( ~ e  /day) where Po i s  t he  e q u a t o r i a l  p i t c h  angle,  and L i s  t he  McIlwain 

s h e l l  parameter.  This form of D(L ,  fro) i s  c o n s i s t e n t  wi th  d i f f u s i o n  

dr iven  by a  randomly varying e l e c t r i c  f i e l d  of approximately 0.5 mv/m 

and au to -co r re l a t ion  time of t he  order  of t ens  of seconds. 



The Problem: I n  t h i s  study, we address  ourse lves  t o  t he  

problem of t h e  ex i s t ence  of l a r g e  numbers of ene rge t i c  protons t rapped 

deep i n  t h e  e a r t h ' s  magnetosphere. S p e c i f i c a l l y ,  we explore t he  poss i -  

b i l i t y  of r a d i a l  d i f f u s i o n  inward from ou te r  space, and determine t h e  

poss ib l e  na tu re  of such d i f f u s i o n .  

Throughout t h e  fol lowing d iscuss ion ,  high-energy geomag- 

n e t i c a l l y  t rapped  protons w i l l  be def ined  a s  p a r t i c l e s  of 40 t o  

110 Mev energy. S p a t i a l  l o c a t i o n  of t h e  p a r t i c l e s  w i l l  be s p e c i f i e d  

by a  non- loca l  time dependent B- coordinate system o r  t h e  derived 

R-A system ( ~ c ~ l w a i n ,  1966a).  Flux w i l l  be def ined  a s  being t h e  omni- 

d i r e c t i o n a l  f l ux ,  d i f f e r e n t i a l  i n  energy, which has been in t eg ra t ed  

over t h e  energy range 40 t o  110 Mev. P a r t i c l e  f l u x  which i s  d i f f e r -  

e n t i a l  i n  energy w i l l  always be l abe l ed  a s  d i f f e r e n t i a l  f l ux .  Perpen- 

d i c u l a r  o r  d i r e c t i o n a l  f l u x  w i l l  be def ined  a s  t h e  f l u x  normal t o  t h e  

l o c a l  magnetic f i e l d  l i n e .  

A.  C h a r a c t e r i s t i c s  of t h e  Environment 

High-energy protons t rapped i n  t he  e a r t h ' s  geomagnetic f i e l d  

were unambiguously i d e n t i f i e d  and s tud ied  very  e a r l y  i n  t h e  h i s t o r y  of 

space exp lo ra t ion   r red en and White, 1959).  During t h e  e a r l y  s i x t i e s ,  

s e v e r a l  experimenters measured the  f l u x  of t hese  p a r t i c l e s ,  and 

s e v e r a l  t h e o r i e s  were put  forward t o  expla in  t h e  ex i s t ence  of the  su r -  

p r i s i n g l y  l a r g e  numbers of them ( ~ e s s ,  1968, Chapter 4 ) .  However, 

these  p a r t i c l e s  e x h i b i t  o the r  i n t e r e s t i n g  p r o p e r t i e s  i n  add i t i on  t o  



t h e i r  numbers. Unlike the  e l e c t r o n  populat ion and t h e  lower energy 

p a r t i c l e s  of both s igns  which f l u c t u a t e  i a  d e n s i t y  over orders  of 

magnitude ( ~ e s s ,  1968; Yeager and Frank, 1.969; DeForest, 1970; 

McIlwain, 1970),  they  remain remarkedly s t a b l e  i n  time a s  i s  demon- 

s t r a t e d  i n  Figure 1, which i s  a p l o t  of t he  f l u x  a s  measured on t h e  

spacec ra f t  Explorer  26. Note t h a t  t he  f l u x  slowly decreases ,  bu t  does 

n o t  show any r ap id  changes. Because of t h i s  very  slow evolut ion,  a 

s i n g l e  spacec ra f t  can map out  a l a r g e  a rea  i n  B-L space and be su re  of 

g e t t i n g  a r ep re sen ta t ive  p i c t u r e .  One such mapping i s  shown i n  

Figure 2 f o r  R - h  space. The data, has been normalized t o  January 1, 

1965 by a method t o  be descr ibed  i n  Sect ion 111. Figure 2 r ep re sen t s  

a "snapshot" of t he  proton f l u x  a t  a given time even though the  d a t a  

was a c t u a l l y  gathered over a per iod  of weeks. As i n  Figure 1, t h i s  

d a t a  w a s  taken from Explorer  26, one of t h r e e  spacec ra f t  used i n  t h i s  

s tudy.  

Experimenters working wi th  Explorer 7 showed a t  l e a s t  f o r  t he  

r e l a t i v e l y  low values of L l e s s  than 1 .6  t h a t  t h e  high energy protons 

d id  not  respond t o  s o l a r  f l a r e s  ( ~ i z z e l l a ,  e t  a l . ,  1962).  Unfortun- 

a t e l y ,  t h i s  d e t e c t o r  responded t o  e l ec t rons  of energy g r e a t e r  than 

1.1Mev.  Therefore,  measurements f u r t h e r  out  i n  L a r e  contaminated by 

the  l a r g e  e l e c t r o n  populat ion.  A t  h igher  L values,  r a p i d  nonadiabat ic  

changes i n  t h e  f l u x  of t rapped protons have been seen i n  a s s o c i a t i o n  

wi th  l a r g e  geomagnetic storms ( ~ c ~ l w a i n ,  1964).  These changes c o n s i s t  

uniformly of decreases  i n  t he  f l u x  which can reach an order  of magni- 

tude a t  L = 3, bu t  they a r e  no t  observed below L = 2 . 2 .  So1a.r protons 
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Figure I Time Variations of Trapped Protons 



Figure 2 0mnid i rec t i .ona l  Flux on ,Taniiary lj 1-965 



have been seen t o  pene t r a t e  t o  L = 4 by F i l l i u s  (1968). However, he 

s t a t e s  t h a t  t h e s e  p a r t i c l e s  show no s igns  of merging wi th  the  t rapped  

r a d i a t i o n .  A l l  i n d i c a t i o n s  a r e  t h a t  these  p a r t i c l e s  whi.ch pene t r a t e  

d i r e c t l y  from t h e  sun a r e  not  important members of t h e  f lux ,  p a r t i c -  

u l a r l y  a t  L l e s s  than  3. Therefore,  t h i s  c l a s s  of protons w i l l  n o t  be 

considered i n  t he  fo l lowing  d i scuss ion .  

B. Origins  of t h e  P a r t i c l e s  

1. Neutron Decay 

Seve ra l  au tho r s  have t r i e d  t o  expla in  the  presence of t rapped 

protons a s  be ing  due t o  t h e  decay of neutrons produced i n  t h e  upper  

atmosphere--the cosmic-ray albedo decay theo ry  o r  CRAND ( ~ e s s  and 

Ki l leen ,  1966; Dragt, e t  a l . ,  1966). Some ve ry  suggest ive experimental  

evidence suppor ts  t h i s  theory .  For ins tance ,  i t  was used t o  p r e d i c t  

t h e  shape of t h e  energy spectrum f o r  a t  l e a s t  one p o i n t  i n  space q u i t e  

s u c c e s s f u l l y   r red en and White, 1960).  Blanchard and Hess (1964) 

ambi t ious ly  t r i e d  t o  p r e d i c t  t h e  proton populat ion over a  complete 

s o l a r  cyc le  u s ing  CXAND a s  a  source.  However, d e t a i l e d  c a l c u l a t i o n s  by 

a l l  of t hese  au thors  i n d i c a t e  t h a t  t h i s  source i s  much t o o  weak t o  

expla in  a l l  t h e  t rapped pro tons .  While one i s  forced  t o  admit t h a t  t he  

phys i ca l  parameters involved a r e  no t  w e l l  known, r e c e n t  measurements on 

board OGO-F support  t he  content ion  t h a t  CRAND i s  much t o o  smal l  t o  be 

t h e  o r i g i n  of t he  high energy protons ( ~ e n k i n s ,  1970).  

Neutron decay w i l l  be d iscussed  f u r t h e r  i n  a  b r i e f  comparison 

wi th  d i f f u s i o n  i n  t h e  Summary. 



2 Dif fus ion  

The most promising theory  of the  o r i g i n  of t rapped protons was 

appa ren t ly  pu t  forward by ICellogg (1959) and Parker  (1960). They b o t h  

proposed t h a t  pro tons  d i f f u s e d  inward conserving the  f i r s t  two 

a d i a b a t i c  i n v a r i a n t s  ( ~ o r t h r u p  and Te l l e r ,  1960).  The t h i r d  i n v a r i a n t  

could be broken by e i t h e r  magnetic f l u c t u a t i o n s  o r  varying e l e c t r i c  

f i e l d s .  The t h e o r e t i c a l  development of d i f f u s i o n  a s  appl ied  t o  h igh  

energy magnetospheric p a r t i c l e s  i s  presented i n  d e t a i l  i n  Sec t ion  I V .  

Throughout t h i s  paper,  t h e  term d i f f u s i o n  w i l l  be appl ied  t o  t he  pa r -  

t i c u l a r  one dimensional  type  of d i f f u s i o n  produced by v i o l a t i o n  o f  t h e  

t h i r d  a d i a b a t i c  i n v a r i a n t .  In t h i s  s ec t ion  we cons ider  qua , l i t a t ive ly  

o ther  work t h a t  has been done on d i f f u s i o n .  

The f i r s t  problem one faces  i n  t r y i n g  t o  s tudy any type of  

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

group of p a r t i c l e s  cannot be followed through space. Ins tead ,  some 

idea  of the  na tu re  of t h e  d i f f u s i o n  c o e f f i c i e n t  has been ga ined  by 

observing c e r t a i n  morphological f e a t u r e s  move a f t e r  geomagnetic d i s -  

turbances.  Seve ra l  ob jec t ions  have been r a i s e d  t o  t h i s  procedure s ince  

it requ i r e s  s p e c i a l  ca ses  t o  work. Nevertheless ,  r e s u l t s  a r e  obtained 

which tend  t o  agree  wi th  both t h e o r e t i c a l  work and o the r  experimental  

techniques ( s ee  Fgltharnrnar, 1969, f o r  a  r e c e n t  review of t h i s  approach). 

Other i n d i r e c t  evidence of d i f f u s i o n  was provided by the  

d e t e c t o r s  on board Explorers  12 and 14, which measured the  s p e c t r a l  

shape of protons from .1 t o  5 Mev. These d a t a  could be f i t  wi th  a 

curve of t he  form 



J (>E) = k [ e x p ( - ~ / E ~ )  ] ( 1 )  

f o r  a  given l o c a t i o n  i n  space. When comparing s p e c t r a  a t  d i f f e r e n t  

l o c a t i o n s ,  t h e  i n t e r e s t i n g  r e s u l t  t h a t  

Eo a L - 3 
(2) 

was found f o r  p a r t i c l e s  on t h e  equator  ( ~ a v i s  and Williamson, 1963). 

This  r e s u l t  i s  p red ic t ed  by a  model of p a r t i c l e s  d r i f t i n g  i n  r a d i u s  

while  maintaining a  cons tan t  magnetic moment ( f i r s t  a d i a b a t i c  

i n v a r i a n t ) .  

Another i n d i c a t i o n  of diff 'usion w a s  descr ibed by Nakada, e t  a l .  

(1965).  They argued t h a t  t h e  p a r t i c l e s  could  be shown t o  have had a  

common o r i g i n  i n  space by us ing  information about p i t c h  angles  and then  

applying L i o u v i l l e ' s  theorem t o  the  d i s t r i b u t i o n .  

Newkirk and Walt (1968) chose i n s t e a d  t o  analyze the  t ime 

v a r i a t i o n s  of p a r t i c l e s  ( e l e c t r o n s ,  i n  t h i s  c a s e )  by f i t t i n g  the  

observed da t a  t o  app ropr i a t e  d i f f u s i o n  equat ions.  As w i l l  be seen 

s h o r t l y ,  t h e  present  approach i s  s i m i l a r .  

Davis and Chang (1962) a s  we l l  a s  Nakada and Mead (1965) t r i e d  

t o  de r ive  t h e  magnitude and f u n c t i o n a l  form of  t h e  d i f f u s i o n  c o e f f i c -  

i e n t ,  assuming t h a t  magnetic v a r i a t i o n s  drove the  d i f f u s i o n .  Both 

s t u d i e s  concluded t h a t  magnetic f l u c t u a t i o n s  seem t o  produce a  d i f f u s i m  

r a t e  which i s  t oo  smal l  by a s  much a s  an order  of magnitude. A more 

l i k e l y  source might be e l e c t r i c  f i e l d  f l u c t u a t i o n s .  Birmingham (1969) 

d i scusses  d i f f u s i o n  produced by conveciion e l e c t r i c  f l e l d s  i n  t h e  mag- 

netosphere and po in t s  out  t h a t  much l a r g e r  d i f f u s i o n  c o e f f i c i e n t s  can 

be der ived  from reasonable phys i ca l  assumptions about t he  process ,  The 



p o s s i b i l i - t y  e x i s t s  of dec id-ing unambiguously between the  two hypo- 

t h e t i c a l  d r i v i n g  f o r c e s  because the  d i f f u s i o n  constant,  decreases  

r a p i d l y  f o r  nonequator ia l  p a r t i c l e s  i n  t h e  magnetic case ,  b u t  no t  i n  

t h e  e l e c t r i c  case (~gl thamrnar ,  1968).  This idea  i s  developed f u r t h e r  

i n  Sec t ion  I V .  

3. Other Sources 

Although t h e  neutron decay and d i f f u s i o n  t h e o r i e s  have been t h e  

most s u c c e s s f u l  i n  p red ic t ing  phys i ca l  e f f e c t s ,  o the r  t h e o r i e s  have 

been advanced. For i n s t ance ,  Akasofu (1964) suggested t h a t  n e u t r a l  

hydrogen from the  sun could pene t r a t e  deep i n t o  t h e  magnetosphere 

be fo re  becoming ionized  b y  charge exchange. This  idea  and .o the r s  a r e  

d iscussed  by  Hess (1968, Chapter 3) .  A 1 1  have se r ious  f a u l t s  and w i l l  

n o t  be presented  here.  

C .  Object ives  of t h i s  Study 

The ob jec t ives  of t h i s  s tudy  can be s t a t e d  q u i t e  simply: 

(1) i n v e s t i g a t e  whether o r  no t  t h e  d a t a  i s  c o n s i s t e n t  

w i th  d i f f u s i o n  by v i o l a t i o n  of t h e  t h i r d  ad-iabat ic  

i n v a r i a n t ,  

(2) determine t h e  d i f f u s i o n  c o e f f i c i e n t  a s  a  func t ion  of 

s p a t i a l  p o s i t i o n ,  and 

(3) at tempt  a  p h y s i c a l  explana t ion  of t he  d i f f u s i o n  based 

on the  na tu re  of t he  d i f f u s i o n  c o e f f i c i e n t .  . 
A l a r g e  body of d a t a  i s  a v a i l a b l e  a t  the  Space Sciences 

Laboratory of t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  San Diego f o r  t h e  s tudy 

of high energy pro tons .  Data from IiiJun 111, Exp l~ i r e r  15, an3 



Explorer  26 were s e l e c t e d  f o r  t h i s  work, These spacec ra f t  c a r r i e d  

i d e n t i c a l  de t ec to r s ,  and had u s e f u l  l i f e t i m e s  ranging from 1962 t o  

1966. This  l i f e t i m e  i s  e s p e c i a l l y  important s ince ,  a s  we saw i n  

Figure 1, long  b a s e l i n e s  must be recorded i f  we a r e  t o  see  l a r g e  

changes i n  t h e  counting r a t e s .  The method of a t t a c k  i s  t o  s imulate  a s  

c l o s e l y  a s  poss ib l e  t h e  populat ion of protons on January 1, 1963, 

e s t a b l i s h  reasonable boundary condi t ions ,  and c a l c u l a t e  p red ic t ed  

counting r a t e s  on January  1, 1966, us ing  a  family of d i f f i ~ s i o n  con- 

s t a n t s .  The p red ic t ed  r a t e s  a r e  then  compared t o  t h e  measured r a t e s  

t o  s e l e c t  t he  magnitude and func t iona l  form of t h e  c o e f f i c i e n t  which 

b e s t  matches t h e  d a t a .  Even wi th  t h e i r  long time span, t he  average 

counting r a t e s  i n  1966 a r e  n e a r l y  equal  t o  those  i n  1963. The maximum 

r a t i o  of i n i t i a l  t o  f i n d  r a t e s  i s  about a f a c t o r  of t h r e e .  

The d e t e c t o r  and spacec ra f t  a r e  descr ibed  i n  t h e  next  s ec t ion .  

The method of d a t a  handl ing i s  descr ibed  i n  Sec t ion  111, and a  de- 

t a i l e d  development of t h e  theory  i s  presented i n  Sec t ion  I V .  Resul t s  

a r e  given i n  Sec t ion  V, and conclusions der ived  from them. 



A schematic r ep re sen ta t ion  of t he  d e t e c t o r  used i s  shown i n  

Figure 3. It c o n s i s t s  of a  s p h e r i c a l  p l a s t i c  s c i n t i l l a t o r  0.4 cm. i n  

diameter connected by a  c o n i c a l  l i g h t  pipe t o  a  photomult , ipl ier .  The 

f r o n t  2n s t e r a d i a n s  seen by the  s c i n t i l l a t o r  a r e  sh i e lded  by a  uniform 

2  1.8 g/cm of aluminum. The sh i e ld ing  over t h e  back 2rr s t e r ad ians  was 

est imated from t h e  spacec ra f t  cons t ruc t ion .  This  d e t e c t o r  i s  c a l l e d  

t h e  "A" d e t e c t o r .  It has outputs  from two discr i -minators  c a l l e d  " A l "  

and " ~ 2 " .  Throughout t h i s  study, only d a t a  from A2 i s  used s ince  A 1  

responded t o  e l e c t r o n s  i n  a d d i t i o n  t o  t h e  d e s i r e d  pro tons .  . For f u r t h e r  

d e t a i l s  of cons t ruc t ion ,  t h e  reader  i s  r e f e r r e d  t o  bozh t h e  previous ly  

mentioned a r t i c l e  by F i l l i u s  (1968) and one by McIlwain (1966b).  

The response of t h e  d e t e c t o r  i s  seen i n  F igures  4 and 5, which 

were taken from t h e  same paper by F i l l i u s .  Using Figure 4, one can 

-N show t h a t  f o r  a  power law spectrum oJ" t h e  form J ( E ) ~ E  = KE dE, A2 

approximates a r ec t angu la r  bandpass of 40 t o  110 Mev. Figure 5 shows 

how t h e  e f f e c t i v e  geometric f a c t o r  v a r i e s  w i th  t h e  s p e c t r a l  parameter,  

N .  This  curve becomes important f o r  conver t ing  counting r a t e s  t o  f l u x  

f o r  comparison over l a r g e  reg ions  of space where N may change cons ider -  

ab ly .  The average geometric f a c t o r  o f t en  c i t e d  f o r  t h i s  d e t e c t o r  i s  

Z 
1/18 cm , which i s  equiva len t  t o  N = 3. However, N v a r i e s  from 1 . 5  t o  

4.5 i n  t h e  reg ion  considered here .  Therefore,  t h e  average value i s  not  

used.  This  m ~ t t e r  i s  d i scussed  f u r t h e r  i n  Sect ion iV. 

The design of d e t e c t o r  A i s  pa r t i cu l a r l -y  we l l  s u i t e d  f o r  i n t e r -  

comparison of counting r a t e s  bei,weei~ d e t e c t o r s  on d i f f e r e n t  spacectraft .  



Figure 3 Schematic Presentation of Detector "A" 



Figure 4 Effective Geometric Factor of Detector 'h" versus energy 



Figure 5 Geometric Factor  of Detector  "A." Versus Spec t ra l  Index 



The th re sho ld  enprgy r s  s e t  p r imar i ly  by the  t b i c ~ ~ r c s s  of the  s h i e l d -  

ing, and no t  t h e  leve?  of discri:nina.tion, The sh i e ld ing  i s  e a s i l y  

made and remains s t a b l e  i n  u se .  I f  t he  t l i reshold had depended on t h e  

e l e c t r o n i c s ,  t h e r e  might be se r ious  ques t ions  about  t h e  r e l i a b i l i t y  of 

t h e  c a l i b r a t i o n  a f t e r  a  few months i n  space. The upper l i m i t  of d i s -  

c r imina t ion  i s  not  n e a r l y  s o  s e r i o u s  s ince  the  spectrum i s  s r a p i d l y  

decreas ing  func t ion  of energy,  In f a c t ,  t h e  counting r a t e s  from A l  

a r e  only about 25% higher  than  those from A 2  i n  those  regions of space 

where t h e r e  i s  no e l e c t r o n  contamination, From t h i s  we see t h a t  small  

changes i n  t h e  upper l i m i t  of d i scr imina t ion ,  i f  t hey  e x i s t ,  w i l l  no t  

s e r i o u s l y  a f f e c t  t h e  counting r a t e s .  

Minimum reso lv ing  t ime f o r  t h e  d e t e c t o r  i s  s e t  by t h e  te lemet ry  

c o n s t r a i n t s .  I n  a l l  t h r e e  spacec ra f t  considered,  t h i s  t ime i s  of t he  

order  of a minute o r  l e s s .  Since t h e  v a r i a t i o n s  i n  counting r a t e  are 

of a  much longer  per iod,  t h e  r e so lv ing  time of t h e  d e t e c t o r  does no t  

in f luence  t h e  da t a .  The n e t  deadtime a s s o c i a t e d  wi th  t h e  d e t e c t o r  and 

i t s  e l -ec t ronics  i s  approximately .25 psec. The h ighes t  count ing r a t e s  

4 
observed i n  t h i s  s tudy a r e  about 1 0  per  second. Therefore t he  dead- 

time c o r r e c t i o n  i s  .25 p e r  c e n t  a t  a  few p laces  and very  much smaller  

on the  average.  Since t h i s  i s  smal le r  than o the r  sources of' e r r o r  

such a s  t he  B-L coord ina te  system i t s e l f  ( ~ e ~ o r e s t ,  1966), deadtime 

c o r r e c t i o n s  w i l l  a l s o  be ignored,  

Data from In jun  I11 was normalized t o  January 1, 1963 and com- 

bined wi th  d a t a  from Explorer  15, which had been normalized t o  t h e  

same d a t e ,  Since ln jun  111 was a  low a l t i t u d e ,  high i n c l i n a t i o n  space- 

c r a f t  (van Al len ,  1 9 6 6 ) ~  and Kxplorcr 1 5  gave d a t a  out  t o  )+ e a r t h  



r a d i i  and & 30' rmgnetic l a t i t u d e  ( ~ c ~ l w a i n ,  1766b), the  r e s u l t i n g  

combination y i e lded  coverage over a l l  B-1, space out  t o  L = 3. 

Explorer 26 was launched i n  December, 1964 i n t o  an o r b i t  of 

apogee 5, per igee  .047 e a r t h  r a d i i ,  and i n c l i n a t i o n  20'. No p o l a r  

o r b i t i n g  spacec ra f t  was a v a i l a b l e  wi th  a s i m i l a r  de t ec to r ,  s o  coverage 

provided by t h i s  spacec ra f t  i s  somewhat more l i m i t e d  i n  s p a t i a l  e x t e n t  

than t h e  January  1, 1963 da t a .  Also  an encoder f a i l u r e  l i m i t e d  t h e  

use fu lnes s  of t h i s  instrument .  However, enough d a t a  was recovered t o  

make proton mappings f o r  both January 1, 1965 and 1966 by c a r e f u l  

e d i t i n g .  

To do a  d i f f u s i o n  study, a  f u r t h e r  p i ece  of experimental  

information i s  needed--the s p e c t r a l  parameter mentioned above. The 

11 11 A d e t e c t o r  does not  r e t u r n  t h i s  information,  b u t  f o r t u n a t e l y ,  

Lavine and Vet te  (1969) publ ished a  complete mapping of N over t h e  

reg ion  of i n t e r e s t .  Many spacec ra f t  and experiments were involved i n  

providing t h e  bas i c  information u s e d .  T h e r e f o r e , i t  i s  assumed t h a t  t h e  

r e s u l t s  r ep re sen t  t h e  b e s t  e s t ima te  of  t h e  s p e c t r a l  parameter.  By 

a p p r o p r i a t e l y  combining N w i th  t h e  counting r a t e s  from d e t e c t o r  "A", 

one can c a l c u l a t e  t h e  d i f f e r e n t i a l  f l u x  a t  a given loca t ion  i n  space.  

That i s  one boundary condi t ion  needed t o  so lve  t h e  d i f f u s i o n  equat ion ,  

The o t h e r  boundary condi t ions  w i l l  be d iscussed  i n  Sect ion I V .  



111. DATA FIANDLLDIG 

A .  Reduction 

Data from t h e  var ious  spacec ra f t  a r e  rece ived  by s e l e c t e d  

ground s t a t i o n s ,  recorded 011 analog magnetic tape,  and sen t  t o  Goddard 

Space F l i g h t  Center  i n  Greenbel t ,  Maryland. There, d i g i t a l  t apes  a r e  

made and s e n t  t o  t h e  experimentterse A t  UCSD, t h e s e  t apes  a r e  then  

so r t ed ,  combined and e d i t e d .  The e d i t i n g  process  removes both  d a t a  

p o i n t s  which have been a f f e c t e d  by bad t e l eme t ry  and dup l i ca t ed  d a t a  

po in t s  due t o  simultaneous coverage by more than  one ground s t a t i o n .  

Next, d a t a  i s  i n t e r p o l a t e d  t o  c e r t a i n  s tandard  values of L and s t o r e d  

i n  order  of i nc reas ing  B on o the r  magnetic t apes .  The format of t hese  

f i n a l  t a p e s  has been chosen t o  al low easy access  t o  t h e  d a t a .  There- 

f o r e ,  t hese  t apes  make an e f f e c t i v e ,  compact working l i b r a r y .  

Although t h e  o r i g i n a l  d a t a  t apes  a r e  a v a i l a b l e ,  no purpose 

would be served by usi.ng them i n  t h i s  s tudy.  Therefore,  a l l  r e s u l t s  

presented  here  a r e  based on the  f i n a l  reduct ion  t apes .  

8. ANAL 

ANAL i s  a complex d a t a  handling program which was o r i g i n a l l y  

w r i t t e n  t o  reduce Relay 1 d a t a .  R e l a t i v e l y  minor changes have been 

necessary  t o  use  t h i s  program on o the r  spacec ra f t .  I n  b r i e f ,  ANAL 

reads  i n  s p e c i f i e d  da ta ,  performs any necessary  co r r ec t ions  t o  t h e  

count ing  r a t e s  such a s  temperature and background co r rec t ions ,  and 

then f i t s  t h e  da t a  t o  a s tandard  expansion i n  both  time and magnetic 

f i e l d  f o r  d i s c r e t e  va lues  of L. The d a t a  and f i t t e d  curves can be 

bo th  p l o t t e d  and p r i n t e d ,   coefficient,^ of t h e  expansion a r e  pu-nched 



out  on ca rds  along wi th  s e l e c t e d  releva.int ini'oi.matic.,ii (such as t h e  

Lime span considered i n  making  he f5t). A samplc p l d t  of ~ n i s  type  i s  

shown i n  Figure 6. Also, Figure 1 was made by the  same program us ing  

an opt ion  f o r  time p l o t t i n g .  Figuuse 2 was made by a!iothev program 

which used s e t s  of cards  punched by ANAL. 

The f i t  s e l e c t e d  f o r  t h i s  s tudy  i s  of t h e  form 

where J i s  the  omnidi rec t iona l  f l u x  of p a r t i c l e s ,  t i s  t h e  time, and 

b = B/Bo  h he convention of Bo des igna t ing  the  minimum B along a  given 

l i n e  of cons tan t  L w i l l  be observed. Such a  f i t  i s  made f o r  each of 

t h e  s tandard  values of L.  

I n  order  t o  s imp l i fy  t h e  s p e c i f i c a t i o n  of the  t ime, a, s p e c i a l  

ca l enda r  has been adopted f o r  u s e  wi th in  the  Space Sciences Laboratcry.  

This  ca l enda r  s t a r t s  wi th  day 1, def ined  a s  January 1, 1963. Days a r e  

accumulated s e r i a l l y  from t h a t  d a t e .  In  normal use,  time i s  specif ied.  

a s  t he  day and f r a c t i o n  of day. The number s o  spec i f i ed  i s  r e f e r r e d  tc 

a s  t h e  Monterey da t e ,  and t h e  ca lendar  i s  c a l l e d  t h e  Monterey ca lendar  

(playboy, 1963; and R .  W .  F i l l i u s ,  p r i v a t e  communication). 

Knowledge of t h e  omnidi rec t iona l  f l u x  along a  l i n e  of fo rce  

al lows one t o  c a l c u l a t e  t he  perpendicular  f l u x  along t h a t  l i n e  ( ~ ' a r l e y  

and Sanders,  1962; Roberts ,  1965).  D e t a i l s  of t h i s  t ransformat ion  w i l l  

no t  be d iscussed  here .  However, it sho~l-ld be noted t h a t  t h e  accuracy 

of t he  transforma,tion depends approxiniawly on t i - 1 ~  8.ccurac.y- wizi? wliicn 

-, . 
the  f i r s t  der iva t i .ve  of ,T a long  t h e  _ixze of -;orce is !iric,,~n, A f t e r ,  





l.'i ti ing the  d a t a ,  ANAL rmkes t h i s  t,i..~~risi'orrnati,o~i and punches yards f o r  

the expansion of the  d i r e c t i o n a l  f l a x  i n  t h e  ~ a , u i ~  manner a s  !':.,x. :;i:c 

omnidi rec t iona l  f l u x .  A t y p i c a l  example of such derived curves i s  

shown i n  Figure 6 along wi th  t h e  omnidi rec t iona l  f l u x .  

ANAL has o n e p o t e n t i a l  shortcoming i n  t h e  way it f i t s  t he  da t a .  

The form shown i n  equat ion (3 )  does no t  a l low f o r  t he  easy handling of  

zero  counts .  Therefore,  ANAL ignores  a l l  such readings .  This c r e a t e s  

an e r r o r  a t  low counting r a t e s .  To a s s e s s  t h e  e f f e c t  of t h i s  e r r o r ,  

cons ider  a system which counts  random events  w i th  an average occurrence 

of h p e r  reading.  Then the  p r o b a b i l i t y ,  w(n),  t h a t  11 counts  per  

reading  w i l l  occur. i s  given by Reif' (1965, p. 41)  

Let  u s  now a s k  what t h e  average counting r a t e  would be i f  over some 

long  pe r iod  of  t ime, T, we accumulate events  over many small  i n t e r v a l s ,  

and d iv ide  t h e  t o t a l  accumulated events  by the  time T-To, where To i s  

t h e  sum of a l l  accumulation per iods  wi th  zero  counts .  C a l l  t h i s  new 

r a t e  A ' .  

Then we can w r i t e  

A '  = AT/(T - T ~ ) . , -  

However, t h i s  l a s t  expression i s  seen t o  s imp l i fy  t o  

A '  = A / ( l  - w ( 0 ) )  



Therefore,  h and X' arc equal  f o r  a l l  p r a c t i c a l  pu-rposes a.t h igh  

count ing  r a t e s .  In f a c t ,  evcn i f  h g e t s  a s  small  a s  5, they  a r e  s t i l l  

equal  t o  w i th in  1 per  c e n t ,  Counting r a t e s  used i n  t h i s  s tudy g e t  

t h a t  low only  a t  t h e  outermost s t e p s  i n  L. As was seen i n  Figure 6, 

t h e  RMS dev ia t ion  of t h e  d a t a  p o i n t s  about  t h e  f i t t e d  curves a r e  of 

t h e  o rde r  of a few per  c e n t .  Since t h a t  i s  many times g r e a t e r  than 

t h e  e r r o r  t h a t  could be introduced by neg lec t ing  zero count readings ,  

we may proceed wi th  confidence i n  t h e  f i t t i n g  technique. 

C .  Merging of In jun  111 and Explorer  15  Data 

This  s tudy  s t a r t e d  wi th  the  e f f o r t  t o  produce a  comprehensive 

mapping of t h e  protons by combining d a t a  from In jun  111 and 

Explorer  15 .  As mentioned i n  t he  previous sec t ion ,  the  s p a t i a l  cover-  

age of each spacec ra f t  compliments the o the r .  Because of t h e  d i f f i -  

c u l t i e s  of w r i t i n g  a  program t o  merge the  da t a  d i r e c t l y ,  much of t h e  

work was done by hand. Contou-r p l o t s  i n  B-L space were made f o r  each 

spacec ra f t .  Then t h e  graphs were ove r l a id  and a  t r a c i n g  made of t h e  

combination. For tuna te ly ,  t he  f l u x e s  i n  t h e  over lap  region agreed 

q u i t e  we l l .  The maximum d i f f e r e n c e  was approximately 10  per  cent ,  and 

t h a t  was i n  t h e  cu t -o f f  regign where the  f luxes  a r e  changing r a p i d l y  

wi th  L. Figure  7 shows the  r e s u l t s .  The i n t e r p o l a t e d  p a r t  of t h e  

combined graph was obtained by extending t h e  appropr ia te  contours  u n t i l  

t hey  met. no at tempt  was made t o  extend a n a l y t i c a l l y  the  f i t s  beyond 

the  domain of t he  da t a  f i t t e d .  However, t hc  r e s u l t i n g  contours  had t o  

be put  i n t o  a  more usable  form f o r  diffu-sion s t u d i e s ,  Therefore,  

values of t he  combined contours  were punched ug on a s e t  o f  cards  



Figure 7 Contours  in B-L space of_' the Orn~iid?'.rectiond. Fl.uxc$s 
Measured by the Corn-bined Tnjun 111 and Explorer 15 3ata 



which were used. a s  t h e  inpu t  t o  a  s p e c i a l l y  modif'ied vers ion  of ANAL. 

Both omnidi rec t iona l  and d i r e c t i o n a l  ~ o i ~ ' i i ) u i ' ~  were then genera te6  i11 

t h e  nornlal way, The contours  of d i r e c t i o n a l  f1u.x a r e  shown i n  

Figure 8. The r econs t ruc t ed  omnidi rec t iona l  contours  a r e  i d e n t i c a l  t o  

those  i n  Figure 7. 

A s  a  f i n a l  no te ,  it should be mentioned t h a t  a subrout ine  was 

w r i t t e n  c a l l e d  POWER which con ta ins  t he  s p e c t r a l  information i n  t h e  

paper  by Lavine and Vet te  (1969)-  When c a l l e d  by a  l o c a t i o n  i n  B-L 

space, POWER r e t u r n s  t h e  app ropr i a t e  value of t he  s p e c t r a l  index, N .  



Figure 8 Contou-rs in 5-L Space of the 3 < r e c t i o n a , l  Fl~xxes Tjerived 
from t h e  Corn.-bir~ed In j i rn  TIT a.nc1 b:xplorer 15 Gats 



IV. TIIEORY 

A. Dif filsion Eq~xation 

Although t h e  motion of high energy protons i n  t h e  magneto- 

sphere i s  p roper ly  descr ibed  by means of the  Fokker-Plank equat ion,  

Fslthammar (1966) found a r e l a t i o n  between t h e  two Foklrer-Plank coef -  

f i c i e n t s  which enables  one t o  c a s t  t h e  equat ion i n t o  "d i f fus ion - l ike"  

form wi th  only one c o e f f i c i e n t .  Even wi th  t h i s  s i m p i i f i c a t i o n ,  t h e  

d i f f u s i o n  equat ion can appear i n  s e v e r a l  forms depending on t h e  space 

i n  which one chooses t o  work. For t h i s  study, a form s i m i l a r  t o  t he  

one used  by Birmingham (1969) i s  t he  most convenient.  

where M and J a r e  t h e  f i r s t  and second a d i a b a t i c  i n v a r i a n t s  respec-  

t i v e l y ,  t i s  t h e  time, and Q> i s  t h e  l o n g i t u d i n a l  average of t he  

guiding c e n t e r  d e n s i t y  def ined  f o r  t he  fou r  dinlensional space, 

( a , p , M , ~ ) .  p i s  longi tude .  S i s  t h e  d i s t r i b u t e d  s i n k  o r  source of 

p a r t i c l e s .  I t s  form i n  t h i s  coord ina te  sys t e~n  need not  be d iscussed  

because one of t h e  assumptions t o  be made i s  t h a t  S = 0. F i n a l l y ,  

a = - p / ~  wi th  p being t h e  magnetic d ipo le  moment of t he  e a r t h .  

Frequent ly,  it i s  convenient t o  t h i n k  in  terms of t he  d i f fus ion  

c o e f f i c i e n t  i n B - L  space, . Theconvers ion  f romD t o D  i s  
a L 

s t r a igh t fo rward  ( c f ,  Birmingham, 1969) 



R. Transformation of zhe So lu t ion  of t he  Dif fus ion  k2quziion -- 

iviost au thors  who have worked on ihe  uiffuslor!  problern have 

simply solved equat ion (8)  and c o r r e l a t e d  t h e  r e s u l t s  wi th  d a t a .  How- 

ever,  one g e t s  a  b e t t e r  f e e l i n g  f o r  t h e  phys i ca l  processes  by comparing 

q u a n t i t i e s  which have a  r e a d i l y  apparent  phys i ca l  meaning. The per-  

pendicular  f l u x  i s  a  q u a n t i t y  which i s  more nea r ly  r e l a t e d  t o  t he  

a c t u a l  ou tput  of t he  d e t e c t o r  than  Q>. For t h i s  reason, it was 

decided t o  so lve  (8) a t  a  given J f o r  a  family of PI. The r e s u l t i n g  

values of 4J,> can then be transformed and i n t e g r a t e d  t o  g ive  t h e  pe r -  

pendicular  f l u x  i n  a  manner analogous t o  t h e  inverse  procedure given i n  

t he  nex t  s e c t i o n .  The r e s u l t  i s  a p red ic t ed  f l u x  along a  locus  of 

cons t an t  J f o r  a l l  QI. The procedure i s  then repeated f o r  a  d i f f e r e n t  

J, and i n  t h i s  way t h e  d i f f u s i o n  p a t t e r n  f o r  a l l  space i s  b u i l t  up  from 

one-dimensional c u t s .  The f i n a l  r e s u l t  i s  presented i n  o rd ina ry  B-L 

o r  R-A space a s  contours  of p red ic t ed  perpendicular  f l uxes .  D i rec t  

comparisons can then  be made wi th  t h e  a c t u a l  f l u x .  

C .  Conversion of J t o  -Q,> 

Now we must t r a c e  t h e  to r tuous  pa th  from counting r a t e s  t o  t h e  

r a t h e r  obscure Q>. F i r s t ,  t he  perpendicular  f l u x  i s  c a l c u l a t e d  i n  

t h e  manner a l r eady  descr ibed ,  Then, t h i s  perpendicular  f l u x  must i n  

t u r n  be converted t o  f l u x  d i f f e r e n t i a l  i n  energy. This s t e p  makes use  

of t h e  s p e c t r a l  parameter,  N .  Lavine and Vette  c a l c u l a t e  N - 1  where 

Let  t h i s  be s in lp l i f ied  by de f in ing  +(B,L) such t h a t  



The counting r a t e ,  C ,  i s  given by 

The product,  c G ( N )  i s  given i n  Figure 5. Subs t i tu t ing  equation (11) 

i n t o  (12) gives the  r e s u l t  

Equation (13) can now be solved f o r  + and t h e  r e s u l t  s u b s t i t u t e d  back 

i n t o  equation (10).  

Now t h e  d i f f e r e n t i a l  f lux ,  j, can be ca lcu la t ed  d i r e c t l y  from (14).  

To continue f u r t h e r ,  we need a r e l a t i o n  between j and Q>. Nakada and 

Mead found such a r e l a t i o n  v a l i d  on t h e  equator  (although f o r  a 

s l i g h t l y  d i f f e r e n t  space) ,  but  Birmingham gives a r e l a t i o n  which i s  

v a l i d  o f f  the  equator a l s o .  Rather s a t i s f y i n g l y ,  t he  two r e l a t i o n s  

can be shown t o  be equivalent .  Birmingham's expression i s  

However, t o  use equation (16) t o  convert from j t o  a> one must be 

c a r e f u l  t o  evalua te  j (which i n  t h i s  expression, i s  not  necessar i ly  



perpciliiicular t o  B) along t o  proper s o l i d  angle s p e c i f i e d  by M, J, and 

cu. 111 t h i s  s tudy,  the i n i t i a l  condi t ions  a r e  s p e c i f i e d  t,o make t h e  

propc1r s o l i d  angle perpendicular  t o  t h e  l i n e  of f o r c e .  

D.  Coordinates 

Although t h e  d i f f u s i o n  descr ibed  here i s  one dimensional, it 

t akes  p l ace  i n  t he  two dimensional B-L space. Therefore,  t h e  pa ths  of 

p a r t i c l e s  d r i f t i n g  inward must be s p e c i f i e d  by two parameters,  and B 

and L a r e  no t  p a r t i c u l a r l y  convenient f o r  t h i s  purpose. One coord i -  

n a t e  i s  determined by equat ion  (8).  That i s  a. 

The second coord ina te  i s  a s p e c i a l  one designed t o  have a 

r e a d i l y  apparent  phys i ca l  meaning, and t o  be convenient t o  use i n  a 

computer program. Consider t h a t  t h e  locus  of mi r ro r  p o i n t s  t r a c e d  out  

by a p a r t i c l e  a s  it d r i f t s  inward i s  approximately a l i n e  of cons tan t  

magnetic l a t i t u d e .  This l ocus  i s  c a l l e d  a l i n e  of  cons t an t  K where K 

i s  an a d i a b a t i c  i n v a r i a n t  der ived  from t h e  f i r s t  two i n v a r i a n t s  

( ~ c ~ l w a i n ,  1966a).  Traces of cons tan t  K a r e  shown i n  Figure 9. K, 

however, i s  n o t  a convenient  parameter t o  use .  Ins tead ,  t h e  magnetic 

l a t i t u d e  a t  which a given l i n e  of cons tan t  K c ros ses  a given r a d i a l  

d i s t a n c e  from t h e  e a r t h  ( =  R ) w i l l  be used.  Then equat ion (8)  can 
min 

be solved f o r  d i s c r e t e  va lues  of magnetic l a t i t u d e ,  A, over t he  f u l l  

range of a t o  map out  a complete B-L d i f f u s i o n  p a t t e r n .  

E.  Boundary Condit ions 

Before so lv ing  t h e  equat ion,  c e r t a i n  boundary condi t ions  must 

be e s t a b l i s h e d .  Since almost  any d i s t r i b u t i o n  can be f i t t e d  i f  one 

v a r i e s  enough parameters,  c e r t a i n  s impl i fy ing  assumptions have been 



Figure 9 Traces of Constant K in R-X Spa.ce 



made about t h e  app ropr i a t e  boundaries ,  and these  a s s ~ m p t i o n s  have been 

maintained throughout t h e  s tudy.  

(1) Q> = 0 a t  R = 1.15 e a r t h  r a d i i  

(un i f  o m ,  t h i c k  atmosphere wi th  sharp  edge ) . 
( 2 )  4&> = cons tan t  a t  L = L 

max 

( cons t an t  input  of new p a r t i c l e s  on an ou te r  

l i n e  of f o r c e ) .  

( 3 )  G> s p e c i f i e d  a t  t he  i n i t i a l  time by In jun  I11 

and Explorer  15. 

(4 )  S = 0 (no d i s t r i b u t e d  sources o r  s i n k s )  

a+4 b 5 DL = ~ ( A ) L  M 

(6) 4&> i s  s p e c i f i e d  a t  t h e  f i n a l  t ime by Explorer  26. 

Condit ion (6) i s  no t  r e a l l y  a  boundary condi t ion  of t h e  problem, b u t  

t h e  c r i t e r i a  a g a i n s t  whj-ch t h e  s o l u t i o n  i s  weighed. Conditions 1 

through 4 a r e  se l f -explana tory ,  b u t  t h e  important assumption about t h e  

form of t he  d i f f u s i o n  c o e f f i c i e n t  needs some e l abora t ion .  Fzlthammar 

(1968) has der ived  two forms f o r  D v a l i d  throughout space. The f i r s t  
L/ 

i s  produced by magnetic f l u c t u a t i o n s .  

The important new parameter, n,  g ives  t h e  shape of t h e  power spectrum 

-n 
of t he  d is turbances .  That i s ,  P v where v i s  t he  frequency of t h e  

d is turbance .  S imi l a r ly ,  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  e l e c t r i c  

f i e l d  d is turbances  i s  der ived  from Fzlthammar's equat ion (25). 



Fxltharnmar g ives  a p l o t  of ~ ( h ) ,  and shows t h a t  it drops b y  a  

0 
f a c t o r  of 1 0  between A = 0 and 40 = On the  o the r  hand, t he  propor t ion-  

a l i t y  f a c t o r  f o r  equat ion (18) i s  approximately consta,nt throughout 

space.  This provides a  powerful t o o l  f o r  determining t h e  d r i v i n g  fo rce  

of t h e  d i f f u s i o n  ( i f  it e x i s t s ) .  The approach i s  t o  va.ry n and r f o r  

d i f f u s i o n  on t h e  equator  u n t i l  a  b e s t  f i t  i s  found f o r  bo th  equat ions  

(17) and (18 ) .  Then, holding n cons t an t  a t  t h e  optinlwn value,  go o f f  

t h e  equator  and determine t h e  b e s t  value of F' a s  a  func t ion  of A. This  

procedure g ives  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  a l l  space and should 

enable one t o  t e s t  t h e  importance of d i f f u s i o n  by v i o l a t i o n  of t h e  

t h i r d  a d i a b a t i c  i n v a r i a n t  a s  w e l l  a s  determine t h e  source.  

Note t h a t  i n  t h e  magnetic case ,  n  = 2 g ives  t h e  f a m i l i a r  L 
1 0  

d i f f u s i o n ,  b u t  t h a t  pure L d i f f u s i o n  can occur i n  t h e  e l e c t i v e  case  

6 
only  i f  n  = 0, and t h i s  g ives  L d i f f u s i o n .  Magnetic d i s turbances  not  

i n f r e q u e n t l y  t ake  the  form of a  r a p i d  r i s e  followed by a  long decay. 

I f  t h i s  decay i s  long compared t o  t h e  d r i f t  t ime, then  t h e  power 

spectrum does have n = 2 ( a t  l e a s t  i n  t h e  region of v = l /rd, t h e  

d r i f t  t ime) .  Disturbances wi th  a  s h o r t  r i s e  and f a l l  time have n = 0. 

Therefore,  we f i n d  t h a t  thefmost l i k e l y  d i f f u s i o n  c o e f f i c i e n t s  do i n -  

deed depend only on L and n o t  on M. Of course,  t h i s  specu la t ion  must 

be i n v e s t i g a t e d  by so lv ing  the  d i f f u s i o n  equat ion before  any p h y s i c a l  

t r u t h  can be ass igned  t o  it. 

F. Determination of r 

In p r a c t i c e ,  t h e  b e s t  way t o  f i n d  r has been t o  s e l e c t  n, and 

then a c t u a l l y  solve t h e  d i f f u s i o n  equat ion f o r  var ious  values of r. 



The b e s t  f i t  i s  def ined  by a procedure descr ibed  i n  t he  next  s e c t i o n ,  

and t h e  r used  f o r  t h a t  f i t  i s  adopted a s  t h e  b e s t  va lue ,  Therefore,  

we should look  i n  d e t a i l  i n t o  t h e  way r i s  found. The d- iffusion 

equat ion ( 8 )  can be r e w r i t t e n  wi th  the  assumed form of D a s  
L 

where a and b a r e  determined by (17)  o r  (18) .  Then, l e t  

and 

S u b s t i t u t i o n  i n t o  equat ion (19) y i e l d s  

This equat ion i s  now solved by means of a FORTRAN subrout ine,  PARAB, 

which i s  a h igh ly  modified vers ion  of an ALGOL procedure, PARABI 

 ram, 1962).  PARAB so lves  t he  d i f f e r e n c e  equat ion a s soc i a t ed  wi th  

(22)  t o  any accuracy s p e c i f i e d  i n  advance. PARAB s e t s  the  mesh s i z e  

i n  both  d i s t ance  and time au toma t i ca l ly  t o  g ive  the  des i r ed  accuracy 

wi th  t h e  m i n i m  number of c a l c u l a t i o n s .  

When a normalized time, T, i s  found which s a t i s f i e s  t h e  f i t  

c r i t e r i a  g iven  i n  t h e  next  s ec t ion ,  r can be found by means of 

equat ion (20 )  and t h e  f a c t  t h a t  t = 1096 ( t h a t  i s ,  from January 1, 

1963 t o  January 1, 1966 i s  1096 days) .  



G .  Determination of &u.alj.ty of F i t  ---.-- 

Before c o n t i n ~ i i n g  on the  r e s u l t s ,  we must g ive  c a r e f u l  a t t e n -  

t i o n  t o  t h e  method of dec id ing  oil tile b e s t  f i t .  Simply- "eyebal l ingf '  

t h e  r e s u l t s  may g ive  t h e  same answer a s  a  more s o p h i s t i c a t e d  s e l e c t i o n  

method, bu t  very  l i t t l e  i s  l earned  q u a n t i t a t i v e l y  about  t h e  q u a l i t y  of 

fit. However, t h e  nex t  s t e p  i s  s o p h i s t i c a t i o n  above "eyebal-lingff i s  

a  r a t h e r  d i f f i c u l t  one t o  t ake .  I f  one chooses t h e  average value of 

t he  r a t i o  of t he  p red ic t ed  counting r a t e s  t o  t h e  measured ones a s  an 

e r r o r  parameter,  it w i l l  be qu ick ly  learned  t h a t  by p r e d i c t i n g  no 

change at a l l  from 1963 t o  1966, the  e r r o r  parameter i s  .925 on t h e  

equator  ( i . e . ,  t h e  average change i s  sma l l ) .  Now t h i s  might n o t  be a  

bad fit, b u t  it does n o t . t e l l  much about t he  physics  involved.  On the  

o the r  hand, i f  one adopts  f o r  an e r r o r  parameter t he  average value of 

t he  r a t i o  of t h e  p red ic t ed  change i n  counting r a t e s  t o  t h e  measured 

change i n  counting r a t e ,  he w i l l  d i scover  t h a t  t h e  denominator i s  zero 

o r  a t  l e a s t  very  sma l l  a t  s e v e r a l  l o c a t i o n s .  Therefore,  t h i s  e r r o r  

parameter w i l l  always be i n f i n i t e l y  l a r g e  r e g a r d l e s s  of t h e  q u a l i t y  of 

f i t .  Again no phys ics .  

Within about 10' of t h e  equator ,  t h e  p o s s i b i l i t y  e x i s t s  f o r  

e s t a b l i s h i n g  a  niorphological c r i t e r i a  f o r  a  good f i t .  I n  Figures  (10)  

and (11) a r e  p l o t t e d  t h e  d i r e c t i o n a l  f l u x e s  f o r  1963 and 1966 

re spec t ive ly .  Note t h a t  both e x h i b i t  a  secondary peak near  t he  equator  

which moves inwa,rd i n  L a s  time progresses .  One could simply al low t h e  

diff 'usion t o  cont inue u n t i l  t he  peak i n  t h e  p red ic t ed  r a t e s  matched the  

pea,k i n  the  measu-red r a t e s ,  If one i s  very f o r t u n a t e ,  the  minima w i l l  

match up a t  t h e  same tirne. The inner ,  l a r g e  peak i s  aknost  u s e l e s s  i n  



Figure 10 Directional Flux for January 1, 1963 ( R - A )  



Figure I1 Direct iona,L Fhxx for January 1; 1966 (R-4) 



t h i s  sense s ince  it does no t  move a s  much. Therefore,  we must r e t u r n  

t o  t he  f i r s t  suggest ion t o  t r y  to  f i n d  a reasona'uic   rite ria wkiic1. l  

works over a l l  space. 

The f i r s t  t h i n g  t o  no te  i s  t h a t  even zhough t h e  average va lue  

of t h e  r a t i o  of t h e  p red ic t ed  t o  measured counting r a t e s  g ives  ,925 

f o r  no change a t  a l l ,  t he  counting r a t e s  a c t u a l l y  do change by more 

than  a f a c t o r  of 3 i n  some p l aces .  Therefore,  t h e  %RMS dev ia t ion  

about .925 must be very  l a r g e .  However, i f  t he  d i f f u s i o n  theo ry  i s  

g iv ing  c o r r e c t  r e s u l t s ,  then  t h i s  average r a t i o  should be c l o s e  t o  1 

and t h e  %RMS dev ia t ion  should be small .  So t h e  average r a t i o  i s  a  

good e r r o r  parameter provided we look  f o r  a  minimum i n  t h e  $RMS devia-  

t i o n  a t  t h e  same t ime.  

Data p o i n t s  used  t o  form t h e  average r a t i o s  a r e  only taken 

from L 42.15 t o  Rmin near  t h e  equator  a n d L d . 9 5  near  h = 30. This 

avoids t h e  reg ion  of nonadiaba t ic  l o s s e s  mentioned i n  t h e  In t roduc t ion .  

The s i t u a t i o n  i s  a  b i t  l e s s  s t r a igh t fo rward  i n  c a l c u l a t i n g  a  

reasonable average r a t i o  of t h e  change i n  p red ic t ed  counting r a t e s  t o  

t h e  measured r a t e s .  The b e s t  compromise has been t o  d i s r ega rd  any 

d a t a  p o i n t s  which change by l e s s  than  8% of t he  1963 counting r a t e .  

This f i g u r e  of 8% was chosen empi r i ca l ly  by no t ing  t h a t  t h e  r a t i o  

became very  l a r g e  f o r  those  d a t a  p o i n t s  which d i d  no t  s a t i s f y  t h i s  con- 

d i t i o n ,  even when t h e  f i t  "looked" good. However, t o  be on t h e  s a f e  

s ide ,  it i s  b e s t  t o  cons ider  t he  %RMS dev ia t ion  about t h e  average 

value i n  t h i s  case a l s o .  One would expect a  minimum i n  t h e  $WLS 

dev ia t ion  a t  t h e  pos i t i on  of b e s t  f i t ,  



Of 108  poss ib l e  p o i n t s  t h a t  could be used t o  form t h i s  

average, 40 a r e  e l imina ted  by the  8$ t e s t  on t h e  equator .  A s  'n. 

i nc reases ,  l e s s  po in t s  a r e  e l imina ted .  

As we s h a l l  s ee  i n  t he  next  s ec t ion ,  a l l  of t hese  e r r o r s  a r e  

equiva len t .  That i s ,  t h e  p o s i t i o n  of t h e  peaks match a t  t h e  same 

time t h a t  t h e  minima match, t h e  %RMS dev ia t ion  i n  t he  average r a t i o  of 

r a t e s  i s  a minimum, and t h e  %RMS dev ia t ion  i n  t h e  average r a t i o  of t h e  

change i n  r a t e s  i s  a  minimum, a l l  a t  the  same time. Fur ther ,  t h i s  

happens when t h e  f i t s  "look" good, and when bo th  t h e  average r a t i o s  

a r e  n e a r l y  equal  t o  1. This  i s  very  convenient s ince  t h e  two r a t i o s  

do no t  n e c e s s a r i l y  a c t u a l l y  equal  1 a t  t h e  same t ime.  Therefore,  t h i s  

combination approach avoids soul -searching  dec i s ions  a s  t o  which r a t i o  

i s  t h e  b e t t e r  i n d i c a t o r ,  o r  i f  one i s  b e t t e r  than  the  o t h e r  a t  c e r t a i n  

l o c a t i o n s .  



V. RESULTS AND CONCLUSIONS 

The search  f o r  t h e  b e s t  value of t h e  s p e c t r a l  parameter, N ,  on 

the  equator  gave unambiguous r e s u l t s  f o r  bo th  t h e  e l e c t r i c  and magnetic 

6 
cases .  L (N = 0 )  g ives  t h e  b e s t  f i t  f o r  the  e l e c t r i c  case ,  and L 10  

( N  = 2 )  g ives  t h e  b e s t  f i t  f o r  t h e  magnetic ca se .  The r e s u l t s  a r e  

shown i n  Figure 12 f o r  t h e  two cases  mentioned and f o r  N = 1 i n  t h e  

e l e c t r i c  ca se .  

The d i f f e r e n t i a t i o n  i n  t h e  q u a l i t y  of  f i t  f o r  var ious  s p e c t r a l  

parameters i s  ind ica t ed  by  t h e  f a c t  t h a t  t he  average r a t i o  of pred ic ted  

t o  measured f l u x  i s  1.09 & .16 f o r  L", and about 1.06 k . l o  f o r  bo th  

6 4 -2 
L  and L5M-I, bu t  drops t o  .93 k .24 f o r  L  M . The f i t s  g e t  progress-  

i v e l y  worse f o r  higher  va lues  of N .  

6 
In s p i t e  of t h e  f a c t  t h a t  I, and IL5M-l d i f f u s i o n  c o e f f i c i e n t  

g ive  approximately t h e  same average r a t i o ,  F igure  12 shows t h a t  L  6 

matches the  f u n c t i o n a l  form of t h e  measured f l u x  somewhat b e t t e r  t han  

A ques t ion  t h a t  i s  f r equen t ly  asked i s  how f a r  does a  given 

p a r t i c l e  d r i f t .  This  i s  answered i n d i r e c t l y  by no t ing  t h e  number of 

time i t e r a t i o n s  PARAB took t o  g e t  t h e  r e s u l t .  Then, knowing the  s t e p  

s i z e  i n  a, one can s e t  an upper 1 Z w i t  t o  the propagation d i s t ance .  The 

r e s u l t  f o r  a  d r i f t  time of t h r e e  years  i s  

h( l /L)  5 .05 

o r  



Figure  1 2  So lu t ions  on t h e  Equator f o r  Di-ffering Forms of  the  
Diffusion Coef f i c i en t  



This expla ins  why the outel: boundary condi t ion  i s  iloi; a s  c r i t i -  

c a l  a s  t h e  ini~er-. one, The u.s&'ule l r ipu i  liaia ends a . i  abo~1.t L -- 2.75.  

Tnr'ormati.on about the  f l u x  a t  t11j.s po in t  w i l l  only propagate inward t o  - 

about L = 2.35 i n  3 y e a r s .  Therefore,  any rea,sonable ex t r apo la t ion  of 

t h e  f l u x  out  t o  a f i xed  source w i l l  n o t  a f f e c t  t h e  r e s u l t s  g r e a t l y .  

Equation ( 2 )  a,lso helps  t o  expla in  why a l l  so lu t ions  tend t o  

give l a r g e  deviat i -ons from tlie measured flu-xes a t  t he  lowest va lues  of 

L. Since t h e  p a r t i c l e s  move very l i t t l e  i n  tlie range of L .c 1.25, t he  

l a r g e  changes i n  counting r a t e  must be due t o  the  e f f e c t s  of t,he a,tmos- 

phere,  and t h e  atmosphere has no t  been t r e a t e d  e n t i r e l y  c o r r e c t l y .  By 

f o r c i n g  the  counting r a t e s  t o  be zero a t  R = 1.15, two kinds of approx- 

imations a r e  made. F i r s t ,  no allowance i s  made f o r  t h e  decrease i n  

r e s i d u a l  atmospheric d e n s i t y  i n  1966 (which i s  a per iod of low s o l a r  

a c t i v i t y )  r e l a t i v e  t o  1963 (whicli i s  j u s t  a f t e r  tlie sola,r maximum). 

Blanchard and Hess (1964) c a l c u l a t e d  t h e  e f f e c t  of va,r ia t ion of t h e  

atmosphere on t rapped p a r t i c l e s  and found. t h a t  t h e  d e n s i t y  a t  L = 1 - 2 5  

(about 3 x lo3 oxygen atoms equivalent/cm3 a t  s o l a r  minimum) v a r i e s  by 

about a f a c t o r  of 100 on t h e  equator .  Also t h e  atmosphere should be 

t r e a t e d  a s  a d i s t r i b u t e d  l o s s  term t o  a c c o ~ ~ n t  p rope r ly  f o r  i t s  e f f e c t  

on p a r t i c l e s .  However, t h e  addit,ion of t h i s  refined. l o s s  term t o  the  

d i f f u s i o n  equat ion complicates t h e  s o l u t i o n  s u f f i c i e n t l y  t h a t  i.ts 

u t i l i t y  i s  h ighly  ques t ionable .  

For t h e  purposes of t he  p re sen t  work, i t  can he noted t h a t  the  

low p red ic t ed  counting rakes i n  the  ra.rlge L < 1.25 a r e  probably due t o  

t he  decreased l o s s  t o  the  atmosphere, an3 the  excess counts  pred ic ted  



i n  t he  range 1 - 2 5  i L S 1-.11-3 a r e  probably : ~e ti, neg lec t ing  lo:, two- 

duced by t h e  r e s i d u a l  atmosphere. 

Also from Figure 12, we call estlli?s.te t he  t o - t a l  l o s s e s  not  ac -  

counted f o r  i n  t h e  rnnge of L 2 1.65 a s  a,pproxiniately 3% per  year ,  

s i n c e  t h e  p red ic t ed  curve f a l l s  above the  measured one by t h a t  r~uch ,  

This leaves  unexamined only the  range of 1 .43  .= L < 1*65,, where 

t h e  p red ic t ed  r a t e s  a r e  t o o  low. The most l i k e l y  reason f o r  t h i s  d i s -  

crepancy i s  t h a t  ?, source of p a r t i c l e s  has not  been accounted f o r  in  

t h e  s o l u t i o n .  Perhaps t h e  source could be from neutron decay. If so, 

we can say- t h a t  C M D  has a n e t  e f f e c t  of adding only about 3% per  

year  over a very l i m i t e d  s p a t i a l  ex t en t .  

The b e s t  values of D t h a t  goes wi th  the  b e s t  f i t  i n  Figure 12 
L 

By comparison, Williams (1970) g ives  

The d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  e l e c t r i c  case  i s  equal  t o  

Williams va lue  a t  

Since t h e  developl~lent so f a r  seems t o  k-ve :e ; u l t s  111 r e a s o z -  

a j l e  a,greemen-t ;.;ith o the r  workers, we now proceeL! t > Tind h) YOL- t k ? >  

6 
L ca,se,  



B. 

To demonstrate t h e  o v e r a l l  q u a l i t y  of f i t  both on and o f f  t he  

equator ,  F igure  1 3  shows the  r a t i o  of measured 1966 f luxes  and p re -  

d i c t e d  1966 f l u x e s  t o  measured 1963 f l u x e s .  

The v a r i a t i o n  of T  wi th  h i s  shown i n  Figure 14, bu t  t o  

f a c i l i t a t e  comparison wi th  p red ic t ions  of magnetic f l u c t u a t i o n s ,  t he  

r a t i o  of T(A)/T(o) i s  p l o t t e d  i n s t e a d  of I '(h). The ind ica t ed  e r r o r  bar 

g ives  t h e  spread due t o  t h e  d i f f e r e n t  methods of determining t h e  b e s t  

fit, and due t o  t he  d i s c r e t e  values of d i f f l ~ s i o n  times t h a t  were used.  

On t h e  equator ,  a l l  of t h e  d i f f e r e n t  methods agreed t o  withi.n t h e  

accuracy of t h e  c a l c u l a t i o n s ,  so  no e r r o r  ba.r i s  shown. The lower 

l i m i t  i n  the  f i r s t  fou r  po in t s  ( a l l  a t  h < 1 0 )  was s e t  by matching t h e  

p o s i t i o n s  of t h e  ou te r  peak. The abso lu t e  e r r o r  i n  T(h) f o r  t h e i r  

f i r s t  p o i n t s  probably agrees  w e l l  w i th  t he  ind ica t ed  e r r o r  b a r s .  How- 

ever ,  f o r  t h e  h ige r  values of l, t h e  exact  method of handling the -  d a t a  

becomes more c r i t i c a l  and the  n e t  e r r o r  i nc reases .  Therefore,  t he  

0 
outer  p o i n t s  a t  h  > 25 a r e  probably only  accu ra t e  t o  wi th in  50%. I n  

t h i s  contex t ,  it i s  i n t e r e s t i n g  t o  note  t h a t  inc luding  reg ions  of 

space wi th  known non-adiabat ic  l o s s e s  i n  t h e  c a l c u l a t i o n  decreases  

~ ( 2 5 ' )  by  a  f a c t o r  of 4. However, t he  value of T(0) i s  a f f e c t e d  only 

s l i g h t l y  by t h e  inc lus ion  of t hese  reg ions .  

Even wi th  these  allowances, it i s  obvious t h a t  t he  measured 

shape of t h e  I?( A )  curve ca,nnot be explained by nagnet ic  va.r ia t ions 
i 

10  , ..,~,." a lone .  (A s i m i l a r  r e s u l t  i s  obtained i C  L a l r r u s i o n  i s  u-sed.  o ow ever, 
i n  t r y i n g  t o  expla in  t h e  sha'pe of ~ ( h ) ,  one f i n d s  tha.t t h e  a.ssumption 

-!I . 
of t he  s p e c t r a l  power dens i ty  varying l i k e  \J 1s not  a  good oae. A 



-....ol.w 

MEASURED FLUX I963 

L ( E A R T H  R A D I I )  

Figure 13 R a t i o  of Predicted t o  Measured Flu-xes on January 1, 1966 



Figure  14 L a t i t u d i n a l  Dependence of t h e  Dif fu-sion Coef f i c i en t  



b e t t e r  f i t  i s  obta.ined ii' we consider  an assumotion made by Ej.rn~ing!~ain 

(1964) which can be w r i t i e n ,  

where A i s  t.he square of t h e  f l u c t u a t i n g  e l e c t r i c  f i e l d  s t r eng th ,  T 
c 

i s  t h e  c o r r e l a t i o n  time of t he  f l u c t u a t i o n ,  and T i s  the  d r i f t  per iod  
d 

of t h e  p a r t i c l e s .  The assumptions here,  a s  Birmingham s t a t e s ,  a,re 

s i m i l a r  t o  t h e  ones made by Cornwall (1968).  That i s ,  t he  e l e c t r i c  

f i e l d  i s  d i r e c t e d  from da,wn t o  dusk and e x h i b i t s  no pe r iod ic  v a r i a t i o n s .  

I n  t h i s  model, t h e  e l e c t r i c  f i e l d  magnitude i s  t h e  same through-,  

ou t  t h e  magnetosphere a t  any given i n s t a n t ,  and Tc i s  a cons tan t  

everywhere. Theref ore ,  t h i s  new form of t he  d i f f u s i o n  c o e f f i c i e n t  adds 

a d d i t i o n a l  L-d-ependence s ince  T 1 This  means t h a t  the  diff 'usion 
d 

equat ion should be solved again,  and a two-dimensional search  made f o r  

t he  b e s t  D by varying both A and T . However, we can avoid t h a t  
L C 

l eng thy  process  i f  r a t i o  T /T i s  smal l  enough throughout t h e  reg ion  
L d 

of i n t e r e s t .  Curves based on equat ion (28) a r e  plot- ted i n  F i g u ~ e  1 4  

f o r  s e v e r a l  va lues  of T I T d .  The ~ ( h )  curve i s  seen t o  be c o n s i s t e n t  
c 

wi th  equat ion (28)  f o r  some small  value of T / T ~ .  For the  purposes of 
c 

t he  fol lowing c a l c u l a t i o n ,  we w i l l  assume T / T ~  = -55, hut  keeping i r i  c 

mind t h a t  t h i s  value should be i n t e r p r e t e d  a s  an average va lue .  Given 

t h e i r  l a s t  assumption, A and T can be found from t h e  p rope r t i e s  of D c L ' 

S t a r t i n g  from ecpat ion  (28) ,  l e t  R = T /T 
h 0' 

where T I s  t he  d r i f t  time a t  a given h and To i s  t he  d r i f t  time on the  X 

equator ,  then 



An expression f o r  R can be found from the  d r i f t  t ime equat ion 

der ived  by Hamlin, e t  a l .  (1960), 

where $  i s  t h e  e q u a t o r i a l  p i t c h  angle,  and 
0 

6 2  
s i n g  = [ cos A/ (4-3cos A)' 1 * 

0 

Equation (29)  can be combined with equ-ation (25)  t o  y i e l d  
2  

D(L ,  go) = 1.32 x 1 0  -7 L6 e( .55n)2 [ 1 - ( .7+ .3  s in$O)  I 

which can be f u r t h e r  s i m p l i f i e d  

The eva lua t ion  of  t h e  e l e c t r i c  f i e l d  i s  most e a s i l y  accom- 

p l i shed  by no t ing  t h a t  Birmingham has c a l c u l a t e d  t h a t  the  q u a n t i t y  i n  

2  b racke t s  i n  (28) i s  1 .3 x 10'~ f o r  Tc = 1 h r .  and A = ( .2 mv/m) . 
This  al lows u s  t o  w r i t e  

2  
where Tc i s  now i n  seconds and A i n  (mv/m) . A reasonable value of 

T  can be c a l c u l a t e d  from (30)  a t  L = 2 .7  f o r  45 Mev. 
C 

When Tc i s  s u b s t i t u t e d  i n t o  (34), t he  magnitude of t h e  f l u c t u a t i n g  

f i e l d  i s  found t o  be a p p r o ~ i r n a ~ t e l y  0.5 rnv/rn, 



However, c a r e  must be taken i n  t r y i n g  t o  put phys i ca l  s i g n i f -  

icance on the  values j u s t  ca l cu la red .  Although the  r a t i o ,  T / T ~  = .>5 
C 

f i t s  t h e  d a t a  wel l ,  i t  does appear squared i n  an exponent ia l .  There- 

f o r e ,  sma l l  e r r o r s  i n  t h e  determinat ion of t h e  r a t i o  w i l l  r e s u l t  i n  

l a r g e  e r r o r s  i n  bo th  t h e  f i e l d  s t r e n g t h  and c o r r e l a t i o n  t ime.  Also, 

t he  a d d i t i o n a l  L-dependence of t h e  d i f f u s i o n  c o e f f i c i e n t  due t o  ex- 

ponen t i a l  has been neglec ted .  Therefore,  i n  equat ion (35) we had t o  

assume a c h a r a c t e r i s t i c  L  of 2.7. Because of t hese  e f f e c t s ,  t h e  de- 

te rmina t ion  of T i s  probably c o r r e c t  only t o  w i th in  an order  of 
c  

magnitude, and t h e  f i e l d  s t r e n g t h  t o  wi th in  a  f a c t o r  of 2 ,  



V I I  SUMMARY 

Di rec t  a p p l i c a t i o n  of d i f f u s i o n  theo ry  t o  the flu-xes of 

40 t o  110 Mev geomagnetically t rapped  pro tons  shows t h a t  t h e  da t a  l c  

c o n s i s t e n t  wi th  a  model of d i f f u s i o n  by v i o l a t i o n  of t h e  t h i r d  

a d i a b a t i c  i n v a r i a n t .  Although no d i s t r i b u t e d  sources o r  s inks  of 

p a r t i c l e s  were assumed, much of t he  r e s i d u a l  d i f f e r ences  between 

p red ic t ed  and measured f luxes  can be expla ined  i f  about 3% pe r  year  

of t h e  p a r t i c l e s  a r e  l o s t  a t  L > 1.63 by some undefined mechanism. 

An upper l i m i t  t o  t h e  n e t  e f f e c t  of a  p o s s i b l e  d i s t r i b u t e d  source of 

p a r t i c l e s  has been placed a t  3% per  year  a t  1.25 < L < 1.43,  and much 

lower than t h a t  elsewhere. 

If it i s  assumed t h a t  t h e  d i f f u s i o n  i s  dr iven by an e l e c t r i c  

f i e l d  of  randomly varying magnitude d i r e c t e d  from dawn t o  dusk, then 

the  d a t a  has been shown t o  be c o n s i s t e n t  wi th  an au to -co r re l a t ion  time 

of 12  seconds and an average magnitude of . 5 mv/m. 



In any study which involves a s  many t ransformat ions  a s  t h i s  

one has,  there  a r e  many ways t o  p re sen t  t h e  r e s u l t s ,  and one must u se  

d i s c r e t i o n  t o  avoid c l u t t e r i n g  t h e  paper proper .  For t h e  type  of d a t a  

d iscussed  here,  one might l o g i c a l l y  p re sen t  the  r e s u l t s  i n  R-X o r  B-L 

space, and one might p re sen t  e i t h e r  t h e  omnidirect ional  o r  d i r e c t i o n a l  

contours .  This  means t h e r e  a r e  a  t o t a l  of e i g h t  graphs t h a t  could be 

shown of  t h e  d a t a .  Of these ,  four  have a l r e a d y  been presented  i n  t h e  

main t e x t .  The o the r  f o u r  a r e  presented  here t o  complete t h e  s e t ,  l!Jo 

new information i s  contained i n  t h e s e  graphs, b u t  t he  d i f f e r e n t  form of 

p re sen ta t ion  may f a c i l i t a t e  understanding t h e  phys i ca l  processes  

involved.  



Figu-re I5 OmidirectionaL PI.i:x for January 1, 1963 (%A)  



Figure 16 Omnidirectiona,l  Flux for January 1, 1966 ( R - A )  



Figure 17 Direc t iona l  Flux f o r  January 1, 1966 (B-L) 



Figure 18 OmnidirectLonzl Flux for Jsanuh:y 1, 1566 (B-L) 
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