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I n  t h i s  b r i e f  review we a r e  ab l e  only t o  consider t h e  genera l  

c h a r a c t e r i s t i c s  of t h e  t rapped r 100 keV proton populat ion,  t h e  

p r i n c i p a l  t ime v a r i a t i o n s  observed, and t h e  s t a t u s  of major source 

and t r anspor t  mechanisms wi th  primary emphasis on 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 .  These items a r e  presented 

i n  t h r e e  sepa ra t e  s e c t  i ons  : SURVEY, TIME VARIATIONS, and TRANSPORT 

and SOURCES. 



The i n i t i a l  i n d i c a t i o n  of t h e  existence of a lower energy p r o t o n  

popula t ion  i n  t h e  t r app ing  reg ions  was ob ta ined  from a rocket-borne 

emulsion experiment conducted by NAUGLE and KNIFFEN (1961). These 

e a r l y  r e s u l t s  showed a  s t e e p  r ise  i n  t h e  8-20 Mev proton i n t e n s i t i e s  

i n  t h e  h igh  l a t i t u d e  por t  ion  (L r 1.64) of t h e  r eg ion  of obse rva t ion ,  

1 . 5  * L 5 1 . 8  and 1400-2000 km. Soon a f t e r  t h i s  observa t ion ,  t h e  f i r s t  

d e f i n i t i v e  measurements of t rapped  protons down t o  ene rg i e s  of - 1 Mev 

were r epo r t ed  by BAME e t  a1.(1962) u s ing  a  1960 rocke t  observa t ion  a t  

L - 2.6. 

I n  1962 t h e  r e s u l t s  of t h e  f i r s t  survey of low energy pro tons  

throughout t h e  ou t e r  t r app ing  r eg ions  and t h e  f i r s t  observa t ions  of 

protons down t o  ene rg i e s  of 100 keV were r epo r t ed  by DAVIS and 

WILLIAMSON (1963) us ing  d a t a  from t h e  EXPLORER 12 s a t e l l i t e .  F igu re  1, 

from DAVIS and WILLIAMSON (1963), shows t h r e e  t y p i c a l  s p e c t r a  ob ta ined  

a t  var ious  a l t i t u d e s  i n  t h e  magnetosphere. They found i n  general  t h a t  

a )  protons of ene rg i e s  2 100 keV were t rapped throughout 

t h e  r eg ion  L = 2 t o  t h e  magnetopause 

b )  t h e  proton spectrum sof tened  wi th  i nc reas ing  r a d i a l  

d i s t a n c e  (Figure 1 )  and could be w e l l  r ep re sen t ed  a s  

an  exponent ia l  

c )  du r ing  a  1% month geomagnetically q u i e t  per iod t h e  

pro ton  i n t e n s i t i e s  were s t a b l e  t o  230% 

d )  a  pro ton  i n t e n s i t y  enhancement of a  f a c t o r  of - 3 

was observed i n  t h e  L = 3 - 4.5  r e g i o n  during a 

magnetic storm. 



Extensive a d d i t i o n a l  obervat ions f r o m  EXPLORERS 14 ,  15 ,  and 26 

(DAmS, 1965; DAVIS and WLLEIAmON, 1966; SOMAS and DAVSS, l968) ,  

from WImR 4 (I(II1MPGIS and *&WTRONG, 19651, from s a t e l l i t e  2964 45a 

(MIHALOV and WHITE, 1966),  from EXPLORER 33 (ARMSTRONG and KRIMIGIS, 

1968),  from INJUN 4 (KRIMIGIS, 1968), and from OGO 4 (FRITZ and 

KRIMIGIS, 1968) have gene ra l ly  v e r i f i e d  t h e  e a r l i e r  r e s u l t s  and have 

added f u r t h e r  s i g n i f i c a n t  d e t a i l s  t o  t h e  behavior of low energy 

(> 100 keV) outer  zone protons.  Extensions of and add i t  ions  t o  t h e  - 
above l i s t  of genera l  behaviora l  c h a r a c t e r i s t i c s  have been 

i )  t h e  low energy proton popula t ion  is  q u i t e  s t a b l e  

dur ing  geomagnet i c a l l y  qu ie t  t imes 

i i )  t h e  c h a r a c t e r i s t i c  e - fo ld  energy Eo of t h e  proton 

spectrum v a r i e s ,  with minor per turba t ions ,  a s  L& 

out  t o  L - 5 during q u i e t  per iods  

i i i )  l a r g e  magnetic storms produce non-adiabat i c  changes 

down t o  L  values of 3 while  even small  magnetic 

d i s tu rbances  produce s i m i l a r  changes a t  L  > 5 - 
i v )  t h e  a d i a b a t i c  r e d i s t r i b u t i o n  of t h e  low energy proton 

popula t ion  due t o  r i n g  cu r r en t  e f f e c t s  i s  very 

important and must be compensated f o r  i n  order  t o  

i n v e s t i g a t e  sources,  l o s s e s ,  and inva r i an t  -v io l a t ing  

t r a n s p o r t  mechanisms. 

The much g r e a t e r  s t a b i l i t y  of t h e  r 100 keV proton popula t ion  

r e l a t i v e  t o  t h e  low energy (10-100 keV) t rapped e l e c t r o n  popula t ion  

has been demonstrated by DAVIS (1965). However, long term v a r i a t i o n s  

do occur i n  t h e  proton populat ion and a r e  i l l u s t r a t e d  i n  F igure  2 
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(DAI7IS and WILEPmSON, 2366;)- Note t h a t  between the t i m e  periods show& p r o t o n  

i n t e n s i t i e s  have been enhanced a t  low energ ies  and deple ted  a% high 

ene rg i e s .  This  r e s u l t  has been s ince  v e r i f i e d  and shown t o  be an e f f e c t  

which occurs  during geomagnetic storms (SORAAS and DAVIS, 1968). 

I n  add i t i on ,  the occurrence of proton i n t e n s i t y  enhancements i n  

coincidence with magnetic substorms has been repor ted  by DAVIS and 

WILLIAMSON (1966) and KONRADI (1967). An event  discussed by DAVIS and 

WILLIAMSON (1966) has been s tud ied  i n  d e t a i l  by BROWN e t  a l . ,  (1968) 

u s ing  a l l  ava i l ab l e  e l e c t r o n ,  proton,  and magnetic f i e l d  d a t a  from the  

Explorer  26 s a t e l l i t e .  Although the  d a t a  d id  not  a l low an unambiguous 

i n t e r p r e t a t i o n ,  they d id  c l e a r l y  i n d i c a t e  the importance of the magnetic 

substorm i n  p a r t i c l e  a c c e l e r a t i o n  processes .  KONRADI (1967) has  f u r t h e r  

i nd ica t ed  t h a t  substorm-associated protons appeared t o  have d r i f t e d  t o  

the s a t e l l i t e  l oca t ion  fol lowing i n j e c t i o n  i n  the n ight  s i d e  hemisphere. 

To end t h i s  b r i e f  survey of ou ter  zone proton 

c h a r a c t e r i s t i c s ,  we show i n  F igure  3 an R-h p l o t  of a model 2 400 keV 

t rapped  proton populat ion a s  compiled by t h e  National  Space Science 

Data Center (KING, 1967). Data f o r  F igure  3 were obtained from 

7 s a t e l l i t e s ,  6 research  groups, and span t h e  period August 1961 - 
A p r i l  1965. Because of t ime v a r i a t i o n s  F igu re  3 i s  not n e c e s s a r i l y  

r e p r e s e n t a t i v e  of t h e  a c t u a l  s i t u a t i o n  a t  any given t ime.  However, 

i n t e n s i t y  l e v e l s  a t  a given poin t  i n  space a r e  gene ra l ly  s t a b l e  t o  

f a c t o r s  of 2-3 and i t  is  t o  w i t h i n  t h i s  accuracy t h a t  t h e  model of 

F igu re  2 a p p l i e s .  



We mentioned e a r l i e r  t h a t  r e d i s t r i b u t i o n s  of t h e  p r o t o n  

populat ion due t o  r i n g  cu r r en t  e f f e c t s  a r e  s i g n i f i c a n t  and must 

be accounted f o r  t o  d i scuss  sources,  l o s s e s ,  and o ther  non-adiabat ic  

processes .  Such changes, r e s u l t i n g  from a  p a r t i c l e ' s  response t o  slow 

v a r i a t i o n s  i n  t he  e a r t h ' s  magnetic f i e l d  whi le  conserving t h e  t h r e e  

a d i a b a t i c  i n v a r i a n t s ,  have been repor ted  f o r  e n e r g e t i c  protons(40-110 Mev) 

a t  L  I 2.4 by MC ILWAIN (1966). 

A r ecen t  s tudy  by SORAAS and DAVIS (1968) c l e a r l y  shows s i m i l a r  

a d i a b a t i c  ( i nva r i an t  conserving) v a r i a t i o n s  occurr ing  i n  t h e  low 

energy proton populat ion.  They have used f i v e  months of d a t a  (January - 

June 1965) t o  s tudy t h e  temporal v a r i a t i o n s  of t h e  t rapped 100-1700 keV 

pro ton  populat ion.  Adiaba t ic  e f f e c t s  a r e  removed by t ransforming t h e  

d a t a  f r o m t h e  time dependent f i e l d  t o  a  r e f e rence  f i e l d  where t h e  r i n g  

cu r r en t  f i e l d  i s  e f f e c t i v e l y  zero .  The t r a n s f  ormation i s  obtained 

f o r  protons mir ror ing  a t  t h e  equator using a  d is turbance  f i e l d  

A B ( ~ , R )  = CDsy(t) f  (R) 

where C = 0.7  and c o r r e c t s  f o r  t h e  induct ion  f i e l d  of t h e  e a r t h ,  

t = time of observa t ion  and f  (R) = r a d i a l  dependence of a  model r i n g  

cu r r en t  f i e l d .  The func t ion  f  (R) and an  example of t h e  e f f e c t s  of t h e  

t ransformat ion  a r e  shown i n  F igure  4. It should be noted t h a t  whether 

such a d i a b a t i c  r e d i s t r i b u t i o n s  produce i n t e n s i t y  i nc reases  or decreases  

a t  a  given poin t  i n  space depends s t rong ly  on t h e  e x i s t i n g  proton energy 



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

i n  e f f e c t  a t  t h e  t i m e ,  Remaining v a r i a t i o n s  i n  t h e  t ime  h i s t o r i e s  of 

t h e  co r r ec t ed  f l u x e s  a r e  now i n t e r p r e t e d  a s  being i n d i c a t i v e  of t h e  

occurrence of non-adiabat ic  ( i nva r i an t  v i o l a t i n g )  processes .  

F igures  5 and 6  present  t h e  uncorrected and cor rec ted  time h i s t o r i e s  

of t h e  e q u a t o r i a l l y  mir ror ing  100-1700 keV t rapped  proton populat ion  a t  

L = 3 and 4 r e s p e c t i v e l y .  The cor rec ted  d a t a  a r e  seen t o  be c l e a r l y  

more ordered than  t h e  uncorrected d a t a .  I n  f a c t  SORAAS and DAVIS (1968) 

r epo r t  t h a t  t h e  co r r ec t ed  da t a  y i e l d  a  r e g r e s s i o n  c o e f f i c i e n t  of i n t e n s i t y  

on D s t  which i s  a  f a c t o r  of 5 smaller  t han  t h a t  obtained with t h e  

uncorrected da t a .  This  removal of t h e  intensi ty-Dst  c o r r e l a t i o n  i s  t o  

be expected i f  t h e  t ransformat ion  used has proper ly  accounted f o r  t h e  

a d i a b a t i c  v a r i a t i o n s  i n  t h e  da t a .  Note t h a t  t h e  i n t e n s i t y  v a r i a t i o n  a t  

L = 3 on day 168 seems t o  have been pure ly  an a d i a b a t i c  r e d i s t r i b u t i o n  

dur ing  t h e  small  magnetic d i s turbance  shown i n  t h e  Dst va lues .  

F igures  5 and 6  i n d i c a t e  and SORAAS and DAVIS (1968) show t h a t  t h r e e  

b a s i c  l a rge - sca l e  t ime v a r i a t i o n s  i n  100-1700 keV proton i n t e n s i t i e s  were 

i n  evidence dur ing  t h e  period under s tudy:  

1 )  Adiaba t ic  r e d i s t r i b u t i o n s  of t h e  proton populat ion which 

vary d i r e c t l y  wi th  the  magnetic f i e l d  v a r i a t i o n s  and dur ing  

which t h e  t h r e e  p a r t i c l e  a d i a b a t i c  i n v a r i a n t s  a r e  conserved. 

2) Rapid non-adiabat ic  variations occurr ing  i n  t h e  main phase of 

geomagnetic storms during which t h e  low energy proton i n t e n -  

s i t  i e s  a r e  enhanced and high energy i n t e n s i t i e s  deple ted  . 



3) A sEow, non-adiabat ic  post-storm v a r i a t i o n  during which 

both low and high  energy i n t e n s i t i e s  recover t oward  t h e  

pre-storm l e v e l s  - low energy i n t e n s i t i e s  decay and high 

energy i n t e n s i t i e s  i nc rease  during t h i s  per iod.  

The above r e s u l t s  d i r e c t l y  apply t o  e q u a t o r i a l l y  mir ror ing  pro tons .  

However SORAAS and DAVIS (1968) r epo r t  t h a t  v a r i a t i o n s  i n  t h e  proton 

p i t c h  angle  d i s t r i b u t i o n s  which a r e  both c o r r e l a t e d  and non-correlated 

wi th  magnetic v a r i a t i o n s  a r e  observed. Compensation must t he re f  o re  

be made f o r  a d i a b a t i c  v a r i a t i o n s  i n  proton i n t e n s i t i e s  a t  a l l  p i t c h  

angles  be fo re  q u a n t i t a t i v e  comparisons can be made with i n v a r i a n t  

v i o l a t i n g  processes  such a s  cross-L d i f f u s i o n .  

A next  s t e p  i n  t h e  above approach i s  t h e  ex tens ion  of t h e  c a l c u l a -  

t i o n s  t o  a l l  p i t c h  angles  i n  order  t o  o b t a i n  t h e  p i t c h  angle  dependence 

of t h e  non-adiabat ic  processes .  I n  add i t i on ,  it may be necessary t o  

o b t a i n  t h e  func t ion  f ( R )  s epa ra t e ly  f o r  each storm and t o  extend i t s  

func t  iona l  form t o  higher  a l t i t u d e s  . 
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TRANS PORT and SOUKCES 

The i n i t i a l  work of mLEOGe (1959), PARKER (1960), and HERLOPSON 

(1960) showed t h a t  t h e  t r a n s p o r t  of charged p a r t i c l e s  ac ros s  L s h e l l s  

under 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 nva r i an t  whi le  conserving t h e  

f i r s t  and second i n v a r i a n t s  was a  p o t e n t i a l l y  e f f e c t i v e  way of populat ing 

t h e  t r app ing  reg ions  wi th  e n e r g e t i c  p a r t i c l e s .  The mechanism envisioned 

a s  causing t h i s  d i f f u s i o n  was t h e  occurrence of magnetic pe r tu rba t ions  

on t ime s c a l e s  causing a  v i o l a t i o n  of t h e  t h i r d  i n v a r i a n t .  With a  

source of p a r t i c l e s  a t  t h e  magnetopause, t h e  ne t  r e s u l t  of t h i s  process  

would be a  group of p a r t i c l e s  d i f f u s i n g  inward ac ros s  f i e l d  l i n e s  and 

becoming energized due t o  t h e  conserva t ion  of t h e  f i r s t  and second 

i n v a r i a n t s .  Following t h i s  i n i t i a l  work s e v e r a l  e x c e l l e n t  t h e o r e t i c a l  

s t u d i e s  have been repor ted  concerning charged p a r t i c l e  d i f f u s i o n  i n  t h e  

magnetosphere (DAVIS and CHANG, 1962; TVERSKOY, 1964, 1965; DUNGEY e t  a l . ,  

1965; NAKADA and MEAD, 1965; F~LTHAMMAR, 1965, 1966, 1968; HAERENDEL, 1968) 

An e a r l y  comparison of proton observat ions i n  t h e  ou te r  zone wi th  

d i f f u s i o n  theory  by DUNGEY e t  a 1  (1965) showed reasonable  agreement a t  

s e v e r a l  p i t c h  angles  f o r  t h e  r a d i a l  dependence of t h e  p ro ton ' s  cha rac t e r -  

i s t i c  e - fo ld  energy, Eo. The L" dependence expected f o r  Eo i s  simply a  

consequence of t h e  d i f f u s i o n  of an exponent ial  energy spectrum under 

conserva t ion  of t h e  f i r s t  and second i n v a r i a n t s .  As t h e  proton spectrum 

i s  reasonably qpproximated by an exponent ia l ,  t h e  r e s u l t s  of DUNGEY e t  al, 

(1965) provide an argument i n  favor  of d i f f u s i o n .  For o the r  i n i t i a l  

s p e c t r a l  forms, t h e  evolu t ion  of t h e  proton energy spectrum a s  t h e  protons 

d i f f u s e  ac ros s  f i e l d  l i n e s  has t o  be ca l cu la t ed .  Thus observa t ion  of 

c h a r a c t e r i s t i c  energy dependencies o ther  than L - ~  does not by i t s e l f  

disprove t h e  ex is tence  of a d i f f u s i v e  process .  



More q u a n t i t a t i v e  s t u d i e s  have been completed u s i n g  a  

Fokker-Planck formal ism:  

Here n  = number of p a r t i c l e s  i n  d r ,  dp, and d J  

= f i r s t  a d i a b a t i c  i n v a r i a n t ,  t h e  magnetic moment 

J = second a d i a b a t i c  i n v a r i a n t  

= average r a d i a l  displacement per u n i t  t ime 

= average r a d i a l  displacement squared per u n i t  t ime 

T = e - fo ld  l i f e t i m e  f o r  charge exchange 

Using t h e  r e l a t i o n  between Dl and D2 obtained by F~~LTHAMMER (1966) f o r  a  

L - y -. . 
d i p o l e  f i e l d  ? z . ~ ,  -L' __ - - 9 = ,& - ..) 

C -- z i- 5~ .?a n = --_ >I&= - <J =, - ,: of- r4- - 7 
I./ 

The above may be w r i t t e n  i n  a "d i f fus ion - l ike"  form 

The l a s t  two terms on t h e  r i g h t  above r ep resen t  l o s s e s  due t o  coulomb 

c o l l i s i o n s  and charge exchange r e s p e c t i v e l y .  

This equat ion has  been solved by DAVIS and CHANG (1962), TVERSKOY 

(1964),and NAKADA and MEAD (1965). The l a t t e r  au thors  evaluated t h e  

s i z e  of t h e  d i f f u s i o n  c o e f f i c i e n t ,  D ,  by obta in ing  t h e  r a t e  and s i z e  of 

sudden impulses occurr ing  i n  t h e  magnetosphere and by using a  d i s t o r t e d  

magnetosphere without a  t a i l  conf igura t ion  (MEAD, 1964).  They obtained 

a  value of 



Using t h i s  value f o r  D ,  P;IAKADA and MICAD (1965) compared t h e  predicted 

and observed p r o t o n  steady s t a t e  (9') d i s t r i b u t i o n  func t ions .  These 

a r e  shown i n  F igure  7 .  

The b a s i c  d i f f e r e n c e  between t h e  observed and ca l cu la t ed  curves 

i n  F igure  7 i s  t h a t  t h e  peaks of t h e  observed d i s t r i b u t i o n s  a r e  a t  a  

lower a l t i t u d e  than  t h e  t h e o r e t i c a l  curves.  NAKADA and MEAD (1965) 

found t h a t  a n  inc rease  of a  f a c t o r  of e i g h t  i n  D would br ing  t h e  

observed and ca l cu la t ed  peaks i n t o  coincidence.  They a l s o  argued 

t h a t  a  l a r g e r  value of D should be expected s i n c e  

a )  i n c l u s i o n  of t a i l  f i e l d  e f f e c t s  would inc rease  D by about 

a  f a c t o r  of 4 and 

b )  pe r tu rba t ions  o ther  t han  sudden impulses probably c o n t r i b u t e  

t o  t h e  d i f f u s i o n  process .  The importance of other  v a r i a t i o n s  

( inc luding  e l e c t r i c  f i e1ds )may  be seen  from t h e  f a c t  t h a t  D can 

be expressed i n  terms of t h e  power spectrum of t h e  d i s tu rbance  

(F~LTHAMMAR , 19 65, 19 68) 

I n  a d d i t i o n ,  TVERSKOY (1965) a f t e r  an  e a r l i e r  low es t imate ,  has  

r eeva lua t ed  D and obtained 

a  value which would produce agreement between t h e  observed and c a l c u l a t e d  

proton i n t e n s i t y  d i s t r i b u t i o n s .  
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T h e r e f o r e ,  w i t h  apparently reasonabLe values f o r  t h e  d i f f u s i o n  co- 

e f f i c i e n t  t h e  s t e a d y  s t a t e  e q u a t o r i a l l y  m i r r o r i n g  p ro ton  d i s t r i b u t i o n s  

can be d e s c r i b e d  by d i f f u s i o n  t h e o r y .  Absolute  f l u x  comparisons remain 

t o  be done, i . e . ,  an observed s teady  source of low energy protons a t  

high a l t i t u d e s  has s t i l l  t o  be used t o  p r e d i c t  observed f luxes  of higher  

energy protons a t  low a l t i t u d e s .  

Non-Steady S t a t e  

An important advance i n  f u r t h e r  es t imat ing  t h e  importance of 

d i f f u s i o n  v i a  t h i r d  inva r i an t  v i o l a t i o n  a s  a  t r anspor t  process  i n  t h e  

ou te r  zone has been repor ted  by SORAAS (1969). He has considered t h e  

non-steady s t a t e  (PO) condi t ion  by s tudying t h e  post-storm long term 

non-adiabat ic  recovery of proton i n t e n s i t i e s  toward pre-storm values 

( t h e  t h i r d  b a s i c  t ime v a r i a t i o n  d iscussed  i n  t h e  previous s e c t i o n ) .  

Using t h e  same formalism a s  NAKADA and MEAD (1965), SORAAS (1969) 

ob ta ins  a  value f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  by bes t  f i t t i n g  t h e  t ime 

evo lu t ion  of t h e  measured d i s t r i b u t i o n  func t ion .  

The measured proton d i s t r i b u t i o n  f u n c t i o n  r ep re sen t ing  t h e  i n i t i a l  

cond i t i ons  f o r  t h e  s o l u t i o n  of t h e  Fokker-Planck equat ion a r e  shown i n  

F igure  8 f o r  t h e  post-storm period fol lowing t h e  A p r i l  18, 1965 storm. 

The measured and computed t ime evo lu t ion  of t h i s  d i s t r i b u t i o n  a r e  shown 

i n  F igu re  9. Calculated curves a r e  shown f o r  t h e  bes t  f i t  value of D 

D = 2 . 4 ( 1 0 ) - ~ r l 0  ~ e ~ / d a ~  

a s  we l l  a s  f o r  t h e  e a r l i e r  e s t ima te  of NAKADA and MEAD (1965),  
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The experimental and t h e o r e t i c a l  r e s u l t s  show good agreement at 

a value requi red  by N K m A  and MEAD (1965) t o  f i t  t he  equ i l i b r ium d i s -  

t r i b u t i o n  and i n  good agreement wi th  the e s t ima te  of  TVERSKOU (1965). 

The c a l c u l a t e d  curves f o r  both va lues  of D i n  F igure  9  a r e  i d e n t i c a l  

f o r  the  t h r e e  lowest ene rg i e s  shown, i n d i c a t i n g  t h a t  t he  pro ton  time 

behavior  is  dominated by lo s se s  a t  t he se  e n e r g i e s .  Also t h e  low energy 

protons decay f a s t e r  t han  t h e  p red i c t ed  curves.  Therefore  i n  t h e  l o s s  

dominated reg ion ,  e i t h e r  the  coulomb and charge exchange l o s s  terms a r e  

no t  p roper ly  accounted f o r  o r  a d d i t i o n a l  l o s s  mechanisms a r e  ope ra t i ng .  

SORAAS (1969) sugges ts  t h a t  p i t c h  angle  s c a t t e r i n g  by ion  cyc lo t ron  

noise  (KENNEL and PETSCHEK, 1966) may be f o r c i n g  the  enchanced low 

energy i n t e n s i t i e s  t o  decay r a p i d l y  back t o  t h e i r  s t a b l e  upper l i m i t .  

The major r o l e  played by l o s s  mechanisms shows t h e  importance of  

inc lud ing  a l l  app rop r i a t e  l o s s  terms i n  t h e  Fokker-Planck equa t ion  p r i o r  

t o  q u a n t i t a t i v e  comparisons w i th  theory,  e s p e c i a l l y  i f  proton and alpha 

p a r t i c l e  d i s t r i b u t i o n s  a r e  t o  be compared as  a t e s t  of d i f f u s i o n  pro- 

cesses  (TVERSKOY, 1965; FRITZ and KRIMIGIS, 1968; KRIMIGIS, 1970). 

It t h u s  appears  t h a t  d i f f u s i o n  theo ry  employing 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  and conserva t ion  of t h e  f i r  st and second 

i n v a r i a n t s  p r e d i c t s  d i s t r i b u t i o n  func t ions  which a r e  i n  good agreement 
an= 

wi th  a )  t h e  observed s t eady  s t a t e  (at O) proton d i s t r i b u t i o n  

and 
&#o 

b) t h e  observed time evo lu t ion  (at ) of t h e  pro ton  

d i s t r i b u t i o n  dur ing  t h e  slow non-adiabat ic  recovery  

toward pre-storm i n t e n s i t i e s  fo l lowing  a  magnetic 

storm. 

The value of t h e  d i f f u s i o n  c o e f f i c i e n t  i n  both i n s t ances  i s  

2.4 (10) -' ~ e ~ / d a y .  



The cause of t h e  r a p i d  non-adiabatic v a r i a t i o n s  occurr ing  dur ing  

magnetic storms i s  a s  ye t  unknown, Present evidence i n d i c a t e s  t h e y  

a r e  i n t ima te ly  connected wi th  t h e  occurrence of magnetic substorms. 

The importance of t h e s e  substorm-associated v a r i a t i o n s  a s  a source of 

ou te r  zone protons a s  compared t o  t h e  s teady  inward d i f f u s i o n  of a 

h igh  a l t i t u d e ,  low energy populat ion remains t o  be determined. 

Note i n  proof:  The conversion from f l u x  t o  d e n s i t y  given by Nakada 

and Mead (1965) i s  nmrj where n = number of p a r t i c l e s  i n  d r ,  dp,, d J ,  

r = r a d i a l  d i s t ance  and j = d i f f e r e n t i a l  d i r e c t i o n a l  f l u x .  However, 

the  p r o p o r t i o n a l i t y  term conta ins  a f a c t o r  of p,-l  which should be 

included i n  the  conversion i f  p i s  not  conserved. The omission of 

t h i s  term by Nakada and Mead (1965) and by Soraas (1969) leads t o  

e r r o r s  i n  t he  Coulomb l o s s  term on page 9 which can be as  la rge  a s  

a f a c t o r  of 2 f o r  t he  cases  considered.  However u n c e r t a i n t i e s  i n  

the ambient atmosphere w i l l  overshadow a discrepancy of t h i s  s i z e  

and the r e s u l t s  reviewed he re in  a r e  i n  the main unaf fec ted .  I am 

indebted t o  T. Birmingham, L .  Davis ,  G .  Mead, and M. Walt f o r  d i s -  

cussions on t h i s  p o i n t .  
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P 1GUR.E CAPTIONS 

F i g u r e  1, I n t e g r a l  p r o t o n  spect ra  measured on  three f i e l d  l i n e s  o n  

26 August 1961.  Note e x p o n e n t i a l  r e p r e s e n t a t i o n  and s p e c t r a l  

s o f t e n i n g  wi th  i nc reas ing  r a d i a l  d i s t a n c e .  (from DAVIS and 

WILLIAMSON, 1963) 

Figure 2. Proton i n t e n s i t y  p r o f i l e s  from 1962 and 1965 f o r  e q u a t o r i a l  

p i t c h  angles  of 60'. Note low energy enhancement and h igh  

znergy dep le t i on  which occurred between the  i nd i ca t ed  epochs.  

(from DAVIS and WILLIAMSON, 1966) 

Figure 3 .  R-A f l u x  map of mode 1 (AP5) proton environment. Compensation 

not made f o r  time v a r i a t i o n s .  (from KING,  1967) 

Figure 4a .  Radia l  dependence of r i n g  c u r r e n t  magnetic f i e l d  used i n  

model c a l c u l a t i o n s  of a d i a b a t i c  e f f e c t s  on t rapped pro tons  

(from SORAAS and DAVIS, 1968) 

Figure 4b. Radia l  proton i n t e g r a l  i n t e n s i t y  p r o f i l e  a s  measured on day 

109, 1965 when D s t  = - 47y, a long  wi th  transformed p r o f i l e  

corresponding t o  Dst= 0  assuming conservat ion of t h e  t h r e e  

a d i a b a t i c  i n v a r i a n t s .  Radia l  dependence of r a t i o  of t h e  mag- 

n e t i c  f i e l d  a f t e r  and before  b u i l d  up of  r i n g  cu r r en t  and 

r a d i a l  movement AR of the  p a r t i c l e s  a l s o  shown. Note a d i a b a t i c  

e f f e c t s  can produce both i nc reases  and/or  decreases  a t  any 

given p o s i t i o n  i n  t rapping  reg ion  (from SORAAS and DAVIS, 

1968) 
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P i g t i r e  5 a ,  Uncor rec ted  f l u x e s ,  The time behavior  o f  p r o t o n s  r n t r r o r i n g  

a t  t h e  e q u a t o r  f o r  t h e  e i g h t  i n t e g r a l  e n e r g i e s  measured a t  

L = 3 .  The d i f f e r e n t  c u r v e s  a r e  marked w i t h  l e t t e r s  r u n n i n g  

from A t o  H corresponding t o  t he  ene rg i e s  98, 134, 180, 345, 

513, 775, 1140 and 1700 keV. The curves a r e  d i sp l aced  i n  

o rde r  t o  avoid ove r l ap  and the va lues  read  from the curves 

A t o  H must be m u l t i p l i e d  by 10 r a i s e d  t o  the  fo l lowing  

exponents -1, -0.75,  -0.50, -0 .25,  0 . 0 ,  0 .25,  0.25 and 0.25 

i n  o rde r  t o  ge t  the  i n t e g r a l  proton i n t e n s i t y  above a c e r t a i n  

energy i n  protons/cm2 s e c  s r .  Below the  proton d a t a  a r e  p l o t t e d  

the  hour ly  average D s t  v a lues .  (from SORAAS and DAVIS, 1968) 

F igure  5b. Corrected f l u x e s .  The time behavior of  protons mi r ro r ing  a t  

the  equa tor  a t  L = 3 .0  a f t e r  t h e  a d i a b a t i c  e f f e c t s  a r e  removed. 

The d i f f e r e n t  curves  a r e  marked wi th  l e t t e r s  running from A 

t o  H corresponding t o  t h e  ene rg i e s  134, 180, 220, 345, 513, 

775, 1140 and 1700 keV. The curves a r e  d i sp laced  i n  order  t o  

avoid ove r l ap  and t h e  va lues  read from the  curves A t o  H must 

be mu l t i p l i ed  by 10 r a i s e d  t o  the  fo l lowing  exponents -1, 

-0.75,  -0 .50,  -0.25, 0 . 0 ,  0 .25,  0.25 and 0.25 i n  o rde r  t o  ge t  

t he  i n t e g r a l  proton i n t e n s i t i e s  above a c e r t a i n  energy i n  

protons/cm2 sec  s r .  Below t h e  proton d a t a  a r e  p l o t t e d  t he  

hour ly  average D s t  v a lues .  Note absence of v a r i a t i o n s  a t  

-- day 169 i n d i c a t i n g  pe r tu rba t ions  i n  F igure  5a due e n t i r e l y  

t o  a d i a b a t i c  r e d i s t r i b u t i o n  a t  t h i s  t ime.  (from SORAAS and 

DAVIS, 1968) 
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F i g u r e  6a, Uncorrected fluxes. The time behavior of p r o t o n s  mirroring 

a t  t he  equa tor  f o r  t he  e i g h t  i n t e g r a l  ene rg i e s  measured a t  

L = 4 .  The d i f g e r e n t  curves a r e  marked w i t h  l e t t e r s  running 

from A t o  H corresponding t o  the  ene rg i e s  98, 134, 180, 345, 

5  13,  775, 1140 andL 1700 keV. The curves a r e  d i sp l aced  i n  

o rde r  t o  avoid ove r l ap  and the  va lues  read  from the  curves 

A t o  H must be mu l t i p l i ed  by 10 r a i s e d  t o  t h e  fo l lowing  ex- 

ponents -1, -0.75, -0 .50,  -0.25, 0 .0 ,  0 .25 ,  0.25 and 0.25 i n  

o rde r  t o  ge t  t h e  i n t e g r a l  proton i n t e n s i t y  above a  c e r t a i n  

energy i n  protons/cm2 sec  s r .  Below the  proton d a t a  a r e  

p l o t t e d  t h e  hour ly  average Dst  v a lues .  (from SORAAS and ' 

DAVIS, 1968) 

F igure  6b. Corrected f l u x e s .  . The time behavior  o f  protons mi r ro r ing  

a t  t he  equa tor  a t  L = 4 . 0  a f t e r  t he  a d i a b a t i c  e f f e c t s  a r e  

removed. The d i f f e r e n t  curves a r e  marked wi th  l e t t e r s  running 

from A t o  H corresponding t o  t he  e n e r g i e s  134, 180, 220, 345, 

513, 775, 1140 keV and 1700 keV. The curves a r e  d i sp laced  

i n  o rde r  t o  avoid over lap  and t h e  va lues  read from the  curves 

A t o  H must be m u l t i p l i e d  by 10 r a i s e d  t o  t h e  fo l lowing  

exponents -1, -0.75,  -0.50, -0 .25,  0 .0 ,  0 . 2 5 ,  0 .25,  and 0.25 

i n  o rde r  t o  ge t  the  i n t e g r a l  proton i n t e n s i t i e s  above a  c e r t a i n  

energy i n  protons/cm2 s e c  s r .  Below the  proton d a t a  a r e  p l o t t e d  

t h e  hour ly  average Dst v a lues .  (from SORAAS and DAVIS, 1968) 

F igure  7. Comparison of i n t e g r a l  f l uxes  as  measured by DAVIS e t .  a l .  

(1964) and ca l cu l a t ed  i n t e g r a l  f l u x e s .  The ca l cu l a t ed  curves 

a r e  normalized t o  the same peak f l u x  f o r  the  lowest energy 

th re sho ld .  (from NAKADA and MEAD, 1965)  
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Figure  8. The i n i t i a l  distribution, The left-hand s i d e  o f  t he  f i g u r e  

shows t h e  inkegra l  proton f luxes  above var ious  e n e r g i e s  versus  

r a d i a l  d i s t ance  a s  measured a f t e r  the  A p r i l  18 s torm on day 

111 of 1965. The r ight-hand s i d e  of t he  f i g u r e  shows t h e  d i s -  

t r i b u t i o n  func t ion  n  f o r  d i f f e r e n t  va lues  of  t he  magnetic 

moment p l o t t e d  v s .  r a d i a l  d i s t a n c e .  (from SORAAS, 1969) 

F igure  9. The time-behavior of the  i n t e g r a l  proton i n t e n s i t i e s  of 

d i f f e r e n t  L-values computed from the  t r a n s p o r t  equa t ion  wi th  

two va lues  of t he  d i f f u s i o n  c o e f f i c i e n t ,  a r e  compared wi th  

t he  exper imenta l ly  measured va lues  a t  L = 3.0 ,  3 .5 ,  4 .0  and 

4 .5 .  (from SORAAS, 1969) 
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