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Modeling of microburst electron precipitation
using pitch angle diffusion theory

S. Datta, R. M. Skoug, M. P. McCarthy, and G. K. Parks

Geophysics Program, University of Washington, Seattle

Abstract. Microburst electron precipitation is characterized by short bursty
(duration ~0.2-0.3 s) quasiperiodic precipitation of electrons in the dayside auroral
zone. Pitch angle diffusion of electrons due to the interaction with whistler waves
has been suggested previously as a possible mechanism for scattering electrons into
the loss cone to cause microburst precipitation. In this paper we investigate the

viability of the above mechanism through modeling. We assume the scattering
to occur near the equatorial plane and solve the pitch angle diffusion equation
numerically to find the time-dependent form of the electron distribution function
F, which results from a given time-dependent diffusion coefficient D. Different
aspects of our results (burst size, pitch angle dependence, risetime, burst width)
are compared with observations from a recent rocket experiment on microburst
launched from Poker Flat, Alaska. The comparison shows very good agreement,
further supporting the 1dea that the pitch angle diffusion process is the driving

mechanism for microbursts.

Introduction

Microburst, a major form of electron precipitation on
the dayside auroral zone (0600-1800 LT), was discov-
ered in the early 1960s [Anderson and Milton, 1964];
yet we have very little knowledge about its origin. Mi-
crobursts are characterized by short bursty precipita-
tion of electrons (duration ~0.2-0.3 s), often occur-
ring in multiples in a quasiperiodic manner. The well-
defined structure and periodicity of microbursts make
this phenomenon especially interesting and suggest that
a fundamental magnetospheric plasma process is in-
volved in microburst generation. Most of the present
state of knowledge on microbursts comes from balloon-
borne X ray experiments [Anderson et al., 1966; Trefall
et al., 1966; Parks, 1967], although primary electron
observations have also been reported in a few cases: by
O’Brien et al. [1964] from Injun 3 satellite data and
by Lampton [1967] from a rocket experiment. A review
article on microbursts is presented by Parks [1978].

That a wave-particle interaction may be involved in
the generation of microburst was first suggested from
a satellite observation by Oliven and Gurnett [1968],
where microburst occurred only during periods of VLF
chorus activity. Other evidence comes from Rosenberg
et al. [1981], who reported a correlation between mi-
croburst precipitation and VLF chorus at conjugate
points. Chang and Inan [1983] demonstrated through
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modeling that the cyclotron resonance interaction of
electrons with whistlers (right-hand circularly polarized
waves) may cause short-scale microburst-like precipita-
tion. This idea was further developed by Rosenberg et
al. [1990] in association with data from a balloon ex-
periment from Antarctica, where they considered the
scattering of electrons due to a wave traveling from the
southern to the northern ionosphere along a geomag-
netic field line.

The work being presented here is an effort to probe
the microburst mechanism through modeling, assisted
by the observation of microbursts from a recent sound-
ing rocket experiment designed for this purpose. The
rocket instrumentation included two magnetic spec-
trometers oriented at 0° and 90° to the geomagnetic
field measuring electrons in the energy range of 1-25
keV, a set of five solid-state telescopes (SST) oriented
at 0°,22°,45°,67°, and 90° detecting 20-300 keV, and
an orthogonal pair of loop antennas detecting 0.5-8 kHz
VLF waves. The details of the instrumentation and
rocket launch conditions are given by Datta [1995] and
Skoug [1995]. »

The analysis of microburst electron and VLF wave
data obtained by the rocket experiment supports the
idea that the microburst mechanism involves a wave-
particle interaction [Datta et al., 1996; Skoug et al.,
1996]. Our observations indicate that the microburst
activity was confined to the electron energy range of
~20-120 keV within the interval of ~1-300 keV mea-
sured by the experiment. The energy spectrum of mi-
croburst flux can be approximated by an exponential
form f = fo E e~ E/Eo (demonstrated with an exam-
ple in Figure 1, reproduced from Datta et al. [1996])
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Figure 1. (bottom) The electron energy spectra of
the microburst at 117.2 s from the 0°, 22°, and 67°
solid-state telescopes (SSTs), showing the increase of
Eo (in parentheses) with the increase in pitch angle.
(top) The corresponding integral count rates (§0—300
keV) are plotted.

with an e folding energy of ~6-10 keV along the mag-
netic field direction. The spectrum becomes progres-
sively harder as the pitch angle increases. For example,
the e folding energy at 67° is ~9-11 keV. This behavior
can be explained by a steady state model of the pitch
angle diffusion process [Datta et al., 1996].

Figure 2 (top) shows 10 s of the rocket electron data,
which include several microbursts. The electron flux
in the energy range ~20-120 keV from the five SSTs
sampling electrons at different pitch angles is shown as
a function of time. An important feature. to note is that
at the peak of the burst, the flux at all pitch angles tends
to be equal, indicating that the distribution becomes
nearly isotropic. This behavior is different at quieter
times in-between the bursts when the flux in the 0°
SST goes almost to zero while that at larger pitch angles
remains at progressively higher levels. For example, at
the peak of the burst (t=117.3 s) the ratio of the fluxes
from the 0° and 67° SSTs reaches a value of ~ 0.75,
whereas before and after the burst (¢=117.0 and 117.6
s) that ratio is only ~ 0.20.

To show that this behavior is consistent with that ex-
pected from a pitch angle diffusion process, consider the
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analytical form of the steady state electron distribution
derived by Kennel and Petschek [1966]. Figure 2 (bot-
tom) shows a set of such curves for three different values
of the diffusion coefficient D within the equatorial loss
cone, which is x3° at the L shell of 5.9 near the rocket
apogee. The vertical lines represent the range of pitch
angles sampled by the SSTs at 250 km altitude assum-
ing a dipole field and conservation of the first invariant.
Since higher values of D correspond to more electrons
diffusing into the loss cone resulting in a higher rate of
precipitation, we deduce from Figure 2 that a relative
change in the count rate at the rocket altitude when D
changes from high to low will be much more pronounced
at smaller pitch angles (0° SST) than at larger pitch an-
gles (67° SST), which is what we observe. In the data
the flux at 90° is smaller than that at 67° because of
the fact that about half of the field of view of the 90°
SST does not see downcoming electrons but rather sees
reflected electrons, which are much fewer in number at
the rocket altitude. This also explains the strong spin
modulation (Tgin & 1.3 s) seen by the 90° detector,
caused by slight misalignment (~3°) of the rocket spin
axis with the geomagnetic field.

Datta et al. [1996] did not address the time-varying
aspects of the pitch angle diffusion, the importance
of which cannot be overemphasized since microbursts
are essentially a time-dependent phenomenon. An an-
alytical treatment of this problem involving a time-
dependent diffusion coefficient D(¢) is extremely diffi-
cult. Thus we shall instead investigate this problem
in the realm of numerical modeling. The use of a nu-
merical approach will not only give us the capability of
treating the time dependence but will also provide us
with the flexibility of modeling. For example, we have
the freedom of choosing the time profile of the diffu-
sion coefficient. This permits us to model and study
the effects of varying D(t) on the risetimes and widths
of microburst precipitation.

Description of the Model

We consider a population of electrons interacting with
whistler mode waves near the equatorial region and
calculate the corresponding detector responses that we
expect at different pitch angles at the rocket location
L ~ 5.8. The geomagnetic field is considered to be
dipolar. The diffusion coefficient D(t) is taken to be
independent of pitch angle a. We use the distribution
function F, which represents the density of electrons at
different points in phase space. For the discussion of
pitch angle diffusion, F' in velocity space can be repre-
sented as F'(t, v,a). Also, we consider electrons within a
narrow band of energy so that the distribution function
can be written as F (1, «).

Pitch angle diffusion of electrons, caused by interac-
tion with whistler waves, results in the change of the
pitch angle o of the electrons without an appreciable
change in energy [Brice, 1964]. As a result, F(a) also
changes. In order to find the resultant temporal varia-
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Figure 2. (top) Ten seconds of data showing the integral count rates from all five SSTs, with two microbursts
at 117.3 and 117.9s. The features of these data match what one would expect if the pitch angle diffusion process
is active, for which case (bottom) the calculated steady state distribution functions F'(a) are plotted.

tion of F(a), we numerically solve the time-dependent
pitch angle diffusion equation
:)

oF 1 B(Dsinaa—

B3 " sina Oa Oa (1)

The coefficient of diffusion is defined as D = ((Ja)?)/ét,
which implies that in time dt, the electrons diffuse in o

in a Gaussian distribution with a standard deviation o
of da = (D - 6t)/2. D is assumed to be pitch angle in-
dependent. We divide the electrons into n bins of equal
width in pitch angle o ranging from 0° to 90°. We be-
gin with a given initial distribution at =0, described in
the next section. The finite difference form of (1) can
be written as
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(t+At) Fi(t)+

2

where F; (i =1 to n) are real numbers representing the
phase space density in the ith bin in a. Interpreting
physically, the first term within the brackets in (2) rep-
resents the total flux of particles from smaller pitch
angles, and the second term is that from larger pitch
angles. Therefore the finite difference form given above
describes the transport of particles in a single time step.
This procedure is iterated over many such time steps.

The stability condition for the diffusion equation (see
Forsythe and Wasow [1960] on parabolic equations) is
given by A = DAt/(Aa)? < }. In our calculation we
use A = 0.15, ensuring stability as well as good numer-
ical accuracy.

The numerical solution has been carried out in the
simplest form (the Euler method), which proved to be
sufficient for our purpose since the time durations we
looked at typically required only a few hundred time
steps and the solution to the diffusion equation using
a more sophisticated algorithm (e.g., the Runge-Kutta
method) would differ by only <1%. (We are primarily
interested in the qualitative behavior.) The numeri-
cal code has been tested against the known result of
the “very high diffusion” case where the distribution is
isotropic in pitch angle. In our algorithm we normal-
ize the total population at every time step, which is
equivalent to replenishing the electrons that are lost in
the loss cone with a source of electrons of the same
pitch angle distribution. Different schemes can also
be used, for example, regenerating uniformly over «
(equivalent to an isotropic source) or regenerating at
a = 90° (the flat pitch source as used by Kennel and
Petschek [1966]). However, these variations would not
change the results significantly since the diffusion life-
time of electrons (>1000 s), i.e., the time taken for an
electron to randomly walk from a = 90° to 0°, is much
larger than the microburst timescale. Also, the same
reasoning indicates that the a dependence of D (which
was taken to be proportional to cos a by Kennel and
Petschek [1966] and independent of a in our calcula-
tion) will have very little effect on the general precipi-
tation characteristics as long as D is fairly constant in
and near the loss cone, which is a reasonable assump-
tion since the resonance condition only involves v and
all the electrons have the same v in a small loss cone
as in our case.

An Example: Evolution from a Very Low
Diffusion State

In order to demonstrate how the simulation works, as
well as to point out some features of model dependence,
we simulate the evolution of the distribution function
F when the value of the diffusion coefficient D switches
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between two levels Diow and Dhign in a square wave
manner.

If the diffusion activity is preceded by a quiet period,
it is reasonable to assume that at ¢=0 the form of the
distribution function F' is the limiting case D — 0 of
the more generalized solution to the pitch angle diffu-
sion equation for electrons injected at a 90° pitch angle

[Kennel and Petschek, 1966,
+In (s.‘“ “)} (3)
sin ag

where h(ayg) is the value of F' at the loss cone bound-
ary and S and D* are constants associated with the
intensity of the electron source and pitch angle diffu-
sion, respectively. The loss cone is virtually empty at
this point since for very low diffusion the particles dif-
fuse into the loss cone at a much slower rate thap they
are lost from within the loss cone. Therefore, using
h{ao) = 0 for D — 0, F' can be approximated as

a < g
sin a

F :Fglﬂ(. )
sin ag

Loss Cone Scheme

The evolution of the electron distribution depends
both on how the new electrons are injected into the
system and how they are lost. Since we are interested
in the distribution within the loss cone, the latter fac-
tor is of significant importance. Kennel and Petschek
[1966] assumed that the loss rate in the loss cone is
proportional to the value of the distribution function,

0F F
W T ®
E
which implies that if the diffusion process stops sud-
denly, the population within the loss cone will fall expo-
nentially with a timescale of T (escape time of an elec-
tron from the interaction region). Although this leads
to a nice analytical solution, the validity of this assump-
tion is questionable since the electrons that are in the
loss cone at some instant are expected to be completely
lost (precipitated in the atmosphere) within an aver-
age time period of Tg, where Tp is the quarter bounce
period (definition of loss cone). In our simulation a dif-
ferent scheme for the loss cone will be used. We shall
assume that if a population P of electrons comes into
the loss cone at some instant, it will decrease in number
at a uniform rate P/Tp until all the electrons are lost
in time Tg.

Figure 3 shows a sample run. Figure 3a shows the
rocket data (integral counts from the 0° and 67° SSTs)
showing two microbursts. Figure 3b shows a chosen
temporal profile of the diffusion coefficient D(t) given
as input. The simulation predicts the variation of the
count rates in the 0° and 67° SSTs as a function of
time. These traces, calculated using the new and the
old loss cone schemes, are shown in Figures 3c and 3d
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Figure 3. (a) A section of our rocket data (from 0° and 67° SST detectors), including two microbursts. (b)
A sample run of our simulation, showing a given time profile of D(t). (c) The predicted variation of count
rate in those two detectors, using the new loss cone scheme. (d) The scheme used by Kennel and Petschek
[1966]. Comparing the simulation results with observations, we find that the new scheme describes the data more

accurately.

respectively. Comparing the two, we find that the new
scheme fits the data more accurately.

In the above discussion we ignored the effect of backscat-
tering of electrons from the atmosphere, which causes
a fraction of the primary electrons to be scattered back
with some energy degradation. A study by Davidson
[1986] showed that for a spectrum with Ey ~ 10 keV,
as in our case, the number of backscattered (slightly de-
graded primary) electrons falls below 5% of the down-
coming population for all energies, which justifies ignor-
ing this effect for the first order calculation. Bagkscat-
tering also causes the generation of a large number
of secondary electrons, which can travel back to the
source region and may affect the whistler characteristics
to some extent by changing the total electron density.
However, since those secondary electrons have signifi-
cantly lower energies, the population of the energetic
electrons, which is our main concern, is unlikely to be

affected by this process. Therefore our assumption of
complete loss at the first bounce seems reasonable and
is supported by the comparison of Figures 3c and 3d.

Variation of the Relative Count Rates
at Different Pitch Angles Due to the
Variation of the Microburst Intensity

Microbursts vary in intensity. While it can be an-
ticipated intuitively that a larger value of the diffusion
coefficient D will cause a larger amplitude in electron
counts by diffusing electrons at a higher rate into the
loss cone, we need to verify whether the relative count
rates at different pitch angles predicted by our model
agree with the observations. As an example, Figures 4a
and 4d show the SST 0° and 67° count rates (standard-
ized after geometric factor and dead time correction)
for microbursts of two different amplitudes. For the
smaller microburst (Figure 4a) a large difference exists
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Figure 4. Figures 4a-4c show the electron data, diffu-
sion coefficient used in the simulation, and the predicted
count rate for a relatively small amplitude microburst.
Figures 4d-4f show the same for a larger microburst.

in the count rate between the 0° and 67° SSTs, even at
the peak of the burst. For the larger burst (Figure 4d),
the count rates in those two detectors become almost
equal at the peak, although during the quiet time, the
0° count rate is substantially lower than that at 67°.

In order to study these two situations we choose a
square wave profile for D(t). A base value of D =
Diow =1 x 1073/s is used in both cases, but the high-
level value is chosen to be relatively lower (Dpign =
5 x 1073/s) in the first case, and higher (Dhign =
2x 1072 /s) in the second case. The results of this simu-
lation are shown in Figure 4. Temporal profiles of D(t)
in the two cases mentioned above are plotted in Figures
4b and 4e. The corresponding count rates at the 0° and
67° detectors are shown in Figures 4c and 4f. The esti-
mated count rates show qualitative agreement with the
main features of our data (Figures 4a and 4d): a higher
count rate for a larger value of the diffusion coefficient,
dependence of the relative count rates of the 0° and 67°
SSTs on the magnitude of the burst, and the relative
difference in count rates during quiet times.

The results presented above are not sensitive to the
the choice of D.ow since the distribution F' barely changes

uurlug a lUW UlllublUll per iUU
somewhat arbitrarily chosen at this point, and their va-

The values of D L/high Were
lidity was verified by a test particle simulation inwhich
anumber of individual electrons interact with a whistler
wave. For the typical wave intensities observed in the
frequency band 1200-2100 Hz (which resonate with 20-
120 keV microburst electrons for N = 1x 10%/m3 equa-
torial electron density) the simulation yielded a diffu-
sion intensity of ~ 3 x 1073 /s. Note that this estimation
should be taken as the lower limit of the actual value of
D since the waves probably have lost some intensity be-

cause of spreading and absorption before reaching the

rocket,
TOCKEL.

reasonable agreement with the observational data.

Therefore cur choices of the value of D are in

Risetime of Electron Count Rate

We next mquhgate the denpndence of the risetimes
of the count rate in the particle data on the timescales
of the escape times of electrons from the interaction re-
gion. If we assume that the length of the interaction
region is the same for electrons of all energies, then the
escape time is proportional to the quarter bounce pe-
riod Tg. Moreover, if we assume the interaction region
is well extended along the field line, then the time of es-
cape of electrons can be taken as approximately equal
toTg.

As before, we take the time profile of D(t) as a step
function. Mathematically, D can be represented by a
step function,

D <« Dy t< 1
D =Dy t> 1g. (6)

We again start from the very low diffusion state given
by (4). The results are shown in Figure 5. In Figure 5a
the simulated count rate at the 0° detector is plotted
as a function of time for different values of the quarter
bounce period Tg, showing that the risetime is approx-
imately proportional to Tpg. Electron data from the
corresponding energy channels of the 0° SST are plot-
ted in Figure 5b. The same trend is observed in both
the data and the simulation, i.e., a systematic decrease
in the risetime with the increase of electron energy, sug-
gesting that our model is on the right track.

This calculation was done for L=5.8. It should also
be noted that since we took the time of escape of elec-
tron from the interaction region Tg to be equal to the
quarter bounce period T and the model shows good
agreement with the data, indications are that the inter-
action region is not confined locally at the equatorial
plane, but rather it spans a substantial length on both
sides of equator along the B field line.

Pulse Width Dependence

One of the distinctive characteristics of microbursts
is their typical burst width (the duration of the burst)
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Figure 5. For a step function profile of D(t), (a) the
estimated risetime of the electron count rate at the 0°
detector is approximately proportional to the quarter
bounce period Tg. This is in agreement with obser-
vation at right. (b) Electron from the corresponding
energy channels of the 0° SST.

of ~0.2-0.3 s. Next we investigate how this burst width
in the particle data depends on the width (duration) of
a pulse in the diffusion coefficient D(t). We continue to
use the square wave pulse in D(t), switching between
the two levels Diow = 5% 10™* /s and Dhigh = 2% 1072
/s. The electron escape time Tg is taken as 0.4 s, ap-
proximately equal to the average value of Tp of mi-
croburst electrons. The results for a field-aligned de-
tector are shown in Figure 6. Here we consider the
variation of the full width at half maximum (FWHM)
of the electron precipitation, which is the width of a
peak measured between two points on the two sides of
the peak where the intensities are half of the peak max-
imum. The FWHM of the electron precipitation stays
fairly constant as long as the width Wp of the square
wave pulse in D(t) is small, and as Wp increases, the
FWHM slowly approaches the value Wp, as expected.
The constancy of Wp for short pulses in D(t) also im-
plies that there is a minimum width for bursts produced
by changes in D(t).

These results are important since they provide some
clue about the reason behind the microburst charac-
teristic width. We see from Figure 6, for instance,
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that when Wp changes from 0.1 to 0.3 s, the FWHM
of the resultant electron burst changes by only about
40%. This slow functional dependence of FWHM on
Wp tells us that as long as Wp is less than or equal to
the quarter bounce period Tg, it will cause a pulse in
the electron count rate within a fairly narrow range of
widths. Therefore, if the magnetospheric conditions are
such that the wave enhancements occur in short bursts
(g TB), that will result in the occurrence of particle
precipitation with a temporal width of ~0.2-0.3 s, or
microburst-like structures.

Effect of Different Temporal Profiles of D(t)

So far we have used a square pulse in the diffusion
coefficient D(¢) while varying the other factors. This
is an idealization only, and in reality we do not expect
the enhancement of the diffusion coefficient to occur
in a square pulse. Moreover, the temporal structure of
microbursts can be widely different in overall shape and
microstructures, as observed in our rocket data.

To observe how the expected electron count rate de-
pends on the variation of the diffusion coefficient D(t),
we ran our program with several different temporal pro-
files of D(t), shown in Figure 7. For example, we as-
sumed the rise of the diffusion pulse to be linear, expo-
nential, or abrupt and also used similar variations of the
fall time. Such variations in D(t) do resutt in different
shapes of the electron count rate, though the charac-
teristic width of the electron pulse is found to be con-
served. This suggests that variations in the microburst
structure may be a consequence of the variation of the
diffusion coefficient profile.
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Figure 6. The full width at half maximum FWHM
of the electron count rate as a function of the corre-
sponding pulse width of D(t), showing that the electron
FWHM is insensitive to that of D(¢) to some extent.
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Summary and Discussion

The results from our model of the evolution of the
electron distribution function indicate that the pitch an-
gle diffusion process near the equatorial plane is respon-
sible for microburst electron precipitation. The model
correctly predicts several features of microbursts, which

“include the relative count rates of precipitated electrons
observed by the rocket experiment at different pitch
angles and for different diffusion intensities (Figure 4),
as well as the general shape of microbursts (Figure 3)
and their rapid fall time (~0.2 s). We estimated the
magnitude of the diffusion coefficient at the microburst
peak to vary between 5x1073/s and 2x10~2/s. The
microburst risetime as a function of electron energy is
also estimated (Figure 5) and compares with the rocket
data quite favorably. Most importantly, the simulation
establishes the apparent insensitivity of the microburst
pulse width to that of the diffusion activity when the
diffusion pulse width is small, thus giving a possible
explanation of the characteristic width of microbursts
(Figure 6). The actual shape of individual microburst
electron pulses is observed to vary within a large range.

This is explained to be due to different temporal profiles:

of the diffusion coeflicient.

DATTA ET AL.: MICROBURST ELECTRON PRECIPITATION

One should bear in mind that the validity of the re-
sults from these simulations only holds strictly under
a set of assumptions and approximations. For exam-
ple, the diffusion coefficient D has been assumed to
be independent of . The a dependence could be im-
plemented to investigate this effect. D may also be
nonuniform along the field line, and the use of a time-
averaged D = f Diocai(1/Tv)ds would be meaningful.
However, because of the lack of knowledge of the lo-
cal value Dj,cq1, we use an effective D that is constant
over the interaction region and zero outside. Also, the
energy diffusion (change in energy of electrons), which
is inherently associated with the pitch angle diffusion,
has not been taken into account since it is quite small
in the situation we are describing. As an example, near
the equatorial plane at L = 5.8 and for N, = 1x 10%/m?
the value of AE /A« for a 30 keV electron isonly ~ 0.3
keV/deg near the loss cone, which justifies the idea that
energy diffusion effects can be ignored.

The constancy of the physical conditions over the
whole interaction region is inherently assumed, even
when the region is extended. The rationale behind that
assumption is that near the equatorial plane both B
and §B/8s are at a minimum (as are the pitch angle o
and number density N,) and the spatial variations are
very low over an extended region, which allows us to as-
sume the constancy of the parameters over the region of
interaction. This approximation keeps the calculation
simple while still letting us see the qualitative aspects.
A more complete study will also include the spatial de-
pendence of the physical parameters such as the number
density and pitch angle, a detailed study of the energy
dependence to construct the energy spectrum, and an
investigation of the L shell dependence of the diffusion.

One other important consideration is the dispersion
effect, which is the relative delay of arrival of electrons
in different energy channels. In our data we saw less dis-
persion than would be expected for an equatorial source,
assuming that electrons of all energies are scattered into
the loss cone simultaneously and at the same location.
Probably neither of these two conditions are strictly
valid in our case since the whistler wave may move and
interact with electrons of different energies at different
points along the field line. We have done a preliminary
modeling study of a group of whistler waves moving
along a field line while precipitating electrons whose
energy depends on the location. Our simulation does
show the expected reduction of the dispersion effect.
This result is not conclusive, and a more detailed anal-
ysis is being done. However, the results presented here
are not affected by this consideration since our model
does not require any assumption of the relative time of
scattering of different energies.

So far we have assumed a priori the presence of diffu-
sion activity (or equivalently, wave enhancement), but
the cause of that and the source of energy required
for this wave growth have not been addressed here.
The possibility of self-induced wave growth in a wave-
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particle system (i.e., the gain of wave energy at the cost
of the energy of electrons moving toward the loss cone)
is being considered as an explanation. The available
energy for wave growth is likely to depend on various
physical conditions, for example, the density of precip-
itating electrons, the whistler characteristics, and the
electron energy. This work is being undertaken and
will be presented in another paper.
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