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Test Particle Modeling of Wave-Induced
Energetic Electron Precipitation

H. C. CHANG! AND U. S. INAN

Space, Telecommumications and Radioscience Laboratory, Stanford Unwersity, Calforma

A test particle computer model of the precipitation of radiation belt electrons is extended to
compute the dynamic energy spectrum of transient electron fluxes induced by short-duration VLF
wave packets traveling along the geomagnetic field lines. The model is adapted to estimate the
count rate and associated spectrum of precipitated electrons that would be observed by satellite-
based particle detectors with given geometric factor and orientation with respect to the magnetic
field. A constant-frequency wave pulse and a lightning-induced whistler wave packet are used as
examples of the stimulating wave signals. The effects of asymmetry of particle mirror heights
in the two hemispheres and the atmospheric backscatter of loss cone particles on the computed

precipitated fluxes are discussed.

1. INTRODUCTION

A test particle computer model has recently been devel-
oped for quantijtative evaluation of the flux level and the
temporal signatures of wave-induced precipitation of radi-
ation belt electrons [Inan et al., 1982; Chang et al., 1983].
This model has been applied for various magnetospheric and
wave parameters and has been used to interpret observed
correlations between waves and precipitation effects in the
jonosphere [Chang and Inan, 1983b].

One to one correlations between electron precipitation or
its ionospheric effects (X rays, photoemissions, density en-
hancements) and natural waves (whistlers, emissions) as well
as man-made signals from VLF transmitters have been ob-
served during ground- and satellite-based experiments [e.g.,
Rosenberg et al., 1971; Helliwell et al., 1973, 1980; Rycroft,
1973; Imhof et al., 1983a, b; Voss et al., 1984]. The observed
correlations have been attributed to wave-induced precipi-
tation resulting from cyclotron resonance wave-particle in-
teractions in the magnetosphere.

The modeling results have previously been presented in
terms of time evolution of precipitated electron energy fluxes
incident on the ionosphere and integrated over a range of en-
ergies [Chang and Inan, 1983b]). This information is useful
for estimating and interpreting integral effects on the iono-
sphere such as precipitation-induced light emissions mea-
sured by photometers [Chang and Inan, 1983b]. While en-
ergy flux levels can be inferred from the intensity of photo-
metric emissions, measurements using balloon X ray detec-
tors can be used to estimate the spectral characteristics of
the precipitated flux [Wei et al., 1984]. Crude spectral in-
formation can also be extracted from measurements of light
emissions at multiple wayelengths [Rees and Luckey, 1974].
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Theoretical estimation of precipitated flux spectra is needed
for comparison with such data for the purpose of improving
our understanding of the wave-induced scattering mecha-
nism and for potential use as a diagnostic tool to study the
energetic electron distribution in the magnetosphere. The
spectral content of precipitation flux is also important in
determining the ionospheric height at which the maximum
perturbations should occur [Banks et al., 1974].

On board low-altitude satellites or rockets, multichannel
particle detectors can obtain detailed spectral information
about precipitating electrons. The output of particle detec-
tors is in terms of count rate as determined by the geometric
factor and orientation of the particular detector. It is then
of interest to estimate the count rate and spectrum of wave-
induced precipitation that would be observed using a given
detector.

In this paper we extend the test particle model to deter-
mine the dynamic spectrum of the transient electron energy
flux precipitated in the ionosphere by short-duration VLF
wave packets traveling along the geomagnetic field lines.
We also consider a particle detector used in the Stimulated
Energetic Electron Precipitation (SEEP) satellite program
[Imhof et al., 1983a] to compute the time development and
spectral characteristics of the count rate of precipitated elec-
trons that would be observed by this detector.

In most cases considered, we assume a geomagnetic field
with mirror symmetry with respect to the equatorial plane
and neglect the possible backscattering of particles as they
interact with atmospheric constituents. We then separately
discuss the effects of the asymmetry of the loss cones in
the two hemispheres and atmospheric backscatter for one
specific case.

2. CALCULATION OF WAVE-INDUCED
PRECIPITATED ENERGY FLUX

Cyclotron Resonance Wave-Particle Interactions

We consider wave-induced perturbations of a distribution
of energetic electrons trapped in the earth’s magnetic field.
The perturbations of the particle distribution near the loss
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cone are estimated by computing the pitch angle scattering
of individual, near-resonant test particles.

Consider the case of a longitudinally propagating wave,
that is, k||Bg, where k is the wave vector and Bg is the
static magnetic field. For longitudinal propagation, the cy-
clotron resonance condition is given by

fa/v=f-k-v (1)

where fz is the local electron gyrofrequency, v is the total
velocity of the electron, v = (1 — v?/¢%)71/2 is the rela-
tivistic factor, and f is the wave frequency. For the whistler
mode (f < fg) wave and for the parameters of interest in
this paper, (1) is satisfied when the electrons and the wave
travel in opposite directions |Chang and Inan, 1983a].

Particle Distribution Function

We represent the energetic electron population in a mag-
netic flux tube by a distribution function f(E, a) defined at
the equator, where E is the energy and o« is the equatorial
pitch angle of the particle. Using the first adiabatic invari-
ant, the pitch angle and the velocity components of trapped
particles can be determined at each point along the field line
in terms of these equatorial values.

In many experiments the particle data are given in terms
of the differential energy spectral intensity ®(E, ) in el
em~2 571 sr71 keV™!. We assume here that ®(E,a) =
dpg(a), ie., ® is separable in E and a, where &5 =
®(E,90°) is a function of E and g(a) accounts for the
anisotropy of ®. It should be noted here that the assump-
tion of a separable distribution is merely for convenience in
the analytical representation and is not critical to the model
calculations. This is especially true since only particles in
a very narrow range above the loss cone contribute to the
wave-induced precipitation. It can be shown [Chang, 1983]
that

mq
f(Eva)zq)E 2E

9() (2
where m is the rest mass of electron, v is the relativis-
tic factor associated with the energy E, or v, = (£ +
mcg)/mcz, and v is the magnitude of the velocity of an
electron with energy E. Equation (2) indicates that for en-
ergies for which '71«33 ~ 1, if ®p varies as v~ ", the distri-
bution function is proportional to v~""2. Since v? /c2 =
(Y52 - 1)/’7E2, (2) can also be written as

1(B,0) =25 (53) (%) 9(a)

The distribution function can be assumed to be described
by a power law [e.g., Chang and Inan, 1983a]

J(B,0) =25, (53) (

where Eg(in keV) is a given energy and n/2 is an exponent
that determines the energy dependence of the distribution.

Alternatively, an exponential law for the differential en-
ergy spectral intensity may be assumed to fit the observed
particle data. For this case, the spectral intensity is written
as

TE d 2 2
To_l) Eo"?E™?g(a) (3)

VEg

&5 = dge F/Fo (4)
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where ®q is the spectral intensity at zero energy and Ej is
the characteristic energy or the e-folding energy.

In this paper we consider an initially empty loss cone so
that g{a) = 0 and therefore f(£,a) = 0for a < ol whereas
g(a) = 1 for a > o'¢, where o' is the angular half width of
the loss cone.

Test Particle Calculation of Transient Precipitation

We employ a test particle model [Inan et al., 1978, 1982;
Chang et al., 1983] in which a large number of test particles
distributed in v, @, and ¢ are used to represent a full dis-
tribution of e]ectrons where Y) is the equatorial velocity of
particles parallel to the field line and the Larmor phase angle
¢ is defined as the angle between the particle perpendicular
velocity v and the wave magnetic field B,,. The trajecto-
ries of individual test particles under the influence of a wave
are computed by numerically solving a set of equations of
motion. The resulting perturbations of the particle distribu-
tion function are inferred from the scattering coefficients of
individual test particles. This approach was used in the past
to determine the time evolution of the precipitated energy
fluxes (ergs cm™2 s™!) induced by short-duration whistler
mode wave pulses propagating along the earth’s magnetic
field lines [Inan et al., 1982]. Here we extend this technique
to determine the spectral content of the wave-induced pre-
cipitated energy flux.

The spectral intensity gz (ergs cm™2 s~ keV 1) of the
precipitated energy flux that flows parallel to the field line
into the ionosphere is obtained by integrating the quantity
Evcos o, f(E, a) over the loss cone in velocity space [ Chang,
1983],

le ||,
27 cosa B,
= E E *
9E=AE / / veos o f(E, a) [cos o, Beq]
0 'U” _ (5)
” COS3 dv”da
where Y|, and v, are respectively the parallel velocities

correspondlng to energies E4+ AE/2 and E — AE/2, so that

E+AE/2=md®[(1-v),*/c cos” a)” 172 _q

B, and «, are the magnetic field strength and the pitch an-
gle, respectively, at the ionospheric height, Beq is the mag-

PARTICLE

WAVE

Fig. 1. Schematics showing the propagation of a VLF wave pulse
and the travel of an energetic electron along a geomagnetic field
line. The wave pulse is injected into the magnetosphere at time
t=0.



CHANG AND INAN: TEST PARTICLE MODELING

x10°® ergs em s ke’

s(ﬁev}

x 108 ergs em 25 kev'

02

B "'R\' RS
Tl
VR

ZzIE

Fig. 2. Dynamic spectra of wave-induced flux, from two dif-
ferent perspectives, representing the evolution of energy flux as
a function of energy and time for the case of a 0.5-s wave pulse
propagating along the L=4 field line. These results were obtained
by taking ®g, = 1 el em™2 s~ st~ keV™! for E=1 keV and
Ep=10 keV in equation (4).

netic field strength at the equator; and AE is the desired
energy resolution; in a realistic case this would be deter-
mined by the resolution of the experimental technique used
in measuring such fluxes. Note that we have assumed a
uniform distribution in ¢ and the 27 in (5) results from
the integration over ¢. The variables o and o; are related
by the adiabatic mirror equation sin? a/Beq = sin? o, /B;.
The factor [(cosca/cosa,)(B;/Beq)] in (5), which can be
obtained from the above mirror equation, accounts for the
reduced volume element of the flux tube at the ionosphere
compared to that at the equator. Note that gg as defined
in (5) represents the spectra to be observed near the wave
injection site.

Time Ewvolution of Electron Energy Spectra

As an example, we consider a VLF wave pulse of 0.5-s du-
ration which enters the magnetosphere at 1000 km altitude
at time ¢t = 0 and propagates along the L=4 field line, as de-
picted in Figure 1. An equatorial electron density of 400 el
em~3 and a diffusive equilibrium model for the cold plasma
distribution [Angerami and Carpenter, 1966] are assumed.
The earth’s magnetic field is described by a centered dipole
model. The wave frequency and the magnetic field intensity
at the equatorial plane are taken to be 2.5 kHz and 5 pT
respectively.

We present the result in terms of g5 as a function of en-
ergy E and time ¢t. The initial trapped particle distribution
is assumed to be of the exponential form with &g = 10° el
cm™ 257! sr71 keV™! for E=1keV and Eg=10 keV in (4).
Particles are considered to be precipitated if their equatorial
pitch angle after interacting with the wave is smaller than
a]¢- In this particular case, particles for which Aa < 0.05°
are assumed to be unaffected by the wave. This corresponds
to a maximum electron energy of 60 keV, since particles
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having energies above 60 keV suffer pitch angle scatterings
Aa < 0.05° and are thus assumed to be unperturbed by the
wave.

As the input wave pulse propagates along the field line to-
ward the equator, it first interacts with electrons of higher
energies. This is because the resonant electron energy de-
creases as the wave approaches the equator in accordance
with the resonance condition (1). These higher-energy elec-
trons arrive at the precipitation region near the wave injec-
tion site earlier than those electrons scattered in the vicin-
ity of the equator. The resulting energy precipitation in the
form of g as a function of E and ¢ after ¢ = 0 is shown
in Figure 2. The early arrival of higher-energy electrons is
apparent. The two panels of Figure 2 give views of the same
three-dimensional figure from two perspectives.

As the wave packet travels past the equator, it again in-
teracts with higher-energy electrons and the resonant energy
increases due to the variation of fy with latitude. These
higher-energy electrons, although interacting with the wave
at later times, can overtake those electrons that have been
scattered by the wave earlier near the equator. This “focus-
ing” effect is evident in Figure 2 where electrons over a wide
range of energies are shown to arrive at the precipitation
region within a short time period after ¢t = 2 s.

The top panel of Figure 3 shows the time evolution of the
total precipitated energy flux in ergs em™?2 s~ obtained by
integrating gg in Figure 2 over electron energy. As a result
of the combined effects of the travel time of the wave and
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Fig. 3. Top panel shows the transient evolution of the precipi-
tated energy flux as a function of time, obtained by integrating
the dynamic spectrum in Figure 2 over the electron energy E.
Bottom panel shows the spectrum of the precipitating electrons,
obtained by integrating the same dynamic spectrum over time.
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Fig. 4. Resonant energy as a function of latitude along the L=4
field line for a wave frequency of 2.5 kHz. An equatorial electron
density of 400 el cm™2 and a diffusive equilibrium model for the
cold plasma distribution are assumed.

the particles, the precipitation pulse appears to have a total
duration of about 2 s, whereas the input wave pulse is only
0.5 s long. The focusing of the precipitating electrons dis-
cussed above results in a ~0.5-s long enhanced precipitated
energy flux after t = 2 s.

The bottom panel of Figure 3 gives the spectrum of the
precipitating electrons obtained by integrating gg of Figure
2 over the time duration of the precipitation pulse. The re-
sult is presented in terms of ergs em™ 2 keV™! versus energy
in keV and represents the time-integrated energy spectrum
of the wave-induced precipitation pulse.

Resonant Energy Versus Latitude

The spectrum of the precipitating electrons shown in Fig-
ure 3 depends on the spectrum of @z as well as the rela-
tive efficiency of the wave-induced scattering as a function
of the location of the interaction region along the field as
determined by the particle energy. The strong pitch angle
scattering in the vicinity of the equatorial plane results in
a sharp peak in the precipitated spectrum. Figure 4 shows
the resonant electron energy as a function of latitude along
the L = 4 field line for the case under study. For E=60
keV the wave-particle interaction region is located as far as
25° latitude off the equator, based on the assumption of a
diffusive equilibrium model of the cold plasma distribution.
However, the spectral magnitude (Figure 3) drops to half of
the peak value at E~12 keV. Comparison of Figures 3 and 4
thus indicates that most of the downcoming electrons were
scattered within approximately +15° latitude. The sharp
lower-energy cutoff in the spectrum of Figure 3 is due to the
fact that particles having energies smaller than the equato-
rial resonant energy do not undergo a resonant interaction
with this wave anywhere along the field line.

The transient flux shown in the top panel of Figure 3 can
be considered to be composed of two separate parts, those
arriving before and after ¢ ~ 2 s. They are due to wave-
particle interactions on opposite sides of the equator, the one
before ¢t ~ 2 s being on the downstream side of the particles.
We have assumed that the total energy of the propagating
wave packet is constant everywhere on the field line, i.e.,
that there is neither wave damping nor growth. It is known
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that monochromatic VLF waves can be amplified up to 30
dB near the geomagnetic equatorial plane as they traverse
the interaction region [Helliwell and Katsufrakis, 1974]. If we
postulate that the wave intensity is 20 dB lower than that
used in the present calculation prior to the wave’s traversal
of the equator, the flux level of the first part in the top panel
of Figure 3 would be reduced by an order of magnitude, since
the precipitated energy flux tends to be proportional to the
wave intensity [Inan et al., 1982; Chang et al., 1983].

Dependence on the e-Folding Energy

Up to now we have considered only the case of a trapped
distribution with an e-folding energy Eg = 10 keV in (4).
To demonstrate the dependence on Ep, we present in Figure
5 energy flux versus time and the integrated spectrum for
Ey = 50 keV and Eg = 100 keV. Other parameters for
Figure 5 are the same as those of Figures 2 and 3. We have
normalized &g to dg = 10° el em™2 571 57! keV™! at
E =1 keV so that the population of the trapped electrons
above 1 keV will be larger for larger Ep values.

The peak flux level for the Eg = 50 keV case is found
to be about 5 times higher than that of the Eg = 10 keV
case in Figure 3. Note that the flux scales in Figures 3
and 5 are different. For Eg=100 keV, the magnitude of the
peak flux increases with no significant change in the pulse
shape. The lower panels of Figure 5 clearly demonstrate
the hardening of the precipitated spectra as the trapped
spectrum is hardened, i.e., larger Ep.

3. WHISTLER-INDUCED PRECIPITATION

Our test particle simulation code is applicable to wave
packets with slowly varying frequencies [Chang et al., 1983b].
In the following we consider the case of a whistler wave pulse
generated by a lightning discharge. The input impulsive
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Fig. 5. Precipitated flux versus time and precipitated spectrum
for Eop=50 and 100 keV. All other parameters have the same
values as in Figure 3. The flux scale was chosen to be different
from that of Figure 3.
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electromagnetic wave energy is assumed to enter the mag-
netosphere at 1000-km altitude in the northern hemisphere
at time t=0.

In this case the “duct” in which the whistler propagates is
taken to lie along the L=3 field line. The wave energy propa-
gates southward and arrives at the southern conjugate point
as a one-hop whistler. The frequency range of the whistler
is taken to extend from 500 Hz to 8.1 kHz, the latter being
equal to one quarter of the equatorial gyrofrequency freq-
Figure 6 shows the f —t curve for this one-hop whistler that
would be observed at the southern conjugate point after the
injection of the impulse at t=0 in the north. Here we have
used a diffusive equilibrium model and an equatorial elec-
tron density of 680 el cm ™3 for the cold plasma distribution
along the L=3 field line.

The power spectral density of the input wave impulse is
assumed to be constant with frequency. In a separate study
[Chang and Inan, 1985], whistler-induced precipitation over
a wide range of L shells (L=2 to 4.5) was investigated.
There, a more realistic distribution of the input wave power
spectral density as a function of frequency was assumed. In
this paper, however, we emphasize various aspects of the
test particle simulation model rather than the geophysical
implications of whistler-induced precipitation.

In the test particle model the total propagating energy of
the wave packet in the duct is assumed to be conserved. The
magnetic and electric field intensities of any wave frequency
component at a given point along the field line depend on the
local refractive index as well as the dispersion of the wave
packet [Chang et al., 1983]. For the present case, the abso-
lute value of the product of the input wave power spectral
density and the temporal duration of the impulse is taken to
be 1072 W m~2 Hz~! s (or 1072 joules m—2 Hz ~1), re-
sulting in an equatorial wave magnetic field intensity By eq
of ~15 pT at f=8.1 kHz.

Results in the same format as those shown in Figure 2 are
given in Figure 7 for the whistler case. We use a power law
with n=6 in (3) for the initial trapped particle distribution
function. In order to estimate the order of magnitude of the
absolute flux level, we consider a typical quiet time value
for &g, of &g, =~ 10° el em™2 s7! sr7! keV! at 90°
pitch angle and g(90°)/g(alc) ~ 10 for Eg=40 keV at L ~3
[Lyons and Williams, 1975]. In this case we only consider
electrons with energy less than 300 keV.

10 . T
L=3 ONE-HOP DUCTED WHISTLER
Neq® 680 el/cm3
8F DIFFUSIVE EQUILIBRIUM MODEL]
-~ 6F <
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Fig. 6. The frequency-time curve of a one-hop whistler propa-
gating along the L=3 field line with frequencies ranging from 500
Hz to 8.1 kHz, that would be observed at the southern conju-
gate point after the injection of a lightning impulse at t=0 in the
north. A diffusive equilibrium model and an equatorial electron
density of 680 el cm™3 were used.
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Fig. 7. Dynamic spectra of precipitated flux induced by the
whistler wave described in Figure 6. A power law distribution
with n=6 in equation (3) for the initial trapped distribution func-

tion is used. A typical quiet time value for @ g, of &g, ~ 10° el

ecm~2 s~ 1gr~1 keV 1 at 90° pitch angle and g(90°)/g(al€) =~ 10
for Eg = 40 keV at L~3 is assumed.

Figure 8a shows the precipitated energy flux versus time
that would be observed near the wave injection site in the
northern hemisphere. The peak flux is on the order of 1073
ergs em™2 571, The spectrum of the precipitated flux ob-
tained by integrating the dynamic spectrum in Figure 7 over
time is shown in Figure 8b.

Precipitation in the Conjugate Hemisphere

We have so far considered the fluxes that would be precip-
itated near the wave injection site, i.e., the northern hemi-
sphere in the present case. Particles scattered by south going
waves could also be precipitated in the southern hemisphere
due to their backscattering from the atmosphere in the north
and/or their mirroring in the north due to the asymmetry
in the earth’s magnetic field strength.

For the whistler case we show in Figure 8¢ the mirrored
precipitation flux that would be observed at the conjugate
point in the south assuming that all the scattered electrons
considered in Figure 8a mirror in the north and precipitate
in the south. The mirrored precipitation pulse has a longer
duration than that for the direct precipitation (Figure 8a)
as a result of the dispersion of electrons having different
energies. The time-integrated spectrum of the precipitated
flux for the mirrored case is identical to that shown in Figure
8b, since the same precipitated electrons are involved in both
cases.

Precipitation Over Different Energy Ranges

The energy fluxes calculated up to now consist of all pre-
cipitated electrons with energies below 300 keV. In Figure
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Fig. 8. (a) The transient precipitated flux in the north induced by
the whistler wave, obtained by integrating the dynamic spectrum
of Figure 7 over E. (b) The spectrum of the precipitating elec-
trons, obtained by integrating the same dynamic spectrum over
time. (c) The transient flux in the south if all the precipitated
electrons are deposited in the south.

9 we show the fluxes contributed by electrons with E < 40
keV and E >40 keV, respectively, again for the whistler case.
The left-hand panels represent precipitation near the wave
injection site and correspond to the case of Figure 84; those
on the right represent precipitation near the conjugate point
and correspond to that of Figure 8¢. The transient fluxes
for £ <40 keV show gradual buildup while that for £ >40
keV is relatively constant in time. Electrons with energies
greater than 40 keV are able to penetrate deep into the
ionosphere and perturb the ionospheric D region (80-90 km
height) [Banks et al., 1974]. One of the resulting effects is
perturbation of subionospheric VLF /LF signal propagation,
due to the enhanced ionization at the D region heights of
wave reflection [Helliwell et al., 1973].

The Effect of Mirror Height Asymmetry

In the above discussion of precipitation in the conjugate
hemisphere, we have assumed that all electrons in the loss
cone mirror and/or backscatter in the north and precipitate
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Fig. 9. Precipitated fluxes contributed by electrons with E > 40
keV and E < 40 keV for the whistler case. Left panels are for
precipitation in the north.

in the south. Under realistic conditions a part of these elec-
trons would be precipitated in the north and a part would
travel back to the south, depending on local atmospheric
backscatter and mirror altitudes. The role of backscatter
will be discussed in the next subsection; here we consider
only the effect of mirror height asymmetry.

At geographic longitudes near the South Atlantic mag-
netic anomaly the mirror heights of particles in the north
are known to be higher than those in the south due to an
asymmetry in the earth’s magnetic field strength [Barish
and Wiley, 1970]. The difference between the southern and
northern equatorial loss cone angles Aa'¢ = a59 - a%\c, is
a measure of the amount of asymmetry of the conjugate
magnetic field strength. If a particle traveling northward
does not undergo an equatorial pitch angle scattering greater
than Aalc, it would not precipitate in the north.

Figure 10 shows the peak value flux Fp of the transient
precipitated energy flux and the integrated energy deposi-

Fp (ergs em 257)
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Fig. 10. Peak flux Fp to be observed in the northern hemisphere
and integrated energy deposition E7 of the transient flux for the
whistler case as functions of the difference between the southern
and northern equatorial loss cone angles o sc - IS
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Fig. 11. Top panel shows the flux precipitated in the north
for the whistler case when the atmospheric backscatter is taken
into account. Bottom panel shows that part of the flux that
backscatters in the north and enters the southern atmosphere.

tion E7 (in ergs cm™2) (obtained by integrating the tran-
sient flux over time), as functions of Aa'C for the whistler
case. Here we only consider precipitation in the northern
hemisphere. The result for Aol = 0° corresponds to that
shown in Figure 8a. As the mirror height difference Aa'¢
increases, both Fp and Er decrease, since more particles
mirror back. The decrease of E7 is more pronounced be-
cause both the peak flux and the duration of the precipita-
tion pulse are reduced.

It should be noted that the variations of Fp and ET with
respect to the mirror height difference depend significantly
on the wave intensity within the wave-particle interaction
region. For larger wave intensities more electrons should
be able to overcome the mirror height difference, and con-

PARTICLE
DETECTOR

Fig. 12. Sketch showing the orientation of a particle detector and
the motion of an electron near the precipitation region.
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sequently, Fip and Er should decrease more gradually as
functions of Aa'C.

This aspect of the problem and the role of the pitch angle
distribution in the vicinity of the loss cone were discussed in
a recent paper concerning comparison of model results with
satellite data [Inan et al., 1985].

The Effect of Atmospheric Backscatter

In the preceding sections we have assumed all parti-
cles with aeq < aecq to be precipitated into the atmo-
sphere. However, theoretical calculations [e.g., Stadsnes and
Maehlum, 1965; Berger et al., 1974; Davidson and Walt,
1977 indicate that a fraction of particles within the loss
cone can backscatter from the atmosphere. This should be
particularly the case for wave-induced scattering of particles
near the vicinity of the equatorial loss cone, since the frac-
tional atmospheric backscatter can be as high as 80 — 90%
for electrons that encounter the atmosphere at grazing pitch
angles.

To incorporate this process in the estimation of transient
precipitation fluxes, we assume the fractional population of
particles backscattered to be given by (1 — cos a), where a
is the local particle pitch angle. This function closely ap-
proximates the pitch angle dependent fractional backscatter
results obtained by Berger et al. [1974]. The top panel of
Figure 11 shows the flux precipitated in the north for the
case of Figure 8a when such backscatter is taken into ac-
count. It is seen that only a small fraction of electrons within
the northern loss cone are precipitated, indicating that most
of the scattered electrons are still near the edge of the loss
cone. The bottom panel of Figure 11 shows the electron en-
ergy flux that backscatters in the north and arrives onto the
southern hemisphere. If backscatter in the south is consid-

COUNTS s 'kev"!

6000

3000

Fig. 13. Dynamic spectra of count rate as a function of E and
t for the whistler case that would be recorded using the SEEP
detector with 8 = 90°.
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ered in a similar manner, only a small fraction of this south
going flux would precipitate in the south. In making these
estimates we have assumed that the backscattered particles
undergo negligible energy or pitch angle change during the
interaction with the atmosphere.

If we also include the effect of the mirror height asymme-
try, the flux precipitated in the north would be even smaller
than that shown in Figure 11, and the backscattered flux
would increase slightly, depending on the degree of asym-
metry as discussed in connection with Figure 10.

4. MODELING OF SATELLITE- BASED
EXPERIMENTS

The quantities considered above, namely the energy de-
position rate in ergs em~2 s71 versus time and the spec-
trum in ergs em™? s~ keV ™!, represent electron fluxes
into the ionosphere parallel to the geomagnetic field lines
and are useful for understanding the ionospheric effects of
wave-induced precipitation as well as for studying these ef-
fects with ground- or balloon-based instruments.

Precipitating electrons can also be directly observed us-
ing particle detectors on board satellites or rockets. In
the recent SEEP experiments, pulses of precipitation were
found to be correlated with signals from a ground-based
VLF transmitter [Imhof et al., 1983a, b] and with lightning-
generated whistlers [Voss et al., 1984]. To better under-
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Fig. 14. () Count rate as a function of time for the whistler case,
obtained by integrating the dynamic spectrum of Figure 13 over
E. (b) The spectrum of the counts, obtained by integrating the
same dynamic spectrum over time. (¢) Count rate in the south if
all the precipitated electrons are deposited in the south.
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Fig. 15. Peak count rate and the time-integrated count rate (to

be observed in the northern hemisphere) as a function of 6.

60°

stand the relationship between the waves and the parti-
cles recorded by such detectors, it is important to use our
theoretical model to estimate the electron count rates that
should be measured in given detector configurations.

In the following, we calculate the count rate of precipi-
tated electrons that would be detected by one of the particle
detectors used in the SEEP satellite experiment | Voss et al.,
1982|. This detector has a geometric factor 0.17 cm? sr and
an acceptance half angle of 20°. Figure 12 shows a sketch
of the position of the detector relative to the field line at
the satellite altitude. The angle between the direction of
the field line and the axis of the detector is denoted by 0,
and a7 is the local pitch angle of downcoming electrons. An
equation similar to (5) can be written for the dynamic spec-
trum of the count rate Cg(#) (counts s~* keV 1) recorded
by such a detector when its axis is in the § direction:

ks

=55 . [ Easla-0)

-

1 cosa B,
sine, [cosa, Beq

(6)

sin o
vﬁ—dv do
cos3a

where (), a function of the angle from the axis of the
detector, is in units of cm? rad and represents the geometric
factor integrated over the azimuthal angle and where other
variables are as defined in connection with (5). The integrals
of (6) are taken over the v range corresponding to a given
energy range AE and over the equatorial pitch angle « for
which | @, — 8 |< 20°, or o() # 0.

Using the whistler case as an example, we consider the
SEEP detector located near the precipitation region in the
northern hemisphere with # ~ 90°.

The dynamic spectra of the count rate as a function of £
and ¢ are shown in Figure 13, which is to be compared with
Figure 7. Results similar to those of Figure 8 are shown
in Figure 14, which is obtained by integrating the dynamic
spectra of Figure 13 over time or energy.
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Fig. 16. The count rate versus time and the spectra of counts
for the constant frequency cases shown in Figures 2 to 5. Three
e-folding energies, i.e., Eg = 10, 50, and 100 keV, are considered,
and 9 = 90° is assumed.

To show the variation of the count rate as a function of
the orientation of the detector, we plot in Figure 15 the peak
count rate and the time-integrated count rate recorded in the
northern hemisphere, as a function of . These quantities
are the counterparts of Fp and Er shown in Figure 10.
All wave, particle, and medium parameters are qtherwise
the same. The rapid drop of both guantities for § > 70°
indicates that in the present case the precipitated electrons
are not scattered deeply into the loss cone, i.e., individual
particle scatterings (Ac) are relatively small. The same
conclusion was reached in the discussion in connection with
Figure 10. This result demonstrates that in attempting to
detect wave-induced precipitation, detectors oriented at or
close to 90° with respect to the magnetic field would be
desirable.

For the sake of comparison, we present in Figure 16 the
count rate versus time as well as the spectra of counts for
the constant frequency cases discussed in Figures 2-5 again
for the same detector. Three e-folding energies, i.e., Eg =
10, 50, and 100 keV, are used, with all other parameters
being identical to those used in the previous section. The
detector orientation angle # is taken to be 90°.

5. SUMMARY

We have reported the recently developed features of a
test particle computer simulation model of gyroresonant
wave-induced pitch angle scattering in the magnetosphere.
This model has been used to predict the temporal evolution
of precipitated electron energy fluxes induced by whistler
mode wave packets propagating along geomagnetic field
lines. New aspects of the model include the calculation of
the dynamic energy spectra of precipitation, the modeling of
count rates of precipitated electrons that would be observed
using a specific particle detector on board a low-altitude
satellite, and the inclusion of effects such as atmospheric
backscatter and mirror height asymmetry.

The results presented in this paper demonstrate the versa-
tility of the test particle model in terms of its application for
interpreting observations using ground-, balloon-, satellite-,
or rocket-based instruments. The predicted dynamic spec-
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tra of precipitation pulses often have characteristic shapes
that in themselves can be useful in identifying such events.
We hope that future experiments can be designed with the
necessary high time and energy resolution so as to measure
such detailed features. For low-altitude satellite- or rocket-
based experiments our results clearly demonstrate the need
for using detectors oriented near 90° with respect to the
local direction of the magnetic field.

In terms of ground-based observations the test particle
model can be used to study the characteristics of ionospheric
effects of wave-induced particle precipitation, for example
using riometer measurements or measurements of associ-
ated subionospheric signal perturbations (i.e., “Trimpi ef-
fects”). The time of onset of such perturbations with respect
to the wave source can easily be estimated and compared
with data. More importantly, the dynamic spectra of the
precipitation bursts would determine the ionospheric alti-
tude ranges that would be affected at different times. Thus,
detailed comparison with data can be potentially useful in
improving our ability to detect such events.

Through the comparison of model predictions with exper-
imental data we can expect to improve our understanding
of the gyroresonance wave-particle interaction mechanism.
Ultimately, it may be possible to use the observed dynamic
spectra of precipitation induced by waves for diagnostics of
the trapped energetic particle distribution.
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