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PROCESSES ACTING UPOB OUTER ZONE ELECTRONS 

I. Adiabatic Pe r tu rba t ions  
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ABSTRACT 

Five d i s t i n c t  types of processes have been found which cause t i m e  

v a r i a t i o n s  i n  t h e  enerrjetic e l e c t r o n  f l u x e s  i n  tr.e o u t e r  zone. It is 

shown now t h e  combined a c t i o n  of tnese  processes  can produce t h e  observed 

t ime dependences. One process  has oeen d e i ' i n i t e l y  i d e n t i f i e d  as being 

due t o  a s p e c i f i c  pnys i ca l  mechanism, namely, a d i a b a t i c  b e t a t r o n  acce le r -  

a t i o n .  It is found t h a t  changes i n  both t h e  r i n g  c u r r e n t  f i e l d  and t h e  

magnetospheric boundary c u r r e n t  f i e l d  produce p r e d i c t a b l e  changes i n  t h e  

p a r t i c l e  f l u x e s .  An example of how trapped p a r t i c l e  measurements can be 

used t o  compute r e l a t i v e l y  accurate  D s t  values  i s  presented.  

a d i a b a t i c  ef ' fects  are p r e d i c t a b l e ,  t hey  can be removed t o  e x h i b i t  t h e  non- 

z d i a b a t i c  e f f e c t s  more c l e a r l y .  Using t h i s  technique,  an occurrence of 

enhanced loss  has been found which may be due t o  t h e  i n s t a b i l i t y  p r e d i c t e d  

by Kennel and Petschek (1966). 

Since t h e  
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I .  In t rodu- t ion .  

It has been shown i n  many papers  (Forbush, e t  a l ,  1962; Hoffman, e t  a l ,  

1962; McIlwain, 1963; Frank, 1965; Williams, 1965; Williams, 1966;Davis and 

Wil l iams ,? tha t  t h e  o u t e r  zone e l e c t r o n  f luxes  e x h i b i t  l a r g e  temporal v a r i a -  

t i o n s  wliich a r e  c o r r e l a t e d  with v a r i a t i o n s  i n  the  e a r t i l ' s  magnetic f i e l d .  

I n  the  present  paper i t  i s  shown t h a t  t he  v s r i a t i o n s  i n  t n e  e l e c t r o n  f luxes  

can be a sz r i sed  t o  t h e  simultaneous ?:tion of a t  l ea s t  f i v e  d i s t i n c t  p rocesses .  

One of  these  processes  can be d e f i n i t e l y  a s soc ia t ed  wi th  a p a r t l c u l a r  'ind 

well  understood physi  sl mecri3nism. namely a d i a u a t i c  be t a t ron  ncce le ra t ion .  

It \.$as prediyteci some ye2rs  r ;o t h , i t  t h i s  snould 'le ?n impcr t in t  meck,ariinr~i 

a c t i n g  upon tr7pped p ; u t i c l e ;  oy Dessler  and Karplus ( l Q ( 1 1 )  but t h e  f ' irst 

experimental  v e r i f i c a t i o n  was only  r e c e n t l y  made (r icI lwain,  1966). 

1 66) 

Tie present  paper  i s  p r imar i ly  oncerned wi tn  tile tiet*rtron Zcelerat ion 

process .  Trie o t n e r  four  processes  d i l l  be t r e a t e d  i n  more d e t a i l  i n  fu tu re  

papers .  

11. Detector .  

Most of t h e  d a t a  presented  tiere d d s  obta ined  oy a d i r e c t i o n a l  s c i n t i l -  

l a t i o n  de tec to r  wnicii i s  sh ie lded  by a t  l ea s t  2 . 5  t: cm-' i n  a l l  d i r e c t i o n s  

except Sor a * 8 degree _one f o r  which t h e  absorper  t h i ckness  i s  0.048 g -.m 

For a wide range o f  e l e c t r o n  s p e c t r a  t h e  e f f i c i e n c y  versus  energy f o r  t h e  

lower e l e c t r o n i c  tnresi iold (which corresponds t o  0.28 Mev energy loss) i s  

J e l l  represented  by a s t e p  f 'unction which r i s e s  from zero t o  0.62 a t  0.50 Mev. 

-2 . 

The de tec to r  p o i n t s  perpendicular  t o  t h e  s a t e l l i t e  sp in  a x i s .  Since 1 

the s a t e l l i t e  s p i n  pe r iod  was s h o r t  compared w i t h  t h e  accumulation t ime,  t h e  



counting r a t e s  obtained correspond t o  t h e  d i r e c t i o n a l  f l u x  averaged over 

t h e  p lane  perpendicular  t o  t h e  spin ax is .  

o u t e r  zone e l e c t r o n s  near  t h e  magnetic equator  i s  such t h a t  only r e l a t i v e l y  

s m a l l  changes are r equ i r ed  t o  convert t h e  s p i n  average counting r a t e s  i n t o  

rates which ccrrsapond t o  t h e  average over all d i r e c t i o n s  and the re fo re  t h e  

omnidi rec t iona l  i n t e n s i t i e s .  The funct ion used f o r  t h i s  conversation i s  

The angular d i s t r i b u t i o n  of t he  

1.0/( 1.25 

where 'p i s  t h e  angle between t h e  spin axis of t h e  satel l i te  and the  computed 

l o c a l  - B vec to r  i n  degrees.  

f a c t o r  and by l/d; = 25,000 y i e l d s  i n t e n s i t i e s  of  e l ec t rons  w i t h  energies  

g r e a t e r  than 0.5 MeV w i t h  absolute  e r r o r s  of  l e s s  than i 2 @  and r e l a t i v e  

e r r o r s  which a r e  t y p i c a l l y  l e s s  than 7%. 

Mult ip l ica t ion  of t h e  counting r a t e s  by t h i s  

111. Normalization t o  B = Bo. 

For tuna te ly  t h e  a c t i o n  o f  one of t h e  processes  ( p i t c h  angle  s c a t t e r i n g  ? )  

a t  p l a y  i n  the  ou te r  zone is  such t h a t  t h e  r e l a t i v e  v a r i a t i o n  of t h e  e l ec t ron  

i n t e n s i t i e s  along l i n e s  of force  i n  the v i c i n i t y  o f  t h e  magnetic equator i s  

kept  cons tan t  i n  t ime. The measured v a r i a t i o n  along l i n e s  of force  i s  wel l  

represented  by 

J(B) = kBeN 

wi th  N = 0.3 t o  0.4. 
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The measurements r epor t ed  here  a r e  confined t o  t h e  region B/B = 1.0 t o  3.0 

thus  normalization t o  B = B involves  m u l t i p l i c a t i o n  oy numbers between 1 . 0  

and 3°*4 = 1.55 .  

0 

0 

Except f o r  s h o r t  pe r iods  immediately following l a r g e  non-adiaoat ic  

pe r tu rba t ions ,  the B dependence along l i n e s  Of fo rce  ( i . e .  t h e  l a t i t u d e  

dependence) can be idnored thus  reducing tile important s p a t i a l  v a r i a b l e s  

t o  t h e  r a d i a l  d i s t an2e  ( i . e .  L)  and l o c a l  t ime.  The o r b i t s  of t he  Explorer 15 

and 26 s a t e l l i t e s  a r e  sue11 Lh3t only a narrow ranice of l o c a l  time i s  covered 

x h i l e  tney a r e  i n  t h e  ou te r  Lone  luring any p a r t i c u l a r  ooservat ion p e r i o d ,  

trius L L c  local time dependen e usually does no t  nfed t o  be x n s i d e r e d  eA - 

p 1 i : i t l y  i n  t n e  study of' time v a r i a t i o n s  c o v e r i n ,  2 period 0 4 '  only 

mol-,ths. 
noon. 

t'ew 

Most of' the  clzta p r e s e n t e l  here  were taken witriin * 61 hours 01' l o c a l  

I V .  The Five Processes.  

Fi[:ure 1 snows t h e  time vari3tion.s i n  the  f luxes  of e l e c t r o n s  w i t i i  

ene rg ie s  5reXter than I!,., Mcv zit L = 4.0  and 5.0 during lCjb5 as measured 

w i t n  t h e  Explorer 2 ( ~  s 3 t e l l i t e .  

a r e  t h e  r ap id  inc reases  every month o r  so and t h e  p e r s i s t e n t  exponent ia l  

decay w i t h  about a two-week time cons t an t .  These i 'eatures a r e  so e a s i l y  

perceived t h a t  l i t t l e  i 'u r ther  a n a l y s i s  i s  r equ i r ed  t o  e s t a b l i s h  t h e  

The most obvious i 'eatures of this d a t a  

exis tence of  t h e  f i r s t  two processes:  

Process 1 - Rapid Non-Adiabatic Accelerat ion 

Process 2 - P e r s i s t e n t  Decay 

Detsiiled examination of tlie A p r i l  18, 1965 event r e v e a l s  t h a t  

Process 1 can cause a l a r g e  xcce le ra t ion  wi th in  only a few hours time pe r iod .  



There i s  some i n d i c a t i o n  t h a t  t h e  t a s e s  i n  which t h e  a c c e l e r a t i o n  zppears 

t o  continue over  3 p e r i o d  of  s eve ra l  days a c t u a l l y  cons i s t  of  a series of 

d i s c r e t e  even t s  each of which last only a f e w  hours. 

doubt t k a t  Process  1 involves  non-adiabatic acce le ra t ion ,due  t o  t h e  

There can be no 

f a c t  tiiat t h e r e  i s  no a v a i l a b l e  r e s e r v o i r  with an adequate supply o f  such 

e n e r g e t i c  e l ec t rons .  That t h e  a c c e l e r a t i o n  i s  non-adiabatic i s  obvious 

from trle f a c t  t h a t  t h e  e l e c t r o n  f luxes remain n i c h  long after t h e  magnet?: 

f i e l d  p e r t u r o a t i o n s  have Cubside.1. 

There are many p ieces  01' evidence which i n d i c a t e  t h a t  t h e  phys ica l  

mechanism re spons ib l e  for Process 2 i s  p i t c h  angle s c a t t e r i n s  c f  t h e  

e l e c t r o n s  i n t o  tne loss cone. Some of t h e s e  are: t h e  p e r s i s t e n t  p r e c i p i -  

t a t i o n  of  e l e c t r o n s  a t  l o w  z l t i t u d e s  (O'Brien, 1yr iL ;  O'Brien. 1.964; 

P a u l i k a s ,  e t  al, 1964; Pau l ikas ,  e t  d, 1966), t h e  t t i e o r e t i c a l  p r e d i c t i o n  

of several d i f f e r e n t  m e z r a n i  s m s  Mhich cause p i t c h  angle pe r tu rba t ions  

(Dungey, 1963; Cornwall, l?&; Dungey, 1965; Chang 2nd P e a r l s t e i n ,  191;:; 

Kennel and Petschek, 1966; Cornwall, 1966; E v i a t a r ,  146; P e a r l s t e i n .  e t  

a l ,  1966; Chang, l g ' h ) ,  trie s t r o n g  tendency t o  maintain a p a r t i c u l a r  

p i t c h  angle  d i s t r i b u t i o n .  and t h e  apparent i nc rease  i n  t h e  decay t i m e  con- 

stants with i n c r e a s i n g  e l e c t r o n  energy. Energy loss and s c a t t e r i n g  due 

t o  i n t e r a c t i o n  with t h e  atmosphere i s  of  course important a t  low a l t i t u d e s  

and i s  almost c e r t a i n  t o  be an important element i n  any theory which can 

p r o p e r l j  e x p l a i n  Process 2. 

Figure 2 shows t h e  t i m e  and L dependence of  t h e  e l e c t r o n s  wi th  

ene rg ie s  g r e a t e r  than 5 M e V  following t h e  r a p i d  a c c e l e r a t i o n  which occurred 

on June 16, 1965. I n  t h i s  figure it can be seen t h a t  t he  lower boundary 
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appears t o  move inward with t ime. 

1959; Parker ,  1960; Herlofson, 1960; Davis and Chang, 1962; Dungey, 1965; 

Falthammar, l9b  ) has been published which p r e d i c t  r a d i a l  d i f f u s i o n  due 

t o  t n e  breakdown 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 .  It i s  tempting t o  

follow t h e  suggestion made by Frank (1965) when he publ ished t h e  f i r s t  

evilience t h a t  t h i s  mechanism i s  important f o r  trapped e l e c t r o n s  and l a b e l  

t h e  t h i r d  process r a d i a l  d i f f u s i o n :  

Considerable t h e o r e t i c a l  work (Kellogg, 

Process 3 - Radial  Diffusion 

It has been shown t h a t  r i n g  cu r ren t  magnetic f i e l d s  cause an a d i a b a t i c  

a c c e l e r a t i o n  of t h e  inne r  zone protons (MSIlwain, 19b6). 

Dessler and Karplus (1gCl) t n i s  process  should also a c t  upon the  o u t e r  

zone e l e c t r o n s .  T i i a t  t h i s  i s  i n  f 'act the case i s  siiown l a t e r  i n  t h i s  paper ,  

t hus  we have: 

A s  p red ic t ed  b y  

Pro-ess 4 - Adiabatic Accelerat ion 

It has neen shown t h a t  t he  trapped proton f luxes  sometimes e x h i b i t  

r a p i d  non-adiabatic de 7reases (M:Ilwain, 1964; McIlwain, 1966).  

of' t he  da t a  shown i n  Figures 1 and 2 r e v e a l s  t h a t  t h e  e l e c t r o n  f luxes  a l s o  

e x h i b i t  rapid non-adiaoatic decreases .  

and 200 i n  Figures 1 and 2 .  Since t h e  e f f e c t  seems t o  occur a t  times 

wnen t h e  magnetic f i e l d  i s  dis tended by r i n g  cu r ren t  p a r t i c l e s ,  it i s  

tempting t o  a s c r i b e  the decreases t o  a l o s s  of p a r t i c l e s  i n t o  t n e  magneto- 

spiieric t a i l  region (Williams and Ness, 1966). 

however, t h a t  l i n e s  which normally cross  t h e  equator as low as 3 e a r t h  

r a d i i  a r e  ever drawn i n t o  the  t a i l  r eg ion ,  thus the  f i f t l l  process i s  

given a noncommittal l a b e l :  

Analysis 

Examples can be seen on days 187 

There i s  no evidence, 

? 

I 



I 
I 
I 7 

Process 5 - Rapid Loss 

where the loss may be a l o s s  in er?ergy or in nuher of pzrticles. 

The characteristic effects of Processes 1, 2, 4 and 5 are illus- 

trated in Figure 3 to demonstrate how the net effect of all four can pro- 

duce the typical time dependence of outer zone electrons. The effect of 

Process 3, radial diffusion, is such as to superimpose a gradual 

increase on the time variation fluxes when there is a large positive 

gradient with respect to L. 

V. The Rapid Non-Adiabatic Processes. 

Processes 1 and 5 appear to occur only during times of magnetic 

storms which in turn often appear to occur when the earth's magnetic field 

is depressed by the presence of ring current particles. It now seems to 

be safe to assume that the magnetic field fluctuations are due to plasma 

instabilities which occur when the magnetic field is loaded with an ex- 

. 

cessive energy density of trapped particles. Since the average magnetic 

field depression at tile earth, i.e. Dst, can be used as a measure of the 

average energy density of the trapped particles, it is of interest to 

examine whether there is any correlation between the maximum Dst values 

during a magnetic storm, and the maximum magnetic €ield at which 

instabilities are manifest. 

to the time and longitude dependent electric and magnetic fields created 

by the instabilities. They can therefore be used to determine how deep 

into the earth's magnetic field the instabilities penetrated during any 

Now Processes 1 and 5 axe probably due 

given magnetic storm. 
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A d e t a i l e d  study of t h e  c o r r e l a t i o n  between t h e  maximum D s t  values 

and the innermost l i n e s  of '  force on wnich Processes 1 and 5 t ake  

p l ace  w i l l  be made i n  the  near f u t u r e .  A prel iminary survey however has 

yielded the following important r e s u l t :  

There i s  a high p r o b a b i l i t y  t h a t  Process 1 will a c t  upon t h e  

0 . 5  Mev e l e c t r o n s  and t h a t  Process 5 w i l l  a c t  upcn the  40 MeV 

protons on a l i n e  of force when trie minimum magnetic f i e l d  along 

t h e  l i n e  of fo rce  i s  l e s s  than 10 f 3 times t h e  average magnetic 

f i e l d  depression.  

Low l a t i t u d e  aurorae a r e  probably another  manifestat ion of i n s t a -  

u i l i t i e s .  A s tudy t o  determine t h e  r e l a t i o n s n i p  between D s t  and t n e  

minimum l a t i t u d e  of a u r o r a l  emissions should prove i n t e r e s t i n g  though 

poss ib ly  a l i t t l e  d i l f i c u l t  t o  i n t e r p r e t  due t o  t h e  nondipole shape o f  t he  

f i e l d  l i n e s  when they a r e  heavi ly  laden w i t n  charged p a r t i c l e s .  

V I .  Observations of Adiabatic Accelerat ions 

Figure 4 shows t h e  time dependence of  the omnidirect ional  i n t e n s i t y  

of e l ec t rons  with energies  g r e a t e r  than 0.5 MeV at  the magnetic equator a t  

L = 3.6 and 3.8 e a r t h  r a d i i  during the ope ra t ing  l i f e t i m e  of Explorer 15. 

This i s  the same data which was published e a r l i e r  (McIlwain, 1963) except 

f o r  t h e  appl icat ion of t h e  improved methods f o r  normalizing the  d a t a  d i s -  

cussed i n  Sect ion 11. 

d i f f e r e n t  times i s  shown i n  Figure 5 .  

The dependence o f  t h e  i n t e n s i t i e s  upon L a t  t h ree  

It can be r e a d i l y  seen i n  Figure 4 t h a t  t h e r e  w a s  a r a p i d  non-adiabatic I 

acce le ra t ion  (Process 1) on day 352 of  1962, and t h a t  t he re  w a s  a 

general  tendency f o r  t h e  f luxes  t o  decrease i n  time (Process 2 ) .  
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It can a l s o  be seen t h a t  t h e r e  a re  many o the r  time v a r i a t i o n s  which a r e  

far ou t s ide  t h e  s c a t t e r  of t h e  data  which i s  t y p i c a l l y  l e s s  than  about 

il%. It i s  t h e  purpose of t h e  remainder of t h i s  paper t o  show t h a t  most 

of t h e s e  v a r i a t i o n s  axe due t o  be ta t ron  acce le ra t ion  (Process 4), t h a t  i s ,  

t he  acce le ra t ion  due t o  t h e  va r i a t ion  of t h e  magnetic f l u x  i n s i d e  t h e  

s h e l l s  upon which t h e  e l e c t r o n s  would s t a y  during t h e i r  d r i f t  motion about 

t h e  e a r t h  i f  t h e  magnetic f i e l d  were cons tan t .  

If it  i s  assumed t h a t  Process 2 i s  independent of time and i s  such 

t h a t  i t  removes a f ixed  f r a c t i o n  of the  e l ec t rons  p e r  u n i t  t i m e ,  then 

m u l t i p l i c a t i o n  of t h e  data by exp (time/T) should completely remove t h e  

effects of t h i s  process  providing the  decay time constant  T i s  proper ly  

chosen. 

The e f f e c t s  of Process 3 a r e  not r e a d i l y  d i sce rn ib l e  i n  t h e  0.5 

Mev e l e c t r o n  data. If radial d i f fus ion  i s  i n  f a c t  important f o r  these  

e l e c t r o n s ,  then  t h e  n e t  e f f e c t s  of this process  upon t h e  e l e c t r o n  f l u e s  

can apparent ly  be included as p a r t  of the  exponent ia l  time dependence 

ascr ibed  t o  Process 2 .  

It w a s  found t h a t  T = 16 f 1 days provided a good fit of t h e  data i n  

Figure 4. 

by exp (t/16) a r e  shown i n  Figures 6 and 7. 

w a s  s h i f t e d  by f a c t o r s  of 25 and 30 f o r  L = 3.6 and 3.8, r e s p e c t i v e l y  i n  

order  t o  remove t h e  e f f e c t s  of  Process 1 on day 352 of 1962. 

t inuous l i n e  i n  t hese  figures a r e  the  D s t  values  computed by Sugiura  and 

The t i m e  v a r i a t i o n s  i n  t h i s  data remaining a f t e r  m u l t i p l i c a t i o n  

I n  Figure 7, t h e  normalizat ion 

The con- 



Hendricks of t h e  Goddard Space F l i g h t  Center u s ing  t h e  equation 

c 
i =1 

(mi - s . )  s e e \  
I Dst = - 
n 91 ( 3 )  

where h i s  t he  magnetic l a t i t u d e ,  AH i s  t h e  dev ia t ion  2f t h e  h o r i z o n t a l  

magnetic f i e l d  component from tne  average q u i e t  time f i e l d  and Sq i s  

average da i ly  v a r i a t i o n  a t  each of the magnetic obse rva to r i e s .  For t h e  

time per iod shown he re ,  t he  hourly mean values from the  t h r e e  s t a t i o n s ,  

Hermaners, San Juan,  and Honolulu were used. Note t h a t  the D s t  values 

a r e  p l o t t e d  on l i n e a r  s c a l e s  while t he  e l e c t r o n  d a t a  a r e  p l o t t e d  on 

logari thmic s c a l e s  thus implying the r e l a t i o n s h i p  

Jo = k exp ( D s t / @ )  (4) 

where 3 = t54 gammas f o r  L = 3.6 and +43 gammas f o r  L = 3.8.  

It i s  easy t o  f i n d  p l aces  i n  Figures 6 and 7 where t h e  correspondence 

between Dst and the p a r t i c l e  d a t a  i s  no t  p a r t i c u l a r l y  good, but  o v e r a l l  

t l iere c a n  be no doubt bu t  t h a t  t h e r e  i s  an in t ima te  r e l a t i o n s h i p  between 

t h e  two q u a n t i t i e s .  

a t  L = 3.8 i n  Figure 6 i s  lower than p red ic t ed  by t h e  D s t  t r a c e  which i s  

normalized t o  t h e  l a t e r  d a t a .  The explanat ion of t h i s  i s  t h a t  a Process 1 

event occurred on t h i s  l i n e  of fo rce  on d a j  327 of 1962, a f a c t  

which i s  not r e a d i l y  d i s c e r n i b l e  i n  Figure 4 .  

I t  i s  i n t e r e s t i n g  t o  note t h a t  t h e  e a r l y  time d a t a  

The close correspondence between D s t  and the e l ec t ron  f luxes implies 

t n a t  i f  the Dst e f f e c t s  were removed, t h e  f luxes  would e x n i b i t  a smooth 



exponen t i a l  decay thus  i n d i c a t i n g  t h a t  Process 2 i s  independent of 

t i m e .  

du r ing  t h e  p e r i o d  f r o m  days 353 t o  359 of 1962. 

t h e  D s t  va lues  p r e d i c t  i n c r e a s e s  i n  t h e  p a r t i c l e  fluxes which d i d  no t  occur.  

This may w e l l  be a man i fe s t a t ion  of  t h e  i n s t a b i l i t y  p r e d i c t e d  by Kennel and 

Petschek (1966) and by Cornwall (1966) which causes a r a p i d  l o s s  of p a r t i c l e s  

when t h e  p a r t i c l e  f luxes  exceed c e r t a i n  l i m i t s .  

l a b e l l e d  as a d i s t i n c t  p rocess ,  bu t  f o r  now it w i l l  be considered as an 

enhancement of Process 2. 

One no tab le  d e v i a t i o n  from uniform decay can be found i n  Figure 7 

Here it can be seen that  

This e f f e c t  might be 

V I I .  Tneore t iTs l  P red ic t ions  

I n  t h e i r  paper p r e d i c t i n g  the  b e t a t r o n  e f f e c t  upon t rapped p a r t i c l e s ,  

Dessler and Karplus (1961) computed t n e  motion and energy change of  t h e  

t rapped p a r t i c l e s  mi r ro r ing  a t  tne  magnetic equator  due t o  r i n g  cu r ren t  

t ype  magnetic f i e l d  cnanges. The equat ions f o r  computing t:ie zhanye ir, 

p a r t i c l e  i n t e n s i t y  ( i . e .  counting rates) are given i n  a r e c e n t  paper 

(McIlwain, 1966) : 

o r  f o r  small K 
rv + 2.5K B2 
- - 

B1 
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where it was assumed that the magnetic field change has the same value of 

-K everywhere, and where p = particle momentum, B = magnetic field at the 

particle's location, E = particle kinetic energy, and j = directional 

particle intensity (differential in energy) with the subscripts 1 and 2 

corresponding to the values before and after the field change. 

Using equations 5 and 8 and the relativistically correct relationship 

between momentum and energy we find 

2 where E = m c = the particles rest energy. 

A useful approximation to equation 8 is 
r 0 

where 

Now if the original spatial and energy dependence can be represented 

then the integral intensity measured before the field change by a detector 
I 



s e n s i t i v e  t o  p a r t i c l e s  with energies g r e a t e r  t han  I? i s  
"d 

"d 

= g (Bi) Eo exp (-Ed/Eo) (13 i 

Now i f  t h e  d e t e c t o r  remains a t  the same l o c a t i o n  i n  space,  then a f t e r  the 

f i e l d  change t h e  B value a t  t h a t  l o c a t i o n  w i l l  be B 

s t i l l  assumed t h a t  t h e  f i e l d  change i s  t h e  same everywhere i n  space)  t hus  

- K, (Note: i t  i s  i 

by equat ion 8, it will measure the p a r t i c l e s  t h a t  were at  B 

Taking 

+ 1.5 K. i 

B1 = Bi + 1 . 5  K 

B2 - - Bi - K 

equat ion 7 gives t h e  d i f f e r e n t i a l  flux after t h e  change t o  be 

Now i f  Eo i s  not  l a rge  compared t o  Ed, then t h e  v a r i a t i o n  of  t h e  f a c t o r  

A (see equat ion 10) with energy can be  neglected and the  i n t e g r a l  f l u x  

a f t e r  t h e  change will be 



z 
4 

W 

where A might be evaluated at Ed + Eo/2. 

Dividing equation 17 by equation 13 gives the counting rate of a detector 

sensitive to particles with energies greater than E at a fixed location 

in space to be 
d 

- - Bi - K g(Bi+ 1.5K) 
Bi+ 1.5K g(Bi) exp[-2.5 K A Ed/Eo(Bi-K)] (18) 

after a field decrease of 

initial field value of Bi 

K relative to the initial counting rate at the 

If we let the initial B dependence be represented by 

2 g (B) = k exp (a B + b B ) 

then 

Bi - K 
exp 1.5 aK + 3bBiK + 2.25bK2-2.5AEd/Eo(Bi-K)] (20) 

E ~ +  1 . 5 ~  I r =  

This equation gives the change in the directional flux of particles which 

mirror at the magnetic equator. It is felt however, that no serious error 

will be made if it is used to compute the changes in omnidirectional 



fluxes i n  the  near  v i c i n i t y  of t h e  equator  providing t h e  B values  used 

correspond t o  the  e q u a t o r i a l  f i e l d  on t h e  l i n e s  of fo rce .  

VIII. Comparison wi th  Observations 

F i r s t  l e t  us see whether equat ion 20 g ives  t h e  kind of r e l a t i o n s h i p  

implied by Figures  6 and 7 ,  i . e .  t h a t  given by equat ion 4. 

we l e t  b = 0, then  t h e  s p a t i a l  dependence over  t he  t h r e e  month t i m e  per iod  

g ives  values  f o r  l / a  ranging from about -90 t o  -370 gammas at L = 3.6, 

while  t h e  energy dependence va r i e s  l i t t l e  from Eo = 0.4 MeV. 

Ed i 

we have 

I f  f o r  s i m p l i c i t y  

Thus with 

= 0.5 Mev g iv ing  A = 0.71 and with L = 3.6 g iv ing  B = MIL3 = 668 gammas 

1.5K 2.2K 
m X - 1  exp ( -  - - 668-K 

r=668+1.5K ?O 

t o  

1 668-K 1 . 5 ~  2.2K 
68+1.5K ( -  370 - '668-K r = G  

which f o r  s m a l l  K can be approximated r e s p e c t i v e l y  by 

r = exp ( -  K/40) 

and 

r = exp ( -  K/gO) (24) 

Now i f  we l e t  K = - D s t  it can be  seen t h a t  t h e  p red ic t ed  dependence of 

t h e  count ing r a t e s  i s  no t  on ly  o f t h e  same form as implied i n  Figures 6 

and 7, b u t  a l s o  t h a t  t h e  pred ic ted  s e n s i t i v i t y  t o  D s t  i s  a l s o  similar: 

a ( p r e d i c t e d )  = 40 t o  90 gammas compared wi th  B ( implied by t h e  f i g u r e s )  

= 54 gammas. 
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It i s  of i n t e r e s t  t o  see whether t h e  change i n  t h e  s p a t i a l  dependence 

i s  t h e  same as predicted.  

s t a n t i a l  change i n  D s t  dur ing day 319 of 1962. 

measured before and a f te r  t h i s  change a r e  p l o t t e d  versus  Bo 

i s  t h e  p red ic t ed  e q u a t o r i a l  f i e l d  w i t h  no con t r ibu t ions  from e x t e r n a l  

c u r r e n t  systems. 

magnetic f i e l d  i s  Bo - K. Also shown i n  t h i s  f i gu re  i s  the  Bo dependence 

p red ic t ed  by equat ion 16 i f  K i s  taken t o  be zero i n i t i a l l y  and 50 gammas 

a f t e r  t h e  change i n  D s t .  

about - 10% of the  measured values which a r e  up t o  a f a c t o r  of 2 lower 

than  t h e  i n i t i a l  f l u x e s .  The d i f f e r e n c e  i n  t h e  D s t  values between t h e  times 

of t hese  t w o  sets of  data was only -28 gammas but  it w i l l  be shown l a t e r  

t h a t  t h e  p a r t i c l e  measurements probably provide a more accu ra t e  determina- 

t i o n  of t h e  s p a t i a l  average of  t he  f i e l d  change than  t h e  D s t  values com- 

puted from the f i e l d  measured a t  only t h r e e  ground s t a t i o n s .  

A s  can be seen i n  Figure 6, t h e r e  w a s  a sub- 

I n  Figure 8 t h e  f luxes  

3 M/L which 

A s  before  it i s  assumed t h a t  t h e  t r u e  value of  t he  

It  can be seen t h a t  t he  p red ic t ions  l i e  w i th in  

+ 

Two other examples of  changes i n  t h e  Bo dependences a r e  shown i n  

Figures 9 and 10 where it can be seen t h a t  again,  values f o r  aB = -K can 

be chosen such as t o  provide good f i t s  t o  t h e  observat ions.  

of t h e  p red ic t ions  from t h e  observed values  i n  Figure 9 i n  the  region 

where Bo i s  l ess  than 450 gammas may be due t o  t h e  f a c t  t h a t  t h e  s a t e l l i t e  

w a s  a t  a magnetic l a t i t u d e  of about 30 degrees a t  t h i s  time and t h a t  t he  

a c t u a l  equa to r i a l  magnetic f i e l d  on these l i n e s  may be considerably l e s s  

than t h e  assumed values of  M/L3 - K s i n c e  t h e  f i e l d  l i n e s  may be s t r e t c h e d  

i n t o  a non-dipolar shape when K i s  not  zero.  

The departure  
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That the magnetospheric boundary current as well 5s the ring current 

can cause predictable partlzle acceleration ca-1 be seen by the l a rge  

increase during day 338 of 1962 (see Figure 7) following a sudden commence- 

ment. 

IX. Other OGter Zone Clbservations 

Many sets o l  data r.a-re beer? published, which demonstrste c l e a r  

correlations with magnetic disturbances. One early attempt to determine 

the relationship of the electron fluxes with Dst (Forbush, et al, 1962) 

yielded rather mixed results due to the action of tne other four processes 

which caused l a r g e  effects that could not be readily identified and re- 

moved as has been done in the present paper. 

possible to interpret many of the previous outer zone electron observations 

in terms of the five processes. 

Presumably it will be 

It has been shown that the 40 Mev trapped protons respond predictably 

to the Dst variations (McIlwain, 1966) and Fillius (1966) has shown t h a t  

the 1 MeV trapped protons also respond to the Dst variations. 

The data 

(see Davis and Williamson's Figure 10) show a very clear dependence upon 

Dst which can be represented by equation 4 with 

The 20 to 100 kev electron time variations at L = 3.75 presented in this 

paper (see Davis and Uilliamson's Figure 9) show a clear - anti-correlation 

with Dst which is represented with fair accuracy by equation 4 with B equal 

to about -25 ganmas. 

published by Davis and Williamson (1966) on 140 kev protons 

equal to about +120 gammas. 

An equally good fit is obtained by use of the equation 

I = 0.06 (10 - Dst) (25  1 



-2 -1 -1 where I i s  the measured energy f l u x  i n  e rgs  cm sr sec  and D s t  i s  

i n  gammas. The chief dev ia t ions  of t h e  d a t a  from t h i s  equat ion a r e  a t  

t imes of r ap id  decreases i n  D s t  and a t  t imes D s t  i s  low. The d i sc repanc ie s  

a t  the  times of  r a p i d  decreases  i n  D s t  may w e l l  be due t o  the l o c a l  time 

asymmetries i n  t h e  r i n g  c u r r e n t  p a r t i c l e s  which have been demonstrated t o  

e x i s t  a t  e a r l y  times during magnetic storms ( C a h i l l ,  1966; Akasofu, 1966). 

The dev ia t ions  a t  times D s t  i s  s m a l l  may be due t o  t h e  f a c t  t h a t  D s t  a l s o  

includes the magnetic e f f e c t s  of the time depeEdent magnetospheric boundary 

c u r r e n t s .  Equation 25 would i n d i c a t e  t h a t  t hese  20 t o  100 kev e l e c t r o n s  a r e  

a c t u a l l y  a c o n s t i t u e n t  of  t h e  long sought r i n g  cu r ren t  p a r t i c l e s .  I f  it 

i s  assumed t h a t  s i m i l a r  f l uxes  extend over a reasonably l a r g e  volume, such 

as 4 x 

magnetic f i e l d  depression.  

cm3 then they  would i n  f a c t  produce about 112% of t h e  t o t a l  

It has been shown by Frank (1966) t h a t  e l e c t r o n s  of' s t i l l  lower 

energies  a c t u a l l y  do comprise a1i important p a r t  0:' t:le r i n g  cu r ren t  p a r t i c l e  

energy dens i ty .  H i s t o r i c a l l y ,  one reason f o r  m&ing the  assumption t h a t  

t h e  r i n g  cu r ren t  p a r t i c l e s  a r e  protons i s  t h e  f a c t  t h a t  t he  l o s s  of  low 

energy protons due t o  charge exchange gives about t he  observed decay time 

constant  of 2 1 days.  It i s  now c l e a r  however, t h a t  t h e  mechanisms 

responsible  f o r  Process 2 a r e  capable of causing a loss  of l o w  energy 

e l e c t r o n s  i n  comparatively s h o r t  t imes,  thus t h e r e  remains l i t t l e  reason 

for  t h e  p r i o r  p re jud ice  i n  favor of protons.  
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X. D s t  Based Upon P a r t i c l e  Flux Var ia t ions  

The f a c t  t h a t  many f l u c t u a t i o n s  of t he  t rapped  p a r t i c l e  i n t e n s i t i e s  

are  c l e a r l y  caused by g l o b a l  changes i n  the  e a r t h ' s  magnetic f i e l d  suggests  

t h e  p o s s i b i l i t y  of us ing  t h e  trapped p a r t i c l e  measurements themselves t o  

measure D s t .  

i n s i d e Y E g n e t i c  s h e l l  upon which they are t rapped ,  t hey  are q u i t e  i n s e n s i t i v e  

t o  t h e  e f f e c t s  of ionospher ic  cu r ren t s  which plague ground based observa- 

t i o n s .  Toe p a r t i c l e  f luxes  are of course a l s o  per turbed  by t h e  ac t ion  of 

t h e  o t h e r  f o u r  processes ,  thus  i t  i s  u n l i k e l y  t h a t  t hey  citn be used t o  

measure t h e  v a r i a t i o n s  i n  D s t  over any extended per iod  of t ime.  

Since t h e  p a r t i c l e s  respond t o  the  changes i n  magnetic f l u x  

That t h e  e n e r g e t i c  e l e c t r o n s  i n  the  o u t e r  zone can be used to  ob ta in  

D s t  values f o r  a time per iod  o f  a t  l e a s t  one week can be seen i n  Figure 11 

where a l l  of t h e  Explorer  15 6.5 hlev e l e c t r o n  data taken a t  L values  

g r e a t e r  than  3.4 during the  week beginning November 11, 1962 have beer, 

converted i n t o  D s t  va lues  by t h e  procedure o u t l i n e d  below. 

F i r s t ,  equat ion li;' was used t o  f i t  t he  B dependence of t he  data 

Moting t h a t  t he  D s t  va lues  from the  t aken  e a r l y  on day 318 of 1962. 

ground obse rva to r i e s  were -2 gammas a t  t h i s  t ime,  th is  d a t a  w a s  assumed 

t o  correspond t o  D s t  = -2. A value for r i n  equat ion 20 w a s  then obtained 

for each reading  te lemetered  by the s a t e l l i t e  us ing  t h e  equat ion 

r = J exp [ (t - t o ) / l i ] / g  (B) (26) 

where J i s  t h e  measured f l u x ,  g ( B )  i s  t h e  f i t  t o  t h e  d a t a  on day 318, 

and where t h e  exponent ia l  f a c t o r  i s  employed t o  remove t h e  decay due t o  

Process  2. 

D s t  va lues  were then  assumed t o  be equal  t o  -K and were p l o t t e d  versus  

t i m e  as shown i n  Figure 11. 

Equation 2L was then solved for K f o r  each r va lue .  The 
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It is readily seen that for a large fraction of the time during this 

one week interval, the Dst values obtained from the ground observatories 

and from the satellite agree to within 10 gammas. Some of the discrepancies 

are undoubtedly due to errors in the normalization of the data from the 

spin averages obtained at points off the equator to omnidirectional in- 

tensities on the equator while o t h e r  discrepancies may well be due to the 

action of other processes. It is quite probable however, that many of 

the discrepancies are in fact due to errors in the ground based values. 

One indication of this is that the data from the different ground stations 

often differ from each other by more than 10 gammas in a fashion which sug- 

gests contamination due to ionospheric currents. Another is the fact that 

there is almost a 12-hour gap between Hermanus and Honolulu so that any 

asymmetry in the ring current field may result in a large error in the 

longitudinal average. 

show the presence of a local time asymmetry of the type found by Akasofu 

(1966) and Cahill (1966). F’urthermore, the magnetographs indicate that 

at 1600 hoursUT the maximum decrease in the field was located in the gap 

between Hermanus and Honolulu. The discrepancy at this time which can be 

seen in Figure llb and which was mentioned before in connection with 

Figure 8 is almost certainly due to poor longitudinal averaging in the 

ground data and not to errors in the satellite measurements. 

Specifically, the magnetographs for day 319 of 1962 

The particle data used here are by no means the best which can be ob- 

tained for determining Dst. 

satellite orbit were circular and had zero inclination SO that data could 

be obtained continuously and could be predicted more accurately since 

First, a major improvement would result if the 
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. 

motion i n  B-L space would be much smal le r .  

would probably provide a b e t t e r  measure s ince  they  do no t  seem t o  be as 

r a d i c a l l y  per turbed  by t h e  o t h e r  processes ,  or at  l e a s t  t he  e f f e c t s  of  t h e  

o t h e r  processes  tend  t o  cancel  each o the r .  Third,  t h e  primary e r r o r  made 

i n  the  s a t e l l i t e  measurements of D s t  i s  i n  assuming t h a t  t h e  f i e l d  a t  t h e  

s a t e l l i t e  i s  B + D s t ,  where B i s  value computed with a s p h e r i c a l  harmonic 

r ep resen ta t ion  of t h e  e a r t h ' s  f i e l d .  I f  a magnetometer on the  s a t e l l i t e  

were t o  measure the  f i e l d  a t  t h e  s a t e l l i t e  t o  an accuracy of f 1 gamma, it 

appears  q u i t e  p o s s i b l e  t h a t  t h e  t rue  spatial. averages of  t h e  f i e l d  changes 

i n s i d e  the  p a r t i c l e s '  o r b i t s  could a l s o  be obtained w i t h  an accuracy of 

about f 1 gammas. 

Second, t he  proton f luxes  

X I .  Radial Di f fus ion  

When t h e  magnetic f i e l d  pe r tu rba t ions  a r e  longi tude  dependent and 

occur wi th in  t i m e s  comparable or s h o r t  compared with the  d r i f t  per iod of 

t h e  p a r t i c l e s ,  a radial  d i f fus ion  w i l l  occur. It can be shown t h a t  t he  

e f f e c t s  of t h i s  diff 'usion f o r  any  given pe r tu rba t ion  w i l l  i nva r i ab ly  be 

of second order  compared w i t h  the  a d i a b a t i c  e f f e c t s .  

t h e  non-adiabat ic  e f f e c t s  t he re fo re  r e q u i r e s  t h a t  t h e  a d i a b a t i c  e f f e c t s  

be removed w i t h  a high accuracy. This  i n  r e t u r n  r equ i r e s  very accura te  

va lues  f o r  D s t .  

i n  improving t h e  determinat ions of D s t .  

To d i r e c t l y  measure 

It i s  important t h e r e f o r e ,  t h a t  f u r t h e r  e f f o r t s  be made 

Another mechanism which can cause radial d i f f u s i o n  of e l ec t rons  even 

i n  the  absence of fast f i e l d  f luc tua t ions  has been suggested by Roderer (1965) 

When t h e  f i e l d  l i n e s  a r e  d i s t o r t e d  i n t o  nondipolar shapes i n  a longi tude  
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dependent fashion such as by an asymmetric r i n g  cu r ren t  o r  by magnetospheric 

boundary and  t a i l  cu r ren t  systems, then t h e  e l e c t r o n s  which a r e  on the  same 

l i n e  of force at one long i tude  b u t  which have d i f f e r e n t  p i t c h  angles  w i l l  

d r i f t  t o  d i f f e r e n t  l i n e s  of fo rce .  Thus, if t h e  r a p i d  p i t c h  angle d i f f u s i o n  

implied by Process 2 i s  t a k i n g  p l ace ,  t h e  d r i f t  paths  of  t he  e l e c t r o n s  

w i l l  be continuously changing as t h e i r  p i t c h  angles  a r e  changed. The n e t  

r e s u l t  i s  d i f f u s i o n  ac ross  l i n e s  of f o r c e .  

X I I .  Conclusion 

It nas been shown t h a t  t h e  slowly changing g loba l  magnetic f i e l d s ,  as 

determined by Dst va lues ,  causes l a r g e  and p red ic t ab le  changes i n  the  o u t e r  

zone p a r t i c l e  f luxes .  The D s t  values can be used t h e r e f o r e  t o  remove t h e  

e f f e c t s  o f  these a d i a b a t i c  changes and thus  make it poss ib l e  t o  s tudy t h e  

non-adiabatic e f f e c t s  of the o the r  processes  with far g r e a t e r  accuracy. 
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FIGURE CAPTIONS 

Figure 1 Time v a r i a t i o n s  i n  t h e  omnidirectional i n t e n s i t i e s  of e l ec t rons  

with energies  greater than 0.5 MeV at L = 4.0 and 5.0 measured 

during 1965 by t h e  Ekplorer 26 satell i te.  The rap id  i n c r e a e s  

a t  times of magnetic dis turbances and the  tendency t o  decay w i t h  

about a two-week time constant a re  e a s i l y  seen. 

Figure 2 I s o i n t e n s i t y  contours of high energy e l ec t rons  following the rap id  

acce le ra t ion  on June 16, 1965. 

t o  radial d i f f u s i o n  and the r ap id  loss on days 187 and 200 are of 

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

The inward motion apparent ly  due 

Figure 3 Charac te r i s t i c  e f f e c t s  of Processes 1, 2, 4,  and 5 and t h e i r  

combined e f f e c t  upon t h e  energe t ic  e l ec t rons  i n  the  outer  zone. 

Figure 4 T i m e  dependence of t he  0.5 MeV e lec t ron  f luxes  a t  L = 3.6 and 

L = 3.8 during the  operat ing l i f e t i m e  of Explorer 15. 

t o  the  l w g e  increase  on day 352 of 1962 and the  genera l  tendency 

t o  decay, many n o n s t a t i s t i c a l  f l u c t u a t i o n s  can be seen t o  occur.  

I n  add i t ion  

Figure 5 Radial  dependence of  t h e  0.5 MeV e lec t ron  f luxes  a t  t h r e e  d i f f e r e n t  

t i m e s  as measured by Explorer 15. 

Figure 6 The f irst  h a l f  of t he  data  shown i n  Figure 4 a f t e r  mu l t ip l i ca t ion  

by exp (t/16) t o  remove the e f f e c t s  of Process 2. 

correspondence with D s t  which i s  given by the  continuous l i n e s  

i s  r e a d i l y  discerned.  

occurred on day 327. 

The c lose  

Note t h a t  a t  L = 3.8 a Process 1 event 



28 

Figure 7 

Figure 8 

Figure 9 

Figure 10 

A cont inuat ion of Figure 6 with t h e  data renormalized t o  remove t h e  

e f f e c t s  of t he  Process 1 event on day 352 of  1962. 

t h e  i n t e n s i t i e s  following t h i s  event d i d  no t  i nc rease  as p red ic t ed  

by Dst thus  implying an enhanced loss  rate.  

The dependences upon Bo before and a f t e r  t h e  decrease i n  D s t  on day 

319 of 1962 compared with t h e  p red ic t ed  dependence computed from 

t h e  upper curve assuming a f i e l d  change of -50 gammas. 

A second example of t h e  change i n  t h e  Bo dependence due t o  Process 

4 .  

a t  low B~ va lues .  

A t h i r d  example of t he  change i n  t h e  B dependence due t o  process  

N o .  4.  

Note t h a t  

See the  t e x t  for a poss ib l e  explanat ion of t h e  discrepancies  

0 

Figure lla D s t  values der ived from ground observat ions and from t h e  f luxes  of 

0 .5  Mev e l e c t r o n s  measured by the  Explorer 1 5  s a t e l l i t e  a t  L values  

g r e a t e r  than 3.4. 

shown i n  t h e  upper p a r t  of t h e  f i g u r e .  

The motion of t h e  s a t e l l i t e  i n  B-L space i s  

Figure llb Continuation of  Figure l l a .  Note t h a t  t h e  f l u c t u a t i o n s  during a 

s a t e l l i t e  pass  tends t o  be l a r g e r  at t h e  time K i s  high. The 

l a rge  discrepancy (about 20 gammas) a t  1600 hours UT on day 319 of  

1962 can be  shown t o  be due t o  poor l o n g i t u d i n a l  averaging i n  t h e  

ground based d a t a .  

P 
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