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Abstract. We report simultaneous observations of en-
ergetic 1-20 keV electrons and VLF emissions triggered
within the plasmasphere by pulses from ground based
VLF transmitters, using the PWI and HYDRA instru-
ments on the POLAR spacecraft. The 1-20 keV elec-
trons have the correct energy to interact with the input
pulses through gyoresonance. Emissions are generated
by the pulses only when the particle flux is enhanced
well above background and the particle pitch angle dis-
tribution is very highly anisotropic, with the average
equatorial pitch angle exceeding ~ 75°. Because of
these high pitch angles, the particles are trapped typ-
ically within 7° of the magnetic equator. Only pulses
which propagate within whistler mode ducts are ob-
served to trigger emissions. The observed pitch angle
anisoptropies are much larger than those assumed in
present models of the VLF emission triggering phe-
nomenon, and thus our observations provide a new
starting point for understanding the emission process.

1. Introduction

Within the plasmasphere, discrete VLEF emissions
are commonly triggered by externally generated dis-
crete whistler mode waves such as lightning generated
whistlers and signals from ground based VLF transmit-
ters, with peak emission intensities reaching values as
large as 16 pT [Bell, 1985]. The triggered emissions
are thought to be generated near the magnetic equa-
tor through a gyroresonance interaction between ~ 1-
20 keV energetic electrons and the triggering wave in
which the particle pitch angles are altered and free en-
ergy is transferred from the particles to the waves [Hel-
liwell, 1967, Matsumoto and Kimura, 1971; Omura, et
al., 1991; Nunn and Smith 1996 ]. Understanding the
emission process is important since these interactions
can directly affect the lifetimes of the resonant elec-
trons.

Few observations have been made of the plasmas-
pheric energetic electron population in the 1 to 20 keV
energy range near the magnetic equator. Shield and
Frank [1970 ] provided only a small data set with crude
pitch angle resolution, while Explorer 45 ohservations
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[Lyons and Williams, 1975] concerned electron energies
of 35 keV and above. Subsequent magnetospheric mis-
sions such as ISEE-1 and DE-1 acquired very little plas-
maspheric particle data in the 1-20 keV energy range.
Thus the HYDRA data presented here represents the
first detailed pitch angle and energy measurements of
plasmaspheric electrons in the 1-20 keV energy range.
The triggered emission process can be studied most
simply by focusing on the emissions triggered by signals
from known sources such as ground-based VLF trans-
mitters [Bell et al, 1981; Bell, 1985 ]. In the present
work we present simultaneous plasma wave and ener-
getic electron data acquired with the PWI and HYDRA
instruments on the POLAR spacecraft during periods
when VLF emissions were triggered by VLF transmitter
signals. In all cases the velocity distribution of the res-
onant electrons is highly anisotropic, with the average
electron equatorial pitch angle exceeding ~ 75°.

2. Observations

We report data acquired during six periods in 1996
and 1997 when the Plasma Wave Instrument (PWI)
[Gurnett et al., 1995 ] observed VLF emission trigger-
ing as the POLAR spacecraft moved within the plasma-
sphere near the magnetic equatorial plane. We concen-
trate on the period 0445-0550 UT, 13 Jan 1997, since
the data from this period is typical of the entire data set.
Figure 1 shows a frequency-time spectrogram of PWI
data acquired near the magnetic equator at L=3.3 dur-
ing the period when VLF emissions were being triggered
by fixed frequency signals from an Omega VLF naviga-
tion transmitter in Aldra, Norway. The upper panel
shows the overall plasma wave activity over the 0-12.5
kHz frequency range. There is evidence of wave gener-
ation in the form of hiss in the frequency bands 0-2 and
4-6 kHz. However above 7 kHz there are no prominent
natural waves other than those triggered by the Omega
pulses. The lower panel shows a smaller frequency range
which includes fixed frequency pulses from the Omega
transmitter as well as VLF emissions excited by the
pulses. The pulses consist of a set of three. Utilizing
the measured time delays of the Omega pulses in con-
junction with ray tracing calculations, it is found that
the first ariving pulse in each set propagates directly to
POLAR from the ground along a non-ducted ray path
[Bell et al, 1981 ]. The second and third pulses occur
because some of the wave energy from the transmitter
enters a duct in the northern hemisphere and propa-
gates to the conjugate hemisphere within the duct, and

165



166

Time (S)

Figure 1. Typical frequency-time spectrograms of
PWI data showing VLF emission triggering events.

during the reflection process at the duct end point in the
south, some of the wave energy is back scattered along
a non-ducted path to POLAR. This backscattered com-
ponent produces the second pulse. The ducted signal
then propagates back to the northern hemisphere where
additional wave energy is reflected and scattered back
to POLAR, producing the third pulse, as illustrated in
Figure 2. This hybrid mode of propagation has been
frequently observed in the past [Rastani et al., 1985].
Only the signals which have propagated within the duct
excite VLF emissions. From the time delays of the di-
rect and backscattered Omega pulses and the plasma
density measurements from PWI, the L shell of the duct
can be estimated as L = 3.4 + 0.1.

HYDRA [Scudder at al., 1995] plasmaspheric ob-
servations of energetic electrons during the emission
events are shown as the flux-time spectrograms of Fig-
ure 3. The lower panel shows j,, the differential en-
ergy flux for electrons with pitch angle « in the range
75° < a < 105°, i.e., ~ perpendicular to the ambient
vector magnetic field B,. The upper panel shows j,
the differential energy flux for electrons with a < 30°,
i.e., ~ parallel to B,. POLAR entered the plasmaphere
at ~ 0500 UT and exited the plasmasphere at ~ 0545
UT, according to plasma density measurements by the

4 POLAR

Figure 2. Schematic of Omega pulse propagation
modes to POLAR.
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Figure 3. Differential energy flux-time spectrograms
showing HYDRA 0-20 keV electron data during a pe-
riod of VLF emission triggering.

PWI Sweep Frequency Receiver. The magnetic equator
is crossed at ~ 0510 UT at L ~ 3.3.

Within the plasmasphere, j, is initially large, while
Jy is near the background level. As POLAR moves
south from the magnetic equator, staying roughly tan-
gent to the L ~ 3.2 magnetic field line, j; decreases
rapidly and at a geomagnetic latitude of —15°, has de-
creased by ~ a factor of 10 from its equatorial value.
This large variation cannot be due to L shell depen-
dence, because POLAR samples each L shell twice,
and only the low latitude intersections show such high
fluxes. Thus the HYDRA observations indicate that
the population of 1-20 keV energetic electrons is local-
ized to the near vicinity of the magnetic equator and
that the pitch angle distribution of these electrons is
highly anisotropic. A similar distribution has recently
been proposed to explain ground based observations of
triggered VLF emissions [Sonwalkar et al.,1997].

Figure 4 shows j, and j; at 20 keV energy at the
magnetic equatorial plane for all POLAR orbits for Jan-
uary 1997, except one for which no data was available.
The local time of the equatorial crossing was either ~
0600 UT or ~ 1800 LT, and the L shell ranged from
2.8 - 3.5. The crossings are shown in sequence. The top
panel concerns the 0600 LT crossings; the bottom panel,
the 1800 LT crossings. At both local times j, exceeds
Jy by at least a factor of 5, and the average ratio is ~
14. Since the loss cone angle at L ~ 3 is ~ 8°, which is
small compared to the 30° range sampled by the par-
allel detectors, an absence of particles within the loss
cone cannot explain these large ratios. Similar results
are obtained for other electron energies in the 1-20 keV
range, implying that the large pitch angle anisotropies
deduced from Figure 3 are a common feature of 1-20
keV electrons in the plasmasphere.

3. Interpretation

As a result of the large pitch angle anisotropy of the
1-20 keV plasmaspheric electrons, VLF whistler mode
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Figure 4. Plots showing the differential energy flux at
20 keV for both the perpendicular (j, ) and parallel (j)
directions at the magnetic equator during Jan 1997.

waves in gyroresonance with these electrons may be am-
plified through the whistler mode cyclotron instability
[Bell and Buneman, 1964; Helliwell, 1967; Matsumoto
and Kimura, 1971 ]. The well known resonance condi-
tion for this instability is : v = (w —wg)/k), where v
is the electron velocity parallel to B,, wp is the elec-
tron gyrofrequency, w is the wave frequency, and kj is
the component of the wave number parallel to B,.

For a magnetized plasma with a small population of
energetic electrons in the presence of a larger population
of cold electrons, the linear temporal growth rate of
the cyclotron instability for a plane wave varying as
e!wt=k2) is [ Matsumoto and Kimura, 1971 |:

-7 whw? " —
w; = WE—D—/% / v16(wr — kv —wg) Vo frdv (1)
where w, and w; are respectively the real and the imag-
inary part of w, Ny is the total number density of the
energetic electrons, w,y is the plasma frequency asso-
ciated with the energetic electrons, v, is the energetic
electron velocity perpendicular to B, fj, is the distri-
bution function of the energetic electrons §(—) is the
Dirac delta function, D = c?k? — w2 + % is the
dispersion relation for the whistler mode waves, w, is
the plasma frequency of the cold plasma electrons, and
(9 k:U‘L 8

the operator V, is defined as V, = Bor ~ wir Doy

The linear temporal growth rate given in (1) is equiv-
alent to a spatial growth rate k; = w;/v,, where v, is
the group velocity of the wave. Thus the total wave
amplification in dB over a distance z along B, is:

w
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G = 20log,pfe) ¥4 = 8.7 / kudz. 2)

To evaluate (2) we need to determine f;,(v, z), or equiv-
alently fh(?, A), where A is the magnetic latitude. We

note from Liouvilles’ theorem that f;, (v, \) is constant
along the particle trajectories in phase space. Thus at
any latitude A we can write f (v, 0, A) = fre(ve, e, A =
0) where fre is the distribution at the magnetic equa-
tor and v, and . are the values of particle velocity and
pitch angle there. But from conservation of energy and
magnetic moment we have v, = v and:

e(A, @) =sin™! I: _Boe sin a] (3)

[Bo ()]
where B,. = |B,(A =0)| = magnitude of B, at the
magnetic equator. Thus fir(v,0,A) = fre(v, ac(\, @)).
Since at any latitude A, 7 (\) = %fh(v,g,)\)v‘* =
2 fhe(v, ae(A, £))v*, we can find the complete form of
fre(v,ae) if 51 (A) is known.

Assuming that f. does not change markedly between

L= 3.0-3.2, we can apply the above relations to the data
of Figure 3 to find to first order:

B
fr(v, o, A) = 1.6 x 107 o
e 2) B, (V)]

¥
sina} vt (4)
where v ~ 25. Equations (1), (2), and (4) were used
to determine the total amplification of a ducted VLF
whistler mode wave crossing the magnetic equator within
the plasmasphere. The results are shown in Figure 5
for a 10.2 kHz wave on various L shells. Two curves
are shown in the Figure. The solid curve represents the
amplification due to the 1-20 keV fluxes observed by
HYDRA and modeled by (4). The dashed curve rep-
resents the amplification that would be expected if (4)
were extrapolated to 50 keV. Extrapolation is necessary
here because data from the POLAR IES instrument
[Blake et al., 1995], which measures the flux and pitch
angle of energetic electrons above 18.5 keV, was con-
taminated by intense energetic proton fluxes whenever
POLAR was within the plasmasphere. Consequently
we do not know the characteristics of the energetic elec-
tron flux above 20 keV. In terms of velocity dependence
the extrapolation appears reasonable since Explorer 45
observations [Lyons and Williams, 1975 ] show post
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Figure 5. Plot of total linear amplification as a func-
tion of L shell for VLF waves propagating in a duct
across the magnetic equator.



168

storm perpendicular differential number fluxes of ~

10%(em? — s — sr — keV)_1 at L ~ 3 for electron en-
ergies in the 35-70 keV range. Taking the midrange
energy of ~ 50 keV, the corresponding differential en-

ergy flux would be ~ 5 x 106(em2 — s — sr)”" which
is very close to the value shown for 20 keV in Figure
3. Thus the assumption of j| ~ constant appears rea-
sonable up to ~ 50 keV. On the other hand the pitch
angle anisotropy of the Explorer 45 differential number
flux for 35-70 keV was much less than that displayed in
the HYDRA data for the 1-20 keV electrons. Thus the
assumption that f), ~ [sina]?® for energies between 20
and 50 keV may be a poor one. Nevertheless the total
gain of the whistler mode wave is not a strong function
of v, as long as v > 4.

4. Discussion

VLF emissions are believed to be generated through
a nonlinear phase trapping mechanism inherent to the
cyclotron resonance interaction [Helliwell, 1967; Carlson
et al., 1990; Omura et al., 1991; Bell, 1964; 1984 ]. For
any given resonant electron, nonlinear phase trapping
becomes important only after a time At, ~ w,~', where

wy = [ankvl]% is the nonlinear phase trapping fre-
quency, 7 is the electron charge-to-mass ratio and B,
is the magnetic field amplitude of the whistler mode
wave. The resonance can endure for the time At, only
if during this time w;? > h(z), where h(z) is a function
of the local mirror force and local gradients in B, and
wo, as defined in [Bell, 1984]. For electrons with high
pitch angles, the mirror force dominates, and h(z) ~
kua‘”—f, where p is the electon magnetic moment.

ost recent models of the nonlinear phase trapping
mechanism [eg, Carlson et al., 1990; Omura et al.,
1991; Nunn and Smith, 1996] include the effects of the
mirror force on the resonant electrons, but have not con-
sidered energetic electron populations with pitch angle
anisotropies as large as those observed on POLAR. One
effect of this anisotropy is that most of the energetic
electrons mirror very close to the magnetic equatorial
plane. For example the average pitch angle of the dis-
tribution given in (4) is < a, > = 81°, and the average
particle at each energy will mirror at A ~ £4° in a
dipole model of B,. It can be shown that the mirror
force at this latitude at L = 3.5 is sufficiently strong
that the condition w,;? > h(z) for gyroresonant 20 keV
electrons requires B, > 10 pT, a value ~ 40 dB above
the Omega signal input levels measured by PWI and 20
dB more than that shown in Figure 5. Thus the mir-
ror force becomes the dominant factor in limiting the
nonlinear phase bunching mechanism. Because of this
feature, as well as the unexpected nature of the electron
distribution, the data presented here represents a new
starting point for models of VLF emission generation
within the plasmasphere.
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