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Precipitation of Radiation Belt Electrons by Man-Made Waves:
A Comparison Between Theory and Measurement
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The temporal and spectral shape and the absolute flux level of particle pulses precipitated
by a VLF transmitter are examined from a theoretical point of view. A test-particle model of
the gyroresonant wave-particle interaction is applied to the parameters of the observed cases for
calculating the precipitation characteristics. The temporal shapes of the precipitation pulses are
found to be controlled (1) by the pitch angle dependence of the particle distribution near the
edge of the loss cone and (2) by the multiple interaction of the particles with the waves due to

significant atmospheric backscatter.

1. INTRODUCTION

The precipitation of radiation belt electrons as a result
of resonant interactions with waves is an important mech-
anism for the transfer of energy from the magnetosphere
to the ionosphere. One-to-one correlations between nat-
ural VLF waves (whistlers, emissions) and ionospheric ef-
fects (X rays, photoemissions, density enhancements, ampli-
tude and phase changes of subionospheric VLF signals) have
been attributed to wave-induced precipitation [Rosenberg et
al., 1971; Helliwell et al., 1973, 1980; Larsen et al., 1976;
Arnoldy et al., 1982; Dingle and Carpenter, 1981]. Applica-
tion of a theoretical test-particle model of the gyroresonant
wave-particle interaction to some of the observed cases has
provided support for the hypothesis that the observed iono-
spheric effects are the result of wave-induced scattering of
electrons into the bounce loss cone [Inan et al., 1982; Chang
and Inan, 1983].

Observations of the energy spectra of electrons in the drift
loss cone, where narrow resonant peaks were attributed to
precipitation induced by ground based transmitters [Imhof
et al., 1974, 1981; Vampola and Kuck, 1978; Koons et al.,
1981], have provided the first evidence of the possibility
of detecting precipitation resulting from interactions with
man-made waves. More recently, precipitation of radiation
belt electrons by VLF waves injected under program con-
trol from ground based transmitters was achieved during
the Stimulated Emission of Energetic Particles (SEEP) ex-
periments [Imhof et al., 1983a, b]. These results constitute
the first direct satellite based observations of modulated pre-
cipitation of electrons in the bounce loss cone. In addition,
rocket based observations of X rays during modulated injec-
tion of VLF waves were attributed to transmitter induced
precipitation [Goldberg et al., 1983].
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In this paper we consider the temporal and spectral shape
as well as the absolute flux level of the precipitation pulses
observed directly on the satellite [Imhof et al., 1983qa]. In
order to reproduce these observations by theoretical mod-
eling, we find it necessary to consider both the pitch angle
dependence of the particle distribution near the edge of the
loss cone as well as atmospheric backscatter which leads to
multiple interactions of the particles with the wave.

2. REVIEW OF OBSERVATIONS

Of the five different modulated electron flux events re-
ported [Imhof et al., 1983}], the one observed on August 17,
1982, was outstanding in terms of both the L range of ob-
servations and the ratio of peak flux to background level. It
was concluded however, that most features of the observed
precipitation pulses were similar in all the reported cases
[Imhof et al., 19834, b]. In the following we summarize some
of the basic features of the August 17, 1982, case:

1. Peaks in the energy spectrum of precipitating electrans
were observed from L=2.1 to 2.4 (a distance of ~ 500 km
at the satellite altitude of ~ 220 km). The energy at which
the peak occurred was found to depend on L, being equal to

17.7 keV at L=2.3. Assuming gyroresonant interactions at
or close to the magnetic equator, the variation with L was

consistent with an L~ dependence of neq, the equatorial
cold plasma density. The peak count rate increased by a
factor of ~4 from L=2.1 to 2.3 but decreased rapidly for
L>24.

2. The rise time of the flux was longer by an additional
~1.5 seconds than that to be expected on the basis of £, +te,
where tyy and te are respectively the wave travel time to the
equator and the particle travel time from the equator to the
satellite altitude. (As shown in the appendix, ¢, ~0.2-0.4
s for a 17.8 kHz wave and te ~0.2 s for 17.7 keV particles
at L ~2.3.) This rise time is illustrated in Figure 1 which
duplicates Figure 2a of Imhof et al., 1983a. The solid line
shows the precipitation pulse shape obtained by superposed
epoch analysis on 8 consecutive pulses. The dotted line in-
dicates the flux-versus-time profile predicted by a first order
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Fig. 1. Taken from Figure 2 of Imhof et al. [1983d], this figure
shows the superposed epoch average of eight consecutive precip-
itation pulses observed during August 17, 1982. The dotted line
shows the flux-versus-time profile predicted by application of the
Inan et al., 1982 model to the parameters of this case, omitting
backscatter and multiple interactions of particles with the wave.

(assuming no backscatter, no multiple interactions with the
wave and a sharp loss cone edge) application of the wave-
induced precipitation process to the parameters of this case
[Inan et al., 1982]. The predicted flux reaches its peak value
in a time equal to ty + te ~ 0.7 seconds. The peak flux
is sustained for the duration of the wave pulse (3 seconds)
and then decreases. With this theory there is no significant
change in the flux level as long as the wave pulse is in the
vicinity of the geomagnetic equator.
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3. The observed decay of the flux showed an unexpected
delay of ~1.5 s; i.e., the precipitation pulse extended beyond
the time at which the particles resonating with the wave tail
at the equator should have arrived at the satellite altitude.

In the following we explain the observed pulse shapes as a
result of multiple encounters of the particles with the wave
during successive particle bounces.

3. CONCEPTUAL BASIS FOR A
MODEL OF THE OBSERVED EVENTS

Since the bounce period for 17.7 keV particles near the
loss cone at L ~ 2.3 is equal to 75 = 4t¢ ~ 0.78 seconds, it is
possible for a given particle to encounter the wave 3-4 times
during the 3 second duration of the pulse. In such a case, the
particles might move down into the loss cone in two or more
steps, so that the precipitation flux reaches a maximum a
few 75 (0.78 s) later than expected. This change is in the
right direction to explain the observed ~ 1.5 s additional
delay, but the situation is complicated by the difference in
the northern and southern mirror altitudes.

As a result of the South Atlantic anomaly, there exists an
asymmetry in the earth’s magnetic field intensity between
the two conjugate hemispheres. At L ~ 2.3 and at the lon-
gitude of the NAA transmitter, the difference in particle
mirror heights is ~300 km [Olson et al., 1979]. Thus the
southern hemisphere mirror point for the particles observed
by the SEEP detector at ~220 km altitude in the northern
hemisphere is below sea level. This north-south asymmetry
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Fig. 2. The evolution of the energetic particle distribution. The distributions f(aeq) versus aeq are shown at
various instants of time. The result shown is for By, =15 pT and for an initial distribution shown in dashed lines.
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Fig. 3. The lower set of points show the differential energy spectruin measured in the northern hemisphere during

the time of observation of the NAA modulated fluxes.

The result shown is from the detector with a central

zenith angle of 90°. The upper points show the same quantity measured with the same detector in the southern
hemisphere during the next orbit near the same longitude. The fluxes shown are obtained by averaging over a

1.95 second period starting at the indicated UT times.

of the geomagnetic field can also be expressed in terms of the

equatorial loss-cone angle (o) corresponding to a fixed mir-

ror height in a particular hemisphere. For the present case,
the southern and northern equatorial loss cone angles differ

by as much as 2°. Specifically, for an altitude of ~ 100 km

of, = 15° whereas afy = 13° [Olson et al., 1979]. The SEEP

detectors in the northern hemisphere at ~220 km altitude

observe particles with equatorial pitch angles aeq < 13.6°,

where 13.6° is the equatorial pitch angle corresponding to a

local pitch angle of 90° at the satellite altitude.

In view of the above, any particles observed by the SEEP
detectors must have been scattered from a pitch angle
(eqg > 15° to aeg < 13.6° during the last half bounce of
the particle. Any particle scattered less than 1.4° would fall
in the range 13.6° < aeq < 15° and would thus mirror at an
altitude above that of the SEEP satellite in the north. Such
particles would be precipitated in the southern hemisphere
and would not contribute to the flux observed by the SEEP
detectors unless backscattered by the atmosphere.

In order for a particle with an initial aeq > 15° to be
scattered to a pitch angle below 13.6° in two or more steps,
one of two processes must occur. In one case, the single en-
counter scattering Aoeq of an individual particle may exceed
1.4°, so that particles may be scattered first to the vicinity of
15° and then across the gap to a pitch angle aeq < 13.6°. In
the second case, individual Aaeq can be smaller, so that par-
ticles may have pitch angles in the range 13.6° < oeq < 15°
in between successive wave-induced scatterings. However,
in the latter case, atmospheric backscatter in the southern
hemisphere of a significant percentage of such particles is
necessary in order for this class of particles to contribute to
the observed fluxes in the north.

The second case described above combined with atmo-
spheric backscatter would be consistent with the observed
delay in the decay of the flux, i.e., the persistence of the
flux beyond the time t = te +ty +tp, where t is the wave
pulse duration. The flux observed beyond this time ¢ would
be due to particles with pitch angles aeq < 13.6°, some
of which would backscatter from the northern and south-
ern hemispheres and thus would be observed by the SEEP
detector again.

Interaction of precipitating electrons with the atmosphere
has been studied by several authors [e.g., Stadsnes and
Maehlum, 1965; Berger et al., 1974; Davidson and Walt,
1977]. These theoretical calculations indicate that the frac-
tional number of particles that backscatter from the atmo-
sphere increases with local pitch angle. Thus, for particles
that impinge on the atmosphere with grazing pitch angles, as
would be the case for wave-induced scattering near the vicin-
ity of the equatorial loss cone, the fractional atmospheric
backscatter can be as high as 80-90%.

While the waves that scattered the electrons observed
by SEEP on August 17, 1982, were probably propagat-
ing in the nonducted mode (see appendix}, in estimating
the wave-induced scatterings, we consider only a longitudi-
nally (#=0°) propagating wave. For nonducted interactions,
wave-induced scattering would be dependent on the particu-
lar configuration of ray paths in the magnetosphere, which in
turn depend on the background cold plasma density profile
[Bell, 1984]. In general, the location of maximum interaction
for the nonducted case may be off the magnetic equator. On
the other hand, at least for a relatively smooth distribution
of ray paths, we expect the temporal variation of the pre-
cipitated flux to be similar for ducted and nonducted waves.
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Fig. 4. The differential flux of 17.7 keV particles at L ~ 2.3
measured at the southern and northern hemisphere on the SEEP
satellite on different passes during the month of August 1982
and in the geographic longitude range within +5° of the NAA
transmitter. The data shown represent fluxes averaged over an
8.19 sec period. The pluses and circles correspond to southern
and northern hemisphere observations, respectively. The solid
circle represents the value measured during the August 17, 1982,
event. All data points correspond to the counts measured with
the detector at a local zenith angle of 90°. The different loss-
cone distributions used in our model calculations are shown in
solid lines for comparison.

In the next section we use a modified test particle model of
the wave particle interaction [Inan et al., 1982] to calculate
the expected characteristics of the precipitation flux. We
include multiple encounters between the particles and the
waves and backscatter from the atmosphere. The computed
results are compared with observations in section 5.

4. DESCRIPTION OF THE MODEL

The test-particle model [Inan et al, 1982] numerically
evaluates the deflection of electrons which encounter a longi-
tudinally propagating whistler mode wave in the dipole geo-
magnetic field. This model has previously been used to cal-
culate the intensity, energy spectra and temporal signatures
of particle fluxes that would be induced by gyroresonance
interactions with monochromatic, longitudinally propagat-
ing whistler mode waves in the magnetosphere [Inan et al.,
1982]. As outlined above, we now extend the model to allow
particles that are scattered into the loss cone in the first en-
counter with the wave to undergo atmospheric backscatter
and multiple interactions with the wave. For the background
cold magnetoplasma we use a centered dipole model of the
earth’s magnetic field and a diffusive equilibrium model for
the cold plasma distribution along the field lines. We carry
out an iterative calculation in which the perturbed particle
distribution function from the previous step is used as the
initial distribution for the next step. For the initial distri-
bution at the first step, we consider functions with various
pitch angle shapes in the vicinity of the loss cone, as il-
lustrated in later figures. The “loss cone” angles in both
hemispheres are chosen on the basis of a mirror altitude of
~100 km.

Although the particles are scattered in pitch angle and
energy as a result of their interaction with the atmosphere,
in simulating atmospheric backscatter we assume that the
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backscattered particles do not change energy or pitch angle.
We take the fractional number of particles backscattered to
be given by (1—cos ), where o is the local pitch angle of the
particle as it enters the atmosphere. This assumed variation
closely approximates results obtained by Berger et al., [1974]
for the fractional population of particles reflected from the
atmosphere. Note that when atmospheric backscatter in
the northern and southern hemispheres is considered, the
difference in the relationship between aeq and « (i.e., al‘s; >
afY) must be taken into account.

5. RESULTS

We now present results for the evolution of the energetic
particle distribution and the temporal variation of electron
flux as it would be observed at the satellite altitude of ~ 220
km in the northern hemisphere. We consider the case of a
3-second long (tp = 3 s) 17.8 kHz wave pulse propagating
longitudinally at L=2.3, where the equatorial electron den-
sity is taken to be neq = 1585 el/cm 2 (see appendix). We
consider particles with energy 17.741.8 keV, since 17.7 keV
is the observed energy of the peak at L=2.3 [Imhof et al.,
1983a] and 3.6 keV is the resolution of the detector. For
the cases shown in Figures 3-7 we assume equatorial wave
magnetic field intensities of alternatively 15 or 30 pT. As
discussed in the appendix, these values are representative of
expected intensities for this case.

Evolution of the Near-Loss-Cone Distribution

Figure 2 shows the evolution of the distribution function
from an initial loss-cone edge distribution (dashed curve in
each panel). The bouncing resonant electrons can interact
with the 3-s wave pulse near the equatorial region up to 4
times. The modified distributions are shown immediately
after the particles cross the equatorial plane at six different
times.

The first encounter of the distribution with the wave oc-
curs at t = ty,. The modified distribution then arrives at the
northern hemisphere (at 100 km) at ¢ = ¢y + te where the
number of particles that backscatter from the atmosphere is
determined as described above with oo = 90° corresponding
to an equatorial pitch angle of aeq = a{X = 13°. The same
distribution then reaches the low-altitude (100 km) southern
hemisphere at t = t,, + 3te, where a similar process occurs
but with @ ., = 90° corresponding to aeq = af, = 15°.
The second equatorial encounter with the southgoing wave
then occurs at t = ty + 4te, and the distribution after
this encounter is given in the second panel. Further scat-
tering by the wave more than compensates for the parti-
cles lost during the previous atmaspheric encounters so that
the particle population for o < 13.6° is increased as more
particles are scattered to lower pitch angles. The form of
f (v”e , Gleq) evolves along similar lines at times t = t,, + 8¢,
and ¢t = ty + 12t¢, but the situation changes after the time
t =tp + ty when the wave tail leaves the equator. No fur-
ther wave-induced scattering occurs on equatorial transit at

“the times t = ty + 16te and t = tqy +20te, and as a result the
"particle population in the pitch angle range a < ais; = 15°

is gradually reduced during its successive encounters with
the atmosphere.

In the following subsection we discuss the measurements
of the near loss-cone edge distribution, which are used for
selecting appropriate initial distributions for our analysis.
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Measurement of the Loss-Cone Edge Distribution

While the trapped flux level for the local equivalent of
Qeq > 13.6° was not accessible to the SEEP detectors at
the time of the August 17, 1982, event, the differential fluxes
near the loss cone were measured during the southern hemi-
sphere transit across the L=2.3 shell. In these southern
hemisphere passes near the longitude of NAA a 90° pitch an-
gle at the satellite altitude corresponded to aeq in the range
of 15°-16°. An example of such measurements is shown in
Figure 3, where the upper set of points show the differen-
tial energy spectrum (averaged over 1.98 seconds) measured
on August 17, 1982, in the southern hemisphere using the
detector with local zenith angle of 90°, which corresponds
to an equatorial pitch angle aeq ~ 15.6°. The lower points
show the differential energy spectrum in the northern hemi-
sphere during the time the fluxes were modulated by NAA.
The same detector with a central zenith angle of 90° was
used in this case, measuring particles with aeq < 13.6°.

Using data similar to those shown in Figure 3, from dif-
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ferent passes of the SEEP satellite during the month of Au-
gust, 1982 in a longitude range within +5° that of the NAA
transmitter, the range of flux values for 17.7 keV particles
at L=2.3 were obtained. The results are shown in Figure
4, where the pluses and circles indicate the southern and
northern hemisphere values respectively. The one data point
representing the observation at the time of the August 17,
1982, event is indicated by a solid circle. The values shown
in Figure 4 are obtained by averaging over periods of 8.19
seconds centered around the time of the satellite crossing of
the L = 2.3 field line.

Also shown in Figure 4 are the four different loss-cone
distributions (I, Il and a, b) used in the next section for
the computation of the time evolution of the electron flux.
These distributions are selected to be in approximate agree-
ment with the data points.

In deriving the differential energy spectra values shown
with pluses or circles from measured counts, the pitch angle
distribution across the angular range of the detector was
taken to be given by Ia.
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Fig. 5. The temporal variation of the computed and measured count rates for different loss-cone edge distributions
1, II and @, b shown in the rightmost column. The measured points are shown with the corresponding uncertainty
and represent averages over ~ 0.8 s, i.e., the time resolution of the model computations. The count rate scale for
the measured profile is given on the right hand axis, while that for the computed profiles is shown on the left hand
axis. The scale for the model results is adjusted to facilitate ready comparison of the computed and measured
profiles. The different distribution functions are all normalized to the same level for aeq = 18°, corresponding to

a differential energy spectrum of 7.5 x 10% el/cm™2 s

1 g1 keV—L.
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Tvme Evolution of Electron Fluxz Observed at Satellite Alti-
tude

The time dependence of the precipitation pulses expected
for various kinds of initial near loss-cone distributions is
shown in Figure 5. The different distributions considered
are shown in the right hand column and are classified as I,
II and a, b. The data points indicate the measured count
rate of the SEEP detector pointed at 90° with respect to
the zenith and is the energy range of 17.7+1.8 keV. The
count rates given here correspond to the 3 s on/2 s off cycle
that is closest to the satellite crossing of the L = 2.3 field
line (~ 8720 seconds on August 17, 1982). The statistical
errors in the measured count rates are shown with vertical
error bars. Since the model calculations involve only par-
ticles in the range 17.7£1.8 keV interacting with the wave
on the L ~ 2.3 field line, the flux profile shown in Figure
5 is appropriate for comparison. The numbers given on the
right hand axis of the panels @, b in Figure 5 are the ab-
solute incremental count rates, representing the counts that
are observed above a background that is assumed to have
no effect on the determination of the temporal profile.

The solid lines in Figure 5 represent the computed count
rate profiles, updated at discrete steps of t = ty + kte,
where k = 1,5,9, etc., represents successive encounters of
the particle distribution with the SEEP satellite. The first
four steps in each panel involve wave-induced scattering,
whereas the last two steps represent the gradual reduction
in the flux after the wave has left the magnetic equator as
discussed in connection with Figure 2. The scale for the
model results is in each case adjusted to facilitate compar-
ison of the computed and measured temporal profiles. The
absolute levels for the computed profiles are separately indi-
cated on the left-hand axis. The various initial distributions
used for comparison are all normalized to the same level at
aeq = 18°, corresponding to a flux at this pitch angle for
17.7 keV electrons of 7.5%10% el cm™2 s~ sr~1 keV!, as
shown in Figure 4. The stepwise nature of the computed
flux stems from the fact that our calculations apply to the
scattering of particles representing the leading edge of a con-
tinuous distribution of electrons.
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The results presented in Figure 5 indicate general agree-
ment between the data and the model results as far as the
temporal profile of the count rate is concerned. Of the four
distributions used, I5 and I provide a better fit to the data.
When the absolute peak count rates are considered 1b is fa-
vored, but even that profile leads to a predicted rate which
is somewhat lower than the measured rate.

Figure 6 shows the time profiles for a 30 pT equatorial
wave magnetic field intensity and for the initial distribu-
tions of Ia and b. The format of this figure is similar to
that of Figure 5. It is seen from Figure 6 that the computed
count rate profiles are relatively independent of the shape
of the distribution in the range o < 15°. This is because
for By = 30 pT, single-encounter pitch angle changes can
be as high as 2°, so that the particles observed by SEEP
(e < 13.6°) could have been scattered down from pitch
angles a > 15° in a single encounter with the wave. By
comparison, the maximum individual particle scattering for
15 pT is 1°. Each of the computed profiles of Figure 5 pro-
vides a reasonable fit to the data in terms of the temporal
variation, and the peak computed count rates for 30 pT are
higher than observed values.

It should be noted that even though individual particles
can cross the gap in single encounters with the 30 pT wave,
consideration of atmospheric backscatter and multiple inter-
actions is still necessary to explain the observed temporal
count rate profile. The only difference between the 15 pT
and the 30 pT waves is that the latter precipitates more flux.

Precipitation at Higher Energies

Up to now we have considered an approximately monoen-
ergetic stream of particles corresponding to the spectral
peak energy of 17.7 keV observed by the SEEP detectors at
L=2.3 on August 17, 1982. However, the modulated elec-
tron fluxes observed on this day involved electrons covering
a range of energies up to 100 keV [Imhof et al., 1983q].

For gyroresonant wave-particle interaction involving a
longitudinally propagating wave and a resonant particle en-
ergy of 17.7 keV at the equator, the scattering of particles
at higher energies is understood to be due to interactions
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Fig. 6. Comparison of the measured and computed temporal count rate profiles for By, = 30 pT. The format is
the same as that of Figure 5 except that only the distributions Ia and b are considered.
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at locations off the magnetic equator, where the resonant
particle energies as given by equation (A1) are higher. The
spectral peak of 17.7 keV is attributed to equatorial interac-
tions, since for longitudinally propagating waves, the largest
particle scatterings occur at the magnetic equator [Inan et
al., 1978].

Figure 7 shows the computed count rate profile for par-
ticles in the energy range 451+1.8 keV. The initial loss-cone
edge distribution for the case shown was assumed to be the
Ia distribution of Figure 4. Because of the relatively low
count rates at the higher energies, a comparison of this pro-
file with data using the format of Figures 5 and 6 could not
be made. In other words, the count rate statistics in a single
energy channel having a width of 3.6 keV are not sufficient
for defining a temporal profile. Thus, the lower panel of
Figure 7 shows the measured count rate integrated over all
energies above 45 keV but corresponding to the 3-s on/2-s
off cycle starting at 8715 seconds (L ~ 2.3) on August 17,
1982. We see from this result that the measured temporal
count rate profile is similar to that at lower energies.

The computed profile, on the other hand, does not dis-
play the slow rise seen in the data. After the first scattering
step, the particle distribution near the loss cone is reduced
as a result of its successive encounters with the atmosphere,
but the wave-induced scatterings are not large enough to
compensate for this reduction. It should be noted that the
individual particle scattering for 45 keV electrons is roughly
an order of magnitude lower than for 17.7 keV energy. If par-
ticles with even higher energies than 45 keV are considered,
the model result would be similar, since the fundamental
mechanism for the interaction remains the same.

The difference between the model result and the observed
count rate for higher energy particles can be attributed
in part to our assumption that the cold plasma along the
magnetic field lines is in diffusive equilibrium [Angeremi
and Thomas, 1964]. The cold plasma variation along the
field lines determines the variation of the refractive index
n, which in turn determines the length of the wave-particle
interaction region through equation (A1) and therefore the
magnitude of the individual particle scatterings. In a dif-
fusive equilibrium model, the cold plasma density is nearly
constant at latitudes close to the magnetic equator so that
the interaction length is mainly determined by the variation
of the electron gyrofrequency. The wave-induced pitch angle
scatterings then become increasingly smaller at higher en-
ergies, involving interactions at higher latitudes where the
gyrofrequency variation is more rapid. A cold plasma dis-
tribution that allows for a faster increase of density with
distance from the equator would tend to compensate for the
rapid variation of the electron gyrofrequency and would tend
to increase the rms scattering at higher energies. Thus the
data of August 17, 1982, may be indicative of a nondiffusive
equilibrium variation of the cold plasma density. Another
possibility is the presence of localized irregularities in den-
sity along the field lines which again could result in increased
mean-square scattering.

Another reason for the difference between observed and
computed flux profiles at high electron energy might be re-
lated to our assumption of longitudinal wave propagation
with wave normal # = 0°, in contrast to evidence that
the scattering waves may have propagated in the nonducted
mode with § > 0° (see appendix). While a formulation of
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the theoretical basis of interactions of obliquely propagat-
ing waves and particles has recently become available [Bell,
1984], no quantitative estimates exist for precipitation in-
duced by such waves. In general, for nonducted interactions,

the wave-induced scattering efficiency may be maximized at
locations other than the magnetic equator, depending on the

distribution of the ray paths and the variation of the wave
normal along the ray path. Such effects may help to explain
the discrepancy between the computed and observed flux
profiles at higher energies and will be the subject of future
work.

6. DISCUSSION

Wave Echoing and Reflection

While the slow rise and decay of the observed precipita-
tion pulses may also be due to multiple bounces of the wave
packet, this possibility seems unlikely for a number of rea-
sons. Magnetospheric reflection of nonducted waves occurs
near the point where the wave frequency is equal to the local
lower hybrid resonance frequency [Smith et al., 1964] which
in the earth’s magnetosphere is typically in the 4-15 kHz
range. On this basis, reflection of a 17.8 kHz signal in this
mode would not be expected. Also, nonducted rays originat-
ing in one hemisphere arrive at the other hemisphere with
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Fig. 7. The comparison of the measured and computed temporal
profiles for particles with ~ 45 keV energy. The wave intensity
was taken to be By = 15 pT, and loss cone distribution of Ia was
assumed. The upper panel shows the computed profile for parti-
cles having energies of 45+1.8 keV, whereas the lower panel shows
the count rate integrated over all energies >45 keV. The latter is
done in order to improve on the limited count rate statistics for
single energy channels.
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very high wave normal angles 8 ~ 8,, where 6, is the reso-
nance cone angle. While such signals can in principle reflect
from the sharp lower boundary of the lower ionosphere, the
high wave normals indicate that they will undergo signifi-
cant absorption in the ionosphere before and after reflection
[Helliwell, 1965]. Large scale density structures (such as a
secondary plasmapause at L ~2.4) could guide 17.8 kHz
waves between hemispheres and allow for reflection; how-
ever no independent evidence for such a condition exists.
Thus, wave reflection and echoing seem to be an unlikely
possibility for the August 17, 1982, case.

Wave Growth and Amplification

Our test-particle approach for computing the wave-in-
duced particle scatterings inherently assumes that the indi-
vidual particles move into the loss cone independently, i.e.,
that the particles do not interact with each other through
the growth or amplification of the wave during the inter-
action. In the absence of wave measurements such wave-
growth effects cannot be ruled out; however, as discussed in
our previous work [Inan et al., 1982] they can be approx-
imately taken into account by considering a spatial wave
structure having an increase in intensity beyond the equa-
tor. Calculations using such spatial wave intensity distri-
butions indicate that the precipitation fluxes would not be
appreciably different [Inan et al., 1978]. It should also be
noted that if wave growth were to occur, it is likely to be
due to particles at higher pitch angles than those near the
loss cone [Helliwell, 1967).

Note that while the kinematic aspects such as the elec-
tron and wave travel times do control the shape of the com-
puted time profile to some degree, the absolute values of the
scattering coefficients determine whether or not the wave-
induced flux can be high enough to sustain an increase in
spite of the partial loss of particles during ionospheric en-
counters twice every bounce period. If this were not the
case (i.e., the scattering coefficients were not large enough)
the computed flux would not show a stepwise increase in
time. This fact and the close agreement between the com-
puted and observed peak absolute count rates supports the
mechanism of scattering considered here.

Measurement of Trapped Fluz

An important factor in our comparisons of measured flux
levels with computed count rates is the lack of measure-
ments of the trapped flux for aeq > 13.6° at the time of the
observations of the modulated precipitation events. Simul-
taneous measurement of the trapped and precipitating flux
levels would have been valuable in more accurately defining
the loss-cone edge distribution and thus providing an initial
pitch angle distribution for the calculations. This situation
is an inherent limitation of observations carried out on low
altitude satellites. The results presented in this paper illus-
trate the importance of the details of the loss-cone profile in
determining the precipitation flux levels. In order to mea-
sure such features, high resolution pitch-angle measurements
(< 2°) should be made on satellites that cross the magnetic
equatorial plane over L shells 2-5.

L Range of Observations

We have limited our modeling to the observations made
at L ~ 2.3, although the L range of the August 17, 1982,

observations extended from L =2.1 to 2.4. The peak energy
of the observed flux decreased with increasing L, and was
as high as ~30 keV at L ~ 2.1. Since the bounce period of
these resonant particles is ~30% shorter than that of 17.7
keV particles at L=2.3, they can undergo five interactions
with the wave near the equatorial plane. In the context
of the model presented here, the computed count rates of
Figure 4 would reach a maximum in five (instead of four)
steps and would decay in three (instead of two) steps, with
no fundamental difference in the basic physical mechanism
involved.

The slow increase in the peak count rate by a factor of ~4
between L=2.1 and L=2.3 [Imhof et al., 1983a] may be due
to (1) increased wave signal intensity as the distance to the
source is decreased, (2) the fact that the scattering efficiency
of the wave particle interaction increases with L [Inan et al.,
1982] or (3) increased trapped flux level at higher L.

An important feature of the SEEP observations on Au-
gust 17, 1982 is the relatively abrupt decrease in the flux
level for L >2.4, in spite of the fact that the source of the
wave energy, the NAA transmitter, is located at L ~ 3.
The data presented in Figure A2 indicate that this decrease
is not due to the ~6 keV detection threshold of the SEEP
instruments. Factors that can directly account for the ob-
served decrease at L > 2.4 are variations in the trapped
flux level as a function of L and cold plasma density irregu-
larities that may defocus the wave energy at low altitudes.
While no measurements of the former were available, trav-
eling ionospheric disturbances (TID’s) were detected by the
Langmuir probe instrument on the SEEP satellite during
the time of the August 17, 1982, pass [Voss et al., 1984].
These TID’s involve horizontal gradients that could defocus
the waves and hence reduce their intensity.

7. SUMMARY AND CONCLUSIONS

Many features of the transmitter-induced electron precip-
itation events observed by the SEEP satellite detectors can
be understood through a straightforward application and
extension of existing models of the wave-induced particle
precipitation process [Inan et al., 1982]. In applying the
model one needs to consider the pitch angle dependence of
the electron distribution function near the loss cone as well
as atmospheric backscatter of electrons and multiple inter-
actions of particles with the wave. Such aspects of the wave-
induced precipitation process have not been studied in detail
in previous work, which has mainly dealt with the first or-
der wave-particle scattering under idealized conditions (e.g.
symmetrical loss cone angles for both hemispheres).

While several features of the observations were found to
be consistent with model predictions, there are important
differences between the measured and computed count rate
profiles for higher energy particles as discussed in connection
with Figure 7. The reasons for these discrepancies are not
understood but may be due to deviations from a simple
diffusive equilibrium model of the background cold plasma
density along the magnetic field lines or to the nonducted
nature of the waves.

Finally, we note here that the model that has been found
to agree with several features of the August 17, 1982, data
would be expected to apply to the other cases of VLF
transmitter induced precipitation events observed by SEEP
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I17.8kHz RAYS

Fig. Al. Ray paths for 17.8 kHz signals for a cold plasma density
profile that is proportional to r—4, where r is the radial distance.
The signals are injected with vertical wave normal angles in the
nhorthern hemisphere. The short bars indicate the local wave nor-
mal directions at various points.

[Imhof et al., 1983b], since these were found to have simi-
lar properties in terms of L range of observations, temporal
pulse shape and energy spectra.

8. APPENDIX: WAVE CHARACTERISTICS

Propagation Mode

As stated in section 2 above, the variation of the energy
of the observed narrow peaks on August 17, 1982, was found
to be consistent with an L™4 dependence of neq for assumed
scattering near or at the equatorial plane by waves propa-
gating with wave normals 6 ~ 0° [Imhof et al., 1983a).

In general, whistler mode waves propagate ini the magne-
tosphere in the nonducted mode for which the wave normal
angle # is not necessarily small. Examples of ray paths for
17.8 kHz rays are shown in Figure A1, for uniformly dis-
tributed points of injection at 500 km altitude with wave-
normal angles initially aligned with the local vertical. For
the rays shown in Figure A1 a diffusive equilibrium model for
the cold plasma density |Angerami and Thomas, 1964] was
used together with a centered dipole model of the earth’s
magnetic field.

In order to determine whether the observed narrow spec-
tral peaks correspond to interactions with ducted or non-
ducted waves we consider the cyclotron resonant condition,

w+ %URCOSOsz (A1)
where n is the whistler mode refractive index and is a func-

tion of wave frequency, wave normal angle 6, cold plasma
density and gyrofrequency wy and vg is the particle reso-

nant velocity. Since the refractive index is a function of the
cold plasma density, an independent measurement of cold
plasma density is needed in order to compare the vy (or
ER) values computed from (A1) with the measured values.

To estimate the equatorial cold plasma density neq, we
have used broadband VLF recordings made at Siple Station,
Antarctica, during the time of the August 17, 1982, obser-
vations. Repeated measurements of the nose frequency and
nose travel time of a whistler element observed in the Siple
data were utilized in the whistler-dispersion method for de-
termining the equatorial cold plasma density and the field
line of propagation [Park, 1972]. The cold plasma density at

L ~ 2.89 at the time of the SEEP observations was found
to be neq = 785+ 75 el/ cm®. In order to determine the cold
plasma density at other L values we adopt a model for the
variation of neg with L. In the following we give results for
Neq proportional to L% and L75.

Figure A2 shows the variation of the equatorial reso-
nant energy ER, computed from (A1), for wave normals
feq = 0°,30°,60°, wave frequency f = 17.8 kHz and
neq=185 el/cm® at L = 2.89. The solid lines are for the
case where neq was assumed to vary as L_4, whereas the
dashed lines are for L™°. The separate points indicated
with a plus in Figure A2 are the measured energies of the
spectral peaks observed with the SEEP detectors [Imhof et
al., 1983a).

The observed variation of Ep with L is consistent with
either (1) an L™* dependence of neq for an equatorial wave-
normal angle feq =~ 30° of (2) an L™° dependence of neq
for eq ~ 60°. The equatorial wave-normal angles for the
raypaths of Figure Al are in the range f¢q ~40°-50°, in
general agreement with these estimates. However, given the
10% uncertainty in the measured value of neq at L = 2.89,
a wave normal of § ~ 0° cannot be ruled out on the basis
of the results given in Figure A2. Other evidence, such as
the observation of modulated precipitation pulses over an
L range of 2.1 to 2.4, indicates that the waves probably
propagated in the nonducted mode. This argument is based
on the belief that the typical dimensions of whistler mode
ducts are less than ~ 0.1L at the equatorial plane [Angerami,
1970].

Thus we conclude that the value of neq obtained via an
independent measurement using whistlers observed at Siple
Station, Antarctica, is consistent with the L-dependent vari-
ation of the energies of the narrow spectral peaks observed
by the SEEP detectors on August 17, 1982. This conclu-
sion is based on the assumption that the observed peaks
were caused by interactions near the geomagnetic equator
with monochromatic waves having a frequency of 17.8 kHz
and propagating in the nonducted mode with wave normals
Beq = 30°-60°.

Eg (keV)
o

10 e

Fig. A2. The equatorial resonant particle energy Er computed
from (A1) and plotted versus L for various fleq. The solid lines
are for the case with neq proportional to L%, whereas the dotted
lines are for neq proportional to L5,
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Travel Time to the Equator

The group travel time for 17.8 kHz signals from the iono-
sphere to the equatorial plane at L=2.3 for the ray paths
shown in Figure A1 and for neq ~ 2458 el/cm® (as obtained
by using neq proportional to L™5 and neq = 785 el/cm3 at
L ~ 2.89) is found to be tw ~ 0.4 s. For ducted propagation
(as assutned in the model calculations presented in this pa-
per) and with neq ~ 1585 el/cm® (so that Ep = 17.7 keV
at L=2.3 for 17.8 kHz) the group time delay is lower, with
tw = 0.2 s. The difference between ducted and nonducted
time delays is smaller than the particle bounce period and is
thus insignificant for the purposes of the model calculations
reported here.

Wave Magnetic Field Intensity

The wave-induced scattering results given in this paper
are dependent on the equatorial wave magnetic field inten-
sity. While ho independent measurement of the wave char-
acteristics during the August 17, 1982, event was available,
a simplified model can be used to estimate the wave power
density at the equatorial plane [Inan et al., 1984].

The radiated power of the NAA transmitter operating at
17.8 kHz is taken to be 1 megawatt [Inan et al., 1984]. The
losses in the earth ionosphere waveguide between the trans-
mitter and the point of entry of the wave into the magneto-
sphere (L ~ 2.3) and the absorption and polarization losses
in the nighttime ionospheric D region can be accounted for
roughly within an uncertainty of +5 dB [Helliwell, 1965].
If we further assume ducting in the magnetosphere we can
map the wave power up to the equatorial plane in accor-
dance with the divergence of the magnetic field lines. Then,
including the changing refractive index, we find an equato-
rial By =10.3 pT for neq=1585 el/cm3 and for a wave normal
of § = 0°. However, considering nonducted ray paths simi-
lar to those shown in Figure Al, the divergence loss is less,
leading to an estimated value of ~20 pT for the same neq
and 6. If we further account for the nonzero wave normal
angle and use # =40°-50° and 7eq 2200 el /cm?® (so as to be
consistent with an equatorial Ep=17.7 keV) for computing
the local refractive index we find By, ~30 pT.

On this basis, and in view of the uncertainties in these
approximate estimates, we have chosen to do our calcula-
tions in this paper using two representative wave magnetic
intensities, namely 15 and 30 pT.
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