
results in figures 2 and 3 indicate that E is directed ap-
proximately poleward in the evening and equatorward
in the morning, following the electric field reversal in
the region of the Harang discontinuity (i.e., Maynard,
1974).

These preliminary results show the capabilities of
doppler auroral radars for continuously monitoring ir-
regularity morphology as well as electric fields in the
polar ionosphere. Utilization of this technique will con-
tribute significantly to ionospheric and magnetospheric
physics. Detailed analysis of the Siple Station data is in
progress.

This program has been supported by the National
Science Foundation under grant DPP 77-21827.
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Cold plasma diagnostics using
I5EE-1 satellite measurements of
nonducted VLF waves from Siple

Station transmitter

T. F. BELL and U. S. INAN
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Signals from the Siple Station very-low-frequency
(VLF) transmitter are being measured on satellites to
study the physics of the nonlinear cyclotron resonance
interaction that occurs between coherent VLF whistler
mode waves and energetic electrons in the magneto-
sphere. In this interaction, the perturbing waves can be
amplified by as much as 30 decibels, VLF emissions can
be produced, and the resonant energetic electrons can
be scattered into the atmospheric loss cone, eventually
precipitating into the lower ionosphere to produce X-
rays, optical emissions, and plasma density enhance-
ments (Helliwell and Katsurfakis, 1974).

An understanding of the nonlinear whistler mode cy-
clotron interaction is essential to achieve a full under-
standing of the mechanisms that control the lifetimes of
energetic particles in our own magnetosphere as well as
that of other planets such as Jupiter, in our solar system,
which possess a significant planetary magnetic field.

It has been confirmed by experiment that the ener-
getic electrons involved in the nonlinear cyclotron inter-
action are two to three orders of magnitude less dense
than the electrons of the relatively cold background
plasma that pervades all regions of the magnetosphere.
Thus, a number of the interacting coherent wave's
characteristics, such as dispersion and group velocity,
are controlled to a large extent by the cold plasma rather
than the energetic component. In most cases, therefore,
it is necessary to determine the cold plasma distribution
in the interaction region to isolate the controlling factors
in the wave-particle interaction.

-

Figure 1. Example of simplified case in which transmitter
pulses can reach satellite position along two separate ray
paths. Waves are injected with vertical wave normals (ar-
rows) near transitter (1) location. Innermost ray lies in region
of moderate cold plasma density gradients; outermost ray
lies in region of negligible cold plasma density gradients.
Local refractive Index (j.c) for waves on innermost path is
much smaller than that (.0 for outermost path on account

of dependence of g upon normal wave direction.

One well-known method for determining the cold
plasma distribution in the interaction region is the mea-
surement of the dispersion of ducted signals, such as
whistlers and Siple pulses, over their field-aligned paths.
This powerful technique has yielded much of the knowl-
edge we presently possess concerning the cold plasma
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Figure 2. Example of pulses from the Sipie Station VLF
transmitter as received on the ISEE-1 satellite. Each fixed
frequency pulse consists of multiple components, each ex-

hibiting a unique doppler shift.

in the magnetosphere (Park, Carpenter, and Wiggin,
1978).

A second technique, still in its infancy, involves the
measurement on satellites of both time-delay and dop-
pler shift of nonducted signals from VLF ground-based
transmitters such as that at Siple Station (Edgar, 1976).

Details of the theory behind this technique are
straightforward. As figure 1 shows, signals from a
ground-based VLF transmitter penetrate the ionosphere
and propagate along one or more separate paths to the
location of a satellite in the opposite hemisphere.

At the satellite position, each separate path has asso-
ciated with it unique values for wave normal, refractive
index, and time delay. The values of these parameters
are determined in part by the unknown distribution of
cold plasma along the path and in part by the known
properties of the Earth's magnetic field. Because the
satellite moves rapidly through space and the wave re-
fractive index is high, the transmitter signals experience
a significant doppler shift as seen in the rest frame of
the satellite. The magnitude of the doppler shift de-
pends upon the wave normal direction, as well as the
magnitude of the wave refractive index. Thus each sep-
arate path can have a unique value of doppler shift as-
sociated with it. The doppler shift and time-delay infor-
mation of each ray generally do not give enough
information to determine uniquely the cold plasma den-
sity along that particular raypath. However, if one makes

use of the doppler shift and time-delay information
along a few hundred kilometers of the satellite's trajec-
tory, detailed models of the cold plasma distribution can
be deduced.

An example of satellite doppler shift data is shown in
figure 2, which depicts signals from the Siple Station
transmitter received on the IsEE-1 satellite on 3 April
1979. The upper panel (a) shows a spectrogram of the
Siple signals received. (The data shown represents sig-
nals in the 3-8 kilohertz range.) The transmitted format
is presented in the middle panel (b). Comparison of
panels (a) and (b) shows that the received pulses are of
significantly longer duration than the transmitted pulses,
indicating multipath propagation to the satellite. The
bottom panel (c) shows two of the Siple pulses on an
expanded frequency scale. It can be seen that there are
at least five separate doppler-shifted signals present in
each pulse group, indicating at least five separate paths
to the satellite. The time of arrival of the component
that has traveled along the path of shortest time delay
is indicated for each group by an arrow on the time axis.
Measurements show that the shortest time delay com-
ponent has no measurable doppler shift, but that either
positive or negative doppler shifts are associated with
the other components in each pulse group. The pres-
ence of both positive and negative doppler shifts at a
given time along a satellite orbit means that large-scale
cold plasma density gradients are present along some of
the paths.

The ISEE-! satellite measurements of signals from the
Siple Station transmitter will continue through 1980.
We phn to use these measurements to improve our un-
derstanding of the distribution of cold plasma within the
magnetosphere and to determine the role played by the
cold plasma in nonlinear whistler mode cyclotron inter-
actions.

The Stanford University research effort in the IsEE-1
satellite program has been supported by the National
Aeronautics and Space Administration (NASA) under
grant NAS-5-20871.
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