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ABSTRACT

A comprehensive study of the temporal behavior of trapped
protons, alpha particles and ions (Z > 2) in the outer zone of the
earth's magnetosphere has been made. These observations were made
by the Injun V satellite during the first 21 months of operation,
August 1968 to May 1970. Rapid increases in the observed number of
particles followed by slower exponential decay characterize the data.
Comparisons are made with the temporal behavior of interplanetary
particles of the same energy observed by Explorer 35. Increases in
the trapped fluxes generally correspond to enhanced interplanetary
activity. The energy spectra of pfotons and alpha particles at
L = 3 have similar shapes when compsred on an energy per charge
basis while the respective polar cap spectra have similar shape on
an energy per nucleon basis. Apparent inward trans-L motion of
energetic protons is observed. The temporal association of inter-
planetary particles, the apparent trans-L motion and the charge
dependence of the energy spectra lead one to believe that the source
of increases of trapped particles 1s energetic solar particles pene-
trating to the polar cap. These particles are diffused inward by a
process involving fluctuating electric fields. The loss of trapped
low altitude protons, alpha particles and ions (Z > 2) is controlled

by coulombic energy loss in the atmosphere.



I. INTRODUCTION

Since the discovery of the trapped radiation belts 1L years
ago, many subsequent observations (Heckman and Armstrong, 1962;
Davis and Williamson, 1963; Mihalov and White, 1966; Fillius, 1966;
Frank and Owens, 1970; Pizzella and Randall, 1971) have determined
the intensities, energy spectrum and distribution of the outer zone
trapped protons. Alpha particle observations are much less extensive
than proton observations, covering an energy range of about 1 to 10
MeV, and only a crude knowledge has been gained of the differential
energy spectrum (Krimigis and Van Allen, 1967; Paulikas and Blake,
1968; Fritz and Krimigis, 1969; Van Allen and Randall, 1971); but
these results do indicate that alpha particles of these energies are
distributed in L in about the same manner as protbns with energies
of 0.3 to 10 MeV. The ratio of intensities of alpha particles to
protons with 300 keV kinetic energy per nucleon has been found to be
on the order of lO-,4 (Krimigis, 1970). The measurements of heavier
ions (Z > 2) are very preliminary (Krimigis et al., 1970; Van Allen
et al., 1970) but they seem to have a similar distribution in L as
protons and alpha particles with kinetic energies of 300 keV per
"nucleon.

The nature of the source and loss mechanisms of particles in

the magnetosphere and the low ratios of intensity of alpha particles



to protons and of ions (Z > 2) to alpha particles compared to the
solar wind values remains comparatively obscure. The extensive data
from Tnjun V and Explorer 35 provide a unique opportunity to observe
the dynamics of the magnetosphere and its interaction with inter-
Planetary particles and possibly infer from these observations the
source and loss mechanisms and the reasons for the low ratio of
intensities.

The Injun V solid state experiment gives good spectral informa-
tion on protons in the outer zone with 10 channels covering the energy
range 0.3 to T4 MeV (Pizzells and Randall, 1971). The alpha particle
detector has three nested energy passbands from which limited'spectral
information can be obtained and the relationship between the proton
and alpha particle energy spectra can be examined. The ion (z > 2)
measurements come from & single energy passband, but these are useful
in determining intensity ratios with the more abundant species of
particles once a spectral form is determined. The ability to deter-
mine the energy spectra of particles, coupled with the long life time
of ~ 21 months and large quantity of data gives a good sampling of
particle intensities as a function of time in the outer zone, and in
the auroral and polar cap regions.

Explorer 35 is in a lunar orbit and carries a solid state
de£ector experiment which has two nested proton passbands, .32 to
6.3 MeV, an alpha particle passband and a channel for detecting ions

(z >2). The data from these energy passbands give the activity in



interplanetary space and can be compared with the Injun V data over
the polar caps.

The purpose of this paper is to determine the energy spectra
of protons, alpha particles and ions (Z > 2) and to do a time study
of the data from the two experiments and to attempt to determine the
mechanisms for the origin and loss of protons, alpha particles and

ions (Z > 2) in the magnetosphere.



II. EXPERIMENT

Injun V is a low altitude, polar orbiting satellite that was
launched on 8 August 1968 with an initial perigee altitude of 644 km
and an apogee altitude of 2525 km. The orbit has an inclination of
81 degrees and the initial period was 118 minutes. The satellite
achieved continuous aligrment (#* 15°) with the earth's magnetic field
by 16 December 1968, after tumbling for several months. Prior to
this.time, the data were selected if the on-board magnetometer
indicated that the detector was aimed 90° £ 10° to the field lines.
After this time the detectors were always aimed'approximately ortho-
gonal to the local field lines. Thus all of the observations of the
geomagnetically trapped particles are for particles mirroring at or
near the altitude of the satellite.

The experiment consists of two separate detéctor systems,
the proton-electron telescope and the alpha particle detector.

The proton-electron telescope has for its first element a 24.1
micron thick, totally depleted surface barrier silicon detector

with an area of 10.1 mm2.

The collimator has & half ahgle of 14.5°.
Behind this detector are two more detectors with thickness of 862
and 905 microns as shown in Figure 1. These detéctors are used

for counting electrons, high energy protons and as a coincidence

gystem with the first detector. The system works in two basic modes.

One mode does not use the coincidence system and has four nested -



proton energy passbands from the first detector and four nested
electron energy pgssbands from the second and third detectors plus
two nested higher energy proton passbands. The other mode uses
the coincidence system, which places a common upper level on the
four low energy passbands and eliminates protons penetrating the
thin detector from being counﬁed as electrons. The two higher_
energy passbands remain unaffected by the coincidence system.

(See Figure 2.)

The alpha particle experiment consists of an 8.5 micron
thick, totally depleted surface barrier silicon wafer, with an area
of 3.1 mi® and a collimator opening angle of 26.5° as shown in
Figure 3. The detgction scheme is similar to that of the previous
system. Three of the discrimination levels are set for alpha par-
ticles and one more is set for ions with Z > 2. The alpha particle
levels are set such that the lowest level is 300 keV higher than
the maximum energy loss for protons in the detector. The ion level
is set one MeV higher than the maximum energy loss for alphg |
particles in the same detector. (See Figure 4.) The pﬁlses from
this detector are delay line clipped to 100 nanoseconds aﬁd the
pulses can be resolved if they occur more than 54 nanoseconds
apart. Both detector systems have brass aspertures which give
shielding of approximately 100 MeV for protons not coming through
the opening angle. For more detailed information on this detector

system, see Randall (1969).



Explorer 35 is a lunar orbiting satellite which is oriented
with its spin axis orthogonal to within 7° to the ecliptic plane. The
data are sectored into four equal sectors with Sector ITII looking
toward the sun. This satellite carried a similar experiment package
as described above. The detector is a 20 micron thick, totally. de-
pleted silicon surface barrier junction, with an area of lO mm2. The
collimator is a cone with a half angle of 30° and brass side shield-
ing sufficient to stop 50 MeV protons. The energy levels are set
such that there are two nested proton energy passbands, an alpha
particle energy level and an ion (Z > 2) energy level (Figure 5).

The electronics are basically the same as previously described, with
the exception that this experiment can resolve two events only if
they are separated in time by more than 120 nanoseconds (Van Allen

and Ness, 1969). The pertinent energy passbands and geometric factors

for all of the experiments are summarized below:



Injun V Proton-Electron Telescope

P, . 304 sEp < 9.2 MeVv
P, 448 sEp s L.21 Mev
P5 .63 sEp < 2.64 Mev
PLL .80 sEp < 1.94 Mev
Py - 306 <E, < 1.43 Mev
P6 A5 sEp < 1.43 Mev
P .63 <E, < 1.43 Mev
Pg .80 sEp < 1.43 Mev

P. 344 <E <7h MeV

Plo 8.42 sEp <2k.9 MevV

Geometric Factor = 0.020 cm2 sr
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Injun V Alpha Particle Detector

A1 1.18 sEa < 8.4 Mev
A 1.60 sEa < 5,0 MeV

3 2.0 SEOt < 3.5 MeV

Ah 4.6 sEC < 85 MeV

L.7 sENslhO MeV

5.0 sEO < 24.9 Mev

Geometric Factor = 0.0051 cmsr

Explorer 35
Pl 0.32 sEp < 6.3 MeV
P2 0.48 sEp < 3.0 MeV
P3 7.0 sSE, = 114 Mev
7.1 <Eg < 196 MeV
7.5 sEO < 304 MeV
P’+ 2.0 sEa < 10.2 MeV

Geometric Factor = 0.079 cem® sr
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Since the basic characteristics of the detector system have
been described, it is of interest to consider possible problems
that might be encountered in an analysis of the data. The follow-
ing processes which could pose potential problems have been discussed
‘at some length by Krimigis and Van Allen (1967) for a similar detec-
tor system: (a) pulse pileup, (b) transverse penetration, (c)
elastic scattering, and (d) inelastic nuclear interaction.

With regard to the Injun V experiment these processes have
been evaluated as follows: Process (a), the proton experiment, was
tested prior to flight using a 1 curie Srgo B source and it was
determined that pileup was due to a four-fold coincidence of electrons
with energies between 50 and 100 keV. The integral flux of electrons
with these energies found in the outer zone can be found by extrapo-
lating the electron spectra of Randall (1969). These results show
that the flux is less than 5 X 106 electrons cm2 sec sr and would
contribute less than one count per second to the lowest energy pro-
ton channel. The alpha particle detector is not sensitive to elec-
trons but the lowest alpha particle energy level is set at 900 keV
and a two-fold coincidence of protons with energies between 0.45
and 1.2 MeV could give spurious counts. The effect due to this is

given by
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where T = 1.08 x lO-7 seconds and Ré ié ﬂhe counting rate of‘
protons with energies between .45 and 1.2 MeV. The second proton
energy level counts protons with energies between 0.45 and 1.43 MeV
and the maximum counting rate was observed to be about 5000 counts
per second. Accounting for the differences in geometric factors,
the contribution to the lowest alpha particle energy lgvel is 0.17
counts per second. When this maximum proton rate was observed in
flight, the lowest alpha particle energy level was counting approxi=-
mately 10 counts per second so the contribution from this effect is
negligible. The ion (Z > 2) energy level is set about six times
higher than the maximum energy loss for protons in the thin
detector, so the only possibility to have pileup is to have two

or more alpha particles be coincident. Assuming maximum rate of

20 counts per second due to alpha particles leaving 1.75 MeV or
greater in the thin‘detéctor, the contribution to the ion (Z > 2)
energy level would be 4.3 X lO-5 counts per second. The ion to
alpha particle intensity ratio would then be less than 2.2 X 10-6,
whereas the observed ratios are about 1000 times larger as can
be seen in Figure 17. Thus process (a) is negligible for the

Injun V experiment.

For process (b), the transverse penetration of the collimator
and detector by high energy particles, the problem does not exist in
the outer zone since the flux of protons with energies greater than
95 MeV mirroring at Injun V altitudes is less than lO'5 protons/

cm® seconds sr (Pizzella and Randall, 1971).
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Process (c), elastic scattering, was tested for the alpha
particle detector during the initial calibration. A 10 micron thick
detector, in the same configuration as used in flight, was bombarded
with 0.95 to 1.2 MeV protons which is greater than the 906 keV
threshold at rates of less than 50 protons per second incident on
the detector. The efficiency for counting these protons was less
than 0.03% (Randall, 1969). The actual efficiency for the flight
detector should be smaller since the detector used is thinner. The
contamination due to elastic scattering for the ion (Z > 2) energy
level is much smaller since the energy loss necessary to trigger this
level is 3.5 MeV and according to Janni (1966), the percent of
multiple scattering for protons of 3.5 MeV is reduced by a factor
of 1.39 from that for 1 MeV protons. Alpha particles, since they
are more ionizing, should produce the biggest effect but assuming an
efficiency of 0.1%, the contribution from alpha particles with ener-
gies greater than 3.5 MeV would be 2.2 X lO",+ counts per second, if
the first alpha particle energy level was counting 10 counts per
second. This would give an ion (2 > 2) to alpha particle intensity

ratio of 2.2 X 107

, which is much smaller than the observed results
in Figure 17. The ions (Z > 2) also have a very different L depen-
dence from that of the high energy protons (Van Allen et al., 1970).
Mutliple scattering of low energy electrons could ;ffect the low
energy proton detector but it has been determined experimentally that

contributions from this effect would require a two-fold coincidence

and are quite negligible in the outer zone.
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For process (d), inelastic nuclear interaction, the proba-
bility of an inelastic nuclear interaction taking place in the
detector or collimator is less than 0.0002 for protons less than
5 MeV (Janni, 1966).

These same problems were potentially present for the
Explorer 35 experiment and have been discussed by Armstrong and
Krimigis (1971). They also conclude that the detector system on

Explorer 35 is counting what it was designed to count.
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III. DATA ANALYSIS

The Injun V solid state detector data weré first stripped
from the master data file and a new file was created. These tapes
had all of the orbital parameters and count rates of each detector
energy level in counts per frame. From this file g master SSD file
was created by doing a 15 secona average on all of the data. This
resulted in approximately L4.27 x lO5 records of data each containing
all of the orbital parameters and 24 different measurements of
energetic particles. This averaging was desirable since the experi-
ment operated by sequencing through the various possible modes and
15 seconds represented the shortest division in which data were
available from all modes. Before magnetic orientation was obtained,
the data were selected if the orientation of the detector axis as
indicated by the magnetometer was within 10° from being orthogonal
to the local magnetic field. The quantity of data improved markedly
after orientation since it was not necessary to discard data due to
the orientation of the satellite.

The data reduction for the time study part of this paper then
involved sorting the outer zone data into small seqtions in L space.
The data within each interval were then averaged. Six different
L bins were used. Thus it is possible to obtain 24 different samples

per orbit. The following intervals were used:
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L=2.5 £0.25

3.0 +0.25
3.5 +0.25
4.0 4+0.25

5.125 + 0.875
6.6 4+ 0.60
During eight geomagnetically quiet periods, these data were
then analyzed using a two variable least squares fit in magnetic
field B and in time T. The equation for the fit is

log (count rate) = A +A, B+ A5 B® + Ay T

This fit assumes that the fluxes of particles vary as an exponential
in time and is based on the results of a preliminary time study
which used the data from a given L shell and a very small range of
magnetic field strength. The second order polynomial in B has been
used before (Pizzella and Randall, 1971) and quite adequately fits
the data. This fit accomplished two things: First, it ﬁade it
possible to convert all of thé observed data to a common value of
magnetic field such that a study of ﬁhe fime variations could be
made. It also yielded values of the decay times of the various
species of particles. These data were adjusted to a value of

B =0.20 if 0.15 < B < 0.33 and averaged on a daily basis. The final
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plots of the data were produced using a running three-point average
for smoothing out statistical fluctuations. The plots for L = 6.6
were not smoothed because the fluctuations are believed to be real
and the data gaps were more numerous. The heavy ion data had to be
handled in a different manner since the fluxes were so low. These
data were selected on the criteria that L = 5.25 £1.0 and B = 0.20
+ 0.03 and then averaged by hand to eliminate any possibility of
spurious counts contaminating the results. Ten day averages wére
picked to obtain the best statistics and yet say something about the
time behavior of these particles. The comparison alpha-particle

data were analyzed in the same manner.
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IV. OBSERVATIONS

A. Time History

Data are available from the solid state detector experiment
from 29 August 1968 to 29 May 1970. During this time period thé
peak of the sunspot cycle occurred thus giving rise to a wide
variety of geophysical phenomena, from quiescent periods to
massive solar and geophysical étorms. A time history study of
severgl species of particles should give some insight into the
working of the magnetosphere.

Figure 6 gives a time survey of protons 0.3 to 9.1 MeV at
L = 3 as seen by Injun V and interplanetary fluxes of pfotons 0.52
to 6.3 MeV as seen by lunar orbiting Explorer 35. It is important
to note that the trapped fluxes at L = 3 vary during this.time
period by more than a factor of 10 and that all increases occur
not in periods of a month but in only a few days. These enhance-
ments always seem to occur in association with an increase in the
interplanetary particles of the same energy, but an increaée in
interplanetary flux does not always have an associated increamse in
the trapped fluxes. .

From Figures 7 and 8 it is clear that the interplanetary

fluxes of alpha particles and ions (Z > 2) increase at the same
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time as do the proton fluxes but the intensity ratios of protons to
alpha particles and alpha particles to ions vary considerably from
event to event and even during a single event (Van Allen et al.,
1971; Armstrong and Krimigis, 1971).

The worldwide geomagnetic activity as characterized by Ap
seéms to be correlated with increases in the interplanetary fluxes
and high values of Ap do seem to be related to abrupt changes in
thé trapped particles as can be seen from Figures 6 and 7.

The alpha particle flux at L = 6.6 as seen in Figure 9 shows
no durably trapped intensity but only brief transient peaks caused
by interplanetary particles. This same phenomenon is observed at
synchronous orbits as has been reported by Lanzerotti (1970), Sevens
et al. (1970) and Paulikas and Blake (1969).

Figures 10 through 13 show the alpha particles on decreasing
L shells. A great amount of variation of intensity as a function of
time can be seen in the data. The intensity increases occur within
a few days, while decreases take place slowly over several weeks.
This slow decay characterizes stably trapped particles, whereas the
quasi;trapped or non-trapped particles at L = 6.6 have an altogether
different time behavior.

Figure 1L exhibits the same general character for the ions
but it has the additional feature that there were no ions observed
with Injun V from the beginning of the observations until day 303,
1968. The early period comprises only 4962 seconds of data for which

one count would represent a rate of 2.2 X 1o'u counts per second.



20

After this time there was an influx of energetic ions (Z > 2) from
either the earth's atmosphere or the solar wind, that increésed the
observed flux by a factor of the order of 100.

If the source of the ions was the atmosphere then the parti-
cles would have had to have been accelerated from essentially thermal
energies to 5 MeV in the period of just a few days since days 295,
296 and 297 were three of the five quietest days during‘the month.
This time period seems to be too short for any of the mechanisms
thus far proposed to accelerate particles to such energies (Pizzella,
1970).

Since the atmosphere does not seem to be the source of parti-
cles, it is best to look for a solar origin since the observed
increase in the outer radiation zone seems tooccur at the same time
as increases in the interplanetary fluxes. Figure 15 is a typical
example of a polar cap pass. Other examples can be found in the
literature such as Van Allen et gi.,(l97l), Krimigis and Van Allen
(1967), Reid and Sauer (1967), and Evans and Stone (1969). This
exemplary pass was on day é72, 1969 and the more or less quiescent
pass was on day 262 and covered the same B, I space so it can give
a baseline with which to compare the trapping boundatries. During
this disturbed time the polar plateau was immersed in particles and
the counting rétes of the protons and alpha parficles observed by
Injun V agree very well with the observed interplanetary fluxes

of protons and alpha particles seen by Explorer 35.
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The protons during this event were observed to have an approxi-
mately constant intensity from the polar cap down to an invariant
latitude of 60°, where it becomes impossible to distinguish them from
the outer zone protons on any simple basis. The alpha particle in-
tensities drop off at about 63 or 64° invariant latitude such that
it is easy to distinguish befween the tr§pped and quasi-trapped
alpha particles. The alpha particle observations definitely show
that the quasi-trapped alpha particles are not of magnetospheric
origin since they are of the same intensity as seen by Explorer 35
and are higher than the trapped fluxes. The polar cap protons are
certainly of interplanetary origin. Thus observations show that
during solar particle events, particles with energies as low as
0.3 MeV per nucleon can directly penetrate to as low as 63° invariant
latitude which is the quasi-trapping region and that definite
increases sometimes occur within at most a few days. The shortness
of this time scale is exemplified by the observations on 1 November
1968 reported by Van Allen and Randall (1971), where alpha particle
intensities increased by a factor of 12 within the observational
resolution time of 13 hours at L = 3.25 * 0.25 and B = 0.20 % 0.025.

The ratios of the particle intensities in the outer zone are
shown in Figures 16 and 17. The ratio of intensities of alpha
particles to that of protons shows a remarkable variability. During
these observations it changed by a factor of 205 These are very

sharp increases in the ratio which correspond to the abrupt incresases
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in the particle intensities and to the solar particle events. The
decay rate of the ratio appears to be composed of two components,

a short decéy rate superimposed on a longer rate. Both decay rates
can be represented by simple exponentials. The long decay time is
about 100 days while the shorter is approximately 30 days. The
different rates of decay indicate that there are at least two differ-
ent loss processes taking place. The ion (Z > 2) to alpha particle
intensity ratio has much statistical- uncertainty but is apparently
Lless variable than the alpha particle to proton ratio. The alpha
particle to proton intensity ratio in interplanetary space during
solar particle events has been shown to be highly variable whereas
the ion to alpha particle ratio is considerably less so according to
Van Allen et al. (1971) and Armstrong and Krimigis (1971). From
their figures the alpha pa}ticle to proton intensity ratio is about

2 for 0.5 MeV per nucleon particles and the ion to alpha

particle intensity ratio is about 5 X 10-2 for 0.5 MeV per nucleon ‘

2 X10"

particles. The observed intensity ratios in the magnetosphere at

L =3, B= 0.2 for 0.3 MeV per nucleon particles are about L4 X 10'”

for alpha particles to protons and about 2 X 10~

for ions to alpha
particles.

The time history of the alpha particle intensity is worth
considering again since there are many details that have not been

discussed above. At L = 4 the alpha particle intensity shows vari-

ability but decays much more quickly than at the lower L shells, to
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approximately a constant level of 0.1 counts per second. The sudden
depressions are of some interest since they might represent slight
momentary lossés or redistributions of particles during one phase of
a geomagnetic storm. At lower L shells (3.5 and 3) the increases be-
come much larger than at L = 4 and the subsequent decay times are

longer.

One of the more interesting events and one that has not been
covered in the literature occurred around day 134, 1969. The inter-
planetary fluxes of protons and alpha particles were fairly high,
350 counts per second for proton with energies 0.32 to 6.3 MeV and
5.8 counts per second for alphé particles with energies 2.0 to 10.2
MeV for a daily average. The magnetic index A.p was 131 and compar-
able intensities of particles were observed over the polar caps
with Injun V. The proton intensities were very much like that
shown in Figure 15 in that they blended smoothly into the outer
zone proton belt. The intensities of the alpha particles increased
at L = 6.6 and L = 4 as seen in Figﬁres 9 and 10. The intensities
decreased at L = 3.5, 3 and 2.5 and the alpha particle to proton
ratio at L = 3 also decreased. The interest in this particular
event is that the mechanism which caused increases in trapped
particles during other events also produced losses from the usual
traﬁping zone. The intensities at L = 6.6‘(Figure<9f'femained
high for several days after which the intensities at L = 3.5 and 3
increased slightly and at L = 2.5 the intensities remain about the

same.
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B. Spectra’

To realistically compare alpha particle intensities to those
of protons and also to the heavier charged ions, it is desirable to
know the energy spectra of the various species. Since the Injun V
experiment has only three nested alpha particle channels and only one
heavy ion channel it is not possible to obtain directly any precise
ispectral information. It is possible to integrate simple spectral
forms over the energy range and to use the ratios of the actual data
to determine the spectral form which best fits the data. However,
in most cases these simple spectra (e.g., a power law or an exponen-
tial) are usefulenly over a short interval.

Another possible method is to construct an integral spectrum
from the proton data, such as Figures 18, 19 and 20, and them assume
that the alpha spectrum is similar and to graphically determine the
contribution to each alpha channel from such a spectrum. The three
comparisons that have been made are on the basis of the same kinetic
energy per nucleon, the kinetic energy per charge or finally, the
same kinetic energy.

At L = 3.0 £0.25 and B = 0.20 * 0.015, a comparison of the
ratios of the experimental data with the ratios obtained graphically
from 11 integral proton spectra made approximately 30 days apart are

summarized below.
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Ratio A2/A1 Ratio AB/Al
Experimental Data 0.400 0.122
Energy per Nucleon 0.557 0.282
Energy per Charge 0.389 0.149

A comparison of the calculated ratios made by numerically
integrating the experimental proton energy spectrum over the alpha
particle passbands, indicates that the proton and alpha particle
spectra are not similar in shape on an energy per nucleon basis.

This is important since most published reports on the alpha particle
to proton ratio have been made assuming that this is the correct
mode of comparison. |

A comparison of spectra on an energy per charge basis gives
ratios which agree within the statistical errors of the data. The
comparison on the same kinetic energy basis yieldé ratios about the
same as the comparison with the same kinetic energy per charge. This
is due to the fact that the energy spectra had to be extrapolated to
higher energies to take into account the upper thresholds. Errors
involved in doing this are great but do not exclude the comparison
on the sgme kinetic energy basis as a possibility. In an attempt
to distinguish between these two possibilities, the integral proton
spectra were graphically fit to the integral of the following differ-

ential spectrum:
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Y [EE, ew (- VEE,)

This spectral form due to Pizzella was chosen since it has been
shown to fit the outer zone proton spectra over a wide range of
energies (Pizzella et al., 1970; Pizzella and Frank, 1971). Fram
this'graphical comparison a value of E, was determined for each
proton spectrum and the subsequent integrations over the alpha
particle energy passbands gave the following average ratios:

A2/Al = 0.421 and AB/Al = 0.183 for the energy per charge comparison
and A2/Al = 0.271 and AB/Al = 0.089 for the kinetic energy comparison.
The A2/Al ratio for the energy per charge comparison agrees within
the statistical errors of the experimental data ratio. The AB/Al
ratio for the energy per charge comparison is higher than the experi-
mental ratio but the consistent agreement of the AZ/Al ratio for the
energy per charge comparison with the experimental ratio tends to
favor this basis of comparison.

It is of further interest to determine the form of the polar
cap differential energy spectra during solar particle events. Ten
different events were analyzed and the integral proton spectra were
constructed. All of the spectra had the same basic shape, which was
not a simple power law or an exponential, but was in general a slowly
falling spectrum, indicating many high energy protons. An attempt

was then made to see how the alpha particle spectra were related to
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the proton spectra. Due to the shape of the spectra all of the
ratios found by integration of the proton spectra were the same within
the statistics of the experimental data. Thus it was impossible to
determine how the polar cap alpha particle spectra compared with the
proton spectra.

A typical comparison of experimental data with the ratios ob-

tained graphically from the integral proton spectrum is shown below.

Ratio A2/Al Ratio A5/Al
Experimental Data 0.580 + 0.054 0.245 + 0.03%0
Energy per Nucleon 0.603 0.30L
Energy per Charge 0.581 0.283%
Energy 0.655 0.329

The proton fluxes in interplanetary space meésured by
Explorer 35 were ﬁhen compared with the polar cap proton spectra.
The ratio of P2/P1 for Explorer 35 during this time was 0.649. The
ratio of the integrals of the polar cap spectrum over the Explorer 35
passband was 0.637. This then means that protons from interplanetary
space have direct access to the polar caps and that the energy spec-
tra are not measurably changed in‘the process over the enery range
0.32 to 6.3 MeV. The alpha particle to proton intensity ratio was
then calculated using both energy per nucleon and energy per charge
for the alpha particle energy ranges on Explorer 35 and Injun V.

The most consistent agreement among the four energy passbands for a
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constant ratio was with the energy per nucleon comparison. If the

ratio varies with energy then the spectra are not similar in shape.
The energy per nucleon comparison seems to be in agreement with the
higher énergy observation of Lezniak and Weber (1971).

The two heavy ion channels also give similar values for the
ion to proton ratio for an assumed similarity of spectra on an
energy per nucleon comparison.

The similarity of the proton and alpha particle energy
spectra on an.energy per charge basis at L = 3, and the apparent

fact that the polar cap spectra are related in a different manner

and have a higher average energy, indicated that some physical
process depending on the particdle's charge must have taken place.
Whalen et al. (1971) have shown that the low energy auroral ions
have similar energy spectra when compared on an energy per charge

basis, thus adding more evidence to support the outer zone results.
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C. Diffusion

If the source of the outer zone particles is the solar wind
during disturbed times, then it might be possible to observe trans-IL
motion of these particles. An attempt was made to see if this was
the case. Irregularities such as statistically éignificant bumps in
the radial distribution of 0.3 to 1.43 MeV proton were looked for
and when found, a search for similar occurrence on the next satellite
pass through the same local time and approximate magnetic field -
strength was made. If such an event occurred, the difference in the
L shells divided by the différence in time between measurements was
taken as the diffusion velocity of the particles, AL/At. Figure 21
shows the fruits of this labor, that is, the values of AL/At vs L.

As an example, the first point was found on day 135, 1969 at
17:12.1, at which time the counting rate at L = 10.61 was 4 o higher
than the next 2.5 minutes of data. Two revolutions later at 21:02.6
a peak in the counting rate, again 4 5 higher than the background,
occurred. The L value was 7.63 so the value of AL/At is
(10.61 - 7.63)/3.84 = 0.776 hour-l. The other six points were
found in a similar manner.

The straight line fit shows that AL/At decreases sharply as
L becomes smaller. These data represent a trans-L diffusion since
Injun V is polar orbiting and each set of measurements was taken

at approximately the same altitude. It seems to represent an
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equatorward convection of sets of disturbances. The extrapolation
to lower L shells is intriguing, but is virtually impossible to ob-
serve experimentally due to the slowness of the motion of the orbit

in B, L, and MLT space.



31

V. INTERPRETATION OF THE OBSERVATIONS

A. The Source

From the data presented, the time histories of the outer
zone protons, alpha particles and ions (Z > 2) can be characterized
as follows: The intensities increase sharply on the time scale of
a day or two; decreases in intensity appear to be exponéntial to a
first approximation and have a time scale on the order of weeks.

The initial increases represent an increase in the number of parti-
cles observed in the outer zone and the excess number of particles
should be explained.

Possible explanations that have been suggested are a redistri-
bution of the equatorial pitch angles, diffusion outward from the at-
mosphere, diffusion inward from the solar wind, and direct capture.
The data from Injun V cannot be used to determine if the increases
are due to a redistribution of equatorial pitch angles. For such
a determination it would be necessary to have simultaneous obser-~
vations at the equator and at low altitudes and such data do not
seem to be available. The diffusion outward from the atmosphere
(Pizzella, 1970) does not take place rapidly enough to account for
the observations. A number of radial diffusion theories using the
solar wind as a source have been proposed in the past by Davis

and Chang (1962), Tverskoy (1964), and Nakada and Mead (1965),
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and these have been extended by others in recent years. But there is
some doubt that these mechanisms operate quickly enough to produce
results which would be consistent With the present set of data.
These mechanisms may account for a gradual diffusion of particles
into the trapping regions and could be the source for the more stable
inner zone.

Other radial diffusion theories using electrostatic fluctu-
ations have been suggested (Cormwall, 1968, 1972; F&lthammar, 1965,
1968; Birmingham, 1969; Cole, 1971) and such a process would be
charge dependent but these calculations also indicate that the pro-
cess would be too slow to account for the present oﬁservations. The
similarity of the outer zone particle spectra when compared on an
energy per charge basis and the different dependence found over the
polar caps indicate that the transport process must depend on electric
fields, since this is the probable means by which such a transforma-
tioh would be dependent on the charge of the particle. The problem
‘involved with a direct transport is that the polar cap spectra have
a much higher average energy than the spectra at L = 3. Both spectra
can be fairly well approximated by Pizzella's spectrum (Figures 18,
19 and 20) where E, is on the order of 90 keV over the polar cap and
about 13 keV at L = 3. The data published by Pizzella and Frank
(1971) showed that the value of E, decreases as a function of in-
" creasing L. Thus direct capture of particles in the simplest sense
seems unlikely since the energy spectra are quite different, thus

indicating that the particles must undergo some transport process.
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During events such as in Figure 15, the value of E, is fairly
constant from an invariant latitude of 65° on out to 90°. For this
event the value of E, was about 40 keV over the whole range of
latitudes for protons. The statistics over such short time periods
prevent one from determining very much quantitatively with the
protons and a larger time interval would necessitate a larger
spatial average, and as can be seen from Figure 15, the rates do
vary spatially.

Thus it would appear that the source for the increases
observed in the outer zone could be from these particles which have
direct access down to about 65° invariant latitude. The mechanism
that then moves these particles into the stable trapping region from
this apparent boundary must depend on the charge of the particle
because of the similarity of the differential energy spectra of the
various specieé when compared on an energy per charge basis. If the
low altitude auroral region were the source for one of the diffusion
mechanisms, the particles would not have to be energized as much as
in equatorial diffusion since the magnetic field is much higher and
the first adiabatic invariant could still be preserved.

Since the transport mechanism appears to be charge dependent,
it is of interest to look at one of the models in greater detail.

Cornwall's (1972) model for such a diffusive process gives diffusion
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rates too low by several orders of'magﬁitudé to account for the

fast increases observed in the Injun V data. But this model used
input data from relatively quiet times rather than for disturbed
times during which major increases were observed. Cornwall's
assumed source is the solar wind plasma. If the input parameters
were changed such that they reflected very disturbed times, it might
help, but the real problem lies in the L dependence of the diffusion

5.2 (Figure 21).

.2

coefficient. The observed dependence on AL/At is oL
The diffusion coefficient should then be proportional to L
Cornwall's much steeper dependence on L would result in a much
slower diffusion than is observed. But the observed data were
taken by looking at the apparent motion of disturbances in the
distribution of 0.3 to 1.43 MeV protons, whereas the model has
energies of the particles continually increasing by conservation
of the first adiabatic invariant. If Cornwall's diffﬁsion coeffi-~
cient is evaluated at various values of L for a constant energy,
i

one finds that the coefficient is proportional to L. Following

the analysis of Falthammer (1968), the diffusion coefficient

_1 {(an)®
T2 A
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and for D = K LLl then %% = 2K L3. The value of 2K from this anslysis
is 1.4 x ZLO-5 for a 300 keV proton and the value decreases rapidly
with increasing energy.

Thus it appears that Cornwall's model is definitely a step
in the right direction, in that the diffusion coefficient depends on
L in the same way as the observation. If the coefficients are eval-
vated during storm time and the source of particles is taken to be

energetic solar particlés that have penetrated to the polar cap region,

the results might be in agfeément.

.B. Losses
The data presented as the long time histories of protons,

alpha particles and ions (Z > 2) show that the decay in intensity
of these particles .after an impulsive increase is exponential to
first order. For the decay periods in which the magnetic activity
is very low, one findé that the decay time for protoms (0.3 to 9.2
MeV) at L = 3 and B = 0.2 is 30.3 £ 1.7 days. The alpha particles
(1.18 to 8.4 MeV) under the same conditions had a decay time of 16.6
+ 1.4 days. These values were found by averag;pg the coefficient
from the least squares fit described previously. (See Figures 6 and
12.) The data for the ions (Z > 2) were taken from Figure 1L at

L =3.25%1.0and B= 0.20 £ 0.03 and the decay time had a value

of 11.5 = 1.0 days.
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The loss processes that have beén considered in the literature
are pitch angle scattering and corrections to this from coulombic
energy loss due to inelastic coilisions with thermal electrons and
charge-exchange with neutral hydrogen. The atmospheric interaction
is generally just a boundary conditi&n; that is, the particles
mirroring above this boundary have no interaction and those mirror-
ing below the boundary are lost from the system. The decay times
observed by Injun V were for particles mirroring at low altitudes,
so the interaction with the atmosphere must be considered quanti-
tatively.

To check the hypothesis that the observed decay times are
due to interaction with the atmosphere, it will be assumed that the
loss process 1s due to inelastic coulomb collisions. with both free
and bound electrons. To obtain a relationship between decaj time
and the energy of the particle, the following equation given by

Bethe (1964) is usead.

2 4
CEE__)-mZ e Jmi 0

at = vfé. m_ VrE

%( S x 105)

Where Z is the éharge of the ion, m, is the mass of the ion, m
is the electron mass, and p is the density of electrons. For this

order of magnitude calculation, the equation is rewritten in the
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following form:

Ve \[E iE

L L4E m
V mi P | —= X 105
m

i

Both sides can now be integrated giving the time for a particle with
energy E to lose enough energy such that it would no longer be

detected. The energy E is found by efaluating the following

integrals:

f\/_J—*dEfW_ﬁ/E—*-

dE

where'El is the lower energy limit of the passband. The upper limit
is replaced by infinity with negligible error. The value of E_ is
taken to be 0.0135 MeV for protons and 0.027 MeV for alpha particles.
The value of ﬁ'forvprotons is 0.516 MeV and for alpha particles is

1.696 MeV.

The time in days for a proton to lose this enérgy is then

o T:bb2 x10° f“m Ve a8,
p o0.30 I (AAT.9E) W
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This integral is evaluated by making'a change of variables that
transforms it into an exponential integral which is a tabulated
function. Since the decay time of 30.3 days is known, the average
density p can be determined. The above resultslgive a value of

p = T7.41 X 107 electrons/cmj.

The integral for the .alpha particle decay time is

1.696
5
_9.30 x 10 VE GE
T = —————7;———- 1.18 -z;jrgETgﬁy days.

Using the decay time of 16.6 days, the value of p = 7.94 X lO3

electrons/cmB.

The orbit averaged atomic electron density is 6.31 X lO3
3

electrons/cm”. This was determined using the densities given by
Cormwall et al. (1965) for a solar flux at 10.5 ém of 2 X 10-20

w/m2 Hz. The orbit averaged free electron density is 6.9 X lO2
electrons/cm3 using the same model as Nakada and Mead (1965).

The above calculation was made only for the case of atomic
electrons. To include the effects of the free electrons it is
necessary to modify the logarithmic term in the above equation. This
term represents the ratio of the maximum to the minimum transferences
of energy. For scattering from free electrons, the valué of

logarithm is about 23.6 or about 5.3 times the bound case. This

would then give an average density of p=9.97 x lO3 electrons/cmj.
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This approximation does show that energy loss due to inelastic
coulomb collisions with electrons should account for the observed

decay times of energetic particle mirroring at low altitudes.
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VI. CONCLUSIONS

The time histories of the intensities of trapped protons,
alpha particles and ions (Z > 2) at low altitudes in the outer
zone show marked variations. Increases in the intensity of trapped
particles occur on the time scale of a day or two. The particle
intensities decrease eprnentially with characteristic decay times
of 10 to 30 days. The particles with the higher value of Z decay
more‘rapidly. Increases in the flux of trapped particles occur
when there is a high flux of interplanetary particles and geomag-
netic disturbances.

The alpha particle energy spectrum at L = 3, B = 0.20 has
a shape similar to the proton energy spectra when compared on an
energy per charge basis. Both differential energy spectra can be

fit fairly well by an equation of the following form:

g-EJ- -x VE/E, exp (- VE/E,)

where K is a normalizing constant and E_ is the characteristic
energy. The polar cab proton and alpha particle spectra can also
be fit by this same spectral form, but the two spectra have similar
shapes in this case when a comparison is made on an energy per

nucleon basis. The data from Explorer 35 fit the polar cap spectra,
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indicating that the differential energy spectrum of solar protons
(0.32 to 6.3 MeV) and the spectrum of solar alpha particles (2.0 to
10.2 MeV) are not changed when they arrive over the polar cap.

The source of increases in flux of trapped outer zone
protons, alpha particles and ions (Z > 2) is thought to be from
energetic low altitude polar cap particles. These particles are
transported to lower L shells by a diffusive process involving
fluctuating electric fields. Tﬂis then gives rise to the charge
dependent energy spectrum that is observed at L = 3. Though this
is only a conjecture, it is more beiievable in the light of such
evidence as shown in Figures 15 and 21, than just being the result
of a change in the equatorial pitch angle distribution. This other
possibility cannot be dismissed on the basis of the Injun V data.
Hence, it will be necessary to wait until simultaneous observations
are made at the equator and at low altitudes to see which conjecture
is correct.

The losses of the observed low altitude oﬁter zone particles
seem to be explained by inelastic coulomb collision of the mirroring
particles with free and bound electrons. Nothing can be said about
the loss mechanisms that control the particles mirroring at higher
altitudes from the Injun V observations, but the effects of the
atmosphere decrease rapidly at higher altitudes and the longer

decay time of 100 days is probably related to other mechanisms.
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These observations seem to give a coherent picture of the
low altitude magnetosphere but much more knowledge could be obtained
from simultaneous observations by satellites in equatorial orbit
with two other satellites, one in a low alﬁitude polar orbit and
one in interplanetary space. The complement of experiments should
be able to observe the differential energy spectrum of protons,
alpha particles and ions (Z > 2) over a much wider range of energies
than the present observations. This information could be used to

develop a detailed theory of magnetospheric processes.
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FIGURE CAPTIONS

1. An assembly drawing showing the collimator of the Injun V

Proton-Electron Telescope Detectors and a graph of the particle

penetration depth as a function of angle.

Figure

Figure

Figure

Figure

. Figure

Figure

2. AE vs E curves for protons incident on the PET detectors
with & 0.17 cm > nickel foil in front.

5. An assembly drawing showing the collimator of the Injun V
alpha particle detector and a graph of the particle penetra-
tion depth as a function of angle.

4, AE vs E curves for protons, alpha particles, -and carbon
and oxygen ions incident on an 8.5 micron silicon detéctor
with a 0.36 mg cm_2 nickel foil in front (Van Allen et al.,
1970).

5. AE vs E curves for protons, alpha particles and ions

(Z > 2) incident on the Explorer 35.s0lid state detector
(Van Allen éE_El;’ 1971). '

6. A plot of detector counting rate as a function of time
for trapped protons at L = 3 and interplanetary protons.

7. A plot of detector counting rate for interplanetary
alpha particlés and geomagnetic index Ap as a function of

time.
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FIGURE CAPTIONS (continued)

8. A plot of detector counting rate for interplanetary
ions (Z > é) as a function of time.

9. A plot of detector counting rate for alpha pérticles
as a function of time for L = 6.6.

10. A plot of detector counting rate for alpha particles
as a function of time for L = k. |

11. A plot ofldetector counting rate for alpha particles
as a function of time for L = 3.5.

12f A plot of detegtor»cpunting rate for alpha particles
as & function of time for L = 3.

137 A plot of detector counting rate for alpha particles
as & function of time for L = 2,5. |

14. A plot of detector counting.rate for alpha particles
and ions (Z > 2) as a function of time for L = 3.25 + 1.0.
15. Detector counting rates for electrons, protons and
alpha particles for two polar cap passes with comparative
date from Explorer 35.

16. The alpha particle to proton intensity ratio for 0.3
MeV per nucleon particles at L = 3 as a function of time.
17. The ion (Z > 2) to alpha particle intensity rafio for
0.3 MeV per nucleon particles at L = 3.25 as a function

of time.
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FIGURE CAPTIONS (continued)

18. Eight differentAintegral proton spectra at L = 3
normalized to the integral of Pizzella's differential
spectral form.

19, Four different integral polar cap proton spectra

‘normalized to the integral of Pizzella's differential

spectral form.

20. Three different integral polar cap proton spectra
and four integral spectra at L = 3 normalized to the
integral of Pizzella's differential spectral form.

21. A plot of the trans-L motion of proton disturbﬁnces

in units of hvavurs-l as a function of L. The straight-

line fit is given by AL/At = 5.85 x 107 17*27

(L/hour).
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