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Final Technical Report

Contract Number: F49620-88-C-0072

Comprehensive Mappings of Electron Precipitation and its Effects on the
Atmosphere

Summary of Activities Pursued

I. Process bremsstrahlung X-ray data from the SEEP program, or other
appropriate satellites, to obtain the X-ray intensities and energy spectra as a
function of time and position.

The first step was to organize the available SEEP x-ray data into categories

to establish which types of events have been observed. The x-ray images had

-previously been recorded on color prints; under this contract the X-ray features
in these images were classified into the following groups:

1. Strong auroral arcs near midnight local time

2. Dawnside arcs, prominent because the satellite travelled along the
arc for thousands of kilometers

3. Isolated patches of X-ray emission well inside the polar cap.

Figure 1 shows typical examples of the various auroral forms. The statistics for
these events from the XRIS data, acquired in June 1982, were as follows:

Midnight arcs 50
Dawnside arcs 35
Isolated patches 38

Most of the midnight arcs were at high magnetic L-value, L>6.0, and were
associated with narrow electron precipitation regions observed by electron
detectors also on board the SEEP payload. They may be associated with auroral
current systems and inverted-V type regions. Some of the midnight arcs, and all
of the dawnside arcs, were located at L-values less than 6.0, and were associated
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with extended particle precipitation regions. Loss of trapped electrons from the
radiation belts may have been a primary source of these electrons.

Since we are interested in global energy deposition and possible
atmospheric effects, the next step was to calculate the total electron flux and
energy deposition in the observed features. The database of X-ray spectral fits
was accessed to calculate the integral energy deposition along 1 centimeter
perpendicular to the satellite path for each of the 50 midnight arc events. We
found that the typical value for the energy deposition was 10® ergs/cm s, and the
typical electron flux was 10'® electrons/cm s. The frequency of occurrence of
these parameters is presented in Figure 2.

The most intense electron precipitation event observed by XRIS occurred
on 12 June 1982, as shown in Figure 3. In our classification scheme this was an
isolated patch of emission, although it may be argued that the region was a
westward travelling surge frozen in time by the X-ray imager. The maximum
ionization rate was 2 x 10° electrons/cm?® s, making it an order of magnitude more
intense than the typical event from SEEP. However, we know from analysis of
the X-ray spectrum that the mean energy of the precipitating electrons was 4.5
keV, so that the altitude of maximum energy deposition was 105 km, somewhat
higher than the typical event observed by SEEP (Datlowe et al 1988).

The most recent developments in this phase of the investigation are study of
26 auroral arcs which were mapped in X-rays and also measured in detail by
particle detectors as the satellite passed through the precipitation region. The
electron data were acquired by a silicon solid state detector called LE2, which
counted electrons above a threshold energy of 16 keV. Examples of the
combined XRIS and LE2 data are shown in Figure 4. All of the arcs used in this
study were at high geomagnetic latitudes and were on the poleward boundary of
the midnight auroral zone. The high time resolution electron readouts provided
detailed profiles of the electron precipitation along the track of the satellite with
~2 km resolution, while the X-ray data provided maps of the precipitation up to
320 km on either side of the satellite but with ~40 km spatial resolution. The
synergy of the electron and X-ray data allows us to estimate the widths of the arcs
precisely without deconvolving the 40 km X-ray imager resolution. The result is
a distribution of the widths of these arcs, as follows:

ARC WIDTH, Km Events
<20 8
20-40 10

40-100 8
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It is clear from the table that two thirds of the X-ray arcs are narrower
than the resolution of the x-ray spectrometer, and that much higher spatial
resolution will be very valuable in understanding the physics of auroral arcs.
This work has been submitted for publication in Journal of Geophysical Research,
although its origins were reported in the 29 November 1989 annual technical
report.

Il . Perform selective analyses of data acquired from a variety of sensors in
satellite payloads during times of unusual events, particularly for coordinated
measurements with other satellite payloads.

The precipitation of relativistic electrons into the atmosphere during
enhancement events was a major focus of this investigation. This penetrating
radiation can have significant effects on atmospheric chemistry down to altitudes
as low as 55km. Three articles on this topic were published in the Journal of
Geophysical Research under partial support from this contract. A brief summary
of these papers is given here, and reprints are included as an appendix. '

Data from the S81-1 spacecraft were used to study relativistic electrons
precipitating in the bounce loss cone. These are electrons which will precipitate
into the atmosphere within a fraction of a second. The events were generally
narrow spikes less than 100 km in latitude width at L-values from four to six.
The events occurred more often at midnight than at noon. The results were
published in J. Geophys. Res. 96, 5619-5629, 1990.

For the first time simultaneous measurements of trapped relativistic
electron enhancements at synchronous altitude, L=6.6, were compared with
precipitating electrons in the bounce loss cone at low altitudes. The investigation
showed that the daily variations in the precipitation flux for L>5 correlated well
with the daily variations in the total flux at high altitude, both with respect to
sudden enhancements as well as flux depletions. The results of this investigation
are summarized in Geophys. Res. Lett. 18, 397-400, 1990.

The correlation between relativistic electron fluxes at high altitude and the
precipitation observed at low altitude was extended by data from the SCATHA
satellite. The SCATHA satellite observed high altitude relativistic electron data
not just at the synchronous altitude of 6.6 but throughout the range from L=5.3
to L=8.7. The P78-1 satellite provided the simultaneous low-altitude
observations of precipitating > 1 MeV electrons. The coordinated data permitted
for the first time a comparison to be made as a function of L shell between the
precipitating and the high-altitude trapped electron fluxes during relativistic
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electron enhancement events, some of which included electrons with energies
extending to at least S MeV. The low- and high-altitude fluxes of electrons > 1
MeV were found to track each other during thc period studied (April to June
1979), both with respect to time and L-shell variations. The average
precipitating electron fluxes measured at low altitudes in the drift-loss cone were
lower than those at high altitude by a factor of about 3x10%. The results of this
investigation are summarized in an article published in the J. Geophys. Res. (97,
6397-6403, 1992).

III. Obtain intensity and energy spectral information on precipitating electrons
and obtain the energy deposition profiles in the atmosphere.

Direct in situ electron measurements and maps of X-ray production are
two techniques for obtaining the intensities and spectra of precipitating electrons.
Direct measurements can provide considerable detail about fine spatial variations,
about spectral shapes, and about pitch angle distributions, but only along the path
of the satellite. X-ray maps provide less detail about the electrons but can reach
to distances hundreds of km from the satellite. X-ray images can be used to
classify features (arcs, isolated regions, etc.) and define their orientation relative
to the path of the satellite. In this investigation we have used both techniques,
sometimes simultaneously, to obtain the spectral shapes and energy deposition
rates of precipitating electrons.

From direct electron measurements we found that near local midnight the
precipitation of electrons in the tens of kilovolt range is typically confined to
narrow latitude regions. The locations are often near the vicinity of the outer
boundary of the trapped radiation belt, which is often referred to as the trapping
boundary. Frequently they occupy one or more narrow L shell regions within
the outer radiation belt. This spatial distribution contrasts with the more
widespread extent that often occurs in low energy electron precipitation.

From direct measurement of the energetic electron precipitation fluxes, it
was found that the precipitation may be much more intense at latitudes below the
trapping boundary and may extend over a much broader L shell range than the
precipitation that often occurs within one degree of the background boundary.
Whereas precipitation at the trapping boundary was observed on 69% of the
satellite passes across that region, precipitating fluxes at more than one degree
lower latitude were higher on about 38% of the passes. Although strong
precipitation events at invariant latitudes as low as about 60° occurred less often
than the weaker ones near the trapping boundary, their intensity was frequently
great enough and they extended over such a wide longitude interval as to lead to a
greater input to the atmosphere. These results are summarized in J. Geophys.
Res. 95 3829-3839, 1990.
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Strong precipitation was frequently limited to the immediate vicinity of
the trapping boundary and the precipitation was often great enough that it could
be mapped in x-rays with the detectors on the P78-1 satellite. Previous
investigations have addressed precipitation near the trapping boundary at
midnight based solely on direct measurements of the electrons. Under this
contract, from analysis of existing x-ray imaging data it has been found that such
precipitation frequently may extend uniformly in an arc pattern over a longitude
interval of 60°. From the x-ray measurements, temporal periodicities in the flux
of electrons precipitating near the background boundary were generally not
observed on a time scale of about ten seconds to five minutes. These findings are
consistent with electron precipitation at this location being caused by
characteristics of the magnetic field which are not strongly dependent upon
longitude.

The precipitation into the atmosphere of electrons near the edge of the
bounce loss cone was considered. Many previous studies have been made of
electrons at high latitudes during strong precipitation events such that the pitch
angle distributions at low satellite altitudes are isotropic. When isotropy occurs
some of the electrons are in the bounce loss cone and the precipitation rates into
the atmosphere can be obtained directly from simple measurements on a satellite.
Often, however, only locally trapped electrons are observed and yet they may
eventually precipitate into the atmosphere if they are mirroring at values of B
such that upon drift to more easterly longitudes they will mirror at altitudes
below 100 km. Such electrons are considered to be in the drift loss cone. In this
case derivation of both the rates and the longitude regions of precipitation into
the atmosphere are subject to the uncertainties of the magnetic field model.

In principle, the combination of the fluxes in the bounce loss cone and the
drift loss cone can provide the total loss rates into the atmosphere, but
measurements of electrons in the bounce loss cone generally do not include those
electrons near the edge of the loss cone where much of the precipitation may
occur. The latter population may be relatively large because the representation
includes those electrons that may have undergone very small scatterings near the
equator. In this regard, fine resolution measurements of such electrons were
studied at L=2.5 (Imhof et al., 1986). At this L shell the authors found that the
loss rates were primarily due to electrons near the edge of the loss cone; the loss
rates from electrons well within the bounce loss cone made only a small
contribution.
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The total loss rates into the atmosphere were calculated based on the
detailed pitch-angle distributions and energy spectra of electrons measured at 600
-km altitude with the PRM 004 spectrometer. Since the geometric factor of this
spectrometer was relatively small ( ~ 0.001 cm? sr) it was generally necessary to
combine data from several spins and from more than one satellite pass through
each region of interest to obtain adequate statistical accuracies. Pitch-angle
distributions are shown in Figure 5 for 3 longitude intervals in the southern
hemisphere. Each of these distributions is taken from 5 to 8 satellite passes.
These examples contain more fluxes, slightly within the bounce loss cone than is
often the case. The observed pitch-angle distributions from several passes were
combined with the absolute intensities and energy spectra extrapolated to 50 keV
to calculate the total loss rates of electrons into the atmosphere (Walt et al.,
1968). These loss rates at L=4.5, 5.0 and 5.5 are plotted in Figure 6 as a function
of longitude for electrons precipitating in the southern hemisphere. Significant
variations in the precipitating fluxes appear from one satellite pass to another and
these are reflected in the flux deviations from one longitude to another. It is
planned to submit the results of this investigation to the Journal of Geophysical
Research for publication.
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Figure (3)

Image of the bremsstrahlung x-rays associated with a
precipitation event on June 12, 1982 and contour maps

of the ion production rate at selected altitudes of

126 km, 108 km, and 90 km. The minimum contour level

is 103 pairs/cm?s and there are two contour levels per
decade. The max.imum ionization is 2 x 106 ion pairs/cm’s
at 108 km observed at 8201s.
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APPENDIX A

THE PRECIPITATION OF RELATIVISTIC ELECTRONS NEAR THE
TRAPPING BOUNDARY




JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 96. NO. A4, PAGES 5619-5629, APRIL 1, 1991

The Precipitation of Relativistic Electrons Near the Trapping Boundary

W. L. IMHOF, H. D. Voss, J. MoBiL1a, D. W. DATLOWE, AND E. E. GAINES
Lockheed Palo Alto Research Laboratory, Palo Alto, California

Highly reiativistic electrons are known to be present at synchronous satellite altitude in time-varying
and sometimes large intensities; it is therefore important to consider the fluxes and locations of
relativistic electrons precipitating into the atmosphere. Here we present measurements from the
low-altitude three-axis-stabilized satellite S81-1 of trapped and precipitating electrons from 6 keV to
above | MeV. Significant fluxes of precipitating relativistic electrons above 1 MeV within the bounce
loss cone are much more often observed near midnight than noon and generally in narrow spikes <100
km in width typically at L values between 4 and 6 near the radiation belt boundary. The tendency for
many of the relativistic spikes to be near the trapping boundary is consistent with the genera{ pattern
at lower energies confirmed by the measurements presented here of intensity and threshold energy for
isotropy versus L shell. A trend was observed for the higher-energy precipitating electron fluxes to
peak at somewhat lower L values. The precipitation of > I-MeV electrons has been measured to occur
at intensities and in locations that are widely variable within a few minutes superposed on longer-term
variations. On one of the days of strongest precipitation the total nighttime input to the atmosphere
during 12 hours from >1-MeV clectrons within the bounce loss cone near the trapping boundary was
~10" ergs, which was an order of magnitude less than the loss rates estimated by Baker et al. from

high-altitude measurements, suggesting that precipitation in the drift loss cone may be significant.

INTRODUCTION

The population of relativistic electrons at high altitudes,
such as those regions traversed by synchronous satellites, is
known to experience major enhancements and depletions
[e.g.. Baker et al., 1987]. The electron flux at synchronous
altitude diminishes rapidly in association with an enhance-
ment of geomagnetic activity and then increases [Nagai,
1988). An important question subsequently arises: How
many of these relativistic electrons are uitimately precipi-
tated into the Earth’s atmosphere, and where does such
precipitation occur? This matter is important to consider
from the standpoint of understanding both the electron
transport processes and the associated effects-in the atmo-
sphere of relativistic electron precipitation. Here we inves-
tigate the precipitation of relativistic electrons.

Vampola (1971, 1977} investigated the precipitation of
relativistic electrons using some examples from the S3-3
satellite data. High-energy (E > 1.5 MeV) electrons were
found to be scattered more readily than lower-energy (E =~
300 keV) electrons. Thorne and Andreoli [1980] made a
study of relativistic electron precipitation (REP) events
using S3-3 satellite data. The electron energies were in the
range of a few hundred keV. It was found that many of ths
events occurred near the outer limit of electron trapping, but
neither time profiles of the precipitation rates nor compari-
sons with synchronous altitude measurements were pro-
vided.

Over a wide range of energies the loss of electrons from
the radiation belts is enhanced near the outer edge [e.g.,
Fritz, 1968, 1970). For the first time the precipitation near the
midnight trapping boundary was shown often to display an
energy and L shell- dependent flux enhancement and an
energy selectivity which varies strongly with L value [Imhof
et al., 1977, 1979; Imhof, 1988]. The onset of isotropy (i.e.,
where the trapped and precipitating fluxes are equal) at low

Copyright 1991 by the American Geophysical Union.
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altitude typically occurs ai a sharply defined energy thresh-
old which decreases rapidly with increasing L vaiue. Highly
relativistic electrons might therefore be expected to experi-
ence enhancements in the low L shell portion of the trapping
boundary.

The energy selective phenomenon observed by Imhof et
al. has been interpreted in terms of the loss of adiabatic
motion when the radius of field line curvature is less than an
order of magnitude greater than the gyroradius of the elec-
trons. The mechanism inherently has a threshold energy that
is dependent upon the characteristics of the magnetic field
line, and hence an L dependent threshold for isotropy is
perhaps to be expected. For various magnetic field models,
theoretical calculations have been made of the expectations
[Popielawska et al., 1985; Biachner and Zelenyi, 1989), and
they are consistent with some of the observations. On the
other hand, for wave-particle interactions a strongly L
dependent threshold could resuit from changes with L in the
frequency distribution of the waves or in the plasma density.
So the L dependence of the threshold energy may by itself
not provide a unique identification of the mechanism.

The energy selective outer boundary has been observed
previously from two different satellites, but both of the
eerlier studies were performed from a spinning vehicle, and
accordingly the precipitating fluxes were measured only
within a limited duty cycle. With such a sampling, key
portions of and even entire precipitation events could be
missed. Several advantages are achieved when the measure-
ments are performed from a three-axis-stabilized satellite.
The advantages include the following: (1) All precipitation
spikes of sufficient intensity are measured, with none being
lost because of duty cycle effects. (2) Accurate measure-
ments are obtained of the L shell width of the transition
region for energy selectivity. (3) Any deviations from a
monotonic pattern in the threshold energy for isotropy
versus L value can be more readily observed.

Here we present relativistic electron precipitation data
acquired with the SEEP (Stimulated Emission of Energetic
Particles) experiment on the S81-1 spacecraft. Intensities

5619
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IMHOF ET AL.: PRECIPITATION OF RELATIVISTIC ELECTRONS

and spatial distributions of precipitating electrons above |
MeV are considered. For lcwer-energy electrons we inves-
tigate the threshold energy for isotropy and its dependence
on L shell near the trapping boundary.

DESCRIPTION OF INSTRUMENTATION

The Stimulated Emission of Energetic Particles (SEEP)
experiment on the three-axis-stabilized S81-1 spacecraft con-
tained an array of cooled silicon solid-state detectors to mea-
sure electrons and ions [Voss er al., 1982]. The data were
acquired over the period from May 28. 1982, until December S,
1982. The S81-1 satellite was in a Sun synchronous 1030 and
2230 local time polar orbit (inclination of 96.3°) at 170-280 km
altitude, traveling southward during the daytime. The electron
spectrometers were oriented at various angles to the local
venical. Here data are used from three of the spectrometers.
The spectrometer TE2 at 90° zenith angle (approximately 90°
pitch angle for the data presented) had an acceptance angle of
+20° and a geometric factor of 0.17 cm? sr. The puise height
analyzer for the data presented had a range of 6-930 keV with
energy steps of 2.62 keV, The TE2 spectrometer had a very
thin window on the Si detector so that >3-keV electrons and
>30-keV protons could enter. The instruments MEI and ME2
at zenith angles of 0° (approximately 30° pitch angle for most of
the data presented and therefore in the bounce loss cone) and
180°. respectively, had acceptance angles of =30°. geometric
factors of 2.47 cm- sr. threshold energies of 45 keV. and energy
resolutions of about 20 ke V. The pulse height analyzer covered
the range 45 keV to approximately 980 keV. The silicon
detectors in ME! and ME2 were surrounded except for the
entrance aperture side by plastic scintillator anticoincidence
shields with an internal energy threshold of about 100 keV. The
ME] and ME?2 detectors had refatively thick windows; ~7 um
of Kapton double coated with ~0.1 um of aluminum for a total
thickness of ~1.1 mg/cm?>. The penetration threshoid energy
for electrons was ~22 keV and for protons was ~500 keV.
Total integral counting rates above several thresholds in each
of the spectrometers were recorded during successive 0.064-s
intervals. and the pulse height address of the first count in each
successive 0.004-s interval was recorded for TE2 and MEI.
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Distribution in observed temporal/spatiai width of the

Fig. 2.
mghttime precipitation spikes.

DAY (1982)

18 AUG
Fig. 3. L value for each nighttime spike of precipitating el
trons >| MeV versus day number for days 226-300. August

1982. to October 27, 1982.

For ME2 the sampling interval is twice as long (0.008 s). Dun
data analysis, energy spectra can be accumulated over a:
arbitrary time period. In the ME] and ME2 spectromete:
counts were also recorded in each corresponding anticoin:
dence counter. both singles and in coincidence with the silic:
detector: for electrons the threshold energy was ~1 MeV. T
geometric factor for the singles response was 3.09 cm- sr wi
an acceptance angle of =30°. Electrons above ~15 MeV cou
be detected with a nearly omnidirectional response. but bas¢
on the relative responses observed in ME| and ME?2 the latt
contribution is ignored for the data studied here.

In the data analysis, L values were calculated using tt
Goddard Space Flight Center (GSFC 12/66) geomagnet
field model [Cain et al., 1967] for the epoch 1980.

LOCATIONS OF PRECIPITATING ELECTRONS
ABOVE | MEV

On midnight passes of the S81-1 satellite at high latitudes

narrow spikes of precipitating electrons above | MeV an |

well within the bounce loss cone were often observed. A. .
example of a satellite pass with such flux enhancements i

illustrated in Figure 1a, which shows the fluxes of mirrorin

(TE2) and precipitating (ME1) electrons above 300 keV. Du '

to the low altitude of the satellite, at certain locations locail
mirroring electrons are precipitating because they are in th
bounce loss cone (when the altitude of the conjugate point |
below sea level), or in many places they are in the drift los
cone (when the minimum altitude upon longitude drii
around the Earth, Agy,, is <0 km). The case in Figure la i
unusual in that within the same satellite pass, significar
fluxes of electrons above | MeV are precipitating in narros
spikes both near the trapping boundary and at somewha
lower latitudes. If present, the precipitation observed wit.
the ME| detector is generally at only one location, althoug:
the widths and shapes may differ considerably, as illustrate:
in Figures 1b and lc. In the latter figures are shown th
fluxes of precipitating electrons above 45 keV. 300 keV. an
| MeV. Throughout this paper the fluxes above | MeV ar
based on the total counting rate in the anticoincidenc:
shieid. The rate of coincidences between the silicon senso
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Distribution in L value for cach nighttime spike of

>1-MeV precipitating electrons. separately for Kp = 3 and for Kp >

3 for days 226-300. August 14. 1982. to October 27. 1982,

$81-1/SEEP

and the antiscintillator shield was typically about 80% of
antisingles rate for the data presented here. Backgrour
due to cosmic rays have not been subtracted.

A survey for relativistic electron spikes well within
bounce loss cone was conducted. To be qualified as a pc
in this survey, it was required that the anticoincider
counting rate in the ME1 spectrometer, which was view
upward, increase above background by at least a factor ¢
and that the increase be significantly above that in
antichannel of the ME2 detector, which had an acceptar
angle in the downward direction. A variety of narrow spii
occurred, but most commonly the enhanced fluxes abowve
MeV were observed for less than 10 s (77 km) and w
generally between L of 4 and 6. The distribution in transit ti.
(or equivalent spatial width) of the nighttime spikes is showr
Figure 2. Here the full widths are taken to be at one-fi
maximum. The equivalent spatial widths in kilometers :
shown for a satellite velocity of 7.7 km/s. The transit ti
intervals shown in the figure should not have been influenc
by the selection criteria used in the original survey except ti
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Fig. 6. Integral fluxes above various threshold energies at 0° and 90° zenith angle versus time (upper section). At
selected times are shown differential energy spectra for accumulation time periods of 1.024 s each for detectors ME|

(0°) and TE2 (90°) (lower section).

spikes narrower than ~ | s were not included in the survey. The
data indicate that relativistic electron precipitation in the
bounce loss cone tends to occur over very localized regions.
Seidom does the enhanced precipitation extend over a broad
latitude interval on any given satellite pass. The average width
is about 40 km, and 90% of the spikes have a width <100 km.
This finding has important implications both for total energy
input into the atmosphere and for efforts to understand the
responsible precipitation mechanisms. Of course, some or
many of the spikes may have been arclike in extent perpendic-
ular to the satellite path.

Some of the questions which naturally arise are, What is
the L value at which the relativistic precipitation spikes
occur, and how doesthe L shell of this location change with
geomagnetic activity? To study the problem in greater detail,
a representative period, from August 14, 1982, to October
27, 1982, was selected. For this time period the location of
the observed precipitation is plotted in Figure 3 for each
spike. Twenty-four-hour averages are also shown in the
figure. Very low latitude spikes were found on day 249

(September 6, 1982), with several precipitating flux enhance-
ments occurring at calculated L values between 2.5 and 3.0.
The overall distributions in L value are shown in Figure 4,
separately for Kp < 3 and Kp > 3. It is clear from the figure
that at times of higher Kp the relativistic electron precipita-
tion spikes tend to occur at lower L values. Nearly all of the
spikes below an L value of 4.5 occur during geomagnetically

active times.

ISoTROPY NEAR THE TRAPPING BOUNDARY

Since the spikes of precipitating electrons above | MeV
generally occur in the outer portions of the radiation belt, it
seems appropriate to investigate the consistency of these
patterns with those of lower-energy electrons at such posi-
tions. Near the midnight trapping boundary the occurrence
of L dependent peaks in the flux of precipitating electrons
that vary with energy and energy selective thresholds for
isotropy has previously been reported (Imhof er al., 1977,
1979. Imhof, 1988], but the measurements were all from
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Fig. 7. Integral fluxes above various threshold energies at 0° and 90° zenith angle versus time (middle section). At
selected times are shown differential energy spectra for accumuilation time periods of 1.024 s each for detectors ME|

(0°) and TE2 (90°) (top and bottom section).

spinning satellites, and accordingly the precipitating elec- trons were each observed continuously with 0.064-s time
trons were recorded during only a small fraction of the resolution. Integral fluxes above 300 keV threshold energy at
observing time. Now we consider nighttime data from the 0° (MEI1) and at 90° (TE2) zenith angle are piotted as a
S81-1 satellite in which the precipitating and trapped elec-  function of time in the upper section of Figure S. Also plotted




IMHOF ET AL.: PRECIPITATION OF RELATIVISTIC ELECTRONS 5625

108 SB1-V/SEEP 8 SEP 1982
g L=S5 L=S8 L= S84 L=3580 L=3578 L=S70
$ L s b oo ! | ]
‘.:‘ 103[} mmeswoLgt Lo, f A A
3 10 N
X
Z 107

0 ~~_400 O~ _-400

2 LONG. = 134878  133.4°¢
MMIN < O
CONJ ALL = §— 71 km

FLUX (e1/cm?.41.3)
2

2

10! |
TIME (8) 49980 —-499¥8
L—- - .8.88 /
_,’“- ”” - /
,"”” ,"’ /’, /
I~ 108
= L=ges L = g8t L=gs7
f ]
] 10 »
AR ] . I
P 107 _ ]
0 400 o 400 0 400 0 400 0 400 o 40 o0 400 800

ENERGY (keV)

Fig. 8. Integral fluxes above various threshold energies at 0° and 90° zenith angle versus time (middle section). At
selected times are shown differential energy spectra for accumulation time periods of 1.536 s each for detectors ME!

(0") and TE2 (90°).

are the integral fluxes above 1 MeV of precipitating electrons Figure 7 shows an example of a nighttime satellite pass
as measured with the ME] anticoincidence detector. Back- when several pronounced precipitation spikes occurred
grounds, which are small compared to the counting rates in  within the outer radiation belt in addition to a spike at the
many of the spikes, have not been subtracted. The typical flux trapping boundary. Selected energy spectra are shown for
enhancement at the trapping boundary is evident. The figure accumulation time periods of 1.024 s each. A threshold
illustrates the trend for the higher-energy electrons to precipi-  energy for isotropy appeared in the spectra near the trapping
tate over a more confined region at somewhat lower L shells. boundary, and the energy tended to decrease with increasing
Differential spectra with fine energy resolution were ob- L value, but no such spectra appeared in the spike near 2460
tained by recording individual addresses at a maximum rate s at lower L values. The spectra at the lower L shells were
of 250 per second. Differential energy spectra for detectors harder than those near the trapping boundary.
ME1 and TE2 are shown in the lower sections of Figure 5 at More complex cases than the data just shown were
selected times during the crossing of the trapping boundary observed. Figure 8 contains a nighttime example in which
for accumulation time periods of 2.048 s each. At certain energy selective isotropy did not dispiay a monotonic behav-
locations the appearance of a threshold energy for isotropy is ior at all L values. The spectral accumulation time periods
evident. At energies below this threshold a crosshatch pattern  were 1.536 s each. Pronounced threshold energies for isot-
is placed between the trapped and precipitating fluxes. Consis- ropy occurred poleward of the trapping boundary. One
tent with previous publications the threshold energy tends to  might speculate that at such positions the magnetic field line
decrease with increasing L value. A similar pattern for another geometry may be similar to that at the trapping boundary.
nighttime crossing of the satellite is shown in Figure 6 for The changes in spectral shape of the trapped and precip-
spectral accumulation time periods of 1.024 s each. itating electrons during narrow and pronounced variations in
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Fig. 9. Observed threshold energy for isotropy versus L for 1.024-s intervals on passes near the midnight trapping
boundary.

flux can be obtained with much finer time resolution by using
the observed counting rates above 45, 100, and 300 keV
rather than the differentiai spectra which have limited statis-
tical accuracy due to the low sampling rate. From such
analyses it can be shown that changes in spectral shape for
the ME1 detector sometimes occur in close coincidence with
the strong decreases in precipitating flux.

In Figure 9 the observed threshold energy for isotropy is
plotted as a function of L at positions near the midnight
trapping boundary for 11 passes. The figure shows the
highest energy at which the flux in the loss cone is less than
the flux of locally mirroring electrons, as a function of L
value for each pass. Whereas the energy spectra just shown
were for accumulation time periods of 1.024-2.048 s, all of
the threshold energies plotted in Figure 9 were taken from
spectral accumulations of 1.024 s each. Also shown are
theoretical calculations using the Tsyganenko strong storm
model as published in the work by Popielawska e: al. [1985).
The slopes of the measurements are consistent with the
theory. However, the data were acquired duning geomagnet-
ically quiet periods, whereas the caiculations of Tsyganenko
were for storm time conditions. On these passes the ob-
served values of the threshold energy for isotropy versus L
are in good agreement with the calculations, assuming loss of
adiabatic motion for small radii of field line curvature. How-
ever, the observed L shell patterns of threshold energy for
isotropy at nighttime are sometimes quite different. Such
examples might indicate the importance of other mechanisms
or the occurrence of variations in the magnetic field geometry.

ELECTRONS ABOVE 1 MEV

We have surveyed the nighttime data on many satellite
passes across the trapping boundary and searched for times
when the counting rate in the ME1 anticoincidence detector
was enhanced and significantly greater than in the ME2

anticoincidence counter. The peak fluxes were tabulated, as
were the fluxes integrated over the time duration of each

spike. The peak precipitation fluxes at L > 5 from August 14
through October 27, 1982. are plotted in the top section of

Figure 10 as a function of time. A background of 60 counts/s
was subtracted from the peak counting rate in each spike. In
converting from counting rate to flux we have used a
geometric factor of 3.09 cm? sr which is rigorously applica-
ble only to isotropic fluxes. Based on other measurements of
eclectron precipitation near the trapping boundary [e.g.,
Imhof, 1988] we have concluded that many of the electron
spikes considered here are isotropic. Also shown are 24-hour
averages of the average peak flux recorded on each pass,
including zero flux for passes when no spikes were observed.
On some days the average precipitating fluxes were below
the threshold level of about 20 electrons (>1 MeV)Ycm? sr s
for reporting a spike since few or no precipitation spikes
were observed on certain passes.

Although there is considerable vanation from one pass to
the next in the fluxes of precipitating electrons above | MeV,
some overall trends are apparent. The longer-term increases
of the order of days shown in Figure 10 tended to occur at
the times of relativistic enhancements observed at synchro-
nous altitude {Baker et al., 1986). Bars near the top of the
figure show the time periods of these events. For comparison
the Kp and Ds¢ values are plotted in the lower two sections
of Figure 10. Large variations appear in the observed flux
from one satellite pass to the next.

We have investigated how much of the scatter in data
points may be associated with variations in geomagnetic field
geometry. The dependence of the flux upon the longitude of
observation is plotted in Figure 11, separately for the north-
ern and southern hemispheres. Figure 12 shows the vanation
of flux with the conjugate point altitude and with the mini-
mum drift altitude, h,,,. The precipitating fluxes show no
obvious dependence upon the altitude of the conjugate point,
and upon Ay, . From the low-altitude S81-1 satellite, positive
values of hy;, were encountered primarily in the southemn
hemisphere, but the range of positive k,,, values corre-
sponds to only a small portion of the southern hemisphere
longitudes plotted in Figure 11.

To see how the flux varies with geomagnetic activity, the
distributions in peak flux at nighttime of the spikes of
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precipitating electrons above 1 MeV are presented in Figure
13 separately for Kp =< 3 and for Kp > 3 for the period of
August 14 through October 27. This display illustrates the
large variations in flux that occur and the lack of a strong
dependence on Kp.

We can 2'so check the day/night dependence of these
events. All of the observations presented so far were ac-
quired during satellite nighttime. A comparison with daytime
observations is shown in Figure 14, which gives the fre-
quency of occurrence versus the flux. The data come from a
representative sample of the S81-1 data, using all of the
precipitation events which were observed between Septem-
ber 6, 1982, and October 2, 1982. Satellite data coverage was
nearly complete, both day and night, during this time inter-
val. It is clear from the figure that ~80% of the cases
occurred on the nightside of the Earth.

SUMMARY AND DiscussioN

In the vicinity of the midnight trapping boundary of the
radiation belt, highly relativistic electrons frequently precip-
itate in the bounce loss cone in narrow spikes, often at high
intensity. From a low-altitude sateilite the spikes typically
have an observing time duration shorter than 10 s or a width
of less than 100 km. At nighttime the precipitation of
electrons above 1 MeV in energy has been measured to
occur at widely variable intensities and locations. Most of
the nighttime precipitation spikes of such electrons occur at

FLUX (ol/cm?®-gr-3)

08T (y)
§

~300
1
400T7% 240 20 200 270 20 290 300
DAY (1982)

Fig. 10. Fluxes of nighttime precipitating electrons above |
MeV plotted as a function of time (top section). The bars represent
time periods of relativistic electron enhancements at synchronous
altitude. The 3-hour Kp index and the Dsz index are plotted versus
time in the lower sections.
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Fig. 11. Fluxes of nighttime precipitating electrons above |
MeV piotted as a function of longitude, separately in the northern

and southern hemispheres.

L values between 4 and 6. Precipitating electrons of this
energy in the bounce [oss cone were also observed in the
daytime, but significant precipitation occurred less often.
The preferred nighttime occurrence within a narrow latitude
band is consistent with the findings of Vampola [1971] and of
Thorne and Andreoli [1980]). Many of the highly relativistic
electron spikes presented here are near the trapping bound-
ary, usually at the low L shell portion of the boundary consis-
tent with the general pattern at lower energies of intensity and
threshold energy versus. L shell. Stimulated by the need to
understand in detail the positions of precipitation of relativistic
electrons as well as the mechanism(s) respousible for an energy
threshold for isotropy we have used the SEEP data to study
electron precipitation near the trapping boundary.

We have found that near the outer edge of the nighttime
radiation belt the L shell dependence of the energy threshold
for isotropy is often consistent with loss of adiabatic motion
when the radius of field line curvature is less than an order of
magnitude greater than the gyroradius of the electrons. The
mechanism was found by Bichner and Zelenyi [1989) to be
more effective for very small equatorial pitch angles. It would
then affect primarily electrons mirroring at low altitudes and
not necessarily require that at the trapping boundary there be a
collapse of the magnetic field line at high altitudes. Near the
trapping boundary the observed L shell patterns of threshold
energy for isotropy are sometimes quite different, indicating
the importance of other mechanisms or the occurrence of
variations in the magnetic fieid geometry. These results con-
firm earlier studies using spinning satellites.
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Fig. 12. Fluxes of nighttime precipitating electrons above 1
MeV plotted as a function of the conjugate altitude tupper section)
and the minimum drift altitude, hp,, (lower section),

Consideration should be given to the possible importance
of wave-particle interactions. Yampola [1977] and Koons et
al. {1972] demonstrated that a number of outer zone electron
boundary phenomena can be expiained on the basis of a
rapid pitch angle scattering by electrostatic wave interac-
tion. Although wave-particie interactions are clearly very
important, a threshold energy for isotropy is present on most
satellite passes across the boundary, and to attribute this
always to waves would require the nearly continuous pres-
ence of waves at this position with a characteristic pattern
for the L dependence of a cutoff in frequency.

From a superposed epoch analysis of the fluxes at syn-
chronous altitude, Nagai [1988) found there is a rapid
decrease in the flux of electrons above 2 MeV in association
with an enhancement of geomagnetic activity followed by an
increase in the flux which peaks approximately 4-5 days
after the enhancement of geomagnetic activity. The 24-hour
averages presented in Figure 10 of this paper show time
profiles for precipitating electrons above | MeV that are not
inconsistent with those reported by Nagai (1988]. However,
at the peak of geomagnetic activity the fluxes of >1-MeV
precipitating electrons were generally located at lower L
values than that of a synchronous satellite and were often
below L = S. In a future survey, comparisons will be made

-
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Fig. 13. Distribution in the peak flux of the spikes of precipitating
electrons above | MeV separately for Kp =< 3 and for Kp > 3 where L
> §. For the lower geomagnetic activity range there were a total of 382
spikes whereas 231 spikes occurred when Kp was above 3.

between low-altitude data and available measurements at
synchronous altitude.

The satellite S81-1 typically passed through the interval
L = 4to L = 6in about 100 s. In the first {2-hour period on
day 252 (September 9) the average total counts acquired at
nighttime in the spikes of directly precipitating electrons
above 1| MeV during a pass through all L vaiues was 10°,
compared to ~5 x 10° when there were no spikes. Most of
the latter counts were background in nature and not associ-
ated with precipitating electrons. This average counting rate
of ~1000 counts/s yields an average flux of 324 el/cm? srs in
the interval 4 < L < 6 (invariant latitudes 60°-65.9°). This
region is where most of the precipitation of electrons above
1 MeV occurs. The area of this interval over 12 hours of local
time is approximately 6 X 10'® cm? in each of the northern
and southern hemispheres. If the relativistic electron precip-
itation at all nighttime hours was the same as at ~2230 and

o ) B T Y
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NUMBER OF PRECIPITATION SPIXES
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Fig. 14. Distribution in the peak flux of the spikes of precipitat-
ing electrons above | MeV, separately for day and night data. The
time period covered is from September 6, 1982, through October 2.
1982, For L > S at nighttime there were (85 spikes. whereas in the
daytime over this same time period there were 48 spikes.
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was the same in both hemispheres, then the total rate of
precipitation of electrons above 1 MeV was ~1.2 x 10% els
or ~5 x 10%* electrons in {2 hours. With an average energy
per precipitated electron of 2 MeV [Baker et al., 1987], the
total nighttime energy input from electrons in the bounce
loss cone during this 12-hour period on September 9, 1982,
was ~10'? ergs. We have shown that the frequency of
occurrence of spikes of precipitating relativistic electrons is
much smaller in the daytime than at night. We have also
shown (Figure 11) that the precipitating flux is not strongly
dependent upon longitude and therefore these same precip-
itating fluxes should apply on a global scale. After normal-
ization for time duration differences this value is an order of
magnitude less than the rough estimate of the total energy
input for a 2.5-day period from >1-MeV electrons of 7 x
102 ergs reported by Baker er al. [1987] for a different
electron event in June 1980. This finding may indicate that
much of the precipitation is in the drift loss cone, a phenom-
enon not covered in the measurements reported here. A
major cause of the difference between these two sets of
values appears to be the large difference in invariant latitude
width taken for the precipitation: 17° for Baker et al.,
compared to about 5.9° found in the present study.

The total loss rate into the atmosphere of electrons in the
bounce loss cone above 1 MeV as measured at low satellite
aftitudes seems to be inconsistent with the loss rates inferred
from synchronous high-altitude measurements. The differ-
ence between fow-altitude and synchronous measurements
is even greater when the low-altitude measurements are
limited to L shells near those at synchronous satellites, about
6.7. Precipitation spikes of electrons above 1 MeV were not
often evident in the low-altitude satellite data acquired near
L = 6.7. Suitable high-altitude measurements at other L
shells are not available in the published literature. Precipi-
tating fluxes as high as 1400 el/cm? s were inferred from
synchronous data by Baker et al. [1987], and such fluxes
were observed in the bounce loss cone low-altitude measure-
ments presented here only at very localized positions. It
would appear that many of the relativistic electrons lost from
the synchronous positions were not precipitated in the
bounce loss cone directly into the atmosphere but were
perhaps in the drift loss cone or were transported radially
inward or outward.

A possible mechanism for the acceleration of electrons to
relativistic energies has been postulated by Baker et al.
[1989). The mechanism involved inward radial diffusion of
the electrons in which a large energy gain was followed by an
energy-preserving outward transport, thus returning the
accelerated population to the outer magnetosphere. Baker et
al. suggested that in the inner magnetosphere the electrons
are scattered in pitch angle with many not being scattered
completely into the loss cone. In the present observations,
significant fluxes of precipitating clectrons were observed on
September 6 prior to the time of an event, at L = 2.5-3.5, as
shown in Figure 3. This finding is not presented as a
validation of any mechanism. but it may be important to
realize that enhanced fluxes of relativistic electrons were
precipitating in the inner magnetosphere near the time of
maximum flux of relativistic electrons at geostationary orbit.
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RELATIVISTIC ELECTRON ENHANCEMENTS: SIMULTANEOUS
MEASUREMENTS FROM SYNCHRONOUS AND LOW ALTITUDE SATELLITES

W. L. Imhof, H. D. Voss. J. Mobilia, D. W. Datlowe, J. P. McGlennon

Lockheed Palo Alto Research Laboratory, Palo Alto, California

and D. N. Baker

Goddard Space Flight Center, Greenbelt, Maryland

Absiract. We present here for the first time simultaneous
measurements of trapped relativistic electron enhancements at
synchronous altitude and precipitating electrons in the bounce
loss cone at low altitudes. The measurements show that the
daily vaniations in the precipitation flux for L>5 corelated well
with the daily variations in the total flux at high altitude, both
with respect to sudden enhancements as well as flux
depletions. The daily averaged precipitating flux (E > | MeV)
at L = 6.1 to 7.1 was about 0.3 percent of the daily averaged
directional flux (E > 1.5 MeV) observed at synchronous
altitude. whereas within narrow spikes the precipitating
directional fluxes were often within a factor of 10 of the daily
averaged trapped fluxes. Strong depietions in the synchronous
altitude > 1.5 MeV electron intensities are shown to be
associated with low altitude measurements of the equatorward
movement of precipitating spikes to lower L shells.

Introduction

Relativistic electron enhancements have been studied
extensively using measurements taken on synchronous-orbit
satellites (e.g. Baker et al., 1986). Detailed information on the
frequency of occurrence of these events and on the energy
spectra was obtained. In the past, good correlations have been
found between the relativistic electrons at synchronous altitude
and the > 1 MeV electron fluxes at 840 km altitude (Baker et
al., 1990), but the low altitude observations were not limited
to directly precipitating electrons in the bounce loss cone.
These measurements have not provided much knowiedge of
the extent in L-sheil of the enhanced region or of the fluxes of
relativistic electrons precipitating directly into the atmosphere.
Vampola (1971) reported S3-3 measurements of precipitating
relativistic electrons at altitudes from 362 to 4480 km. Some
information on the L-shell extent and on the fluxes of
relativistic electrons precipitating in the loss cone has currently
become available for a few events (Imhof et al.. 1991) from
low altitude satellite measurements. However, many critical
questions still remain unanswered. How well do electrons
trapped at high aititude and those in the bounce loss cone track
each other? In particular. when flux decreases are observed at
synchronous altitude near the beginning of an event what are
the corresponding changes at low altitude? How does the L-
shell extent at low and high altitudes compare? Many of these
questions can be answered with simultancous relativistic
electron measurements at high and low altitudes. Here such
data are presented. and ot particular interest are strong events

with relatively steep onsets.

Description of Instrumentation

We present here a comparison of the data from electron
detectors on the low aititude S81-1 satellite with the electron
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data from the synchronous altitude 1982-019 sateilite. The
instrumentation for the S81-1 payload is described in Voss et
al. (1982) and in Imhof et al. (1991) and the instrumentation
for the 1982-019 payload is described in Baker et al. (1986).
The Stimulated Emission of Energetic Particles (SEEP)
experiment on the S81-1 spacecraft contained an array of
cooled silicon solid state detectors 10 measure electrons and
ions. The data were acquired over the period from May 28,
1982 until December 5, 1982. The S81-1 three-axis stabilized
satellite was in a sun synchronous 1030 and 2230 local time
polar orbit (inclination = 96.3°) at altitudes from 170 to 280
km. The electron spectrometer ME1 at a zenith angle of 0°
(less than 30° pitch angle for much of the data presented and
therefore in the bounce loss cone) and ME2 at a zenith angle of
180° had acceptance angles of +30°. At these altitudes the
field-of-view of the ME detector is entirely within the bounce
loss cone. The silicon detectors in MEI and ME2 were
surrounded (except for the entrance aperture) by plastic
scintillator anticoincidence shields. Counts were recorded in
each corresponding anticoincidence counter, both singles and
in coincidence with the silicon detector: only one threshold
level was used and for electrons the threshold energy for
detection was ~1 MeV. The geometric factor for the singles
response was 3.09 cm? sr with an acceptance angle of +30°.
Electron flux measurements at high altitude were taken with
the Spectrometer for Energetic Electrons (SEE) flown at
geostationary orbit on board spacecraft 1982-019. The
spectrometer is a two element telescope consisting of two
silicon detectors (operated in parailel) and a bismuth germanate
scintillation crystal. The SEE sensor makes integral electron
measurements at energies > 1.5 MeV and four differential

measurements at higher energies.
Presentation of Data

A survey for relativistic electron spikes well within the
bounce loss cone was conducted with the SEEP data. To
qualify as an event in this survey. it was required that the
plastic scintillator singles counting rate in the MEI
spectrometer. which was viewing upward. increase above
background by at least a factor of two and that the increase be
significantly above that in the scintillator of the ME2 detector
which was viewing downward.

Precipitating electrons above | MeV were measured with
the anticoincidence detector in the ME1 spectrometer as noted
above. When these fluxes were enhanced they were typically
above background in the form of spikes near the trapping
boundary with 10 second observation or less (equivalently a
spatial width of less than 100 km (Imhof et al.. 1991)).
Precipitation spikes observed for less than one second were
not included in the survey. For studyving the time profiles one
can use either the maximum flux or the time integrated flux
(fluence) measured in each spike during a satellite pass. Both
approaches have been used for comparisons of S81-1 data
with measurements at synchronous altitude and give consistent
results. Here we present analyses based on the maximum flux

in each spike.
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‘Averages of the peak fluxes have been obtained both for
spikes at all L values and also restricting their inclusion only to
spikes at L>5. In the latter case the enhancements were more
pronounced: accordingly, all flux plots presented here are
limited to L values above 5. Figure 1 shows these fluxes
plotted as a function of time. The background rate which was
typically about 60 counts per second has been subtracted from
the peak counting rate in each spike. The spike fluxes vary
considerably from one sateilite pass to the next. Also shown
are 24 hour averages of the average peak flux recorded on each
pass: for these averages zero flux is assumed for a pass when
no spikes were observed at L>5. On some days the averaged
precipitating fluxes were below the threshoid level for
reporting a spike since no precipitation spikes were observed
on many of the passes. Analyses of the low altitude data were
performed for median flux values in addition to average values
and gave nearly the same resuits.

For comparison. the two sets of data, S81-1 and S/C 1982-
019, are plotted in Figure 2 as a function of day number in
1982. Daily averages of the precipitating electron flux above 1
MeV measured in the ME! anticoincidence detector on the
S81-1 spacecraft are shown. In converting from counting rate
to flux we have used a geometric factor of 3.09 cm? sr which
is rigorously applicable only to isotropic fluxes. Based on
other measurements of electron precipitation near the trapping
boundary (e.g. Imhof, 1988) we have assumed that many of
the electron precipitation spikes considered here are isotropic.
Also plotted are 24 hour averages (multiplied by a factor of
0.01) of the electron directional flux > 1.5 MeV measured in
the SEE detector on S/C 1982-019. It is clear that on a daily
basis the > } MeV precipitating electrons in the bounce loss
cone as observed at low altitudes track rather well the > 1.5
MeV clectrons trapped at synchronous altitude.

The daily averaged fluxes of electrons precipitating at L>5
were about an order of magnitude less than the fluxes of
electrons trapped at high altitude on L = 6.6. The daily
averaged fluxes of precipitating electrons at L = 6.1 to 7.1
were about 0.3 percent of the daily averaged fluxes observed
at synchronous altitude. However, in the narrow spikes the
precipitating fluxes were often within a factor of 10 of the
daily averaged fluxes trapped at high altitude. Much of the
reduction in the daily averaged precipitating fluxes relative to
the trapped fluxes at high altitude can perhaps be attributed to0
irregular access of electrons to the bounce loss cone. Of
course in many cases the precipitation may be only in the drift

loss cone.
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Fig. 1. The maximum fluxes in each spike of precipitating
electrons >1 MeV at low altitudes from the S81-1 satellite
plotted as a function of time. Also shown are 24 hour

averages of the maximum fluxes.
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Fig. 2. Daily averaged fluxes of precipitating electrons >]
MeV measured at fow altitudes on the S81-1 satellite and
electrons recorded at synchronous altitude on S/C 1982-019.
The latter electrons are at energies of > 1.5 MeV and their
corresponding fluxes are multiplied by 0.01 for clarity.

In prior studies of the high altitude data (e.g., Baker et al.,
1986). there has been much atiention paid to the 27-day
recurrence tendency seen in the relativistic electron component.
In the present study we have only 100 days of concurrent low-
altitude and high-altitude data available and it is difficult to
verify a true periodicity in such a limited interval. Moreover,
the strong 27-day recurrences reported by Baker et al. for the

SEE data become particularly prominent later (i.e.. in 1984-
85) than the present analysis interval. Nonetheless, Figure 2

does show some tendency for 27-day enhancements with.
perhaps, an interleaving of two cycles to give evidence of 13-
day recurrences.

In Figure 3 the daily averaged fluxes of precipitating
electrons above | MeV as measured at L>5 in the
anticoincidence scintiliator of the ME] spectrometer on the low
altitude S81-1 satellite are plotted versus the daily averaged
electron fluxes > 1.5 MeV recorded at synchronous altitude in
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Fig. 3. Daily averaged electron fluxes > 1.5 MeV obtained at
synchronous altitude on S/C 1982-019 versus the daily
averaged fluxes of precipitating electrons >1 MeV as measured

on the satellite S81-1.
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the SEE instrument. By inspection. one can see that the
precipitating flux > | MeV correlates well with the high
altitude flux > 1.5 MeV. The correlation coefficient is 0.77,
significant at the 11.8 sigma level for 96 points. For spikes at
L<5 no significant correlations were found. The low altitude
observations occurred at exactly the same L value (6.6) as the
synchronous measurements for only a smalf fraction of the
time, but the low altitude coverage of the precipitation spikes is
sufficient to make a comparison of the two sets.

We have investigated the correlation between the
precipitation fluxes at low altitudes and the rates of decrease of
electrons at high altitudes. The latter quantities were obtained
by considering the correlations between the precipitation flux
at low altitudes and the trapped flux at high aititudes on the
previous day and on the previous two days as well as on the
following day and the following two days. These resuits are
summarized in Table . The correlations are clearly best when
both sets of measurements are simultaneous within one day.

At times of pronounced decreases in the high altitude flux
there is often a significant equatorward movement in the L-
value of the precipitation spikes, suggesting that the drop outs
in the high altitude flux, which often occurred at times of
increased geomagnetic activity, may be due to an inward
movement of the trapped electrons. In Figure 4 the daily
averaged high altitude fluxes of electrons >1.5 MeV are plotted

Table 1. Correlation Values Between the Precipitation Flux
at Low Altitudes and the Trapped Flux at High Altitudes

(for 96 Days)
SEE Correlation Statistical
Data Coefficient Significance
(Sigma)
2 Days Before +0.13 1.2
1 Day Before +0.36 3.7
Same Day +0.77 11.8
1 Day After +0.50 5.5
2 Days After +0.16 1.5
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Fig. 4. Daily averaged fluxes of electrons > 1.5 MeV at high
altitude versus the daily averaged L values of electron > | MeV
spikes measured in the bounce loss cone.

as a function of the daily averaged L values of the spikes of
precipitating electrons above 1 MeV. The correlation
coefficient is 0.62, significant at the 7.8 sigma level for 100
points. There is a reasonably clear relationship between the
logarithm of the flux at 6.6 Rg and the averaged L. value: thus
the decrease at synchronous altitudes is associated with an

inward motion.
Summary

We have found good correlations between the time
dependence of the fluxes of relativistic electrons trapped at
synchronous altitude and of relativistic electrons precipitating
into the atmosphere. During narrow spikes well within the
loss cone the precipitating directional intensities were often
within a factor of 10 of the daily averaged trapped directional
intensities at high altitudes, whereas the daily averaged
precipitating fluxes were only about 0.3 percent of the trapped
fluxes. A proper comparison of the high and low altitude
electron populations would be to map adiabatically conserved
quantities according to Liouville’s theorem in a realistic
magnetic field model. Such a comparison has not yet been
performed in detail for each event. Additional precipitation
may appear primarily only near the edge of the loss cone and
not be within the field-of-view of the ME1 detector.

We have also investigated the L shell dependence of the
precipitation of electrons above | MeV as a function of time.
At the times of pronounced depletions in the figh altitsde
fluxes the precipitation spikes observed at low altitudes
appeared to move to lower L shells.

Ultimately, of course, it is likely that the transport of
electrons into the equatorial loss cone is due to wave-particle
interactions. The correlation between the fluxes of relativistic
electrons measured at 6.6 Rg and the precipitating electron
fluxes measured by the SEEP ME] instrument was highest
when data from the same day for the respective instruments
were used (see Table 1). Thus, in this sense it is the current
near-equatorial flux level that determines the precipitating
fluxes rather than the time rate of change of the fluxes (at least
on day-long time scales). From this behavior one might
conclude that the precipitation of relativistic electrons observed
in spikes in the bounce loss cone is not the principal or
dominant loss mechanism. From this point of view, the data
are consistent with the precipitation flux resulting from
interaction of the flux trapped at high altitudes with a strength
of waves that is constant on a long-term basis. Then the
precipitation flux would be proportional to the fiux trapped at
high altitude and not the rate of change of flux trapped at high
altitude.

On the other hand. Baker et al. (1987) suggested that
relativistic electrons may be precipitated quite rapidly. They
suggested that the electrons are strongly dumped into the
atmosphere when fluxes are high in the outer zone. When
such flux levels are lower (as is true much of the time). they
evidently are not precipitated significantly. Thus. Baker et al.
envisioned the electron fluxes and the wave leveis going up
and down together ( on time scales < | day) primarily dnven
by variable source strength for the electrons. Hence the waves
that ultimately precipitate the electrons could wax and wane
along with the electron population rather than remaining
consiant over long peniods. In this view. precipitation would
be a much more significant loss process for the outer zone.

It is important to understand more globally what the outer
zone electron flux variations are. It would be particularly
valuable 10 measure relativistic electron flux variations at
several different equatorial L values at the same time as we
observe geosynchronous enhancements. This would more
clearly delineate the global significance of this magnetospheric
population and would shed light on its contribution to the
global atmospheric ionization input (Baker et al.. 1987: Imhof

et al.. 1991).
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Longitude and Temporal Variations of Energetic Electron Precipitation
Near the Trapping Boundary

W. L. IMHOF, J. MoOBILIA, D. W. DATLOWE, H. D. Voss, AND E. E. GAINES

Lockheed Palo Alto Research Laboratory, Palo Alto, California

Electron precipitation occurring at latitudes near the midnight trapping boundary was measured
remotely with a satellite-bore x ray imager (>21 keV). This investigation has demonstrated for the
first time the repetitive mapping of precipitation at the trapping boundary with x rays. The satellite spin
motion (5.5 second period) provided repeated scans of each scene during a single pass of the satellite.
When the in situ electron precipitation, measured directly with a spectrometer (>68 keV) on the same

satellite, was limited to a narrow region at the trapping boundary the precipitation inferred from the
x rays was generally fairly uniform over a median longitude interval of at least 45°. Significant

decreases of x rays at longitudes away from the satellite crossing seldom occurred, but significant
increases at certain longitudes were sometimes observed. The widespread arc patterns of the
precipitation have important implications for both understanding the nature of the responsible loss

mechanisms and for assessing the atmospheric effects.

INTRODUCTION

Energetic electrons are known to precipitate into the
atmosphere by a variety of mechanisms. Strong precipitation
often occurs in conjunction with substorms. Short bursts of
precipitation from the radiation beits can result from wave
particie interactions with whistlers and chorus. Very ener-
getic electrons are sometimes produced in discrete aurora as
reported by Swift and Gorney [1989] and postulated by them
to result from scattering by upper hybrid waves generated
when the beam of electrons interacts with the ionospheric
plasma. Another class of precipitation that often occurs is
located near the outer edge of the radiation belt or the
trapping boundary. The occurrence of an isotropic pitch
angle distribution over the upper hemisphere or a filled loss
cone at this location in space is quite common [e.g., Fritz,
1970). Fritz measured the frequency of occurrence of iso-
tropy as a function of magnetic local time.

The energy spectra of electrons precipitating near the
trapping boundary have revealed a threshold energy for
isotropy that is strongly dependent upon the L value [Imhof
et al., 1977, 1979; Imhof, 1988). The precipitation near the
trapping boundary has been attributed to the radius of
curvature of the magnetic field at the equator for that L value
(Sergeev and Tsysganenko, 1982; Sergeev et al., 1983;
Popielawska et al., 1985; Sergeev et al., 1987). If the
magnetic field line radius of curvature is not an order of
magnitude greater than the gyroradius of the particles, the
magnetic moment is not conserved {Alfven and Fallhammer,
1963] and consequently the particles may be precipitated.
Related phenomena apply to both electrons and protons. but
here we address only electron precipitation. To date evaiu-
ations of the importance of this precipitation mechanism for
energetic electrons have been based primanly on measure-
ments localized to the position of the satellite. Such obser-
vations at best do not provide a complete description of the
phenomenon. To learn more about the precipitation near the
trapping boundary, it is important to measure simuita-
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neously both the longitude variations and the time depen-
dence of the intensity of the precipitating electrons.

With remote imaging of electron precipitation, it is possi-
ble to measure both the time and spatial dependence of the
precipitation near the outer edge of the radiation beit. The
imaging can be accomplished with bremsstrahlung x ray
mappings, a technique which has been used to investigate
the profiles of energetic electron precipitation at high lati-
tudes [e.g., Imhof, 1981; Mizera et al., 1984; Voss et al.,
1983]. With this technique one can map values for the total
deposition rates of energy into the atmosphere over a large
area. From x ray imagery at 4 to 40 keV the precipitation
patterns are frequently observed to be arc-shaped, and the
observed x rays are often poleward of the radiation beit
boundary [Datlowe et al., 1988]. For cases when the ener-
getic electron precipitation is limited to the immediate vicin-
ity of the outer radiation belt boundary, the total precipita-
tion rate is generally small compared to that in precipitation
events that extend over a wider range in L value. Accord-
ingly, precipitation very close to the radiation beit boundary
has not been previously mapped in detail with x rays.
Measurements of x rays >50 keV obtained with a single
wide-angle sensor on a spinning satellite [Imhof et al., 1975]
provided evidence that the x rays were generated by elec-
trons precipitating near the trapping boundary and an indi-
cation of some temporal variations summed over a large
area, but no longitude mappings were obtained. Now, from
the low altitude satellite P78-1 sufficient sensitivity was
achieved to map in longitude the precipitation near the
trapping boundary in the stronger cases and to investigate
the persistence of the precipitation for times up to a few
minutes. Here we shall invoke such data to investigate
electron precipitation near the trapping boundary and to
compare it with cases when the dominant precipitation is

below the trapping boundary.

DESCRIPTION OF THE INSTRUMENTATION

The data presented here were acquired with two energetic
electron spectrometers and an array of bremsstrahlung x ray
sensors on the P78-1 spacecraft. The instrumentation is
described elsewhere [Imhof er al.. 1980} so only a brief
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Fig. 1. Fluxes of trapped and precipitating electrons (>68 keV) measured with the EEM spectrometer asa function
of the invariant latitude during each of 8 nighttime satellite passes across the trapping boundary.

presentation is given here. The P78-1 spacecraft was
launched on February 24. 1979 into a sun-synchronous
noon-midnight polar orbit with an apogee of about 610 km
and a perigee of about 563 km. The satellite spun with a
period of approximately 5.5 s about an axis perpendicular to
the orbit plane. The array of x ray detectors oriented at
selected view angles with respect to the spacecraft provided
fine-scale mappings of the sources of X rays above 21 keV.
Four CdTe sensors viewed to the right of the satellite path.
and four to the left. The satellite spin motion provided
repeated scans of each scene. All sensors had a viewing
aperture of =40° along the spin direction. Two of the
sensors, Aa and Ab. were oriented at central view angles of
10° and 30° to the right of the plane normal to the spin axis
and had a collimation of =10° perpendicular to the spin
direction. Two additional sensors viewing to the right, Ca
and Cb. were oriented at 44° and 56° and had a collimation of
*6° and likewise for two sensors viewing to the left, Da and
Db. A few days after launch the two sensors oriented at
angles of 10° and 30° to the left failed: thus in all x ray images
gaps occur at the regions viewed by these detectors.

The rectangular CdTe sensors were 2 mm thick and 7 x 22
mm in area. The threshold levels for signal analysis were set
by command at 21 keV and the six energy channels spanned
the following x ray energies: 21-30, 30-46, 46-68. 68-98,
98-139 and >139 keV. Counting rates were recorded with a
time resolution of 0.032 second. The relative gains of the
different spectrometers were monitored on-orbit through
various intercomparisons, including observations of the dif-
fuse cosmic x ray spectrum. From these in-flight measure-
ments it was concluded that the gains of the CdTe spectrom-
eters were stable throughout the mission and that the
calibrations were almost identical in all six.

Energetic electron data were acquired with the EEM
(Energetic Electron Monitor) spectrometer over the energy
range 68 to 1120 keV. The detector consisted of 1000 u of
silicon of 4.5 cm? area, surrounded by a plastic scintillator-
photomultipiier anticoincidence shieid. Continuous muiti-
channel spectra were obtained with a 256-channel pulse

height analyzer. The inherent energy resolution of the spec-
trometer was 20 keV full width at half maximum (FWHM).
The EEM spectrometer was designed with a collimation
angle of =15° FWHM and a relatively large geometric factor
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Fig. 2. The precipitating electron encrgy spectra measured with
the EEM and the PRM spectrometers during each of the 8 nighttime
satellite passes shown in Figure 1. Each of the channels are shown
as open circles for the EEM data and as horizontal bars for the PRM
measurements. The spectra were acquired at the time of maximum
precipitation during each pass. Best-fit exponentials and the associ-
ated £, values are shown for each spectrum.
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Fig. 3. The geometry for observations in x rays from the trapping boundary at two different times during a pass of the

P78-1 satellite across the north polar cap.

of 0.69 cm? sr. The collimator axis was oriented at 90° to the
sateilite spin axis so that an electron pitch angle distribution
was obtained on each spin. Counting rates were also re-

_corded with a time resolution of 0.032 second.

Another spectrometer, designated PRM, was designed to
cover approximately the same energy range. 59 keV to 1|
MeV. but with a much smaller geometric factor (10> cm?
sr), a smaller collimation angle of = 3.5° and a six-channel

pulse height analyzer.
In the data analysis, L values were calculated using the

Goddard Space Flight Center (GSFC 12/66) geomagnetic
field model [Cain et al.. 1967] for the epoch 1980.

PRESENTATION OF DATA

A wide variety of patterns for energetic electron precipi-
tation from the outer radiation belt were commoniy observed
with the electron spectrometers. Examples of these patterns
observed at night are shown in Figure | where the fluxes of
trapped and precipitating electrons >68 keV measured with
the EEM spectrometer are plotted as a function of satellite
position in invariant latitude during various passes of the
spacecraft. The invariant latitude is defined as cos™' (1/
(L)'?). Both the trapped and precipitating electrons were
measured with the same electron spectrometers, just at
different portions of each 5.5-s satellite spin. The trapped
electrons were those observed when the electron spectrom-
eter had a central viewing angle of 65° to 115° to the magnetic
field line, whereas the precipitating electrons were those
traveling toward the atmosphere with the central detector
angle within 25° of the field line. Both the trapped and
precipitating fluxes drop sharply to the background level at
invariant latitudes above ~65° on most of the satellite passes
in Figure 1: this location where the trapped fluxes drop to
zero is often called the trapping boundary or the outer edge
of the radiation beit. On three passes. when Kp was 27 or
less. significant electron precipitation occurred only in a

very narrow region at the outer edge of the radiation beit. On
another pass, with Kp = 47, the precipitation was also near
the boundary, but it spanned a wider interval in L. Precipi-
tation spikes sometimes occurred at a variety of L values in
the outer radiation belt, as illustrated in the lower four of the
examples of Figure 1. As with most in situ measurements
from a satellite, spatial and temporal variations are not
separately identifiable in the data itself. In this sense the
spacecraft motion was not deconvoived. In these particular
cases the geomagnetic activity level was high. However,
from analysis of the data on more satellite passes it was clear
that the nature of the precipitation patterns was not well
correlated with Kp or AE.

The energy spectra of the precipitating electrons shown in
Figure | at the positions of maximum intensity are plotted in
Figure 2. Depending on the flux level the spectra shown were
those acquired with either the EEM or the PRM spectrom-
eter and accordingly have many channels shown as open
circles or have a few much wider channels plotied as bars.
At very large fluxes the counting rates were beyond an
acceptable range for the EEM spectrometer and data from
the PRM instrument were used. Best fit exponentials and the
associated E, values are shown for each. These spectra are
summed over one to four spins of the satelilite. as indicated
in the figure. The times listed are center times for accumu-
lation of the spectra. In some cases the integration times
encompass and therefore mask fine scale variations in the
spectra such as the common appearance of an energy
threshold for isotropy at the trapping boundary (/mhof,
1988]. Although a threshold for the onset of isotropy is not
evident in any of the energy spectra shown in Figure 2. the
spectra on July 20, 1979 displayed a pronounced threshold
during one spin.

From the surveys undertaken for this investigation it was
found that the fluxes of precipitating energetic electrons.
with pitch angles within 40° of the field line were often
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Fig. 4. Energy spectrum of x rays on two occasions measured
directly and also calculated on the basis of the measured precipitat-

ing electrons.

comparable to the trapped fluxes over a narrow latitude
range at the outer zone boundary on 69% of the midnight
satellite passes. In these cases of isotropy the loss cone is
filled and strong precipitation occurs. Due to the spinning
motion of the satellite and therefore the lack of complete
time coverage of the precipitating and trapped electrons, a
very narrow isotropic distribution might be missed and
therefore this percentage may be an underestimate. From
the Injun 3 satellite Frirz [1970] found that an isotropic pitch
angle distribution for electrons at 40 keV or higher occurred
near the radiation belt boundary on 90% of the passes near
local midnight. The difference from the results obtained here
is perhaps statistical, but it may indicate that some instances
of isotropy were missed in the present experiment because
of the spinning motion of the satellite.

In this paper a distinction is made between electron
precipitation localized to the trapping boundary and precip-
itation equatorward of this position. The exact location of
the trapping boundary then becomes a critical matter. How-
ever, the precise specification of the boundary has been
subjected to various definitions [e.g.. McDiarmid et al.,
1976). Here we shall consider the trapping boundary to be
the position where the electron detector counting rate is
essentially at the background rate. Slightly equatorward of
this position the electron pitch angle distribution is often
nearly isotropic. indicating a significant flux of precipitating
electrons. The occurrence of isotropy has been used as a
possible definition of the trapping boundary [Frirz. 1970], but
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here we shall locate the trapping boundary as being the
position of the background boundary. However. the x ray
detectors are clearly responding to the region of isotropy.
When the precipitation was confined to a region within one
degree of the background boundary, i.e.. the position where
the electron detector counting rate was essentially at the
background rate. the precipitating electron fluxes were suf-
ficiently high on some passes to produce bremsstrahlung
observable with the x ray spectrometers on the P78-1 space-
craft. The geometry for this type of measurement is illus-
trated in Figure 3. The figure shows the position of the
satellite with respect to L shell contours at two different
times during a pass. Each sensor viewed the trapping bound-
ary, the polar cap, and outer space sometime during each
spin of the satellite. The angular distribution of the response
thereby provides a measurement of the background. When
the satellite was poleward of the trapping boundary the
background in the x ray detectors was quite low. Each pixel
of x ray data gives a measure of the electron precipitation
summed over a wide magnetic latitude range: the six pixels
give a distribution of the electron precipitation spanning 44°
to 61° of longitude as illustrated in the figure. The sensors are
labelled Aa, Ab, Ca, Cb, Da, and Db with the corresponding
observed precipitation regions chaded. The fields of view
extended over ranges of L shells. but the L shell values cf the
precipitation were obtained with broad resolution fro:n the
measured angular distributions of x rays. Because of the
failure of the two sensors observing to the immediate left of
the orbital plane, data are not available for these two pixels.
It is important to establish that the measured x rays truly
represent the precipitating electrons. In Figure 4 are shown
the x ray energy spectra obtained with spectrometer Aa
which covered a region adjacent to the satellite path. during
two different passes of the satellite. On one of these passes,
June 22, the electron precipitation as measured with the
EEM spectrometer occurred only near the trapping bound-
ary taken to be the background boundary. On the other pass
stronger precipitation occurred well within the outer radia-
tion belt at latitudes more than one degree below the
background boundary. Conversion of observed x ray flux to
X ray emission was based on the positions of the satellite and
the x ray production region,. the known longitude width of
the area viewed, and the width of the electron precipitation
region measured along the satellite track by the electron
spectrometer. The x ray emissions were also predicted on
the basis of the spectrum and intensity of precipitating
electrons measured with the EEM and PRM spectrometers.
On June 22 the electron energy spectrum was taken from the
single spin where the dominant precipitating flux occurred.
The electron energy spectra measured during the events on
March 28 were summed over the 2 spins of the satellite with
the highest counting rate. Variations in spectra shape were
within counting rate statistics for the two spins as well as the
next most intense spin. about 30 s earlier. Fluxes at other
times/latitudes are at least two orders of magnitude iess than
at the peak spins. Based on the measured electron spectra
the x ray spectra were calculated using methods similar to
those described by Wait et al. [1979] and recently used by
Gaines et al. (1986]). In the two cases of Figure 4 the
measured x ray values were found to be in reasonable
agreement with the calculated fluxes. substantiating the
assumption that x rays are produced by the precipitating
electrons. However. when the preciptiation spike was very
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narrow the measured x ray fluxes were sometimes consider-
ably higher than those calculated from the measured precip-
itating electrons. Such discrepancies may be attributed to
the fact that the precipitating electrons were measured with
the EEM spectrometer during only approximately one sixth
of a satellite spin period and hence the maximum intensity
may be missed. However, from comparisons between the
electron and x ray spectra in many cases it has been
established that x rays can be used for mapping the electron
precipitation.

We have considered some intense electron precipitation
events with hard energy spectra that extend over wide
longitude ranges. Many of these events occurred at latitudes
equatorward of the trapping boundary. These may be iden-
tical to the *‘relativistic electron precipitation (REP)”" events
first identified by Bailey [1968] on the basis of anomalous
decreases in the daytime strength of forward scatter radio
signals at high frequencies.

An example of high x ray flux occurred on 28 March 1979
when the directly measured precipitating electron energy
spectrum was quite hard as shown in Figure 4. Significant
electron fluxes were measured at energies of ~600 keV, and
the event would surely be considered relativistic electron
precipitation even though it is not known whether there are

any distinctive characteristics associated with REP’s other
than a high intensity [e.g., Rosenberg and Lanzerotti, 1979).
In order to have a significant effect on the transmission of
radio signals during an REP event it is probably necessary
for the electron precipitation to extend over a large area and
to persist for at least many seconds. Here, imaging measure-
ments have demonstrated that some such extend over hun-
dreds of kilometers and last for at least several seconds.
Next, the temporal variations of the trapping boundary
precipitation are considered. The x ray counting rate for
detector Aa that views the region near the sateilite path is
plotted as a function of time in the left section of Figure 5 for
three passes when the electron counting rate was fairly high
and the precipitation was predominantly near the trapping
boundary. Each point in the upper section for each satellite
pass represents the x ray counts accumulated during appro-
priate portions of ten spins of the satellite. The counting
rates have all been corrected for viewing geometry by
multiplying by r2/1000d where r is the distance in km from
the satellite to the center of the region at the trapping
boundary viewed by each of the x ray detectors and d is the
width in km of the area viewed perpendicular to the satellite
path. This correction factor is approximately proportional to
r. which is the geometric correction factor for a narrow arc.
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except that the actual field-of-view has been taken into
account. The x ray sources were assumed to occur at an
altitude of 100 km and to be narrow and constant in L width.
This normalization procedure has been used previously
(Imhof et al.. 1982]. In this and other figures the error bars
represent statistical uncertainties only. The lower sections
show the same data plotted as single spin counts. The x ray
flux persisted over time scales as long as several minutes. In
these cases, the x ray emission or electron precipitation rate,
when corrected for the geometry of viewing the electron
precipitation region, did not undergo large changes during
that time. Temporal periodicities associated with precipita-
tion near the boundary are not evident on scales of about 10
s to 5 min.

To study the time dependence of precipitation equator-
ward of the trapping boundary consider the x ray flux in
detector Aa when the directly measured precipitation is at
iatitudes more than one degree below the background
boundary as illustrated in the right section of Figure 5. The
format of the figure is similar to that on the left-hand side
except the corrected counting rates are plotted for four
passes of the satellite instead of three. As with the three
passes when the precipitation was predominantly near the
trapping boundary, temporal periodicities are not evident in
the top three panels on a time scale between about 10 s and
5 min. However, in the bottom panel there may be some
evidence for a pseudo periodicity.

Let us next consider the longitude variations in x ray
intensity based on all 6 operating detectors for satellite
passes in which the precipitation measured with the electron
spectrometer was predominantly near the trapping bound-
ary. An example of the longitude dependence of the x ray
measurements is shown in Figure 6. As a selection criterion
for this and all of the other examples shown it was required
that detectors Aa and Ab have a positive nét counting rate
above background. In the left hand section of the figure the
geometry for viewing the trapping boundary and nearby L
shells is shown for 22 June 1979 at 46,983 s. In the center
section the fluxes of trapped and precipitating eiectrons >68
keV are plotted as a function of time. In the right hand
section the counting rates in the downward direction minus
those in the upward direction are plotted as a function of the
central viewing longitude of each of the 6 sensors at a time

-

when the satellite was poleward of the trapping boundary.
The counting rates have all been corrected for the viewing
geometry, as described for Figure §.

The longitude variations in X ray intensity derived from
the observations can be expressed in terms of dependence
upon magnetic local time (MLT). For three passes of the
satellite, the MLT distributions in corrected x ray counting
rate are shown in Figure 7 at six successive times during
each crossing. The distributions are for passes when the
precipitation measured with the electron spectrometer was
entirely or at least predominantly near the trapping bound-
ary. The selected passes occurred at times when the trapped
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electron fluxes were quite high and hence the precipitating
electron and the bremsstrahlung x ray fluxes tended to be
large. In each of these cases the electron precipitation near
midnight extended ~2.5 to ~7 hr in MLT. Some of the
observed variations with MLT may have been due to the
occurrence of additional precipitation at lower L values, but
the precipitation along the path of the satellite was predom-
inantly confined to a region near the trapping boundary.
For each of 18 passes the counting rate for appropriate
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383s

portions of a single 10 spin interval is piotted in Figure 8 as
a function of MLT. Three of the passes are also shown in
Figure 7. in Figure 8 a vertical dashed line is shown at MLT
= (. For comparison, horizontal dashed lines are drawn
through the corrected counting rate of detector Aa, which
viewed a region adjacent to the satellite path. Within the
statistical uncertainties the x ray flux emitted at MLT values
or longitudes different from the satellite crossing of the
boundary showed no significant decreases. Any corrected
flux increase on 8 of the 18 passes was no more than a factor
of three -at all observed longitudes. These findings are
consistent with precipitation at the midnight trapping bound-
ary on approximately half of the occasions being equally
intense over a longitude range of 28° to 79° with a median
value of 45°.

For many of the nighttime passes in which a high flux of
X rays was observed, the dominant precipitation as mea-
sured with the electron spectrometer occurred in narrow
latitude regions. but at latitudes more than one degree below
the position where the measured electron flux was not above
the background. A good example of the x ray counting rates
in this situation is shown in Figure 9 where the dependence
on MLT is plotted for six successive times dunng a single
satelite crossing. In this case large deviations from unifor-
mity in the x ray flux with respect to MLT are evident.

For thirteen passes in which the electron spectrometer
measured a much higher precipitation rate over narrow
L-shell intervals but at latitudes more than one degree below
the background boundary, the corrected counting rates are
plotted versus MLT in Figure 10 for single 10 spin intervals.
Strong variations with magnetic local time in the x ray flux
were more often observed in contrast with many of the
passes in which the directly measured precipitation was
solely at the trapping boundary. Significant electron precip-
itation extended over a longitude interval of 30° to 90° with a
median value of 44°.

The data included in Figures 8 and 10 were selected on the
basis of the directly measured electron profiles and the
requirement that a significant X ray counting rate above
background be measured in detectors Aa and Ab. For each
of the two conditions in these figures. eiectron precipitation
predominantly near the background boundary and stronger
at lower latitudes, respectively. the distribution in the AE
index is shown in Figure 11. The AE index tends to be larger
when the electron precipitation is stronger at latitudes below
the trapping boundary, but there is clearly much overiap and
the electron precipitation pattern is not determined solely by
the AE index. A similar result was found for the Kp index.

In the bottom sections of Figure 12 the average corrected
counting rates in detectors Da and Db are plotted versus the
average corrected counting rates in detectors Ca and Cb for
the foilowing two situations with the direct electron mea-
surements; in the [eft section the electron precipitation
measured at the satellite was predominantly near the trap-
ping boundary and in the right sections the precipitation was
greater at lower latitudes. A line in each panel is drawn for
equal corrected counting rates in the corresponding sets of
detectors. For precipitation well within the outer radiation
beit the total Aux of x rays >2) keV and hence the precipi-
tating electron fluxes summed over a broad L shell range
often tend to be an order of magnitude greater than when the
precipitation is limited to the immediate vicinity of the
background boundary. Also. when the directly measured
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precipitation was primarily at the trapping boundary the plot
shows less scatter or equivalently there is less variation with
longitude.

In the top sections of Figure 12 the average corrected
counting rates in detectors Ca and Cb and in Da and Db are
plotted versus the average corrected counting rates in the
" detectors viewing to the immediate right of the orbit plane.
This part of the figure shows that when the precipitation on
the satellite path was primarily at the trapping boundary the
precipitation at other longitudes was generally the same or
greater. On the other hand, when the directly measured
precipitation was greater at latitudes below the trapping
boundary the precipitation at other longitudes was often

quite different.

DiscussionN

From the direct electron measurements just presented we
have seen that near local midnight the precipitation of
electrons in the tens of kilovolt range is typically confined to
narrow latitude regions. The locations are often near the
immediate vicinity of the trapping boundary, but frequently
they occupy one or more narrow L shell regions within the
outer radiation belt. This spatial distribution contrasts with
the more widespread extent that often occurs in low energy
clectron precipitation.

When pitch angle isotropy along the satellite path was
limited to the immediate vicinity of the trapping boundary
the precipitation was often great enough that it could be
mapped in x rays with the detectors on the P78-1 satellite.
Previous investigations [/mhof, 1988] have addressed pre-
cipitation near the trapping boundary at midnight based
solely on direct measurements of the electrons. Now, for the
first time, with x ray imaging it has been found that such
precipitation frequently may extend in an arc pattern over a
median longitude interval of 45° and the intensity is almost
constant with longitude. From the x ray measurements.
temporal periodicities in the flux of electrons precipitating

IMHOF ET AL.: ELECTRON PRECIPITATION NEAR THE TRAPPING BOUNDARY
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Fig. 9. The x ray counting rates in the various sensors muitiplied by r2/1000d plotted as a function of MLT. In this
case the electron precipitation as measured with the EEM spectrometer was predominantly at latitudes below the

trapping boundary.

near the background boundary were generally not observed
on a time scale of about ten seconds to five minutes. These
findings are consistent with electron precipitation at this
location being caused by characteristics of the magnetic field
which are not strongly dependent upon longitude.

From direct measurements of the energetic electron pre-
cipitation fluxes, it was found that the precipitation may be
much more intense at latitudes below the trapping boundary
and may extend over a much broader L shell range than the
precipitation that often occurs within one degree of the
background boundary. Whereas precipitation at the trapping
boundary was observed on 69% of the satellite passes across
that region, precipitating fluxes at more than one degree
lower latitude were higher on about 38% of the passes.
Although strong precipitation events at invariant latitudes as
low as about 60° occurred less often than the weaker ones
near the trapping boundary, their intensity was frequently
great enough and they extended over such a wide longitude
interval as to lead to a greater input to the atmosphere.

Information on the mechanisms responsible for the pre-
cipitation might be obtained from examination of the energy
spectra. Wide variations occur in the energy spectra of the
precipitation spikes both at the trapping boundary and within
the outer radiation belt. Near the trapping boundary the
energy spectra often show a prominent L-dependent thresh-
old for isotropy that has been interpreted as evidence that
the electrons are precipitated as a result of the radius of
curvature being less than an order of magnitude greater than
the gyroradius of the particles (e.g.. Imhof, 1988]. Within the
outer radiation belt the spectral shape of the precipitating
electrons was often the same as for the trapped electrons just
above and below the latitude of the event. This behavior
suggests that the precipitation mechanism(s) acts with the
same strength on electrons of any energy.

The widespread spatial character of either class of precip-
itation has important implications for the responsible mech-
anisms. If the electron precipitation at the trapping boundary
is associated with characteristics of the magnetic field.
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Fig. 10. The x ray counting rates in the various sensors muiti-
plied by r2/1000d plotted as a function of MLT. In all cases the
electron precipitation as measured with the EEM spectrometer was
predominantly at latitudes below the trapping boundary.

instantaneous mappings in longitude can provide informa-
tion on the magnetic field topology over a range of local
times. For precipitation at latitudes below the trapping
boundary the mappings may shed light on the responsible

mechanisms.

A greater understanding of the mechanisms responsible
for the arc-shaped precipitation patterns might be achieved
by comparing these patterns with arcs observed at visible
wavelengths. In this regard, we have compared the present
observations with the occurrence characteristics of detached
arcs observed at visible wavelengths by Moshupi et al.
[1979] and Wallis et al. [1979). The detached arcs show a
much higher frequency of occurrence between 17 and 19
MLT. whereas all of the phenomena reported here occurred
between 21 and 03 MLT. On the other hand, the published

e ———
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energy spectra of the electrons associated with detached
arcs genesally fall within the wide range of spectral shapes
and intensities reported here in Figure 2. The detached arcs
were found by Moshupi et al. [1979] to occur about 10 to 12
hours after a peak in the AE index and at a time when the
interplanetary field component Bz is positive following an
extended period when it was negative. However, no such
pattern was evident in the present data. The lack of any
distinctive behavior is perhaps to be expected since each
precipitation pattern, spikes predominantly near the trapping
boundary or stronger below it, occurred during more than a
third of the satellite crossings.

For a detailed study of the precipitation mechanism(s) one
needs finer scale mappings over a broader range in MLT
than acquired in this experiment, but here we have used the
X ray technique for a preliminary study of the longitude
distributions in conjunction with direct measurements of the
precipitating electrons. In the future, a higher sensitivity can
be achieved with a larger area detector, and with more
counts smaller fractional variations in total intensity and in
energy spectrum can be mapped. Also, from mappings with
finer resolution in both L shell and longitude, the precipita-
tion at the trapping boundary and at lower latitudes can be
intercompared and followed in time. For these future mea-
surements, it is important to have the sensitivity to map the
precipitation also at quiet times when the trapped and
precipitating electron fluxes are relatively low.

5 P78-1
PRECIPITATION PRIMARLY @ =
AT TRAPPING BOUNDARY
4 -
3 -
z -t =
7]
§ 1 - -
o t —t -+
g | PRECIPITATION STRONGER BELOW
g, _TRAPPING BOUNDARY -
2
3 -
2 P~ -
1
0 I 1 /] [
0 200 400 800 800 1000 1200
AE
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electron precipitation: predominantly near the trapping boundary
and stronger at lower latitudes.
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APENDIX D

RELATIVISTIC ELECTRON ENHANCEMENTS OBSERVED OVER A
RANGE OF L SHELLS TRAPPED AT HIGH ALTITUDES AND
PRECIPITATING AT LOW ALTITUDES INTO THE ATMOSPHERE
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Relativistic Electron Enhancements Observed Over a Range
of L Shells Trapped at High Altitudes and Precipitating
at Low Altitudes Into the Atmosphere

W. L. IMHOF AND R. W. NIGHTINGALE
Lockheed Palo Alto Research Laboratory, Palo Alto, California

The fluxes of relativistic electrons at high altitudes were measured at the SCATHA satellite over the
L shell range of 5.3-8.7 during both enhancements and depletions. Simultaneous observations of the
precipitating fluxes of electrons (> MeV) were performed at low altitudes from the P78-1 satellite. On
a given pass of this satellite the fluxes of directly precipitating electrons in the bounce loss cone
displayed bursts of enhancement, generally with observing times of less than 10 s. On the average
these fluxes had a maximum value at L = 4.5-5.0. [n the drift loss cone the quasi-trapped electrons.
all of which were about to precipitate into the atmosphere within a few minutes, were less intermittent
and generally more intense. thereby providing a greater sensitivity for detecting precipitation. The
ratio of the average fluxes of the directly precipitating electrons to the quasi-trapped electrons
increased with increasing L value. The coordinated data presented here have permitted for the first
time a comparison to be made as a function of L shell between the precipitating and the high-altitude
trapped electron fluxes during relativistic electron enhancement events, some of which included
electrons with energies extending to at least S MeV. The low- and high-altitude fluxes of >1-MeV
electrons were found to track each other during the period studied (April-June 1979), with respect to
both time and L sheil variations. The average precipitating electron fluxes measured at low altitudes
in the drift loss cone were lower than those at high aititude by a factor of about 3 x 102. For L = 5.3-7
the average fluxes in the bounce loss cone at low altitudes were estimated to be lower than the trapped

fluxes at high altitude by a factor of about 3 x 10*.

INTRODUCTION

In the outer magnetosphere the fluxes of electrons with an
energy greater than 1 MeV are well known to undergo
pronounced increases and decreases [e.g., Baker et al.,
1986; Nagai, 1988]. However, little is known about the
correlated precipitation into the atmosphere of these ener-
getic electrons undergoing bounce motion over a broad L
shell region, at times of relativistic electron enhancements.
Previous simultaneous low-aititude precipitation and high-
altitude studies have involved only synchronous-orbit satel-
lites. The data leave in doubt the full distribution in L shell
of relativistic electrons at high altitudes, and the eventual
destination of these electrons. A question to be addressed is
what is the fractional rate of loss of the high-altitude electron
population into the atmosphere due to scattering interac-
tions. This matter is more fully answered by obtaining
simuitaneous measurements over a range of L shells of
trapped electrons at high altitudes and precipitating elec-
trons observed at low altitudes.

Measurements of trapped >1-MeV and >280-keV elec-
trons were reported for low and for high altitudes by
Williams et al. [1968]. However, precipitating electron fluxes
were not available from this presentation, nor were any
high-altitude measurements at L values greater than 5.5.
Only limited comparisons have been made between relativ-
istic electron enhancements observed simultaneously at syn-
chronous satellite altitude and electron precipitation into the
atmosphere as observed at low altitudes (Baker et al.. 1990;
Imhof et al., 1991a). A small fraction of the electrons
present at near-synchronous orbit reach low altitudes in their

Copyright 1992 by the American Geophysical Union.
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bounce motion. Those electrons within the *‘loss cone’” can
be detected by a low-altitude satellite. Baker et al. used
electron data taken on the DMSP spacecraft at 840 km
altitude. The measured >1-MeV electrons were those near
the edge of the equatorial loss cone. No detailed L shell
analyses were presented, nor was any distinction made
between those trapped electrons about to precipitate into the
atmosphere and those that are more stably trapped. The
measurements of Imhof et al. were of electrons which
precipitate into the atmosphere within one bounce, and these
electrons were therefore considered to be in the bounce loss
cone. However, the precipitating electrons were observed
primarily in bursts for typical times of less than 10 s, and
therefore the duty cycle for measuring the electrons on a
given L shell from a polar-orbiting satellite was quite low.
Here we present concurrent >1-MeV electron data from
the SCATHA satellite, which was in near-synchronous orbit
and covered L = 5.3-8.7 at near-equatonal positions, and
the P78-1 satellite at 600 km altitude in a polar orbit, which
covered the full range of L. From the latter satellite, two
classes of precipitating electrons were observed: those in the
bounce loss cone are in contrast to those in the drift loss
cone, which precipitate into the atmosphere sometime dur-
ing their longitudinal drift around the world. Depending on
their energy and the longitude of injection they may remain
in the drift loss cone for times up to many minutes. Since the
fluxes of electrons in the drift loss cone were steadier in time
and generally much larger, a higher detection efficiency was
achieved with an increased duty cycle for detecting electron
precipitation. Observations of directly precipitating elec-
trons in the bounce loss cone achieve a more direct measure
of the inputs to the atmosphere, but the probability of
observing short-duration or spatially narrow bursts is quite
low. Comparisons between these two classes of precipitation
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Fig. 1.

should be made from the same satellite. Here data from the
P78-1 spinning satellite are presented which satisfy this

need.

DESCRIPTION OF INSTRUMENTATION

The P78-1 satellite was launched on February 24. 1979,
into a Sun-synchronous, noon-midnight. near-circular polar
orbit at ~600 km altitude with an inclination of 96.7°. The
section of the satellite containing the electron spectrometer
EEM 002 (which provided the data used here) spun about an
axis perpendicular to the orbit plane with a period of about
5.5 s. Worldwide coverage of the measurements was
achieved through use of tape recorders on board the satel-
lite. The EEM 002 electron sensor, covering a range of
energies from 68 keV to 1050 keV, was surrounded by a
plastic scintillator anticoincidence shield for background
reduction [Imhaf er al.. 1981]. In the present study, the
counts recorded in the anticoincidence counter were used,
as this integral counter had the desired threshold energy of |
MeV for electrons. The geometric factor was 0.77 cm? sr
with an acceptance angle of = 15°. Electrons above ~15 MeV
could be detected with a nearly omnidirectional response,
but any such counts would show little variation with orien-
tation within a spin and were subtracted as background in
the analysis performed here. The background was based on
the counts accumulated when the spectrometer was pointed
along the magnetic field lines and toward the atmosphere.

The SCATHA satellite was launched on January 30. 1979,
In its final orbit the sateilite nominally spins at ~t rpm and
traverses an altitude range between ~27.500 km at perigee
and ~45.200 km at apogee twice a day within a latitude range
of =15°. This coverage corresponds to an L shell range of
about 5.3-8.7 in the near-geosynchronous region. The Lock-
heed high-energy particle spectrometer. SC3. is a solid-state
particle telescope employing a series of surface barrier
silicon detectors. It primarily measures energetic electron
fluxes as a function of energy and pitch angle. The instru-
ment normaily operates in two energy modes with the lower
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Schematic illustration of the geometry for measuring electrons simultaneously from low- and high-altitude
satellites. A representative pitch angle distribution from SCATHA is also shown.

mode covering the electron energy range between 47 and 299
keV in 12 channels, each about 2] keV wide. The higher-
energy mode extends over the electron energy range from
256 to 4970 keV in 12 channels each 393 keV wide. For the
present study the differential number flux was multiplied by
the channel energy width and summed over the electron
energy range of 10264970 keV. The field of view of the
detector is 3°. In addition, there is a 3° sweep of the detector
for each 0.5-s accumulation period. This detector response
should be compared with the expected loss cone full width of
~6° to ~10° in the near-synchronous region. The spectrom-
eter is aligned perpendicular to the spin axis of the satellite.
sweeping most pitch angles (from 0° to 90°) four times per
minute. However, pitch angles near 0° were often not
covered. A more complete description of the instrument can
be found in the work by Reagan et al. [1981].

PRESENTATION OF DATA

The pertinent geometry for performing correlated mea-
surements of trapped electrons at high altitudes and precip-
itating electrons at low satellite altitudes is illustrated sche-
matically in Figure 1, which contains a representative pitch
angle distribution as measured on the SCATHA satellite.
The low-altitude polar-orbiting satellite P78-1 detected elec-
trons within the bounce loss cone and, separately, electrons
that mirror at altitudes of ~100 km to ~600 km and that may
be in the drift loss cone, depending upon the longitude.
However, the orientation of the SCATHA spin axis was
such that electrons in the bounce loss cone were often not
sampied during many of the correlated cases considered
here.

A SCATHA/P78-1 conjugacy case when the two space-
craft were in the same magnetic flux tube is illustrated in
Figure 2. The low-altitude energy spectra include two
classes of precipitating electrons: those in the drift loss cone.
labeled quasi-trapped electrons. and those in the bounce loss
cone, labeled precipitating electrons. The angular resolution
of the high-altitude measurements in the loss cone included
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both of these classes of precipitating electrons. Up to 300
keV the high-altitude loss cone measurements agree well
with the dominating quasi-trapped component of the precip-
itating fluxes observed at low altitudes. The relativistic
etectron flux statistics above 300 keV were too low for
individual case comparisons. The following study uses the
SCATHA fluxes of trapped >1026-keV electrons.

Previously, from the low-altitude S81-1 satellite. electrons
above | MeV were found to precipitate into the atmosphere
in bursts with observation times typically of 1-10 s [Imhof et
al., 1991b]. In these bursts the fluxes of precipitating
electrons in the bounce loss cone were often equal to the
fluxes of trapped electrons at 600 km altitude. In Figure 3 the
fluxes of trapped and precipitating >1-MeV electrons are
plotted versus invariant latitude for four passes of the
low-altitude satellite P78-1. Also shown for comparison are
plots of the trapped >1-MeV electrons measured during the
12-hour half orbit of SCATHA which encompassed the
low-altitude data. The low-altitude passes shown here oc-
curred near local midnight, whereas the SCATHA data
spanned a wide range of local times. From the entire data set
for this time period (not shown) one concludes that during
the 12-hour interval required for SCATHA to scan the full L
shell range, the low-altitude profiles typically displayed a
wide variety of patterns. Often. however, the flux cutoffs
were similar at low and high altitudes.

During each 5.5-s spin of the low-altitude P78-1 satellite.
measurements were provided of both the trapped and pre-
cipitating electrons. The locally trapped electron fluxes were
obtained during the two portions of each spin when the
electron spectrometer was pointed within 25° of the normal
to the geomagnetic field line. At certain longitude intervais

w -—-— S— 107 ——————
~--._ == SCATHA —— SCATHA
28 MAY 1979 TO 29 MAY 1979 28 MAY 1979 TO 29 MAY 1979
“s_ UT(s) 83402 TO 39596 "TTNe._ UT(s)834027TO 39596
10‘\. ~ 108 |
\\
P78-1 \
-~ TRAPPED * 300
| —— PREC. * 300 : 108 |
> 1 29 MAY 1979 -
| UT(s) 19712 TO 19878/ \
- / v N
“ I, ‘\J' \\
w
! _— — 104 X
F 104
'107.....r.r v, - —
'ﬁ SO — SCATHA .- ~—= SCATHA
s Tsol_ ZWMAY 197070 20 MAY 1979 [777 <. 28MAY 1979 TO 20 MAY 1979
] ~ ur(o) 83402 TO 39596 < UT(s) 83402 TO 3959¢
| P78-1 ! .
© 108 ———Trappeps300] '
‘\--mc.-aoo
N 29 MAY 1979
UT(s) 23380
108 “‘ 70 23880 10‘;-
l'\
A ATV
\ o/ l A
104 wnd N A g . 104 KA s
60 6t 62 63 64 65 66 67 69 €9 70 6 61 62 63 64 €5 66 ¢ 68 & 70
INVARIANT LATITUDE (deg)

Fig. 3.

The fluxes of trapped and precipitating >1-MeV clectrons versus invariant latitude for four passes of the
satellite P78-1 on May 29 (day 1979). Also plotted are >1-MeV fluxes from SCATHA.
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Fig. 3. (Top) The daily averaged electron fluxes in the bounce
loss cone during precipitation bursts and the averaged electron
fluxes in the drift loss cone plotted versus L shell. (Bottom) The
ratios of fluxes in the bounce loss cone during precipitation bursts to
those in the drift loss cone.

these electrons were about to precipitate into the atmo-
sphere within a few minutes after drifting eastward to the
South Atlantic anomaly and are therefore considered to be in
the drift loss cone. The precipitating electrons in the bounce
loss cone were taken from data acquired when the coilimator
view direction was within 25° of the field line in the upward
direction. From the low-altitude P78-1 satellite data. let us
compare as a function of L in Figure 4 the average fluxes of
electrons in the bounce loss cone during bursts with those in
the drift loss cone. Both are shown in the top panel. For the
former quantity we consider averages of the nighttime max-
imum flux recorded in the bounce loss cone on each pass of
the satellite, including zero flux for passes when no bursts
were observed. To qualify as a burst. the counting rate in the
upward direction must increase to a net counting rate (with
background subtracted) of at least 100 counts per second.
which is equivalent to a threshold of 130 electrons (cm? sr
s)~!. When averaged. the bounce loss cone fluxes are less
than the threshold level due to the frequent occurrence of no
measurable precipitating flux in the bounce loss cone. From
an extrapolation of the intensity distribution of bursts above
130 electrons (cm* sr s)~! to lower flux values it was
concluded that the error in the average fluxes caused by
neglect of fluxes below this value is probably no more than
about 3%. These fluxes reached a maximum value at an L
shell of about 4.5. The data presented were taken on days
95-185 in the year 1979.

In the bottom panel of Figure 4 the ratios of the average
fluxes in the bounce loss cone bursts to those in the drift loss
cone are plotted as a function of L. The ratio shows

IMHOF AND NIGHTINGALE: RELATIVISTIC ELECTRON ENHANCEMENTS

considerable scatter, but there is a trend for the ratio to
become progressively larger with increasing L. This trend
may be due at least partly to the decreasing size of the loss
cone at higher L values. For L = 5-7 the average drift loss
cone fluxes are about an order of magnitude larger than the
average fluxes in the bounce loss cone precipitation bursts.
To compare the rates of loss of electrons in the two loss
cones, one should consider fluxes in the bounce loss cone
averaged over all times rather than only during precipitation
bursts. On the basis of the data presented here and the data
obtained from the S81-1 low-altitude satellite {Imhof er al.,
19915], it is estimated that the average bcunce loss cone
fluxes in bursts during a pass are ~10 times as large as the
average fluxes in the bounce loss cone. It then follows that
the average fluxes in the drift loss cone are about 2 orders of
magnitude larger than the average fluxes in the bounce loss
cone for L = 5.3-7.

In an earlier study, the fluxes of precipitating relativistic
electrons in the bounce loss cone were found to track rather
well the trapped fluxes of electrons measured at synchro-
nous satellite altitude [ImhAof et al., 1991a]. Now we make
such a comparison for low-altitude quasi-trapped electrons.
In Figure S the daily averaged fluxes of precipitating elec-
trons in the drift loss cone are plotted versus day number for
L = 5.5. The trapped fluxes observed at high altitude have
been overlaid on this figure. The high- and low-altitude
electron fluxes are seen to track each other. For comparison,
the Kp and Dst values are also shown.

Expanding in L shell from 3 to 6.5 for electrons above |
MeV, we plot both the high-aititude flux :s and the 24-hour-
averaged precipitating fluxes measured in the drift loss cone
as a function of day number in Figures 6a and 65. At L >
5.3 the fluxes of relativistic electrons at both high and low
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indices.

L] 108 18 128

]




IMHOF AND NIGHTINGALE: RELATIVISTIC ELECTRON ENHANCEMENTS

altitudes show pronounced enhancements and depletions
beginning around day 115 of 1979 (April 25). For L values
near 3.0, based on the precipitation rates, the relativistic
electrons were slowly decaying. At these lower L values the
temporal variations were distinctly different.

Although in the correlations presented here. only elec-
trons above 1 MeV were considered, the major enhance-
ments. which included days 115, 123, and 149, involved
highly relativistic electrons extending to energies of at least
5 MeV, as illustrated in Figure 7 for SCATHA observations
near L = 5.5. Other spectra included in the figure for
comparison are the spectrum for the most geomagnetically
quiet day, 332, in 1979 and the average for March~December
1979.

The promptness of the correlation between the primarily
trapped fluxes measured on the SCATHA satellite and the
precipitating fluxes observed on the P78-1 satellite is inves-
tigated by considering the correlation coefficients between
the two classes of fluxes. These are plotted in Figure 8 as a
function of L shell for various time delays between the two
sets of fluxes. The best correlation coefficients generally
occur for no time delay up to a 1-day delay between the two
sets of data, but for delays of about 2 days in the precipita-
tion fluxes as compared to the trapped fluxes the correlation
coefficients are still high. For the correlation coefficients
marked by solid squares, which are the larger coefficients,
the probability that the coefficients could have resuited from
an uncorrelated population is <0.003. Thus there is a high
probability that the two sets of data are correlated with a
degree of correlation of 0.6-0.7 for time delays of zero to |
day for L = 5.5-6.0. At L = 6.5 the degree of correlation
drops to ~0.45. These correlations indicate that trapped
relativistic particle enhancements can take up to 1 day to
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Fig. 6b. The 24-hour-averaged precipitating electron fluxes in
the drift loss cone and the high-altitude electron fluxes plotted as a
function of day number in 1979 for L = 5-6.5.

scatter into the loss cone and that they primarily occur for
L <6.5.

The correlation between the geomagnetic activity as spec-
ified by the Kp index and the SCATHA and P78-1 electron
fluxes has been investigated by calculating the correlation
coefficients as a function of the time delay between the flux
and Kp. The degree of correlation (0.4) weakly indicates that
at L = 5.5 and 7.0 there is a delay of about 2—4 days in the
rise of the electron fluxes above 1 MeV at high altitudes as
observed by SCATHA as compared to Kp. For other L
values at high altitudes, similar delays are indicated, but the
correlations are very weak and could possibly have resulted
from uncorrelated populations. At low altitudes from the
P78-1 data, significant correlations are not found with re-
spect to Kp at these L values. However, in this paper the
high- and low-altitude fluxes have been found to be well
correlated with each other with delays of zero to | day from
L =5.5106.0.

For selected time intervals we compare in Figure 9 the L
dependences of the fluxes of precipitating electrons in the
drift loss cone with those trapped at high altitudes. A dotted
line indicates the center location of a synchronous orbit (L =
6.6 = 0.2) from which previous high-altitude comparisons
with low-altitude fluxes have been made. The flux versus L
shell patterns vary strongly with time. but in each time
interval both classes of electrons show a similar L depen-
dence. The fluxes in the drift loss cone have been muitiplied
by 300. and therefore one concludes from the plot that the
average fluxes in the drift loss cone were lower than those at
high altitude by this factor. Note that the flux observed at
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low altitudes peaks at a lower L value (top panel) before the
high-energy enhancements occur (next three panels).

Upon entering the atmosphere, the electrons above | MeV
energy penetrate down to altitudes as low as 50 km, and the
" bremsstrahlung X rays produced by these electrons pene-
trate down to altitudes of about 20 km. During the more
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intense bounce loss cone bursts in the data reported here the
ion pair production rates can reach values as high as ~102
(cm? s) ! near 50 km altitude. A more detailed consideration
of the energy deposition rates into the atmosphere is beyond

the scope of this paper.

SUMMARY AND DiscussioN

There has been much speculation on the source of the
electrons observed during relativistic enhancement events
[Chenette et al., 1988; Baker et al., 1989, Fujimoto and
Nishida, 1990]). One class of models involves the recircula-
tion of electrons in which energy is gained during inward
radial diffusion followed by an energy-preserving outward
transport. A key element of the recirculation model as
originally proposed by Nishida [1976] for Jupiter is that after
the acceleration by inward radial diffusion, outward trans-L
diffusion occurs in the low-altitude region where the cross-
field diffusion results in little energy loss. However, there is
an inconsistency with the radial diffusion time scale; it takes
much too long for electrons to diffuse to low L shells [Baker
et al., 1989]. Measurements over a wide range of altitudes
and L shells of the flux increase and decrease rates associ-
ated with relativistic electron enhancement events, such as
those presented here, should be useful for further investiga-
tion of this mechanism.

In previous investigations it was found that enhancements
and depletions in the fluxes of electrons above 1.5 MeV
observed at synchronous satellite altitude were well corre-
lated with those of precipitating electrons above 1 MeV at
low altitudes. Here for the first time a comparison between
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the fluxes of relativistic electrons trapped at high altitudes
and those precipitating into the atmosphere has been ex-
tended to the L shell range of 5.3-8.7. The low-altitude
fluxes in the bounce and drift loss cones tracked each other
rather well, suggesting that the electron precipitation asso-
ciated with relativistic electron enhancement events may be
investigated on the basis of either category of electrons. A
much higher sensitivity and more continuous coverage can
be achieved with measurements of electrons in the drift loss
cone. Relativistic electrons are present in the drift loss cone
during a large fraction of the time, but sometimes the
magnitudes of the average maximum fluxes in the bounce
loss cone are close to those of the locally trapped fluxes in
the drift loss cone, indicating isotropy in the pitch angle
distributions. The averaged fluxes in the drift loss cone were
lower than the high-aititude fluxes by a factor of approxi-
mately 3 x 10%. At L = 5.3-7 the average fluxes in the
bounce loss cone precipitation bursts were lower than those
at high altitude by a factor of about 3 x 103, and when
averaged over all times the average fluxes in the bounce loss
cone are estimated to be down from the high-altitude fluxes
by a factor of about 3 x 10%.

This investigation has provided information relating to the
loss mechanisms for relativistic electrons. Although each
precipitation burst is narrowly located in L shell or time,
over an extended period of time the precipitation in both the
bounce loss cone and the drift loss cone covers a broad
region in L. The direct precipitation does not extend to as
low an L shell as does the drift loss cone precipitation, but
that difference may be attributed to the large pitch angle
extent of the loss cone at lower L values. This finding does
not necessarily preclude much of the precipitation occurring
near the trapping boundary, since that location frequently
undergoes large variations. Precipitation near the trapping
boundary may be caused by the magnetic field line irregu-
larities that occur in that location (e.g., Imhoferal., 1991b].
On the other hand. the principal precipitation mechanism
operating over a wide L shell interval is apt to involve
wave-particle interactions. The bounce loss cone and drift
loss cone electron precipitation may well result from the
same loss mechanism. the former just requiring a larger
scattering in pitch angle. The smaller required scattering
angle and the much longer accumulation times for quasi-
trapped electrons may account for their fluxes typically

being larger and steadier.
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