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I A, The Van Allen Radiation Belt 

d 

Thc V a n  Allen Radiation b e l t  is n doughnut-shaped rccion 

surrounding the e a r t h  a t  the  geomagnetic equator,  containing 

energet ic  protons and electrons trapped i n  ithe geomagnetic f ie ld .  

A t  the geomagnetic equator t h e  region extends from a r a d i a l  d i s -  

tance (measured from ea r th  center) of about 1.1 ea r th  r a d i i  t o  

the r a d i a l  dis tance a t  which the  geomagnetic f i e l d  is e f fec t ive ly  

terminated by streams of low energy p a r t i c l e s  from the G U ~ .  

posi t ion of  t he  termination varies from about 10 ea r th  r a d i i  a t  

l o c a l  noon t o  20 ea r th  r a d i i ,  o r  more, a t  loca l  midnight. 

The 

B. Charged P a r t i c l e  Motion i n  the  Geomagnetic Field 

I n  general ,  the motion of a charged p r t i c l e  i n  a magnetic 

For dipole f i e l d  can be obtained only by numerical integrat ion.  

p a r t i c l e s  whose cyclotron radius  is small compared with the sca le  

of  the geomagnetic f i e l d ,  the guiding center  approximation may 

be used t o  descr ibe the motion. 

I s  separable i n t o  three  components. 

I n  t h i s  approximation the motion 

The first component i s  a c i r c u l a r  motion perpendicular 

t o  the magnetic f i e l d  l ines  with the  l o c a l  cyclotron period TI 

nnd cyclotron rad ius  Rc. T and Rcare given i n  gaussian u n i t s  1 
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vImc 2nmc 
T 1 = T  R c = T  

where m ,  e ,  and v+ a r e ,  respectively,  the p a r t i c l e  mass, the 

p a r t i c l e  charge, and the component of  the p a r t i c l e  veloci ty  

perpendicular t o  the f i e l d  l ines ,  

The second component is a motionalongthe f i e l d  l i n e s  i n  

the d i rea t ion  of increasing flux density t o  a point a t  which the 

p a r t i c l e  is r e f l ec t ed ,  cal led the mirror point;  and then a re turn  

t o  another mirror point ,  cal led the conjugate point,  i n  the 

opposite hemisphere, 

is subs t an t i a l ly  longer than that  of the  first motion. 

This osc i l l a to ry  motion has  a period T2 which 

A schematic representation of  these two motions is shovm 

i n  Fig. 1. 

the instantaneous value of the angle between the p a r t i c l e  veloci ty  

vector and the  d i r ec t ion  of the magnetic f i e l d ;  the equator ia l  

p i t ch  angle eo of a pa r t i c l e  is i l l u s t r a t e d  i n  Fig. 1. 

The p i t ch  angle Q of the p a r t i c l e  is defined as 

Since a s t a t i c  magnetic f i e l d  can do no work on a charged 

.?article, the t o t a l  energy E of the p a r t i c l e  is conserved. 

the guiding center  approximation, where the motions are separable,  

I n  
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t h i s  r equ i r e s  t h a t  the  t o t a l  f lux  through the  c i r c u l a r  o r b i t  be 

constant. This i s  equivalent t o  the  statement, ca l l ed  the f i r s t  

ad iaba t ic  invar ian t  of the  motion, t ha t  

2 
h v 2  s in2  a ‘7 = - = constant for non-re la t iv i s t ic  p a r t i c l e s  

o r  

2 2  

B 
P sin = constant f o r  r e l a t i v i s t i c  p a r t i c l e s  

where p is the  p a r t i c l e  momentum. 

t h a t  

From t h i s  i n v a r i a n t  i t  follovrs 

2 s i n  CY s in2  a2 
T=.T 1 

where the subsc r ip t s  r e f e r  t o  any p a i r  of po in ts  along t he  p a r t i c l e  

t ra jec tory .  If we choose one of  these poin ts  a t  the  equator and 

t h e  o t h e r  at the  mirror point ,  i t  follows t h a t  

:.:heye 13 

Y are equa to r i a l  values. P a r t i c l e s  which have a value o f  (V s o  

is the value of  the f i e l d  a t  the  mirror point  and B and 
rn 0 

0 9 
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small t h a t  Bm w i l l  be a t  an a l t i t u d e  of 100 km o r  l e s s  w i l l  

be rapidly removed by the ea r th ' s  atmosphere and such p a r t i c l e s  

must be absent under s t a t i c  conditions. The cone within which 

such p i t ch  angles a r e  found i n  ca l l ed  the loss cone. 

A p a r t i e l e  counter may be used a t  the geomagnetic equator 

t o  measure the unidirect ional  p a r t i c l e  i n t ens i ty  a t  each p i t ch  

=angle. "he unid i rec t iona l  i n t ens i ty  as a function of equator ia l  

p i t ch  angle is ca l l ed  the equator ia l  p i t ch  angle d is t r ibu t ion .  

This d i s t r i b u t i o n ,  together with $the f i r s t  invariant, may be used 

t o  ca lcu la te  both the unidirect ional  i n t e n s i t i e s  and the omni- 

d i r ec t iona l  i n t ens i ty  a t  a l l  poin ts  on the same magnetic she l l .  

A l t e rna t ive ly , a  pa r t i c l ecoun te r  may be used to  measure the 

omnidirectional i n t e n s i t y  a t  every point along a f i e l d  l ine.  This 

descr ipt ion is equivalent t o  the  equator ia l  p i t ch  angle d i s t r i -  

bution which mag be calculated from it. 

A second ad iaba t ic  invariant  of the motion i s  associated 

with the o s c i l l a t o r y  motion between the mirror points. 

s t a t ed  as 

It may be 

J = 5 mv,, ds = constant 

where v,, is the component of the p a r t i c l e  veloci ty  directed alonc 

the f i e l d  l ine .  The in tegra l  is taken along the f i e l d  l i n e  over 

, 
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a complete o s c i l l a t i o n  of the pa r t i c l e  between the mirror points. 

The t h i r d  motion o f  the pa r t i c l e  is a slow d r i f t  i n  

longitude with period T 

and protons from east t o  west. 

i t s e l f  from one flux tube to  another u n t i l  it f i n a l l y  d r i f t s  

around the  earth and returns  t o  its o r i g i n a l  f lux  tube. 

t h i s  process it generates w h a t  is known as a magnetic s h e l l ,  

Electrons d r i f t  from west t o  e a s t  
3. 

The p a r t i c l e  w i l l  slowly t r a n s f e r  

I n  
* 

surrounding the  e a r t h  and open a t  both ends. 

of the  p a r t i c l e  motion requires  t h a t  t he  t o t a l  number of l i n e s  

of f lux  passing through t h i s  s h e l l  be constant. 

is t r i v i a l  f o r  a s t a t i c  f i e l d ,  and is s ign i f i can t  only f o r  slowly 

varying t ime-de pendent f ie lds .  

A t h i r d  invar ian t  

This statement 

The guiding center  approximation is thought t o  describe 

a l l  the geomagnetically trapped rad ia t ion  i n  the absence of 

s t rong e l e c t r i c  f i e l d s  o r  magnetic f i e l d s  with time va r i a t ions  

which are shor t  compared with t h e  c h a r a c t e r i s t i c  periods TI, T2, 

and T3. 

given i n  Table I. 

These three  periods for  t yp ica l  trapped p a r t i c l e s  a r e  

The p a r t i c l e  motion is i l l u s t r a t e d  i n  Fig. 1 f o r  a mag- 

n e t i c  dipole. 

a d ipo le ,  the p a r t i c l e  motion is somewhat i r r e g u l a r  even when 

described i n  geomagnetic ra ther  than geographic coordinates. 

Since the  geomagnetic f i e l d  i s  only approximately 



TABU I 

Gyroradii and Periods of the Motions of Par t ic les  

i n  the Guiding Center Appr9ximation 

3 T 
RC T1 *2 

Electrons 
50 kev 1.5 x 10 3 cm. 3.9 X 6 e C  .88 sec 6700 min 
500 kev 4.7 x 10 3 cm. 4.2 x loo6’ sec 0 3 0  sec 700 min 

5 Mev 1.1 x 10 5 cm. 4.2 10-5 6ec .12 sec 12 min 

Protons 

100 kev 2.8 x 10 cm. 7.1 x lom3 sec 8.4 sec 340 min 
1 MeV 8.8 x 13 cm. 7.1 x 10-3’ sec 2.7 sec 34 min 

7.2 x 10-3 sec .85 S ~ C  3.3 min 
1.1 x sec .16 sec .082 min 

5 

6 
7 

10 Mev 2.8 x 10 cm. 
500 Mev 2.2 x 10 cm. 

RC T1 T2 5 
Electrons 

7.4 x sec 2.4 sec 2500 min 

8.1 x ioo5 S ~ C  079 6eC 260 min 

7.9 x see .33 sec 4.6 rnin 

4 
4 
6 

50 kev 2.8 x 10 cm. 

500 kev 9.0 x 10 cm. 
5 MeV 2.1 x 10 cm. 

Protons 

100 kev 5.3 x 10 cm. 
1 Mev 1.7 x 10 cm. 

1.3 x 10-1 6ec 22.0 sec ,130 min 

1.3 X 10-l 6eC 7.1 SeC 12 min 

10 MeV 5.3 x 10 7 cm. 1-4  x loo1 sec 2.3 sec 1.3 min 

6 
7 

500 MeV ----- ---- ---- ---- 
The gyroradii and periods have been computed according t o  the formulas o f  
!itu:lin, b r p l u s ,  Vik, and Watson, Jour. Geophys. Res., 66, 1-4, 1961. A 
dipole field is  assumed. The periods a re  calculated for  pa r t i c l e s  which 

- - 
n i r ro r  a t  a geomagnetic la t i tude  of so. 
instant  a t  which the par t ic le  crosses the geomagnetic equator. 

The gyroradius is given for  the 
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A new coordinate system, defined by using t h e  ad iaba t ic  

invar ian ts ,  has been devised to  organize p a r t i c l e  f lux  data. 

The three  geographic coordinates r ,  X., 

two coordinates B and L. B i s  the  s c a l a r  value of the f i e l d  a t  

r, 1, 9. 

par t i cu la r  magnetic s h e l l  which passes through r, A ,  cp. I n  a 

dipole f i e l d  L would be the geocentric dis tance t o  the s h e l l ,  

measured i n  the geomagnetic equator ia l  plane. 

would be character ized by a ce r t a in  minimum value of  B, found 

on the geomagnetic equator of the she l l .  

approximately a dipole ,  the same L s h e l l  has  the  same minimum 

value of  B, but the  t r ace  of t h i s  minimum value around the s h e l l  

is no longer a c i r c l e .  The value of B a t  r,  A, cp i s  obtained 

from a spher ica l  harmonic expansion of the geomagnetic f ie ld .  

L a t  r ,  A ,  (p is obtained from a r e l a t i v e l y  lengthy machine corn- 

putat ion u t i l i z i n g  the  same expansion. 

the computation has been widely d i s t r ibu ted  by McIlvrain, who 

invented the coordinate system. 

Q are transformed i n t o  

L, given i n  units of e a r t h  r a d i i ,  s p e c i f i e s  the 

This  L s h e l l  

I n  a f i e l d  vrhich is only 

A Fortran program for 

"he value of the coordinate system l i e s  i n  the f a c t  t h a t  

the p a r t i c l e  i n t e n s i t y  ( i n  the absence of time var ia t ions  and 

f i e l d  d i s t o r t i o n s  produced by outs ide influences,)) is the same at 

a l l  poin ts  having the same values o f  B and L. For a dipole f i e l d ,  

t h i s  is simply equivalent t o  the  statement t h a t  the p a r t i c l e  i n t e n s i t y  
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1 

does not depend on the  magnetic longitude. 

coordinate system makes possible presenta t ions  of p a r t i c l e  in- 

t e n s i t i e s  as a function of only two coordinates B and L, r a t h e r  

than the three coordinates which are required t o  loca t e  a point  

i n  space. 

do not lend themselves t o  simple geometric v ieua l iza t ion ,  i t  is 

sometimes useful  t o  def ine two dipole  coordinates R ,  h according 

t o  the  r e l a t i o n s  

T h i s  property of the  

Since presentations of data i n  t h e  B, L representation 

where M is the  magnetic dipole moment of the earth. 

formation makes possible a dipole-like presentation of t he  data 

i n  R ,  A space which permits easy v isua l iza t ion .  

from the  dipole source, and A is the magnetic l a t i t ude .  

not d i f f e r  by more than a few degrees from the  usual geomagnetic 

l a t i t u d e  Am,  ca lcu la ted  from an earth-centered dipole  model. 

presentation o f  data i n  R ,  A space is shown i n  Fig. 2. 

This trans- 

R is the  dis tance 

h does 

A 

C. Early Experiments i n  the  Radiation Belt 

The term Van Allen Radiation B e l t  has h i s t o r i c a l l y  been 

used to  describe only those p a r t i c l e s  which have s u f f i c i e n t  energy 

t o  be detected ind iv idua l ly  by a r ad ia t ion  counter su i t ab le  f o r  
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use i n  a space vehicle. 

about 40 kev f o r  e lec t rons ,  and about 100 kev fo r  protons. 

l imi t a t ion  is a r t i f i c i a l ,  and the  energy spec t ra  of both types of 

p a r t i c l e s  extend downward t o  thermal energies ,  where r e l a t i v e l y  

large number d e n s i t i e s  o f  pcotons and e lec t rons  are present 

everywhere i n  the exosphere. 

the number d e n s i t i e s  of e lec t rons  and protons are equal and 

e l e c t r i c a l  n e u t r a l i t y  is preserved, except perhaps i n  var ious 

t rans ien t  phenomena. 

This qui te  a r b i t r a r y  threshold energy is 

The 

When thermal p a r t i c l e s  a r e  included, 

Although the poss ib i l i t y  of  trapped rad ia t ion  i n  the $eo- 

magnetic f i e l d  ha6 been known f o r  many years ,  its presence was 

not establ ished u n t i l  1958, when i t  was f i r s t  detected by Van 

Allen and co-workers with instruments on the  U.S. s a t e l l i t e  Explorer I. 

Since t h a t  time numerous s a t e l l i t e  and space probe measurements have 

been made by many s c i e n t i f i c  groups. 

ea r ly  experiments was made d i f f i c u l t  by the  wide range of energies 

present and by the la rge  time va r i a t ions  which occurred both i n  

the energy spec t ra  and the i n t e n s i t i e s  of the trapped par t ic les .  

N ~ J ’  ea r ly  instruments could not d i s t inguish  e lec t rons  from protons, 

were o i t e n  driven beyond t h e i r  intended ranges, and rcsponded to  

~m unknown i n t e n s i t y  of  e lectron bremsstrahlung produced within the 

space vehicle. 

The in t e rp re t a t ion  o f  
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A number of ea r ly  experiments indicated the presence of two 

na tura l  rad ia t ion  b e l t s ,  with a region of decreased i n t e n s i t y  be- 

tween. 

instrumental  i n  nature ,  caused by a continuous va r i a t ion  of the 

in t ens i ty  and energy spectrum of both e lec t rons  and protons with 

dietnnce f’rom the  ear th ,  A more discriminating experiment hao 

nliown t h a t  a t  least one partiole group does have two peaks (see 

Ms. 2). 

ponks, and t h a t  the locat ion of t h e  peake depends.,on the pa r t i cu ln r  

p a r t i c l e  group and may also be time dependent. 

two b o l t s ,  sometimes ca l l ed  the inner  and outer  r ad ia t ion  zones, 

has pers i s ted  f o r  reasons of h i s to ry  and convenience. 

does not necessar i ly  ind ica te  d i f f e r e n t  o r i g i n s  f o r  the p a r t i c l e s  

i n  the  two zones. 

zones i s  taken t o  be a t  L = 2. 

This apparent s t ruc ture  was probably, but not necessar i ly ,  

It ie paesible t h a t  o ther  groups may have two (o r  more) 

The d iv is ion  i n t o  

The d iv is ion  

I n  th i s  descr ipt ion the boundary between the 

D. Zhergy Spectra and Distr ibut ion of  Trapped Protons 

Nuclear emulsion experiments have indicated t h a t  protons 

make up about 99 percent of the  high-energy pos i t ive ly  charged 

y r t i c l e  f lux  i n  the inner  rad ia t ion  zone. Deuterons and t r i t o n s  

make up the remainder. 

have not been detected. 

and i n  the  outer  zone has not been determined, most experinenters 

Particles of  atomic number 2 o r  g rea t e r  

While the composition a t  low energies  
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have assumed t ha t  the positively-charged p a r t i c l e s  are protons 

i n  these regions as well. 

Four measurements o f  the proton energy spectrum a t  d i f f e ren t  

loca t ions  i n  the rad ia t ion  be l t  are shown i n  Fig. 3. 

curves a t  L = 1.72 and L = 1.47 are representat ive of the inner  

zone. 

source of low energy (5-30 MeV) protons contr ibutes  t o  the protons 

which are t q p e d  on the  magnetic s h e l l  a t  1.72 ea r th  r a d i i ,  but 

not t o  the one a t  1.47 ear th  rad i i .  The peak in t ens i ty  of  high 

energy protons occurs between L = 1.4 and L = 1.5 where the  omni- 

d i rec t iona l  i n t ens i ty  of protons above 40 Mev at  the geomagnetic 

equator is 

The two 

These two curves appear t o  ind ica te  tha t  a r e l a t i v e l y  strong 

-2 -1 J (> 40 MeV) = 2 x 10 4 proton cm sec 

The two curves a t  L = 2.8 and L = 5.0 are representat ive of 

the outer  zone. 

v:ith increasing radial distance i n  the  outer  zone, as indicated 

by the two curves. 

source and loss mechanisms, which are not well understood. 

believed, however, t h a t  protons of t ens  and hundreds of Mev can- 

not be trapped i n  the  outer zone because they would v io la te  the 

adiabat ic  invariant  conditions, and would escape r a the r  quickly 

The energy spectrum softens systematically 

The reason f o r  t h i s  softening depends on the 

It is 
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I 
from the geomagnetic f i e l d  even i f  there  were a source t o  place 

them there. 

outer  zone occurs a t  about L = 3.5 where the unidirect ional  

The peak in tens i ty  of  ‘low energy protons i n  the 0 

i n t ens i ty  is 

7 -2 -1 
j (100 kev E < 4.5 MeV) = 6 x 10 protons cm sec ster-’ 

In  addi t ion t o  these energet ic  trapped protons, a n  energy 

-2 -1 sec flux of 60 ergs  cm s t e r o l  due t o  protons or pos i t ive  ions 

has been detected i n  the inner zone. This f lux  is due t o  protons 

i n  the  energy range from 400 ev t o  500 kev or t o  pos i t ive  ions  

of s i m i l a r  magnetic r ig id i ty .  

Fig. 2 is given as an example of  the e p a t i a l  d i s t r ibu t ion  

of the i n t e n s i t i e s  of trapped protone i n  an energy range i n  which 

two peaks appear. 

have i n t e n s i t y  d is t r ibu t ion6  which a r e  somewhat s i m i l a r ,  but  may 

have grea ter  o r  l e s s e r  extent i n  both invar ian t  l a t i t u d e  and 

r ad ia l  dis tance,  and may have only one peak. 

Electrons and protons i n  o ther  energy ranges 

3. Energy Spectra and Distr ibut ion of  Trapped Electrons 

“he omnidirectional i n t e n s i t y  of e lec t rons  near t h e  

&eornagnetic equator, having energies  grea te r  than 40 kev, 
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is approximately constant within nn order of magnitude f o r  L 

between 2 and 10. The omnidirectional i n t e n s i t y  is 

7 -2 -1 J ( > 40 kev) CJ 10 cm sec.  

Electrons having energies from 1-5 Mev have a peak in t ens i ty  i n  

the region near L = 4, and the e lec t ron  spectrum becomes progressively 

s o f t e r  a t  g rea t e r  radial  distances.  The in t ens i ty  of the high 

energy group can vary by a factor  of 1000 o r  more i n  connection 

with disturbances of  the  geomagnetic f i e l d  or ig ina t ing  i n  a s o l a r  

event, but the t o t a l  in tens i ty  of e lec t rons  above 40 kev has  time 

var ia t ions  which are much smaller,  perhaps only a f ac to r  of 10. 

An electron spectrum f o r  the outer  zone, constructed as a com- 

? R i t e  o f  a number of measurements, is shown i n  Fig. 4. 

The na tu ra l  e lec t rons  present i n  the inner  zone were sxarnped. 

by e l ec t rons  a r t i f i c i a l l y  injected by a nuclear detonation before 

accurate energy spec t ra  o r  i n t e n s i t i e s  could be measured. 

measurements which were made, however, d id  ind ica te  t h a t  e lec t rons  

having energies  of  one MeV o r  more were r e l a t i v e l y  much less 

abundant than i n  the outer  zone, and were perhaps e n t i r e l y  absent. 

' Ihe 
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F. Sinks and Sources of Trapped P a r t i c l e s  

The in t ens i ty  of e lectrons o r  protons a t  any given in s t an t  

a t  some loca t ion  i n  the geomagnetic f i e l d  represents  a balance 

struck between the mechanisms which are contr ibut ing trapped 

p a r t i c l e s  and those which a re  removing them. Evidence ind ica tes  

t ha t  there  is more than one s igni f icant  source and more than one 

s igni f icant  s ink f o r  each type of pa r t i c l e .  I f  the sources and 

s inks  are approximately constant o r  slowly varying i n  time, the 

i n t e n s i t i e s  w i l l  not  change rapidly. If e i t h e r  one is impulsive, 

the i n t e n s i t i e s  w i l l  show correspondingly rapid increases  o r  

decreases. 

The p o s s i b i l i t y  has  been considered t h a t  the trapped 

p a r t i c l e s  may have or ig ina tedonthe  sun, and may have been in- 

jected d i r e c t l y  i n t o  the radiatiQn b e l t  without l oca l  acceleration. 

Such in j ec t ion  is not .possible  i n  a s t a t i c  f i e l d  because p a r t i c l e s  

outside the  geomagnetic f i e ld  cannot en te r  the trapping region, 

j u s t  as p a r t i c l e s  ins ide  may not escape. 

d i s to r t ions  occurred which permitted p a r t i c l e s  t o  en ter ,  p a r t i c l e s  

would alGo escape a t  the same time. Since deep-space probes have 

shown t h a t  energet ic  pa r t i c l e  i n t e n s i t i e s  i n  interplanetary space 

do not approach those i n  the trapping regions,  even during geo- 

map;netic storms, such a d i s to r t ion  would cause a net l o s s  of 

I f  tirnc-dependent 



. 14 

of p a r t i c l e s  r a t h e r  than a gain. 

t o  more sophis t icated and complicated mechanisms. 

The search has therefore  turned 

1. Par t i c l e  Sinks 

While sudden re lease  of trapped p a r t i c l e s  i’nfo interplanetary 

space due t o  a gross  temporary d i s t o r t i o n  of the geomagnetic f i e l d  

cannot be ruled ou t ,  i t  is more l i k e l y  t h a t  most trapped p a r t i c l e s  

a re  l o s t  when t h e i r  mirror points a r e  lowered t o  the  top of the 

atmosphere o r  t h e i r  energies a r e  lowered below the a r b i t r a r i l y  

defined thresholds of the rad ia t ion  be l t .  Several s inks  which 

have been considered i n  some d e t a i l  Eire as follows: 

a. Col l is ions with electrons and ions  (coulomb scat ter ing) .  

This mechanism operates continuously t o  s c a t t e r  both e lec t rons  

and protons of a l l  energies and, i n  some cases,  t o  cause a s i p  

n i f i c a t t  energy loss of the energet ic  par t ic le .  

much more l i k e l y  than protons to have s ign i f i can t  a n p l a r  def lec t ion  

because of t h e i r  lower masses. Some of the sca t te red  p a r t i c l e s  v i i l l  

have lower mirror points  than before,  and some may therefore be l o s t  

i n  the atmO6ph@re. 

new pi tch  angles are within the l o s s  cone. 

a l l  times, but may vary from time t o  time as the exospheric density 

changes . 

Electrons a re  

This i s  equivalent t o  the statement t ha t  t h e i r  

This mechanism a c t s  a t  



b. Col l is ions with neut ra l  atoms ( ion iza t ion  energy loss and 

charge exchange). 

Ionizat ion energy losses a r e  more important than sca t t e r ing  

e f f e c t s  f o r  protons. 

usually ignored, because they are small when compared wi t h  the  

sca t t e r ing  e f f ec t s .  Charge exchange, a process i n  which a proton 

picks up an e l ec t ron  from a thermal atom and becomes a fast 

neut ra l  atom.,, is important only f o r  protons below about 200 kev. 

The frequency c f c o l l i s i o n s  with neu t r a l  atoms a l so  depends on 

the exospheric density. 

Ionization energy lo s ses  of  e lec t rons  are 

C. Nuclear co l l i s ions .  

A t  proton energies above about 80 M e V ,  nuclear c o l l i s i o n s  

cons t i t u t e  a more important l o s s  mechanism than ion iza t ion  energy 

loss, because of t he  decrease of the la t ter  with increasing proton 

energy. 

d. Sca t te r ing  by hydromagnetic waves. 

It has been proposed t h a t  hydromagnetic waves propagating 

inward from the  geomagnetic f i e l d  termination s c a t t e r  high energy 

protons and set a maximum value f o r  the proton energy which can 

be trapped a t  any L value. This exis tence of t h i s  e f f e c t  has 

not ye t  been ver i f ied .  
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e. Sca t te r ing  by very low frequency electromagnetic rad ia t ion  

(whist lers)  . 

Zile suggestion has been made t h a t  VLF rad ia t ion  propagating 

along a l i n e  of  force may s c a t t e r  e l ec t rons  which are trapped along 

that l i n e ,  and may even accelerate  e lec t rons  i f  sychronism between 

the e lec t ron  gyrofrequency and the Doppler-shifted wave frequency 

can be maintained. 

density e x i s t s  a t  V L F  frequencies i n  the  rad ia t ion  b e l t  t o  pro- 

vide e i t h e r  a s ink  o r  source of electrons.  

It is not known whether s u f f i c i e n t  energy 

f. Acceleration by e l e c t r i c  f ie lds .  

Appropriate e l e c t r i c  f i e l d s  could serve as a s ink  o r  source 

o r  simultaneously as  both. Such e l e c t r i c  f i e l d s  would influence 

both e l ec t rons  and protons. 

separat ion o r  plasma i n s t a b i l i t i e s  i n  the  exosphere, e i t h e r  as a 

l o c a l  o r  large sca le  phenomenon. The energy fo r  such mechanisms 

would presumably or ig ina te  i n  the p a r t i c l e  streams from the sun 

(solar wind), o r  i n  the ro t a t iona l  energy of the earth.  

the po ten t i a l  d i f fe rences  across  d is tances  the s i z e  of the ea r th  

are not l i k e l y  t o  be mdre than 10 v o l t s ,  such f i e l d s  are l i k e l y  

t o  be of  importance f o r  low energy p a r t i c l e s  only. 

o r  loss of particles up t o  50-100 kev of  energy might be possible. 

The f i e l d s  might be produced by charge 

Since 

5 

-'Production 



Specif ic  and de ta i l ed  mechanisms f o r  producing these e l e c t r i c  f i e l d s  

and maintaining them fo r  the required time have not ye t  been 

described. 

g. Electromagnetic rad ia t ion  by an accelerated p a r t i c l e  (synchrotron 

radiat ion) .  

The maximum energy of a trapped e lec t ron  is l imited by the 

emission of  synchroton radiation. 

order of t ens  of Mev i n  the  r ad ia t ion  bel t .  

was observed after the in j ec t ion  of  e lec t rons  up t o  about 10 14ev 

by the nuclear detonation on July 9,  1962. Radio emissions from 

Jup i t e r  have been ten ta t ive ly  iden t i f i ed  as synchrotron emission 

from e lec t rons  trapped i n  a Jovian magnetic f ie ld .  

The l i m i t  is probably of the 

Synchrotron rad ia t ion  

h. Violation of the  adiabat ic  invariants. 

The treatment of pa r t i c l e  motions by the guiding center  

approximation requi res  t h a t  t h e  magnetic f i e l d  have a very small 

change i n  a length of one gyroradius of any trqped pa r t i c l e .  

This requirement, ins tead  of hydromagnetic wave sca t t e r ing ,  may 

determine the maximum energy that a proton may have a t  any given 

L value. 

f ind t h e i r  way downsinto t h e  atmosphere o r  out  i n t o  in te rp lane tary  

Protons having energies above the  maximum would presumablj 
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space within a relatively short  time. I n  addi t ion ,  the guiding 

center  approximntionrequiresthat any time va r i a t ions  i n  the 

f i e l d  must be slow i n  comparison t o  the cha rac t e r i s t i c  periods of 

the three  motions (Table I). 

has a period which is long compared with some of the geomagnetic 

f i e l d  va r i a t ions  which occur during a geomagnetic storm.. There 

is general  agreement t h a t  v io la t ion  of t he  t h i r d  inva r i an t  w i l l  pro- 

duce a di f fus ion  o f  p a r t i c l e s  from a given L s h e l l  onto adjacent 

L she l l s .  This d i f fus ion  w i l l  cause some trapped p a r t i c l e s  t o  be 

l o s t  at the  top  of t h e  atmosphere and o the r s  t o  be l o s t  t o  i n t e r -  

planetary space. 

The t h i r d  invar ian t  i n  pa r t i cu la r  

It is a l s o  possible tha t  v io l a t ion  of the  t h i r d  invar ian t  

serves  as a source o f  trapped p a r t i c l e s ,  permitt ing low energy 

solar wind p a r t i c l e s  t o  diffuse i n t o  the geomagnetic f i e l d  from 

the outer  boundary of the magnetosphere. 

2. Sources f o r  Trapped h o t o n s  

a. Inner Zone 

Experiments performed s ince the  discovery of the rad ia t ion  

b e l t  have not shown impulsive addi t ions  t o  o r  l o s ses  from the protons 

above 30 Mev i n  the  inner  zone. The Variations which have been 
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observed that are not due t o  experimental d i f fe rences  may have 

been caused by a r ed i s t r ibu t ion  of  protons which ?::ere already 

present ,  o r  by a slow var ia t ion  over the s o l a r  cycle. 

servat ions are consis tent  with a weak but approximately constant 

source at energies  above about 30 Mev. These protons may or ig ina te  

i n  a process c a l l e d  neutron albedo, i n  which very high energy 

(1 bev o r  more) ga l ac t i c  cosmic rays  s t r i k e  the ea r th ' 6  atmosphere 

and produce neutrons i n  various nuclear co l l i s ions .  

The ob- 

These neutrons 

then d i f fuse  out  o f  t he  atmosphere and escape from the ear th ,  A 

c e r t a i n  f r ac t ion  o f  them decay i n t o  protons and e lec t rons  i n  the  

rad ia t ion  be l t .  

a t  most only a mall f rac t ion  of  the trapped e lec t rons ,  b u t  i t  

m a y  produce most o r  a l l  o f  the high energy trapped protons i n  the 

inner  zone. 

below about 200 Mev by solar neutrons emitted by the 8un and decaying 

i n t o  protons i n  the inner  zone, although s o l a r  neutrons have not 

ye t  been detected. 

This mechanism is general ly  thought t o  contr ibute  

This  ~ o u r c e  maytbe supplemented a t  proton energies  

The loss mechanisms for  these protons a r e  probably foniza t ian  

energy l o s s ,  nuclear co l l i s ions ,  and possibly slow d i f fus ion  due 

t o  v io l a t ion  of the  t h i r d  adiabat ic  invariant .  

All of these source and loss mechanisms are siowly varying 

and would produce a trapped proton b e l t  without short-term i n t e n s i t y  

fluctuations. 
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A t  energies  below 30 MeV, the proton in t ens i ty  depends 

r a the r  s t rongly on L. 

that there  were many more low energy protons on the s h e l l  a t  L = 1.72 

than there  were a t  L = 1.47 a t  the time the measurements were made. 

Ei ther  the source o r  the sink of these protons must vary s t rongly 

with L. 

The energy spec t ra  given i n  F i g , ~ 3  ind ica te  

It has been suggested t h a t  s o l a r  cosmic ray neutron albedo 

Solar  cosmic rays,  would provide a su i t ab le  Gdependent source. 

which are emitted from the sun during s o l a r  flares, typ ica l ly  have 

energies  of several hundred MeV. They are guided i n t o  the e a r t h ' s  

polar caps by the ea r th ' s  dipole f i e l d ,  and cannot t heo re t i ca l ly  

penetrate i n t o  the  trapping regions. In the atmosphere above the 

polar caps they produce neutrons i n  nuclear c o l l i s i o n s  i n  the same 

way t h a t  the  higher energy ga lac t i c  cosmic rays  produce them a l l  

over the ear th .  

neutron decays can be trapped only on L s h e l l s  fo r  which L exceeds 

a c e r t a i n  minimum because of the  geometrical e f f e c t  of the  source 

loca t ion  a t  the polar  caps, and the necessi ty  t h a t  the decay proton 

have a ve loc i ty  vector  which r e s u l t s  i n  a mirror point above the 

atmosphere. L s h e l l s  located a t  low a l t i t u d e s  near the geomagnetic 

equator cannot be populated by t h i s  mechanism. 

The protons which a r e  produced by the subsequent 

Thissource of low-energy protons would be impulsive s ince  

i t  depends on the  i r regular  occurrence of  a s o l a r  f l a r e  event. 
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Vhether t h i s  source provides s u f f i c i e n t  protons t o  account fo r  

the observations is not known. The 106s mechanisms f o r  the low- 

energy protons are probably the game as those f o r  protons above 

30 Mcv, and s t rongly Ldependent mechanisms have not been described. 

b. Outer Zone. 

It has been proposed t h a t  the low-energy protons i n  the 

outer  zone are supplied by an inward d i f fus ion  of s o l a r  wind 

protons inc ident  upon the  magnetosphere a t  about 10 ea r th  radii. 

This di f fus ion  is the  r e s u l t  of v io l a t ion  of  the t h i r d  ad iaba t ic  

invar ian t  by sudden magnetic impulses and disturbances which occur 

several  times daily.  Conservation of  the first and second ad iaba t ic  

invar ian ts  (which are not v io la ted  because of t h e i r  much shor te r  

per iods) ,  requi res  t h a t  the energies  of  t he  protons increase as 

they d i f fuse  inward. Solar wind protons having energies of 10 kev 

o r  so a t  the magnetospheric boundary would have energies of 10 Mev 

o r  more a t  L equal 3 o r  4. 

Since the diffusion times increase sharply with decreasing 

L, i t  is doubtful t h a t  t h i s  mechanism could supply protons a t  L 

values lower than 3 o r  4. Loss mechanisms would prevent the very 

long residence times required t o  bui ld  up an appreciable i n t e n s i t y  

a t  lower L values. 
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Since the in t ens i ty  of these protons has  been observed t o  in- 

crease during a geomagnetic storm, i t  is  tempting t o  iden t i fy  them 

(and possibly lower-energy undetected protond as the  source of 

the  ' r i ng  cur ren t '  which causes the main phase depression i n  the 

horizontal  component of the earth-surface f ie ld .  Such a depression 

typical ly  follows a sudden commencement geomagnetic storm, and 

usually lasts f o r  a few days. 

the charge-exchange process t o  remove the exce6s protons which 

diffused inward a t  the  start of the storm. 

This may be the  time required fo r  

Suf f ic ien t  experimental evidence is  not a t  hand t o  ver i fy  

inward d i f fus ion  as the source of these protons, nor t o  confirm 

that they are the  source of  the  Itring current1'. 

3. Sources f o r  Trapped Electrons 

ne Inner Zone 

The energy spectrum and i n t ens i ty  of e lectrons i n  the inner  

mnc was not es tabl ished unambigiously before the  nuclear detonation 

which took place i n  the inner zone on July 9, 1962. T h i s  detonation 

injected la rge  numbers of f i s s i o n  productcdecay electrons i n t o  

trapped o r b i t s  and temporarily made study of the na tura l  e lec t rons  

impossible. Measurements made before the detonation indicated t h a t  
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e lec t rons  having energies  of 1 lrlev o r  more were few i n  number, 

o r  perhaps e n t i r e l y  absent. 

same neutron decays which produced the energet ic  protons may have 

produced the e lec t rons  i n  t h i s  region, 

i n  t h i s  w a y ,  the  energy spectrum should have contained very few 

The pose ib i l i t y  e x i s t s  t h a t  the 

I f  they were produced 

e lec t rons  above the 780 kev end '!point of the  neutron beta  decay 

spectrum. 

The Project  S t a r f i s h  nuclear detonation occurred on July 9,1962 

a t  an a l t i t u d e  of  400 km above Johnston Is land i n  the Pacif ic  Ocean. 

Some months l a te r ,  the  measured omnidirectional e lec t ron  i n t e n s i t i e s  

a t  L 7 ?.2 near t he  geomagnetic equator were 

' 9  -2 -1 J( > 500 kev) = 3 x 10 e lec t rons  cm 8ec 

and 

-2 -1 J(  > 5 MeV) = 1 x 10 7 e l ec t rons  cm sec 

The i n t e n s i t y  of  these electrons is decreasing qui te  slowly, and 

some of them w i l l  be present f o r  years. A t  l e a s t  s i x  other  detonations 

have taken place a t  high a l t i t u d e s  a t  L values  less than 1.2 or 

more than 1.7. 

several  weeks a t  most. Evidently e l ec t rons  on s h e l l s  f o r  which 

L is less than 1.2 a r e  removed r a the r  quickly by atmospheric scatterin:, 

These in jec t ions  produced observable e f f e c t s  f o r  
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0 
while  those f o r  which L i s  g rea t e r  than 1.7 are removed r a t h e r  

quickly by t r ans i en t  phenomena whicharecharac te r i s t ic  of the  

ou te r  zone. The in j ec t ion  of these e l ec t rons  has tended t o  

obscure the na tu ra l  processes i n  the inner  zone, b u t  i t  has  

c e r t a i n l y  establ ished the  fact tha t  e lec t ron  lifetimes i n  t h i s  

region are long, and t h a t  a weak source would be adequate t o  

populate it. I f  no ca tas t rophic  events occur t o  dump these 

e lec t rons ,  i t  will not be possible t o  study the na tu ra l  source 

of e lec t rons  i n  t h i s  region f o r  a long time. Both the energies  

and the  spatial d i s t r i b u t i o n  of these a r t i f i c i a l  e l ec t rons  may be 

subs t an t i a l ly  modified by na tura l  processes before they are 

ul t imately lo s t .  

b. Outer Zone 

In  order t o  understand t h e  source and loss mechanisms for 

ou te r  zone e lec t rons ,  considerable a t t e n t i o n  has betagiven t o  

the l i f e t i m e  of ou te r  zone electrons.  A number of s a t e l l i t e  

experiments have shown that t h e  i n t ens i ty  of e l ec t rons  i n  the 

hea r t  of the outer  zone can remain v i r t u a l l y  constant f o r  days 

at a time. Other measurements, made on high-alt i tude balloons 

and low-altitude s a t e l l i t e s  have shown la rge  f luxes  of e lec t rons  

pouring downward i n t o  the  upper atmosphere. 
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These f luxes have been su f f i c i en t ly  l a rge ,  pa r t i cu la r ly  at 

geomagnetically ac t ive  times, t o  empty out  the port ion of the 

rad ia t ion  b e l t  which is d i r ec t ly  overhead i n  a time of the  order  

of minutes, 

is almost always present  t o  some extent  under l i n e s  of force 

which connect with the  outer  rad ia t ion  zone. Since the in t ens i ty  

of trapped e l ec t rons  i s  not su f f i c i en t  t o  sus t a in  t h i s  drain 

when i t  is most in tense ,  the prec ip i ta ted  e lec t rons  probably 

are not trapped p a r t i c l e s  being l o s t  from the  outer  zone, but are 

instead f r e sh  p a r t i c l e s  being accelerated and driven down i n t o  

the atmosphere by an unknown mechanism. Observations a t  about 

1000 km a l t i t u d e  ind ica te  that when p rec ip i t a t ion  occurs the 

in t ens i ty  of trapped p a r t i c l e s  a t  t h i s  a l t i t u d e  increases  anr! 

becomes approximately equal t o  the in t ens i ty  of p a r t i c l e s  being 

precipi ta ted.  

mechanism which p rec ip i t a t e s  e lec t rons  a l s o  suppl ies  energet ic  

e lec t rons  t o  the  r ad ia t ion  be l t ,  

of t h i s  mechanism t o  produce trapped e lec t rons  a t  high altitudes 

is lacking. 

This phenomenon, which is ca l l ed  e lec t ron  prec ip i ta t ion ,  

This has been in te rpre ted  as evidence that the same , 

Verif icat ion of the operation 

The average rate of energy loss of prec ip i ta ted  e lec t rons  i n  

the atmosphere is of t h e  order of 4 x 1017ergs per second. 

corresponds t o  something l i k e  l% of the average t o t a l  k i n e t i c  energy 

which is incident  on the  magnetosphere i n  t h e  solar wind. 

This 

If the 
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s o l a r  wind suppl ies  the energy f o r  p rec ip i t a t ion ,  the coupling 

mechanism must be r a the r  e f f i c i e n t ,  An a l t e r n a t i v e  source of 

t h i s  energy may be t h e  e a r t h ' s  a x i a l  ro ta t ion ,  

trapped i n  the magnetosphere co-rotates  with the  ea r th ,  the diurnal  

plasma motions caused by the deformation of the  magnetosphere by 

the s o l a r  wind may produce e l e c t r i c  f i e l d s  t o  dr ive the pre- 

Since the plasma 

c ip i t a t ion .  I f  t h i s  is the  case,  a way must be found for the 

geomagnetic va r i a t ions  which occur during per iods of s o l a r  a c t i v i t y  

t o  t r i g g e r  the r e l ease  o f  energy from the la rge  reservoi r  of 

the e a r t h ' s  r o t a t i o n a l  energy, i n  order  t o  account for t he  

co r re l a t ion  between geomagnetic a c t i v i t y  and e lec t ron  prec ip i ta t ion .  

Details of such a mechanism have not been presented. 
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FIGURE CAPTIONS 

1. 

The p a r t i c l e  s p i r a l s  around a f lux  tube as it bounces back and 

for th  between mirror points. 

Schematic representation of  adiabat ic  charged p a r t i c l e  motion. 

It simultaneously d r i f t s  slowly i n  

longitude around the  earth. The p a r t i c l e  equator ia l  p i t ch  angle 

is QO. 

2. 

ideal ized Pipole coordinates R, A. 

t o  protons from 40 t o  110 MeV, is from McIlwain, Science, - 142, p.355, 

A representat ive charged p a r t i c l e  i n t ens i ty  d i s t r ibu t ion  i n  the 

This d i s t r ibu t ion ,  which appl ies  

1963 

3 .  

L designates the magnetic - s h e l l  and Am designates the  magnetic 

l a t i t u d e  a t  which the measurements were made. The data  a t  L = 5.0 

and 2.8 a r e  adapted from Davis and Williamson, Space Research - 111, 

edi ted by Vi. Pr ie s t e r ,  p. 372, John Wiley and Sons, 1963. The data 

at L = 1.72 and 1.47 are from Naugle and Kniffen, - J. Geophys. -- Res., 

Four examples of  measured proton spectra  i n  the  rad ia t ion  bel t .  

- 68, p. 4073, 1963. 

4. 

i n  the outer  zone. 

Typical e lec t ron  spectrum near the  posi t ion of  peak i n t ens i ty  

This spectrum is a composite of many measurements. 
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