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drift perpendicular to B and R of the same type, though not for the 

same reason, as that shown in figure 2. We can easily calculate the 

drift velocity VD if we define a new velocity, v', such that 

v = + 

Since we know that v0 is perpendicular to B and R we may write it as 

= 

[see reference (2)] . 

2 
~ 
R e 

X 

Notice that if the charge changes sign, the 

sense of rotation about the guiding centre changes, and the direction 

of v0 therefore reverses as we expect from 1.23. Provided that B 

and R are constant we can substitute from 2.23 and 2.22 into 2.21, 

taking v0 as constant s thus getting 

[ 
.. : v} 

R e ( ~ + e X = 

and since the triple product is equal to - B2 f, this becomes 

d v' 
m d t = e X B) 

X 

which describes~ as does 1.1, gyration round a line of force. We 

have thus separated the velocity V into two components, V1 and v0 • 

v' Results in the type of motion with which we are familiar from 

section 1-3, and v0 in a drift of the guiding centre transverse to 

B. Were the observer of such a trajectory to have velocity v0 the 

particle would appear to have only the force due to the magnetic 

field exerted on it. 

= 

From 1.4 
2 

~ = 
R e 

and 1.23 
2 

v__g 
R w 

we may write 



Figure 2 Schematic representation of the drift (in 
the equatorial plane and viewed fro~ above 
the north :pole) of a proton and an electron 
due to t h e inhomogeneity of the geomagnetic 
field. Note that we do not visualize the 
injection-or-charged :particles into the 
magnetosphere as it is represented in this 
figure. Reproduced from reference (32) 
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Ii'ITRODU(;TIO!'! . 

It has been recognized since the tihle of the Argus experinents that 

t~1e relD.tively lo.: values o1 t~10 total :n<:'.gnetic inte11si ty in e.,_e :Jouth 

J,tlantic l'e.:_, ion ~!lust ~1o.ve a p1·ofound effect on tho particles trD.pped in 

t~le Var;, h llcn l'O.l~~ation b 8l t..; . O~ s crvations of the counting - rates of 

c~l;...l·._;ecl i.J~:c· t:i.c l es c...t lOii u.l ti tuJes ovvr t~.<.:: ..;out:l .t~tlc.:.ntic Ocoan huve 

revealed t:1e existence of t;·;o regions of a n oP1alously hir·h radia.tion 

intensity in this ~reo. . In this thesis, ~e focus our attention on the 

mo1·e sout~1 e1· ly of th e se h ro "radi .: tion ..... no;_alies 11 in an atte:.,_pt to discovo1· 

·;:~18Ll er tl1e ene1·:_;y deposited in the uppE.r atl~OSp_!el'B 1 IJy the clun·g ed 

particles ~entioned aLove, is sufficient to cause dotectuble geophysical 

p:: enouena. 

PRE:..>:::!. TATWl- . 

Since t ;liS is t::le first elesis' Yr':ic:1 deals -;;i th a topic so intimately 

connected •;rith t:i e Van Allen ·Delts, to b e p1·eseuted at a. :Jouth African 

Univers i ty , a survey of t'.). e p1·esent stet us of our kno;-rledge of the belts, 

together ~ith an outline of ~ Le t~eory of the uotion of charged particles 

in t:1e geouiagnetic field, l1L·.S beer: p1·esented in Part I . Also included 

in P~r· t I is a c~1apter outlinii1., the L •• o1·e ihiportu.nt featu1·es of t:1e 

radiation ;,11owalies wentioned above. 

In P o.~t II , a new mattod is developed ~~ich ennblo J UJ t o oJti~ate 

res~lts u sed t o predict tho gecp~ysical affects ~hich sl . ~uld ~ e o~scrvable 
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there . The value of this neu approach is assessed, and suggestions for 

further research are made . 

E _UATIOi~J . 

Ecuations a1·e numbe1·ed independently in each chapter. Er•uation 1 . 4 

is the fourth e0uation in Chapter l , 5 . 2, t h e second eruation in Chapter 

5 , and so on . 1~ote that to avoid co;.1fusion, sections a1·e refer1·ed to rri th 

a dash bet·.1een the chapter numh er and the section number , e . g. l-4, 5-2, 

and so on . 

In selecting tile :ceferences fo:r· t h is thesis r;e have used t~1e criterion 

that they s~ould be of g ene1·al importance in the field in addition to 

being relevant to the topic under di scussion. In other words, we have, 

in general , left out papers dealing -r:i th isolated observations . Th i s 

·Has done in ordel' to cut do•.m the number of l'eferences, nhile at the same 

time ensuring tha t those included cover the subject COl:>}lletel~--. A1·tic les 

a1·e l'eferred to by inserting a number , in brackets, in t he appropriate 

place in the text . 

Ui'liTS . 

Except rrhere other,Tise indicated , 1 ... KS units are used in this thesis . 

Ear th radii are often used as units of length in t his type of uork. 

;ri}.l 9.h!~ys refer to geocentric distance , and a1;e abbl."eviated as ER . 

rr '11;• 11 

~"""-R 
denotes a dista11ce of t u o earth radii measured from the centre 

o f the earth . 

== 6378 .3 km . 
6400 km. 

Tl!ey 

Thus 
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CHAPTER t. 

THE MOTIOO OF CHARGED PARTICLES IN A i·;iAGi'>JETIC FIELD. 

1-1 Introduction, 

Birkeland, in 1896, carried out a series of experiments de-

signed to investigate the possibility that the aurora might be the 

result of t he interaction with the atmosphere of cathode rays from 

the sun guided into the polar regions by the geomagnetic field. 

Stimulated by Birkeland 's experiments~ St~rmer tackled the problem 

of calculating the trajectory of a single charged particle entering 

the geomagnetic fie ld . Though he made the simplifying assumption 

· that the geomagnetic field can be r~presented by that of a dipole, 

the task involved an immense amount of work, details of ~~ich are 

given in his book "The Polar Aurora" (1). In the course of his in-

vestigations he was able to show theoretical ly that particles moving 

in certain regions of the field must be 'trapped', i.e. confined tn 

move only in these 'allowed' regions. He was unable to show how 

particles could enter these allowed regions(and thus be trapped). 

It has however been demonstrated that such trapping does in fact 

occur in the geomagnetic field. Observations carried out by the 

first artificial satellites and moon probes launched by the U.S.S . R. 

and the U.S . showed two zones of trapped radiation, the outermost of 
' 

,;hich extends out to e. geocentric distance of four or five earth 

radii in the equatorial plane. These were named the Van Allen 

Belts after Prof. J. A. Van Allen of the State University of Iowa 
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whose pioneering work in this connection has made him famous the 

world over. 

In any problem dealing with a large number of charged particles, 

as in the case of the trapped radiation, there are two complimentary 

treatments; first by analysis of the movement of single particles, 

and second by means of a fluid model. Either one of these two 

approaches when taken separately does not give a complete descrip-

tion of the system as a whole. In addition both approaches are 

necessarily complex in the case of the trapped radiation, one of the 

.u~in complications being that no relatively simple model can be 

found which fits the geomagnetic field with the required accuracy. 

A rough idea of the behaviour of charged particles in the geomag­

netic field can however be gained by considering the relatively 

simple and highly idealized cases presented in this chapter. The 

motion of a charged particle in a monopole field will be treated in 

some detail as it forms the basis of work presented in a later chapter 

of this thesis. In addition some cases will be treated which have 

no realistic bearing on the trapped radiation. This is done in 

order to illustrate thoroughly the basi~ ideas presented . 

J- 2 General Considerations (2) 

Consider a particle of mass m and charge e moving with velocity 

v in a region in which there is a magnetic induction B; then the 

force acting on the particle due to the magnetic field only is given 

by 



3, 

.ai m d t = e (v x a) 

which, though it produces a curvature of the path, does not produce 

a change in the scalar value of the velocity, v, since it is perpen-

dicular to both v and B. This is easily shown by taking the 

-scalar product of both sides of equation 1.1 with v, giving 

m ~ ~ • v = e ( v x B) • v = 0 

and then integrating, which gives 

2 
v = constant 

This is true for any magnetic field and implies that the kinetic 

energy of the particle is constant. 

Consider now the case where the magnetic field is uniform in 

space and time and equation 1.1 gives the only force acting on the 

particle . If we resolve v into components perpendicular to, and 

parallel to the field direction, v~ and vhf' then it is easily seen 

that v. will cause the particle to move in a circle round a line 

of force. Let the 'radius of gyration' be a. 
2 

Acceleration ~ e v~ B = . v~ 

From 1.1 we get 

m a 

since the centripetal force is that exerted by the magnetic field. 

The angular frequency of the circular motion will be 

v 
w = _!:. 

a 

Thus from 1.3 we may write 

= m v~ = v. -a 
e B w 

1.5 
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w Is usually called the gyrofrequency of the particle. 

not be affected by the magnetic field and will not affect the motion 

perpendicular to the field direction. The combined effect of v~ 

and v/ will produce a helical path of constant pitch and radius about 

a line of force. v/ Will remain constant. implying that the particle 

will traverse along the lines of force at constant speed. 

1-3 lvioti on in the Field of a J\.ionogole. ( 3) 

The solution to this problem was first obtained by Poincare in 

1896 ( 4). The field of a monopole is given by an inverse square 

law, namely 
-B u ., t~i r = 3 

r 

where ivi is the pole strength, }.!. is the permeability of space, and 
0 

r is the position vector with the monopole as origin. 

this value for B into equation 1.1 we get 

d v = 
d t 

e M 1.1. 

3 
m r 

Q 

Substituting 

A particle whose position vector is r will thus experience an accele-

ration given by 1.6. Splitting its velocity into components as in 

the previous section, and assuming that no other forces act on the 

particle, we can see that it will circle about a line of force and 

also move along it towards, or av-Jay from, the pole (provided that 

both components are non-zero). 

Let d s be an element of path length along the trajectory of 



the particle. 

5. 

Then v u = d t and we may write 

d v = d v u 
d t d s d t = v~ d s 

If we now choose our unit of length as 
e iv1 ~ 
---9 metres we get 

m v 
from l. 6 

Since v is constant~ the unit of length is constant for any one par-

ticle. In the same way we have 

- d r d r v - = v d t d s 

and differentiating this with respect to s we get 

d2 r .. 
!L.Y 
d s = v 

d s
2 

since the scalar v is constant. Substituting the value for~ 
d s 

from equation 1,8 into 1.10 we get 

2 - 1. d v .l [Y rJ Ll: = = ~ 

d s 
2 v d s v 3 

r 

and using 1.9 we can write tl:lis as 

2 - L rg_j 
r] 

.9:...l: = X 2 3 d s d s r 

which is the final form of the equation of motion. ... lf we now take 

the vector product of 1.12 with rand expand the resultingtriple 

product we find that 
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2 -
.L -- s:.....r d r -r X = r X X r 2 3 d s d s r 

L [ ct r d r x] ~ = r-2 d s d s r 

where we have used the fact that 

- - ti r • u r = d s d s 

We now note that 

L [r dX] u d r: + - ~ X = X r X d s d s d s d s 
d s 2 

2 -- .L..I = r X 
2 1.14 

d s 
so that we may write 1.13 as 

X ti] 
d s = L. 

d s ( ~ J 
since the right hand side of 1.13 is simply the expansion of the 

right hand side of 1,15. 
Equation 1.15 can be integrated directly 

to give 

where h 

1- ~ 
1-. 

equation 

is 

h 

the 

-r X 
d r: 
d s 

constant of 

= 

integration, 

J is perpendicular to both 

of the SUrface in Vlhich r and 

and is a vector such that 

r and d r 
To get the d s • -ll lie we take the d s 

scalar product of r with both sides of equation 1.16 getting 
2 

0 L - h = r .. r 

i.e, r = r • h = r h cos o: 

or h cos 0: ::::: 1 
.L.lZ 
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where ex is the ang.le between r and h. Since h is constant, ex is 

constant, so that all the vectors r which are crossed by the trajec­

tory make a constant angle ex with the vector h, that is, 1.17 is the 

equation of the surface of a cone with h along its axis. If we 

choose the z axis to be parallel with hJwith the pole at the origin
1 

then the surface is that of a cone of half angle ex)symmetric about 

the Z axis. (See Figure 1) 

-If we let Y.-:. be the angle between -r and the trajectory, 
-

~ ~' then from figure 1 and equation 1.16 we see that 

r sin X = I ~ I tan cx 

i.e. r sin Y... 

r hJ. Is the component of . d :r 
s1nce d s 

-
and L are unit vectors. 

h perpendicular to the surface of the cone. )( Is usually called 

the 'pitch angle'. 

If we imagine the conical surface opened out into a plane sheet 

the equation of the trajectory is r sin i.. = constant, which is 

obviously the equation of a straight line in plane polar coordinates. 

Hence the trajectory is a geodesic in the surface of the cone. This 

can also be seen from 1. 12 since it shows that the principal normal 

to the trajectory coincides with the normal to the surface in which 
-- !Ll: r and d s lie. (The acceleration given by the term on the left 

hand side of 1.12 must lie along the principal normal to the tra­

jectory since v is constant). 

Since the inverse square law holds and sin )( is inversely 



Figure 1 Diagram showing part of the trajectory of a 
charged particle in a monopole field. The 
particle ~aves on tne surf~ce of a cone of 
semi-vertical angle ~ • Also labelled 
are the axis of the cone (z axis), the 
11itch angle ;t at two points, and the 
vectors r/r and -h (see text). 
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proportional to r we can say that sin2 )L is proportional to B, 

i.e. 

If we let the 

fixed distance 

i.e. 

. 2 ,; s1n -,... 
B 

values of 

from the 

sin 2 i 
B 

. 2 ,; s1n ,__ 

= constant, 

y_ and B be ~0 
monopole, then we 

= 

= 

. 2 s1n 

~ 
B 

0 

B 
Y.-0 

0 

. 2 -.../ s1n "-

As the particle approaches the monopole B 

and B at some arbitary 
0 

may write 

o 

increases which implies that 

'/ increases. When .§ sin 'X. = 1, B = 2 
'/.o 0 sin 

that is ~ = z and the particles' progress towards the pole is 2 

stopped. We label the value of B at this point B . 
m 

It then moves 

out to infinity again as ""/... increases from ~ to 7t. 

This type of mirroring will occur in all cases where the field 

lines converge, that is where the field increases. The 'magnetic 

bdtles' used in some thermonullear devices are an example of the 

application of this effect. Note the interesting point that the 

distance from the monopole at which the particle mirrors does not 

depend on the energy of the particle in any way. 

1-4 Particle Drifts. (2) 

Even to get a rough picture of the motion of particles in the 

geomagnetic field it will be necessary for us to take into account 

forces other than that due to the magnetic field. As idealized 

examples of such forces we will consider the effects of non-uniformity 

e. 

e 
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of the magnetic field, the gravitational field, and the presence of 

an electric field. A very useful concept in dealing with such 

simple cases is that of the 'guiding centre' of the particle, which 

can be defined as its instantaneous centre of gyration . It can 

be shown that each of these extra forces causes a motion of the 

guiding centre transverse to B. Such a motion is termed a 'drift' 

and we now proceed to demonstrate very briefly how these drifts arise. 

1:±:1 The Drift due to Curvature of the lines of Force. 

Let us imagine a magnetic field in which the lines of force have 

a constant radius of curvature R > > a. A particle moving along 

a field line with velocity vi will have acting on it , in addition to 

the force due to the magnetic field as given in 1-1, a centripetal 

force given by 
? 

Centripetal force 
__ m vj 

per unit charge 

'R e 

This force is directed inwards along the radius vector R. From 

l.l and 1,20 the equation o~m tion of the particle is 

d V
- m v 

m d t = + e ( v x B) 
R 

1.21. 

The centripetal force will accelerate the particle along the radius 

vector and as a result vL will be greater on the part of the tra-

jectory nearest the centre of curvature of the field lines than on 

the part of the trajectory furthest from this centre of curvature. 

We see from 1.5 that the change in v, will cause the radius of gyra-

tion to change since m, e and B are constant, thus resulting in a 
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drift perpendicular to B and R of the same type, though not for the 

same reason, as that shown in figure 2. We can easily calculate the 

drift velocity VD if we define a new velocity, v', such that 

v = + 

Since we know that v0 is perpendicular to B and R we may write it as 

= 

[see reference (2)] . 

2 
~ 
R e 

X 

Notice that if the charge changes sign, the 

sense of rotation about the guiding centre changes, and the direction 

of v0 therefore reverses as we expect from 1.23. Provided that B 

and R are constant we can substitute from 2.23 and 2.22 into 2.21, 

taking v0 as constant s thus getting 

[ 
.. : v} 

R e ( ~ + e X = 

and since the triple product is equal to - B2 f, this becomes 

d v' 
m d t = e X B) 

X 

which describes~ as does 1.1, gyration round a line of force. We 

have thus separated the velocity V into two components, V1 and v0 • 

v' Results in the type of motion with which we are familiar from 

section 1-3, and v0 in a drift of the guiding centre transverse to 

B. Were the observer of such a trajectory to have velocity v0 the 

particle would appear to have only the force due to the magnetic 

field exerted on it. 

= 

From 1.4 
2 

~ = 
R e 

and 1.23 
2 

v__g 
R w 

we may write 



Figure 2 Schematic representation of the drift (in 
the equatorial plane and viewed fro~ above 
the north :pole) of a proton and an electron 
due to t h e inhomogeneity of the geomagnetic 
field. Note that we do not visualize the 
injection-or-charged :particles into the 
magnetosphere as it is represented in this 
figure. Reproduced from reference (32) 
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1-4-:G Drift in an inhomogeneous ili&agnetic Field. 

vve will deal here, in very brief form, with one simple case of 

inhomogeneity, namely the case v1here there is a gradient of the scalar 

value of the magnetic field, C::, J. B, perp-endicular to B. We see from 

1.4 that the radius of gyration depends inversely on B, so that again 

a drift will arise which is in opposite directions for oppositely 

charged particles, the direction being perpendicular to Band b J. B, 

as shown in figure 2. In this case the theory is approximate and 

has been worked out by Alfven (5) and others. If only terms of the 
VD 

first order in are considered, the result is 
VJ. 

= 
a (_\ .1. B 

2 B 
1.26 

Notice that the magnitudes of the drift velocities from both 1.25 and 

1,26 depend on the energy of the particles. 

l-4-3 Drift due to a Gravitational Field. 

We can in general resolve the acceleration due to gravity into 

components perpendicular to and parallel to B. Let us call these 

gJ. and g//. g/ Will increase v// • The force exerted by the gra-

vitational field perpendicular to the magnetic field lines has 
m gJ. 

magnitude per unit charge, and will produce a drift in the 
e 

same way as the centripetal force in se2tion 1-4-1. Using the same 

~ m g,~. 
analysis as in 1-4-1 and replacing by we find R e e 

m gJ. gJ. 
VD = - = 1..21 e B w 

Again vD will have opposite directions for charges of opposite sign. 
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The comparatively small effect of the earth's gravitational field 

on the trapped radiation is usually ignored. 

1-4-4 Drift due to the presence of an Electric Field. 

An electric field E in the region in which the particle is 

moving will also produce a drift. If we assume E and B to be uni-

form in space and time, thus considering the simplest possible case, 

the drift velocity can again be found in the same manner as in section 

1-4-1 by putting 

E X i3 
1,28 VD = 

B2 

since E is now the force per unit charge. This gives VD = 
g 
B 

if E and B are perpendicular, or in the general case 

E,~. 
= B 

vmere E~ is the component of E perpendicular to B. T;1e component 

parallel to B will accelerate the particle along the magnetic field 

lines, which can have important effects on particles trapped in the 

geomagnetic field since the acceleration is not necessarily small as 

in the case of that due to the gravitational field. In this case 

the direction of the drift produced is obviously the same for all 

particles regardless of sign. 

1.:2. Niotion of Charged Particles in the Geomagnetic Fielll. (6) 

In this section we shall use the previous simple considerations 

to get a rough idea of the general motion of a charged particle in 

the geomagnetic field. 



13. 

1-5-1 General Remarks. 

It seems that we may expect charged particles in the geomagnetic 

field to spiral back and forth along the fieid lines, mirroring in 

the i ncreasing field as they approach the poles. At the same time 

they will drift in longitude, mainly because of the inhomogeneous 

nature of the field, electrons drifting from west to east, and 

protons from east to west. Thus they may be expected to spread 

out round the earth giving rise to a radiation 'belt'. (See figure 3.) 

If we assume that the geomagnetic field possesses a zimuthal symmetry 

and is constant in time, and that scattering is negligible, then each 

particle will return to its original field line after drifting round 

the earth, and wil l therefore not be lost from the trapping region 

once established in it. In fact all these conditions are violated 

by the geomagnetic field, which must result in marked radial drifts 

and subsequent loss of particles from the belts. However~ provided 

that the variation of the geomagnetic field in space and time is 

fairly slow the concepts of guiding centre motion and adiabatic in­

variants can be used to predict the motion of a charged particle in 

it , and the continued existence of a radiation belt can readily be 

understood in terms of such an analysis. ~-Je now go on to examine 

briefly the treatment in terms of the adiabatic invariants. 

The Adiabatic Invariants. 

The time average magnetic field produced by a charged particle 

in rapid helical motion round a line of force is equivalent to that 

produced by a circular current i enclosing the same area. Thus the 



Figure 3 Schematic representation of the motion of a 
proton and an electron in the geomagnetic 
field. (See note in caption of figure 2). 
Rep±oduced from refe:!:.·ence ( 32) 
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particle has a magnetic moment given by 

r = 2 
1t a i = 7t 

2 ~ 
a T 

where T is the period of gyration. Using 1.4 we get 

r' = 

and since w = u 
T 

r = 

~ f m v, r 
L e B 

B e = m 

Y:/..._ 

2 e 

g 
T 

= 

2 
m vJ. 

2 B 

Assuming that the magnetic field has only a small gradient parallel 

to the field lines, r will be an adiabatic invariant of the par-

ticles' motion provided that the magnetic field varies slowly compared 
2 

with T. (6) This implies that v~ is constant. If, then, 

the pitch angle is '/... , we have 

2 . 2 ,, v s1n .,..... 
B = 

B 

constant 

which leads to the mirroring equation 2.19 again~ namely 

. 2 '/ s1n ,.... = 1L 
B 

0 

. 2 .... J s1n ,...._ _ 
0 

where f.__ and B are the values of Y,.. and B at some arbi tr~rY 
0 0 

fixed point on the trajectory. The above equation is Alfven's 

mirror equation (5). 

Since the geomagnetic field is not symmetric about any axis 

there will be field gradients and components of line curvature which 

produce drifts in a generally radial direction, However the particle 

will return to its original line of force if the 'longitudinal adia-

batic invariant', J, is constant, that is 
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B' 

/ m 
J - J p# d z = constant 1 .• 32 

B ' 

m 

Here ~ is the component of the particles momentum parallel to B 

and dz is an element of length along the field line . The integral 

is taken along the line of force between two consecutive mirror 

points B and B' (6). m m It has been shown that 1.32 holds if the 

effects of the drift and the time dependent variati on of B are small 

during one period of oscil lation, that is the time taken to move be-

tween consecutive mirror points. In a static field the particle thus 

sweeps out a 'longitudinal invariant surface'~ that is one on which 

1. 32 holds . These invariant surfaces form a three-parameter family, 

the three parameters being (for a static field) the magnetic moment, 

the l ongitudinal invariant? and the total energy of the particle . 

Thus if particles having different ~agnetic moments or total energies 

start on the same field line they will drift at different rates and 

on different invariant surfaces, but 1dll all return to the original 

field line after drifting right round the earth. 

To treat the time dependence of the field a third adiabatic in-

variant is required. This is the 'flux invariant' p, where ~ 

is the flux enclosed by the invariant surface on which the particle 

moves. It has been shown that if the variation of the field is 

small during the time taken for the particle to move round the earth 

on the invariant surface, then d 'd) o. In a time dependent = -d t 
field the total energy of the particle is no longer constant, but 

if the variation of the field with time is slow enough the total 
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energy may be replaced by ~ ? the three parameters then being ' r 
the longitudinal invariant~ and ~ • · These then are sufficient to 

prescribe the motion of the particle. Notice that ·~ is a function 

of the magnetic moment, the longitudinal invariant, and the total 

energy of the particle. 

Thus we see that if the time variation of the field is slow 

compared with the period of gyration but comparable with the period 

of oscillation, only r is retained as an invariant. If it is slow 

compared with the period of oscillation but comparable vJith the 

time taken to drift round the earth r' is invariant and 1. 32 holds . 

Lastly, if it is slow compared with the drift tir,le round the earth, 

all three invariant conditions hold. 

Detailed examinations of breakdown of these conditions have been 

presented by several auti1ors but are beyond the scope of this chap-

ter. [ (7), (8), (9), (10) J An approximate theory for 

movement of a charged particle in a dipole field has been presented 

by Al fven (5) ~ and in addition several authors have presented full 

treatoents of motion in a perturbed dipole field (11) and in the 

geomagnetic field (12) . An exa~o1ple of the fluid model treatr.1ent 

applied directly to the belts is the work of .Jal t and ivic Dona:!.d 

[(13), (14)] . 

In conclusion it must be pointed out that many of the trapped 

particles have relativistic energies and can not be treated using 

the theory as presented in this chapter. The equations for guiding 

centre motion and those for the adiabatic invariants can however be 
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written in a form which remains valid for relativistic particles (6), 

1-6 ~;c Ilwains Coordinates for i.;apping the distribution of 

Trapped Particles. 

As implied previously, dipole representations of the geomagnetic 

field have been found to have insufficient accuracy for the study of 

trapped particles. This prompted ,.,,c Ilwain ( 15) to propose a co-

ordinate systera vJhich not only takes account of the non-dipole 

character of the geomagnetic field but can also be used to order 

measurements along lines of force as is necessary in most theoretical 

studies and for clarity in the presentation of experimental data. 

This coordinate system has been widely used i n the literature and will 

therefore be briefly described here. 

For a static field, if we consider the case where there are no 

electric fields the systeQ of invariant sur faces is degenerate and 

we may wri te 
B' 

J. 
I m [1 ~:{zr: d z 
I 

I = = I 1.33 p i 
,I 

' 
B 
m 

where P is the tota l momentum of a particle which mirrors at B m . 
[ rt should be noted here that 1.1C Ilwain is confused about the de-

finition of I which he identifies with J. I i s however an invariant 

in this case since P is constant here, and thus no error arises in 

his final result. Also his notation is confusing and we use in 

preference the notation of Stone ( 16) ] • The way in which the 
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mirror equation is derived in section 1-5-2 makes it obvious that 

B is an invariant of the particles' motion~ so t hat the two in­m 

variant parameters I and B are, in this case, sufficient to specify 
m 

the invariant surface or 'shell ' on which the particle moves. The 

points having the same value of B and I f orm a ring in each hemisphere 
m 

and a particle mirroring at this B and I will remain in the shell 
m 

described by the lines of force that connect these rings. In 

general of course t wo particles mirroring initially at different 

values of B along a particular l ine of force will not drift on the 

same shells. ,.,,c Ihvain shows however that this effect is compara-

tively small in the geomagnetic field. An important consequence of 

this is that the omnidirectional intensity and also the directional 

intensity are approximately constant along the loci of constant B 
m 

and I. This fact is the basis of an argu~ent to be presented in 

Chapter 4 of this thesis since it implies that vve may assume that 

the intensity at a point A in the Southern hemisphere is approximately 

the same as that at a poi nt A' in the Northern hemisphere if the 

values of B = B and I are the same for points A and A'. 
m 

A further consequence of the above i~ that equation 1-32 may 

be applied to all particles at a point in space, and not only to 

those mirroring at that point, without significant loss of accuracy . 

i1;c Ilwain therefore chose to use I as a parameter vvhich can be con-

sidered to be a scalar field that has a definite value at each point 

in space and does not require explicit reference to the moti on of 

traoped~oarticles . As pointed out by Stone (16), for strict 
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accuracy one must admit an implicit dependence on the motion of the 

trapped particles in as much as 1. 33 really defines I in such a way 

that the value of the scalar field at a point applies only to the 

particles mirroring at that point. In other words we admit the fact 

that particles mirroring at different values of B on a particular 

line of force will drift in a different surface. Stone (16) s hows 

that if we take this more accurate view~ the coordinate system de-

fined by J·:tc Ilv1ain may be redefined in such a VJay as to extend its 

usefulness considerably. Stone's article is however a fairly re-

cent one (July 1963) and his ideas have not been used by the authors 

quoted in this thesis. J e will therefore describe the coordinate 

system as origina lly defined by r.,c Ilv1ain. .Je have seen that a 

coordinate system consisting of B and I may be used to bring order 

to measurements made at different geographic locations. Obviously 

it is desirable to find a method of labelling all points in space 

'. lith a number which is unique for each invariant surface, and which, 

if possible, has some easily conceivable physical significance. 

!vic Ilwain has shown that a paralileter L = f (B, I) can be de-

fined in such a ·.vay that it retains most of the desirable 

properties of I and has the additional property of coordinating 

measurements along lines of force. (Stone has defined the para-

meter by L = f (B , I) 
m 

and points out that it is an invariant 

vmen defined i n this manner . ) 

In general L should be regarded as a parameter which retains 

most of the useful properties of Iexactly and is also approximately 
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constant along the lines of force. It is defined in such a manner 

that for a pure dipole field an invariant surface (B~ I) is labelled 

with an L numerically equal to the equatorial radius of the surface 

in units of earth radii . (Note that even in the geomagnetic field 

an invariant surface (B , I) has a characteristic radius L, which 
m 

is equal to the radius of the same invariant surface in a dipole field 

if we use Stone's definition of L. (16) ). 
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CHAPTER 2. 

THE RADIAIIQN BELTS. 

2-1 Introductory Remarks. 

In the previous chapter we have gained a rough idea of the 

motion of charged particles in the magnetosphere. The motion of 

each particle can be broken up into three components, (a) gyration 

round a line of force, (b) a 'bouncing' movement along the lines 

of force between mirror points in the northern and southern 

hemispheres, and (c), a drift in longitude. An idea of the 

time scale involved can be gained from the following. For a 

·6 1 MeV electron the gyrofrequency is of the order of 10 seconds, 

-1 
~e ~~unce' period of the order of 10 seconds, and the time 

taken to drift once round the shell of the order of 103 seconds. 

In this chapter we shall discuss briefly, and in a very 

general manner, the distribution of radiation trapped in the geo-

magnetic field as revealed by experimental data from rocket and 

satellite observations. Before doing so however, it is necessary 

to define two terms which will be used frequently throughout this 

thesis, and say a few words about them. Firstly, we shall refer 

to the region (above the ionosphere) in which the geomagnetic 

field has a dominant control over the motions of fast charged 

particles as the 'Magugtosphere'. [This is the way in which the 

term was originally defined by Gold. (17)] • Secondly, we shall 

refer to that region, in the magnetosphere, in which particles can 
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remain trapped for relatively long times, as the'Trappina Region'. 

We now discuss briefly the shape and extent of the magnetosphere and 

the trapping region. 

The diversity and variability of conditions in the magnetosphere 

and the trapping region are such that we have only the sketchiest of 

pictures of their outlines from the data available to date. From 

such observations as are at present available [(18), (19), (20), 

(21), (22), (23)] and from theoretical work in this connection 

r ( 12) ' ( 24) ' ( 25 ) ' ( 26)' ( 27)' ( 28) ' ( 29)' ( 30) ' ( 31) l ' we rna y 
~ -

draw the following conclusions. 

Plasma from the sun's corona is streaming radially outward 

from the sun in the vicinity of the earth. This 'solar wind', 

the density and velocity of which apparently depends on the level 

of solar activity to a certain degree, confines the geomagnetic field 

to the vicinity of the earth. (Recent satellite magnetometer data 

have shown that the geomagnetic field has a definite, but highly 

turbulent and distorted boundary.) The solar wind thus distorts 

the magnetosphere with the result tha t it measures some tens of 

thousands of kilometres perpendicular to the direction of the solar 

wind [i.e. perpendicular to the earth-sun line (18)] , and per­

haps 200,000 kilometres or more parallel to the direction of the 

solar wind. Conditions on the sunward side are at present much 

better known than those on the night side. On the sunward side 

the distance, in the equatorial plane, to the boundary of the 

magnetosphere can vary between about 40,000 kilometres and about 
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70,000 kilometres> depending on the 'strength' of the solar wind. 

This is of course the distance to the boundary of the trapping region 

as well, since this boundary is determined roughly by the degree of 

distortion of the field lines . (Trapped radiation can only move 

along relatively undistorted field lines.) Again referring to the 

sunward side, the most distant lines of force which can guide a 

charged particle dovm to the surface of the earth meet it at about 

75° north and south magnetic latitude. The corresponding lines of 

force on the night side meet the surface of the earth at about 70° 

north and south magnetic latitude. Thus there are 'holes' in the 

trapping region in the north and sout h polar regions. The lower 

boundary of the trapping region is determined by the height at which 

trapped particles encounter an atmospheric density great enough to 

absorb them or at least to scatter them out of the trapping region. 

vVe must therefore visualize a tor oidal trapping region inside an 

'egg-shaped ' magnetosphere. 

The complexity and variability of the phenomena we are about 

to describe are such that we can give only the broad outline in the 

following sections. This outline has been extracted from the most 

quoted and significant articles in the field, and a reasonably com-

plete set of references is given, Detailed results will be presented, 

where required, in the later chapters of this thesis. 

2-2 The Discovery of the Radiation Belts, 

The existence of an unexpectedly high intensity of energetic 
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charged particles trapped in the magnetosphere was discovered by 

Van Allen and his colleagues at the State University of Iowa in 

1958, and represents the most spectacular achievement of the I.G.Y. 

Some of the principal accounts of early observations are to be found 

in references (33), (34), (35), (36), (37)~ (38), (39), (40), (41), 

(42), (43), (44). The first U.S. satellite, Explorer I, went into 

orbit on the 31st January, 1958, and was equipped with a Geiger tube 

for the purpose of detecting cosmic-rays . At low altitude the 

counting rate increased with height as expected, but at great height 

the count rate dropped and sometimes even fell to zero, particularly 

in the equatorial regions. It was suspected at the time that the 

violence of the launching had damaged the Geiger tube. A similar 

Geiger tube, carried into orbit in Explorer III on )\,arch 26th, 1958, 

behaved in the ~a~e manner. ~·Jhen the satellite went out to between 

650 and 800 kilometres altitude~ the apparent counting rate rose 

rapidly and then dropped almost to zero. It was then realized that 

the low apparent counting rate might be the result of saturation and 

jamming of the counters by an unexpectedly high flux of radiation. 

This was soon confirmed, and information about the radiation was 

greatly extended by readings taken by U.S. satellite Explorer IV, 

U.S. moon probes Pioneer I, Pioneer III and Pioneer IV, and by the 

Soviet satellites Sputnik I and Sputnik II, and moon probe Lunik I 

(when the Russian data was published). Explorer IV was equipped 

with high radiation intensities in mind and was launched into an 

orbit having a larger inclination (51°) than its predecessors in 



25. 

order to cover a larger area of the earth. It was launched on July 

26th, 195!3, and during the follovJing two months sent back readings 

covering a range of latitude of more than 50° on either side of the 

equator up to an altitude of 2,200 kilometres. This altitude however 

corresponds only to the lower reaches of the Van Allen belts as they 

were revealed by Pioneer III, launched on December 6th? 1958, Though 

this rocket failed to reach the vicinity of the moon as was originally 

intended, detectors mounted by Van Allen and his colleages gave excel­

lent readings of radiation intensities to a radial distance of 107,400 

kilometres from the centre of the earth both on the outward and return 

journey. These revealed clearly the existence of two belts of high 

energy particles round the earth, separated by a distinct 'slot'. 

The inner belt had a peak intensity at approximately lO,OJO kilometres 

from the centre of the earth, vJhile the outer belt had a peak inten­

sity at approximately 23,0JO kilometres from the centre of the earth, 

both these distances being measured in the equatorial plane. Pioneer 

IV, launched on j,Jarch 3rd, 1959, after a period of intense auroral and 

magnetic activity, showed the outer belt expanded and greatly enhanced 

in intensity. Results obtained from Sputnik III and ~~chta by Soviet 

observers were in general agreement with those from Explorer IV and 

Pioneer III. 

By hJarch, 1959 Prof. Van Allen was able to present the tentative 

picture of the radiation belts shovm in Figure 4. ( 35) 



Figure 4 The Van Allen radiation zones as ~ictured in 
March, 1959. Lines of equal radiation intensity 
are shown, and the ho1·izontal scale shows the 
distance, in earth radii, from the centre of 
the earth. Reproduced from reference (32). 
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~ The Distribution and Characteristics of the Trapped Radistion. 

The variability of conditions in the trapping region, particularly 

at distances beyond about 3 ~' is such that the figures given in this 

section should be treated with reserve. In addition the difficulty 

of arriving at representative figures from readings taken at various 

times and positions in the trapping region should be borne in mind, 

One of the most important thin9s we must realize here is that for a 

particular satellite or rocket the observed distribution depends 

critical ly on the range of energies observed~ and hence on the in-

strurt1entation. The early observations descri~ed in the previous 

section were~ except in t he case of the Soviet space vehicles, con­

fined to high energies , and it is only in such cases that it becomes 

necessary to distinguish clearly t wo separate radiation belts. 

These, then, are the Van Allen Belts. 

The first conclusion we may draw from the earliest satellite 

observations is that the radiation observed consists of charged par­

ticles since the counting rate at an altit ude of 700 kilometres is 

considerably less than that at an altitude of 1000 kilometres. Then 

because the path betv1een lO.JO kilometres and 700 kilometres in the 

atmosphere is very much less than the path through the detector 

shielding we may conclude that a large part of the radiation observed 

at 1000 kilometre altitude is mirroring before it gets to 700 kilo­

metres (in the region of these measurements) and must therefore 

consist of charged particles (34). The rockets Pioneer I, Pioneer 

III and i•·iechta showed that the inner belt extends from about 1.25 ER 
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to about 1.75 ER and the outer belt from about 3.1 ER to about 

4.2 ER for high energy particles (figure 4). (These are geocen-

tric distances measured in the equatorial plane.) We propose in 

the following outline to divide the trapping region rather arbitarily 

into two zones. ~~e consider first radiation which crosses the 

equatorial plane at geocentric distances of less than 2,2 ER' and 

then radiation crossing the equatorial plane beyond this distance. 

In the following sections and subsections the word 'distance' should 

be taken to mean radial geocentric distance in the equatorial plane 

unless otherwise stated. 'Altitude' should be taken to mean a l ti-

tude at the particular location of the observations unless otherwise 

stated. In addition, the f ollowing points will prove helpful. 

(1) The words 'intensity' or 'flux' will be used to denote the number 

of particles crossing unit area per unit time . . (c.g.s. Units are 

used in the literature and we will therefore use them in our dis-

cussion.) In a realistic case the alignment of a detector with 

respect to the direction of the i:·1agnetic field lines in its vicinity 

is found, its aperture determined, and the count rate recorded inter­

preted in terms of the number of particles crossing unit area per 

unit time per unit solid angle in a specified direction. This is 

called the 'unidirectional intensity'. (From what we know of the 

movement of charged particles in the geomagnetic field it is clear 

that we need, in general, specify only the angle between the vector 

B and the axis of t he detector, since rotating the detector round a 

field line will not produce changes in the counting rate in the 
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idealistic case . ) Je then integrate the unidirectional intensity 

over the whole of space to get the 'omnidirectional intensity'. 

vJhat is often done in order of magnitude c~lculations is to make the 

assumption that the flux is isotropic, in which case 

'""-' 10 J u, where 

J ~ unidirectional intensity and 
u 

J = 
0 

4 1t J 
u 

J ~ omnidirectional intensity. 
0 

(2) The energy spec-

trum of the particles is usually given in exponential form, Thus 

the statement that 'the energy spectrum has the form E1
·
6 • indi-

cates that we find that 

siJ:! 
d E = 

where N is· the number of particles per unit range of energy per 

unit area per un~t time. A number of different conventions are 

in use however~ and in general the units given will show how the 

mathematical form of the spectrum is expressed. The spectrum is 

said to be 'hard' if a lot of high energy particles are present~ 

and 'soft' if a lot of low energy particles are present. 

The attention of the reader is drawn to the fact that many of 

the earlier figures derived for intensities (particularly in connec-

tion with the outer belt) were too high by a factor of approximately 

10
3 since they were derived from the observed response of detectors 

with a minimum wall thickness of approxi111ately l gm/cm2 of inter-

mediate Z material on the assumption that this response was due mainly 

to bremsstrahlung from non-penetrating electrons (i.e. with energy 
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E < """'2 ivieV) with an effective energy of approximately 50 keV. 
e 

It was only in January, 1962 that O'Brien et al. were able to de-

monstrate conclusively that this assumption was wrong (58). They 

showed that the response of this type of detector was in fact mainly 

due to penetroting particles. This led to a la1ge scale revision 

of the interpretation of the counting rates, 

The following outline nas been drawn up using references (33) 

to (82). 

Trapped Radiation out to 2 . 2ER (L ~2.2) 

Protons, Of the radiation penetrating 140 mg/cm2 approxi-

mately 1% penetrates several gms/cm2
. The more penetrating 

radiation has been identified as protons of approximately 

20 to 40 i:teV. The energy flux due to these protons is 

only about 0.05 of the total energy flux, At approximate-

ly 1000 kilometers a l titude over the central Atlantic only 

~~ to 7~ of the particles having range greater than that 

of a 160 keV electron are protons. At a given altitude 

the spectrum and intensity of protons is found to vary 

with latitude. Some of the proton energies~ measured 

by means of nuclear emulsions mounted in rockets, are as 

large as 600 or 700 tvieV. It is these energetic protons 

which account for the large intensities recorded by early 

experiments in the inner belt. The energy spectrum has 

been investigated by the same means and for energies 

E > 30 ivieV has the form E 1.65 at about 28° 
p p 
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geomagnetic latitude in the northern hemisphere, generally 

becomming softer with increasing L, The dependence of 

the spectrum on L has been given in the form 

u 
d E = I 

0 

- E/E 
0 

e 

where E = (306 .± 28) L- (5 · 2 .± 0
· 2 ) MeV (80). 

0 

Electrons: As implied previously electrons form the 

major component, though they are less penetrating than 

the proton component, their maximum energy being about 

1 i1·ieV. Peak intensities occur at a distance of about 

The position of the peak intensity 

follows this line of force to a magnetic latitude of about 

25° and then turns outward from the earth. At the posi-

L 

L 

tion of peak intensity in the equatorial plane the flux 

is of the order of 10
8 electrons/cm2sec for E > 200 e 

keV. Some sample figures for the unidirectional flux 

perpendicular to B, which we call J', are as follows. 
u 

On the geomagnetic equator at L = 1 . 22, 

J' (E 40 keV) = 5 x 10
6 electrons/cm2sec ster. u e 

At altitude 1,600 kilometres and for 

= l. 3, J' (E ~ 0,6 i <~eV) = 4,5 x leY /cm2sec ster u e 

= 1.6' J' (E ':;,_. 0,6 i~ieV) = l.8x leY /cm2sec ster u e 

L = 1.8, J' (E ~ 0,6 ivieV) = 5 x 10
4 

u e 
2 

/em sec ster 

L = 2.2, J' ( E ~ 0. 6 ivie V ) = 3 x 1 o3 
u · e :;.-- /cm

2
sec ster. 
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In general we may say that the maximum value of Ju (Ee ? 
6 

40 keV) is of the order of 10 and falls off less rapidly 

with L at constant altitude than the proton intensity does. 

The electron energy spectrum rises rapidly towards 

low energies and becomes slightly softer with increasing L. 

Trapped Radiation beyond 2.2 ER (L ~2.2) 

Protons: Protons permeate the entire region out to about 

70,000 kilometres, becomning less and less dense as the 

distance increases. (This is not surprising as their 

gyroradius increases VIi th distance for a given energy and 

they therefore have an increasing tendency to escape f rom 

the trapping region.) Low energy protons become increas-

ingly important for distances less than about 27,000 

kilometers. hocket measurements taken at altitudes be-

tween 1200 and 560J kilometr~s (42°N to 30°N geomagnetic 

latitude) show that the unidirectional flux averaged over 

0 0 5 pitch angles between 90 and 58 of the order of 10 pro-

tons/cm2 sec ster. There is a tendency for this to 

increase with increasing altitude and decreasing latitude. 

v·ve quote some results from Explorer XII for a pass on 

October 5th 1962 (78) which seem to be the best figures 

to date. Distances given here are in the plane of the 

satellite orbit which is inclined at 71° to the earth-

sun line. 
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Between 103,000 and 75,000 kilometre s~­

J (E ~50 keV) ~ 500 /cm
2 

sec. 
0 p 

At 65,000 ki1ometres:-

J (E ~ 500 keV) ~ 1.5 x 10
4 

/cm2 sec. 
0 p r . 

At 55,000 kilometres: -

J (E ' 500 keV) _.,.. 5 x 104 /cm2 sec. 
0 p-.::::- :::-:-: 

(In the region between 72,000 and 52,000 kilometres rapid 

time variations 5 and/or irregular spacial distributions, 

of the intensity are observed. These fluctuations dis-

appear at approximately 48,JOO kilometres.) The intensity 

remains fairly constant to about 27,000 kilometr os where 

low energy protons become a very important component of the 

flux. 

At 20,000 k i 1 omet.r.e.s : -

J (E > 500 keV) = 4 + 2 x 106 /cm2 sec. 
0 p / -

J (E ~ 4,5 i<~eV) < 1.5 x 104 /cm2 sec. 
0 p , ...... 

The proton spectrum changes markedly between 20,0JO 

and 10,000 kilometres. Beyond 20,000 k il ornetrc:o it softens, 

as we may expect. 

Electrons: It seems that a clear cut outer belt structure 

is only observed when considering electrons with E ~ 1.6 e .y-

I~ieV. In this case we find a peak intensity at 32,000 

kilometres and the slot at 18,000 kilometres. (Dis-

tances in the plane of Explorer XIV orbit - see~.) 

On a number of occasions bifurcation of the outer zone 
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has been observed with one peak in intensity at 17,000 

kilomet~es and another at a distance varying between 

23,000 and 28,000 kilometres. Data from Explorer VI 

(67) over a period of two months shows bifurcation in 

only 1~6 of the analysed passes however, and time 

averaged data from U.S. satellite Injun I indicates no 

clear cut bifurcation. This phenomenon has not been 

clearly explained yet. The position of the peaks seems 

to be dependant on other factors besides the energy range 

of the detector, 

Soviet results with Lunik II (60) for low energy 

electrons with E > 200 eV show t hat these permeate 
e 

the entire region. For altitudes·<· 22, j 00 ki lometres 

they get J (E > 200 eV) < 2 x 107 /cm2 sec. Low o e 

energy electrons appear to dominate the regions between 

altitudes of 50,000 and 70,000 kilometres where 

8 2 
J (E > 200 eV) -·"'· 10 /em sec . o e These results are in 

genera 1 agreement 1nith those from Injun I ( 62) which 

show that the time averaged value of J (E > 40 keV) 
e 

s 6 I 2 ·· ·• 10 to 10 em sec ster between L"-"2 and L .I'VlO. 

The intensity falls off very rapidly between L ~10 

and L ~· 1~ and is extremely variable in this region, 

Results from Explorer XII I (58), ( 70)-l , the 
L. ~ 

first satellite to provide conclusive measurements of 

the intensities of electrons of approximately 50 keV, 
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indicate the following for a typical pass. Between 

25,0JO and 55,0JO kilometres J (E ; 40 to 55 keV) ~ o e 

107 /cm2 sec and is constant within a factor 2 or 3 . It 

then diminishes rapidly near the boundary of the geomagne-

tic field wh ich is typically at about 65, 000 kilometres. 

J (E ; 80 to 110 keV) snows similar radial dependence and 
o e 

has a similar value, but drops to•nards zero at a smaller 

distance. 

Again we quote Explorer XIV results for the pass of 

5th October, 1962 (78). (Distances in the plane of the 

orbit- see h_,) 

Between 103,000 and 75,000 kilometres : ­

J (E ""> 40 keV) <. 500 /cm2sec. o e ·..; ·-

This incr.eaaes sharply at 72,000 kilometres. Between 

72,000 kilometres and 52,0JO kilometres there are rapid 

t ime variations and/or irregular spacial distributions of 

intensity. Typical intensities in this region are as 

follows. 

At 65,000 kilometres~-

J (E > 40 keV) = 1 x 106 /cm2sec. o e '/ 

3
0 

(Ee ? 230 keV) -:: 6 x 10
3 

/cm
2 

sec. 

3
0 

(Ee ?· 1.6 J·.ieV) -;....: 2 x 102 /cm2 sec. 

At 55,000 kilometres ; -

7 I 2 J (E ::.-c 40 keV) = 2 x 10 em sec · o e ..... 

J (E >. 230 keV) <. 3 x 10
4 

/cm2 sec. o e .... '-. 

J (E :::;. 1.6 i.1eV) < 1.5 x 103 /cm2 sec. o e ~ -...;: 
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At approximately 48,000 kilometres the fluctuations 

disappear, and the energy spectrum becomes flatter. 

Peak intensities are reached at the following distances. 

For E :;::,. 230 keV and E ~ l. 6 ivieV "'-' 32,000 kms. 
e e 

For E ; 40 to 200 keV - _. 38 ,OJO kms. 
e 

Typical intensities in the heartof the zone are. 

At 39,000 kilometrcs:-

J (E ~ 40 keV) = 1.5 x 108 /cm2 sec. o e ..-

J (E -:::;_ 230 keV) :(_ 1.5 x 106 /cm2 sec. o e , ~ 

J ( E ;:. l. 6 Jllie v ) = 2 X 1 cr I em 
2 

sec. ' o e 

and at 31,000 kilometres: -

J (E > 40 keV) = 1 o e.,. 
s I 2 x 10 em sec. 

J (E '> 230 keV)< 5 o e / .._ 
6 2 

x 10 /em sec. 

3
0 

(Ee ~ 1.6 ivieV) = 1 x 106 /cm2 sec. 

A marked change in the characteristics of the ra-

diation occurs at approximately 27,000 kilometre s as 

mentioned in h_. 

At 20,000 kilometrcs:-

J (E > 230 keV);;: 4 x 10
4 

/cm
2 

sec. o e ,· -

The electron spectrum and pitch angle distribution 

up to an altitude of 1045 kilometres along a line of 

force (L = 2.4) has been measured by Cladis et al. 

(55). Some of their results are shown in figures 5 

and 6. No change in the shape of the spectrum was ob-

served above an altitude of 600 kilometres , but the 



Figure 5 Reproduction of figure 8 Cladis et al (55) 
showing the electron energy spectrum at 
980 km. 
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probable errors of the measurements; and the hori­
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Figure 6 Reproduction of figure 5 from Cladis et al (55) 
showing the pitch-angle distribution of 
electrons at 750 km. 
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pitch angle distribution gets wider as the altitude in­

creases, as we would expect from trapped particles. The 

width of the distribution increases from 31.2° to 41.6° 

as the altitude increases from 750 to 900 kilometres. 

Injun I measurements (62) indicate that the spectrum de­

pends strongly on distance and that it is s ubject to 

important time variations, but is consistent with tha t 

of Cladis et al. where comparison is possible. Further 

indications (70) are that the outer fringe of the outer 

zone at approximately 64,000 kilometres has a much steeper 

spectrum than the inner part~ but that the radiation is 

softer. In general the radiation softens as the radial 

distance increases. 

2-4 Variability of the Trapped Radiation. 

From our discussion in the previous section we see that the quiet 

time situation in the trapping region, as far as we know it at pre­

sent, may be represented schematical ly as in figure .? • The following 

brief outline of variations in the trapping region has been compiled 

mainly .from references (40), (48), (50), (51), (53), (56), (57), (63), 

(67), (68), (71). 

Analysis of Explorer VII data, pertaining to the inner belt, 

over the period October 13th, 1959 to December 31st, 1960 shows that 

the intensity increased by a factor 2 or 3 (for high energy particles) 

but that the geometric form remained the same even during periods of 



Figure 7 Schematic representation of the ~uiet time . 
situation in the trapping region. Lines 
of force of the geomagnetic field ~re shown 
as white lines. The grey line represents 
the boundary of the magnetosphere, and t h e 
white arrows represent the solar wind. 
Reproduced from reference (32) 
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relatively rapid increase of intensity (63), The overall increase 

in intensity did not occur in a uniform manner but appears to have 

been the result of a series of discrete increas es 9 the times of 

occurrence of ~1ich were correlated with solar proton events and/or 

magnetic storms. In general the inner zone appears to be stable 

and many investigators find results consistent with no variation at 

all. 

Though the overall picture of the outer belt as it has emerged 

over the past four or five years seems to indicate a fairly definite 

average configuration when cons.idered over such a period of time , this 

fact can only be t errned remarkable when the large fluctuations in in­

tensity and geometric confi9urat ion over short periods of time are 

considered. Observations with Explorer IV record a marked decrease 

in intensity of high energy particles at altitudes of l,OUO kilometres 

over North America and Australia during ma9netic storms (40). At 

lower altitudes where the intensity was low in quiet times~ the count­

ing rates increased markedly, indicating a broadening of the pitch­

angle distribution. After the great magnetic storm of September 

4th and 5th, 1958, a significant increase i n the average energy of 

trapped high energy particles was recorded. Explorer VI recorded 

a large decrease in intensity following the sudden com;nencement of 

a geomagnetic storm (48). Later in the storm int ensities increased 

to values much in excess of the prestorm level. During the first 

24 hours of the storm approximately two-thirds of the detectable 

radiation was lost, the remaining radiation being considerably harder 
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Explo1·er VII (50) <iuring a lll£l.gnetic storm. C orr:pa:d son of d ..• ta fj ·om 

Explol'er VII and .Pioneel' V, which ;J.oni tared p<:n'ticles wi th ene:r~y 

greater than a 30 keV el ectron in the solar Tiind, apparently shous 

that ove~ the t uo- day period follo~ing t h e magnetic storm of !·arch 

31st , 1960 , intensities of high enerGY pc..rticles in th e outer zone 

increased to sever.J.l thousclnd times t~10se recorde d in the original 

solar J..;:i..:.tsl!l~ befo1·e it s arrival at t:te bounda ry of the georila~netic 

field . Evidence of substanti<:tl day to day vt·.riations of intensity 

in the sawe positions in spuco.:: ~ .... 1.6 bee::~ fo·..t~!d , U{ld inten s i tics 

mea3urcd at high latitudes by Injun I have been found to change by 

an order of magnitude in times of a f eir seconds (or di~>tances of a 

fsw tens of kilooetres) (62) . A study of data f:rom Explorer VII 

(1.10ni torint; protons ·:fith Ep'> 30 ~.'leV and Ef ":;·· 18 IVwV and elec trans 

·.:i th E > 2. 5 t~eV ~nd E >.·1 . 1 t~.eV) 1 coverin6 L1e period October 26th 
c e 

to Dect-mber 9th, 1959 during i7hich four magnetic storms occurred, 

indicates the follo;:ing . The intensity decreases to a minimum 

value one da y after th~ on s et of the storm, and then recovers 

gradually from the second day after ons e t. At t he same time the 

position of the intens ity <I>axir:t·J.m . .::oves to lovrer L values and then 

~raduully recovers. k :.r gc, c~lmtecs of inton,- i ty occur at ~1 igh L 

values, and tor a fixo<i L Vtil~0 tha~c c~a~~cs may be nb~ativuly 

correlated ·.: i th geomagnetic b.Ctivity (56) . When bifurcation of 

t~e outer zone ~as observed , the outercos t peak ~a~ seen to undergo 

rapid in:;ard movement over a ltlYgG dist::tnce, and shO\TGd a large 

inc1·ease in intensity during roagn(..tic storms ~53), (57J. 
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Recently more comprehensive analyses of Explorer VI and Ex-

plorer VII data have been published. The results of an investigation 

of time variations of intensity in the 'horn' of the outer belt using 

Explorer VII measurements from October 1959 to Decer.1ber 1960 (for 

electrons withE > 1.1 i~ieV) lead to the following conclusions (67). 
e 

The L value co1·responding to the peak intensity showed a marked 

tendency to decrease as the 'southward equatorial geomagnetic field 

of the ring current' increased [see ( 67) J Also this L value 

decreased durin9 the main phase of magnetic storms. For L > r-....3.5 

the intensity decreased during r.~agnetic storms, •·:~hile for L < 3.5 

the intensity increased. Thus there is apparently a redistribution 

of particles among the shells during magnetic storms. The varia-

tions of t he five day averages of intensities were found to be 

similar at L = 4.7 and L = 4.1, though quite distinct from 

those at L = 2.9 and L = 2.5, which were also similar. For 

the t wo larger values the intensities varied by a factor of 10 or so 

within two or three weeks, this type of variation not being evident 

at the two smaller values. Th.G..;t1ro small !II!. values are characterised 

by monotonic decreases lasting months, and sudden increases. For 

example, there was a hundredfold increase in April 1960, followed by 

a gradual decline over the next two or three months . Also dis-

covered from Explo~er VII data were order of magnitude variation in 

a matter of hou:rs for L > "-'2 (for electrons with E ::.~ ~ 1.5 beV) 
e 

and, from Explorer XII data, order of magnitude variations in less 

than one day (for electrons with E ,...,_.50 keV) during magnetic storms. e 

(68) 
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Finally an analys is of Explorer VI data covering four magnetic 

stor ms and the August 29th to September 1st, 1959~ quiet period (71) 

has yielded the following information about the associated time varia-

tions of the intensity of electrons with E ,..__, 5 NieV. 
e 

(a) The 

major intensity changes always correlate with solar activity, the 

time delay involved (- 40 hours) indicating coupling by means of 

solar plasma streams . (b) The larger the radial distance considered 

the larger are the variations, and the less the correlation with earth 

surface magnetic field changes. The lower side of the belt, at 17,0JO 

kilometres, is the most stable, and variations are reasonably well 

correlated with earth surface field changes . The counting rate at 

the equator on this line of force ah·;ays recovers to its prestorm 

value, though sma ll changes in pitch-angle distribution may remain. 

(An interesting discussion of pitch-angle distributions and their 

variations is given in the paper (71) and is generously illustrated.) 

(c) Counting rate decreases ; - Counting rates near the equator de-

crease for all lines of force if a magnetic storm having a main phase 

occurs. This decrease may occur before, or after , the main phase 

is observed at the surface of the earth. If the decrease is not 

large or rapid at the equator, the counting rate increases for points 

nearer the atmosphere, implying that the mirror points of particles 

in this region are moved down the lines of force. The percentage 

decrease is usually larger for larger radial distances . Decreases 

may occur when the magnetic field at the surface of the earth is quite 

stable. It is significant that when large decreases occur on all 
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lines, auroras appear at subauroral-zone latitudes. (d) Counting 

rate increases~- Increases occur during the recovery phase of 

magnetic storms and are apparently due to a local acceleration 

mechanism. The 'new' particles have larger pitch angles and there­

fore higher mirror points than prestorm particles, but a spectrum 

similar to the prestorm spectrum. 

2-5 Artificial Radiation_Belts·. 

It is iffifilediately evident that the deliberate injection of 

charged particles into the trapping region, with a known source 

strength and at a known time could be helpful in determining such 

little known variables as the drift time, and also in identifying 

the geophysical effects definitely correlated with trapped particles . 

In addition such experiments should in theory give vital hints as to 

the source strength required to maintain the observed intensities in 

the natural radiation zones. In the cases in -~~h such experiments 

have been carried out to date, the predominant considerations have 

however been of a political and military nature. In some of these 

cases confusion has arisen due to a lack of exact data on the yield 

of the nuclear bombs used as sources. The scientific uses of such 

spectacular experir.~ents were first realized by Christofilos v1ho pro­

posed such an experiment a few weeks after the launching of Sputnik I. 

A direct result of his proposals was Project ArgLs ( 96) in v1hich three 

small atom bombs were exploded above the South Atlantic, injecting 

particles into shells with L values 1.715~ 2.115 and 2.16 (15). 

,-
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These explosions created easily observable radiation belts which were 

detected by Explorer IV for several weeks. L~ny interesting geo-

physical effects were observed, but one of these being that clearly 

visible aurorae occur both on the site of the explosions and at 

their conjugate points. A large nur,lber of papers has been published 

dealing with this and subsequent high altitude explosions and some of 

the results reported w.ill be men tion ed in ch~pter ~:;. 

2-6 The Oria in of the traoped radiation. 

At the present stage no definite conclusion can be reached as 

to the origin of t he radiation in the trapping region, but several 

factors have been brought to light by rocket and satellite data which 

make it clear that we must accept the existence of at least two sources 

for the radiation. The two most important suggestions will be dis-

cussed very briefly here . 

For the inner belt, •:1here a com~arativel y weak and stable source 

appears to meet the requirements, the decay of neutrons, produced in 

the upper atmosphere by cosmic rays and subsequently diffusing to 

greater radial distances, was suggested as a source by Singer in 

1958 [ (83), (84)] and was later enthusiastically supported by 

Hess, Lenchek, and others. Extensive theoretical work has been done 

in this connection by the proponents of the theory [ (85), (86), 

(87), (88), (09), (90), (91), (92), (93)] whose tenacity in the 

face of some unfavourable indications from experimental results from 

time to time has been rewarded with a fair measure of confirmatory 
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CHAPTER 3. 

THE SOUTH ATLAiHIC tiADIATIOi'-l Ai\jQ . .Aki:. 

3-1 The Geomagnetic Field in the South Atlantic i<egion, 

Figure 8 shows lines of equal total magnetic intensity for the 

South Atlantic region, a region on which we will shortly focus our 

attention for the main part of this thesis. The simplest model 

of the geomagnetic field which g ives results which are in reasonable 

agreement with observational data is the so-called 'eccentric dipole' 

model. This is obtained from the 'centred dipole' model, in which 

we imagine a pure dipole situated at the geometric centre of the 

earth, by shifting the dipole to the ' magnetic centre' of the earth 

(97) without changing the direction of its axis. Since the mag-

netic centre lies only about 10 kilometres south of the equatorial 

plane of the ce:~tred dipole [though it is 0 , a536 ER from the geo­

metric centre of the earth (97)] , the dipole is shifted in a 

direction practically per~endicular to its axis. It is therefore 

relatively easy to visualize the f ield of the eccentric dipole. 

Figure 9 sho1·1s lines of equal total magnetic intensity calculated 

from the eccentric dipole model (97). These agree reasonably well 

with the broad outline of ti1e observational data, but comparison 

with figure 8 re'Jea ls that an ' anomalous' region exists around the 

south western tip of Africa. Particular! y noticeable '.'lhen com-

paring these figures is the relatively low value of the total 

magnetic intensity over South Africa . In the context of our dis-

cussion here this region must be regarded as anomalous, and it is 



w 



Figure 9 Lines of total magnetic intensity calculated 
from the eccentric dipole model. Reproduced 
from reference (116) 



Lines of equal total magnetic intensity corresponding to the eccentric dipole field 
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this anomaly ~hich has been named the 'Cape Town Gagnetic Anomaly' 

(sometimes si1ortened to Cape Ltagnetic Anoma ly). Another noticeable 

feature of figure 8 is the region of very low total magnetic inten-

sity centred app:co::ir.1ately on Sao Paulo in Brazil. As pointed out 

by Dessl0r (98) it is incorrect to refer to this as a magnetic anom-

aly in t his context, as has been done from time to time in the 

literature, since it is merely the region furthest from the eccentric 

dipole. 

It is interesting to note in passing that it was at one time 

thought that the Cape Town magnetic anomaly misht be responsible for 

the slot in the radiation zones [ (99) , (100) ) since a lot of the 

trapped radiation in the region of a magnetic anooaly would penetrate 

deep into the atmosphere due to the lowering of the mirror points 

there. It was :·10wever pointed out by Hoffman ( 101) that the value 

of I in the Cape magnetic anomaly does not correspond with the value 

of I in the slot. It i~, in any case, evident from our discussion 

of the trapped radiation in Chapter 2? that reference to the slot is 

only meaningful when high energy particles are considered. 

H Radiation Anomalies in t;1e South Atlantic negion. 

Tv1o regions of anomalously high charged particle intensity have 

been observed at altitudes between 150 and 500 kilometres over the 

South Atlantic ocean with the second and third Soviet space-ships 

[sputnik 5 and Sputnik 6 respectively, (61), (lJ2), (103)~ (104), 

(1C5), (106), (107)~ (108), (109)l, and vJith U.S. satellites in 
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the Discoverer series (110). iviaps of counting rates over the earth 

prepared by Ginzburg et al. (105) are shown in figure 10 (for Sputnik 

5 at an altitude of~ 310 kilometres) and figure ll (for Sputnik 6 at 

an altitude of ·""' 230 kilometres). Similar maps, for the Southern 

Hemisphere only, were prepared by the American group (llO) and are 

shown in figure 12 (for E > 15 J:ieV and E ). 2 i .• eV) and figure 13 . p e 

(for Ep > 2 ivieV and Ee > 100 keV) . Unfortunately absolute inten-

sities cannot be reliably deduced from the Russian data (105). 

Except in the case of figure 11, the radiation anomaly off the 

coast of Brazil seems to coincide reasonably well with the region of 

low total magnetic intensity there (see figure c). We will refer 

to this radiation anomaly as the 'Brazil Radiation Anomaly'. The 

radiation anomaly lying at higher latitudes will be referred to as 

the 'South Atlantic Radiation Anomaly•. (Our terminology differs 

from that used by the Russian groups in regard to these anomalies.) 

We will now discuss these anomalies very briefly. In doing so we 

must take into account the shells on which the charged particles ob-

served in the anomalies move round the earth. Figure 14 shows some 

contours of constant L at 1000 kilometre altitude published by Lin 

et al. (111). These can be used as a rough guide to the drift paths 

of the charged particles in question. 

The Brazil Radiation Anomaly. 

The particles concerned here have L values between ~ 1.20 and 

~1.75 at the altitude of the observations, and thus belong to the 

inner radiation belt. Electrons drifting from west to east across 



Figure 10 Reproduction of figure 4 from Ginzburg et al 
(105), showing lines of equal counting rate 
measured with Sputnik 5. 
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Figure 11 Reproduction of figure 5 from Ginzburg et 
al (105), showing lines of equal counting rate 
measured with Sp~tnik 6. 
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Figure 12 Map showing lines of equal counting rate 
f or the South Atlantic region measured with 
U.S. satellites in t~e Discovere:r series. 
E > 15 MeV, E /" 2 MeV. :t.:ar made 

P e 
available to us by Prof. F.D.3eward. 
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Figure 13 Map showing lines of equal counting rate 
for the South Atlantic region measured 
with u.s. satellites in t he Discoverer series. 
E > 2 MeV, E "7 100 ke V 

P e 
Map made available to us by Prof. F .D. Seward. 





Figure 14 Map showing so~e conto~rs of constant L at 
1000 k.m altitude. Reproduced from 
referer.ce (lll). 
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Brazil \Jill mirror at lower and lower altitudes as the total mag­

netic intensity at the earth 1 s surface decreases along their drift 

path. As they move out of the region of low total magnetic inten-

sity, drifting towards the African coast, their mirror points will 

rise again. Recourse to figures 8 and 14, and the maps of the 

radiation intensity, shows that the Brazil radiation anomaly is 

precisely where we might expect it to be, i.e. in the region where 

the shells, in which the relevant particles move, meet the surface 

of the earth at points of low total magnetic intensity. Comparison 

of figures 10 and 11 indicates that most of the radiation observed at 

310 kilometres altitude mirrors above 230 kilometres altitude. The 

southward shift of the anomaly in figure 11 seems to indicate that 

for the energy range observed by Sputnik 5 and Sputnik 6, the pitch ­

angle distribution broadens with increasing L. 

3-2-2 The Cape i.;agnetic Anomaly. 

It is clear from the maps that there is no region of anomalously 

high counting rate coincident with the Cape magnetic anomaly. At the 

altitude of the observations, the particles drifting through the Cape 

magnetic anomaly will be those with L between '"'"' 1. 75 and "'" 2 . 2. 

This means that they drift between the radiation anomalies as they 

appear in figures 10 and 12. Since the counting rate is low in this 

region we conclude that these particles r.1irror above about 400 kilo-

metres in the region betv1een the anomalies. Further, since electrons 

are the major component, and since these drift towards the South Af­

rican coast and through the Cape magnetic anomaly over regions where 
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the total magnetic intensity is essentially constant (see figures 8 

and 14) we do not expect them to be observed at low altitude over 

the Cape magnetic anomaly. The reason for the relatively low count 

rate over the Cape magnetic anomaly i n the case of figures 11 and 13 

is not immediately apparent. More exact information about the L 

values and pitch-angle distribution of the re l evant particles over 

the South Atlantic and Cape Town regions is required for interpreta-

tion of these figures. Ne suggest however that radiation described 

as 'lost over South Africa ' in the literature is in fact precipitated 

from the belts over the South Atlantic. 

The South Atlantic Radiation Anomaly. 

Considering L values greater than ~ 2,2, and reasoning as in 

3-2-1, we find that the South Atlantic radiation anomaly is situated 

approximately where we expect it to be. This is clear from figure 

15, taken from reference (112) , which shows the South Atlantic ra-

diation anomaly as observed by Sputnik 5 and the approximate traces 

on the earth's surface of the mirror points of particles entering 

the zone. These traces were estimated with the aid of the curves 

of constant I and Bm published by Vestine and Sibley (113) [their 

diagram for the Southern Hemisphere is shown in figure 16 as an 

example J ,and the diagr am of conjugate points [i.e. points i n 

opposite hemispheres which are joi ned by lines of force of the geo-
., 

magnetic field j published by Vestine and Sibley in reference ( 113). 

[ This diagram is shown in figure 17.] The cross-hatching on the 

northern trace of figure 15 is the conjugate position of the anomaly. 



Figure 15 Reproduction of figure 1 from Gledhill and 
van Rooyen (112). Notice th~t the region 
marked "A" was incor rectly called a 
magnetic anomaly. The cross hatching on 
tile northern ~airror point trace marks the 
conjugate region of the South Atlantic 
radiation anomaly, llabelled B). Some 
lines of equal total magnetic intensity 
(in oersteds) are also shown. 



Fig. 1. The geomagnetic anomaly (A), the south radiation anomaly (B) and traces of the mirror points of rlectrons falling into 
the latter. 0 indicates the position of Iowa City 



Figure 16 Reproduction 
Silbey (113) 
B (labelled m 

of fi:ure 4 from Vestine and 
showing curves of e~ual I and 
F in this figure) for the 

Southern Hemisphere. 



Legend . 

-- F ' 0.45 cgs 

- · - F ' 0 . 30 cgs 

--- F • 0 20 cgs 
.·,.......... F • 0. 50 cgs 

(I ' 15.7 only) 

go•r 

Fig. 4. Contour lines corresponding to equal integral values I, southern hemisphere, geomagnetic coor­
dinates. 



Figure 17 Reproduction of figure 9 from Vestine and Silbey 
(113) showing the conjugate points of selecte~ 
positions in the Northern Hemisphere. 
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Fig. 9. Approximat~ intersections of lines of force of the geomagnetic field with the earth's surface, 
northern and southern hemispheres, based on first 48 Gauss coclficicnts. 

.( 
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Also shown in figure 15 are approximate curves of constant total 

magnetic intensity. 

Also to be expected, from what we know of the outer zone radia-

tion, is (a), that the anomaly should exhibit variability of counting 

rate and/or pitch angle distribution (see figures 10 and ll), and 

(b), that the peak intensity for low energy particles should be at 

higher latitudes (i.e, higher L values) than that for high energy 

particles (see figures 12 and 13). One important feature of all 

four maps is that the eastern boundary is about where we expect it 

to be from consideration of the value of total magnetic intensity 

alon~ the drift path of the electrons. Since the counting rates at 

low altitude are large throughout the expected region, and since it 

is likely that a reasonably high percentage of the particles counted 

have mirror points so close to the earth that they are absorbed in 

the atmosphere, we may conclude that particles lost in the anomaly 

are replaced almost immediately. Of course this does not necessarily 

imply the continuous injection of new particles into the outer belt. 

I t is in fact more likely that particles originally mirroring at fairly 

high altitudes are scattered down to lower altitudes [ (114), (13), 

( 14) ] , thus taking the place of those •:!1-dch have been lost. f. Hess ,_ 

(115) suggests that the boundary is i n fact further east than one 

would expect it to be, and accounts for this by saying that scattering 

of particles to lower altitudes at the expected eastern edge of the 

' anomaly, and eastward from it, broadens the anomaly s igni ficantly j . 

To back up this argument, we reproduce from reference (112), a 



Figure 18 Diagrams showing the approximate variation of 
mirror height with longitude along the traces 
shown in figure 15 for a :particle mirroring 
at 1000 kru. altitude of Iowa. In :preparing 
this figure an inverse cube field was assumed, 
and the values of the magnetic field at the 
earth's surface were taken from figure 15. 
Reproduced from reference (112). 
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diagram showing the approximate variation of mirror height with longi­

tude along the traces shown in figure 15 for a particle mirroring at 

1000 kilometres altitude over Iowa city (figure 18). The reason 

for choosing such a particle will become clear in Chapter 4. Figure 

18 shows very clearly the pronounced effect of the relatively low 

value of total magnetic intensity in the South Atlantic radiation 

anomaly in lowering the mirror points, and demonstrates that all elec­

trons observed at 1000 kilometres over Iowa will penetrate to altitudes 

below 150 kilometr$ in the heart of the South Atlantic radiation anomaly. 

Part II of this thesis wil l be devoted to an investigation of the 

precipitation of electrons into the upper atmosphere in the heart of 

the South Atlantic radiation anomaly, and a discussion of the associated 

geophysical effects. 



EL:g)_Q_TRQ.L_?RECIPJ_':j:_ATJ;_Q~- _f~_TH§_ SO"Q!:fi__ATLANTIC 

RADIATION ANOMALY . 

"Learning without thought brings ensnarement. 

Thought without learning totters". 

Sayings of Confucius - II, 15. 
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CHAPTER 4. 

ELECTRON PRECIPITATION. 

4-1 Introduc~ion . 

In this chapter we deve l op a simple theory which enables us to 

estimate, with the help of experimental data, the energy absorbed 

from trapped electrons as they spiral down into the atmosphere. 

We confine our attention mainly to the South Atlantic radiation 

anomaly. The theory of the motion of charged particles in a 

dipole field in the atmosphere was discussed by StBrmer (1). He 

pointed out that for motion over relatively short distances, the 

dipole field may be replaced by that of a monopole of suitable 

strength and placed in an appropriate position. The relatively 

simple theory of Poincare, which we discussed in 1-3, can then be 

employed. By taking the observed total magnetic intensity at the 

ground as datum, and using the inverse cube law to find its value 

at a suitable reference height, the distance of the monopole which 

would produce the same field is easily found from the equation 

~ 
B 

s 

z2 
= __.§. 

z2 

where B
5 

and Bare the magnetic induction at the earth's surface 

and the reference point respectively, and Z and Z are the dis­
s 

tances of the earth's surface and the reference point from the 

monopole measured along the field line, i.e. along the axis of 

the cone (see figure 1). In finding Z and Z we use 4.1 and the 5 :, 

approximate relation 



z z 
s = 

52 • 

.Jl_ 
sin </J 

where h is the reference height above the earth's surface (measured 

along an earth radius) and ¢ is the angle of dip at the position 

of interest. 4.2 Is obviously only a good approximation at high 

latitudes. It is of course not necessary to specify the strength 

of the monopole since we have described it completely by fixing 

the magnetic induction at two distances from it. 

We now choose another reference level in the upper atmosphere 

at such a height that an electron mirroring at this level will lose 

only a very small part of its energy through interaction with the 

atmosphere. Let this reference level be at a distance z, from the 

monopole, and consider the path of an electron which passes through 

this level with a given energy E and pitch angle 1 ..... . 
0 

~'le have 

seen in 1-3 that if we neglect energy losses, its path lies on the 

surface of a cone whose base is the circle of gyration at the refer-

ence level and at whose apex lies the monopole. In the atmosphere 

however, the energy of the electron will be progressively reduced. 

This implies that the radius of gyration of the electron, and with 

it the semi-vertical angle of the cone, will be progressively re-

duced. We will show that this effect may be neglected in the 

cases which we consider. 

In order to avoid the complications of our basic equations which 

would be introduced by the use of a mathematical expression for the 

variation of density with height in the atmosphere, we divide the 

atmosphere into laminations and assume that the density in each 
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lamination is constant. These laminations are labelled 1, 2, 3, 

••• etc. from the reference level down. Thus the first lamination 

lies between z1 and 22 , the second between z2 and z3 , and so on. 

(Note that in general the Z axis is not perpendicular to the lamina­

tion.) We will then derive an equation for the path length (in kgm/m2 ) 

in the n'th lamination, of an electron whose energy and pitch angle 

at z1 are known. Having found this, we may employ a range-energy 

relation to find the energy absorbed in each lamination. Though the 

last step will involve us in further approximations it is justified 

by the fact that it enables us to avoid consideration of the consti-

tution of the atmosphere at great heights i.e. it is yet another 

'simplifying assumption ' . 

~ Path Length in the n'th Lgmination. 

Consider a section of the path of an electron (with energy E 
0 

and pitch angle ... /._ at 21 ) lying between 2n and Zn + 1 , i.e. in the 

n'th lamination. Let the semi-vertical angle of the cone on which 

it moves be a, and the position vector of the particle (with the 

monopole as origin) be r at some point on this section of path. 

Let the corresponding coordinate (i.e. the distance from the mono-

pole measured along the Z axis) be Z. Then, since a is the angle 

between the Z axis and the surface of the cone, and r lies in that 

surface~ 

d z = d r cos a 

where we regard a as a constant for the moment. Now let the 
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electron move from the point where its position vector is r to an 

adjacent point where its position vector is r d r, and let the 

element of path length traversed be d s. Then 

d r = d s cos X z 

where Y. z is the pitch angle when the coordinate is z. 

have that 

d s 
d z 

= cos )( z cos (X 

Now we knovJ from Alfven' s mirror equation ( 1.19) that 

. 2 "/ s1n h.. 2 = . 2 rV s1n ,...._ 

Thus we 

where B
1 

is the magnetic induction at 2
1

. But, since we are de a ling 

with a monopole field~ 

Bz 2 2 
= _L 

Bl z2 

so that 4.4 can be written 

2 
z 2 

. 2 "A-sin Y--.z -= _L s1n 4,5 
z2 

from which we get t rl 2 2 

~J "~--z l sin 2 
4,6 cos = 

z2 
'+ 

At the mirror point ~·2 is 90° which implies that cos '"'/.. Z is zero. 

Thus at the mirror point~ 

z 2 
. 2 1 Y... 1 2 s1n = 

Zy.,_ 

z 2 z 2 . 2 '/- 4,7 or = s1n 'X. 1 
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where Z"/.- is the coordinate, at its mirror point, of an ' electron 

which has initial pitch angle ~ at z
1

• 

and using 4.7 9 we get 

d z 
d s 

z d z 
= 

Substituting 4.6 into 4.3? 

It is clear from 4.8 that d s is indeterminate at the mirror point, 

and imaginary below it. Above the mirror point d s may be either 

positive or nega.ti;ve, wh ich simply means that the electron may move 

either towards or away from the monopole. It follows immediately 

from 4.8 that the path length (in kgms/m2
) through the n ' th lamina-

tion for an electron with initial pitch angle /( , X rJ ? is 
n' !'--

given by 

X = n,J( 
Ln.__ 
cos ex 

z d z 

= tn_ 
cos ex [ (zn2 2 ) J._ ( 2 

- ZY. 2 - Z n+l 2 } ).] _ z"X ::r 

u 
Where fn is the average density in the n'th lamination. We see that 

for particles mirroring in the n'th lamination only the first square 

root term in 4.9 need be considered. 
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~ An Intuitive derivation of equation~. 

Let us visualize the path of an electron which spirals down 

towards the monopol e on a cone of constant semi-vertical angle ~, 

and reaches its mirror point in lamination number n + 1. Now 

imagine the conical surface cut dovm one of the position vectors, 

and opened out into a plane sheet. ~·le know from 1-3 that the path 

will now appear as a straight line. Thus we have t he picture shown 

in figure 19, where and W 1 are the distances from the mono-
n + 

pole t o the boundaries of the n' th lamination and W -x_ is distance 

from the monopole to the mirror point, these distances being measured 

in the plane surface. It follows immediately from this figure that 

the path l ength through the n'th lamination is given by 

(
w2 

n+l 

and thus, for a cone of semi-vertical angle~, we have 

X _6_ 
n, ;( - cos ~ 

2 )' )_ 2-x_ 2 

which is equation 4.9. 

4-4 ~umerical Computation . 

In this section we describe~ step by step, some numerical com-

putations based on equation 4,9, and give a brief discussion of the 

results obtained, The limit on time and funds available did not 

allow extensive computations, but we are able to present enough 

data here to allow an assessment of the value of our approach to 



Figure 19 Diagram showing the part of the surface of the 
cone opened out into a plane sheet. A few 
l~~inations, and the section of the electron's 
trajectory just preceding the mirror point, 
are shown. 
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be made. ~e will do this, and discuss possible extensions of the 

work, in Chapter 6. 

Locations. 

Computations were made for three geographic locations, with 

appropriate choice of the monopole field in each case. Details 

of these three cases are as follows. 

Case I 

Initial conditions at a height of 200 km.:. 

Location: 

Significance: 

At this location: 

E = 
0 

X = 

100 keV, 

0 1, 2, 3, .. by one . • , 90 

Geographic coordinates 

This point is in the heart of the South 

Atlantic radiation anomaly (see figure 16) . 

¢ ~ 65 ° [see reference ( 116 )] 

B = 0,40 gauss (see figure g) 
s 

The required monopole has 

Z = 4653.2 x 103 metres. 
s 

Initial conditions at a height of 200 km.: 

Location ~ 

Significance: 

E = 
0 

-v = /'-

20 keV 9 

0 1, 2, 3 9 • • by one •• , 90 

20° ~ . 46° S G h ' d ' t vv , ••• eograp lC COOr lna eS 

This point is near the Argus shells (96), 

and approximately between the Brazil 

radiation anomaly and the South Atlantic 

radiation anomaly. 



At this location~ 
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[see reference (116)] 

B == 0. 30 gauss s (see figure Q) 

The required monopole has 

z 
s 

3 
~ 5520.3 x 10 metres. 

Initial conditions at a height of 1000 km.: 

Location : 

Significance: 

At this location: 

E = 
0 

100 keV, 

0 1, 2, 3, .• by one •• , 90 

95 ° W, 40° N •• • Geographic coordinates . 

This point is near Iowa City, i.e. in 

the northern trace shown in figure 15. 

Electrons observed at this point will 

thus drift through the South Atlantic 

radiation anomaly, as was pointed out 

in 3-2-3 , 

[see reference ( 116) J 
B ~ 0.57 gauss 

s (see figure 20) 

The required monopole has 

z 
s 

3 
~ 4500.4 x 10 metres. 

4-4-2 Atmospheric Densities. 

We assume, for all cases, an atmospheric model in which the air 

densities given by Cook (117) from satellite data are combined with 

those calculated by Nicolet (118). A curve of density versus alti-

tude was prepared fran these figures, and l aminations each 2.5 kilometres 



Figure 20 Map showing lines of e~uul total magnetic 
intensity (in oersteds) for the Iowa 
region. Also shown are lines which indicate 
annual change in total intensity expressed 
in gruruaas, full lines denoting increasing 
intensity, and dotted lines decreasing 
intensity. Reproduced from map for epoch 
1955 published by the United States 
Hydrographic Office. 
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thick i:,c: lov: 100 kilomctJ:0s , .:-·.>:d 5 kilo·~~otres t'··. ic~: :.."oov() 1.00 kilo-

l e:nina.tions -:vas found. R ·JU ,h !.::J":. i:!k .. t·~:,-. ::.:·,o·.·ed e .. , .. t el.:ctr-:-:.·1s 

for uach c :~ . e f:t:o;.! 

l 
n 

; 
LJ 

3 

alonG an earth rudius) . 

= n 

sin ¢ 

'l"·.c ·r~f.- ,· o·~ce ' · r· i ' · t .... ~ .::..:....:_ ... .. ;_ ~ ...... .. ::. ..... :: _ _:_ ·_::_:_._.:,._ .... ;.:!: 

Z , et8 . '.'GI·e ca.1cu1ated 
2 

Not;: t k.J.t for Cas;~ III E nnd "X. o.re given 
0 

at c:.n c. ltitucL of l OilO kilom;:tr:.;.; . .Nov ('.rthc1c. ~ ·-;c consid .r a 'b. sorp-

'I...::. b l e l , i ;.-, LH:l 

Appe~dL. to t:!iz L :esis, ::_;iV <)3 

vnlu.os of Z - Z for c a::,c~ I, I l and III , fo r val~os of n frou l 
n s 

to 10.. 
2 

T~ble 2 g i ves the v~luo G of Z for cns0s I, II and III for 
n 

values of n from 1 to 10 . 

c on~idc· :.. n ._:l'E:a tor t:~an 40 , 

(It ·. ·a~ 1ound t o be u;:DJCGcsr.ry to 

i.e . h le ...;: 50 b1ometrGs , :, inc~: all 
n 

4-4-3 ·. :ir:~.·or 1- oint CoorC.i n·1. t :J :::. . 

2 
Tho valu0 of Z Y ... fo r .Jete]-. ""( -= 1 , 2 , 3 , 

for o:' cl:. cas::: .:c..::, c _. lcuL .. t cd fror. G u.ation 4 . '1, i.e . 
.... .-, 2 G 7~ sin y_ , z 'X = "~l 

UJir!£.; t:.l.; valu-:::, o: ~2 i':r o_l Tc.bL . , 
.:.1 .... . 

Table 3 i n th0 Appcndi ·· . 
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4-4-4 Range-Energy Relation . 

The range-energy relation employed was that given for soft ~-rays 

by Katz and Penfold (119), namely 

R = 412 E l. 265 -
0 

0. 0954 ln E 
0 

where R is the range in mg/cm
2 

and E is the initial energy in 
0 

ivieV. To find E
1

, ;( the energy of an electron (with initial pitch 

angle )( ) at the bottom of the first lamination, we first calculate 

R and x1 , ~. The residual range of the particle is then taken as 

R x
1

, 'X.. (using the appropriate units of course), and E1, y_ 

found by solving the equation 
l. 265 - 0 . 0954 

= 

In general, to find E ,; , we would thus solve the equation 
n' "-

f R 
~ 

n 
\~ 

'----
1 

= 
1.265 - O. 0954 In E -v 

n' /1... 
412 E v 

n' "-

In the lamination in which the particle mirrors only the contribution 

of the first square root term in equation 4.9 is considered for the 

summation. If the particle subsequently moves up out of this lamina-

tion, we add this contribution twice, and then add the value of 

X ,; for each lamination on the way up as well. 
n' "-

We stop the cal-

culation only when the L H S of equation 4 . 12 becomes zero or the 

particle moves up through the reference level. 

Variation of o:. 

We have pointed out in section 4-1 that ~ should strictly be 
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regarded as a variable whose value decreases as the energy of the elec-

tron decreases. Thus t he term cos <X which appears in equation 4.9 

should be regarded as a variabl e . Now~ we have also pointed out that 

the radius of the cone at the reference level is simply the gyro-

radius of the electron at this level. This is given by equation 

1.5 as 

a = 
m v.L. 

e B 

It is obvious from this that the radius of the cone at the reference 

level is i n fact a function of v.L. and Bat this level, i.e . a function 

of E , ')(_ , and the value of B at the reference level. 
0 

These em-

barrassing complications are however removed by the follo1Ning 

considerations. If we take the value of E = 100 keV, that of 
0 

f.-. = 90° (so that v J. = v), and that of B = 0 . 1 gauss = 

webers/m2 (which is less than the least value encountered in the 

cases we consider), we find that a is of the order of 15 metres. 

This represents the uaximum value of a with which we v1ill have to 

deal? and since it is insignificant when compared with the values of 

Z, which we use, these being of the order of 5,00J kilometres, we 

are justified in assuming that we may put cos <X = l for all 

E 
0 
~ 100 keV, B .?. 0.1 gauss, and for all ·f. 

4,9 becomes 

= 

Thus equation 

z~) tl 
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4-4-6 Programming. 

The computer was prograu~ed from a set of notes and instructions 

similar to those listed below. The app~opriate conversion factors 

have been included so that the final values of the energy are in joules, 

(1) 

(2) 

(3) 

(4) 

(5) 

Variables are n and )( 

For each case we find first the constant A , given by 
0 

A = E 1.265 - 0.0954 ln E
0 

0 0 

where E (given in i\oieV) 
0 

is a constant for each case. 

:Je find, for all n, for a given x, 
X y_=~ !r 22 - z2x__)-~- ( 2 -z\_) {J L\ n 

- lz +1 n, n \ n 
' 

,Je calculate 

_1_ 
4,12 = 

4.15 

F ·.,; 
n' ;, 

where we have multiplied by 100 to convert from kgm/m2 

to mg/cm2
. 

-13 We then calculate 1.602 x 10 x E -v (joules) from 
n' 1'-

the equation 

1. 265 - 0. 0954 ln E .,.../ 
n' ,...._ E -.../ 

n' ;-. 
= A 

0 

0 = 0,0954 (ln E , 1 )
2 

- 1.265 (ln E , 1 ) + ln (A - F , 1 ) 
n, "- n, " o n, I'-

taking the + ve root . 
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\7) 

( s) 

(9) 

(; .. 
T<..bulL. to X 

l~ ' '/ ..... 
· · · l u"'02 v 10-lJ ~- ~ •·o1 ~ n :....; .. u. • ~ ••• ~ ' J . .J~ l._ • 

11 ' '(... . 

'f{e re.i)e<-~.t step~ ( ~) , (4) , (5) ;_.nd (o) 1.'o1· ec::.c. X= 1 , 

2 1 3 1 •• by one • • , 90 1 and list L.e v u.luc or)( v:i t :::. 

We co!ltin.o co•-putr-.t io~1 unt i l E '-1 = 0 m:;. d t !1 Gl1 stop . n, ,.._ 
2 " I f Zn+1 falls belo,.., z-x, , "i78 i enore t 1 •. e second tern. 

if! -.:: . lS a.m: con t i.:e t>.e calcuL.tiol: ·:rit .• t :"e fir~>t t er,. 

Ollly . 
r, 

Ir.. t.ds C.:\..;0 z~ ·:rill I 'lll iJe l oy: z;c nn t :·w next 

t: .cm co~:t1.~mc t ;.1.c co. ;],Jutc:.tiOil ;;y c ddi:r.. ~· X ~,~ 
.. n , 1'-

step . -.-~ e 

~LJ.i:: ·.-fit:·. 4 . 16 ~md t:,er" deer-e . .:. i; .. n by e!'le u~. i t rer st" e . 

in place o ~.' incroo.·.;i~l · :,~- one . ~e no te in t~i G connection, 

(a) b .at t ·.: e v a.l u e :; o f •r 
.r. ··.! n ,·,.._ 

c c.lcuLt ted 1':coJ 1 . Hi , ._nc. ( b) , t:'.~tt i;~ t i.:.o evc~tt of t l.ere 

··l:..l 
boitl.::. t·.ro v._tlucs of l.uO~ x 10 x E ... 1 C01T031J OHui ng 

n , /'-

to o. pu.r1.icular vr,luo of ~1 i'o:r u p , t:i: t i cult.'.l' v:..luc of X 1 

t~.~ e~; ul'E: t ubulat . d ne.:),l.rc..toly c . . .-: inst t r..ut n for t '1t.>. t X. 

( 10) If n ~oes .. 40 ·;;f) stop t >e ca~ cu1 ··.tion . 

( ll) 

( 12) 

If n '-'oo~ ., l ··:e :.;tor) t ':.o calcnLttion . 

T: .. ~ v~luor. oi' 1. o0 ;2 X lO -;-1 ::; X 't' ·ere ·.;or:~Jd C'.;r1'3Ct 
~n ,/( 

t o five r; i c;:'lii'ic.;.:nt fi,_~uros :::.o t ; <"·.t t >e 8~1cr ·s los::; of 

L .c, electro .. in eac~. la::1ino.ti cn could be follo.;ed ir! 

SOi,iG dotail . 

':le ,;i::;l: to t :1 anL t ::.e C. S . I.R . l'or a .;n.nt to c over t:~ e co ::; t 

of CO!..lputn tior:::; 01~ its I.B .:, . • 70 4 co:::1put (;r , and Dr C1·yer of the 

4-4- 7 l'l'G:...m.ltu.tioE Oi. rasults . --
Figure:.; 21, 22 a11d 23, for cusos I , II and III respJctively, 

.·e1·e 1n-oparr,d frOi:t tho res1..<.lt o of t 'tcso co;.!put,\ tions. L'l eacl1 case 
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we have plotted, for selected values of ;( , the total energy absorbed 

from the electron in each lamination (where this is significant) against 

the median altitude of this lamination. In other words~ for the n'th 

lamination, we plot E n-1 E (plus any contribution on the way up) 
n 

For cases where the electron's energy goes to 

zero before it mirrors, we have estimated the height at which this occurs, 

and plotted E ,/ = 
n' )-_ 

0 against this height in the lamination in which 

the energy becomes zero. It must be pointed out that the maximum 

energy for each curve is in general not well defined merely by plot-

ting th~ points as described above. For cases where the electron's 

energy goes to zero before it mirrors, we have used the obvious con-

dition that the area enclosed by each curve should be the same. (In 

fact, the area is of course numerically equal toE in each case.) 
0 

4-5 Discussion of Results. 

Let us consider each of the cases in turn . In figure 21 (Case 

I ) it is apparent that energy loss is negligible at heights above 120 

kilometres. For small /( t:-~e electrons penetrate deep into the at-

mosphere and lose most of their energy between ~ 65 and ....._ 70 

kilometres. As X increases the height of maximum energy loss rises. 

The rise is at first very gradual, (for )( = 70° the maximum is still 

below 80 kilometres), but rapidly becomes more sensitivs to )(. At 

= 77° it has risen to~ 87 kilometres, and for )( 0 = 78 the 

particle mirrors near 100 kilometres and escapes from the atmosphere, 

leaving less than 2q~ of its initial energy between 100 and 110 kilo-

metres. Electrons with 1--. greater than 78° are mirrored with 



u ~) . 

l oss rise s -.~i t :l i n c reasir:t; '/... is of c our se r':ao to t>c incrc..:t se of pe.tl'. 

len ~: tl, in eac:· •. lau inc.tioY.. "i e:. inc roas in::: -x_ . 

In f i t;uro 22 (Case· II) t :1e ener[_;y los B is sii:.:tller , o.:.:d occurs at 

lli;y,her leve l::> , du e t o t h e s~:;.a l lor initi al e:·1er _~y f or t : i~; case 

\,E :z: 20 keY) . 
0 

Other-:;isc, t he behaviour io vor~' sirr.ilu.r to t .lt.t for 

Cl:iSC I . P v.rtic l e s -r1it:1 j( grt>a t er t :wn 80° mil:ro r above 120 ki lo ~· 

1~ctres , und lose:: a negligible aruount of t:wi r ener ~:y to t.~o atroJosp}!.Or c . 

T .. oso per~et:ru.ting t o relatively low levels i n t: te at . .!osp}Jero loso : os t 

of t h eir m:orr.~- just l1e l o·.- t~1e 90 kilo ·o t re lev ol. 

FiJure 2 ::5 (Ct..se III) s~10·.·s t:~.c r esults for 100 ~~ev electron.; ii1 

ciduat Ll t 1000 kilo.;etrvs over Io;'a . 

fi.l\. t:,EJ v<:.lu.:;~ of E C.~!ci. X o.t a ~l.ci,::)1.t of 1000 '-:iL::_ etro:: r unul ts in 
0 

tho lo;··;cri n.:., of tl-w criti cal v1.luo of j( , so t: .. at o:1ly electrons 1fi t :-t 

')( lc..;s t '-.o.n 56° c or1tri~1ute a:'ly cmergy t o t"le at.. o:.:;phere . The :."3.i1'! 

c ontri'· ution is :;eon to occur he t ·een 05 t1.:'ld 80 !dl <...Letres . 

In o1·der to a stiiau.tc. elC total cnol'~j- L 1:put to t :uo at .. vsp: .ere ·.-;o 

l1l.Od t o kno·.-~ t: .. o rJ l ec tron f lux , ouer~y spoctrui 'l1 ancl. pi tc~·t - anbl o d i sl:. 

t ri'uution . :;·o·:r ·,{e l1 : ve poir.ted out in Cb.c.p tor 3 , t '·.D t ~ lcctrons 

Jrift iac ovcx our loc :.;.tion f~·r Case I , --ill h ' fr..ct ::..wn drift od ovor 

our locc.tio .. for c [~:Jo IIl o:.; t'...o nort:u-n: lJfl::t:t o:f' t -.- oir t:r:aj ectory • 

• ~.1 titude of 

10(10 ~dlo•Jutrcs oV::JI' Io·::a Yi tl~ tl~o U.S. so.tt..lLte Inju:: I, C.J'lcl t : •. i s 
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Figure 21 Graphs of energy lost by an electron, 
versus height, for selected values of 
-;{ , for Case I. 
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Figure 22 Graphs of energy lost by an electron, 
versus heieht for selected values of -f._ , 
Case II. 
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Figure 23 Graphs of energy lost by an electron, 
versus height, for selected values of)C 
for Case III. 
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is t ::1e l'ea.non wl·,y we cl1.o se to f i :.c t1:. o values of E
0 

e.i:d '1... o..t 1 , l 00 

kilouetren f or C.so III . Tie .lO'ff c:.r~ue a::.; follo·.:s . .3c:.telli te <iata 

are available for t >e rer;i on ovor Io.ra for electrons vri th 1 v a lues 

bi'tweer! 2.5 a~.d 3 . 5 at 1000 k ilo.,:otre:.; . --· ·-----·-· The 1 values of elcctrona 

in a.pproxi..:.J:~tely b.is :r·an~~e , and t :1ereforo t :J.e:.;e electrons a:r·e 

t~. oso .. ,o:.ito:..ed c..:.t 1000 ki lo .... tot:r·e:.; over Io;L. a "·~ort ti e 1 before , 

as indic ~t ~d by th r tuo t races of figure 15 . ~urt~er, elec trons 

:::il'l'oring at ~pproxi1 utely 1000 !~:ilm·.J .JtrN> ov.:::r Io-rnt .il·ror at 200 

}:i lo,_.etros over t >.e Sou t : At 1 1.:1. tic radia. tio:1 _,.;JO:.:L\ l:v , n inc e t Le 

n:.. .::_:ne t ic int e:.~ i ty it. a·,lout t' .. ::: sa ,e for t}• . .Jsn t·.:o :::o .; i tions (sec 

frow the s .;. tolli te Injun I :r·qn·;;nnnt . r·ui:t:ly H,::ll , t l:c electron~ 

entorin1-~ t:·,e SouL. Atlantic r .. d iD..tiou <:.no :aly . VIe m·c t :1 erefore i n 

c. posi t ior! to co·::,i .• c t >.is f'~.h~ \lit:~ our result::; for C.::.se I , and 

6St.i.i(•ute fro-, it, t:,o Oi'l(':r;_;y i nput to t:lo.e at:nosp ... ere in t he r e[ion 

of t '1 e Sout:.l Atlantic r<...dia tion -EI.:!lf''"'' ',.:.y. Uniortu· uet ly no clata oa 

t :1e p:i. t<..:~::.- all....,lEJ d.ist:ci~ utJ..on..; of l.lec tro •• ;:; u.t t .• c lucation or Case II 
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be en reno r +ed i n refe r1~c es ( 4.4 ), (62) 1?'1lcl (120) . : ·i gure 24, 

reoroducE:-d fro rr refe rr::nce (120), s .t'!o··.:r.- so!"le typicf-ll types of 

pitcb -P.:'lgle dist ribu ti on observed over this re8ion . The 

upper hc> l f of t he fi bure shows ~=~ nPrrov,' C.iotrih;tion for ''·' tier: 

no app r e ciab l e 1' du.-rnp i ng '' or p recipit!=<tio r:o of t:·l e ctro11 s i n to 

t he lower ~ trosphe re occurs . The distribu t ions in t hP lowtr 

h9lf o f the fi.::_.urE' Pre ··.'i dE r , P. J:ld ?11 e l ectrons Tith nitc.h 

P ''~ les l e ss thP!l "bout 56° ";ill bE. "du~ped" i nto t bE lower 

?t"";osl)t.e r e (ie. they will T"'irro r below f-lbont 110 ~:::i lo111ct·~~S;~ 

r_::~nd t be refo:re h~ve Pll or ~ost of tl:eir enere_y r>b sorved. i n 

tte pt··ws~.be re ) . T·.te "bock sc::>ttered " co·,no (_ er:t c o:wis t s of 

those e lec t r on:::: ,:-hich PPV E' e scc>ped c.u""'ni :1g C:ue to l"'re;:e 

i ncre9SE.:S in thei r pi te l': P'(t{::les CPUSed r1~inly by SC....,tteri!lg 

processes ~om~whe~f in the re~i on be t·~een lOC o n0 1000 

ki lo::~e tre s . UndE: r cor.ci.i tions of no c;urr'li.:'l~·. ···e SE' e th'=' t tt:e 

~istribution cuts off r n tne r sh~rply n t "'/ -. ,.... -

ex.P·-·ct f r or0 o u r rGsults i n Cece III th r t no e nEr;~;v is 
o_bcorbcd i f! t he etT'I"ospre r e ove r Io·ve nnG e: r tbes (.. co :1 Di tions . 

On the otLer hPnd , we ~ey ePsi l y esti~Pte fro~ f.i0u re 24 

th2t over 20 .. of t hese e lectrons ih~·ve 1- ~~;;~; tb.~n 77° Pnd 

''.'i l l therE. f ore _:_,ive llT,) 0ll t li.cj r ene rf_:y to tl: e n t>rosnl~e re in 

T1efE:Y r inc to tl:e lower hr->lf of fit.;u re 24 Y:e see f ro>:' our 

resul t s for CPse III thPt ~o st of electrons lRbellcd ~s 

' ' 
"durr:u e d" . \~!ill lo se energy in tbe Pt.""'o :::mtere over Iov:"' 

(see figure 23 ) • 



Figure 24 Typical types of pitch-angle distribution 
observed over Iowa U.S. satellite Injun I. 
Those in the lower h~lf of the figure show 
backscatter and dumping. Values of B are 
in gauss, and altitudes are given in 
kilometres. (Note that the pitch- angle, 
ex, - -;<.. ) • Reproduced from reference 
( 120). 
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O'Brien (68) h?s published Pn Prticle on the 

)reci 0itgtion of electrons ovtr the Iowa re ~ions i n rhich he 

co:''bines the Injun I cietR wi t:r, Jlle::>surl"T!'ents of the intenRi ty 

of electrons in th~ equ~tori~l plPne t~~en ~ith Exnlorer 12. 

Fit;ur e 25 , rcproc:.uced frof" his p::;>per , shov;s the sp!:iti':ll 

pPrPmeters usEd (u"J?per h?lf) Flrld P Sl1.T'Y)1T'8ry of the d.~=~t, used 

by 0'3rie~ projected on 0 mPp of North PmericA (lower hPlf), 

He has . u see. the p~rP.rnc.ters 1\ , t~e ilj_nvRrirnt lf-ltitude" , 

defined by 
,.., 

L co s.:: ../\. = 1 , 

Pnd the L VPlues At 8 J.t elt:tude of l OC kilo!"letres . Note 

upper hP lf of fi gure 2~ t he velacn of L Pr~ identicnlly 

eauel to thE rPdi ! of t he shells (in ER uni ts) . 

~e PTe intlr€S~ld in the re[iOll l~in~ between inveriant 

Eerly I njun I detr (6 2 ) i ndicB.ted 

thPt tJ~e unj d irE·ction~l fl v.x of (. lE·c t rons v:i th F.: ? 40 k6V 
e "' 

wr: t ynicPlly o f the ord(r 106 /c~2 s e c ster nt 1000 ~i lo-

metres over Iov:!", of ,.,hich les s t l:?r. 10~ · is cue to protons . 

6..ssu-rrin[ Pll iso tro·oic c'l i s tri t)U tion, t;· .. i s i rro lJ es "' I i. 

7 2 
omtlic1irec tiow:~1 flux of f1 '.'J)roYi!"l .~ tely 18 e lectroEs / oltl sec . 

We pssu~e this fic~re for the o~ni direction~l intensity i n 

our c..,1culP. tions . [A be-tter estimnte of tr.e ol'!ni­

dirt· ctione1 fhtx C'::'n be fol.l.ncl frorr. fi [!. \.1.re 25 by F~Cldi:~::~· t r e 

v~lues for t be tr8ryoed ~ nd dumoe6 (un6irectionPl) fluYes , 

Pn6 multiplyinb by 10. This eiv e s the o~nide rctio~~ l flux 

2S 2 , 08 X 106 , ie . Of te fifth of .ih·e. fX~~"t'~ .:We. ·· · 



Figure 25 Upper half. Special parametres ( L and A) 
used by O'Brien (68). Reproduced from figure 
2 of his paper. 
Lower half. Data from U.S. satellite Explorer 
12 anu Injun I, togetner with ~uroral data, 
projected on a map of ~orth America. Reproduced 
frow figure lL) of O'Brien's };l.aper loB). 
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This •:Jill r:.ot rPclicc-lly Pffect OI.IJ' resPlts 

however , tbese beinb i~ ?ny cpse i~teaded only PS or~er of 

!Jlet;nitude esti!!"Ptes . (See ~lso section h- 1) . ] ···e 1· ow hr>ve 

esti~?tes of tbe o~niCirec tionrl flux nnd uitct ~n€le 

di stribution of electrons ~t 200 kilo~e tres over the South 

Atl~ntic r?dietion ano~aly. 

~o~ it wust be pointed out thPt Pll the ~ntP r2ferred to 

in this su~- section h0ve been for electronc ~ith e~ercies 

grePter thP~ 40 ~ev . 

the energy ~uectrum of th(se electron~ -n~e it di ~ficult to 

con te~·t . Fro~ fi[ure 5 (for L = 2 . 4) , P vnlue of 100 

l{eV S ECP.'lS R rE-PSO.lc-bl€, thOl~-...: :i fpir·ly !O>Thitr0 r~: CtoOiCe . 

Thus 'H6 dE-cide fim~lly on .:-n o~ni C.:ire ctio:r.el fl ny o£ 107 

2 electrons /em sec of e~er~ y 100 keV, with " Ditch-PD ~le 

cistribution si~ilar to thr.t e:hov·.l in th(: u~ner h-?lf of 

fi.::;ure 24. 

4 r '"I 
__::_ l) - _ (-: . • EnertY Innut to the ?t~osphe rP . 

direc+ionpl flux of 100 keV e l ectrons v!hicl-: lies L ::. suc.~ss1ve 

thel1 ?ddin:; the encr~ y contrioutions in epch lo,.,..in"tion 

The restAlt of such pn esti;n:::~te is sto'''Yl in fi~_,_u:re 2~ "rhere we 



Figure 26 Graph of the estimated energy input to 
t!1e atmosphere VE'lrsus height. 
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0 

have dr.qv·n r> sn:o.(tteu curve throu~ l::: ttc:: v." l n es of t he energy 

i nnut for eecl: l sniw,tio:r.. . - . ~~ote t.h~ t v·e 1cnoq, fro!!: fi ;~ure 

21, the e r:e: r c,y ~b sorbE.d fror~ 0 11e ele ctron \Vi th Eiven pitch 

~ngle i;~~ P _:,i ven lerinF' tio~i ifl units of Joules/ ern . From 

the ess~~eG d?tP on pi tch -~n~le distrib~tion ~nd omni-

d.irection~l flux we. fiLC: the fluY 
2 /cr sec of tbi~ type of 

elec tron . Thus it is conve~ient for u G to exryress the 

enc r~,y input in the ler1in~tion in u::i ts of Joules/c:rr-3 sec, 

i . E: • · ... t I 3 h d ll1 ·.,FJ s err.. , Ps we PVe ,one i.n fi ;_:ure 26 . ""'e see 

t hP t ne? rly ell the ene r 2.y is lo st bet'!'e en the 70 f-'nd 100 

kiloEetre · leve ls. From fi 0Llr e 26 P Fe' our ,q s:2wne d flux of 

100 keV electrons we rnRy e~sily estir?tc the corres~ond ing 

totPl ene r [y i npu t to the Ptr~oc-;Jhere bet'"eer: these levels . 

- f~ 2 
Th e re ::mlt is 'P0roYir"qte l y 3.0 Y 10 · · :Atts/cm , ~··hich if 

s prcP( ovGr 40 kilo~etres i n heiLht Give s Pn ~ve rQ&. e ener~y 

dissinr->tion of 9 x lo-1 5 1'7P. tts/c~.3 . 

In P.C:•.c'i tio_:. to t he Pbove there is some evidence of l!:lrge 

fluyes of electrons with ene r~ies of apn ro~i~Rtely 10 keV 

jus t "'bove tt5 P.trnospr,e r e [ (44), (6C:.), (120)] • 

KrPsovskii e t e l (44) tP.ve estim.-.te6 t.h ...., t these m_.<:>y Cflrry "'ll 

e ne r gy flux of 8bout 10-7 ~P tts/c~2 
down into the Rt~osnhere 

betweeL h eights of 200 2nd 300 kiloretres. Our results 

s eem to i ndic"'te t ho t very little of t h is ene r [S will be 

obsorbed by the ? t~osphere at the oe levels . 

fros fie;ures 7 !3nd 9 of the ir p-?per (44) thP..t l=lbout 10, of 

t his energy flu~ ~ill be absorbe d in the Rt~osphere , i.e . 
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r>bou+:- 10-e v.'ptts/cl"'l~ . O'Drieft [-(6E'), (120)lh.o 3 reported 
l- ~ • 

1 1 , 7 lo-6 I 2 enere;:y f uxes bet;··een 8no. x 1"' r>tts c~ · due to 

electrons ~ith ener~ies in the r2~ge 1 to 40 ~eV At 1000 

kilometres over Iowe . 

distributio~ similPr to thPt of t~e more enerce+ic 

co~~onent , we mey estimPte th~t About 2~d of this energy 

2 -7 I 2 flUY, i . e . ~bout Y. 10 W~tts C~ , will he Absorbed in the 

Ptrrosphen ovrr the South Atl!"Jntic rnr"iE~tion °ll0T11."'ly . Our 

resultc for Case 2 l EPd us to believe that t h is energy will 

be ae~8Sited ~Rinly PrOUD~ the 120 kilo~ete r leve l. 

(See, howLver , ~eec (12 5 ) An~ s ection ~- 6) . 

4-7_ . Discussion of Si~'"Plif.ving Acswrr:Jtio ns . ----·- -~·-.. . -· ·-----__ ____,__ __ 
Before go i nL o~ to di scuss the leop~ysicPl effects of 

t h& i nfluY of ener: y into the .ot~osphere over the 3outh 

briefly the two ~~in sinplifyinc .ossu~ptions m~de in this 

ch?pter . Thece ? rein co nnection with (1) , the use of the 

the effec~s of scrtterinb iL the Rt~ospher & on the mirro r 

hei~hts of tte elEctrons . 

~-7-1 . T~; e use of the R.on_,e-~ne rnr relation . 

Thou: ·h thPre i o so~e doubt PboD t t he v~li d ity o~ the 

wRy in w~ich we hPve found the enertY "t the botto~ of ea . h 
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fo llovling . Th~ rEl ngc - e nc:rgy r e: letion we hr.1vt::. US t.d w~s 

d€rived for thE; ebsorption of f3 - p:=:rticlc s in 8lurninium . 

N8w i~ 1~ ~ell known thet t hb Pbility of Rn e lc~~ nt to stop 

j3 - p~ rtic l e: s dtp t,; n <.l S on the rP ti o of th<:, 8 toT'I"i c nurrbc r to 

t he Rto:mic mass, i . • .. • on Z/t-. . '!!hen the r::1n:;c in :=tlurdnium 

is eYprGssE-d in t E.: r ms of thE: thickn<::ss of the 8bsorbEr 

multinlied by its dE:-nsity , ··1c m8y epply thE: resulting fi gure:: 

without too much lost; of 2ccur a.cy to Pbsorbinc_ me.tcriPls 

for which the retio Z/A is epuroxi~Pt~ly the sg~~ PS th9t 

for -?Jlumini urn . For ExPmplc, in th·; CRSe of BltLrninium 

( Z/ \ = o .. 48) th·.: r!:> n5c of q 1 I~t-J'T /3 -p~rticlE.. is .o bout 

400 mg/cm
2 

whilE: in th E C-?S E. of t:-old (Z/! = 0 . 40) the rnne:e 

'"' 
is ebout 500 m~/cmc , ~hich is not V( ry diffGrcnt from the 

~/e r:.ay gu.:.ss t lJ-:>t <lt heichts of .obout 

100 kilometrE-S in tht .otmosphE:rC th _ : ffE:-CtiVE: V0 l U0 Of ~~A 

is ebout 0 . 5 (i . ~ . the: v:=tlu~ for oxy~en ?nd nitro~cn) , so 

th.ot it i s p 0 r mis s i b l e to u se t he r~nge-tne rzy rcl.o t ion ~s 

g iven . 

loos~ly used in this cheptE: r . 

to Pssu:rrt: thr: t ths t:lET!1€nt of r.on ;:;~... of .n n elec t ron T)Rssing 

d.:;nsi ty o f the· l.orr!LlPtion by it~ 11 thic~:Tu·: s~: 11 , m::Psur:d Blon g 

thl p.oth th:·' t tht::. t:lc.ct r on 1rould f'o llo···: i n fr c< cl)PCl:' in a 

~O.DO'!)Olt.. fil'; l c . 
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~-7-~-. The Effects of :SePt tering on +.ht=o ri:r:ror hei ~-J·ts . 

rratnetic field line (i . e . the " Yis of tbe con~) ~ill not 

rneteriPlly ::ffect our results . It h~s b~e~ shown, however, 

litH: -r:ill C'iS1)f r~. •:: 1 he he i 2. hts of the: mirror P·-' Llt; . 

is, if ···;e coru:; ic1E:r P trou '/ of elc. c+rorH:~ ~··i ti': ti~E s::we i.ni +inl 

pi tcb ?nglr:. , t.teir rrirror oo2.nts 'Yill be s ;n>..,c th:r·;)L;t.·.h .-::>. 

fpirly ~ide rrn~e of pltitn(e (14) . The cle c+ro~c which 

not r'ffect our re::.ults yo:>( ic<:-11.:· eince- the r-.le:ctron::: rrE. 

. !) 
s to ·one d just. be lo··r 7ll ki lo'!':ctre s evu1 for 'f, = l • Also \"'e 

e lee trons will be more thc:m m:: de u p b .:- t te cio·:·n···<:> ro sure!:> d of 

the i n itial enertY ~nd the i~iti~l pitct-PnJle Cistribution . 

of the initiPl er.er::;; y "Jill ir::cre'Ase the hci ,:_: l:J+s r->t ~!l: ich t 1·;e 



enbrLY is ~eposit~d . 

iE; :=:n increr>sc of flu.z t.J'.',' "'rcir:; low enc·r c i<7.8 . 

P resalt it is l~~elv th0t the maxi~uM ~ner• v lib~r~tio~ ~ill w ~J . -

be betv·~en 9~ 8nd 105 ~ilo~etres r~ ther th"n ~t ~bout PO 

kilo~~ tres ~s ~how~ in fibure 26 . Thf effect of broPCeni n; 

our assu~eG initi?l ~~tch-P~~ le {istributia~ ~oul( be to 

lovqe r f!trnosnhere , thu~ incre-=lSL1;_. the Eon -::. r :,.'/ i : tf];_;:· . In 

t}it ch ::>.a.._ les • 

. As P result of ttJe cotJ.siderr·tior·.a i:: t. tis sectio.r.. '·'H-

cor'-clndf t!:1!:1t the encr[;y i nflu· c)ue to 100 keV elec+ronc 

110 kilometres, PDd thrt our esti~Ate of the totnl ener: y 

inflax ·i~ p r obab1JyA fai t one on the average , .though too · 

tte o::-t•ridir~ ctio.:~.?l E' lec~ron ~lt<Y (sev- sectio:·l 4- ~-1) 
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CHAPTER 5. 

r_l ILi,rJd<:;.ctior~ . -·- ·---·- ·--- _ _.._ 

is • . - -l :....n ! cOlJ.Ov ( L'2) , '"YlQ ("b)' 

electro1~ fluY, :bich v·e hPVE not inv. sti~rt~( (i rcc+ly in Chapter 

4. In c0ru1ect:Lon VIi th noi.::t (P) i ~~ shou l d. be Y"ls~.tionc( tf::!"'t nC"' 

V-!"1} ,_-_, . o ·"· B 
v .!. • f... 

'"!'Jlllr ;r;. r->r~ tt."'t Pll -tl' E c-lt ctr.J!'!S ;-•o~li tore(; t~' 1n,jt·.n I "'+ 10n0 

~: ') .. ,. t: 

ot 
7 ~ 

10 elrc tro~2/c~ ·sec, of 

·;·r· i ch 
r.; r, 

- t r. 0 -. . . 2 l 0 . t'c (_ ? c ') ll ,. . 1 l . ( • - y . . .· ~~ Bf:.'C, Pre 

r.: 
c0rr-t:ct E:s .. i,.. .... t.t o/ ~.-!.; on··r:1 ... 'i n c~i_ . ): .<>1 flu · .~8 " .:_E; -:-· l.Q · 

? · l·c+To-~jcm "'C t.. t.. -· - ' .: "-' !.J 0 \..; • 
·• r ,. ' . ' If - iG 

c t; c if·, i 1 l b ' t~; ·:· r<: , 

c. ·"> 

·--[jic:h "ne~.l8 t~<>t OUT V'"}p_r 0f i.. f. "' b,.•lrf,l( t]w (":' : - 1.(! )/c...., ·· SEC) 
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.-.. _. ... o , .. _ . 

( )orr E-

j v (:. :·. ·i r. + h f · 

::: t € ( 12.1 ) J 

·( ?'J<: r'"'l 0J. 1 . .-~i ,· s-r!"'ti. -,!i : ~ . 

t i':!ct'l . 

[ Ti· '""u· r.·. -+: '-·t-. .. "v-·l· "' +r.· --'! ..,,,; tr~t: , • . '~ _, I •' \:".... \.• V ,. . . .o.l .1 
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nJ"'.J(.lJ.C,. d h .)r c 1E.:ctr·')t1 ~: wit1J liH·. :r·;,;ies of 10 k eV !:> IJr" lc., ~-: . 

;.,'hs E· I'VPtiO,!S o f E; lf: C. r :-.::1S wi+ .... :; E: E ~ LlQ '" ~;:1J C'r' YT:i.f ( Otlt 

\''i t h ·:_:• DlOY6r 1';. inc.iCPte tL:::-t tt:ei:r 'j_r,+E:. :: .. i +.:· j_r.. tb c: 

:o r t : ~ in~ens it; 

:1 t :Sri r . !~ 

[ 
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nrofilt:. P n d. t!:c ·onci ·'J i t<C·t.io n arofil : i-· rE--:":!:1~>- · ly closE" 

r<·esoclPbly close ill other r egions ( stoe LY"C r !.i. '""·lf of f:i ~ ure 

? 5 ) . 

of the l l6ctrons CPU ' i~~ tJ ·E 2 ~r0r~s (68 ). 

';.'hE: ' : '"' 

C' ~ri(n (68) hos 
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o t:s . 

1 • 
rr -.: C i.!.P':lS':"""!, 

( l. c -· > ...vL] ( 1 k"( 1J ) i ,.., 
• • .\.1 I -' ... ; ' ·- • .. 

tn~ o~~~r ?one by orEci 1 it~t~on . , . 
()I T.': r ·J·(.(, (~ :: \ i. "'f" ~L- ,., .,., 1 ...... .... ...,_.. ._) / • - r. . . .J l. 

o;:·. tt. r Z'.'J.lG 

~ l tl".O'··i'.h , 0 S 

I f t :r. <- l o r. s :r P t c o" , r i' o r t h A "" c r:: c -;, i t' h j ._l' , i + i s 

ohvi0u.s tr.0 t: trLt.-{l:J ss r "'tt in the South A tlar; t~c r-::>d:i. 0tiorl 

(cf :fi~u n: 2~) . 
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c~n:.::c of l)orticle los 2 fro~ tr)l: out (:' r zo:..e:: . 

fro~: the f::>llo·.vi.G~ C"J£_siuc r~tion:.: . (l ) If it ~~s P loc~lity 

~6~surcme~ts i ndi cete th<·t no such slot cxiste in t~e 

(3) It "' ')'if· .-·:rs , frn""' 

be t.r_- t most o:f' H:C:; <';lect r o.r::: ·-- i th r rr"'ll ni i:ch 

fhlY for tr..is E:i tee t to sh,Y. · w; ir. the 8V8ilnblc ( Pt <=> . If 



~_:, 1 . 

sol~ch CPtcher ~od6l . 

Or1t: point '·''f~ rr~ "!i1-:ntion hE;re i.e? +~~t +.he 1') ·-.~~ :r...,tc in 
c. 

tue PflOTrl'""ly rr;_p.y -::ejor.;e co··npr>r!'+ivEly J1lorc i'71r:nrt,..,n.t \'r.C!Er 

rore cnr r~0tic electrons . 

~-- 3-2 ~ ) . 

COI'bCCti:).n ~·.ith the pn:ci,itntjon o:f E-·lE-:c+rrme fr.')r:' thr; 

5-3 ~urorPl Emission . 

Fo r q bribht ourorP thE total ~nergy of ionizPtion is 
t:: ,... 

typice1ly in. t~. e r c . ion of 4 :. 10- ~ '· q t ts/ cT"lc:: or l'!:ore . We 

hPve esti~~t~ ~ o qui et ti~e input of ~ 2 y 10-? ~a tts/c~2 

for t~e low energy (L
6 
-~10 keV) component of the f1uY 

8nterinu tbe South ~tlP ~ tic rcdi~tian ~no~o1y , ~nd 

,......... 3. 6 x 10- e Vi.!~ tts/c~2 for tbe componr-r1 t --·i tb }:. ~- 40 keY . 
c: 
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Further , it is gen~r811y ncceoted thPt elEctrons with E6 

~ 10 ke.V rre "·he 1rinci"9P.l c!?luse of Pt.:tr0r1"1] lu,.,.,inosity 

( 12 3) • Rees (125 ) hPF recbntly co~pute~ the ioniz~tion 

retes P S P function of hEifht for ~1 v~1vcs of 1 t in +he 

of 0. 40 ~ E (300 keV for V:::lriouE !.'n[ n lr>r 
e 

distributions of thE; p rir'"'PYY (mor:oE.·nergGti. c ) ~:.lectron strE:·!:l,... , 

he fines, for P. moccl e+r10sp.hc.re s i 111i l !:"lr to tr·At c:rontee in 

ChRpttr 4 , that althou~h 300 ~ev c l 8ctrons de~osit ~o st of 

t heir energy bflow 90 ki1o-et r bs , they Rti1l contribute to 

the ioni2'Rtion in the teie::ht r ::>nf;e of F1Ur or8 1 lu.8i:lGsit.:·· 

Vibure 27, reproeuced f ·o~ 

300 leE v . Notice that tt~ ene r gy loss or~file i~ ~icure 26 

iA i n [fnEI~l P ~ re e~e~t with the n r ofile : or 300 ~eV 

tlectrons in fiLur8 27. 

?00VE . 

l1.xr:~ j.nosi+:: . This .is ?l''lPTf :; tl. ' C.u.E. t o t .h : COM1JPr!:">tivfly 

lerge f1u~c s of hi0~ cn(r~y ~:::lrtic1cs ~s cu~~( . [ T~e 

---



Figure 27 Figure 3 from Ree~s paper (125), showine 
the effect of adopting various angular 
distributions for the ~rimary electron 
stream, for select~d values of energy in 
the range 0.4 keV to 300 keV. 

, 
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(A) E. • I.OktV 140 (B) 

1.0 2.0 0 

101 q1/.T (ION PAIRS /IN CIOENT ELECTRON- CM) 10
4 

qz/Jr{ION PAIRS/INCIDENT ELECTRON-CM) 

(C) 

0 

e. • 300 kN 

-- IIOTitOI'IC (0" _ _,. t 

---- ISOTitOPIC (0"- 70"'1 

- -- cos• OCPOIOOIC~ 
-- MOMOOIMCTioelo11L 

2.0 4.0 6.0 8.0 
s 

10 q, /.;(ION PAIRS/f.4CIDENT ELECTRON'- CM) 

FIG. 3. IONIZATION PRODUCTION BY MONO-ENERGETIC ELECTRON STREAMS HAVING VARIOUS 

ANGULAR DISTRIBUTIONS: (a) eo = 1·0 keY; (b) eo = 10 keY; (c) eo= 300 keY. 
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t:" - 2 , "'f !':lPY dr'-' ~' tr.c follo··, i~l_ tt.::t r...t.: i ve cot1c lu s~ons in 

Q V\OW\o.\y 
co - , ~ ection wi tb. tt:e 3outt A_t lDntic rr>(iati::H1 ~. · (1) ~te 

(2) ::''c Ili~·-:::>in (1 23 ) h~=' s fou~·Hl +,.f.pn Pn inci :.:~ !:r, t cr,ercy flu.Y 

of ? y 10-6 ·;;~tts/c'!Tl 2 ct:~rric C: b~r elf ci;yone i r~ +J~E' r·.!='t jp-e 3 t o 

Tb.i.s 

e: l E: c tr-or1s . 

t.i10t for elE::ctror:s \''i t.l": Le > dJ l.{:eV ~t t:lll tj.,.., _ s , ··!E '"':' Lll f 

e·:,>cct ?n !:'o)D"ru::.tl:· col.o. ·rlcR s (1211) ~P'11orpror: : :. 1~·:: , 

pr .. eeYJt over tl'JE ::::?:1o~r ly . ~~is ~~y be fi ~ficul+ to 

o'bsc.rve since i t could v:cll btS Go uniforJ"fl o'rcr ttc vici1-: 1E: 

S 1{v trJ. ~t the l=lbse:.ncE:· of ~ b -:.ck.:._.rounc for C:)"'1n!:>riso.n 'l revcn ts 

( 3) Dnr i. n: t i. r:'E: ::: ···•· € n 

tl:e piich-P.n.::_ lE:: c'iutribu.tion is 8S b:ro<:?d PS t hose shown in 

the:. loVI.rer .hFl l f of fi 0 urE: 2 .~< , •. e m"'y e:xnE:ct a r e a sonPh ly 

b r ight <-liA.rOrPl t:,l 01" ··:i t.l:'! !:l l OWE: r bound<::>ry ~t ~b:)Ut 8~ 

kiloMctr~s . [ ~ee Plso (112)] . 



!~ ·.:i 1 .) rP l , rc c • 

"1 ot, . 

l? bc.llcc\ ; ~· -,! l'"" ,..h l. Ch + " "'~ r 
.. • ) l • . ~, 4 , , L ' ' · ~ -

ch~r~ctc ri ntic 0f · thG : quPtdri l ~n r nuror~l zone 6300 ~ 

( 12~J ). 

i: ~l e f o 1 1 n' . i 1: ~: ( 1 ;:: 8 ) . 

si~Cl tte~ nrE controlled b; th6 ~eom~ _n( tic ftrl f . 

( 3) 'i·b.c,y c ov, r so:rr.t:: 

-!: r.:.e c "' r t- ~: ) • 



Figure 28 Zones of 6300 i activity after Roach and 
Roach (127). The .:::ones labelled "A" 
correspond to the centre of the auroal 
zones; "M" to the J'egions •,; i thir: which 
1:.. arc_ h::1ve been observed; "E" to the 
regions in which the e ;-1uatorial 6300 R 
arcs are observed. 
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tl.ues of crnis:.ion witt l!lPYi~:oum intcru.it,y nc.r.>r t!•c. centrE- of 

PrE. ciptC~tion of l...,rr:e flnYes 'J f lo" 

~ hi_hl~ Pttrrctife e~s~or to the 1roble~ ~tEn +he 

t r:'hE. rc.:. '"'TE , 

In vif 'V of tl:t: i~~'J:rt.,nct:. of 

is 0f i.r.tt:. rest. If obs~rvPtions of thEsE ~rc E in the 

If Pll suc h el~ctron~ ~~re i n jecte~ 



bG . 

Ch~pter 6). 

0 

.:.::.4.· ~::.~·::.~--~- .ot brljor. r~~__:.t~ . 
0 

··.:-r-=- :r burstf de. tcctE:c Pi.· ly~l~on he i~~~ +s !"'YC c- rc[IJ.l"r 

8-t:r:-osohc;rE. [se:e, i'Jr c :;.·r.<~Dlf s, rcferc1Ct.fi ( 1?9) , (l3C'), 

(131) J ?n<". PrE. the; n.sult of !: re'J1ss -t·r"'hl; , :·:: frorr tr. moy·e 

!:'lw~ys RSSoci ~ted with visiblE eurorps, qlt~1U{ t this is 

frc.<;ncn-tly the.· cr->sE . 

Juri~~ mP2~~tic storws . 

bursts 8rc -tt~ rrsDlt of Elcc tr~n fluYb ~ of th~ ord Er of 

106 c-1E: ctrons/cm
2 s~c v·.i-t:!·· cnc q ·, ies of ("..) 1('0 keV, '.''l1 "icll 

~ ." hi~ imnliEs 

s ,.-. c (wi. th EE; = lOC ke·V), s~Emld CRU.S f P.r>. ~~-r-::-y fll1:- of 

Bnor.J?ly, 

,onslysis io sup·1ort ttis conclusion, (such r>n~=~l.yscs nre 

very co!"'·olicP.tEd) , ·:·c i":':'l:f c.rP.P: on the r : sults o:n OYJE. sPc.h 

J;E:ssler (13 2 ) f:sti"!""rtEd t.h8 X-rr·y fll:I.Y li:Ce.ly to be fou.n0 
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r) 

800 keV to be only ~20/c~~ sec , thGy conclufc ~, on valid 

thtreforc hPVG g lifbti~~ of t~E ords r of ~evr rpl ~unr reC 

YE:.Prs , in. accorL.?nct: "" i th the neutron dec?y -+J" E.: CJr~' of t~ · c 

:)ric..,i.n of tt.& outE:r b,-1+ , no··J c-i ~cPrc:E::c . J ·~·r- th E::re :for~:. 
6 0 

c0..-: clv1(!E:. tt"'t Prl r>b::o:rbsd fLl:x of 2 Y 10 c.lcc1·rons / cl!' st.c 

vri th ~ . =- 100 kt. 1T st:oulc: vroc".uce 8n c.?( ily ~""E~t~ur-<:>b le 
,. 

t: t - . 

[ - Cc.: for. "'PT"D'l c · ,J\.J- .._ ' . • r.' ' ··J' ( 1"4') ·-./ '+ ' (13 ~ ) J. 
L 

-lr:. 
i~put of th~ or~ . r of~ Y lC · 

~Ptts/c~3 or ~6 keV/crn3 s bc for tte South A+l~n+ic 
. + " 

TP ~- J. P " l 0 rt 
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r~t~ of o r oductinn of tl0~trons is Pbaut 1 . 6 x . 19
3 · /cm~·eb c . 

dH 
dt 

= (: 
~/ w2 e 1~ = 0 t; , l 

whfre q is the pro6uction rPte , ~ is t he rcco~b inqtion 

coeffici8~t , end U is the Equilibr ium den8ity . 

E·<_U:?tio:n :: .1, 

= 

= 

r:: 
1 . 2 X lO · 

fo r the E re iion . The co~r~soonfin[ plPs~r frc~u ;ncy is 

2bout 3 . 1 Me/sec . 

~ith 2n ordiaory ionoson6e . 

(p :~· ol.- t l ~lc/sE.c ). 

la~cr hPVE b~bn uns¢ucc escf~l u~ to no~ (121) . 
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D~rticul?rly ?t bi ~_ hf r l~· ti tnd.t=.s. 

in the rt:gion ::>bovc 70 ~ilomt.. trt.s vlill , i D. th, lont run , .;: no 

!"!' ' . ..... 

in our wod~l P~rnosu~~rc c~n EPsily b e found fro~ th8 

c = (:" •. 2 . 

'.'-hE:re .f is t!ie density of thE-. Pt :YJOS9hcrc. Pt tl:>c.. o~rticulPr 

hLight (in g~s/ciT 3 ) 1 R is the uaive rsAl g~s co nstPnt , ond 

~ is the mo l ecul Pr w~ifht of thE ~ ir i n erP~s . 

t he vPl ucs of R Pnd M Ps : 

= 
28 gms . 

i n thE followin~ estimRtls . 

At 80 kilornc..tr8L the result is C = 1 . 9 Y 10-S ~oulcG/cm3 

Rnf the te~per~ture ri se uroeuced by our csti~Rted 
lr.: --

cnE: r [,;y input of 9 Y 10- · !.'lrtts/ crr ) •:;ould. thus be 

- 7 o I 5 y 10 K SE:.C . It is Gvident frow this tt~t the re will 

~ev clctrons in thE: rr~ioL roand 80 kilo~ctres . 

~he effect of t~t soft co~ponLnt o f thr electron flux 

f!'.'"'Y i''E::ll D( r-- r:ll)r~:ciPble ho·~:evl-. r , since ttis ···i ll c.::, nasi t its 
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much less th~n nt the. BO kilomt t r es l& vc l ~~ C8U3E o tte 

If w~ PSBume thP t t he lo~ e~~r~y co~~onent 

co~si sts predorninent l y of 1 0 k eV elctrons , thE encr~y cPrrt ed 

by it ~ould b~ deoosittd r ound the 110 kilo~etre l ev e l 

(see fi[UrG 27) WhG TE the h : at CPp~ city C = 1 . 3 Y 1 0-lQ 

i s spree~ over say 20 k i la~ .- tr0s ( RE c ~icurl 27 ), +his 

" + d. . t t. f 1,...- l ':) corresnonas .,o ~n pverr:c(" po'ver J. SSl p ~ .J.on o \) 

~~tts/r~3 , ~hich ~auld pro~ucc e tcm~erature ri~c of 

- 4 0--~ • · t ,.. Q.r 6 . 7 Y 10 .. SE: C, l . C . RbOlA. ' -.IS.. oe r hour . 

snou.:.: h to ceuse sli :_bt tur'bu ler1cE:: of the iono8ph:r<" , Pn c~ R 

A S~Fll incr~8SG of tt~ SCAle hci ~h t 2t thESl lCV6lS . 

E:nergy flL,_::-- c,rried by e lec+ron: v·ith l k:eV..(:E ~ . e , 

4 J '::eV tnP.,V bG due to Eltc-t.rons ·uii·h ~e """"'l !<:l'' , [ (-:~> ) , (1. ;,'3)} 

This v·olJ.lc: FP!OUt:t t to 4 x 10-8 ··.'/~, tt s/crr. 2 , Pnr' ---o ~ ~ lc he 

ebsorbE::d Pt t.i~t 18 0 ldlo'!'!'ct rc; l ev e l (seE~ f \ : .. t 1. r E: 27), ·.~riJE: re 

-1 ~ 3 :J..~ t he hc Pt cpp0ci ty C = ~ . 1 x 10 · Joulc, s/ctr K . If so rc~d 

ov~ r 60 ~i lo~ttres (s t ~ ficure 27) , thi r cn~ rcy input of 

- 1 ~~ ,. : 3 
Of r. X 10 ,JpttSjCJ!l • 

ri sE is ~on ro .)l i rr:n t e: ly l0-2°K/se.c , i . r: . About 3 S~ /hour. 
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Prolonged hcntin~ of the tyne ~iscusses in the nrevious 

Th: 8rl2icst of 

these to look for ~-auld be ( 1 ) Inc :rc n s t" d 

soun dE:. rs [see nlso (1'3 5)] . 

r E¥ltctions frorr turbulent iono2ohEric lnycrs . 

DisctAsoion 

Obviously , more co~~l8te ~luci6~tton of ~~c s f Ects 

(tJ.scil3 : cc~ in the l"' s t fonr sections Tilust !:' ;,··~j_ t...., fnllcr 

AtlPntic r~~ietion pnomAly . · :t; "'lR.Y, ho . eVE: r, co c c l tA.dE· f:ro-rr 

ch si r ?.blc . Shio-bor .. :e rio:rn( ters, ::li r ;_.; L;·.·, 

VJ.:~ 



'l2.. 

Cl:J.PTER 6 • 

6-1 Ou~_l~puro_:~ch _1g_~l"!_~_Xr.<2.'2.1e111. 

It ~ust be emphPEized that our ?~pro~ch to thE probl(m of 

the orGcinitPtion of chnrged p?rtic1es i~to t he ~t-csuhErE, 

p r csu;ted i £'1 Ch2ptcr 4 of thi.s thesis, is si:.~nific:->r::t1y c:iffe rcnt 

froT" Dr evious v:ork in thi:: connection . [ St-E, for co,...,pp-v>i::wn . 

with so;~e previoL<.:, W·Jrk (12"'), (13<.: ) , f'_nd C.b.J>!_)t(, r 18 of '1 The Po lor 

Auro r .n 11 . ] ~he ?~nro~ch ~resented in this thesiJ 1 1 , ~~ for ~s 

<:onjunction w:i th P ~ctbofi which t!"::c s -:>ccou.r1t of +!1E ef-f'ec+ of 

the !11P~,nc+ic fiE.l G. on the motion of electro~it ~· hich l'"• "='·Vl '"~ t:->iv._ n 

9i tch-~nt: le distrihutiO!'l. 

UsL1g tl:& techniques devt"'lopeu in Ch"' •)ter 4 , l.':f h'"'v e been 

Pbl~ to sho~ direct ly thPt tte ionospheric ioni-otion ~n( X- roy 

burstc c~used by the ~reci ·, itq~ion of electrons (witt 

60tecteblL re~nitudc . 

= lO·J 
f 

?l'l ~ le cistribc:!ion , > c d E: rlE'Y'fY s0t-ctrum of t.h·: clt::c+r:.>;;s E"·nterin.g 

the nno~~ly ~erb PVRilPtle . 
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this thesis obviouslr rc;quire:s r.Jore co~-plete l:nm·; l c.(,~e of the 

(: lectrons flux . 

is ~ot on"l_;}r of inter~ st i :l con;ie ci:ion witt:. tnt:: \';ork presented in 

Pe.rt II of t:-:is ttesis , hut is -::>lso ir~o"'rt::~nt in o+bf:r r(·sr:-ects . 

For cxer:ple, it V!'JU l d be inv~lur::>ble in th(. stu< y o :~ ::u.ror'"'~ (l2t::) . 

Y)?rticles into thG rr.::>t,nt:tosni·.c rc , "~l'lc.. tl".eir suoc •. qven.t ( "r:c/or 

orior) PCCE l er-::>tion . 

of e fev-• C...,y3 . Thus , i f irttt nsc: trP ··':lf.d flt·y~-: s of r.uch f lec+ro"Yls 

Rrcs . 

Su· · e:stion8 for :t·urtl~·-r ResE'?rch , 
.::::.:::L..l--- - -- ·----- ---·- - - - ·-- - . ·- -------

computotions described in Ch!"':"Jt r 4 is such tl,,t it li"'"its tre 

st~sitivity of the calcul?tions . 

thPt ~ rr.ore s~itPble: rPn~£-~ D . rJy rclrtion be founf. [ 3ce for 

e~P;nple; i;hG rF ~ l--- ~-erie:rc..J rel:--tion (for rir) usee. ty Re~ c (12t::)]. 

fo llowi nc, stens . 



r E ft: rer..ce l i:: vc.l . 

E-lEctro1:s ,. hich 11" VL oi tel! <:tJf. lc: ~, i.E. find 

Ll = ~~ LX.l 
l. 

":herE ~: ( j( ) = f ( 1-... ) iE; tbe nu·~ bt:.r of : lE.ctronr: wi +h ni tch 

rno ~ _; is t}!E tot~ 1 HlJ.r'bC r of C:lt:.ctror,s . 

!:1:1C j_; t'='V€ aiffcrE:~t.t vnlUcS for f'"C}) V' lt:<.f Of 3 C0nS:i.C:E::rCd . ) 
0 

"!li tch .nn(_ le 'X . Let this be.. = c; 

(iii) Fine. thE.. num0t r of . lE:c ror~:= •,• i tt ~ncr v E . 
• v 0 

be. U(b ) 
0 

t...r.(:. r~s Eo 

= f I ( =~ ) • 
0 

initi<>l ')iter ::>.tlt.l: 1. is ti.c-n 

P r• (:::. ) = s 
0 

= ~ S = T 

(v) ~in~lly, l VRlU~tE.. ttt:. eo ub lE intEt r~l 

I co
0 .... or~ 1cE"V (u " 

~ r: v d -':.o I'• 

J 
T 0 . 4 'cE: v 

"'/... =0 0 
.L = 

0 

= En 



oc _., . 

.A 1 eo , '?.c-: <·· e ( 12 h ) 

to b e 0~ 1 tAst 300 kcV. On the: o thE:: r b !> fH! , t bo r : "'rE ve r ;.,r f t •t.r 

trep~~d ~ 1ectrons with enE r t i Es ~rtct~ r thPn 600 ~cv in t~e out:. r 

1ir-it • 

.:;ote o!l thE V.o r iPtion of' 0( • ------- .. -------------··--

i . e . in the oqu~+ion 
1 

. ~:. _ ._ r· r, 
~2) 

'l' 
('"2 " 1 

J " =. ( zc zc) 'i /J "'\ --
n~ x- ! :n ·-x n +.L X 

cos (X I_ 

In u.oint:. so 'tit. h==-ve f i:vE. C c::v: 

t he de c rGPSe in oC. ~-- i tb dc c rcr sin~ i: lt c+ron em·r __ y . ~Chis is 

justified by tht:· fo1lo·:·iLt; COtH:;ic·<' r('ttons . 

1;-:he r e P < 6 < 1 As ~0i~ted out in sEction 4-4- ~ , £is so 

SI'1~"11 th:<t l~·(; Tf:"'Y , :for Od r •L.tpost.·s , PLi.t f = 0 , i . t . cos 0(= 1 



(2) The V?.lLH.-s of(; which .op ·"'ly to thE c.nsFe '.'lc co r- ~iCE.'r -:ore' i. !.'l 

'X ·.· -v 
' ' /'v 

cos oG l - c) or cos o<.. = l. In other ~ o r(s our c~lcul-

~tion is not S(nsitiv~ EilouLh to sho~ the vPri~ tion of oc in the 

For very .h"i ,)1 ener~;y elEctrons , ihe !" 0 [-rlirtud -:.. of cos 0!-coulr-

li'rc ly to be encountered in t h i2 t~n ~ . of '"or~ . 

thl?t "'(:. hPVc col1Ppsed the cor ... e . 

p "' ' .. , Tl'Ovint:, r->lon::. the line trpced out by its 

E i s Pssocir-teo ·.vi th i t.c I"!OV<.:!r<::nt '"' lont- thE· line. , .,,., ~: ilr. tl""'e 
0 

= :::; - i::: storerl in ~ "sin>· it . If it 

line to7 Pr(o th~ rnonopolt. ~~ incrc~ses ~t +~ e cyu~ns~ of E 
p 

u.::~ t.i l , rt thE.- r:."irror "lOL1t , L =: .o p ( s 
= 0. [ 

r.·;. 1' ,.. . ·.' . ~~ 

of the lnEr~y corresnonc·E t o resolvinG the vElocity of nn 

clcc t ro:::t spir!:>lint.;. rou.ac th~... line: b o f forcE. into com:1or.<. v:t.s 

t:JtSrncnc:i cnl" r to, P ~lC: 'J ""Y~ll l.l to , +.be JT!:>gL!E. t ic ficl <" vrc tor . 

L = 0 corrE:: sponc'-ts t o th: .. CP sc i''r:e rc thE:: pi tel• nng le i :': 90°, 
E' 

v·.tile }'_; = E. corresnoncs to t U. CPS€ •• ~-E:Yt: t .r"JE: pi tcr !:>ft;llC i c 
<> 

It-t 

rr.:)V€8 

l zsro. J ':.'.t~:. ~- lE:ctron tt r .:l r::ovc.:: tl"l t.bL line , L 110'"' LlCYE:: <:lsint:· 
0 
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at the excense of L . . .., 

rrovine..:. in t.he P. tJr:OSD!H' r c: , thE.:rr is "' co11ti.nuoEJ c'c crc::" sE of E in 

Pd : ition to the Pbove 9roce ~ s ~ s. 
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s u r.l :c.; t_ R Y • 

PP.rt I . 

( 1 ) Ln c l -sr.:E:ntqry trt::.P.tmc.nt of the motion of ch2rgc ct -pP-rticl<:.. s 

in P me~n~tic fiL16 is prcscfitGd . The concept of :ui ~inb 

c cntr~ ~otion is i ntroduced, end is us6d i n outlinin~ thl 

tht ory of p~rticl~ drifts . 

(2 ) Th6 ~otion of chgr~~ d p~rticlE s in th : G~OIDPgnE:: tic fi ~ ld 

i s di 3cuss c d , 2nd the comcGpt of >di?bPtic inv~riPnCL 

intro c3.uc l· d. 

(3) Me Iliweins coordinPt~s for mepninb th0 distritution of 

ch~rg&d PPrticlcs trgoryed in the [tO~P ~nctic fi e ld Pre 

defined pnd bri~fly dis cussed . 

(4) ~ survt:y of prLsE.nt kno"·lcdgc of the; V9n ' llcn r~ ( i.,tion 

zones is !!'Pdt: . 

distribution, charPcte ristics, ~nr va riqbility of the 

trPpoc d rP. o i~tion . 

(5) Th t-: CAp E:: Tov·n m.::- ..:;nc.tic PnO~r-'1,;·, the: Br.ozil r!'? (:i !:! t ion EJnomAly 

And th~ South ! tlPntic r2~iPtion EJnomely nre discuss l d . 

Th~ El( ctrons ent£ ri~g th~ South ! tl~ntic rn ~ i~tion nno~~ly 

P.rE:.; shown to b~ thosL ~onitorE 6 OVLr Io~P by U. S . 

sPte llitc Injun I . 

P ~ RT II . 

(1) It is sho ~n how the geomPgnE:: tic fi t ld CPn, Pt hi~h 

Pltitudcs end ov~r rel?tivE:.;ly short distPncGs, bE 

appro:v-im"'tcd by thE field of P monopol~:..- . l fl ( \" mEthod 



ss. 

from 9~ 6l£CtrOTI (which mQV€8 in R ~ODODOlE fi:l~ i~ tb~ 

.-,-+ '')~ · · -) a · ,-,· -,._t Pltit,,:.S· ·· t ·: - • .:p.t.:E: Tt: ,- 6 . J.!...>J , .•. U1.•f, 

r 0oults ~iscussed . Thls~ r ~ sults or~ us0d, in conjunctio~ 

6.iSCUSf~C:'C . 

t' · .d: € CcF:trst of this c:iscuss ion t~H:: tv' a ,....,n in t hea Yi c:. s of +)1 E: 

DOint (1), of detcctnblt wC:'09~Y8i c~l cvu nts PCSOcict~d 

:=>uror::<l eTYJis:.ion , '{-rf'ly bur s-ts 1 ~nd ion'Js Dh ric ionizr>tion 

s.hO!'_l O. be C:etectqble ov, r tbc PnorPly .. 
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(4) An ~E8~3~~nt is ~~de of th~ v a l uE of t ba rnct~od r~f~rr~d 

to in n0irtt (l). 

t:. ::<tl~l·, r.ivE: rock ~;t, r-:r-1d f::?te l l i tc: dPt~ O t i tt c lo··· cnto r [;.Y 

comDonent of the Elt ctro ~ flux bcco~e Av~i l"blc , this 

rn8 ~ hoc orn be em~loy(· d in c ri~orou~ t bcoret icrl 



TABLE I 

(i·:,, K, S. UNITS) 

. - ··-·. ·-r--- . 
! I -I . Case I Case II . Case III. I 

I ( -3) z -z (x10-3 ) z -z (x10-3) ( -3 fJ (kgm/m3) njhn x10 z -z x10 ) n 
.JL_S . n s n s n 

11 200 220.68 261.08 212.84 1 4 .3x1o-ra-

2 190 209.64 248.El3 202.19 2 ~ .lxlo-10 

31 185 204.12 241.50 196.87 3 5. 9xlO·lO 

160 198.61 234.97 191.55 4 ( . 9x10-10 4 

5 175 193.09 228,45 186.23 5 G.Ox10-lO 

6 170 187.57 221.92 180, 91 6 9.1x10-10 

7 165 182.06 215.39 175.59 7 - 9 1. Ox10 

8 160 176.54 208.87 170.27 8 -9 1. 2xl0 

9 155 171.02 202.34 164.95 9 -9 1.4x10 
10 150 165.51 195.81 159.63 10 -9 1. 7x10 
11 l 145 159.99 189.29 154.31 11 -9 2.3x10 
12 140 154.47 182.76 148.99 12 -9 3.6x10 

13 ! 135 148.96 176.23 143.66 13 ··9 5.7x10 

141 130 143.44 169.70 138.34 14 9.7x10-9 

-8 
15 1 125 137.92 163.18 133.02 15 2.2xl0 

-8 16 120 132,41 156.65 127.70 16 5.2x10 
17 115 126.89 150.12 122.38 17 -7 1.1xl0 

18 110 121.37 143.60 117.06 18 -7 2 .0x10 · 

19 1C5 115.85 137.07 111.74 19 
._7 

4.3x10 
20 100 110.34 130,54 106.42 20 -7 8.2x10 
21 97.5 107.58 127.28 103.76 21 -6 l.2x10 
22 95 . 0 104.82 124.01 101.10 22 -6 

l. 9x10 
23 92.5 102.06 120. 75 98.437 23 -6 3 . Ox10 
24 90,0 99.304 117.49 95.776 24 -6 4,6x10 

25 87.5 96.545 114.22 93.116 25 -6 7.3x10 
26 8').0 93.787 llO. 96 90.455 26 -5 1.1x10 
27 82 .5 91.028 107.70 87.795 27 -5 1.8x10 

281 30,0 88.270 104.43 85 .134 28 -5 2 .6xl0 

85,512 101.17 82.474 
291 

-5 29 77 .5 3.8xl0 

30 75,0 82.753 97.906 79.814 30 -5 5.6xl0 
I 



Table I continued. 

- -
-Case I. 

n h (x10-3 ) z n n 
~· ( o-3) -L x1 

s --
31 72.5 79.995 

I 

32 70.0 77.236 

33 67.5 74.478 

34 65 .o 71.719 

35 62.5 68.961 

36 60,0 66.203 

37 57.5 63.444 

38 55 .0 60.686 

39 52.5 57.927 

40 50.0 55.169 

Case II. 
( -3 z -z x10 ) 

1-D s 
94 .643 

91 . 379 

88.115 

84 . 352 

81.588 

78 .325 

75.061 

71.798 

68 .534 

65.271 

Cas~e III. 

z -z (x10-3 ) 
n s 

77.153 

74.493 

71.832 

69.172 

66.511 

63.851 

61.190 

58.530 

55.869 

53.209 

p (k n n 

31 8.2x 

nm/n}J 

~ 
32 1.2x 10-4 

33 1.6x 

34 2. 3x 

35 3.0x 

361 4 .1x 

10-4 

10-4 

10-4 

10-4 

10-4 

10-4 

10-3 

37 I 5 .4x 

38 7 .1x 

39 1.1x 

40 -
___j_._ __ ..... 
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TABLE II 
(i1i. K. S. UNITS) 

.. --
Case I. Case lL,__ Case III . 

. 2 (x10-13 ) z2 (x10-13 ) z2 (x1o-13) n z n n n 
n n n 

1 2.37547 1 3.34244 1 2.22146 1 
2 2 . 36472 2 3.32736 2 2.21144 2 
3 2. 35936 3 3.31983 3 2.20643 3 
4 2. 35401 4 3.31231 4 2.20144 4 
5 2. 34865 5 3. 30481 5 2 .19645 5 
6 2. 34331 6 3. 29731 6 2.19147 6 
7 2.33797 7 3.28981 7 2.18649 7 
8 2.33264 8 3.28234 8 2.18152 8 
9 2 . 32731 9 3.27486 9 2.17655 9 

10 2.32200 10 3.26739 10 2.17159 10 
11 2.31668 11 3 .25994 11 2 . 16663 11 
12 2.31137 12 3.25249 12 2.16168 12 
13 2 . 30607 13 3.245C5 13 2.15673 13 
14 2.30078 14 3 . 23761 14 2.15179 14 
15 2.29548 15 3.23019 15 2.14686 15 
16 2.29021 16 3.22278 16 2.14193 16 
17 2 . 28493 17 3. 21537 17 2 . 13701 17 
18 2.27965 18 3.20798 18 2 . 13209 18 
19 2.27438 19 3. 20C08 19 2. 12718 19 
2) 2 . 26913 20 3.19320 20 2.12228 20 
21 2 . 26650 21 3.18952 21 2 ·. 11983 21 
22 2.26388 22 3.18582 22 2.11738 22 
23 2.26125 23 3 .18214 23 2.11493 23 
24 2.25863 24 3.17847 24 2 . 11249 24 
25 2.25601 25 3.17478 25 2.11004 25 
26 2.25339 26 3.17111 26 2.10760 26 
27 2.25077 27 3.16744 27 2.1:::016 27 
28 2.24815 28 3.16376 28 2.1J271 28 
29 2.24554 29 3 . 16009 29 2 . 10027 29 
30 2.24292 30 3 . 15643 30 2.09783 30 
31 2.24032 31 3.15276 31 2. 09540 31 
32 2.23771 32 3.14910 32 2.09296 32 
33 2.23510 33 3.14544 33 2. 09C53 33 
34 2.23249 34 3.14177 34 2.08810 34 
35 2.22988 35 3.13812 35 2.08567 35 
36 2 . 22727 36 3.13447 36 2 . 08324 36 
37 2.22467 37 3.13081 37 2 .J8J81 37 
38 2.22208 38 3 . 12716 38 2.07838 38 
39 2.21947 39 3.12350 39 2.07596 39 
40 2.21687 40 3 . 11986 40 2. J7354 40 



Case I 

X z2)( (x1o-13) x 
1 O, OJ072 1 
2 0.00289 2 
3 0.00651 3 
4 0.01156 4 
5 o. 018Qj 5 
6 0. 02596 6 
7 0. 03528 7 
8 0. 04601 ! 8 I 

9 0. C6813 l 9 
10 o. 07163 10 
11 0.08649 11 
12 0. 10268 12 
13 . 0.12J21 13 
14 0 , 13903 14 
15 0.15914 15 
16 0.18047 16 
17 0.20306 17 
18 0. 22683 18 
19 o. 25179 19 
20 0.37789 20 
21 o. 3Q)10 21 
22 o. 33335 22 
23 0,36267 23 
24 0,39~99 24 
25 0.42428 25 
26 0.45651 26 
27 0.48960 27 
28 0.52354 28 
29 0.55833 29 
30 0,59390 30 
31 0.63016 31 
32 0.66709 32 
33 0. 70464 33 
34 0 . 74278 34 
35 o. 78154 35 
36 0.82071 36 
37 o. 86037 37 
38 0,90042 38 
39 o. 94077 39 
40 i 0.98151 40 

TABLE III 
(;.;, K. S, UNITS) 

' Case II 

z~x (x1o-
13

) 

0,00100 
0.00407 
0.00917 
o. ·J1627 
o. 02539 
0. 03652 
0. 04964 
0.06474 
0.08179 
0.10078 
0.12168 
0.14448 
0.16913 
0.19561 
0.22389 
0.25396 
o. 28571 
0 .31919 
o. 35431 
0.39101 
0.42928 
0,46907 
0.51031 
0 .55296 
0.596~7 
0.64232 
0 . 68891 
0.73669 
o. 78562 
0.83561 
0.88667 
0.93863 
o. 99156 
1. 04516 
1.09965 
1.15478 
l.21C62 
1.26693 
1. 32380 
1. 38101 

'X 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Case III 

z
2'X. (x10-13 ) )( 

0.00094 1 
0.00377 2 
O.J0848 3 
0.01507 4 
0. 02352 5 
0.03383 6 
o. 04599 7 
o. C6997 8 
0. 07577 9 
0.09337 10 
0 .11274 11 
J.13384 12 
0.15670 13 
0 .18123 14 
0.20742 15 
0 .23525 16 
0 .26468 17 
0.29570 18 
0. 32823 19 
0.36222 20 
0.39768 21 
],43456 22 
0.47276 23 
0.51225 24 
0.553C6 25 
0.59507 26 
0.63822 27 
0,68246 28 
0. 72781 29 
0.77412 30 
0 ,82140 31 
0.86954 32 
0 .91851 33 
0.96827 34 
1. 01869 35 
1. 06981 36 
1.12151 37 
1.17368 38 
1.22633 39 
1.27942 40 
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Tab1eiii continued. 

! 
. ----···-·--- ·--

c2~e I. . Case II . Case III. 

I< z2-x. (xio-13) Y.. z2~ (xlo-13) X z2y,_ (x10-13) "'/-.. 

41 1.02246 41 1.43861 41 1,33276 41 
42 1. C6361 42 1.49653 42 1. 38637 42 
43 1. 1 Q4.90 43 1.55465 43 1.44028 43 
44 1.14630 44 1.61291 44 1 . 49421 44 
45 1.18777 45 1.67126 45 1.54827 45 
46 1. 22920 46 1. 72956 46 1.60224 46 
47 1.27CB7 47 1.78777 47 1.65625 47 
48 1. 31189 48 1.84591 48 1. 71007 48 
49 1. 353C6 49 1. 90384 49 1. 76375 49 
50 1.39398 50 1. 96143 50 1. 817C6 50 
51 1.43474 51 2. 01870 51 1. 87013 51 
52 1.47510 52 2.07553 52 1 . 92282 52 
53 1.51516 53 2.13195 53 1 . 97500 53 
54 1.55480 54 2.18771 54 2 . 02671 54 
55 1.59401 55 2.24278 55 2.07772 55 
56 1.63273 56 2.29728 56 2.12825 56 
57 1.67085 57 2. 35099 57 ....2...17800 57 
58 1.70842 58 2.40384 58 2.22699 58 
59 1. 74540 59 2.45580 59 2.27510 59 
60 1.78160 60 2.5C690 60 2.32237 60 
61 1.81715 61 2.55682 61 2.36867 61 
62 1.85193 62 2,6Q)80 62 2.414Q) 62 
63 1. 88590 63 2.65359 63 2.45828 63 
64 1. 91897 64 2. 70015 64 2.50140 64 
65 1. 95125 65 2. 74545 65 2.54349 65 
66 1. 98256 66 2.78953 66 2 .58420 66 
67 2,01278 67 2.33216 67 2 . 62369 67 
68 2.04214 68 2.87339 68 2,66194 68 
69 2. 07043 69 2.91319 69 2.69880 69 
70 2. 08940 70 2.95142 70 2. 73424 70 
71 2.12374 71 2 . 98815 71 2.76823 71 
72 2.14869 72 3 . 02335 72 2 . 80084 72 
73 2.17240 73 3.CB676 73 2.83173 73 
74 2.19502 74 3.08847 74 2 . 86118 74 
75 2.21634 75 3.11855 75 2.889C6 75 
76 2.23644 76 3.14687 76 2.91524 76 
77 2. 25530 77 3.17329 77 2.93981 77 
78 2 .27281 78 3.19802 78 2.96262 78 
79 2 . 289Q) 79 3 . 22079 79 2.98378 79 
80 2,30390 80 3. 24171 80 3,00315 80 
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Table III continued. 

Case I. Case II. Case III i 

-x. z2x (xl0-13) -x z\ (xlo-13 ) I( z
2

y.__ ( xl 0-13 ) i X 
\--

81 2 . 31736 81 3.26QS4 81 3.02071 81 
82 2. 32951 82 3.27768 82 3.03656 82 
83 2 . 34024 83 3.29281 83 3. (5046 83 
84 : 2.34953 84 3. 3(591 84 3.QS263 84 
85 ·1 2.35739 85 3.31707 85 3. 07293 85 
86 ; 2.36390 b6 3. 32617 86 3 , 08136 86 
87 I 2.36896 87 3. 33333 87 3. 08802 87 
88.1 2, 37257 88 3.33841 88 3 . 09269 88 
89:j 2 .37481 89 3. 34142 89 3 . 09559 89 
90.1 2 . 37549 90 3.34246 90 3.09648 90 

. 
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