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ABSTRACT
This report summarizes the experimental results on the tem-

poral behavior, since late 1962, of low- altitude trapped protons, E =257
MeV. These data are interpreted in terms of the time-dependent con-
tinuity equation, using a source function that is empirically deduced
from the data. The observed changes in the flux of 63-MeV protons be-
tween 1963 and mid-1969 are in agreement with those expected from
solar-cycle changces in the atmosphere. Preliminary calculations that
include semiannual as well as solar-cycle atmospheric density vari-
ations indicate that, begirning in 1967, semiannual changes in the 60-
MeV proton flux should be observable at altitudes below about 350 km.

Our flux measurements are consistent with this computational result.
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INTRODUCTION

Since late 1962, we have monitored the low-altitude trapped
protons, E 257 MeV, using emulsion detectors recovered from ori-
ented, polar orbiting satellites. The nearly 7 years over which our
observations have taken place constitute a significant part of the cur-
rent 11-year solar cycle. As part of this work, properties of the
inner- radiation-belt protons from September 1962 through June 1966,

a period concurrent with solar minimum activity, have been examined
in detail. 2 Throughout the solar minimum period the characteristic
feature of the energetic trapped protons was its high degree of stabil-
ity.

Coincident with increasing solar activity in mid-1966, we have
had substantial evidence for a diminution in the proton flux at E = 63
MeV. 2 Ac of May 1969, the flux levels between 220 and 450 km alti-
tude have decreased by more than a factor of two, relative to the solar
minimum period. It appears that we are now very near the maximum
of the present solar cycle. Consequently, the low-altitude proton flux
is at, or near, its minimum value for this solar cycle.

In this paper we first report briefly on our latest resuits on the
solar cycle variations in the proton flux, and review some of the per-
tinent features of the trapped protons during solar minimum that per-
tain to the altitude-flux profile and differential energy spectrum. The
second part of this report presents some preliminary computational
results, using the time-dependent continuity equation, 3-3 that are com-

pared with experimental data.
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PROPERTIES OF TRAPPED PROTONS
220 TO 450 km ALTITUDE

At low satellite altitudes, the inner radiation belt is detected
only in the South Atlantic anomaly. This region, centcred at approx-
imately 34° S by 34° W, is the site of anomalously low intensities of
the geomagnetic field, and hence, high fluxes of trapped radiation.
Figure 1 shows the geometry of the South Atlantic anomaly. The
solid-line contours are Injun 3 isoflux contours (in units em™2 sec™ )
for protons in the energy interval 40< E < 110 MeV at an altitude of
400 km. ¢ The contours of constant L, computed by using the 48-
coefficient Jensen and Cain geomagnetic field model, 7 are shown as
dashed lines. The northward trajectories traversing the anomaly re-
gion are those of a typical 4-day satellite flight at 400 km altitude and
75° orbit inclination. Demonstrated here is the uniform sampling of the
particle fluxes in the anomaly, as well as the limited range of the L
parameter. The magnetic field intensity, B, varies from 0.21 to 0.25
Zauss over the range of L values shown.

The inner-belt protons exhibited a high degree of stability during
the recent solar minimum period, September 1962 through June 1966;’
in Figs. 2 through 5 we illustrate some of those temporally stable fea-
tures of the inncr-belt protons to which we refer in the second part of
this report. Figure 2 presents the altitude dependence of the omnidi-
rectional flux of E = 63 MeV protons. We plot in this figure the aver-
age daily flux, J (in units em™> MeV™? day” ! and normalized to a 90°
orbit inclination). observed for each satellite flight, versus the average

mirimum mirror-point altitude, h

min’ This flux refers only to those
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protons detected during northward passes of the satellite in the anom-
aly (see Fig. 1). To remarkable precision, the altitude profile of the
omnidirectional flux of 63-MeV protons can be fitted by a simple power-
law function of the form J(65 MeV) TF:““ . The experimental data are
shown as open circles and are fitted to a least-squares power law

_ 4.6720.08

J «h .
cC m

in to an accuracy of #7.6% (SD). The computed daily fluxes

for each flight, derived from the Injun 3 B- L proton flux contours and the
satellite ephemerides, are shown as dark circles. The least-squares
fit to these data yield an exponent n = 4.0520.04. Although the differ-
ences between the slopes of the observed and computed altitude-flux
profiles are statistically significant, we believe the Injun 3 data (re-
corded between December 24, 1962, and September 28, 1963) repro-
duce well our solar minimum data--clearly within the stated accuracy
(20%) of the Injun 3 data.

Five measurements of the differential energy spectrum for pro-
tuns, E>57 MeV, between June 1963 and June 1966, are given in Fig.
3. The data are normalized to an altitude Emi = 375 km, assuming

4.67 =

the omnidirectional flux varies as Emin , Andependent of energy. The

errors of measurement are consistent with the spread in the data points.
We have no evidence, therefore, for a change in the spectral shape of
the protons during the solar minimum period. In fact, the energy spec-
trum okhtained in 1960 by Heckman and Armstrox-ng8 (shown as a dashed
line, and normalized at E - 63 MeV) also exhibits the same spectral
shape. Thus, within the observational errors, the proton energy spec-

trum has been invariant for almost a complete solar cycle.
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In what follows, we shall need to use the spectral shape of the
spectrum between 50 and 90 MeV. For thic energy interval, we take

~0.712 =2 sec ! Mev1.

the spectrum to be J(E) x E This energy
spectrum was first derived by Freden and White, 9 and is in agree-
ment with the observed spectrum for 50 < E < 9C MeV.

Figure 4 presents the temporal behavior of the omnidirectional
proton flux at 63 MeV between September 1962 and May 1969. Plot-
ted as a function of time is the quantity J(t)/Jc. the ratio of the 63-
MeV omnidirectional proton flux at time t to the least-squares flux
observed during the solar minimum period (Fig. 2). The data are
grouped into three altitude ranges: (a) 220 < Emin < 300 km, (b)
300<h . <400km, and (c) 400 <K . <455 km. Within the
experimental errors (the 5% statistical errors are indicated for the

300-400-km intcrval) we conclude that the flux of 63-MeV protons

was, for all practical purposes, ina steady state atall altitudes between
220 and 455 km during the period November 1962 to June 1966.

Variations in the proton flux before and after the quiescent
period are readily apparent. The high value of the flux observed in
September 1962, our first measurement, can be attributed to the ef-
fects of the Starfish nuclear detonation in July 1962 on the inaer-belt
protons. ” Near mid-1966, the proton flux began to decline, and, as

of May 1969, had decreased to about 0.40 of its solar minimum value.

CONTINUITY EQUATION: COMPUTATIONS

Solar Cycle Variations
It is these experimental results that we wish to discuss in terms
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of the time-dependent continuity equation, 4.9
dN d dE
H® S-F (v N(E) d—;) - povN, (1)
where N = particle density in units em™3 Mev~ 1,
and S = source strength in em™3 sec™! Mev™ 1.

The second and third terms on the right are, respectively, the rates

of particle loss owing to energy loss by ionization and nuclear inter-
actions in the residual atmosphere. For the atmospheric density av-
eraged over the particles' trajectory, p, we shall use the resuits of
Heckman and Brady. i1 In our present calculations, the results of
Heckman and Brady, which are based on the Harris and Priester model

atmosphere, are reformulated in terms of !"o 7 (in units of 10~22

12,13

w
M2 cps” 1), the 10.7 solar flux. Furthermore, we have aug-
mented the atmospheric density calculation to permit the evaluation of
the effective atmospheric densities as a function of F,o..’ as well as
E, the proton energy. The latter correction enters because the atmo-
sphere traversed by a trapped particle is dependent on its cyclotron
radius, hence energy, for a given minimum mirror-point altitude of
the particle's guiding center. 1
The experimental data cited above, when incorporated into
solutions of Eq. 1, should give us some insight as to the source
strength, its altitude dependence, and the temporal behavior of the
trapped protons. Explicitly, the data state that, in the energy inter-

val 50 < E < 90 MeV,
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(a) dN/dt = 0 betwern 1963.0 and 1966.0,

4.67
(®) N(hmin) x h:nin

-0.72

. 250 < hmin < 450 km, and
(c) N(E) x E

Given the time-dependent effective atmospheric density, p[hmin. E,E, ],

where F'o’.'(t) is the monthly averaged 10.7-cm solar flux, our objective

is to solve for the energy and altitude dependence of the source function,
S(E.h), from which the particle density N(E) can be computed as a func-
tion of time and altitude.

To prepare Eq. (1) for integration, we follow Freden and White9
and express the velocity, v, and rate of energy loss, dE/dx, in terms of
power-law relationships in energy, E, for the interval 50 < E < 90 MeV.
Given a source strength, S, and a proton density at time t, N(E,1t), then,

at time t + At,
N(E.t +At) = N(E, t) +£g—:-9 at. (2)

Integration errors in Eq. 2 are less than 0.1% for step size At = 1 to
2 bours.

The first question we ask is: Is there an S(E, h) such that an ap-
proximate steady-state solution is given by Eq. 1 between 1963.¢C and
1966.0, independent of E and h? The answer is Yes. As a particular
example, Fig. 5 gives m)obl for 60-MeV protons that yields flux
values that are practically constant during the solar minimum period,

250 < b in< 450 km. The errors assigned to S(h) , _ represent the

obs
uncertainty in the source function that arise from the approximately
2 10% scatter in the flux measurments about their mean value for the

period 1963.0 to 1966.0.
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The significant result shown in Fig. 5 is that, between 250 ard
450 km altitude, the source function is not constant (as one might ex-

pect were the proton source solely due to albedo neutron decay), but
-2.4

decreases with increasing altitude according to S(h)ob. & hmin . Also
given in Fig. 5 are the altitude dependences of N (at 60 MeV) = h:r;;,n

(observed) and p x n-7-0 (computed). As noted by Cornwall et al., 14

the quantity SNp is a constant under equilibrium conditions. Our re-
sults are in good agreement with this condition. The numerical values
of S and N in Fig. 5 need be relative only, because it is the ratio S/N
that is important here. However, to be somewhat reaiistic, we have
adopted for N (at 60 MeV) at 1963.0 the proton density obtained from

the Injun 3 data for hm o 350 km, L = 1.40 earth radii.

i
In their examination of the changes in B-L space with time,
Lindstrom and Heckmnn’5 pointed out that the minimum mirror-point
altitudes in the South Atlantic anomaly are decreasing at a rate of ix- 7
km/year owing to the secular change of the earth's magnetic field.
Such a drift in the minimum mirror-point trajectories in the anomaly
produces an apparent source of protons of the amount SB=h'(dN/dh).
where h is the inward drift velocity and dN/dh is the altitude gradient
of the proton flux. This apparent source is also shown in Fig. 5. We
note that its magnitude does not significantly contribute as a proton
source at the lower altitudes, comprising only about 2% of sobu at
250 km. However, because of its strong dependence on altit:de--e. g.,

SB varies as h"’--the SB source becomes quite significant for higher

altitudes, and can account for ncarly one half of sobo for altitudes
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above 450 km. We wish to stress that the apparent source Sp arises
solely from the dynamic behavior of the geomagnetic field, and is in-
dependent of any assumptions as to nonadiabatic behavior in the par-
ticle motion.

The results of our computations on the solar-cycle variations
in the flux of 60-MeV protons are given in Figs. 6 and 7. Figure 6
shows the temporal behavior at 250, 350, and 450 km at L = 1.40 be-
tween January 1963 and May 1969. Plotted versus time are the com-
puted ratios j(t)/j(1963.0). The experimental data (Fig. 4) are super-
imposed on the computed curves for comparison.

The good agreement between the solutions of the continuity
equation and cur experimental data is most encouraging. Between
1963.0 and 1966.0, the empirical source function Sobe FeProduces well
the observed coastancy of the proton flux. As solar activity developed
after 1966. the computations show the characteristic differences in
the behavior of 60-MeV protons as the altitude--and, hence, life-
times--increase. Since mid- 1967, the calculations indicate that the
proton flux at 250 km has sustained a nearly constant minimum value,
coincident with the plateau in activity during solar maximum. This is
in comtrast to the fluxes at 350 and 450 km. which are still decreasing
as of early 1969. Such an effect accounts for the apparently high val-
wes of J/J_ observed in our last two flights (im_ = 224 and 299 km).

rfish Redistribution

Filz and Holeman 1 have reported that an abrupt increase in
the low-altitude proton flux followed the Starfish nuclear detonation
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on July 9, 1962. At 350 % 50 km, their data indicate the proton flux
was increased by about 7 times over its prebomb level by this event,
owing to a nonadiabatic redistribution of the low-altitude protons.

On the basis of Filz and Holeman's Fig. 10, we would conclude that
the proton flux decayed within 1 year to a constant level, which was
some 2.5 times the prebomb level. It is evident, therefore, that
the temporal behavior of the inner belt we have been studying has like-
wise been artificially perturbed. To examine this further, we have
carried out the integration of Eq. 1 for the flux j(t)60 Mev 2t

hmin = 350 km beginning 1953.0, under the assumption Sob. is time
independent. Two initial arbitrary flux values were assumed:

2 -1 1
<

(a) j{4953.0) = 9.2 cm™ € se MeV™ ", equal to the 60-MeV flux ob-

served in 1964, one full solar cycle later, and (b) j(1953.0) = 3.2
em 2 sec”! MeV™!. The results of this computation are presented in
Fig. 7. Solutions (a) and (b) converge to a unique solution after 1958.5,
yielding a j(t) that is independent of initial conditions. Well illus-
trated is the anticorrelation of the proton flux with the atmospheric
density, the latter shown by the dashed line. The computed curves of
j(¢t) from 1958 through 1968 display how flux changes at 60 MeV would
have occurred had there been no Starfish detonation and, hence, pro-
ton redistribution. Our interpretation of the sequence of cvcnts por-
trayed in Fig. 7 is that, on July 9, 2962, the Starfish detonation caused

a rapid increase in the proton flux, and, after an apparently short-livec

tr ient, settled d to a 3-year, steady-state condition. This "steady-
state' phenomenon was fortuitously produced when the natural solar-

cycle increase in the proton flux was just compensated by the decay of
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the Starfish perturbation. The difference between the Starfish and
no-Starfish calculations is, in fact, an exponential decay curve. The
particle data denoted by circles are form Filz and Holeman;’0 the
data of this vxperiment are shown as X's. All the data are re-
stricted to imin = 350250 km. The two sets of data points are in-
dependently normalized to the computed, steady-state condition
1963.0 to 1966.0. We believe it is significant that the relative changes
in the {57-MeV) proton flux observed by Filz and Holeman at 350 km
altitude, before and after the Starfish detonation, are in agreement
with calculations that were, in turn, based on our independently mea-
sured post-Starfish data. Finally, we note that the effects of Star-
fish have now virtually disappeared for altitudes 350 km (and less).
Heaceiorth, the inner-proton belt will be (one hopes) in its '"natural"
state at these low altitudes.
Semiannual Variations
Recent satellite atmospheric-drag results have revealed that
during the course of our particle measurements, the semiannual and
solar-cycle density variations in the atmosphere have been comparable
in magnitude at altitudes between 191 and 1030 km. 16-19 The semi-
annual variation has yet to be explained, although the effect has been
well documented. Adequate for our purposes here is that, to the ex-
tent it has been studied over an 8-year period, the semiannual effect
is a highly stable, global phenomenon. 20 Irrespective of altitude and
local time, the atmosphere exhibits in-phase world-wide density vari-
ations, the minima occurring on about January 26 and July 25, and the
maxima on April 1 and November 1. Although the periods between
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minima and maxima are not equal, the dates on which they occur
have been determined to within an accuracy of several days. The
min:max density ratios affected by the semi-variation are typically
1:2. The observed amplitudes of the density variations appear to be
related to temperature variations in the thermosphere, the latter
being correlated with the intensity of the 10.7-cm solar flux.

It is quite obvious, then, that when proton lifetimes are less
than about 6 months, observable semiannual changes in the flux of
inner-belt protons should occur. To investigate this statement quan-
titatively, we have attempted to include in our atmosphere model a
realistic description of the semiannual density variations. To do so,
we have referred to the works of King-Hele et al. and Cook et al., who
have since 1964 examined the semiannual variations at altitudes 191.16
470, =0 480, 18 .nd 1130 km. 19 We have collected these data and pre-
sented them in Fig. 8. To reveal the semiannual variation, diurnal and
solar-activity effects have been removed from the data. The residual
semiannual variations were then reduced to an }-10.7 that was charac-
teristic of the time during which the atmospheric density measurements
were made. The dashed lines through the data are the analytical func-
tions we use to represent the semiannual effect.

We now have a description of a (bounce and drift averaged)
Harris and Priester atmospheric model that includes both solar-cycle
and empirical semiannual time variations. The flux changes for 60-
MeV protons predicted by the continuity equation with this model at-
mosphere are shown in Fig. 9. Upon comparing this figure with Fig.

6, we sec that the semiannual density changes are clearly present at
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250 km, but not so at 350 and 450 km Some salient features of these
computations that are in accord with the experimental data are:

(a) Between 1963.0 and 1966.0, the semiannual changes in the pro-
ton fluxes are small, typically equal to, or less than, the experimen-
tal errors. The computed results continue to exhibit a very stable
flux level during solar minimum.

(b) As solar activity increases, the average density of the atmo-
sphere increases and the proton lifetimes decrease. Consequently,

the responsr of the trapped protons to changes in the atmosphere be-

s more pr ed This is exemplified by the increasing semi-
annual oscillations in the proton flux since 1967. The observed ampli-
tudes of the {luctuations in the proton flux measurements since 1967
are consistent with this interpretation.

Because of the preliminary and sensitive nature of the calculations to
our atmospheric and magnetic field models, we do not attribute any
significance to the fact that the variations in the 350 £ 50-km data ap-
pear to be characteristic of an altitude slightly iess than 350 km.

Thus far, we have discussed a number of instances in which
the experimental data are accounted for by theory. Contrary to this
an interesting, and perhaps quitr. importait, vbservation can be made
by closely examining Fig. 9. It ie that the observed flux changes are
not in phase with the computed semiannual flux variations. Taken
at face vaine, the flux changes appear to be out of phase with the solu-
tions of the continuity equation by about 5 weeks. Surprisingly, this
phase difference is such that the proton flux variations are nearly in

phase with the iannual density changes in the atmosphere. The
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significance of this observation is certainly not clear at this time.

We wish, however, to make the following observation: The principal
unknown in the theory of the energetic, inner-belt protons is the source.
We have trcated the source S(E,h), therefore, as an empirical quantity
to be determined by experiment. Using this approach, we find that this

empirical source, S

obs’ decreases with increasing altitude. The only

other physical entity that decreases with altitude is the density of the
atmosphere. The implication, tken, is that there is an effective source

of trapped protons related somehow to the atmosphere--indicative of

pitch-angle scattering.

SUMMARY
Orn the basis of our experimental studies on the temporal be-
havior of low-altitude, inner-belt protons, and their interpretation in
terms of solutions of the time-dependent continuity equation, using an
empirically determined source function, we make the following conclu-
sions:

(a) The observed temporal changes in the flux of $3-MeV protons
since 1963, 220 < imin < 450 km, are in agreement with those ex-
pected from the solar-cycle changes in the atmosphere.

(b) The computed time history of the proton flux at 60 MeV before
and after the Starfish detonation is in excellent agreement with the ob-
servations of Filz and Holeman, as well as with our post-Starfish data.

(c) For altitudes about 250 km. semiannual density changes in the
atmosphere should be observable in flux changes of protons E < 60 MeV.

That a phase difference may exist between the observed and computed
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semiannual changes in the proton flux is unexpected and needs to be
explained.

Pitch angle diffusion, which may be an effective source strongly cor-
related with the atmospheric density, must now be included in the theory
in order to see whether or not it can account for the altitude dependence

of the source function implicated by our experimental observations.
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16. D. G. King-Hele and J. Hingston, Planetary Space Sci. 16, 675 FIGURE CAPTIONS
(1:38). Fig. 1. The South Atlantic anomaly. The heavy-line contours are

17. D. G. King-Hele and D. M. C. Walker, Planctary Space Sci. Injun 2 isofiux rs for prot 40 < E < 110 MeV at 400 km
17, 197 (1969). altitude. Dashed lines are tours of L using the Jensen and

18. D. G. King-Hele and J. Hingston, Planetary Space Sci. 16, 937 Cain 48-coefficient field model. The northward traversals of a
(1968). satellite, 75°orbit inclination, during a 4-day flight are shown

19. G. E. Cook and D. W. Scott, Plznetary Space Sci. 15, 1933 /1967). as arrows.

20. L. G. Jacchia, J. W. Slowey, and I. G. Campbell, Planetary Fig. 2. Omnidirectional flux of 63-MeV protcns versus average
Space Sci. 17, 49 (1969). ini mirror-point altitude during solar mini No ber

1962-June 1966. Experimental data are shown as open circles;
the least-square fit to these data is denoted by Jc. Computed
Injun 3 daily fluxes and least-squares fit are shown by the solid
points and dashed line.

Fig. 3. Differential energy spectrum for protons, E>57 MeV, 1963-
1966. Dashec curve is a smoothed fit to the spectrurn measured
in 1960 by Heckman and Armstrong (Ref. 8).

Fig. 4. Temporal behavior of the 63-MeV omnidirectional protoa flux,
September 1962 to May 1969. Plottzd are the ratios .l(l)/.lc versus
time, where .lc is the least-squares fit to the data for the period
November 1962 to June 1966.

Fig. 5. Altitude dependence of source function of 60-MeV protons,
sobo' required to account for a constant flux level observed be-
tween 1963.0 and 1966.0. The altitude dependence of the mea-
sured proton density, N(h), and conputed effective atmospheric

density, p(h), for 1963.0 are also shown. The source S_ is the
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apparent source of 60-MeV protons arising from the lowering
of the mirror-point trajectories owin, to the secular variation
of the geomagnetic field.

Fig. 6. Computed ratios of j(t)/j(1963.0) at 60 MeV at minimum-
mirror point altitudes 250, 350, and 450 km, L = 1.40, between
January 1963 and May 1969, given source S, . Flux data from
Fig. 4 are also shown.

Fig. 7. Computed proton flux j(t).g ey 3t Bpin = 350 km, begin-
ning 1953.0, assuming source Sob. is constant, and initial flux
values j(1953) = 9.2 and 3.2 em2 sec”? MeV™!. Uniqu. solution
is obtained at this altitude after 1958.5. The Starfish redistribu-
tion on July 9, 1962, the 3-year "steady-state,' 1963-1966, and
the abrupt solar-cycle decrease in the proton flux after mid-1966
are reproduced in these calculations. The data denoted by open
circles are from Ref. 10; the x's, this experiment. The data
points are limitedto B, = 350450 km. Solar-cycle behavior
of atmosphere at 350 km altitude is given by the dashed curve.

Fig. 8. Semiannual density variations in the atmosphere, reproduced
from Refs. 16-19. Dashed curves are analytic functions used to
represent the semiannual density changes in the computations.

Fig. 9. Calculated j(t)/j(1963.0) at 60 MeV at h . =250, 350, and
450 km when both solar-cycle and semiannua’ density changes are
incorporated into the continuity equation. Again, the experimental
data are shown for comparison with the theory.
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