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The Earth's
Radiation Belts

Belts of charged particles surrounding the earth were a
surprising discovery of the early artificial satellites. In eight
years much has been learned about their geometry and
injection and loss mechanisms, but many questions remain.

by R. Stephen White

EIGHT YEARS of space experimentation
have elapsed since James A. Van Allen,
George H. Ludwig, Carl E. Mcllwain
and E. C. Ray1 discovered the earth's
radiation belts with a Geiger counter
on the Explorer 1 satellite. Almost
every flight since has offered the oppor-
tunity of finding a different particle,
a new en erg)' distribution or an un-
usual space or time variation.

At first there were only two belts,
an inner and an outer f*ik. The inner
belt was centered at an altitude of
3000 km. The outer belt, with a maxi-
mum at about 25 000 km, WLLS added
with the (li*i§Bli|C)f a second large
radiation zon^Dy^Geiger counter on
the moon probe Pioneer 3.2 These
belts were beautifully displayed in a
review article by Van Allen5 in 1959
and are reproduced here in figure 1.

The shapes of the inner and outer
electron belts, in three dimensions, are
sketched in figure 2 with the three
types of charged-particle motion super-
imposed. The particle circles the mag-
netic field line with the familiar cyclo-

tron motion, bounces back and forth
along the magnetic field line and drifts
around the earth on a magnetic L
shell; the electrons drift east and the
protons west. L is the distance to the
magnetic shell at the equator, usually
given in eardi radii. Each L shell is
formed by rotating a magnetic field
line about the earth's magnetic dipole
axis. Slight changes from this shape
arise because of the deviations of the
true.,magnetic field from a dipole field.
SinMBKBparticle always mirrors at
the samFTalue of B as it drifts around
on its L shell, its motion can be de-
scribed by the L shell on which it
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INNER AND OUTER RADIATION
BELTS taken from Van Aliens 1959.
The belts are indicated by the slanted

lines. Contours of count rates of 1000,
100, and 10 are also indicated. Distances
in earth radii are labeled. —FIG. 1
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Definitions

earth's magnetic field (gauss).
a constant.
the ionization energy loss per unit
path length in the atmosphere, pro-
portional to p.
distance along the magnetic field
line.
the particle kinetic energy.
the particle kinetic energy associated
with the velocity perpendicular to 6.
second adiabatic invariant.
flux of particles (number/cm2-sec-
ster-MeV).
flux of daughter electrons.
flux of parent electrons.
flux of albedo neutrons at the posi-
tion of injection.
flux of trapped protons.
magnetic shell coordinate, the dis-
tance to the magnetic shell at the
equator (re).
magnetic moment of the earth.
momentum parallel to the magnetic
field.
radial distance from the center of
the earth.
radius of the earth.
velocity of the albedo neutron, also
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Symbols

of the decay proton because it car-
ries away almost all of the neutron
momentum.

} angle between the particle velocity
and magnetic field directions at the
equator.

F ^ 2 1
1 ~~ \ / • c »s t n e velocity

of light.
mean atmospheric density averaged
over the particle's trajectory in the
earth's magnetic field.
latitude.
mean lifetime.

j mean lifetime of daughter electrons, j

n mean lifetime of parent electrons.
magnetic moment, first adiabatic in- i
variant. |

injection coefficient, the probability
that the proton from the albedo
neutron decay makes a sufficiently
large angle with the magnetic field
direction that the proton is initially
trapped.

v

moves and the B value at which it
mirrors.

High-energy protons

The Geiger counter is an excellent ex-
ploratory detector and has been used
with great success by Van Allen and
coworkers. But it was not able to iden-
tify the particles in the radiation belts.

Early in 1959, Stanley C. Freden and |Plf

I* had the opportunity of flying small
stacks of nuclear emulsions on Air
Force missile nose cones. These were
recovered down range from Cape Ken-
nedy after reaching an altitude of
1200 km. With emulsions it was pos-
sible to distinguish among protons,
alpha particles and electrons and even
deuterons, tritons and 3He particles. ' ^

The first successful recovery of a •
Thor nose cone in April 1959 gave ^
excellent results. The emulsions were
loaded with proton tracks. Shielding 1"QI

around the emulsions stopped protons •
of less than 75 MeV and electrons of
less than 12 MeV. (No electrons were
seen.) That first proton energy distri- .atft

bution is shown in figure 3. Subsequent *
flights in May 1959 and October ^
I9605*6 pushed the proton energy dis- :f*
tribution down to 10 MeV. No elec- ^
trons above 5 MeV were observed. The t̂lt
number of deuterons and tritons was în
only 1% of the number of protons. No *1I
alpha particles were detected. This was jfyrot
not surprising since the minimum de- %ii
tectable energy for alpha particles was ^
very high-300 MeV. *k,

The explanation for the trapped W\
protons first came from S. Fred Singer.7 ^m
He recognized that cosmic-ray protons M\{

collide with atmospheric nuclei and %̂atn
that the product neutrons stream back ̂ j ,
into the magnetosphere and decay into %
protons, electrons and neutrinos. The ^
charged electrons and protons spiral i
around the magnetic field lines and ^
move around the earth trapped on i ^
magnetic shells. The protons lose en- ^ ^
ergy by ionization and excitation of ^
atmospheric atoms, and an equilibrium ^
distribution is then maintained b e - ^
tween the cosmic-ray albedo neutron- § ^
decay source (CRAND) and the atmo-^
spheric sink. Singer predicted the shape ^
of the proton energy distribution. Later t ^
another loss mechanism, nuclear inter-1^
actions,5 was added to the theory.
is significant for protons above 75 MeV.
The CRAND injection into the
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energy proton belt is shown in figure 4.
At equilibrium, the number of pro-

tons injected (protons /cm3-sec-MeV)
must equal the number lost. Consider
the simplest case: trapped protons of
less than 100 MeV with ionization loss
only. Take power laws in energy for
the neutron albedo flux j n , the ioniza-
tion energy loss dE/dx, the trapped
proton flux /p, the proton velocity v,
and y (defined in the list on page
26). Then the equilibrium proton flux

We see that ;'p is proportional to the
injection coefficient x ar*d to jn and is
inversely proportional to the mean
atmospheric density averaged over the
particle trajectory p. C is a constant.
Before the theoretical expected equi-
librium flux can be determined, x> p
and jn must be evaluated.

The early calculations took x equal
to one, a big overestimate. Recently,
computations8 that simulate the ejec-
tion of neutrons from the earth have
been made with a computer program.
Various neutron latitude and zenith
angle distributions were used, x varies
somewhat with these distributions and
with position in space but on the aver-

. age is about 0.1 for the CRAXD source.
Trapped protons can also be in-

jected from solar proton albedo neu-
tron decays (SPAND). Solar protons arise
from solar flares. The computed x f° r

SPAM) injection is even lower than for
CRAXD because neutrons from the poles
are less likely to inject trapped pro-
tons than neutrons from the equator.
The uncertainties in the x's f° r t n e

cases considered, are much less than
50% since the calculations are strictly
geometric.

The p is obtained by averaging the
atmospheric density over a proton
drift period around the earth.9 A
model atmosphere and a magnetic-field
representation are required for the
computation. At a few hundred kilo-
meters, near the lower edge of the
tapped-radiation belt, the atmospheric
densities are known from satellite drag
measurements to better than a factor
°f two. However, the densities change
^pidly with altitude. The exponen-
tially decreasing distance is approxi-
mately 50 km, so the proton trajec-

tories through this atmosphere must be
precisely known. The currently used
48- and 512-term representations of the
earth's magnetic field give differences
as large as a factor of 10 in the mean
densities.9 Above 1000-km altitudes the
magnetic-field differences are of less
importance, but the atmospheric densi-
ties are less well known. Local atmo-
spheric anomalies or changes with lati-
tude and longitude have not been well
investigated. The uncertainty in /p due
to p in some regions of space can be
as large as a factor of 10.

Singer7 estimated the albedo neu-
tron flux from the proton reaction
fragments of cosmic-ray proton inter-
actions in nuclear emulsions. Wilmot
N. Hess,10 on the other hand, used the
neutron flux below 10 MeV, measured
in the atmosphere at airplane altitudes
with BF8 counters, and connected this
to the cosmic-ray spectrum at 1 BeV.
The input neutron spectrum between
10 and 100 MeV is necessary for com-
parison between experiment and theory
but is currently the most poorly known
part of the theory.-8 A factor-of-10 un-
certainty in the albedo neutron flux is
realistic.

Late in 1959, on Explorer 6, C. Y.
Fan, P. Meyer and J. Arol Simpson11

found that the protons decreased ra-
pidly at distances greater than 4000 km
above the surface of the earth. This
decrease could not be explained by
the CRAND source, since CRAND injection
should only vary slowly in that region
of space. Singer12 suggested that this
effect came from breakdown of the
first adiabatic invariant, the magnetic
moment

n = EJB (2)

EL is the proton energy associated with
the velocity perpendicular to the mag-
netic field B. At large distances from
the earth, time or space variations in
B can be as large as the steady mag-
netic field. If these variations occur in
times or regions of space that are small
compared to the proton cyclotron pe-
riod or radius, /i invariance is violated.
The protons are then driven down into
the denser atmosphere where they are
quickly lost. Alex J. Dragt13 suggested
that hydromagnetic waves are respon-
sible for the breakdown. He calculated
the losses and found them of reason-
able size to account for the low proton

fluxes at great distances from the earth.
Consequently an additional term rep-
resenting diffusion in pitch angle (the
angle between the proton direction
and the magnetic field) caused by elec-
tromagnetic wave interactions should
be added to the equilibrium equation
for the trapped proton flux. It is hoped
that the predicted hydromagnetic waves
at a frequency of about 1 Hz will soon
be observed in space.

John E. Naugle and D. A. Kniffen14

obtained energy distributions of pro-
tons with nuclear emulsions at a num-
ber of altitudes on the probe NERV in
September 1960. These distributions
were of particular interest because they
showed that protons with energies of
10 MeV increased in number rapidly
with altitude. These protons were first
observed to increase at the altitude and
space location where neutrons could
decay after straight-line travel from the
earth's polar cap. Since the earth's
polar cap is bombarded by protons
from the sun at times of solar flares
and the solar flare proton energy dis-
tribution is much softer than the cos-
mic ray primary spectrum, the SPAND
injection was considered a prime can-
didate for the source of the low-energy
protons. Allen M. Lenchek1" computed
the flux and energy distribution to be
expected and concluded that SPAND was
indeed a likely source. There should
be no sPAND-injected protons for
L < 1.5 and there should be no SPAND-

injected protons at higher L values at
the equator. Neither of these predic-
tions seems to be verified by later
measurements with scintillators and
solid-state detectors.10' 17>1? The abrupt
increase of the flux at L = 1.5 sug-
gested by the emulsion measurements
is not found. In addition, the low-
energy protons are more abundant at
the equator than at higher B values
close to the earth. The discrepancy
between the experiments and the
theory and between the emulsion and
the counter measurements has not yet
been resolved.

Although the energy distributions
measured with nuclear emulsions are
still the most detailed, they have one
serious drawback. Nuclear emulsions
must be recovered before the data can
be analyzed. For that reason they are
not useful for extended spatial distri-
butions. The spatial measurements
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THE TWO ELECTRON RADIATION
BELTS. They appear horseshoe shaped
in the cutaway. The cyclotron motion
about the magnetic field line, the bounce
motion along the line, and the drift mo-
tion around the earth are shown. Protons
drift westward, electrons eastward. A mag-
netic L shell is formed by rotating a
magnetic field line about the earth's mag-
netic dipole axis. The deviations of the

MAGNETIC FIELD LINE
true magnetic field from a dipole field
change the shape slightly. L is the dis-
tance to the shell in earth radii. Each
particle always mirrors at its same value
of B. The particle motion is thus de-
scribed by the L shell on which it moves
and the B value at which it mirrors. The
magnetic shell for L = 5 is labeled. B
values in gauss are noted. L values on a
radial line are indicated. —FIG. 2
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TRAPPED PROTON ENERGY DISTRI
BUTION as measured by Freden and
White,' 1959. The shape of this distribu-
tion and subsequent o n e s ^ were well fit
by cosmic ray albedo neutron decay in-
jection and atmospheric ionization and

nuclear collision losses. Recent calcula-
tions^ show that this theory will give
enough trapped protons only if the ratio
of neutron albedo flux to the atmospheric
density is a factor of 50 larger than is
currently estimated. —FIG. 3

have been obtained with counters that
read out directly into telemetry over a
receiving station or onto a tape re-
corder that is played into telemetry
when the satellite passes over a receiv-
ing station.

The constraints forced upon space
experiments are usually quite severe.
The experiments must be lightweight,
typically 2 to 10 kg, and must draw
low power, typically 1 W. Telemetry is
seldom as much as desired. No multi-
ton magnets or large shielding blocks
like those considered essential around
accelerators are permitted. After launch
of the experiments no discriminators
can be tweeked or circuits repaired. It
is not possible to stop, redesign the
experiment and try again at a later
date. For these reasons identification
of radiation-belt particles and measure-
ments of their fluxes and energies have
proceeded slower than measurements
on the ground.

In addition to instrumentation dif-
ficulties, are the difficulties that the
trapped radiation belts are not con-
stant in space and in much of space
are not constant in time. One nice
simplification to the data handling has
been added by Mcllwain.19 The three
space coordinates, latitude, longitude
and altitude, are replaced by just two:
B and L. L is a function of B and of
the second adiabatic invariant /, de-
fined as20

j = <£ p ds (3)

(p,i is the momentum parallel to the
magnetic field and ds is measured
along the line). The line integral is
taken over one complete bounce mo-
tion from one mirror point to its
conjugate and back again.

Plastic scintillators10 with fixed
thresholds show that the proton energy
distributions vary greatly with posi-
tion in space. The two peaks found
in the curve of flux as a function of L
for protons with energies of 40 to
110 MeV are shown in figure 5. The
outer peak was found at L = 2.2 and
the inner peak as before at L = 1-5.
Neither CRAND nor SPAND explains the
double peaks. If higher-energy protons
had been plotted, the L = 1.5 peak
would have been closer in. And the
peak for lower-energy protons would
have been farther out.

Additional energy distributions and
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fluxes as a function of B and L have
been measured with plastic and solid-
state detectors17'1S and with emul-
sions.-1 These measured distributions
are not explained either. In fact, re-
cent CRAND calculations8 of the fluxes
are too low by a factor of 50 to explain
the trapped protons at low altitudes
and SPAND is an additional factor of
10 lower. A possible explanation is
that die ratio of the currently accepted
albedo neutron flux to the mean atmo-
spheric density encountered by the
trapped protons used in the calcula-
tions is a factor of 50 too low. A mea-
surement of the earth's albedo neutron
energy distribution in the energy range
of 10 to 100 MeV is badly needed.

It is likely that another source is
responsible for protons with energies
less than 10 MeV. This leads us to the
low energy proton distributions and
the inward diffusion source.

Low-energy protons

The low-energy proton belts surround
die earth in multilayers like concentric
onion skins. The lowest-energy protons
are on the outside and the higher-
energy ones are closer in. Three of the
proton belts are shown in figure 6 at
L = 4.5, 3.5, and 2.5. The belts are
shown as separated, but they run con-
tinuously from one energy to the next.

Intense fluxes of these low-energy
protons were discovered by Leo R.
Davis and James M. Williamson22 on
Explorer 12, which was launched in
August 1961. They found 6 X 107 pro-
tons/cm2-sec-ster on the equator at
I = 3.5 with E > 0.1 MeV. Integral
energy distributions, measured from
0.1 to 1.6 MeV, became harder at lower
I values. Davis and Williamson ob-
tained additional measurements from
Explorers 14 and 15. The energy dis-
tribution from 1 to 10 MeV was mea-
sured by S. J. Bame and his coworkers23

on a rocket launched in October 1960,
which went along a magnetic field line
at 1 = 2.

Paul J. Kellogg24 had pointed out in
1959 that particles diffusing inward at
the equator while conserving the first
adiabatic invariant should increase
their energies E according to

EL* = const (4)

Equation 4 is obtained by substituting
the expression for a magnetic dipole

field, B = MIL*, into equation 2. M
stands for the magnetic moment of
the earth.

In 1960 E. N. Parker25 invented a
mechanism for obtaining the diffusion.
The third adiabatic invariant, which
is the total magnetic flux through the
drift orbit, is violated. Sudden impulses
in the magnetic field, which come in a
time short compared to the drift period
of the protons, cause betatron accelera-
tion in the drift orbit. The drift period
is inversely proportional to E and L
and is about 15 minutes. The accelera-
tion is about 10 keV for a large storm.
The orbits are pushed inward for some
protons and outward for others. Re-
laxation back to the original condition
occurs admbatically. This causes a
random walk in L. Parker found a dif-
fusion constant that increased outward
as L10. These ideas were applied-0 to
calculate the constant in the exponen-
tial of the proton integral energy
distribution. It was found to increase
toward higher L values in agreement
with the measured value.

M. Paul Nakada and G. D. Mead27

used a Fokker-Planck diffusion equa-
tion to obtain the theoretical proton
spatial and energy distributions along
the equator. They included diffusion
coefficients for the mean value of the
displacement in R and R2, propor-
tional to Lu and L10, respectively, an
exponential integral energy distribu-
tion at the edge of the magnetosphere,
and Coulomb-energy and charge-
exchange losses.

The theory can be compared to the
recent data of John D. Mihalov and
me.28 We measured the differential
spatial and energy distributions of pro-
tons at 12 energies between 0.2 and
6 MeV with a cesium-iodide spectrom-
eter on the satellite 1964-45A. We
found that at the lowest measured en-
ergy—0.19 MeV—the population has its
maximum value at L - 4.5 while at the
highest energy—2.8 MeV-it has its
maximum at L = 2.4. These maxima
appear to be independent of B and
so can be applied to the equator. The
values of EL3 indicate that the first
invariant is conserved up to an energy
of 0.75 MeV but not at higher energies.
Off the equator, EL3 sin2 ao(L) should
be constant if both the first and second
adiabatic invariants are conserved.
The pitch angle at the equator, ao(L),
is evaluated along a drift trajectory.

Since the experimental £L3 sin2 ao(L)
deviates even more from a constant
than £L3 we also conclude that the
first and second invariants are not con-
served for energies above 0.75 MeV.

The theoretical spatial and energy
distributions27 were derived for posi-
tions on the equator only and were not
extended to the B values of our experi-
ment.28 Nevertheless, the general fea-
tures of the theory do not appear to
depend strongly on this fact; so the
theory is compared to the experimental
data at B = 0.10 G. These general fea-
tures are in good agreement with the
experimental ones. The detailed com-
parisons of the spatial distributions,
however, show some important differ-
ences.

The experimental energy distribu-
tions28 of figure 7 have narrow peaks.
Indeed, the true energy peak widths
must be very narrow because the ob-
served widths are comparable to the
energy resolutions. If these protons are
due to diffusion inward, a peaked pro-
ton source of 15 keV at L - 10 at the
edge of the magnetosphere is required.
In the theoretical energy distributions
the turnover at low energies is caused
by the proton losses, however, and not
by the source since an exponential
energy source at L = 10 at the edge of
the magnetosphere was assumed.

At low L values, the theoretical dis-
tributions are too low at low energies;
that is, at L = 2.0 and E = 0.40 MeV
the theoretical value is a factor of 100
lower than the experimental value.
The agreement between theory and
experiment would be improved by
using a larger diffusion rate.

At low L values diffusion is so slow
and the proton losses so great that the
fluxes fall extremely rapidly between
L = 3.25 and L = 2.35. For L < 2.0,
it seems very difficult to account for
the protons by diffusion inward from
the magnetospheric boundary.

It is interesting that the straight-line
power-law fits to the energy distribu-
tions of figure 7 are also in reasonable
agreement with the data at 55 MeV.17

This agreement is over an energy range
of a factor of 100 and a flux range of
2 x 107.

Finally, we should emphasize that
the diffusion theories have not calcu-
lated the absolute number of protons
injected into the earth's magnetic field.
Consequently a prediction of the abso-
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MP Tandem Test Facility at High Voltage Engineering Corporation
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From HVEC's research program for
increasing tandem accelerator flexibility:

lew developments
ixtend research capabilities
>f heavy-ion accelerators.

'̂gh Voltage Engineering's expanded
earch and development efforts are
red to provide greater flexibility
present accelerator research pro-
ns, and pave the way for the new,

gher-energy heavy-ion tandems of
B future.
Research conducted this past sum-

mer with the company's new 'Em-
(Peror1 (MP) Tandem Accelerator, for
jjxample, has concentrated on the
development of several new concepts,
"hese include:
A new ion-beam injector system,

'Capable of handling a wide range of
êlements up to and including uranium.
New internal focusing lenses de-

nned to channel and direct charged
Wcle beams with greater precision
•no efficiency.
New solid-state "dust" strippers ca-

• * of providing significant quan-
"es of heavy ions at energies

higher than ever before possible.
• A new beam-analyzing system,
composed of magnetic and electro-
static components to provide re-
searchers with a homogeneous beam
of ions of known mass, energy, and
charge.

New developments like these are
typical examples of progress in ac-

celerator capabilities from HVEC, rec-
ognized leader in particle accelerator
and related technologies. For addi-
tional information and technical liter-
ature on tandem accelerators write to:

High Voltage Engineering Corpora-
tion, Burlington, Massachusetts, 01803
(Tel: 617-272-2800) or Amersfoort, The
Netherlands.

MP Tandem Accelerator with Homogeneous Beam Selector

FOCUSING
LENS

\

DUST STRIPPERS MAGNETIC
ANALYZER

K—-*
ION BEAM
INJECTOR
SYSTEM

ELECTROSTATIC
ANALYZER

iffe HIGH VOLTAGE
\§9 ENGINEERING
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MAGNETIC FIELD LINE

TRAPPED
PROTON

TRAPPED
ELECTRON

NUCLEAR COLLISION

THE HIGH-ENERGY PROTON BELT.
Actually the proton belts are displaced
for different energies. 75-MeV protons
peak at I = 1.5 but lower-energy protons
peak farther out. The cosmic-ray albedo
neutron decay injection, CRAND, is

shown. The cosmic-ray proton makes a
nuclear collision in the atmosphere and
emits a neutron. The neutron decays into
a proton, electron, and neutrino. The
electron and proton are trapped in the
earth's magnetic field. —FIG. 4

EXPLORER 2E, DEC 10,1962
B/Bo = 1.0

PROTON COUNTING RATE at the
equator for 40-110-MeV protons taken
from Mcllwain,i<3 1963. This shows two

maxima. The first is at L — 1.5 and the
second is at L = 2.2. Data taken at the
equator, B/Bo = 1.0. -FIG. 5

lute number of trapped low-energy
protons has not been made. Until the
injection mechanism is known and
absolute equilibrium fluxes can be cal-
culated, the explanation for these pro-
tons is inadequate.

Electrons

Today there are two great electron
belts—the inner belt and the outer
belt. These are shown in figures 1 and
2. The inner belt consists mostly of
the fission-electron remains of Starfish,
the United States high-altitude nuclear
burst, which was exploded in July
1962. This belt is now peaked at L =
1.35. These electrons do not fluctuate,
only slowly decrease with time.

The outer belt is peaked at L = 5
and is separated from the inner belt
by a large slot. It is made up of natural
electrons of lower energy. It varies con-
siderably with time and is correlated
with changes in the magnetic field.
How the electrons got there is still an
unanswered question.

Extensive surveys have been carried
out by Van Allen and his coworkers.
They have measured the spatial dis-
tributions of particles in great detail on
Explorers 1, 4, 7, 12, and 141.2,29, so, si, 32
and have found that the flux of elec-
trons with energies greater than 40 keV
in the outer belt in September 1961
was 10s electrons/cm2-sec.29 Since then
there have been large time variations,
but the flux is usually within a factor
of 10 of 107 electrons/cm2-sec. The
average value has been rather constant
over the last 6 years.

K. I. Gringauz and coworkers33 dis-
covered fluxes of 107 electrons/cm2-sec
with energies greater than 200 eV
with a Faraday Cup on Lunik 2 at
50 000 to 80 000 km from the earth in
a backward direction of 45 deg to the
sun-earth line. They34 also observed
the low-energy electrons with Lunik 1,
which had a trajectory tilted at about
75 deg to the sun-earth direction. They
considered the electrons as a third or
outermost belt. These electrons are
now thought to be part of the mag-
netosphere tail or transition region
(see below, "Magnetic cavity"). Also
on Lunik 2,35 approximately 5 X 10°
electrons/cm2-sec were found with en-
ergies between 1 and 2 MeV. These
measurements suggested that the pre-
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vious Geiger-counter measurements2-11

were really due to penetrating elec-
trons and not to bremsstrahlung as had
been supposed.

No reliable measurements were made
of the electron fluxes at the equator at
the maximum of the inner radiation
belt before July 1962. However, the
natural electrons of the inner radia-
tion belt were identified, and their
energies were measured36 by Atlas pods
at altitudes of 1500 km in 1959. The
differential energy spectrum measured
at L « 1.3, B « 0.25 decreased by a
factor of 20 from 100 to 450 keV.

The electrons of the outer belt were
identified, and their energies measured
on Javelin rockets.37 Between 50 and
700 keV, an exponential energy dis-
tribution with an ^-folding energy of
60 keV was found. This was consider-
ably steeper than the one in the inner
radiation belt.

Calculations were made by Hess and
his colleagues38 using CRAND injection
and atmospheric energy loss and scat-
tering. They concluded that one could
explain the electrons on the basis of
CRAND injection if the electron life-
times at the equator were longer than
about 10 years. They also computed
the theoretical energy distributions but
found them flatter than the measured
ones. Relatively more electrons were
found experimentally at low altitudes
than predicted by the neutron-decay
theory.39

The outer-belt electron fluxes were
found experimentally to increase and
then return to normal in times as
short as a month.30 Measurements by
B. J. O'Brien10 of large fluxes of elec-
trons with small pitch angles indicate
that such large fluxes of electrons are
continuously lost into the atmosphere
and that the lifetimes have to be short.
Therefore, CRAND injection seems im-
possible for the outer radiation belt.
And the slot between the two belts has
not been explained.

Before more sophisticated measure-
ments could clarify the injection and
loss mechanisms, Starfish injected
enough electrons into the inner radia-
tion belt to mask the natural electrons
entirely. Starfish exploded at an alti-
tude of 400 km on 6 July 1962 over
Johnson Island in the Pacific. The
yield was 2 megatons, and 2 X 108

fission electrons/cm2-sec were injected

THREE LOW - ENERGY PROTON
BELTS at L = 4.5, 3.5 and 2.5. The belts
overlap so that there are no gaps. The
lowest energy protons peak at high L

at the maximum of the inner radiation
belt at L - 1.3. Shortly thereafter, the
Russians followed with three nuclear
injections on 22 and 28 Oct. and
1 Nov. at L values of 1.88, 1.81 and
1,77.41,42

These were not the first nuclear ex-
plosions in space. Following the sug-
gestion of Nicholas Christofilos13 in an
unpublished memorandum in 1957
that many geophysical effects could be
observed, three nuclear explosions,
called Argus, were carried out by the
Advanced Research Projects Agency.
The 1- to 2-kiloton bursts occurred on
27 and 30 Aug. and 6 Sept. 1958 at
480 km over the South Atlantic. Ex-
periments44 on Explorer 4 found that
the drift in latitude of the Argus III
shell at L = 2.2 was less than 0.03 deg
latitude/day or less than 1 km/day
radially. They found that the count
rate fell off as lit for the first 10 days.

Since the electrons were injected
into the radiation belts at known
times, it was possible to follow the
electron fluxes as a function of time
and to measure the lifetimes of the
electrons. Lifetimes for the Russian
electrons were measured to be only a
few days.16'30'41-42'45 Lifetimes for
Starfish electrons initially were just as
short but quickly increased to about
one year.46-47'4S These lifetimes are
summarized in the table. The life-
time48 as a function of L is given in
figure 8. Martin Walt49 calculated the
expected lifetimes using a Fokker-
Planck diffusion equation and losses by
scattering and ionization in the atmos-

values and higher energy protons peak
closer in. These belts probably originate
from diffusion inward from the solar
wind across field lines. —FIG. 6

phere. These agreed very well with
the experimental decay curves from a
few hours up to 50 days for 0.18 <
B < 0.22 G for L ^ 1.3, which indi-
cated that the atmosphere controls the
lifetimes there. But for L > 1.3 the
calculated lifetimes were longer than
the experimentally measured values.

At a particular position in B-L space,
electrons that were injected initially
are augmented with those from lower
B values (higher altitudes) by scatter-
ing. Electrons are lost by the same
process. Atmospheric density decreases
rapidly as B decreases (the altitude in-
creases). Transient equilibrium is es-
tablished between the electrons at high
and low altitudes. The problem is
similar to that of radioactive decay
where the parent-daughter relationship
gives the flux of the daughter propor-
tional to the parent as

7d = •— rd (5)
' m

/ is the flux of electrons/cm2-sec, r is
the mean lifetime in seconds, m signi-
fies the parent and d the daughter.
The /(i decreases at the same rate as
the /m which falls off exponentially
with a lifetime of rm. From the table
it can be seen that transient equi-
librium was reached rather rapidly
in most parts of space. The maximum
lifetime is measured at the equator at
L = 1.5 and is about 2 years. Higher
and lower L values give shorter life-
times. If the atmosphere and electron
trajectories in the earth's magnetic
field are not greatly different from
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those used by Walt,49 another nonatmo-
spheric loss mechanism must become
important for electrons for L > 1.3.

Detailed electron energy distribu-
tions were measured at five energies in
a 180-deg focusing magnetic spectrom-
eter.45 The measurements were made
on the satellite 1962 /?K (STARAD),
which was launched on 26 Oct. 1962.
They showed that the Starfish elec-
trons had fission energy distributions.
The electron spectra of the Russian
injections were similar. For higher L,
the energy distributions at selected B
and L values are given in figure 9.

At low altitudes William L. Imhof
and R. V. Smith50 observed an unex-
pected narrow peak at 1.3 MeV, L -
1.15 and B = 0.217, which decayed
away with a time constant of one day.
The time constant is just that expected
from atmospheric losses. This decay
can be explained by time oscillations
in the earth's magnetic field.51 These
oscillations are in resonance with the
drift period of specific-energy electrons,
which diffuse to lower L values. Nearly
monoenergetic electrons then appear
at positions in space where none pre-
viously existed.

After the Starfish and the Russian
injections the slot was temporarily
filled but rapidly emptied again to sep-
arate the inner from the outer radia-
tion belt. Walter L. Brown and J. D.
Gabbe46 reported a time constant of
5 days for 2.2 ^ L ^ 3.0. There must
be large electron losses in this region
of space. If the losses are atmospheric
only, a large peak in the atmospheric
density contour between L = 2 and
L — 3 is required. Such a peak has
not been identified. The only latitude
effect appearing in present atmospheric
models is the sun's diurnal variation.

Injection

Starfish, 6 July 1962

Russian 22 Oct. 1962
28 Oct 1962

22 Oct. 1962
28 Oct. 1962

1 Nov. 1962

1 Nov. 1962

Electron Lifetimes

Measurement

L
(earth
radii)

2.0
2.2
2.5
3.0
3.5

1.5
2.0
1.5
2.0

1.2
1.3
1.4
1.5

1.20
1.23
1.30
1.40
1.50
1.60

2.8

2.80-3.10

1.77

B
(gauss)

0.04-0.08
0.05-0.10
0.06-O.14
0.07-0.17
0.10-0.20

0.094
0.40
0.94
0.40

0.185
0.146
0.119
0.094

0.185-0.205
0.170-0.205
0.160-0.230
0.165-0.210
0.175-0.215
0.180-0.225

0.017-0.038

0.330-0.355

0.252

Measurement
date

20 July 1962

10 Dec. 1962

1963

22 Dec. 1963

28 Oct. 1962-
14 Feb.1963

10-30 Nov. 1962
10-30 Dec. 1962

6-10 Nov. 1962

from Artificial

Electron
energy
(MeV)

>0.2

>0.5

>5.0

>0.5

>1.2

>1.6

>3.9

0.35
bremsstrahlung

Injections

Mean lifetime . ,
(days) Auth0rS

15 Brown and Gabbed
4
5
4

14

oo Mcllwain1^
50
00

50

140 Mcllwain—Reported in Walt*9
270
270
270

120±12
165±50
235±20
390±40
460±50
360±50

130±20 Bostromand
190±30 Williams*?
320±70
500+100
590±300

Van Allen«

30 Frank, Van Allen, Hills30

20 Burrows and McDiarmid41*
50

+4 Mihalov, Mozer and White"
-2

* Burrows and McDiarmid fit their decay data to a power series in time / = Iot-rj. Over a period of 2 months following the 3 injec-
tions v = 1.3 at L = 2.05, B = 0.240; L = 2.20, B = 0.250, L =2.55, B = 0.260; and L = 2.95, B = 0.270. The values appearing
in the table are exponential approximations at the times indicated.
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In the fall of 1962, on low altitude
polar satellites, George A. Paulikas and
Freden52 observed semitrapped fluxes
of 103 electrons/cm2-sec with energies
greater than 0.9 MeV at L = 1.2 and
L - 2.0. These electrons were lost when
they dipped deep into the atmosphere
in their drift trajectories over the South
Atlantic. They probably leaked out of
the Starfish belt. Perhaps these elec-
trons were driven down magnetic field
lines by resonant electromagnetic-wave
interactions that decreased the electron
pitch angles.53

Large fluctuations in electron inten-
sities as functions of time and position
have been observed in the outer radi-
ation belt.31 Louis A. Frank54 observed
electrons that diffuse inward at the
rate of 0.4 re/day at L = 4.7 decreasing
to 0.03 re/day at L = 3.4 (re is the
radius of the earth). In this L region
the diffusion rate was proportional to
L8. Flux changes have been correlated
with magnetic storms.55

Are the electrons lost from the mag-
netosphere into the atmosphere? Or do
they change position in the magneto-
sphere and then return to their orig-
inal positions? Are the electrons ac-
celerated to higher energies only to
relax back to their initial energies?
What is the electron loss rate out of
the magnetosphere?

Where the electron lifetime is long,
only a few of the electrons leak out of
the magnetosphere, and a weak source
such as CRAND could be responsible for
injection. Significant numbers of ob-
served electrons with energies higher
than the neutron decay limit of 0.8
MeV could have resulted from diffu-
sion inward while conserving the first
adiabatic invariant, satisfying equation
4. Then the observed fluctuations in
the outer belt would not be true losses
but only temporary changes in the
equilibrium distribution.

On the other hand, where the life-
time is short, the source must be strong
and the only seriously considered con-
tender is the solar wind. The solar
wind must furnish electrons that dif-
fuse inward because of magnetic
storms. The energy increases with de-
creasing L according to equation 4.
Although diffusion appears to work
for low-energy protons (see above
"Low-energy protons"), the situation is
not so obvious for the electrons, which

10*
=L=6

I06

. , 0 5

— L
0.1 0.2 0.4 0.8

10*
0.1 0.2 0.4 0.8

I I i l i I
0.1 0.2 0.4 0.8 2 4

1 I i hi I i 1
0.1 0.2 0.4 0.8 2 4

ENERGY (MeV)

LOW-ENERGY PROTONS. Distributions
are taken from Mihalov and Whitens
1966. The flux of protons perpendicular
to the magnetic field line is plotted versus
the proton energy for L — 6, 4, 3.5, 3, 2.5,
and 2.1, and for B values of 0.1, 0.15,
0.20 and 0.25 gauss. Solid lines are drawn
through the data for B = 0.10 and 0.25

gauss for L = 6 to 3, and for B = 0.10
and 0.20 gauss for L = 2.5 and 2.1. The
downward pointing arrow indicates an
upper limit. The dashed curves are the
theoretical predictions of Nakada and
Mead,27 1965, normalized to the experi-
mental data at L = 4 for an energy of
0.25 MeV. -FIG. 7

10*
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APPARENT MEAN LIFETIME
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ATMOSPHERIC Q T A nr , ru i • INJUN H I SpB
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QUIESCENT
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LOSSES (WALT)
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BURSTS ! V E X P L 0 R E R : m I YEAR j
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f
T
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1.0 1.5 2.0 2.5 3.0 3.5 4.0

LIFETIME VERSUS L MAGNETIC
SHELL taken from Van Allen^s 1964.
Data points are from Injun 3, Explorers 4

and 14. Theoretical lifetime, computed on
the basis of atmospheric losses by Walt,49
1964, is included. -FIG. 8
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ELECTRON ENERGY DISTRIBUTION
taken from West, Mann and Bloom^s
1965, for measurements in 1962. The solid
lines are drawn through the data points

do not obey equation 4.56 If diffusion
does occur, a source of 100-keV elec-
trons must exist at L = 10 at the edge
of the magnetosphere. If the solar wind
is responsible, the electrons need to be
accelerated from the solar wind energy
of 1 eV to 100 keV at L = 10. Thus,
the problem is still not solved, only
shifted to finding how and where solar-
wind electrons are accelerated. An ac-
ceptable alternative is to find a source
of 100-keV electrons that can work
their way into the magnetosphere. To
date no such source has been identified.

Recent detailed electron energy dis-
tributions56 suggest that the Starfish-
injected fission electrons are still
dominant for L < 1.7. A soft energy
distribution appears above the higher-
energy fission electrons for L > 1.7
which is in possible agreement with
CRAND injection and with atmospheric
scattering and energy loss.38

The slot is a feature common to all
energies, at least above 40 keV. The
electron flux increases to a maximum
in the outer belt at L = 5 and de-

at B, L, and magnetic latitudes listed on
the face of the graph. An equilibrium
fission spectrum is the dashed line. Data
for peak of the Starfish belt. —FIG. 9

creases at higher L values. The energy
distribution gradually becomes softer
as L is increased.

Magnetic cavity

The first measurement of the inter-
planetary magnetic field57 with a search
coil on Pioneer 5 found an average
magnetic field perpendicular to the
spacecraft spin axis of 3 gamma (1
gamma = 10~5 G). At times of magnetic
storms the field fluctuated between 5
and 60 gamma.

More recent experiments on Explor-
ers58 10, 12, 18, and IMP I59. so have
demonstrated clearly that the earth is
surrounded by a magnetic cavity that is
spherical in the direction of the sun
and has a long cometlike tail away
from the sun. The shape of the bound-
ary is determined by the interaction of
the solar wind with the earth's mag-
netic field. Its shape has been the sub-
ject of considerable theoretical inves-
tigation61 since the configuration
derived by J. H. Piddington62 to ex-
plain geomagnetic storms.

The solar wind was predicted in
1951 by Ludwig F. Biermann63 who
needed such a particle flux to explain
the deflection of comet tails away
from the sun. The solar wind was de-
tected experimentally by A. Bonetti
and his coworkers64 with a Faraday
Cup on Explorer 10, whose trajectory
was in a direction of about 150 deg
from the sun-earth direction when it
left the tail. On Mariner 2, a good
correlation between Kv, an indicator
of magnetic activity, and the plasma
velocity was found with an electro-
static spectrometer.65 The plasma ve-
locity is given by

v (km/sec) = 8.44 ?KP + 330 (6)

A further strong 27-day correlation was
associated with the rotation of the sun.

Norman F. Ness, Clell S. Scearce
and J. B. Seek59 used IMP I to map
the magnetic field around the earth to
distances of 32 earth radii. The bound-
ary of the earth's magnetic field is
located at 10 earth radii in the direc-
tion of the sun, and at 14 earth radii
at 90 deg to the sun-earth direction.
Opposite the sun the cavity increases
to a cylinder of radius 20 earth radii.
This tail continues for a long distance,
perhaps several earth-moon distances.
The magnetic field is 20 to 30 gamma
in the tail. Outside the cavity the
plasma energy density dominates. In-
side, the magnetic energy is larger.

Ness60 discovered a thin neutral
sheet in the tail only 600 km thick.
The neutral sheet separates the mag-
netic field in the northern section of
the tail, which points toward the earth,
from the southern section where the
field points away from the earth.

The transition region between the
magnetic field boundary and the shock
boundary due to the interaction of the
plasma with the earth's magnetic field
is 3.5 earth radii thick in the sun-
earth direction and 7 earth radii thick
in the perpendicular direction. We
summarize with figure 10, which shows
the earth's magnetic cavity immersed
in the solar wind.

Extensive measurements of the
trapped particles near the magnetic
field boundary by Frank32 and by John
W. Freeman31 show that the trapped
particles are constrained to 10 earth
radii on the sun side of the earth and
to about 8 earth radii on the opposite
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side. Freeman, from measurements on
Explorer 12, reports that electrons with
energies greater than 1.6 MeV are
peaked at L values of 4 to 5, that elec-
trons more energetic than 40 keV ex-
tend out to 10 earth radii in the sun
direction but that electrons from 200
to 40 000 eV extend farther out in
both directions. The low-energy elec-
trons were those earlier observed with
Faraday cups33'34 on Luniks 1 and 2.
Electrons with energies greater than
40 keV are sometimes seen in the
transition region and in the magnetic
tail.66 A drawing of the magnetic cavity
is given in figure 11. The inner and
outer electron belts are shown in the
cutaway. The neutral sheet separates
the magnetic field pointing toward the
earth in the upper half cylinder from
the magnetic field pointing away from
the earth in the lower half.

There is speculation that electrons
are accelerated in the transition region
or in the earth's magnetic tail. The
presence of a neutral sheet requires a
concentration of charged particles in
the sheet. In the model of W. I. Ax-
ford, H. E. Petschek and G. L. Siscoe,67

a potential is set up from one side of
the neutral sheet to the other, a dis-
tance of 40 earth radii. This potential
might be as high as 30 keV. The same
potential must then be set up across
the polar cap, which supplies the mag-
netic field lines that are annihilated on
the equatorial plane. This potential
accelerates electrons from a few elec-
tron volts to 30 keV. Alex J. Dessler
and R. D. Juday,6S on the other hand,
suggest that the auroral electrons are
accelerated at the magnetic boundary
along the extended tail for a distance
of at least 103 earth radii.

Summary

It is useful to summarize the great va-
riety and volume of data that has been
accumulated over the last eight years.
In one such study, fames I. Vette69 has
compiled a composite trapped inner-
zone radiation environment. Composite
B-L and radius-latitude (R-X) flux maps
for electrons with energies greater than
0.5 MeV and for protons with energies
greater than 4, 15, 34 and 50 MeV have
been prepared. These will be updated
from time to time. Flux maps at other
energies and at higher L values are
currently under preparation. For the

-10 ^ - — - 2 0 — -30 -40

SECTION THROUGH THE MAG-
NETIC CAVITY given by Ncss,«o 1965.
The shock wave is shown as a wiggly
line and the boundary of the magnetic
cavity as a solid line with the transition
region between. The very heavy line in
the direction away from the sun indicates
the neutral surface which separates the

• • • INNER ELECTRON BELT
E Z 3 OUTER ELECTRON BELT

STABLE TRAPPING REGION

magnetic field in the northern half-
cylinder of the magnetic tail from that
in the southern half. The field lines re-
verse in crossing the neutral surface. The
stable trapping region is indicated with
slanted lines, the outer electron belt with
dots, and the inner electron belt with a
black area. —FIG. 10

BOUNDARY OF MAGNETIC CAVITY

SHELLS

MAGNETIC
FIELD
DIRECTIONS

-OUTER ELECTRON BELT

-INNER ELECTRON BELT

NEUTRAL
SURFACE

THE MAGNETIC CAVITY. Spherical on
the sun side it transforms into a cylin-
drical tail of radius 20 earth radii oppo-
site the sun. A section shows the earth
and the inner and outer electron radia-
tion belts and the region of stable trap-

ping in the sun and antisun direction.
The neutral sheet separates the upper
half-cylinder where the wind points to-
ward the earth from the lower half-
cylinder where it points away from the
earth. -FIG. 11
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man-in-space programs it is necessary
to know die accumulated radiation
doses for specific flight missions. This
radiation dose has been computed for
a number of typical orbits through the
radiation belts.

Throughout this paper an attempt

has been made to emphasize the limi-
tations of the experiments and the
theories. These limitations can be
further delineated by reading recent
comprehensive review articles.70 Much
has been learned about the radiation
belts since their discovery in 1958. But

our knowledge is still inadequate to
answer the most basic questions. What
are the sources and what are the losses
of particles in the radiation belts? •

This work was performed under Air
Force Contracts AF 04(695)569 and AF
04(695)669.
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