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Soon after the discovery of the radiation belts!
a theory was advanced to explain them as en-
ergetic protons trapped in the earth’s magnet-
ic field following the beta decay of neutrons
produced by cosmic-ray interactions with the
upper atmosphere.? While this theory account-
ed for the more energetic protons observed,®
it soon became clear that such a source was
too weak to explain the 1- to 20-MeV protons
found at geocentric altitudes below 2 Earth
radii* or to explain the large electron fluxes
also present at such locations.® Thus, a much
stronger source was required to explain the
experimental data.

Analyses of the dynamic motions of charged
particles in the magnetosphere under the in-
fluence of certain classes of magnetic or elec-
tric field variations have indicated that such
particles diffuse radially across magnetic field
lines and are energized during diffusion if the
net motion of the particles is inward.~® This
fact has been utilized to generate a class of
radial diffusion theories in which a low-ener-
gy, strong source at geocentric altitudes of
about 10 Earth radii serves to supply the ra-
diation belt with its protons and electrons.

The most quantitative estimates of proton in-
tensity as functions of altitude and energy that
have been obtained from this radial diffusion
theory have utilized the magnetic disturbanc-
es associated with sudden commencements

and sudden impulses as the driving mechanism
responsible for the diffusion.® The reason-
able agreement between this theory and exper-
iment has led to the generally accepted conclu-
sion that the low-energy protons observed at
geocentric altitudes of a few Earth radii have
diffused inward from about 10 Earth radii and
have been energized by a factor of several hun-
dred in the process. The major uncertainties
of this theory are the mechanism determining
the lifetime of the diffusing particles and the
detailed intensity and time dependences of the
field variations driving the diffusing process.
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This theory has been compared with measure-
ments of protons having energies of hundreds
of keV only at geocentric altitudes above about
2 Earth radii because no experimental data
have been collected previously on such parti-
cles at lower altitudes. Since the diffusion co-
efficient of the theory that is based on the mag-
netic disturbances associated with sudden com-
mencements and sudden impulses varies. as
the tenth power of altitude and the lifetime de-
creases rapidly with decreasing altitude due’
to atmospheric energy loss and charge-exchange
reactions, the intensity of inward-diffusing
low-energy protons should decrease rapidly
below geocentric altitudes of about 2 Earth ra-
dii.' Thus, measurements of the low-energy,
low-altitude, proton flux provide a critical test
of the adequacy of diffusion theory to explain
uniquely the inner radiation belt.

It is the purpose of the present paper to de-
scribe a measurement of protons with energies
between 0.5 and 150 MeV made near L=1.5,
B=0.18, on a French sounding rocket launched
from Algeria on 30 September 1965 to an alti-
tude of 1750 km. (For a discussion of the B, L
coordinate system, see MclIlwain.!!) Analyses
of the data indicate the following:

(1) Theories of radial diffusion driven by on-
ly the magnetic disturbances associated with
sudden commencements and sudden impulses
fail by many orders of magnitude to explain
the observed flux of protons with energies near
500 keV at L=1.5,B=0.18.

(2) Radial diffusion due to other possible class-
es of magnetic and electric field variations qual-
itatively explains the proton observations. There
is insufficient experimental knowledge of the
amplitude of these field variations to attempt
quantitative comparisons of proton and field
data.

The instrument used to perform the exper-
iment consisted of two solid-state detectors
operated as a dE/dx-E counter system. The
first detector was a disk-shaped, windowless,
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diffused, pn junction with a 43-mg/cm? deple-
tion layer. It was followed by a conical-shaped
lithium-drifted detector that was 2.4 g/cm?
thick. A 15° half-angle mechanical aperture
defined the detector geometric factor which
was 0.066 cm? sr for particles producing puls-
es in both detectors and 0.12 ¢cm? sr for par-
ticles stopping in the first detector. Other than
over its entrance aperture, the instrument was
surrounded by an 18-g/cm?-thick lead shield
on which was placed a 2.7-g/cm?-thick Lucite
layer to protect against bremsstrahlung pro-
duction. Protons with energies between 450
keV and 4.7 MeV were counted as events oc-
curring only in the thin detector (after subtrac-
tion of the less than 1% isotropic background
arising from particles penetrating the shield-
ing). Protons from 5 to 50 MeV were identi-
fied from pulses occurring in coincidence in
the two detectors. Electrons were nominally
unable to deposit sufficient energy in the thin
detector to be counted and they were thus re-
corded as events occurring only in the thick
detector. The above identifications were per-
formed by combining the outputs of the eight-
channel pulse-height analyzers associated with
each detector through appropriate coincidence
and/or anticoincidence circuits to obtain the
counting rates of events having given energy
losses in the two detectors. In this way, alpha
particles have also been separated from pro-
tons and electrons and their flux has been es-
timated. The detector system was calibrated
before the flight with monoenergetic protons
between 100 and 600 keV, deuterons between

2 and 12 MeV, and electrons from 80 keV to
2.5 MeV.

In Fig. 1, two energy spectra of protons with
pitch angles of 90° are presented. Data from
other experiments at similar locations in spac
are included in this figure to facilitate compar-
isons. The present data have also been com-
pared with those obtained on Relay 1 by Fillius
and Mcllwain,* and agreement to within a fac-
tor of 2 has been found over the energy range
of 1.1 to 35 MeV. It is concluded that the pres-
ent experiment agrees with earlier results in
the energy interval above 1 MeV where earli-
er data exist.

The most surprising feature of the proton
data of Fig. 1 is, thus, the large increase in
the directional, differential proton intensity
at energies below about 1 MeV. That this in-
crease is not due to electron contamination
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FIG. 1. Proton spectra measured at two times dur-
ing the rocket flight. Included for comparison are ex-
perimental data of Achtermann, Freden, and Hovestadt
(Ref. 12) and Freden, Blake, and Paulikas (Ref. 13) as
well as the theoretical calculation of Nakada and Mead
(Ref. 10), illustrated as the dashed curve. This theo-
retical curve has been normalized to the experimental
data.

of the proton data channels has been shown by
examination of the experimental data and by
direct computation. It is recalled that protons
with energies below 4.7 MeV were identified
as anticoincidence events occurring in the thin
detector only. Electrons of any energy were
nominally not counted by the thin detector be-
cause their average energy loss was about 20%
of that required to trigger the thin-detector
pulse-height analyzer’s lowest energy channel.
Since multiple-scattering processes can cause
some fraction of the incident electrons to lose
as much as five times their average energy
loss in the thin detector, it is necessary to
investigate the possibility of electron contam-
ination in more detail. In Fig. 2, the nominal
proton and electron counting rates at pitch an-
gles of 90° are plotted as functions of the mag-
netic field intensity for the data collected over
the region of L=1.4 to L=1.54. The nominal
proton counting rate is the anticoincidence count-
ing rate in the thin detector while that for the
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FIG. 2. Comparison of nominal proton and electron
counting rates measured over the interval L =1.40 to
L =1.54. The nominal proton and electron counting
rates are defined as the anticoincidence counting rates
in the thin and thick detectors, respectively.

electrons is the anticoincidence counting rate
in the thick detector. Since the ratio of the
two curves of Fig. 2 varies with B, it follows
that the magnitude of the electron contamina-
tion of the lower energy proton data of Fig.
1 can be, at most, a few percent. This con-
clusion has been verified by Monte Carlo cal-
culations of the expected multiple-scattering
energy loss using results supplied by Berger.'®
The possibility that the observed counting
rate arose through pile-up of a large flux of
electrons with energies below 450 keV has been
ruled out on the following two grounds: (1) The
observed spectral shape is constant over a two-
orders-of-magnitude variation of counting rate,
which is not possible if pile-up is important
since the higher energy counting rate would
vary as a higher power of the incident flux than
would the lowest energy counting rate. (2) The
pile-up counting rate computed from the low-
energy electron flux measured by Mihalov and
White!® or estimated from extrapolation of the
electron flux of Fig. 2 to lower energies is at
least 10* times smaller than the observed rate.
A comparison of the experimental data with
theoretical calculations based on diffusion the-
ory will next be presented. Since. atmospheric
interactions increase rapidly with decreasing
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energy, it might be expected that the proton
energy spectrum should peak at some energy
and that the proton intensity at lower energies
would be less. In Fig. 1, the theoretical ener-
gy spectrum obtained at L =2 by Nakada and
Mead?*® using sudden-commencement and sud-
den-impulse magnetic fluctuations as the dif-
fusion source is plotted as the dashed curve.
The four to five orders of magnitude disagree-
ment between theoretical and experimental spec-
tral shapes can be decreased by the assump-
tion of a different source spectrum near L =10
than that assumed by these authors. Addition
of the low-energy source protons required to
explain the present data would, however, re-
sult in an expected low-energy proton flux near
L =2.5 that is about 10* times larger than that
measured by Davis and Williamson.?” And thus,
the shape of the proton spectrum near L=1.5
is in disagreement with diffusion theories based
on magnetic field variations associated with
sudden commencements and sudden impulses.

A more serious criticism of any attempt to
add a sufficient low-energy flux to the high-
altitude radial diffusion source in the theory
of Nakada and Mead is that such protons, while
diffusing inward, would represent a particle
energy density that is orders of magnitude larg-
er than the magnetic field energy density, B2/8mw,
over a major part of the outer radiation belt.
The ratio of particle-to-field energy densities
computed from the results of Nakada and Mead
(extrapolated to L =1.5) under the assumption
that the protons observed in the present exper-
iment diffused inward from high altitudes is
near 1 at L =2, near 100 at L =3, and near
10000 at L=7. And thus, in the context of dif-
fusion theories using only magnetic variations
associated with sudden commencements and
sudden impulses, it is concluded that the ob-
served protons at L =1.5 could not have diffused
inward from high altitudes because the mag-
netic field could not have contained the large
particle energy density that would have been
present at larger L. That the present data
disagree with the theory of Nakada and Mead
by orders of magnitude near L =1.5 is not sur-
prising since this theory and earlier experi-
ments disagree by at least an order of magni-
tude near L =2 and the disagreement increas-
es rapidly with decreasing L.°

If the protons diffused radially at small L
at rates substantially greater than assumed
in the theory of Nakada and Mead, a smaller
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source strength at large L would suffice to
produce the required low-altitude intensity.

By adjustment of the diffusion coefficient, it
would thus be possible to decrease the source
requirement until the ratio of particle to field
energy densities does not exceed 1 at large

L while the theoretical flux of 500-keV protons
near L =1.5 is as large as measured. To main-
tain agreement with experimental data at L =2.5
and beyond, the diffusion beyond L ~3 could
not be much faster than that deduced by Naka-
da and Mead. The above requirements on the
diffusion rates can be satisfied by diffusion
coefficients that vary less rapidly with altitude
than the tenth-power dependence of the theo-
ry based on magnetic field changes associat-
ed with sudden commencements and sudden
impulses as the diffusing mechanism. Indeed,
depending on the power spectrum of the distur-
bance causing the radial displacement, diffu-
sion coefficients varying with powers of alti~
tude between 6 and 10 may be obtained.”® Qual-
itative estimates of particle fluxes obtained
with a diffusion coefficient proportional to »°
indicate that both the earlier!” and the present
data may be explained in this fashion. In ad-
dition, it is possible that the diffusion coeffi-
cient may actually increase with decreasing
altitude at sufficiently low altitudes because

of terms involving the symmetric spatial com-
ponent of the magnetic or electric disturbance
and the higher order multipoles of the earth’s
magnetic field.”

In addition to magnetic and electric distur-
bances of types other than those arising from
sudden commencements and sudden impulses
being important in the diffusion of the observed
protons, it is possible that the correct expla-
nation of these protons requires their associ-
ation with low-energy protons injected impul-
sively to geocentric altitudes as low as 3 Earth
radii during magnetic storms. Recent measure-
ments have shown that low-energy protons reach
such altitudes during the main phase of mag-
netic storms and that these protons may be
the agent responsible for the main-phase mag-
netic field depression.?® Since the data of the

present experiment were obtained about one
day after the start of a magnetic storm, it is
possible that the observed 500-keV protons

are ring-current particles that diffused inward.
If this is the case, fluxes as large as those
observed are not typical of the inner belt dur-
ing quiet periods.
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