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1. Introduction

THE magnetic field of the earth is similar to that of a dipole
and can contain large numbers of trapped charged par-

ticles in its magnetic bottlelike configuration. This had been
recognized for some time (see, e.g., Singer)l before the discovery
was made in 1958 by Explorers I and III2 of naturally occur-
ring trapped particles, subsequently called Van Alien radia-
tion. Since then, additions to the natural population of the
trapped particle region have been made in the form of ener-
getic electrons released by high-altitude nuclear bursts.3'4

A major objective of this report is to provide a compre-
hensive description of the trapped charged-particle environ-
ment that can be used to find the radiation doses to which a
vehicle will be exposed. The second and third sections con-
tain a description of the trapped radiation environment, in-
cluding a discussion of the sources and loss mechanisms and
the dynamics of the particle motions, a description of the
sources of the data and the compilation techniques, and
graphic displays of the fluxes. The fourth section presents
the fluxes and energy spectra integrated over sample trajec-
tories.

2. Dynamics of Particle Motion

2.1 Motions of the Particles

The motions of the trapped charged particles in the geo-
magnetic field are well understood for the unperturbed
situation. Detailed descriptions of the dynamics of charged
particle motion have been given by many authors, including
Alfven,5 Northrop and Teller,6 and Northrop.7 The latter
reference was the source of information for much of the follow-
ing discussion.

The force F on a particle having a charge q moving with a
velocity v in a magnetic field B and electric field E is the well-
known Lorentz force

F = q(E + v X B) (1)

If the magnetic field is uniform and time-independent and
there is no electric field, the motion will be helical around a
line of force. This can alternatively be described as motion
about a circle whose center is moving along the line of force.
The center of this circle is called the "guiding center/' and its
radius is the Larmor radius p of the particle.

If the field differs slightly from uniformity and time-
independence, or if there exists an electric field, the path of the
particle will be different from a helix. However, it will be
similar to a helix, and the particle therefore can be described
as moving about a circle whose center now has a component of
velocity at right angles to the field line.

The transverse motion is called the "drift" and is made up
of eight components. The three most well-known are the
E X B drift, the gradient B drift, and the line curvature drift.
The first is seen in the presence of an external electric field.
The second is caused by the radius of curvature of the path
being smaller on one side of the "circle" of gyration, where
the field is stronger, than on the other. The third is caused by
the centripetal force produced by the curved path of the
guiding center along the curved field lines.

The other sources of drift are perhaps less familiar and less
geometrically obvious, but in certain situations they can be
important. One is proportional to the change of B with time
and is due to a change in the relative magnitudes of the
particle velocity perpendicular to and parallel to B as B
changes in direction during one Larmor period. The other
four of the eight drift terms contain E X B again, and in
many cases this is negligibly small. However, the (E X B)
— V (E X B) term is responsible for the shear (or Helmholtz)
instability of a plasma which occurs, for instance, at the in-
terface between the solar wind and the geomagnetic field.

The field lines in the geomagnetic field converge toward the
earth's surface. A charged particle spiraling along a field
line will therefore see a component of the field directed in
toward its guiding center. This will exert a Lorentz force on
the particle in the direction opposite to the convergence of the
field. The particle will experience this force as a retarding
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force as it moves downward, away from the equator, until it
reverses its direction and returns toward the equator and
down the other side. In other words, if a is the pitch angle
of the particle, the angle between v and B, then a increases
from a0 at the magnetic equator to 90° at the point at which
it reverses direction. The point at which the particle re-
verses its direction is called the mirror point, and it is this
mirroring phenomenon that traps the particles.

2.2 Adiabatic Invariants

The particles can be considered to have three different
superimposed motions: spiraling around the field lines,
oscillating back and forth along the field lines between their
mirror points, and drifting across the field lines. The con-
straint of the particles to certain regions of space which are
usually called the trapping regions can be described in terms of
three so-called adiabatic invariants. They are quantities
that remain approximately constant when perturbations are
applied slowly compared to the characteristic periods of the
motions of the particles. The first adiabatic invariant is the
magnetic moment. If the particle in its path around the field
line is treated as a current loop, its magnetic moment can be
shown to be

where j3 = v/c.
Alf ven5 has shown that ju is constant when

|grad£ /B\ « l/p

Bv

(2)

(3)

(4)

where p is the Larmor radius and v the Larmor frequency of
the particle. Furthermore, in the unperturbed situation, the
kinetic energy of the particle is constant, so the term sm2a/B
is also constant. This allows the value of B at the mirror
point (Bm) of the particle to be determined if aQ is known,
since a = 90° there. It can be shown that, since the mag-
netic field gets weaker as the altitude increases, a point will
eventually be reached where the variation of B over the radius
of gyration of the particle is not negligible, so Eq. (3) will not
be satisfied, and the in variance of IJL will break down at
higher altitudes.

The second or longitudinal invariant is

integrated along the guiding center path between the mirror
points. Whereas the first adiabatic invariant restricts the
particles to paths that mirror at a constant geomagnetic field
intensity (Bm), the second adiabatic invariant restricts the
drift of the particle to field lines on which 7 is a constant.
Again, 7 is constant only for slow perturbations; in this case
the time variations of the field must be small compared to the
"bounce period/7 the time it takes a particle to complete an
oscillation from one mirror point to the opposite one and
back. Since a particle makes many gyrations around a field
line in each bounce period, the second adiabatic invariant is
more easily invalidated than the first in a time-dependent field.
When this occurs, particles may move to lower field lines and
be lost in the atmosphere.

The third adiabatic invariant is the total flux of B inside
the surface formed by the particle as it drifts in longitude.
The flux invariant guarantees that this surface will be closed.
In a manner analogous to the other two invariants, the flux is
invariant only when the field remains nearly constant for the
time it takes the particles to drift in longitude around the
earth, i.e., the drift period.

These adiabatic invariants can be used to predict the be-
havior of trapped particles. However, they are subject to the
stringent requirements described previously. The circum-
stances under which the invariance of any of these quantities

breaks down are not known quantitatively. For instance, the
breakdown of the first invariant at high altitudes, as pre-
viously described, has not been demonstrated to be dominant
in any region.

2.3 Magnetic Coordinates

Since a trapped particle is confined to a shell of magnetic
field lines having a constant I and Bm, these two parameters
can be used as coordinates for mapping the fluxes of particles.
The number of coordinates necessary is reduced from three to
two. Mcllwain,8 however, reasoned that a parameter that
retained the geomagnetic significance of / and in addition was
approximately constant on a given line of force would be
even more useful. In a dipole field, such a parameter is RQ, the
radial distance to the point where the field line crosses the
equatorial plane. Radiation trapped in a dipole field can be
completely specified in terms of R0 and B, where RQ specifies a
field shell, and B specifies a pair of positions on that field
shell. Since in a dipole field the particles are constrained to
field lines having the same RQ and oscillate in such a manner
that the pitch angle of each particle is the same at the same
value of B as a consequence of Eq. (2), the flux at a point in
space having the magnetic coordinates (B, RQ) is the same as
the flux at every other point having the same magnetic
coordinates.

The real geomagnetic field, however, differs from a dipole
field. Therefore, Mcllwain devised the magnetic field pa-
rameter L, which has the same function in the real field that
RQ has in the dipole field. The real field is in practice ap-
proximated by a multiterm expansion, such as that of Jensen
and Cain.9 This expansion is used by Mcllwain's computer
subprogram INVAR to calculate B and 7 and, in turn, L. In
general, L is found to vary less than about 1% along a field
line.

It must be remembered that the B, L coordinate system is
based on the assumption of the conservation of the adiabatic
invariants, which is certainly not valid during large geomag-
netic storms or at high latitudes and altitudes where the field
lines are distorted by the solar wind. However, the concept
is generally quite useful and has brought a large measure of
consistency to a welter of apparently unrelated measure-
ments.

One disadvantage of B, L coordinates is that they are not
intuitively meaningful. This can be somewhat overcome by a
reverse transformation to R, X coordinates using the dipole
relations

B = R = L cos2X (6)

where M is the dipole moment of the earth. In a system in
which the real field is transformed into a dipole field, R and X
are in effect the radial distance and latitude. Particle flux
maps in this coordinate system are similar to cuts through the
real trapping region at a constant longitude in the manner of
the picture presented by Van Alien and Frank.10 Although
variations in the geomagnetic field are eliminated by this
transformation, the real geographic coordinates are distorted;
R at the surface of the earth varies by about ±7%.

2.4 Sources and Loss Mechanisms

In the foregoing discussion, little mention has been made of
the mechanisms by which particles are lost from the belts,
and no mention has been made of the sources of the particles.
The reason for these omissions is that little is known about the
relative importance of various possible sources and loss
mechanisms.

The only source that has been quantitatively evaluated to
any extent is albedo neutrons (see, e.g., Kellogg,11 Singer,12

Lencheck and Singer13). These are the neutrons produced
by nuclear interactions caused by cosmic rays striking the
atoms in the atmosphere. A significant fraction of the neu-
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trons travel upward, and some of these decay into a proton
and an electron before leaving the magnetosphere. If the
proton or electron is produced in a region where the magnetic
field is strong enough to trap the particle, and if furthermore
its pitch angle is large enough so that it can be trapped, it
will become trapped.

Calculations of the fluxes and energy spectra of protons and
electrons thus trapped have been made.14 When these cal-
culations are compared to the experimental data, it is ap-
parent that the albedo neutrons are certainly an important
source of trapped particles, but not the sole source. The dis-
tribution and energy spectra of high-energy protons and per-
haps of all of the electrons having energies of several hundred
kev in the "inner" zone can be accounted for by albedo neu-
trons. However, the high fluxes of low-energy protons and
electrons found throughout the trapping region and most of the
electrons in the "outer" zone apparently cannot be explained
by this source.

These calculations and others have in general assumed that
the dominant loss mechanism has been interactions with the
residual atmosphere. This is the obvious mechanism, and
most likely the correct one in large parts of the trapping
region. However, other loss mechanisms, such as the break-
down of the first adiabatic invariant previously discussed and
scattering of the particles into the loss cone by hydromagnetic
waves, probably occur and may be predominant in other parts
of the trapping region. Also, at least one other source of
trapped particles apparently must exist. The most likely
sources are the large continual flux in the solar wind and the
sporadic solar cosmic-ray events. There are major obstacles
to overcome in explaining how these particles can be injected
into trapped orbits within the geomagnetic field, and quan-
titative theories are presently nonexistent. Solar particles
would probably have to be accelerated in order to explain the
observed energy spectra even if they did get into the geomag-
netic field. The mechanisms now being examined include hy-
dromagnetic waves, the "betatron" acceleration produced
when the geomagnetric field varies during magnetic storms,
and a combination of acceleration and injection in the shock
front just outside the magnetosphere where the geomagnetic
field is interacting with the solar plasma. A discussion of
many of these ideas and others can be found in O'Brien.15

3. Description of the Radiation Environment

3.1 Experimental Requirements

The object of measurements in the trapped radiation zone
is to determine the characteristics of the trapped particles.
One set of parameters that determines these characteristics is
as follows:

ji = unidirectional intensity of particles of type i
having energies between E and E + dE

r, \, 6 = geographic coordinates of a point in space
l,'m, n = direction cosines of the direction in space being-

considered
E — particles' kinetic energy
t = time

However, the radiation of any point is approximately sym-
metrical around a field line, so all particle directions with a
pitch angle a are equivalent. Also, a particular magnetic
shell is uniquely described by one value of the geomagnetic
parameter L. Furthermore, the subsequent position and
pitch angle of a particle on a particular L shell is determined
by the pitch angle o:0 at the position of minimum B ( B 0 ) j at
the magnetic equator. Thus the measurement of

ji = ji(L, a0,E) (7)

for all L, a0, and E at one time would give a complete and
accurate description of the trapped particle fluxes and energy

spectra at that instant of time. This could be done in princi-
ple with a detector that measures the fluxes of all types of
particles vs energy and direction as the detector moves
radially outward on the magnetic equator.

An alternate method involves the omnidirectional flux Ji}
where

/
27T fir

, Jo (8)

The omnidirectional flux is not a function of direction, so it
must be measured at each different nonequivalent position in
space, i.e., at each value of B on each L shell,

i = Ji(L,B,E) (9)
Therefore, a vehicle carrying omnidirectional detectors for
the various particles and energies must cover all L and B
positions.

It is frequently desirable to change from one of these sys-
tems to the other. Consider the problem of converting a
measurement of ji (L, ofo, E) to an omnidirectional flux Ji
(L, B, E). From Eq. (2), invoking the constancy of M and
the particle's kinetic energy we have

= sin2a0/£o (10)

If we assume that the flux is azimuthally symmetric, and let
cos a = u' and cosofo = u, then

ji (L, B, E) = 47T JQ ji (L, u',E) du' (11)

Also, differentiating Eq. (10)

du'/du = (u/u')(B/Bt) (12)
Furthermore, since u' = cosce = (1 — sin2a)1/2, and u2 =
cos2a0 = 1 — sin2o!o, and since from Eq. (10) sin2« = (B/BQ)
sin2a0, then

u' = [I - (B/B0)(l - ^2)]1 /2 (13)

Finally, inserting Eqs. (12) and (13) into Eq. (11), we get

Ji(L,B,E) = 47r- f - fl ji(L,i
BQ J u i

X

B i /2
u du (14)

vhere

Equation (14) gives the omnidirectional flux at any point
along a field line as a function of the unidirectional flux at the
magnetic equator.

To date no experiment has satisfied either set of require-
ments. The earliest satellites carried only simple omni-
directional counters, which counted only the fluxes of particles
having energies greater than some rather poorly defined
minimum over a limited region of space and were unable in
general to distinguish between the various particles. Inter-
pretation of these measurements led to estimates of particle
fluxes which were as much as three orders of magnitude in
error. One of the better of these early experiments was a
pair of shielded G-M counters on Explorer IV. This satellite
covered an extensive region of J5, L space, and the counters,
which were assumed to be counting protons at L values of less
than about 2, produced reasonably accurate relative flux
data for the two different minimum energies.16 These data
were the basis for the proton energy spectrum published by
Mcllwain and Pizzella17 and used in this paper. Even for this
experiment, however, it has not been definitely demonstrated
that the counters were not, in fact, seeing some electrons.

Probably the most definitive of the later experiments has
been Mcllwain's18 on Explorer XV. This satellite again
covered an extensive region of B, L space, and its almost



1572 M. B. BAKER AIAA JOURNAL

Fig. 1 Omnidirectional proton flux Jp (40 < E < 100 Mev)
in J5, L coordinates.

omnidirectional scintillation counters unambiguously de-
tected protons with energies between 40 and 110 Mev, elec-
trons with energies greater than 0.5 Mev, and electrons with
energies greater than 5 Mev. Although the spectral informa-
tion generated was small, it did give fluxes of both protons
and electrons independently.

3.2 Protons

The most accurate and recent trapped proton data available
for this study were from Explorer XV by Mcllwain18 and Air
Force polar orbiting satellites 1962 ATI and 1962 BE1 by
Freden and Paulikas.19 The fluxes at other positions were
obtained by normalizing other data to these and taking into
account the distribution changes with time since the measure-
ments were made, as explained later. The most useful data
for this were from Explorer IV,20> 1 7>8 Explorer VII,20 rocket
experiments,21 other Air Force satellites,22 and Sputniks II
and III.23.24

The simplest available analytical expression for the proton
energy spectrum which takes into account the softening of the
spectrum with increasing L is due to Mcllwain and Pizzela.17

This spectrum is

Jp (E) dE = Ke-E/E«dE (15)
where

= (306 ± 28) Mev

10*

10.3

100

_• JpXV(40 - 110)- EXPLORER XV_
®JplV (40- 110)- EXPLORER IV

s

B (GAUSS)

Fig. 2 Omnidirectional proton flux at L = 1.6 (40 < E
< 100 Mev).

Later data25 indicate that this variation is too simple; the
spectrum appears to harden slightly for L > 1.9. This will
cause thick-shield doses for high-altitude oribits to be too
low.

The method used to determine the proton flux distribution
shown in Fig. 1 is as follows:

1) The flux of protons with energies between 40 and 110
Mev from Explorer XV, Jpxv (40-110), was plotted vs B at
constant L.

2) The flux of protons with energies greater than 31 Mev
from Explorer IV, Jpiy (> 31), was plotted vs B at constant
L, as in the foregoing.

3) Using Mcllwain's spectrum variation, E0 = 306 L~5-2,
Jpiv (>31) was converted to Jpiv (40-110).

4) Jpiv (40-110) was plotted vs B at constant L and then
normalized to /pxv (40-110). When normalizing Explorer IV
data to Explorer XV data, the correction for the change in
atmospheric density was accomplished by shifting a constant
value (0.015 gauss) along the B axis, as explained later.

5) In Fig. 1, Jp (40-110) isoflux contours were plotted
in #, L coordinates. In this figure Explorer XV data is out-
lined with a heavy dashed line, and Explorer IV data is out-
lined in a heavy black line.

The .other areas of the curve are extrapolations using the
data from the other sources listed previously. As an example
of the method, a sample calculation for Jp (40-110) at L =
1.6 follows: •

1) The plot of Jpxv (40-110) appears in Fig. 2.
2) The plot of Jpiv (>31) appears in Fig. 3.
3) Using E0 = 306 L~5-2, it follows that E0 = 26 at L =

1.6, and

(40-110) (16)

or

Jplv (40-110)
p-40/26 _ f>-110/26

Therefore,

Jpiv (40-110) = 0.66 Jpiv (>31) at L = 1.6
4) Jpiv (40-110) is plotted with JpXV (40-110) in Fig. 2.
5) Jpiv (40-110) was normalized to Jpxv (40-110), as

shown in Fig. 2.
In order to use Fig. 1, the B and L values encountered by a

satellite can be found in Dudziak, Kleinecke, and Kostigen.26

10*

103

102

101

10°

©JplV(>31)

.08 .12 .16 .20 .24 .28
B(GAUSS)

Fig. 3 Omnidirectional proton flux at L = 1.6 (E > 31 Mev).
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Fig. 4 Omnidirectional flux maps.

The flux maps can be converted to geographic coordinates,
giving maps similar to those shown in Fig. 4.

The fluxes shown in Fig. 1 are normalized to January 1,
1963, and they will, in general, be different at other times.
The effect will be to decrease the flux at low altitudes as the
atmospheric density increases, with the increase in solar
activity near the peak of the solar cycle. An investigation27 of
the expected atmospheric density in 1968 indicates, for ex-
ample, that the density now found at 400 km will, in 1968, be at
about 470 km, and the density now at 1000 km will be at
1250 km. However, the relationship between flux and
density is not simple; the change in altitude of constant
density surfaces increases with altitude, whereas the change
in altitude of constant flux surfaces decreases with altitude.
Obviously, the relatively large atmospheric fluctuations at
high altitudes (e.g., 1000 km) affect the flux profiles very
little, because the magnitude of the density is so small. In
addition, the state of solar activity in 1968 is a matter of
speculation. Comparison of the data from 1958-1959, near
solar maximum, to that from 1963, near solar minimum,
shows that the flux of particles found at solar minimum at a
position (B\, LI) will be found during solar maximum at the
position (#1 — AT?, LI). The value of AB is approximately
constant with L and equal to about 0.015 gauss at solar
maximum for BI greater than 0.1 gauss. The assumption has
been made that this effect will be the same over the next
solar cycle, and that AB varies sinusoidally with a period of
11 years.

The proton data used here are based on Explorer XV and
Air Force satellite measurements with extrapolations to other
regions, as explained previously. Mcllwain's data are good to
within 30%,16 whereas those of Freden and Paulikas are
probably within a factor of two.19 The fluxes in the high B
regions are in the tail of the distribution, are no doubt less
reliable, and are also subject to short-term variations. How-
ever, the fluxes used are "typical" values, and are adequate
since they contribute only a small part of the total integrated
flux. In general, when interpolations and extrapolations were
made to produce the flux maps, the data indicating the highest
fluxes were used when there was a choice to be made, and

similarly the type of extrapolation which gave the highest
fluxes in regions where no data were available was used. This
technique was based on the philosophy that it is more de-
sirable to overestimate the flux than to underestimate it.

A preliminary examination of recently published measure-
ments28 from Cosmos 3 and Cosmos 5, which were unavailable
for inclusion in the data compilation, indicates good agreement
with the material presented here. They include quite exten-
sive coverage of the flux of protons having energies greater
than 75 Mev.

3.3 Electrons from Artificial Sources

On July 9, 1962, a nuclear device designated "Starfish" was
detonated at an altitude of about 400 km over Johnston
Island, on an L = 1.12 geomagnetic field line. It injected
some 1025 electrons with energies between 0.5 and 10 Mev
into trapped orbits in the geomagnetic field. The peak flux
at L = 1.2 to 1.3 on the equator was greater than 109 cm~2-

O(FROM WALT. CRANE, AND MAC DONALD41)
&T^ 1YEAR
A Ta? 2 YEARS

TIME(DAYS) AFTER BURST

Fig. 5 Decay of "Starfish" artificial electrons.
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1.0 2.0 3.0 4.0 5.0 6.0 7.0

L (EARTH RADII)

9.0 10.0 11.0 12.0

Fig. 6 Omnidirectional electron flux Je (E > 0.5 Mev) in
B? L coordinates.

sec"1, and significant fluxes were found at altitudes as low as
100km.

The immediate effect of the burst was to produce a large
cloud of fission debris and intensive fluxes of gammas and
neutrons. The gammas and neutrons were a brief hazard,
since they are not trapped in the geomagnetic field. The
neutrons decayed into protons and electrons, some of
which were trapped in the geomagnetic field. However,
the fluxes were quite low; the proton flux was negligibly
small compared to the natural proton flux, and the electrons
were barely detectable.29 The cloud of fission fragments re-
mained quite localized and diffused into the atmosphere in
several days.30 Immediately after the burst and at a decreas-
ing rate for weeks afterward, this cloud produced fission decay
electrons. Ordinarily, as demonstrated by the Argus series of
high-altitude nuclear bursts,3 the only fission electrons
trapped in the geomagnetic field would have been those hav-
ing pitch angles very near 90° on magnetic field lines in the
immediate vicinity of the burst, resulting in a thin shell of
artificial trapped electrons. However, the Starfish burst was
so large that the energy density in the particle cloud was
greater than the energy density in the magnetic field. This
disrupted the magnetic field and allowed the fission debris
to be distributed over a large range of L values, especially L
values larger than 1.12. Electrons released at lower L values
were quickly lost in the atmosphere.

Initially, these trapped fission electrons exhibited a dis-
tribution peaked at L « 1.13 and extended out to at least
L « 1.4,31 but after a few days the electrons on low L shells

5.0 7.0
L (EARTH RADII)

ALTITUDE (KM)

Fig. 8 Integrated proton flux vs altitude (40 < E
< 700 Mev).

had been absorbed in the atmosphere, and the peak had shifted
to L ~ 1.2.32'33 There is no compelling evidence that Starfish
fission electrons were trapped at values of L higher than 1.6.

The most complete artificial electron data available to date
for this study were from Explorer XV18 and Discoverer
satellites 29 and 31.34 The Explorer XV data for electrons
with energy greater than 0.5 and 5 Mev were compared with
Discoverer 29 and 31 data along with those from rockets,21

Injun I,35 Alouette,36 Explorer XIV,37 Explorer XII,38 and
polar orbiting Air Force satellites.39 According to Mcllwain,16

the integral energy spectrum between 0.5 and 5 Mev is ex-
ponential within about 50%; this is supported by Starad
measurements.40 For electrons above 5 Mev, a fission spec-
trum is assumed which is consistent with Paulikas and Fre-
den's39 low high-energy fluxes.

The time decay of the artificial radiation is somewhat un-
certain. The measurements of Mcllwain on Explorer XV
showed no measurable changes in fluxes at L values between
1.25 and 1.7 near the equator over a period of about three
months at the end of 1962. An analysis of electron decay has
been made by Walt, Crane, and MacDonald41 and compared
to data from Injuns I and III. In general, the results in the
South Atlantic anomaly are in fair agreement. They indicate
that, even at low altitudes, although the flux decreased sig-
nificantly from the initial value to the January 1, 1963 value,
the time r for an e-fold decrease in flux was increasing. Also,
they find that r is not a function of B. The data from Walt,
Crane, and MacDonald were replotted on log-log paper in Fig.
5. Estimates of the decay based on Mcllwain's18 and other
data42-43 yield values of r of 1 and 2 years, respectively, if an
exponential decay is assumed. These segments of exponential
decay curves were replotted in Fig. 5 in their approximate
regions of validity and normalized to Walt, Crane, and
MacDonald's data. This technique of slope fitting can be
done several ways, leading to various estimates of the time
decay. It is concluded that the decay is probably of the
form

Je — JeQ t~ (17)
with 7 = 0.9 for 20 < * < 100 days, and 7 = 0.7 ± 0.2 for
t > 100 days. This is plotted in Fig. 5. Since the data pre-

Fig. 7 Omnidirectional electron flux Je (E > 5.0 Mev) in
B, L coordinates.
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Fig. 10 Integrated pro-
ton flux vs inclination

at 400-km alt.

ion

40 60
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40 < E < 700 MeV
CIRCULAR ORBITS
ALTITUDE: 1000km
YEAR: 1963
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Fig. 12 Integrated proton flux vs inclination at
1000-km alt.

sented here are for t ~ 175 days, the equation

Je = /el75(Z/175)-°-7±0-2 (18)
can be used to calculate the flux at later times. In mid-1968
(day 2200), therefore,

- 0.07 (19)

This does not take into account the changes in the atmosphere
expected in 1968. These changes will result in a further re-
duction in the flux.

Measurements44 made in late 1963 and early 1964 show a
faster decay than is predicted by this model. Fluxes calcu-
lated using Eq. (19) will therefore be upper limits. If another
large device were detonated at a low L value similar to Star-
fish, results could be expected to be similar to those described
previously. The electrons released from bursts at high lati-

1013

1012

40 60
INCLINATION (DEG.)

Fig. 11 Integrated electron flux vs inclination at
400-km alt.

tudes, and therefore high L values, are rapidly depleted by
magnetic field fluctuations and atmospheric loss.18

Russian nuclear devices were detonated in late 1962 at high
altitudes and higher latitudes than Starfish. Measurements
have been made of the time decay of these bursts and indicate
exponential-like decays with time constants of the order of
days.45 The peak fluxes, as measured by Mcllwain with
Explorer XV and by Air Force satellites,46 were considerably
smaller than the Starfish peak, consistent with a less efficient
injection mechanism at high L values, or a smaller yield.
Independent measurements47 of the decay rates of these
Soviet-produced electrons indicate a power-law decay in
agreement with the assumptions made here.

3.4 Natural Electrons

For L less than 2 there are very little data on the natural, or
pre-Starfish, electron flux. Data taken since Starfish include
both natural and artificial electrons and are in themselves of
very limited usefulness for determining the natural electron
flux. However, comparison with early measurements21 in-
dicates that the variation of the natural electron flux with

Fig. 13 Integrated
electron flux vs in-
clination at 1000-

km alt.

jo" -
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Fig. 14 Integrated proton flux variation over the solar cycle
at 400-km alt.
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40 MeV < E < 700 MeV
CIRCULAR ORBITS
ALTITUDE: 1000km
INCLINATION: 30°

1966
YEAR

Fig. 16 Integrated proton flux variation over the solar
cycle at 1000-km alt.

altitude is not greatly different from the variation of the total
electron flux as measured by Explorer XV.18 The variation
of the natural electron flux with position is sufficiently similar
to that of the total flux that the total flux distribution curve
can be used for the natural flux distribution when they are
properly normalized. A safe upper limit for the natural elec-
tron flux can be found by assuming that the electrons in this
inner zone region have an altitude-independent integral
spectrum of the form21-31

Je (>E) =

Je

30 < E < 200 kev

0.2 < E < 5 Mev
(20)

and that the natural electron flux with energy greater than
180 kev is numerically equal to the total flux greater than 0.5
Mev as of January 1, 1963.

The scarcity of good data and the existence of sporadic,
short-term variations prohibit estimates of electron fluxes to
better than an order of magnitude for L values greater than 2.
It therefore may be assumed that, for 2 < L < 10, at an alti-
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Fig. 15 Integrated electron flux variation over the solar
cycle at 400-km alt.

tude of 1000 km, the electron flux for E > 40 kev is approxi-
mately 106 cm~2-sec~1.48 The electron spectrum for energies
greater than 0.5 Mev was measured by Explorer XV for values
of L up to 4, and by Explorer XIV37 at high altitudes near the
equator. This spectrum is relatively hard at high energies
but is supported by Explorer XII measurements.38'49

A procedure was followed for the electrons similar to that
used to determine the proton flux distributions, again based
on Explorer XV data. However, no additional set of data
comparable in quantity to the Explorer IV data for protons
was available, so each set of data used for the electron ex-
trapolation was individually corrected to the proper energy
range, making sure that the spectrum did vary regularly with
L and B. The resulting flux distributions are shown in Fig. 6
for electrons having energies greater than 0.5 Mev and in Fig.
7 for electrons having energies greater than 5.0 Mev.

4. Conclusions

As stated previously, the purpose of this report is to present
the available geomagnetically trapped radiation data in a

E > 0.5 MeV
.CIRCULAR ORBITS .

ALTITUDE: 1000 km
INCLINATION: 30°

1966

YEAR

Fig. 17 Integrated electron flux variation over the solar
cycle at 1000-km alt.
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Fig. 18 Proton and electron time-integrated differential
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form that is useful for designing radiation shields and for
calculating doses.

A computer program has been developed which calculates
the exposure of satellites to trapped particles and solar cosmic-
ray protons. It either traces the satellite orbit or computes
the amount of time spent by the satellite in each of many small
regions of space. The entire volume that the satellite even-
tually covers is divided up into these small increments in a
manner similar to that described by Sowle and Lowen.50

In high-inclination orbits, a satellite may be exposed to
solar cosmic radiation. The radiation consists of protons,
alphas, and heavy nuclei.51 The intensities of solar cosmic-ray
events vary considerably; the total flux of high-energy pro-
tons produced by all small events probably amounts to less
than 20% of the flux from large (e.g., November 12, 1960)
events. We have chosen the November 12, 1960 event as a
model because it was the largest studied, excluding the
poorly observed July 14, 1959 event; its spectrum is similar
to many other events and includes high-energy (Gev) par-
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Fig. 20 Proton and electron time-integrated differential
energy spectra (1000 km, 30°).

tides; and it is the event for which we have the most com-
plete data.52 The time-integrated differential energy spec-
trum for the November 1960 event is

JP(E) = 1.77 X
30 < E < 80 Mev

JP (E) = 9.62 X 101

Jp (E} = 6.63 X 1018 #~5-

80 < E < 440 Mev (21)

-s-Mev-1

440 < E < 6600 Mev

An earth-orbiting satellite will be partially shielded by
the geomagnetic field. The geomagnetic field alters the tra-
jectories of incoming charged particles in such a way that all
particles with less than a certain "cutoff" energy do not
penetrate the field. The vertical cutoff energy, the minimum
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Fig. 19 Proton and electron time-integrated differential
energy spectra (400 km, 90°).
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energy that charged particles must have to penetrate the field
to the top of the atmosphere from the zenith, shows a de-
pendence on L that is nearly independent of position.53

According to calculations based on measurements by Explorer
VII,54 the cutoff energy could be expressed as

Ec = 2.5 X 105 e~ •Mev (22)

during the November 12, 1960 event. Each time L is com-
puted by the program, the cutoff energy is calculated using
this equation and fluxes at higher energies accumulated using
the spectrum given previously. In this way, the energy spec-
trum that would be encountered by a satellite during an
identical event is determined.

The conclusions of this report consist of the results of
running the computer program: the fluxes and energy spectra
of protons and electrons for satellite orbits. Although many
computer runs have been made, it is unlikely that any of the
rrbits included would exactly coincide with the requirements
of the reader. Therefore, it has been decided to include only
graphical samples of the circular orbit calculations. All used
the approximate method of time integration,50 and all are for
a duration of one year. Elliptic orbits and shorter durations
have been run but not enough to provide the comparisons
that can be made using the circular, one-year runs.
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Figures 8 and 9 show the total proton and electron fluxes as
a function of altitude for three different inclinations. Figures
10-13 show the total flux variation with orbital inclination at
two different altitudes. The peak due to the large flux in the
South Atlantic magnetic anomaly at about 35° latitude is
easily seen, especially at the lower altitude. Figures 14-17
illustrate the flux dependence on the atmospheric changes
over the solar cycle. It was assumed that solar minimum
was 1963.5, and the next maximum will be 1969.0. As the
cycle progresses to another minimum in 1974, the proton flux
will increase again to about the 1963.5 level. The electron
flux at L values less than about 2, however, will not increase,
assuming no more high-altitude nuclear tests, since at these
high energies it is composed largely of artificially injected
fission electrons. Also superimposed on the decay shown
here, which applies to all trapped particles, is the measured
decay of the artificial electrons discussed previously. Finally,
Figs. 18-22 show plots of sample differential energy spectra,
and Figs. 23 and 24 show the solar cosmic-ray differential
energy spectra for various inclinations and altitudes.
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