
Further analysis of the data from the Siple/DE-1 experiments is
expected to shed more light on these questions.

Sideband generation. Our real time observations of the events of
figure 3 (left) led us to try other transmission formats. Results of
one of these trials is shown in figure 3 (right), representing a
period approximately 28 minutes after the time of figure 3 (left).
In this case, the transmitted format consisted of two signals
with slowly separating frequencies. We observe the generation
of sidebands with frequency spacing equal to the difference
frequency of the two injected signals. The sidebands are evi-
dence of nonlinear wave-particle interaction that in this case
does not lead into an emission triggering. In the second part of
this format, the two signals are initiated with a large frequency
separation and are brought together in frequency with time. No
significant sideband components are observed for the second
part. This indicates that for sideband generation to occur, parti-
cles first have to be phase organized by the wave. While this
would be possible for the first case during the time when the
two signals are at the same frequency, in the second case the two
signals interfere with the phase bunching of one another and
significant stimulated currents cannot develop. The latter is
consistent with the suppression effects that are observed for
ducted signals (Helliwell 1983).

Summary. Results of Siple/DE-1 wave-injection experiments
show evidence of emission triggering and sideband generation

by the injected signals. Detailed measurements of the signal
characteristics can on occasion be used for cold plasma diag-
nostics. The study of the mechanism of amplification and side-
band generation by non-ducted signals remains a challenging
problem in magnetospheric physics.

The Stanford University experiments on the DE-1 satellite are
being supported by the National Aeronautics and Space Ad-
ministration under grant NAS5-25688. The Siple/Roberval ex-
periments are supported by the National Science Foundation
under grants DPP 80-22282 and DPP 80-22540.
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The Siple Station very-low-frequency (VLF) transmitter is
used primarily to inject coherent VLF waves into the ionosphere
and magnetosphere to study nonlinear interactiot s between
coherent waves and the energetic particles that populate the
Earth's radiation belts. In these interactions the perturbing
waves may be amplified by as much as 30 decibels, VLF emis-
sions may be produced, and the resonant energetic electrons
may be scattered into the atmospheric-loss cone, eventually
precipitating into the lower ionosphere to produce
Bremstrahlung X-rays, optical emissions, and plasma density
enhancements (Rosenberg, Helliwell, and Katsufrakis 1971;

Helliwell, Katsufrakis, and Trimpi 1973; Helliwell and Kat-
sufrakis 1974; Helliwell et al. 1980).

The main goal of the Siple Station VLF wave-injection experi-
ments is to understand the physics of nonlinear wave-particle
interactions in the ionosphere and magnetosphere. This knowl-
edge is essential if we are to achieve a full understanding of the
mechanisms which determine the lifetime of energetic particles
in the magnetosphere of the Earth, as well as in the magne-
tosphere of other planets in our solar system.

An important component of the Siple Station VLF wave-injec-
tion experiments has been the support provided by various
satellites, such as Explorer 45 (USA), Exos-B (Japan), ISEE-1
(USA), ISIS-1 (Canada), ISIS-2 (Canada), and DE-1 (USA). Cor-
relative data from these satellites have been used to determine
the characteristics of the injected waves and energetic particles
in the ionosphere and magnetosphere and to establish the
importance of coherent whistler-mode waves in magne-
tospheric wave-particle interactions (Bell et al. 1981, 1983-a,
1983-b). In particular during the past year, correlative data from
the ISIS-2 and ISEE-1 satellites have demonstrated the existence
of two new effects concerning coherent VLF waves and energetic
electrons.

Impulsive bandwidth increases. VLF wave data from the ISIS-2
satellite has shown that coherent VLF signals from the Siple
Station VLF transmitter are observed to exhibit impulsive band-
width increases of up to 30 percent of the nominal carrier
frequency as these signals propagate upward through the
ionosphere and low altitude magnetosphere to the satellite at a
1,400-kilometer altitude. The bandwidth increases typically en-
dure for 30 milliseconds and generally the sidebands are rough-
ly symmetrical about the nominal carrier frequency. This phe-
nomenon is possibly the transient analog of the recently
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reported spectral broadening effect (Bell et al. 1983-b) but the
connection is not clear. In most cases the bandwidth increase is
associated with an increase in signal amplitude of up to 20
decibels, suggesting that the phenomenon is the result of a
rapidly evolving plasma instability.

Figure 1 shows examples of the impulsive bandwidth in-
creases observed on Siple transmitter pulses on 4 July 1983. The
spectrogram in the upper panel shows Siple pulses in the pres-
ence of a band of impulsive VLF hiss with an irregular lower
cutoff frequency located near 3.5 kilohertz. At this time the
Siple pulses show occasional impulsive bandwidth increases.
The middle panel shows Siple pulses at a slightly later time
when impulsive bandwidth increases occur more often, and the
signal bandwidth reaches a maximum value of about 1 kilohertz
near the 19-second mark. Near the 22-second mark (see arrow
on time axis) a whistler arrives at the satellite and from its lower
cutoff frequency the local lower-hybrid-resonance (LHR) fre-
quency can be determined. Two instances of impulsive band-
width increase occur near the 23-second mark where the signal
frequency lies below the local LHR frequency. Signals lying
within the LHR noise band show a uniform spectral broadening
similar to that reported previously (Bell et al. 1983-b). The lower
panel shows the transmitter pulse format corresponding to the
satellite data in the two top panels.

One possible mechanism for the impulsive-bandwidth-in-
crease effect is the following: thin sheets of energetic electron
precipitation in the subauroral region create a multitude of
magnetic field aligned irregularities of transverse scale of ap-
proximately 200 meters in which the ion density, temperature,
and composition may differ from that of neighboring regions.
As a result of these irregularities the lower-hybrid-resonance
frequency is a rapidly varying function of position, giving rise
to the irregular lower cutoff frequency of the impulsive hiss
band. The Siple pulses are scattered coherently from the irreg-
ularities and the scattered wave spectrum has components with
wave normals nearly perpendicular to the Earth's magnetic
field.

In irregularities where the local LHR frequency is approx-
imately equal to the pulse frequency the high wave normal
angle components of the scattered Siple signals trigger a quasi-
electrostatic coherent-wave plasma instability which produces
enhanced signal levels in the irregularity. Because of the short
wave length, these waves are observed on the satellite with
large doppler shift, producing the impulsive bandwidth in-
creases observed in the data.

If this interpretation is correct, it suggests that coherent VLF

signals can act as catalysts to trigger natural plasma instabilities

1115 - It

-	 .'.

0	 07I	I HR

\

30 sec

Figure 1. Spectrograms showing examples of the Impulsive band-
width Increases observed In Siple Station transmitter signals.
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Figure 2. Examples of ISEE-1 data showing evidence of multipath
propagation.

in the subauroral ionosphere and lower magnetosphere. Thus,
controlled studies of these instabilities may be possible. Fur-
thermore, it suggests that impulsive bandwidth increases could
be used as a diagnostic tool to study the characteristics of field-
aligned irregularities in the subauroral region.

Multipath propagation. Data from the ISEE-1 satellite has re-
cently demonstrated that multipath propagation is a fundamen-
tal property of non-ducted waves from the Siple Station VLF

transmitter. It was found that in general at any point in the
magnetosphere the direct signals from the transmitter arrived
almost simultaneously along two or more closely spaced ray
paths.

Figure 2 shows examples of data received on ISEE-1 which
show this effect. The top panel shows a spectrogram of Siple
signals when pulses of length varying from 50 milliseconds to
200 milliseconds were transmitted. The second panel shows the
amplitude of the electric field component in the spin plane of
the antenna observed with a 300 hertz bandwidth filter cen-
tered at 6.0 kilohertz. Amplitude charts of this kind were used
to measure time delays, field intensities, and pulse duration.
Pulses were found to be elongated 20-200 milliseconds, indicat-
ing the presence of multiple paths.

The third panel shows a spectrogram of Siple signals when
pulses of 20-second length were transmitted at 4.0 kilohertz.
The fourth panel shows the amplitude of the electric field com-
ponent in the spin plane of the antenna for the spectrogram
shown in panel 3. The observed amplitude fading patterns
show a period of approximately 1.5 seconds resulting from the
regular 3.0-second spin period of the satellite, as well as other
periods (on the order of 1 second) introduced by the presence of
Siple transmitter signals which have propagated to the satellite
along different, but closely spaced, paths. The existence of
multiple paths has important implications for wave-particle in-
teractions in the magnetosphere. Since each signal travels a
slightly different path, its refractive index and wave normal
direction will differ from that of other waves arriving at a given
point. As a result of this an energetic electron moving through
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this wave field will experience a doppler broadened signal of
bandwidth Af, where typically zf approximately equals 10-100
hertz. Components of this multiple path wave structure will
interfere over a time scale T equals approximately 1/sf, limiting
the time available for interaction. This suggests that coherent
interactions between energetic electrons and non-ducted Siple
transmitter signals in the magnetosphere take place over much
shorter distances than the 1,000-2,000 kilometers hypothesized
for the case of ducted signals (Helliwell 1967). Such a reduction
might account for the less frequent occurrence of emissions
triggered by non-ducted signals.

The existence of multipath propagation also implies that mag-
netic field-aligned irregularities commonly exist in the
ionosphere over Siple Station with horizontal scales of 1-10
kilometers and plasma density variations of a small percentage.
Thus, the satellite data can be used as a diagnostic tool to study
the cold plasma distribution in the ionosphere.

In the future, it is planned that new ISEE-1 satellite measure-
ments will be carried out during Siple Station wave-injection
experiments to further increase our understanding of interac-
tions between non-ducted coherent VLF waves and energetic
particles in the ionosphere and magnetosphere.

This research was sponsored by the National Aeronautics and
Space Administration under grants NAS5-25744 and NGLr05-
020-008.
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Particle precipitation at high latitudes
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Particle precipitation is an important mechanism for energy
transfer between the magnetosphere and the ionosphere.
Trapped radiation belt particles that normally mirror above the
ionosphere can interact with waves and be showered into the
ionosphere where they collide with atmospheric neutrals. Sub-
ionospheric very-low-frequency (VLF) signals are perturbed by
the resultant density enhancements and thus provide a sen-
sitive method for observing particle precipitation. At lower lati-
tudes, whistlers often precipitate particles in this manner in
what are known as "Trimpi" events. Recently, Dingle and Car-
penter (1981) reported several events at higher latitudes during
which VLF signal perturbations were associated with bursts of
VLF noise.

On several days in July 1982, a continuous wave (cw) signal at
3.8 kilohertz was transmitted from Siple Station to South Pole
Station to study precipitation along high latitude paths. The
path from Siple to South Pole is particularly good for this type of
study because it lies entirely at the latitudes of interest and is not
subject to competing ionization from sunlight for long periods.

Figure 1 shows a sequence of events seen on 14 July 1982. The
two spectrograms at the top are broadband-VLF recorded at
South Pole Station in the bands 0-5 kilohertz and 0-1.5 kilo-
hertz. The top chart is the amplitude of the subionosphenc
Siple transmission received at South Pole Station. The bottom
chart is the amplitude of VLF noise in the band 0.7-1.3 kilohertz.

The noise bursts indicated by the arrows correspond closely to
increases in the Siple signal amplitude. During the first event,
the signal amplitude increased by 3 decibels in 12 seconds,
implying that precipitation continued throughout much of the
noise burst. The second and third events had smaller increases
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Figure 1. Perturbation of the Sipie Station transmitter signal ob-
served at South Pole Station: (a) Spectrogram showing frequency
versus time with amplitude shown by darkness; (b) Same as (a) with
expanded frequency scale; (c) Amplitude of the subionospheric
Sipie Station transmitter signal received at South Pole Station; (d)
Amplitude of VLF noise in the band 0.7-1.3 kilohertz. Both (c) and (d)
were integrated with a 0.3 second time constant. The three events of
Interest are indicated with arrows. The constant tone near 4 kilohertz
Is the Siple continuous wave signal and the break prior to 1540
universal time Is for recording of the wwv time standard broadcast.
("ii.V/m" denotes microvolts per meter; "kHz" denotes kilohertz;as 	denotes universal time.)
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