
of this half of figure 2 is similar to that of the left half. In this case,
the upper frequency (2.32 kilohertz signal is present at full
intensity throughout the two 2-second periods, but the 2.30
kilohertz signal is brought up in amplitude at a rate of 20 deci-
bels per second between the 3- and 4-second marks and is kept
at full intensity for 1 second. Similarly, in the second part, the
amplitude is tapered down from full level at 20 decibels per
second between the 7- and 8-second marks. Case Bi shows the
initiation of rapid temporal growth which is subsequently in-
hibited as the second signal increases in intensity. As a result,
the growth is not fully developed, and no independent emis-
sions are triggered. However, we see that multiple sidebands
are generated and sustained temporarily until the second signal
is strong enough to suppress most of the temporal growth. The
sideband spacing is equal to 20 hertz, the difference frequency
between the two input signals.

Case B2 shows suppression in the beginning portion. The
total signal level in the upper panel first decreases when the
lower frequency component is reduced in intensity because the
upper frequency component is significantly weaker, as shown
by the middle panel. This reduction is tentatively attributed to
multipath interference at the upper frequency. Temporal
growth is initiated when the lower frequency signal is too weak
to suppress growth significantly at the upper frequency. Side-
band generation is again seen, indicating the effect of the lower
frequency signal, in spite of its lowered amplitude. Except for
the sidebands, triggering of independent omissions does not
occur, presumably because of the early termination of the upper
frequency signal. It is interesting to note that sideband genera-

tion starts at about the same ratio (approximately 15 decibels) of
the upper-to-lower signal amplitude in both cases Bi and B2.

The results shown clearly illustrate the controllability of the
coherent wave instability through proper choice of the frequen -
cy spectrum and amplitude of the input signals. While the
instability manifests itself in a complex manner, its properties
can be measured with high accuracy through the use of con-
trolled wave-injection from the ground. Thus, active wave-in-
jection experiments are valuable tools for testing theoretical
models as well as for developing new understanding of these
phenomena. These experiments on coherent nonlinear wave-
particle interaction are helping us to understand naturally oc-
curring electromagnetic wave (e.g., chorus) in terrestrial and
planetary magnetospheres. They may also lead to the develop-
ment of ground-based tools for measuring the energetic particle
distributions in the magnetosphere.

The Siple/Roberval experiments are supported by the Divi-
sion of Polar Programs of the National Science Foundation un-
der grants DPP 80-22282 and DPP 80-22540.
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occasion are amplified, generate sidebands and trigger VLF
emissions. The experiments were carried out during the peri-
ods of May-August 1982 and September-December 1983, when
the Dynamics Explorer-1 (DE-1) spacecraft was in an almost
field-aligned orbit with apogee (-4.6 Earth radii) close to the
geomagnetic equator. As depicted in figure 1, these experi-

SIPLE/DE-1 VLF WAVE INJECTION EXPERIMENT

PARTICLES

Introduction. A large fraction of the wave energy radiated from
a ground-based very-low-frequency (VLF) signal source such as
the experimental transmitter at Siple Station, Antarctica propa -
gates in the magnetosphere in the non-ducted mode. These
waves, propagating at an angle to the static magnetic field, are in
general not observed at ground stations but are readily ob-
served on satellites. Study and understanding of non-ducted
waves is important for assessing the overall effect of ground-
based signal sources as well as for possible future experiments
involving in situ transmissions.

In this context the Siple/Dynamics Explorer-1 VLF wave-injec-
tion experiments were aimed at studying the propagation, am-
plification, and emission triggering by non-ducted VLF whistler
mode signals. Results indicate that the injected signals, while
propagating in the magnetosphere in the non-ducted mode, on

*
DE-I

ES

WAVES

Figure 1. Schematic showing the components of the Sipie/DE-1 VLF
wave-injection experiments.
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ments employed VLF waves (1-6 kilohertz) injected from the
Siple Station (L'4.3) transmitter; observations of these signals
as well as those of natural origin were made with the Stanford
University Linear Wave Receiver (LwR) on the DE-1 satellite
operating in the 1.5-16 kilohertz range. In most cases, we
monitored the satellite data in real time for the purpose of
optimally selecting the receiver modes as well as the frequency
and format of the injected waves. Simultaneous broadband data
were also collected at ground stations at Roberval, Quebec,
Canada (conjugate to Siple) and Palmer, Antarctica (L--2.3). (L,
finesare geomagnetic field lines which extend at their apex to
the number of geocentric Earth radii indicated.) Real-time com-
munications between Stanford and other sites (Siple, Palmer,
Roberval) were maintained through an ATS-3 satellite link.

Ground-satellite observations. Figure 2 shows the simultaneous
reception of Siple transmitter signals on the ground at Roberval
and on the DE-1 satellite. The bottom panel shows the fre-
quency-time format of transmissions, the middle panel the dy-
namic spectrum of the signals received on DE-1 using the mag-
netic antenna, and the top panel the spectrum of the received
signal at Roberval. The records are aligned in absolute time so
that the ground-to-ground and ground-to-satellite time delays
can be clearly seen. In this case the transmitter signals (frequen-
cy ramps) were first seen on the satellite, then at Roberval and
then again on the satellite, probably as a result of reflection from
the lower ionosphere. This process, involving direct non-duct-
ed propagation to the satellite as well as reflections following
initial propagation in duct(s) may be an important means by
which waves that are amplified and/or generated in ducts can
propagate out and populate the magnetosphere. Detailed study
of the Siple signal propagation modes up to the satellite indicate
that the measurements of non-ducted transmitter signals can be
used as a means to diagnose the magnetosphenc cold plasma
distribution (Rastani, man, and Helliwell in preparation).

Emission triggering by Siple transmitter signals. Figure 3 (left)
shows the triggering of a rising emission by the injected Siple
signals. The lower panel shows the transmitted format and is
aligned in absolute time with the dynamic spectra of the signal
received on DE-1 as shown on the upper panel. The time delay
for the first arriving signal components is found to be approx-
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Figure 2. Simultaneous reception of Sipie transmitter signals at
Roberval and on DE-1. The bottom panel shows the transmitted
format. All panels are aligned in absolute time.

imately 1.4 seconds, but the apparent elongation of the pulses
indicates the presence of signals arriving over more than one
path. Only one of the transmitted frequencies is amplified and
triggers an emission while the others do not show any evidence
of amplification. 'This result demonstrates the frequency selec-
tivity of the triggering process. The triggered emissions last
much longer than the stimulating pulse.

While emissions triggered by non-ducted signals from higher
power VLF navigation and communication transmitters have
been observed (Bell, man, and Helliwell 1981; man and
Helliwell 1982), such events triggered by Siple signals are rela-
tively rare. This and the facts that (1) ducted Siple signals
observed at Roberval are found to be amplified and (2) they
trigger emissions more often than those observed on the satel-
lite suggest that the threshold for emission triggering by non-
ducted signals may be higher than that for ducted signals.

DE-1 (LWR)

>m 18.2°N, L4.28, 4)9:73.14°W

032900	0329:20	 23 SEP 83
286

2.86-

2.30 - 	T.

1.86-
0	10	20	30	40	50	60

sec
Sec

Figure 3. (Left) Emission triggering by SIple signals received on DE-1. The lower panels show the transmitted format aligned In absolute time
with the dynamic spectra shown in the upper panels. (Right) Sideband generation by Sipie signals received on DE-1. The lower panels show the
transmitted format aligned in absolute time with the dynamic spectra shown in the upper panels.
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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

230	 ANTARCTIC JOURNAL




