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VLF Wave Stimulation Experiments in the
Magnetosphere from Siple Station, Antarctica

R. A. HELLIWELL
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The Earth’s magnetosphere is host to remarkable very low frequency (VLF) electromagnetic
signals of natural origin. One of these, called a whistler, originates in lightning. Others, such as
hiss and chorus, originate within the plasma itself. They are important for at least three reasons.
First, they reveal the properties of the plasma through which they travel and thus can be used as
remote sensing tools. Second, their high intensity and narrow bandwidths indicate the presence
of a previously unknown kind of wave particle interaction that converts the kinetic energy of
charged particles to coherent electromagnetic radiation. This process is called the coherent wave
instability (CWI). Third, energetic charged particles are precipitated into the ionosphere through
resonant scattering by these same waves, causing enhanced thermal ionization, X rays, light, and
heat. To better understand and use the CWI, controlled VLF signals have been injected into the
magnetosphere from Siple Station, Antarctica and received on satellites and near the conjugate
point in Quebec, Canada. In addition to reproducing many puzzling natural phenomena, these
experiments have provided critical new data on the CWI, laying a foundation for various theories
and computer simulations. ey findings are as follows: 1) Coherent VLF signals often exhibit
exponential temporal growth (~ 30 dB) and saturation at levels estimated to be of order 5 pT.
2) Temporal growth requires that the input signal exceed a threshold that varies widely with
time. The probable cause of the growth threshold is in situ background noise that reduces the
efliciency of phase bunching by a coherent input signal whose intensity is comparable to the
noise level within the frequency band of the interaction (~ 100 hz). 3) Narrowband triggered
emissions can be entrained by Siple frequency ramps of different slope but of much lower (-20 dB)
amplitude. The mechanism of entrainment is not yet understood. 4) For Lwo equal amplitude input
waves spaced 20 Hz apart, the temporal growth of each component is almost totally suppressed.
For larger spacings, 40-100 Hz, the lower frequency is more suppressed than the upper. For
10 < Af < 100 Hz, unsymmetrical sidebands at integer multiples (up to seventh order) of Af
are created, along with subharmonics. The integer sidebands are attributed to emission growth
triggered by one beat and suppressed by the next. Taken together, the spectrum of the stimulated
sidebands and sub-harmonics is thus more noise-like than the transmitted spectrum. 5) Simulated
hiss shows coalescence of selected noise wavelets into longer and stronger chorus-like emissions,
suggesting that chorus and hiss originate in the same mechanism. Future objectives of a VLI wave
injection facility include (1) new experiments on the physics of wave growth and wave-induced
particle scattering and precipitation, (2) testing of the predictions of theories of VLF wave-particle
interaction, (3) development of new techniques for remote sensing and control of space plasmas
using VLF techniques, and (4) improvements in the design and operation of VLF communication
and navigation systems.

1. INTRODUCTION

severely limits their usefulness for quantitative study, espe-

1.1. Nature of Problem

Remarkable natural electromagnetic signals, or “sounds”,
are observed in and from the Earth’s magnetosphere at very
low frequencies (VLF). One type is excited by lightning im-
pulses that are dispersed on magnetic field aligned ducts in
the magnetosphere giving rise to an audio frequency tone,
most often of descending frequency, called a “whistler”.
Whistlers together with related naturally occurring signals,
such as chorus and hiss, can be heard on long telephone
lines, or with the aid of an audio amplifier connected to
an antenna. Whistler mode signals carry “fingerprints” of
the Earth’s plasma and also its magnetic field and hence
find use as diagnostic tools for study of the magnetosphere.
Although these natural signals are truly astonishing in the
variety of their spectral shapes, their uncontrolled nature
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cially in the area of wave-particle interaction mechanisms.
The propagation of VLI waves in a magnetized plasma is
markedly affected by the dispersion and anisotropy of the
medium. In addition, as a result of Doppler-shifted cy-
clotron resonance with energetic charged particles a coherent
VLF signal can be amplified by as much as 40 dB and trigger
narrow-band emissions that are comparable in strength to
the amplified triggering signal itself. In this mechanism the
resonant elections (energies of the order of 1 to 100 keV)
give up a small fraction of their energy to the circularly
polarized whistler mode waves traveling in the opposite di-
rection. To explaiu the relatively small (~1%) bandwidth of
the stimulated radiation, it has been proposed that the in-
teraction takes place in an extended resonance region (500
1000 km in length) located near the equatorial plane, as
sketched in Figure le [Helliwell, 1967; Helliwell and Inan,
1982]. The stimulated 1adiation comes {rom electrons that
are temporarily phase-bunched by Lhe relatively high am-
plitude wave in the upstream, or output, segment of the in-
teraction 1egion. This region is in effect a giant distributed
amplifier with positive feedback from the output to the in-
put. When the gain of the feedback loop exceeds unity, the
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oscillation becomes self sustaining, and an external signal is
no longer required to maintain the output. The underlying
problem associated with these effects is to explain quanti-
tatively the mechanisms by which VLI waves interact with
the plasma. An important aspect of this effort is to design
and carry out expeiiments that can test the various mod-
els, such as that desciibed above, that have been advanced
(see Carlson [1987] for review of theories) to explain the ob-
servations. A related objective is the development of new
methods for monitoring and controlling the magnetosphere
and lonosphere, based on both the theoretical and the ex-
perimental results. Another application is the design and
use of communication and navigation systems involving the
ionized regions of the Earth’s upper atmosphere, especially
in the range 1-30 kHz.

Experiments on tle growth and triggering of narrow-band
VLF radiation in the magnetosplieie were developed as a re-
sult of a serendipitous finding that the Morse code dashes
from VLT transmitters often trigger VLF emissions [Helli-
well, 1965). To exploit this finding, a special VLF transmit-
ter was designed and operated at Siple Station, Antarctica,
from 1973 to 1977. The 1esults have provided essential new
information on the behavior of coherent VLF radio waves
that interact with both the thermal and the energetic elec-
trons in the Earth’s plasma envelope. Accounts of this early
work are given elsewhere [Helliwell and Katsufrakis, 1978].
Later work using an advanced VLT wave injection facility at
Siple Stalion is the subject of the present paper. A sketch
of the elements of these experiments is shown in Figure le.

1.2. Reasons for Interesl

Because of their sensitivity to properties of the propaga-
tion medium, whistler mode signals are useful for the study
of plasmas, especially those in space. For example, it is now
known that whistler mode signals interact most strongly
with the hot plasma when the waves are highly coherent.
Accordingly, it is convenient to use the term “coherent wave
instability” (CWI) as an operational description of the inter-
action. Since no full theory yet exists for the CWI, the the-
oretical modeling of this process is an important objective
of plasma physics. The CWI is of interest to astrophysics as
well because of the demonstrated prominence of similar phe-
nomena in the magnetospheres of other planets in the solar
system. In addition to its role in plasma physics, the CWI
has applications to the control of radiation belts. Whistler
mode waves may interact with resonant particle populations
causing scattering of these particles out of their trapped or-
bits [Inan et al., 1985]. The resulting precipitation deposits
significant amounts of energy in the ionosphere, creating en-
hanced ionization, light, and X rays. The energy flux carried
by the precipitated particles can exceed the electromagnetic
flux of the whistler mode wave by several orders of mag-
nitude. These effects demonstrate the importance to radia-
tion belt physics of VLF waves injected from ground sources,
such as lightning and VLF tiansmitters. Even the world’s
power grids have been found to influence the triggering and
growth of magnetospheric VLF waves.

A method of remote sensing of the cold (i.e., thermal)
plasma concentration is based on the dispersion properties of
whistlers and VLF transmitter pulses [Carpenter and Park,
1973; Carlson et al., 1985]. The energetic components of the
plasma can be sensed through the amplification of the in-
Jected waves and the properties of the associated triggered
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emissions. Although the mechanisms of such interactions
are not yet fully understood, it seems likely that the CWI
could become a powerful new tool {for the measurement of
various parameters of the hot plasma population in the mag-
netosphere.

Another area to which the CWI can be applied is radio
communication. One obvious use, which has yet to be de-
veloped in practical form, is the amplification in the magne-
tosphere of coherent VLF radio signals. It has been demon-
strated that under appropriate conditions the power of VLF
waves injected from the ground can be increased by a factor
of 10® or more after passing through an interaction region
near the equatorial plane. Another application relates to the
background noise in the VLF band. Natural whistler mode
signals such as chorus and hiss are generated at middle-to-
high latitudes through interactions with energetic particles
in the magnetosphere. Such signals often dominate the VLT
noise spectrum in polar regions, both in the magnetosphere
and on the ground below. The result is that the signal-to-
noise ratio in a VLF communication circuit whose receiver
is located in a polar region is often limited by naturally gen-
erated signals from the magnetosphere. In designing com-
munication circuits for maximum signal-to-noise ratio it is
important to know the distribution in time and space of
natural background noise as well as its spectral form.

A further effect of the CWI on communications is the dis-
turbance of radio circuits from ELF to HF by wave-induced
particle precipitation in the D and E regions of the iono-
sphere. An example is the whistler-induced “Trimpi” effect,
a sharp change in signal stiength and phase over a period of
less than a second followed by a 10-70 s recovery to predis-
turbance levels. Such perturbations can reduce the signal-
ing efficiency of communication circuits and the accuracy of
phase navigation systems [Inan et al., 1985].

1.3. Purpose, Scope, and Experimental Method

The purpose of the experiments described in this paper
is to determine the properties and generation mechanisms
of whistler mode emissions in the magnetosphere. The ex-
periments cover the frequency range from 1 to ~6 kHz and
are carried out between Siple Station, Antarctica and its
conjugate “area”, including Roberval and Lake Mistissini,
Quebec, as shown in Figure la. Input waveforms include
CW, AM, FM, sideband, and noise simulations. Each sig-
nal format is repeated at appropriate intervals in order to
remove temporal variations from the results. Observations
at Siple Station of natural whistlers and emissions are used
to locate the frequency band of maximum activity Formats
include frequency ramps to aid in defining the propagation
path. Key-up periods are introduced to reduce interference
from echoes. The received signals are recorded on magnetic
tape at the conjugate station. A stable pilot signal is also
recorded with the Siple signals to permit recovery of the
phase of the received signals.

1.4. Why Antarclica?

Siple Station, Antarctica, located at the base of the
Antarctic peninsula, may seem an odd location at which
to place a powerful (>100 kW) transmitter. Because of the
considerable logistics expense in maintaining Siple Station,
it is important that the reasons for this choice be under-
stood. The first reason has to do with the fact that Siple
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Fig.1. Elements of field-aligned whistler mode wave injection experiments between Siple Station, Antarctica (SI),
and Lake Mistissini, Quebec, Canada (LM). A 1-s pulse (lower right) from SI is received at LM (upper right)
after propagation along two ducts in which wave growth and triggering of rising emissions occurs. A VLF receiver
located at Palmer (PA) provides data on low L shell whistler mode paths and on subionospheric propagation from

Siple Station.

Station is located near the average posttion of the plasma-
pause (L = 4), a critically important boundary in the mag-
netosphere. It is here that the concentration of thermal
electrons drops rapidly with radial distance by one to two.
orders of magnitude and where natural wave-particle inter-
action is prevalent. A second reason is the requirement that
the conjugate point to the transmitter be readily accessible.
The final, and perhaps most important, requirement is that
radiation of the necessary power levels at these very low
frequencies be economically feasible. At 3 kHz, a common
operating frequency, the free space wavelength is 100 km.
At most mid-latitude locations, where the ground is highly
conducting, an antenna of the required size is difficult to
build. To get reasonable efficiency (1-5%) from a horizontal
antenna, it is necessary for the structure to be an appreciable
fraction of a wavelength above the conducting ground. The
thick (~2 km) Antarctic ice sheet provides enough elevation
above the conducting rock for this purpose [ Raghuram et al.,
1974]. Tt has been estimated that were the locations of the
transmitter and the receiver to be interchanged, the power
required from the transmitter would increase by roughly a
factor of 100. The cost of equipment and fuel for such a facil-
ity would greatly exceed that for the present 150-kW trans-
mitter. An alternate structure not requiring an ice sheet is
the balloon-supported vertical antenna. Short-term experi-
ments of this type have been successfully carried out between
Alaska and New Zealand [Dowden et al., 1978]. However,
such experiments are limited to periods of good weather and
the need to avoid interference with air traffic in the vicinity.

For these reasons, only limited data have been obtained by
this method.

To summarize, the primary requirements for these VLF
wave injection experiments are (1) proximity to the plasma-
pause at L = 4, (2) an accessible conjugate point, and (3)
adequate radiated power. Study of a world map, with ice
thicknesses shown, reveals that West Antarctica uniquely
meets all three conditions. The Greenland ice sheet is too
high in geomagnetic latitude and there are no other signifi-
cant ice sheets near L = 4.

The West Antarctic region where Siple Station is located
has two additional advantages. The first is the low level
of local noise resulting from the absence of thunderstorms
on the Antarctic continent. The second is the high level
of lightning activity in the conjugate region which provides
many whistlers for comparison with man-made signals from
the Siple transmitter. The whistler itself is used to measure
path latitude and cold plasma concentration and further-
more plays a role in the generation of background noise such
as hiss and chorus. Thus the natural phenomena that are
prevalent at Siple Station add greatly to the value of that
location.

The location of the Siple Station conjugate point is shown
in Figure la. Two receiving locations are marked, one at
Roberval and one at Lake Mistissini. The star represents
the magnetic conjugate point to Siple Station as calculated
for the year 1986 [Stassinopoulis et al., 1984]. The conjugate
point has been moving slowly to the northwest since the first
experiments were made in 1973. Partly for this reason it has
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been desirable to move the receiving location closer to the
conjugate point as shown. A more important reason is the
need to reduce interference from nearby power lines. The
addition of new power distribution systems from Canada to
the United States has raised the noise level at Roberval to
a point where it is not possible to get good quality records
at the lowest frequencies (f < 3 kHz).

1.5. Satellite Observations

An important component of the Siple wave injection ex-
periments has been the support provided by various satel-
lites, such as Explorer 45 (USA), IMP 6 (USA), EXOS-B
(Japan), ISEE 1 (USA), ISIS 1 (Canada), ISIS 2 (Canada),
and DE 1 (USA). Correlative data from these satellites
have been used to determine the characteristics of the in-
jected waves and energetic particles in the ionosphere and
magnetosphere, and to establish the importance of coherent
whistler mode waves to magnetospheric wave-particle inter-
actions [Bell et al., 1981, 1983a, b, 1985; Inan and Helliwell,

1982; Kimura et al., 1983; Sonwalkar et al., 1984; Sonwalkar

and Inan, 1986; Rastani et al., 1985]. A review of the ob-
servations of Siple signals by satellite is beyond the scope of
the present paper, and the reader is referred to the above
referenced works for details. A review of DE 1 satellite ob-
servations during Siple Station experiments can be found in
a recent article by Gurnett and Inan [1988).

1.6. Most Significant Results

Perhaps the most significant finding thus far from these
experiments is that signal growth increases as the signal
bandwidth is reduced [Helliwell et al., 1986b]. The mech-
anism of growth (CWI) exhibits at least seven distinct fea-
tures, including (1) exponential temporal growth, (2) sat-
uration, (3) emission triggering, (4) a threshold for onset
of temporal growth, (5) suppression of growth by adjacent
signals, (6) sidebands, and (7) entrainment. With few ex-
ceptions these properties can be measured only with con-
trolled transmissions. The first hints as to the nature of
the CWI were obtained {rom observations of Morse code
signals from VLT transmitters which showed triggering by
dashes (150 ms) but not by dots (50 ms). However the in-
ability to control the frequency, power and modulation of
these signals greatly limited such experiments. With the
aid of the Siple transmitter, 1eproducible quantitative data
on the nonlinear properties of the CWI have been obtained.
Although the seven features noted above have been defined,
their temporal behavior, their relations to one another, and
their connection to the energetic particle distribution func-
tion have yet to be established. Thus there is much more to
be learned from future experiments. In the meantime the
available data are providing guidance to theoretical efforts
aimed at modeling the observed processes. Current analyt-
ical and computer-based simulation models have been only
partially successful in explaining the seven features listed
above. Both experiment and theory will continue to play
essential roles in the effort to reach a full understanding of
the CWI.

1.7. Plan of Paper

The remainder of this paper is divided into four sections,
including (1) the experimental method, (2) observations and
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their interpretations, (3) discussion of the main results and
generalizations including comparison with theory, and (4)
future directions for research. Mathematical details are
omitted for ease of reading, but can be found in the ref-
erences provided. It is intended that this paper constitute
a topical review of these particular experiments with indi-
cations of where interesting problems exist and how they
might be solved. An exhaustive review of the literature is
beyond the scope of this paper.

2. EXPERIMENTAL METHOD

2.1. Equipment

The critical component of the CWI experiments is the
transmitter. To meet the requirements of adjustable power,
frequency, and modulation, an entirely new transmitter
(called Jupiter) was constructed and placed in service in
1979. Surplus equipment from an Omega station provided
the starting point for this transmitter, which includes pro-
vision for flexible modulation of two independent frequency
synthesizers. Its predecessor, the so-called “Zeus” transmit-
ter [Helliwell and Katsufrakis, 1978], which could only be
modulated in frequency from a single synthesizer, provided
data between 1973 and 1978.

A further improvement in the Siple Station facility was
made in 1986, with the addition of crossed dipoles for the
generation of variable polarization, depicted in Figure lc.
To provide for the excitation of the crossed antennas the
Jupiter transmitter final amplifier was split into two parts,
each with a push-pull output stage. These output stages are
driven by separate exciters which in turn can be driven in
common by one or two frequency synthesizers. One channel
can be shifted in relative phase to permit the generation of
any desired transmitted polarization. A photograph of the
transmitter front panel as it now exists is shown in Figure
2. The functions of the transmitter are represented by a
simplified block diagram shown ir Figure 3. All modulation
functions are under computer control.

The output of each transmitter channel is coupled to its
antenna through an oil-filled output transformer together
with appropriate tuning elements. Manually adjustable in-
ductors and capacitors are used to set the resonant {requency
of the antenna system to the center of the band of interest.
Because of the relatively high @ of the antenna it is neces-
sary to retune the antenna when the [requency is changed
more than about 20% if a reasonable power output is to be
achieved. In practice, the antenna power is close to maxi-
mum over a 500-Hz range centered on the resonant frquency
as shown in Figure 4. The dashed curve shows the radiated
power in decibels relative to an ideal antenna assuming the
antenna is tuned to resonance. The three solid curves show
the response of the antenna relative to the center frequency
when the frequency is changed without altering the tuning.
These three solid curves define the bandwidth of the antenna
and determine the appropriate trade-off between power and
bandwidth in sweep frequency experiments.

An important operational advantage of the crossed di-
poles is that more power can be injected into the magneto-
sphere using right circular polarization. With linear polar-
ization the antenna puts half of its power into the left-hand-
polarized wave, which does not propagate in the ionized
medium. Thus with right circular polaiization the power
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Fig. 2. Control panel of Jupiter stereo 150-kW transmitter.

that can be injected into the magnetosphere overhead is 3
dB (a factor of 2) greater than for a linear antenna.

An example of the response of the magnetosphere to left-
hand and right-hand polarization is shown in Figure 5. In
each case the transmission consists of a single carrier for the
first second and two carriers for the second second. This
combination was transmitted twice for each of the two cir-
cular polarizations. Asshown in the sketch in Figure 5d, the
left-hand polarization (looking up) will be attennated in the

ionosphere. Right-hand polarization will propagate without
loss. Linear polarization would be transmitted with a 3-dB
loss because half the power would go into the left-hand wave
and half into the right-hand wave, accounting for the 3-dB
advantage of right-hand over linear. Here we ignore the loss
due to reflection at the relatively sharp lower boundary of
the ionosphere.

The results of the right-hand/left-hand comparison are
shown in Figures 5¢ and 5b. Here we see the onset of the

Control and Status Information Power Status
Computer [ =>{Control k~
Intertock
Control Control Status East West
\/ N s
h er o4 Mixer Variable Tuning
SISynthesiz N Mol
and hase
Attenuaton Shifter 1€
Phase .
Control Lock Swi tches
Status
> nthesizer
| ” 90 k l
W
o{Ampli fier - Lunti‘nqk North
e [ v

Fig. 3. Simplified block diagram of Jupiter transmitter components.
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signal, near ¢t = 2 s, with an input intensity of about 17 dB
for right-hand polarization. The input intensity for the left-
hand polarization is close to the noise level and is estimated
to be 4 dB. The difference, 13 dB, in the input strength,
is in qualitative agreement with the predictions of magne-
tolonic theory. For the right-hand case the input signal is
clearly above threshold as demonstrated by the roughly ex-
ponential temporal growth up to a saturation level of about
35 dB. Suppression of the saturation level of about 23 dB is
observed when the upper carrier is turned on at 30 Hz above
the lower carrier. Each pulse produces comparable results.
For left-hand polarization there is no growth or triggering,
indicating that the input level is below the threshold for
growth.

An interesting aspect of multipath excitation by the cross
1s that as the power is increased more paths reach threshold
and more total energy is injected into the magnetosphere.
Wave-induced precipitation should therefore increase simply
because more ducts have been excited above their thiesh-
olds. It has been found, for example, that the rms value of
the output for right-hand polarization can be as much as 10
dB higher than that for linear polarization, as a result of the
addition of more amplified ducted signals for the right-hand
case.

The crossed dipole array is also used in the study of Earth-
ionosphere waveguide propagation. For example, a constant
amplitude linear polarization can be rotated in direction
while observing the received intensity at Palmer, Halley, and
South Pole [Carpenter et al., 1988].

The receiving system is relatively simple compared with
the transmitter and its antenna. At the receiver the main
purpose of the antenna is to raise the external signal above
the equipment noise level. The present system consists of
two delta-shaped crossed loops mounted on a central 30-

foot-high (~9 m) support with a base of 60 feet (18.3 m).
These two mutually perpendicular antennas can be used for
direction finding. In normal single-channel recording, one
antenna is selected for minimum power line interference. A
preamplifier at the base of the antenna boosts the received
signal to an appropriate level for transmission to the record-
ing equipment in the station. The receiving system includes
provision for time marks, amplitude and frequency calibra-
tion, and automatic program control. In general, at most
locations, it is necessary to provide either slot filters or low-
pass filters to protect equipment against overload from pow-
erful VLF transmitters. On the other hand, it is desirable
to permit certain VLF signals to be recorded on the tape for
their timing information. Normally, the transmitter and the
receiver are kept synchronized to within 2-3 ms with the aid
of a stable local frequency standard. However, in cases of
doubt it is important to check the accuracy of relative timing
between transmitter and receiver using independent sources
such as WWV, Omega signals, or commonly recorded atmo-
spherics.

Efficient analysis of the tape-recorded data requires a real-
time spectrum analyzer. Its output is called a dynamic spec-
trum in which the amplitude is measured as a function of
both time and frequency. To be effective, the dynamic anal-
ysis technique must employ filter bandwidths that are ap-
propriate to the rates of change of frequency of the signals
of interest. Thus flexibility in the choice of the filter band-
width is needed. The two analog units that supply many
of the illustrations shown in this paper are the Ubiquitous
and Spectral Dynamics analyzers. Another spectrum anal-
ysis technique which is also used in some of the illustra-
tions in this paper is based onr the digital analysis of the
tape-recorded analog data. The digital method, employing
a fast Fourier transform, has the advantage of more flexi-
bility in postanalysis processing and currently provides the
only source of information on the phase of the signal.

Because of the limitations of dynamic spectrum displays
of the type shown in Figure 1f, it is useful to be able to ob-
tain the inlensity as a function of time of an emission whose
frequency changes slowly with time. This is done by using
a tracking filter which follows the changing frequency of an
emission so that its amplitude can be measured as a function
of time. By combining the results from the tracking filter
witl those obtained simultaneously from the dynamic spec-
trum analysis, it is possible to obtain most of the important
features of a transient signal.

2.2. Methodology

Althouglh the experiments to be described in this paper
are in some respects similar to fully controlled laboratory
experiments, there are significant differences which must be
taken into account. While the frequency, power, polariza-
tion, and modulation are specified by the experimenter, the
parameters of the medium of propagation are variable and
not controllable (at least at the present time). The ground-
based experiments depend on the presence of suitable ducts
(field-aligned enhancements of the thermal plasma), located
at different latitudes and longitudes, which trap the input
waves and guide them to the conjugate point where they can
be received on the ground. Furthermore, since these a1e pri-
marily active experiments, there must be enough energetic
particles present in the magnetosphere to produce growth
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Fig. 5. Effect of transmitted polarization on whistler mode signals. (a) Spectra of signals received at Lake
Mistissini, showing at left the magnetospheric response to right-hand-polarized signals and at right the response
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mitted frequency of 3.48 kHz, showing a 30-dB difference in received signal level between the two polarizations.
(c) Transmitted format, showing the use of a second signal to suppress temporal growth. (d) Diagram of the
polarization experiment, and the conditions of overhead ionospheric excitation expected from theory. '

and triggering. In addition, growth and emission triggering
are believed to depend critically on the background noise
level in the magnetosphere. As will be shown, the pres-
ence of other whistler mode signals, including those from
the transmitter, can suppress growth of a test signal. If
strong hiss and chorus are present, it may not be possible to
radiate enough power to exceed the threshold for growth of
the Siple signals. Thus the present experiments are critically
dependent on timing as well as the choice of frequencies.
The optimum frequency range depends on conditions that
vary with time. For ducts close to the transmitter (at
L = 4.3) the most active {requencies fall in the range of
2-4 kHz. Sometimes the band of frequencies over which
growth occurs is only a few hundred hertz wide. Thus it

is necessary before carrying out an experiment to first find
the active band and ther to set the transmitter appropri-
ately in frequency. As a general rule the two or three days
of quieting following a significant magnetic disturbance pro-
vide good conditions for growth {Carpenter and Bao, 1983].
Experience shows that by using natural VLF emissions and
K data as a basis for performing experiments, good results
can be expected on 40-50% of the selected periods. Over a
given year the number of days with excellent data may be
a dozen or so and usable data may be obtained on many
more. Thus the development of good criteria for selecting
periods of transmissions becomes an important feature of
experiment design.

Signal formats are tailored to each experiment. Wave-
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forms include long and short single pulses, amplitude ramps,
frequency ramps, and multifrequency signals. Formats must
be repeated enough times to remove the effects of temporal
variations. Other requirements include avoiding the effects
of echo suppression and multipath. Echo suppression occurs
when the echo of one transmitted signal passes through the
interaction region at the same time as the next test pulse.
The echo generally.suppresses the growth of the new signal
when their frequency separation is less than 100-200 Hz. In
order to eliminate or minimize echo suppression, the dura-
tion of the test signal is limited to 5 s and is not repeated on
the same fiequency for another 7 s, giving a total cycle time
of 12 s. During the 7-s off period the transmitter signal may
be moved to a second frequency such that its echoes do not
interfere with the primaiy signals on the fiist frequency.

Multipath effects are more difficult to control. There may
be four or five, or more, paths excited simultaneously by a
single pulse producing four or five separate echoes at the
receiver, each exhibiting different growth, saturation, and
triggering behavior. An effective way to minimize interfer-
ence between signals on different paths is to use frequency
ramps, with slopes high enough to separate the individual
paths. Frequency slopes of 1-2 kHz/s are commonly used.
At higher slopes the signals show reduced growth and trig-
gering. For single-frequency experiments where the growth
rate, the saturation level, and the triggering properties are
important, the best situation is a single path or one promi-
nent path on which the signals are much stronger than on
other competing paths.

An interesting aspect of formatting relates to the so-called
threshold effect, which is the signal level above which growth
and triggering can occur. Generally speaking, each path has
its own threshold, which can vary with time. Thus it is pos-
sible to set the transmittcd power such that only one path
exhibits growth and triggering. However, this condition is
not readily achieved with the present technology because of
the personnel and time required to relay information from
the conjugate point back to the transmitter. Ideally, a satel-
lite link would transmit the received signals back to Siple
Station in real time, allowing the operator to manually ad-
just the transmitier power output to eliminate all but one
path. This is a highly desirable objective for future con-
trolled experiments

The scheduling of formats is an important factor in ob-
taining good data. Generally, it is desirable to obtain at
least three independent samples of each measurement. On
the other hand, since the unusually good days occur rather
infrequently, it is useful to bundle formats into packages so
that several experiments will be performed together on a
good day. Thus there is a trade-off between the number of
repetitions of any one experiment and the number of ex-
periments that will be run during an active period, which
typically lasts for 2-3 hours.

The method of experimentation described above applies
mainly to ground observations at the conjugate point.
Other experiments involving subionospheric propagation
and transmissions to satellites have somewhat different re-
quirements. For subionosphere transmission the conditions
are much less restrictive and are related mainly to the degree
of magnetic disturbance and the time of day. Transmissions
to satellites, on the other hand, are highly orbit dependent
and are scheduled on the basis of proximity of the satellite
to the transmitter as defined by the ray path. Real-time
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control of the transmitter based on observation of the spec-
trum telemetered from the satellite to the ground is highly
desirable. This technique has been developed as part of the
Siple Station DE 1 satellite program. It has permitted the
transmitter frequency to be set optimally with respect to in
situ noise bands which reduce the signal to noise ratio.

3. EXPERIMENTAL OBSERVATIONS
AND THEIR INTERPRETATION

Because the results in these experiments depend on the
spectrum of the transmitted signal, they have been grouped
according to modulation format. In the first group are the
single-frequency step function pulses of roughly 50 ms or
greater duration. Second are step function signals in which
the frequency varies slowly with time, as in a frequency
ramp. In the thiid group, multiple frequencies are trans-
mitted simultaneously in the form of amplitude modulation,
frequency modulation, or two or more independent carriers
added together A subset of the third category is noise sim-
ulation in which random noise is approximated by means of
an FM transmission with randomly chosen sequential fre-
quencies.

3.1. Single-Frequency Behavior

A step function single-frequency pulse may produce ex-
ponential temporal growth, saturation, and triggering, as
shown in Figure 1f. If, however, the radiated power is re-
duced below a critical value, both growth and triggering
cease. The critical level is called the “threshold” for the on-
set of growth. It is a fundamental property of the coherent
wave instability and dctermines the transmitter power re-
quired to carry out experiments on the CWI. An example of
the threshold effect is shown in Figuie 6b. Here a 3-s pulse
begins at 30 dB below peak value, ramping up to full power
1.5 s later, as shown by the solid curve in Figure 6b. The
received signal, shown by dots, at first follows the transmit-
ted intensity except for a periodic pulsation in its intensity
at a frequency of about & Hz. (This eflect is attributed to
the beat between the received Siple pulse and a local power
line harmonic.) As the transmitted amplitude approaches
its peak value, the slope of the received amplitude abruptly
increases to 110 dB/s, reaching saturation after 23 dB of
growth. Just after saturation is reached, the signal trace
broadens in frequency (see Figure 6a), and the average fre-
quency begins to rise rapidly with time. The frequency of
this triggered “riser” reaches a maximum value of 4.7 kHz
and then starts to fall just before it abruptly terminates. In
the meantime the signal from the carrier filter, shown in Fig-
ure 6b, falls to a value below the unamplified level, which is
just above the threshold. In about 100 ms it recovers to the
unamplified level, after which it grows at the same rate (110
dB/s) as before, reaching the same saturation level as before.
This process is repeated again, giving three sequences of ex-
ponential growth, saturation, and triggering. The fourth
riser is attributed to an additional triggering event caused
by termination of the applied pulse.

A key feature of growth and triggering in single-frequency
experiments is the phase behavior shown in Figure 6¢. (Each
of the sharp jumps in the phase up to ~1.5 s is the result
of a sferic (seen on the top panel as a vertical line) that
resets the phase reference.) As the threshold is crossed at
~1.7 s, the phase begins to advance parabolically with time,
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Fig. 6. Threshold effect. (a) Dynamic spectrum of a 3-s pulse
transmitted from Siple Station and observed at Lake Mistissini.
(b) Araplitudes of transmitted pulse (solid line) and received pulse
in a 100-Hz bandwidth centered on carrier at 2830 Hz. (¢) Phase
of received signal; phase jumps are caused by sferics (vertical
lines in Figure 6a) that perturb the local phase reference signal

[Paschal and Helliwell, 1984].

corresponding to a linear increase in frequency of ~35 Hz/s.
Just after saturation is reached, the phase (and frequency)
rise more rapidly, and the emission is said to have begun.
(Prior to this point, the stimulated component of the signal
is sometimes referred to as an “embryo” emission [Dowden
et al., 1978].) Phase advance, in general, accompanies tem-
poral growth of the signal but has not yet been predicted in
any published theory.

The effect of the threshold on multipath growth and tiig-
gering is illustrated in a different way by Figure 7. The
format shown at the bottom of the figure is transmitted at
different power levels which are held constant throughout
each transmission. A peak power of 24 kW is transmitted
in the top panel; multipath propagation is seen on both the
rising and the falling ramps, with four paths being readily
apparent. As the power input is decreased, the width and
complexity of the received signal pattern decreases corre-
sponding to progressive dropouts of the weaker paths. Thus
at 1.5 kW all paths but one have dropped out. At 0.6 kW
there is no temporal growth and no triggering of emissions
on any path, only a reproduction of the applied signal. Thus
the transmitter power threshold for growth on the most ac-
tive path must lie between 0.6 and 1.5 kW. The actual tran-
sition from zero to full growth rate is best defined by the
amplitude ramp of Figure 6 and is about 2 dB. It has been
suggested that the threshold effect is the result of the applied

signal being too weak to control the phase bunching process
in the presence of the in situ background noise [Helliwell et
al., 1980].

Saturation is usually accompanied by broadening of the
spectrum and often by a band-limited impulse (BLI), as
shown in Figure 6, just before the second triggered riser.
However, when the signal terminates before triggering oc-
curs, it is usually observed that in addition to a BLI a falling
tone is triggered at the end of the pulse (e.g., Figure 19).
Such emissions are described by the term “end-triggering”
or “termination triggering”. In virtually every case of end
triggering, the frequency first rises rapidly, reaching an offset
of up to 100 Hz. It may then continue to rise, more slowly,
but usually holds constant for a brief period and then falls.

Another form of end triggering occurs when a gap is in-
serted in a constant frequency pulse. An example is shown
in Figure 8 in which a 10 ms gap was introduced at 400
ms into a 1-s-long pulse. A BLI and one or two risers are
created in the gap. These risers start close to harmonics of
the Canadian power grid, at 5.1 kHz and/or 5.16 kHz. It is
noteworthy that no falling tone was generated as is usnally
the case at the end of a pulse. On the other hand, the BLI
closely resembles the BLIs that occur at the end of a pulse.
It is postulated that the mechanism for the BLI is the same
in both cases but that the frequency change of the contin-
uing emission is affected by the presence or absence of the
carrier signal at the end of the 10-ms gap.

The effect of gap duration on end triggerring is illustrated
in Figure 9, where the gap duration is varied from 10 to 130
ms. Each gap excites a perturbation but no falling tone oc-
curs until the gap duration equals or exceeds 100 ms. For
shorter gaps the emission is unable to pass through the gap
because the carrier reappears too soon, entraining the emis-
sion as it attempts to cross the carrier frequency.

3.2. Frequency Ramps

A phenomenon called second-order resonance has been in-
voked to explain the growth of coherent waves. An electron
is in second-order resonance at the point where the second
time derivative of the phase of its perpendicular velocity
with respect to the wave fields is zero. This point has been
called the “phase equator” [Helliwell and Inan, 1982]. It
has been found that when the frequency of the applied sig-
nal is slowly varied, the condition for second-order resonance
still applies (with certain restrictions) if the phase equator is
shifted appropriately in latitude [Helliwell, 1970; Carlson et
al., 1985]. The reason for this behavior is that the parabolic
increase in gyrofrequency with latitude for low pitch angle
particles causes the Doppler-shifted wave frequency as seen
by these particles to be related to the local gyrofrequency
in the same way at all locations regardless of df /dt as long
as the latitude and the pitch angle are both small. For ex-
ample, a 1-kHz/s ramp shows roughly the same growth and
triggering properties at a point (the phase equator) about
2000 km downstream from the magnetic equator as a con-
stant frequency ramp shows on the magnetic equator. Be-
cause growth generally varies with frequency, the conditions
may not in actuality be the same. Also, the resonant elec-
tron energy increases with latitude, usually causing some
reduction in growth rate.

Frequency ramp behavior is shown schematically in Fig-
ure 10. The transmitted signals, both rising and falling, are
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shown in the upper left, below which are the received sig-
nals as they would be dispersed in a model magnetosphere.
The slower ramps show triggered emissions which rise above
the frequency of the exciling signal and reach approximately
the same cutoff frequency. The faster ramps generally are
weaker at the receiver, and their f—¢ traces show more pro-
nounced evidence of dispersion. The circled numbers on the
diagram, 1-5, indicate dispersion, lower cutoff, saturation,
emissions, and upper cutoff, respectively. The upper cut-
off, in many cases, is associated with a ducting property of
field-aligned enhancements of the thermal plasma in which
whistler mode energy is trapped only at frequencies below
one-half the local gyrofrequency [Helliwell, 1965]. Thus sig-
nal energy above half the minimum gyrofrequency along the
path will become detrapped, in most cases, and hence will
not be received at the ground. "Exceptions, called “super
whistlers”, are sometimes seen pear the plasmapause [ Bern-
hardt, 1979].

Ilustrating the idealized ramp relationships described
above is the set of observed spectra shown in Figure 11.
The slower ramps show the most growth and triggering of
emissions. It will be noted that the triggered risers reach
about the same maximum freguency, close to the duct cut-
off frequency. As the ramp slope increases in magnitude,
both growth and triggering decrease. The decrease in ap-
parent intensity of a fast ramp is partly associated with its

short duration (not enough time for growth to occur), but it
is also dependent on the growth rate. Theoretically, this can
be explained by the fact that as the region of second-order
resonance moves away from the equator, the velocity of the
resonant electrons increases. The electron energy then rises,
and for the usual electron distribution function the num-
ber density falls oft markedly. The result is fewer energetic
electrons to provide growth.

The quantitative relations for second-order resonance for
linear ramps are given in Figure 12. These curves show
frequency versus latitude of the phase equator, parametric
in ramp slope. It is assumed that the resonant electrons
have a 30° pitch angle. For small slopes and points near the
equator it is seen that the latitude of second-order resonance
is approximately proportional to the slope of the emission.
However, for high slopes the relationship is more complex,
as the curves illustrate.

As in the fixed frequency case, slow ramps generally show
a period of growth followed by saturation and triggering, as
shown in Figure 11. In the top panel we see that triggering
occurs only for slope magnitudes of 0.5 kHz/s or less. For
the -1 kHz/s ramp there are no triggered risers, but growth
still occurs, extending down to an unusually low frequency,
~2 kHz. (transmitted slope ramp covers 1-8 kHz.) Why
does this particular ramp reach a lower frequency than any
other on the record? The answer may be that at this partic-
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a faller is triggered as in ordinary end-triggering events [Chang
and Helliwell, 1979].

ular slope, the phase advance of the emission energy was not
sufficient to produce a triggered emission, and consequently,
the amplified signal was able to remain phase-locked to the
applied ramp. The measured amplitude of the -1 kHz ramp
is shown in the top panel of Figure 13. Also shown is the
predicted relative radiated power profile based on the cal-
culated efficiency of the antenna as a function of frequency,
taken from Figure 4. At 2 kHz there is a discontinuity in the
frequency trace indicating the triggering of a faller which is
well defined down to a frequency of ~1.6 kHz.

One of the interesting features of this particular event is
the relation between the peak output signal and the esti-
mated input signal, the ratio of which reaches a maximum
of ~55 dB. The corresponding input signal strength at the
equator is estimated to be 10~3 pT. Even at such a low
field intensity, phase-locked growth is maintained, indicat-
ing that spatial growth of the order of 20-30 dB can occur
in the magnetosphere at very low input signal levels. There
has been controversy in the literature as to the level of input
signal required to excite the CWI [Matsumoto et al., 1980];
the data of Figure 13 provide evidence that nontrapped par-
ticles must be included in any model of the CWI. Models
based on resonant electron trapping typically require signal
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levels at the input to the interaction region of >1 pT, three
orders of magnitude greater than the minimum input field
estimated for Figure 13. It may be the case therefore that
any input signal can excite the CWI, provided only that
the input signal exceeds the threshold value set by ambient
noise.

3.3. Multifrequency Ezperiments

It has been stated that growth occurs preferentially on
narrow-band signals. To determine the relationship between
signal bandwidth and growth a series of experiments was
performed in which the spectrum of the transmitted signal
was broadened in different ways [Helliwell, 1983a,b]. The
methods included amplitude modulation (AM), frequency
modulation (FM), and sideband modulation (S), meaning
the use of two independent carriers closely spaced in fre-
quency. To provide an overall assessment of the output from
such a multifrequency signal, the three types of modulation
were applied so as to produce comparable spectra, an exam-
ple of which is shown in Figure 14e. For AM, modulation
was 100%, and for FM the modulation index was set to
unity. In the case of sideband modulation the two carriers
were equal in magnitude. At the conjugate point the rms
output for each of these three cases was measured, as shown
in Figure 14b. Minimum output occurs at Af = 20 Hz,
independent of the type of modulation. This result shows
that the frequency spacing, not the form of the transmitted
modulation, is the primary factor in growth. However, we
should note that dispersion alters the phasing among the
sidebands, causing conversion of AM to FM and vice versa
[Chang and Helliwell, 1980].
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An interpretation of the growth-bandwidth curve of Fig-
ure 14b in terms of second-order resonance can be developed
by considering both time and frequency domains for the side-
band, or beat case. At small Af each beat is relatively long.
For example, at 10 Hz the beat duration is 100 ms, which
is comparable with the entire growth time of a single fre-
quency pulse for high growth rates. On the other hand, for
a frequency separation of 50 Hz the duration of the beat
is 20 ms, which is short compared with either the growth
time or the transit time of an electron traversing the inter-
action region [Helliwell and Inan, 1982]. Thus for Af less
than 10 Hz each beat should approach its saturation ampli-
tude, in agreement with the data. At the higher Af values
the growth of each beat viewed in the time domain is too
small to be of importance. As Af increases, each spectral
component has access to a wider range of parallel velocities

of electrons that are unperturbed by the other component
and can therefore approach its anperturbed maximum am-
plitude. For Af > 100-200 Hz there is little interaction
between the adjacent components each of which reaches its
single-frequency saturation value.

To determine the temporal properties of suppression, we
perform another experiment, called line coupling (LICO).
Two constant amplitude carriers of equal intensity are trans-
mitted at different frequency spacings, with one of the car-
riers being switched on and off, as shown in Figure 15. In
the top panel the two carriers are spaced 30 Hz apart, and
they fade slowly in amplitude, as defined by the lower two
lines in the spectrum. There is little or no growth of the
carriers. The upper line is a sideband created by nonlinear
interaction between the two input waves, and its fading can
be seen to differ from the fading of the two injected carriers.



564 HELLIWELL: MAGNETOSPHERIC VLF WAVE STIMULATION EXPERIMENTS

TRANSMITTER WAVES —» RECEIVER
DOWNSTREAM --——ELECTRONS UPSTREAM
'O_- S geocan (=4

. © wacwn =3
~ o0 oD

&

-S0 -30

2

KHZ

-10 10 30 S0
LATITUDE (DEG)
Fig. 12. Second-order resonance relations, showing frequency
versus the magnetic latitude of the phase equator (center of in-
teraction region), parametric in ramp slope. Arrows indicate di-
rections of changes with time. Dashed curve marks focus of fre-
quencies and latitudes where the phase equator splits into two
branches, one moving up in frequency with time and the other
moving down. A 30° pitch angle is assumed [Carlson et al.,
1985].

This circumstance is explained in terms of multipath inter-
ference, a common effect in these experiments. The second
panel from the top shows the rms amplitude with its 30-Hz
beat pattern between the two carriers clearly defined.

An important feature of the LICO experiment is the re-
covery from suppression that occurs when the upper carrier
is turned off at ~55 s. The lower carrier immediately grows
to saturation, roughly 20 dB above its unamplified value;
triggering of risers then begins. This experiment shows that
recovery from suppression is essentially instantaneous, to an
accuracy of 10-15 ms.

As frequency separation is increased, the coupling be-
tween the two components is reduced, as shown in the bot-
tom two panels of Figure 15, where the frequency spacing is
60 Hz. In this case the upper component shows distinctly
greater intensity and more triggering than the lower compo-
nent. A weak upper sideband also is seen as in the previous
case. Such asymmetry in mutual suppression, which oc-
curs for the larger frequency spacings (e.g., Af = 60 Hz),
is a characteristic of these experiments. When the upper
signal is turned off, the lower-frequency signal again imme-
diately begins its return to the normal unperturbed level, as
shown by the amplitude record in the lower panel. There is
a residunal line at the frequency of the upper carrier which is
attributed to echoing of the signal on the upper frequency.
The difference in rms intensity of ~10 dB between the two-
frequency (Af = 60 Hz) segment and the single-frequency
segment is comparable to what was observed in the modu-
lation experiment illustrated in Figure 14.

The effect of frequency spacing on sidebands and growth
is further illustrated by varying the frequency spacing while

keeping the two components at the same intensity, asin Fig-
ure 16. For Af < 12 Hz, peak intensity reaches a relatively
high value, and sidebands appear up to seventh order. Such
high intensity suggests coupling between the emissions of
each beat such that each emission reinforces the next one,
possibly as the result of favorable phasing between the end
of one emission and the beginning of the next. For Af > 12
Hz, the peak output falls rather abruptly, suggesting that
the time between beats was inadequate to develop the re-
quired phase advance for coherent coupling between adja-
cent emissions. Fluctuations in the amplitude of the beat
for Af > 12 Hz is attributed to multipath fading.

A second feature of two-frequency interaction is the effect
of changing the intensity ratio of the two carriers; an exam-
ple is shown in Figure 17, where Af = 20 Hz. In Figure 17a,
two pulse sequences provide calibration for the experiment.
In the first a step function single frequency signal produces
exponential growth, saturation, and triggering. One second
later a second signal of equal amplitude is turned on 20 Hz
below the carrier, as shown in the bottom panel of Figure
17a. After the emissions damp out, the unamplified output
of the beat is clearly seen. This same sequence is repeated
in reverse beginning at 6 s. First we see the unamplified
beat pattern, similar to that at the tail end of the first seg-
ment. When the lower-frequency component of the doublet
is turned off, the remaining component grows to saturation
and triggers emissions.

The variable amplitude ratio experiment is shown in Fig-
ure 17b where the lower-frequency component is ramped
up in amplitude in the first second at the rate of 20 dB/s
and down in amplitude at —20 dB/s in the last second of
the sequence. In the first sequence, where the lower fre-
quency component ramps up in amplitude, there is substan-
tial growth at the upper frequency which saturates at 7 dB
below the peak value in Figure 17a¢. At an amplitude ratio
of ~ 12 dB, and shortly after the peak of the total out-
put is reached, there is a maximum in sideband generation,
with both first- and second-order sidebands appearing both
above and below the input carriers. The same sequence is
repeated on the down ramp except for a time delay. Thus
it appears that sideband generation is maximized when the
ratio of the two input signals is of the order of 12-15 dB.
As sidebands grow, they beat with one another, generating
more sidebands. These sidebands in turn tend to suppress
growth at the carrier frequencies. However, if one of the two
carriers is weaker than the sidebands themselves, it will be
amplified as shown in Figure 17b. Empirically, we see that
sideband amplitudes are maximized when both growth and
beat modulation are simultaneously present.

A mechanism for the generation of sidebands can be de-
duced from high time resolution spectra of the beats, such as
the experiment shown in Figure 18. Sidebands are produced
by the beat between two frequencies 20 Hz apart. As the
response time is reduced by increasing the filter bandwidth,
the time domain sequence of events is revealed. For a filter
bandwidth of 80 Hz short emissions appear between adja-
cent, beats. The magnitudes of these “interbeat” emissions
can be measured by analyzing the same data with a filter
that gives the amplitude in a bandwidth of 300 Hz, as shown
in the bottom panel. Here we see the classical beat pattern
modulated by short interbeat emissions which have intensi-
ties that are typically 6 dB below the intensity of the beats
themselves. It is these interbeat emissions, whose frequen-
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calculated radiated power profile corrected for ionospheric absorption (smooth curve). Frequency of the tracking
filter and the dynamic spectrum are shown in the middle and bottom panels, respectively [ Carlson et al., 1985].

cies and amplitudes change with time, that supply energy to
the sidebands. They allow carriers of equal amplitude to be
relatively unaffected by the triggering process. The result
is a pair of unamplified carriers accompanied by prominent
sidebands both above and below the carriers.

From the experiments just described we conclude that
the magnitude of the modulating signal can be relatively
weak and still produce significant sidebands and that these
sidebands may grow with time. In this way we can under-
stand how power line radiation, too weak to be detected at
its unamplified level, can interact with a carrier from Siple
Station to produce sidebands at integer multiples of the dif-

ference frequency. Furthermore, the 60-Hz modulation from
the power supply of the transmitter might likewise interact
with the carrier to produce sidebands that could be am-
plified independently of the carrier. An example of 60-Hz
sidebands is described elsewhere [Park, 1981]. In that case
the sideband spacing did not change when the carrier was
shifted by 10 Hz, which is consistent with the power supply
explanation.

An important class of multifrequency interaction is en-
trainment in which an injected signal from any source cap-
tures a self-excited emission by controlling its frequency. An
experiment illustrating entrainment is shown in Figure 19
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[Helliwell, 1979]. Here the self-excited emission is triggered
at the end of a 1-s-long constant frequency pulse. When the
frequency of this emission equals the frequency of the rising
ramp injected from Siple Station, the rising ramp, which is
about 20 dB weaker, entrains the emission until the ramp
terminates at its maximum frequency; a falling tone is trig-
gered at the end of the ramp. At the time of encounter there

is a weak BLI, a characteristic feature of the entrainment
process. The same process is repeated for a ramp of twice
the slope, in the right-hand diagram, although the stabil-
ity of entrainment, as measured by frequency fluctuations,
is not as high. On the other hard, it is characteristic of
most entrainment events that the entrained signal remains,
in an average sense, at or above the frequency of the entrain-
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ing signal. The entrainment experiment provides a possible
explanation for the frequent observation of cutoffs and en-
trainments at the harmonics of power line frequencies seen
in natural emissions such as chorus and whistler triggered
emissions [Helliwell and Katsufrakis, 1974]. An interesting
feature of entrainment is the fact that the amplitudes of
the free-running oscillation, the entrained oscillation, and
the pretriggering amplified signal are all approximately the
same. Thus the amplitude of spontaneous free-running os-
cillations appears to be set not by the triggering signal but
by properties of the ambient plasma itself.

A final example of multifrequency interaction, shown in
Figure 20, is the spectrum of a six-line signal formed by
100% amplitude modulation of two carriers, one at 2960 Hz
and the other at 3320 Hz. This format was designed to simu-
late power line radiation with 120-Hz spacings. The bottom
line triggers a sequence of risers each of which tends to en-
train embryo emissions on a succession of lines at higher
frequency. These data illustrate the sensitivity of the emis-
sion generation process to the presence of nearby signals.
We also note that only risers are triggered, never falling
tones, while the carriers are present. When this experiment
is repeated for Af = 60 Hz, growth is less and triggering is
largely suppressed, as expected.

A natural extension of discrete multifrequency experi-
ments is the simulation of hiss. Such an experiment is im-
portant in the context of the CWI, since the relation of hiss
to chorus and other quasi-coherent signals has not been es-
tablished. Band-limited hiss has been crudely simulated by
randomly stepping 10-ms pulses in frequency over a limited
band of frequencies.” The results of one such experiment
are shown in Figure 21. Each second, the same sequence
of 100 randomized frequencies is transmitted in a 400-Hz
band. Then the bandwidth of the same relative sequence is
reduced to ranges of 100, 60, 40, 20, and 0 Hz, with each
range being transmitted for 1 s. As can be seen, the intensity

increases and the triggering rate increases as the bandwidth
approaches 0 Hz. At signal termination we see the charac-
teristic falling tones.

The properties of natural noise at the equator are roughly
simulated in this program by virtue of dispersion of the indi-
vidual 10-ms pulses that travel between the transmitter and
the equator. This dispersion causes overlap in group time
and randomizes the relative phasing producing amplitude
modulation so that the spectrum more closely resembles
that of random noise. As shown in Figure 22, the observed
received signal from this pseudorandom noise (Figures 225
and 22c) is comparable in visual appearance on the dynamic
display to the noise from a laboratory random noise gener-
ator (Figure 22d) and a sample of natural magnetospheric
hiss (Figure 22¢). However, in Figure 22b we see a repeat-
ing pattern (1 s period) of chorus-like elements which are
formed from the connection between hiss elements. This
new feature of the simulation experiment demonstrates that
components of a natural noise spectrum can link together
to form a quasi-coherent signal.

From the theory of second-order resonance we deduce that
two wavelets separated in frequency and sequential in time
will always be in phase with a particular electron at some
latitude. This allows two such wavelets to grow collectively,
behaving roughly like a frequency ramp that matches the
condition for second-order resonance with this electron. The
emission created by such a pair of wavelets might then be
entrained by the next wavelet and so on until the emission
is either cut off by another signal or moves out of the band
of growth. That this is a reproducible process is demon-
strated by the 1-s repetition shown in Figure 22b. On the
other hand, only 20 s later the same injected signal shows
a different but related pattern. Here the emission grows at
the same point in the sequence, but it is much weaker. Such
variability suggests that the relative phasing of the wavelets
plays a role in getting coherent emissions started. Echoing
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on the path is also an important factor in maintaining the
triggering process. Another factor is the mutual suppres-
sion of growth between adjacent wavelets. Suppression may
play a role in preventing any single wavelet from reaching
saturation when it is embedded in hiss.

The effect of changing the sequence of frequencies is shown
in Figure 23, in which the same random sequence is trans-
mitted first in normal form and then in inverted form. In
each case the noise band transmitied from Siple is seen to
produce little growth within the band itself but many trig-
gered emissions which rise out of the top of the band, a com-
monly occurring effect in natural hiss bands. In addition,
one can see in the background a band of natural hiss whose
spectrum does not differ noticeably in appearance from the

simulated hiss transmitted from Siple Station. When the
pulse sequence is inverted, as in Figure 23b, the exact loca-
tion in time of each triggered riser changes, but the number
of emissions per unit time is about the same, indicating that
the process is robust in terms of the phasing of the elements.
The fact that these emissions can rise well above the noise
band can be attributed to the absence of suppressing signals,
such as noise, that are close in frequency.

4. DISCUSSION
4.1. Main Principles and Generalizations

We now review the principal findings and generalize wher-
ever possible. Reference is made to the specific data from
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Fig. 19. Two examples of entrainment of triggered emissions by transmitted rising ramps. From top to bottom
are shown the tracking filter output, the tracker frequency, the spectrum, and the transmitted format [Helliwell,

1979].

which the main principles and generalizations are derived.
We consider the following four types of experiments: (1)
single-frequency growth and triggering, (2) frequency ramp,
(3) multifrequency, and (4) noise simulation. We will en-
deavor to show that similar basic principles can be applied
to both singlce-frequency and noise signals. We are led there-
fore to the tentative conclusion that a single mechanism can
describe all of the wave generation phenomena observed in
the experiments described in this paper.

4.1.1. Single-frequency growth and triggering. The step
function response of the magnetosphere contains most of the
ingredients of a phenomenological description of the coher-
ent wave instability. For step function intensities less than
the threshold, By, the response is simply the cold plasma
transfer function applied to the transmitted pulse. There
is no temporal growth or triggering. For input intensities
exceeding B, exponential temporal growth is usually ob-
served. The saturation value appears to be independent of
the intensity of the applied signal. The threshold for the on-
set of exponential growth is highly variable with time. Often
it is close to the maximum power of the transmitter (as in

Figure 6), indicating that for some of the time, at least,
the instability cannot be triggered with present transmitter
powers.

Following saturation there is usunally a sequence of ris-
ers that continues until the end of the pulse or until echo
suppression begins. A riser may begin with a band-limited
impulse or simply rise gradually out of the carrier itself.
Once the emission has separated from the carrier by 70 Hz
or more, the carrier itself will regrow, reach saturation, and
trigger another emission, very much like the first. The re-
triggering time is typically a little less than 1 s (e.g., Figure
20). The resulting emission may reverse its rate of change
of frequency and return to the carrier, at which point it will
be entrained or cut off. Sometimes there is no triggering of
emissions before the end of the pulse. In nearly every case
of termination there is an emission at the end of the pulse.
There are three forms of this “end” emission. The first is a
simple band-limited impulse which covers a range of ~200-
500 Hz and may extend both above and below the carrier
but primarily above. The second type is self-excited oscilla-
tion that starts with a positive frequency offset (PFO) and
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Fig. 20. Six-line spectrum formed by 100% amplitude modulation of two carriers at f; = 2960 Hz and f» = 3320

Hz [Helliwell, 1983b).

usually continues with a decreasing frequency. The third
case of termination or end triggering is a combination of the
BLI and the PFO.

It is interesting to note by comparing Figures 6 and 19
that the pretermination triggering events sometimes look
very much like the termination events, showing both a BLI
and a positive frequency offset. The only difference is that in
the pretermination case the emission usually rises with time.
However, there are cases where pretermination triggering
occurs and the emission rapidly falls and is reabsorbed by
the carrier. This process probably accounts for much of
the spectrum spreading that appears mainly on the upper
side of the carrier. Likewise there are cases of termination
triggering in which the PFO is followed by a rising emission,
as in Figure 8. An important feature of iriggered emissions
is that a CW wave does not trigger falling tones before its
termination.

Virtually all cases of temporal growth are accompanied
by phase advance of the output signal, as in Figure 6. The
phase function is usually parabolic, corresponding to a lin-
ear increase in frequency with time. Such behavior can be
explained in terms of second-order resonance at a location
slightly downstream from the magnetic equator. At the time
of triggering the rate of change of phase suddenly increases,
as shown in Figure 6¢ at 2.0 s. A triggered riser often ex-
hibits a distinctive increase in bandwidth (of the riser) which
is evidenced by strong amplitude and frequency modulation,
as illustrated in Figure 6a. The triggered riser, being a self-
excited oscillation, is more subject to control by the ambient
noise components at the input to the interaction region, thus
accounting for the observed spread in the riser’s spectrum.

It should be emphasized that these features of triggering
are related to single-frequency input signals. Multifrequency
signals produce different kinds of results.

4.1.2. Frequency ramps. Closely related to the CW sig-

nals described above is the frequency ramp. This is a sig-
nal whose frequency changes slowly with time (about a few
kilohertz per second). Virtually the same rules for onset of
growth, growth itself, and saturation apply to ramps as to
CW signals. Thus all triggering by frequency ramps begins
above the ramp frequency even though the absolute df/dt
may be negative. At the end of a ramp a PFO usually oc-
curs, and the resulting emission may be either a faller or
a riser. An additional feature of interest is the relation be-
tween the asymptotic slope of a triggered riser and the slope
of the ramp itself. Thus if the magnitude of the asymptotic
slope of the riser (or faller) is 1 kHz/s and if the slope of the
applied frequency ramp is also of the same magnitude, there
is usually no triggered emission, only growth. When a rising
ramp terminates, then the triggered riser is a simple exten-
sion of the ramp with only slight changes in slope. On the
other hand, if the ramp slope is reversed, the termination
emission may turn into a hook consisting of an initial falling
portion followed by a riser that reaches the same asymptotic
slope of 1 kHz/s. Examples of both types of emissions from
falling and rising ramps are shown in Figure 11.

Frequency ramps show variability in triggering, a feature
not seen in monochromatic signals. This results from the
fact that the growth rate can vary with time as a result
of the change of growth rate with frequency. Thus in the
case of Figure 11 the initial parts of the slower (less than -1
kHz/s slope) falling ramps trigger sequences of risers. Below
a frequency of ~3 kHz the triggering ceases, possibly as a re-
sult of the input signal having dropped below the threshold
for growth. Furthermore, triggering ceases when the abso-
lute slope exceeds a critical value. As a result, phase-locked
growth may extend to a lower than normal frequency.

The -1 kHz/s ramp in Figure 13 is a good demonstration
of this idea. Because the maximum slope of the triggered
emissions is comparable with the slope of the injected sig-
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nal, there is no triggering over most of the ramp. The result
is that the frequency of the fully amplified signal falls to a
much lower value than is the case for other ramps that show
triggering. One way to explain this effect is to argue that
the loop gain is just sufficient to sustain a saturated sig-
nal at the lower frequencies but is not sufficient to start the
growth process in the presence of ambient noise. The main
point is that phase-locked growth produces an output signal
that is well above the background noise which we assume
limits the threshold for growth. As a result the background
noise cannot interfere with the phase-bunching process over
most of the interaction region because of the strong spa-
tial growth. However, the same input signal applied in the
absence of spatial growth would have to contend initially
with ambient noise over the entire interaction region, thus
preventing growth from starting. Hence the ramp is able
to move into the frequency range where the unamplified in-
put signal has fallen below the ambient noise level. Using
the antenna response pattern of Figure 4 and the observed
intensity of the unamplified signal and the saturation lev-
els of Figure 13, we deduce that the maximum ratio of the
saturation level to the threshold is 55 dB. This means that
the signal level at which spatial growth can be controlled
is much lower than that at which temporal growth begins.
As the ramp slope is increased in magnitude, the growth
tends to decrease or disappear altogether. As noted in con-
nection with the description of the data, this effect can be
attributed to a reduction in the flux of electrons associated
with the increase in parallel resonant velocity as the region
of second-order reasonance moves away from the magnetic
equator.

4.1.3. Multifrequency interactions. When two or more fre-
quencies are present simultaneously in the magnetosphere,
several very interesting effects occur. The first is entrain-
ment, illustrated in Figure 19, where a free-running oscilla-
tion is captured by an injected signal. Such a signal may
be a weak radiation component from a ground-based power
grid or a ground-based transmitter. As the example shows,
the required intensity of the entraining signal is low, in this
case 20 dB below saturation. The mechanism of entrain-
ment, which seems to be related to cutoff, is not known.
Entrainment occurs so rapidly for the case in which fallers
are entrained by injected risers that there is inadequate time
available for the interaction region to drift to the location of
second-order resonance for the entraining signal. Thus it ap-
pears that entrainment actually takes place at the location
of the free-running oscillation even though the df/dt after
entrainment is not correct for second-order resonance at that
location. In order for this to happen it is necessary for the
wave itself to control the phasing of the phase-bunched cur-
rents. This may require that the amplitude of the output
signal of the entrained emission be high enough to trap a
significant fraction of the resonant particles. Such trapping
might then take the place of the inhomogeneity in determin-
ing the phasing of the electrons with respect to the wave.
This mechanism puts a limit on the minimum value of the
output signal. It has been estimated in conjunction with
wave-induced particle precipitation events that the discrete
emissions have peak amplitudes of ~5 pT [Chang and Inan,
1985]. The trapping limit for signals near half the gyrofre-
quency at L = 4 inside the plasmapause is 1-2 pT. Thus the
adopted values for intensity are consistent with trapping of
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electrons at saturation. This problem merits further study.

Closely related to entrainment in terms of the separation
of frequency components is the suppression of growth. Here
we deal generally with two injected signals, each growing
at different {requencies. When the spacing between the sig-
nals is 20 or 30 Hz, each signal suppresses the growth of
the other almost completely. As Af is increased above 30
Hz, the upper component grows more than the lower; when
Af reaches 100 to 200 Hz, the two signals grow indepen-
dently at their single-frequency rates. Asymmetry in the
suppression properties between two such signals is gener-
ally seen in all two-frequency experiments. Since recovery
from suppression as demonstrated by Figure 15 is virtually
instantaneous, it is suggested that the suppression process
involves waves interacting with waves rather than the de-
layed interaction envisioned in the quiet band effect [ Raghu-
ram et al., 1977; Cornilleau- Wehrlin and Gendrin, 1979;
Matthews et al., 1984]. In the delayed model, waves in the
output region disturb the distribution of particles, which
then travel back to the equator where, as a result of their
altered distribution, they cause less growth of the lower-
frequency signals with which they resonate. We look there-
fore for some inherent asymmetry in the interaction process.
This can be found readily in the case of second-order reso-
nance, where electrons with parallel velocities less than the
equatorial resonance value are nowhere resonant with the

wave, while electrons with velocities higher than the equa-
torial resonance value will experience first-order resonance
at two points symmetrically situated on either side of the
equator [Helliwell, 1970]. However, no analysis along these
lines has yet been carried out.

Closely connected with suppression is the generation of
sidebands. The conditions are about the same, with side-
bands being created whenever there is appreciable interac-
tion between adjacent signals. Examples are shown in Fig-
ures 15, 17, and 18. Sometimes as many as seven orders of
sidebands can be seen spaced about the two carriers by the
separation frequency, as shown in Figure 16. As mentioned
in section 3, an explanation for such sideband generation
can be found using time domain data on temporal growth.
Thus each beat is treated as an independent coherent sig-
nal whose time duration is the reciprocal of the frequency
difference. This signal begins to grow during the beat, and
when the beat approaches its null, the emission rises in fre-
quency just as in the case of termination triggering. The
following beat tends to suppress growth of that particular
emission. The process then repeats on the next beat, and
very quickly a uniform series of interbeat emissions is cre-
ated, as shown in Figure 19. These emissions are funda-
mentally the same as those described in Figure 1, except for
their duration. They will tend to grow exponentially with
time and the phase will tend to advance. Furthermore, the
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discontinuity represented by the null in the beat will pro-
duce further frequency changes of the same type seen in the
positive frequency offset. The result is a significant amount
of frequency modulation as well as amplitude modulation.
The phasing between these two modulation cycles will deter-
mine the relative amount of energy in the upper and lower
sidebands, as can be readily demonstrated from modulation
theory.

An interesting and exciting feature of the sideband exper-
iments is the presence of subharmonics. Their frequencies
appear to follow repeatable patterns related to integer val
ues of subharmonics [Sa and Helliwell, 1988]. Included in
the subharmonic category are sidebands whose amplitudes
exceed the amplitude of the weaker member of the input
pair. It is possible to generate significant subharmonic com-
ponents when one of the two carriers is 40 dB below the
other. In addition, the amplitude of that weak sideband
signal may grow to a value comparable with the stronger
signal itself. It appears that in general as long as a coher-
ent wave is present near the frequency of an injected signal,
say within 100 Hgz, there is likely to be a significant inter-
action, with a resulting sideband structure that depends di-
rectly on the frequency difference between the two carriers
and on the ratio of their amplitudes. This finding from
the Siple Station experiments provides a ready explanation
for the somewhat puzzling data on power line radiation in
the magnetosphere. Although there is clear evidence for
growth and interaction at harmonics of the power system, it
has been difficult to measure directly the unamplified signal
from the power grids. These new experiments from Siple
show that significant interaction can occur when the inten-
sity of a power line harmonic is more than 40 dB below that

of the Siple signal. Since many satellite detectors cannot de-
tect such weak signals, it can be understood why they have
not been better documented up to this time.

4.1.4. Noise simulation. The breakup of coherent sig-
nals through the sideband mechanism has its “inverse” in
the noise simulation experiments. Here, as shown in Fig-
ure 22, small wavelets representing the components of ran-
dom noise may link together in the magnetosphere to form
longer quasi-coherent wave trains. When these extended
wave trains become long enough, they resemble chorus ele-
ments. It is readily understood from the theory of second-
order resonance that any two wavelets can be linked together
by cyclotron resonant electrons at a particular latitude that
depends on the frequency and phase differences between the
two wavelets. This feature of interaction coupled with en-
trainment provides a basis for explaining the creation of an
extended coherent wave train.

In the case of strong echoing between two conjugate points
the various wavelets will change their relative phases as well
as their group times, and hence the conditions for coherent
growth will continually change. With the growth of chorus-
like elements there is an increase in the generation of side-
bands resulting from the beating between chorus elements
that overlap in time. Thus {iiere is simultaneous generation
of sidebands by some elements in the dynamic spectrum and
the coalescence of other elements into more extended coher-
ent wave trains. Such an equilibrium could explain the com-
bination of hiss and chorus that is characteristic of natural
noisebands under conditions of good echoing.

However, chorus embedded in hiss is also seen outside
the plasmasphere where echoing is very weak. In this case
it is necessary to adopt some additional mechanism. One
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possibility is that the background thermal noise is able to
create wave packets on the downstream side of the equator
that will grow to a certain amplitude and duration after
which they are limited by the suppressing effect of adjacent
wave packets that have started to grow in the same vicinity.
Under favorable conditions some of these wavelets will grow
to full saturation levels and hence become strong chorus
elements. The result is a statistical distribution of wavelets
that when observed on a satellite looks like a superposition
of hiss and chorus.

Putting noise simulation experiments together with sup-
pression experiments leads to another new experiment in
which simulated noise is used to suppress growth of a coher-
ent wave. The addition of simulated noise to a coherent, sig-
nal reduces the growth of the latter. From this result we de-
duce that the coherent wave signal itself might be used to in-
directly measure the “invisible” background noise that pop-
ulates the magnetosphere but cannot be seen on the groind.
This is noise that is nonducted, such as plasmaspheric hiss,
and hence is unable to cross the lower boundary of the iono-
sphere and be detected on ground-based receivers. However,
the same noise is expected to pass through any duct in the
magnetosphere and hence create a noise background that
could suppress the growth of ducted waves. By transmitting
simulated noise for calibration one could obtain the effective
value of the hidden noise in the magnetosphere. Thus it may
be possible to use this proposed ground-based technique to
map the distribution of nonducted noise thought to be re-
sponsible for much of the precipitation of particles {rom the
radiation belts.

4.2. Comparison With Theories

As mentioned earlier there are no complete theories of the
phenomena reviewed in this paper. It is not the intention
here to review this particular subject. Readers are referred
to the Ph.D. thesis by Carlson [1987] for an up-to-date re-
view of theoretical work on the CWI. Included in that thesis
are the results of a test particle model of the CWI, giving
predictions of the phase advance, growth, and saturation
shown in Figure 6. The main limitation of this model is
that the electron distribution function must be limited to
a relatively small parallel velocity range (<1%) in order to
control the numerical errors associated with large numbers
of test particles. On the other hand, a case can be made that
the chosen distribution function is indeed representative of
what actually happens. It is clear at this point that broader
parallel velocity distributions must be tried in order to es-
tablish the adequacy of the model. Furthermore, the model
needs to be extended to the case of two or more frequen-
cles in order to explain sidebands and the various transient
phenomena (e.g., BLI and PFO) that have been observed.

5. FUTURE DIRECTIONS

In this section we discuss the possibilities for new cor-
trolled VLF wave injection experiments in the Earth’s mag-
netospheric plasma. As has been demonstrated, such exper-
iments can provide quantitative information on the proper-
ties of the CWI, a basic process of natural plasmas. We
have noted the uniqueness of the Siple Station facility as it
presently exists for the performance of such experiments. It
is recognized that a space-borne transmitter would comple-
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ment these ground-based experiments by providing access to
a full range of wave normals and possibly larger in situ field
intensities. On the other hand, space experiments cannot
replace those performed on the ground, since a fixed loca-
tion is necessary to separate space and time variations. It
is more likely that the two kinds of experiments will com-
plement one another in an overall study of the mechanisms
and effects of the coherent wave instability.

In the near future, it is unlikely that a more economi-
cal means for systematic experimentation on the CWI can
be found than an Antarctic-based transmitter facility. Ac-
cordingly, attention should be given to an extension of the
present Antarclic experiments. Although Siple Station has
been a quite satisfactory location scientifically, other loca-
tions on the West Antarctic ice sheet may provide advan-
tages either scientifically or logistically and hence should
be thoroughly evaluated. Once a location is selected, the
characteristics of a new wave injection facility can be de-
fined: Clearly, more effective radiated power is needed. How
this might best be achieved is an open question. Higher-
power transmitting equipment could be used with a single
crossed dipole array, but the cost of such equipment rises
rapidly with power. Another solution is to employ an array
of phased antenna elements with lower-power transmitters
driving each one. Such an array could provide beaming,
which would have the advantage of not only increasing the
effective radiated power at a particular entrance point into
the ionosphere but could provide information on the location
of ducts. The use of a polarized antenna has been demon-
strated to provide a significant increase in effective radiated
power. Employing these ideas, one could imagine an array
of crossed dipoles, such as that shown in Figure 1c, in which
four sets of crossed dipoles are arranged in a broadside ar-
ray and phased so as to maximize the wave intensity at a
particular point of injection at the lower boundary of the
ionosphere. Simple power amplifiers might be arranged to
drive each antenna with linkages to a master control which
would provide the required modulation and phasing. Con-
trol of corona is an important problem and may require the
use of high-voltage hardware.

On the operational side, new experiments would benefit
from having the signal spectrum as received at the conjugate
point made available in real time to the transmitter opera-
tor. Consideration should be given to the use of a real-time
satellite link capable of handling a bandwidth of 10 kHz and
a dynamic range of 50 dB. Such a link would relay the signal
from the conjugate point back to the transmitter, where it
would be displayed on a real-time spectrum analyzer. Then
the conditions of the experiment could be altered in virtu-
ally real time, with a delay of no more than a few seconds,
in order to optimize the parameters and to discover for ex-
ample the polarization that would produce the best null on
a particular path. Such a facility would make it much eas-
ier to take advantage of short-term phenomena that require
operator control.

Finally, we note that coherent wave injection can be used
to study wave-induced electron precipitation. The SEEP
satellite experiments showed that pulses from a VLF trans-
mitter can precipitate detectable fluxes of electrons [Imhof
et al., 1983]. These experiments have opened up an entirely
new area of investigation of the properties of natural plas-
mas. We also know that lightning-induced whistlers gen-
erate detectable bursts of X rays, ionization, and light, all
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of which are attributed to VLI wave-induced electron pre-
cipitation. Since the saturation levels reached by Siple ex-
cited emissions are the same as those produced by whistlers,
it is clear that the Siple signals are capable of producing
similar effects. What is needed is sufficient power to reach
the threshold for growth on paths with low enough equato-
rial electron concentration (outside plasmapause) and at low
enough wave frequencies to scatter >40-keV electrons. Siple
Station has exceeded the threshold power for growth and
emission triggering in the low-density (~10 el/cm3) equa-
torial region just outside the plasmapause (D.L. Carpenter,
private communication, 1988). This is close to the 10-20
el/cm® concentration characteristic of the January 2, 1971
event in which natural whistlers excited X rays as a result
of triggered emissions outside the plasmapause [Rosenberg
et al., 1971]. Thus the input wave intensity required for
the precipitation of >30-keV electrons appears to have been
reached with the new 42 km cross. More frequent access to
the low-density region outside the plasmapause can be ex-
pected to result fiom the use of more power. One way to
increase the effective radiated power is to employ a directive
antenna array that concentrates the available power in the
desired direction. Such an upgraded facility would provide
new insights into one of the most fundamental and inter-
esting phenomena observed in plasmas of all kinds. Such
knowledge is necessary to a full understanding of the Earth’s
magnetosphere, laboratory plasmas, and astrophysical plas-
mas. Furthermore, use ol such facilities for regular plasma
diagnostic measurements from the ground are an exciting
and as yet untapped resource.
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