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Abstract. On August 20, 1996, balloon-borne X-ray detectors observed an intense X-ray event
as part of a French balloon campaign near Kiruna, Sweden, at 1532 UT (1835 magnetic local
time), on an L shell of 5.8. The energy spectrum of this event shows the presence of X rays with
energies >1 MeV, which are best accounted for by atmospheric bremsstrahlung from monoenergetic
~1.7 MeV precipitating electrons. Ultraviolet images from the Polar satellite and energetic particle
data from the Los Alamos geosynchronous satellites show the onset of a small magnetospheric
substorm 24 min before the start of the relativistic electron precipitation event. Since the balloon
was south of the auroral oval and there was no associated increase in relativistic electron flux at
geosynchronous altitude, the event is interpreted as the result of selective precipitation of ambient
relativistic electrons from the radiation belts. Pitch angle scattering caused by resonance with
electromagnetic ion cyclotron mode waves is the most likely mechanism for selective precipitation
of MeV electrons. A model is presented in which wave growth is driven by temperature anisotropies
in the drifting substorm-injected proton population. The model predicts that this wave growth and
resonance with ~1.7 MeV electrons will occur preferentially in regions of density >10 cm™32, such
as inside the duskside plasmapause bulge or detached plasma regions. The model predictions are
consistent with the location of the balloon, the observed energies, and the timing with respect to the

substorm energetic particle injection.

1. Introduction

Using a variety of techniques, relativistic electron precip-
itation (REP) events have been observed for over 30 years.
The first REP events were inferred from changes in the prop-
agation of radio waves [Bailey and Pomerantz, 1965]. Rela-
tivistic electrons can affect the scattering path and propaga-
tion of radio waves by causing changes in the ionosphere at
altitudes below 70-75 km. Later, balloon-borne X-ray detec-
* tors were used to observe REP events. Electron precipitation
creates X rays through the process of atmospheric brems-
strahlung, and balloon instruments at stratospheric altitudes ,
can detect these X rays. Rosenberg et al. [1972] observed
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an REP event with an e-folding energy of 100-150 keV, and
West and Parks [1984] observed an REP event with an e-
folding energy of 200 keV. The type of X-ray detector used
on these early balloon flights did not have the energy range
or resolution to distinguish monoenergetic peaks of MeV
energies from hard exponentially falling spectra. Satellite
observations of REP events, such as those made by Imhof
etal [1986, 1991, 1997}, Nakamura et al. [1995], and Blake
et al. {1996], have the advantage of providing direct mea-
surements of the precipitating electrons but have the disad-
vantage of being unable to observe for long periods of time
and being unable to separate temporal and spatial effects.
Because of limitations in these measurement techniques,
the processes causing the precipitation of relativistic elec-
trons have not yet been adequately explained. Studying
the mechanisms involved in the acceleration of these par-
ticles can further our understanding of energy transport be-
tween different regions of the magnetosphere. Improving
our knowledge about these processes is also important for
several practical reasons. Electrons of MeV energies can
damage spacecraft [Baker et al., 1986]. These electrons
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can also penetrate to altitudes of 40-70 km in the atmo-
sphere, where they may dissociate molecules that can affect
the ozone layer [Callis et al., 1991].

Two different mechanisms have been proposed to account
for the precipitation of MeV electrons from the radiation
belts. Some nightside REP events have been attributed to
the loss of adiabatic motion that occurs when the magnetic
field line radius of curvature is small compared to an electron
gyroradius [Sergeev and Tsyganenko, 1982; Sergeev et al.,
1983]. This mechanism acts near the nightside trapping
boundary, where the magnetic field lines are stretched and
have a smaller radius of curvature. Since the gyroradius in-
creases with particle energy, this mechanism acts selectively
on higher-energy particles such as MeV electrons. However,
this mechanism cannot account for duskside REF events oc-
curring in localized regions for moderately short periods.

The other mechanism that has been proposed to account

for REP events, wave-particle interactions, is the focus of
this paper. Electrons gyrating in a magnetic field can ex-
change energy with circularly polarized wave modes through
cyclotron resonance, causing pitch angle scattering and elec-
tron precipitation. This mechanism has been shown to cause
REP events over a range of wide range of L shells and local
times [Thorne and Andreoli, 1980]. Several different wave
modes can resonate with electrons, including the whistler
and electromagnetic ion cyclotron (EMIC) wave modes.

In this paper we discuss balloon observations of a dusk-
side MeV X-ray burst and related satellite observations of
associated substorm activity. The X rays were observed by
a set of instruments that provided both spatial and temporal
information as well as a higher energy range and resolution
than were used for previous balloon observations of REP
events. A detailed description of the balloon observations
has been presented elsewhere [Foat et al., 1998]. The main
purpose of this paper is to present a wave-particle interaction
model that accounts for the balloon observations and relates
them to the preceding substorm.
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2. Observations

The balloon data used in this study were collected as part
of the Interball and Balloon Observations of Aurora (IN-
TERBOA) campaign in 1996. The balloon X-ray instru- -
ments included an X-ray imaging camera (XRI), which used
a pinhole collimator to focus X rays onto a sodium iodide
scintillator and a liquid nitrogen cooled germanium X-ray
detector (GeD). The design of the XRI is described in detail
by Lorentzen [1999]. Both instruments viewed a 45° half-
angle vertical cone. The XRI measured X rays in the range
20-120keV with an energy resolution of ~10 keV full width
at half maximum (FWHM) at 60 keV, and the GeD measured
X rays in the range 20—1400 keV with ~2 keV FWHM res-
olution. Other instruments on the balloon included a broad-
band X-ray detector, VLF sensors, and triaxial electric and
magnetic field sensors.

On August 20, 1996, the balloon-borne X-ray instruments
observed an intense X-ray event near Kiruna, Sweden. The
temporal structure of this event is shown by the X-ray imager
count rate in Figure 1. The event consisted of seven bursts of
~60-90 s separated by ~100-200 s. Superposed on some of
the peaks is a ~10-20 s periodicity (see also the fast Fourier
transform analysis by Foat et al. [1998]). The event began at

1532 UT (1835 magnetic local time (MLT)) and lasted until
1555 UT. At this time, K, was ~2, and the balloon was
located on an L shell of 5.8, as determined using the Tsyga-
nenko [1989] magnetic field model. Immediately following
the event, count rates returned to the pre-event background
level.

The high-resolution energy spectra taken by the GeD are
described in detail by Foat et al. [1998] and are reproduced
in Figure 2. At the bottom of Figure 2 is the background
spectrum taken before the event. In the middle of Fig-
ure 2, crosses and diamonds show background-subtracted
count spectra taken during the first and second halves of
the REP event, respectively. Note that a significant flux
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Figure 1. X-ray imager data taken during the relativistic electron precipitation event of August 20, 1996.
The X-ray count rate between 20 and 120 keV is averaged over 1 s. The 10-20 s modulation is most
clearly visible superposed on the peak starting near 1545 UT.
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Figure 2. Data from the germanium detector (GeD) dur-
ing the relativistic electron precipitation (REP) event, re-
produced from Foat et al. [1998]. The bottom shows the
background spectrum taken before the event. The crosses
and diamonds in the middle show spectra measured on the
balloon, and the crosses at the top show X-ray spectra cor-
rected for instrument response and atmospheric absorption.
The solid curves represent model calculations of X-ray spec-
tra produced by monoenergetic 1.7 MeV precipitating elec-
trons.

of X rays is visible up to the limit of the instrument at 1.4
MeV. At the top of Figure 2, crosses represent the photon
spectrum corrected for the atmosphere and the instrument
response. The solid lines in Figure 2 show model calcu-
lations of the X-ray spectra at the top of the atmosphere
and at the instrument. The model calculations were made
by assuming a form for the precipitating electron spectrum
and using bremsstrahlung theory to calculate the X-ray spec-
trum produced. The best fit was obtained using an input
spectrum consisting of monoenergetic ~1.7 MeV precipi-
tating electrons. The exact shape of the monoenergetic elec-
tron peak cannot be determined, but the spectrum is domi-
nated by electrons in the 1.5-2.0 MeV range, and the peak
energy has an error of <0.2 MeV. The average electron
precipitation was ~300 cm™2 s™1, giving a flux of ~0.2—-
0.05cm~2 s~ ! sr~! keV ™!, if we assume isotropic precipi-
tation with a width in the range ~0.1-0.5 MeV. The spectra
at peak and valley times were similar, although the event did
show some hardening after 1544 UT.

Images from the XRI (not shown) indicate that the region
of precipitation was larger than the field of view of the bal-
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loon instruments. No small-scale spatial structure was ob-
served, and the region of precipitation brightened uniformly
across the field of view, indicating that the seven bursts were
a temporal feature, not a spatial feature. The penetration
limit for 1-2 MeV electrons is <55 km altitude [Berger and
Seltzer, 1972]. At these altitudes the field of view of the
XRI and GeD would be < 50 km in diameter. These ob-
servations are consistent with observations by the imaging
riometer for ionospheric studies (IRIS) in Kilpisjérvi, Fin-
land. The imaging riometer recorded an ionospheric absorp-
tion feature of size ~200 (east—west) by ~100 km (north—

“south) at 90 km altitude (not shown), with temporal structure

similar to the balloon X-ray observations. For absorption al-
titudes at ~60 km the feature would be ~160 by ~80 km,
still larger than the field of view of the X-ray instruments.

An image from the Polar satellite ultraviolet imager (UVI)
[Torr et al., 1995] is shown in Figure 3. This image, along
with others from the UVI, indicates the onset of a small
magnetospheric substorm ~24 min before the start of the
REP event. During the time of the REP event the substorm
appeared to be in the recovery phase. The auroral oval re-
mained well north of the balloon location during the entire
period before and after the REP event.

Energetic particle data from the Los Alamos geosynchron-
ous satellites [Belian et al., 1992; Meier et al., 1996] also
indicate the onset of a small magnetospheric substorm ~24
min before the start of the relativistic electron precipitation
event. Figure 4 shows these data (courtesy of Geoff Reeves
at Los Alamos National Laboratory (LANL)). The proton
injection in Figure 4b, 50400 keV channels, shows only a
slight dispersion, indicating that the spacecraft was west of,
but very close to, the injection region, consistent with the
UVI images.
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Figure 3. Polar ultraviolet image taken at 1516 UT, just af-
ter the substorm onset. The crosses show the position of
the balloon (near dusk) and Los Alamos National Labora-
tory (LANL) satellite footprint (near 22 magnetic local time
(MLT)).



5384

a
=1 O5 4 50-75 keV
> 75-105 keV
] 104 105-150 keV
T 150-225 keV
2 403 225-315 keV
‘» _ | 315-500 keV
% 102 per 500-750 keV
S : | 075-1.1 MeV
X 107 bes J 1.1-1.5Mev
b 100 kncens  onmee e R nnd OT-18MeV+
& R AN . T ] 1.835Mev +
1430 1500 1530 1600 1630 1700
Universal Time (hours) August 20, 1996
b
LA ' '
~ 109 | 50-75keV
> H."“"\'\_.\
[ PN § ST . .
> 107F T 75-113kev
BB T —— e 370KV
‘n P, RIS i it 170-250 ki
™ 2. e AN - eV
e 107 g 1 250-400 keV
e
=< 1071 400-670 keV
LTD- 0.67-1.2 MeV
100
1430 1500 1530 1600 1630 1700

Universal Time (hours) August 20, 1996

Figure 4. Energetic particle data from the Los Alamos geo-
synchronous satellite 1994-084. (a) Electron data marked
by dots are from the synchronous orbit particle analyzer,
and electron data marked with crosses are from the energetic
spectrometer for particles. (b) Proton data are from the syn-
chronous orbit particle analyzer. The 400-670 keV proton
channel may be contaminated.

3. Modeling Relativistic Electron Precipitation

The position of the balloon with respect to the auroral
oval suggests that electrons originated in the outer radiation
belts. However, geosynchronous satellites observed no co-

incident increases in the flux of relativistic electrons. There-
fore we interpret this event as the result of some mechanism
selectively causing precipitation of ambient MeV electrons
and not a mechanism causing acceleration of lower-energy
electrons such as those described by Li et al. [1997] and
Baker et al. [1994]. The trapped electron flux between 1.8
and 3.5 MeV is ~1 cm™2 s7! sr=! keV~! (see Figure 4),
which is well above the precipitating electron flux of ~0.2—
0.05cm~2 57! sr~! keV~! calculated from the balloon mea-
surements. Even with uncertainties of a factor of 2 in these
measurements, the ambient radiation belt population could
easily supply the precipitating electrons.

Since wave-particle interactions are the most likely mech-
anism to account for the duskside REP events, we inves-
tigated wave-particle interactions with both whistler mode
waves and with EMIC mode waves. These wave modes have
been identified as most likely to interact with relativistic
electrons [Horne and Thorne, 1998; Summers et al., 1998].
We find that interaction with EMIC mode waves can best
explain the observed energies, the duskside location, and the
timing with respect to the substorm. In sections 3.1-3.3 we
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examine the effect of the substorm on the plasma population
near the field line mapping to the balloon location, the ener-
gies of electrons interacting with different wave modes, and
the parameters influencing the wave growth.

3.1. Drift of Substorm-Injected Particles

The bounce-averaged drift velocity can be determined
from

Vp = 2.56 x 10° (0.7 + 0.3sina) Lymv?, (1)

where Vp is the drift velocity in degrees per minute, « is the
pitch angle on the equator, L is the magnetic L shell where
the particles are located, « is the relativistic mass factor,
1/4/1 — v%/c?, m is the particle mass, and v is the particle
velocity [Roederer, 1970]. Equatorially mirroring particles
correspond to the o = 90° case, and marginally trapped par-
ticles correspond to the o =~ 0° case. Electrons will drift to
the east, and protons will drift to the west.

Figure 5 shows the time taken for electrons and protons
to drift from the substorm injection longitude to the balloon
longitude, as a function of energy. Figure 5 shows that at the
time when the balloon began observing the REP event, 24
min after the substorm onset, 60 keV protons and 400 keV
electrons would have drifted from the injection region to the
region mapping to the balloon. However, the LANL satellite
data shown in Figure 4 do not show any substorm features in
the 400 keV electron flux, while there is a definite increase in
the 60 keV proton flux. Therefore substorm-injected protons
are more likely than electrons to play arole in the REP event.

Cornwall et al. [1970] suggested that ring current pro-
tons in this energy range are unstable to ion cyclotron wave
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Figure 5. Gradient curvature drift times in minutes for
particles drifting around the Earth at L = 6, from the LANL
satellite 1991-084 at 175° magnetic longitude (near mid-
night) to the balloon field line at 118° magnetic longitude
(near dusk). The shaded region of each curve gives the
range of drift times for o &~ 0° to o &= 90°.
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growth in the region just inside the plasmapause. Thorne
and Kennel [1971] proposed that these waves could cause
parasitic precipitation of relativistic electrons. Later, Lyons
and Thorne [1972] and Thorne [1974] expanded upon this
idea. A statistical study of the occurrence frequency of Pc
1-2 EMIC waves showed that although these waves occur
most commonly for L > 7, they do occur predominantly in
the afternoon sector in the L = 6-7 range [Anderson et al.,
1992]. Although the drift calculations indicate that the sub-
storm is more likely to lead to ion instabilities than elec-
tron instabilities on the duskside, we examine both ion- and
electron-driven waves for completeness.

3.2. Wave-Particle Interactions

Electrons can resonate with circularly polarized waves if
the following resonance condition is satisfied:

W — k”U" = SQe/‘y. 2)

Here w is the wave frequency, ) is the wave number parallel
to the magnetic field, v is the component of the electron ve-
locity parallel to the magnetic field, s is an integer (positive
for resonance with right-hand circularly polarized whistler
mode waves and negative for anomalous resonance with left-
hand circularly polarized EMIC mode waves), and €2, is the
unsigned electron gyrofrequency, |g.|B/m.c, with g, the
charge on the electron and B the magnetic field strength.
If this resonance condition is satisfied, waves and particles
can exchange energy, causing pitch angle scattering and pre-
cipitation.

Whistler mode waves are right-hand circularly polarized
waves whose cold-plasma dispersion relation for parallel
propagation is given by

pe
w2 w(Qe —w)’ )

where n is the index of refraction, k£ is the wave number,
and wp. is the electron plasma frequency, /47 N.q2/m.,
and N, is the electron number density [ Kennel and Petschek,
1966]. This dispersion relation is valid for Q; €< w < Q. <«
wpe, Where ; is the ion gyrofrequency.

Combining this dispersion relation with the relativistic
electron resonance condition from (2) for s = 41 and solv-
ing for v allows us to determine the energy of the resonant
electrons. For nonrelativistic electrons, there is a single so-
lution for v);. However, for highly relativistic electrons, the
factor of v introduces v, into the resonance condition, giv-
ing a range of solutions for v).

By assuming v ~ 1, Thorne and Andreoli [1980] obtained

Eres _ 2Emag& (1_ _L_U_)3+1
mee? | moc® w Q.
where Eres is the resonant electron kinetic energy in the
parallel direction (v; /¢ < 1) given by m.c?(y — 1) and
Emag = B?/8nN is the magnetic energy per particle with
N being the total plasma density.

For electron energies near 2 MeV, v is close to 5, so the
low-gamma approximation given in (4) overestimates the

1/2
-1, @
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value of E,.;. However, the approximation does provide
a way to examine easily the form of the function. The res-
onant electron energy depends on three factors: the mag-
netic field strength, the wave frequency, and the plasma den-
sity. Figure 6 shows the relation between resonant elec-
tron energy and whistler mode wave frequency for various
equatorial plasma densities at L = 6. Figure 6 shows that
whistler resonance with electrons of ~1.7 MeV can only
occur for low plasma densities and low wave frequencies.
Since whistler mode waves are not usually observed on the
equator at frequencies below 0.1 . [Tsurutani and Smith,
19771, this wave mode is unlikely to account for our obser-
vations. Therefore we look next at the EMIC mode wave.

Electromagnetic ion cyclotron waves are left-hand circu-
larly polarized waves whose cold-plasma dispersion relation
for parallel propagation, assuming w < €; < wp; [Kennel
and Petschek, 1966], is given by

" )

where wy; is the ion plasma frequency, \/47N;q7 /m;, N; is
the ion number density, ¢; is the ion charge, m; is the mass
of an ion, and €2; is the unsigned ion cyclotron frequency,

lgi| B/mic.
Combining the EMIC dispersion relation with the rela-
tivistic electron resonance condition given in (2) for s = —1

and using w & €2, (reasonable for the EMIC mode since
w < Q; = ./1836), we can obtain a formula for Eles,
the parallel electron kinetic energy that is resonant with the
waves [Thorne and Andreoli, 1980]. No approximations for
~ are used in this derivation.

Electron energy in eV
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Figure 6. Electron parallel resonance energy for various
plasma densities and whistler wave frequencies calculated
using the low-gamma approximation from (4).
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Figure 7 shows the relation between resonant electron en-
ergy and EMIC mode wave frequency for various equato-
rial plasma densities at L = 6. Figure 7 shows that EMIC
resonance with electrons of ~1.7 MeV is most likely to oc-
cur for plasma densities above 10 cm~3. These densities
are reasonable for regions inside the plasmasphere or in de-
tached plasma regions. - Since our observations were made
on the duskside during quiet geomagnetic conditions, it is
not unlikely that the plasmasphere extended beyond L = 6
at this time. In addition, proton densities of ~50 cm™3 were
measured by the magnetospheric plasma analyzer [Bame
et al., 1993] on the LANL geosynchronous satellite 1990-
095, which passed through the duskside region 5 hours after
the REP event was observed.

From these simple calculations we conclude that interac-
tion of relativistic electrons with EMIC mode waves pro-
vides a feasible mechanism for the selective precipitation of
radiation belt electrons near dusk. EMIC mode waves can
more reasonably account for the observed X-ray energies
than whistler mode waves. We next turn our attention to
studying the growth of EMIC mode waves in order to con-
strain further the likelihood of this mechanism as an expla-
nation for the August 20, 1996, event.

3.3. Growth of Electromagnetic Ion Cyclotron Mode
Waves

We have no direct observations of waves associated with
this REP event. In order to determine whether wave-particle
interactions can account for our observations we need to
assess whether conditions are favorable for the growth of
waves at the desired mode and frequency.
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Figure 7. Electron parallel resonance energy for various
plasma densities and electromagnetic ion cyclotron (EMIC)
wave frequencies calculated using (6).
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A complex dispersion relation for EMIC mode waves in
a plasma with bi-Maxwellian components can be obtained
from Maxwell’s equations and the Vlasov equation [Stix,
1992; Melrose, 1986]. We examined a plasma consisting
of cold isotropic electrons, cold isotropic ions, and warm
anisotropic ions. These components represent the cold back-
ground plasma with the addition of warm substorm-injected
ions. For the case of parallel-propagating EMIC mode waves
in such a plasma, the following dispersion relation is ob-
tained:

2
c2k? ~ 11— "‘)gce _ Ypei 5 + wzw'iA
w? ( 2_92) ( Z—Qz’) w?2
pwz C—!—lZ C+1 W A
S e
Z(C 1

w
A 7
7 [(wm)* ;o
where the subscripts ¢ and w refer to the cold and warm
components, respectively, A is the temperature anisotropy,
T, /T — 1, and Z is the plasma dispersion function [Stix,

1992],
1 [ %
Z(Cs) = ﬁ/; Ze ®)
C — (w — SQwi) ) (9)
) \/ianTmn

By numerically solving this dispersion relation for w we
can determine at what frequencies wave growth will occur.
Wave growth will occur at frequencies where the imaginary
part of w is greater than zero. The frequency at which ions
are most unstable to wave growth can then be used in (6) to
determine the energies of the resonant electrons.

Equation (7) involves five free parameters: the magnetic
field strength, the cold ion density, the warm ion density, the
warm ion temperature, and the warm ion temperature aniso-
tropy. We do not have direct measurements of all of these
quantities, so we varied the parameters to determine a model
plasma that can account for our observations. Table 1 gives
the range of parameters studied. Each one of these five pa-
rameters was varied while keeping the other four constant in
order to find the dependence of the model on these variables.

Figure 8 shows the variation of the wave frequency and
electron resonant energy with cold ion density, N.;. Fig-
ure 8a shows that the wave frequency at which growth is
maximum decreases as the cold ion density increases. How-
ever, Figure 8b shows that the corresponding electron reso-
nant energy does not show much change with density, except
at cold ion densities below 10 cm™3. Above this density the
line for resonant electron energy is quite flat. This result
was somewhat surprising. Equation (6) says that the elec-
tron resonant energy is inversely dependent on cold ion den-
sity (through the magnetic energy, B? /8w N). However, the
electron resonant energy is also inversely dependent on the
wave frequency, which is, in turn, inversely dependent on
the cold ion density. The interrelationship of these values re-
sults in an electron resonant energy independent of cold ion
density above ~10 cm~3. For the remaining calculations a
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Table 1. Free Parameters in the Model

Range
Magnetic field strength, nT 50 - 350
Cold ion density, cm™3 1 - 1000
Warm ion density, cm ™3 001 - 1
‘Warm ion energy, keV 5 - 9
‘Warm ion anisotropy 05 - 13

value of 50 cm~2 was used since that matched the LANL
satellite observation made later at the same local time.

The model sensitivity to variation in magnetic field strength
was found to be <10 keV per nT. The scale size of the event
was ~100 km, which corresponds to ~0.5 in L value or ~30
nT, assuming a dipole field. Since the duskside magneto-
sphere is reasonably well approximated by a dipole field
during moderately quiet periods, a value of 144 nT, corre-
sponding to L = 6, is used in the model.

The remaining three free parameters all correspond to
the drifting warm substorm-injected ions. This population
changes rapidly as it drifts, and the only in situ measure-
ments are from the LANL satellite located at the injection
point. From these measurements, and using a simple drift
simulation such as is described by Solomon [1975] and Lin
and Parks [1976], the warm ion density and average energy
were calculated for a drifting Maxwellian population. No
measurements were available for the temperature anisotropy
of the warm substorm-injected ions, but the drift simulation
was used to constrain a reasonable range of values.

Each of these three warm ion parameters could signifi-
cantly affect the resonant electron energy, so the combined
effects of all three parameters are summarized in Figure 9.
Figure 9 shows the range of warm ion parameters that would

[}
-

Wave frequency in o/Q.

res
o

-
o
T

Minimum electron E

. . .10, 10
Cold ion density, N incm
Figure 8. Variation of cold ion density with B = 140 nT,
Nyi = 0.11 em™3, Eayg = 45 keV, and Ayi = 4.6: (a)
wave frequency versus cold ion density and (b) electron res-
onant energy versus cold ion density. The solid line shows
the value corresponding to maximum wave growth, and the
dotted lines show the range of positive wave growth.
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" be needed to interact with 1.7 MeV electrons in a region

where the magnetic field strength was 144 nT and the cold
plasma density was 50 cm~3. In order to produce waves that
will interact with 1.7 MeV electrons, high densities, low av-
erage energies, or high temperature anisotropies are needed.
Other parameters result in waves that would interact only
with electrons of energies of the order of 10 MeV.

Uncertainties in the position and width of the substorm
injection region imply that almost any density and average
energy shown in Figure 9 might reasonably represent the
injected population. Although the temperature anisotropies
are high, they represent only the anisotropy in the warm ion
component, a small percentage of the total plasma popula-
tion. Hence this model demonstrates that EMIC mode waves
driven by drifting substorm-injected protons can reasonably
account for the REP event observed by the balloon-borne in-
struments.

4. Discussion

Figure 10 gives a cartoon representation of the model.
Figure 10 illustrates the three main parts of the model: the
drift of substorm-injected protons, the growth of ion cy-
clotron mode waves inside the high-density plasmasphere,
and the selective precipitation of MeV electrons by pitch an-
gle scattering inside the high-density plasmasphere.

This model explains the energies of the balloon X-ray ob-
servations, their location and restricted spatial scale, as well
as their association with the coincident substorm. The size
of the precipitation region is of the order of 100 km. Map-
ping this region to the equator gives a size of ~1500 km at
L = 6. Since this length is only a fraction of the size of
the typical plasmapause bulge, it is most likely that the elec-
tron precipitation originated in a small detached plasma re-
gion. This scale size is similar to that inferred from satellite
motion across bands of electron precipitation by Nakamura
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Figure 9. The contours show the temperature anisotropy
(T'L/Tj; — 1) needed to produce waves that will interact with
1.7 MeV electrons, for various combinations of warm ion
density and energy. The magnetic field strength was cho-
sen to correspond to L = 6, and the cold ion density was
50 cm~3.
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Figure 10. A cartoon explanation of the duskside REP
model, after Thorne and Kennel [1971]. The egg-shaped re-
gion represents an idealized plasmapause. The short arrows
show the drift of substorm-injected protons toward dusk.
The hatched region inside the plasmapause represents the
region where electromagnetic ion cyclotron wave growth is
driven. The solid circle shows the approximate direction of
drift of ambient relativistic electrons in the radiation belts.
These electrons are present at all local times but interact with
ion cyclotron waves only in the hatched region inside the
plasmapause.

et al. [1995] and Blake et al. [1996], suggesting that these
events may be caused by similar phenomena.

Future work will involve attempting to explain the compli-
cated temporal structure observed in the X-ray bursts. Sev-
eral potential explanations have been examined, but we are
unable to account for the dramatic variations in count rate
seen on a timescale of several minutes nor for the ~10-20 s
periodicity superposed on some of the peaks.

One conceivable explanation for the presence of the seven
large amplitude bursts is the similarity of this temporal struc-
ture to that seen in the substorm-injected proton population.
However, a simulation of the drift of this proton distribution
from the nightside to the duskside indicates that this tempo-
ral structure would be smoothed out by the time the protons
had drifted over to the field line mapping to the balloon.

An alternate explanation for this low-frequency modula-
tion may be a relationship to a field line resonance that was
observed at the same time as the X-ray bursts [Foat et al.,
1998]. This field line resonance had several frequency com-
ponents, including one that was close to the ~150 s period of
the X-ray bursts. A field line resonance could modulate the
wave growth proposed in the present model in such a way
as to modulate the pitch angle scattering and precipitation of
the electrons. However, as described in section 3, changes
in the magnetic field strength would also lead to changes in
the resonant energy of the electrons. Such changes in the en-
ergy spectra of the precipitating electrons between the min-
ima and maxima are inconsistent with observations.
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It was suggested by Foat et al. [1998] that the 10-20 s
periodicity seen in the X-ray count rate could be the fre-
quency of the ion cyclotron wave resonant with the electrons.
However, on the basis of this assumption they found that the
required densities were much higher than typical plasmas-
pheric values and concluded that EMIC mode waves could
not account for the observations. However, it is likely that
the frequency of the X-ray modulations does not actually
represent the EMIC mode wave frequency since the mech-
anism pitch angle scatters the electrons independent of the
wave phase. For an L shell of 6 this periodicity corresponds
to 0.025-0.050 times the equatorial ion gyrofrequency and is
only observed during part of the REP event. Another mech-
anism, such as modulation of the EMIC wave growth, may
be responsible for producing this periodicity. More work is
needed to explain the temporal features of this event.

Another important point is that the model considers only
hydrogen ions in the EMIC growth rate calculations. How-
ever, helium ions may also play an important role. Although
helium is probably not present in significant enough quanti-
ties to drive the wave growth, small quantities of helium ions
can introduce stop bands in the frequency spectrum driven
by hydrogen ions [Kozyra et al., 1984]. These stop bands are
located at 0.25 Qg+ and can change the EMIC mode wave
spectra, influencing the energies of relativistic electrons pre-
cipitated. However, we do not have enough data from the
August 20, 1996, REP event to test a more complicated mul-
tiple ion simulation.

While there are several steps that could be taken to im-
prove the model explaining this event, we lack sufficient
data to test such theories. Future work on this type of dusk-
side relativistic electron precipitation event will depend on
further observations. Observations from stationary balloon
platforms are ideal for this kind of study since they can
provide detailed information on the spectral characteristics
of the precipitation while at the same time resolving spa-
tial and temporal ambiguities. However, the most valuable
information will result from the correlation of balloon ob-
servation with ground and satellite observations. Combin-
ing balloon observations with satellite observations of waves
and particles on field lines mapping to the balloon location
would provide the best means for testing whether interaction
with EMIC mode waves can account for other duskside REP
events.
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