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Controlled stimulation of VLF emissions from Siple Station, Antarctica
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Coherent VLF (1.8-7 kHz) signals injected into the magnetosphere from Siple Station (L

4.2}, Antarctica, are amplified (30 dB) and trigger intense, narrowband whistler mode
emissions. The mechanism of growth is believed to be wave-induced phase bunching of cyclotron
resonant electrons in an interaction region near the equatorial region. A key parameter in these
experiments is the spectral purity of the transmitted signal. If the width of the signal spectrum
exceeds ~ 10 Hz, there is significant loss of gain. In one experiment (f ~ 3 kHz), two equal-
amplitude signals are transmitted with a frequency spectrum of A f. When A f = 20 Hz, the gain
is reduced as much as 20 dB below its single-frequency value. For f > 100 Hz, the two signals
tend to behave independently of one another, indicating that they interact with different electron
populations. Other effects of interest include entrainment of strong free-running emissions by a
relatively weak Siple signal and the frequent generation of sidebands (2-100 Hz) on Siple signals
that have reached saturation. Future work at Siple Station will emphasize frequencies below 4
kHz in order to raise the energies (to >10 keV) of the precipitating electrons and hence make
them more readily detectable by ground-based techniques. To achieve this goal, the dipole
length will be doubled (to 43 km), which is expected to increase the maximum radiated power
at 2.5 kHz by 7 dB. Later, it is planned to install a circularly polarized crossed‘dipole that will
double the effective radiated power and permit new experiments on the polarization properties

of the ionosphere and magnetosphere at VLF.

1. INTRODUCTION

This paper reviews active VLF experiments at Siple Sta-
tion and reports new findings on the role of wave coherence
using the new two-frequency transmissions. The nature of
the experiments is illustrated in Figure 1. Signals trans-
mitted from Siple Station enter the ionosphere where they
may become trapped in one or more field-aligned ducts
of enhanced ionization. Upon reaching the opposite hemi-
sphere some of the energy may be reflected back into
one or more ducts and some may exit into the earth-
ionosphere waveguide to be received at Siple’s conjugate
point, Roberval, Quebec.

As the ducted waves cross the magnetic equator, they in-
teract with counter-streaming energetic electrons through
cyclotron resonance. The wave magnetic field perturbs
these electrons in two important ways. The first is pitch
angle scattering [Kennel and Petschek, 1966], in which
some electrons precipitate into the ionosphere where they
generate X-rays [Rosenberg et al., 1971], ionization en-
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hancements [Helliwell et al., 1973], and light [Helliwell et
al., 1980a]. The second is phase bunching of the inter-
acting electrons [Helliwell and Inan, 1982, and references
therein]. The result is amplification of the applied signal
by 30 dB or more and triggering of VLF emissions. An
outstanding feature of the stimulated radiation is its nar-
rowband character (bandwidth ~= 1 Hz for phase-locked
growth). Accordingly, the term ‘coherent wave instability’
(CWI) is used to describe the interaction.

The primary purpose of Siple Station is to perform ac-
tive experiments on VLF wave-particle interactions [Helli-
well and Katsufrakis, 1978]. An important part of the
program is the observation and interpretation of various
VLF wave phenomena, including whistlers, chorus and hiss
[Park and Carpenter, 1978]. Related programs at Siple
Station include riometer [Rosenberg and Barcus, 1978],
geomagnetic pulsations [Lanzerotti, 1978], ULF waves Ar-
noldy et al., 1981], photometer [Mende et al., 1980],
and balloons and rockets [Matthews, 1981], as shown in
the sketch of Figure 2. Recently a digital ionosonde
was placed in operation at Siple. All are coordinated
in a program aimed at describing the behavior of the
magnetosphere-ionosphere system and understanding its
role in the generation of waves and wave-particle interac-
tions.

-
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Figure 2. Sketch of Siple Station, showing VLF dipole transmitting antenna and related experiments.
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Figure 3. Response of magnetosphere to two identical sequences of coherent pulses varying in duration
from 50 to 400 ms. Dynamic spectrum in lower panel shows fallers triggered at ends of shorter ( < 250
ms) pulses and risers triggered prior to termination of longer ( < 300 ms) pulses. Two-hop whistler at
8 s suppresses growth of third 250-ms pulse. Upper panel shows relative amplitude of received signals
in a 130-Hz band centered on the carrier at 5500 Hz [after Helliwell and Katsufrakis, 1978].

The location of Siple Station was selected to satisfy the
following requirements: (1) a location near the average
position (L. = 4) of the plasmapause, (2) a cost-effective
radiator, and (3) an accessible conjugate point (Roberval,
Quebec). The 2-km-thick ice sheet beneath Siple Station
acts as a relatively low loss support for the 21-km-long
dipole transmitting antenna. If the ice layer were not pre-
sent (i.e., the dipole was erected over ordinary ground), it
has been estimated that at 6 kHz the efficiency would be
reduced by a factor of over 50 [Raghuram et al., 1974].
Other advantages of Siple Station include relatively low
local noise levels (no thunderstorms in Antarctica), and a
large number of lightning sources in the north to provide
one-hop whistlers at Siple for useful diagnostic purposes.

In the next section (2) results on wave injection at a
single frequency are reviewed and then in section 3 some
new results from recent multifrequency experiments are
introduced. In section 4 a feedback model of wave growth
is reviewed and compared with available data. Finally,
in section 5, a short discussion and some conclusions are
presented.

2. REVIEW OF SIPLE RESULTS

An important property of wave-particle interactions at
very low frequencies is coherence. The response of the

magnetosphere to a coherent input signal is illustrated in
Figure 3. Pulses ranging in length from 50 to 400 ms are
transmitted in groups of five with a 50% duty cycle in each
case. For the shorter pulses (50 and 100 ms), the response
of the magnetosphere is very low, as the figures show.
With each 50-ms extension in the length of the applied
pulse, there is ~6 dB of additional growth. Saturation is
reached at pulse lengths of ~ 250 or 300 ms. Individual
pulses show pure exponential growth as a function of time
t so that the output field is given by B = Bge™* where By
is the input signal level and v is the growth rate. Total
growth is typically 30 dB, while the growth rate ranges
from 25 to 250 dB/s inside the plasmasphere [Stiles and
Helliwell, 1977]. As will be shown later, growth depends on
the coherence of the input signal. If the signal bandwidth
exceeds ~ 10 Hz, the growth is greatly reduced.

Closely related to wave growth is the triggering of emis-
sions. As shown in Figure 3, emissions of falling or ris-
ing frequency accompany all pulses that show growth
(duration > 100 ms). For pulse lengths exceeding 250
ms, emissions are triggered before the end of the pulse.
These are called pretermination emissions. Emissions sel-
dom cross their parent signal. Thus, for a continuous ex-
citing wave, virtually all emissions appear only above the
signal frequency.

Suppression of growth by another signal is illustrated in
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Figure 3 on the third pulse of the first 250-ms sequence
(t = 8 s). As can be seen from the dynamic spectrum,
the reduced amplitude coincides with the appearance of a
whistler component near the beginning of the Siple pulse.
The effect of the superposition of these two signals is to
create a spread spectrum which then reduces the growth.
It is understandable therefore that Siple signals show little
or no growth when there are many whistlers and/or emis-
sions present. Unless a suitable area in frequency-time
space is available, the input signal will not grow. Thus,
in order for an injected signal to compete with strong
natural signals, it is necessary for the injected signal to
have sufficient intensity to cause suppression of the natural
signals, thereby creating a clear space in the frequency-
time domain. Other examples of suppression of growth
can also be seen in Figure 3 where triggered emissions
approach the next signal on the frequency-time plane.
Delayed suppression of natural hiss by Siple signals has
also been observed [Raghuram et al., 1977]. This suppres-
sion occurs in a band 50-200 Hz wide and has been called
the ‘quiet band effect.” It could be the result of integration
of the type of suppression described above.

As Figure 3 shows, there was little detectable output
from the magnetosphere until after the transmitter was
turned on. This raises the question of the threshold power
required for initiating the coherent wave instability. An
experiment to demonstrate the behavior of the magneto-
sphere in response to variable input power is illustrated
in Figure 4 [Helliwell et al., 1980b]. Here the pulse pro-
gram consisted of constant-frequency pulses and frequency
ramps as shown in the bottom panel of Figure 4b. For
the maximum power input to the antenna of 24 kW (panel
(a)), there are at least four paths showing growth and trig-
gering. As the power input was reduced, in steps of 4
dB, successive repetitions of the experiment showed reduc-
tion in the number of paths, growth, and triggering, as
illustrated in Figure 4b. For example, at 1.5 kW, only one
path showed significant growth and triggering. At 0.6 kW
that same path showed no evidence of growth or trigger-
ing. Therefore, the threshold power P for that path lay
between 0.6 and 1.5 kW. Thus it appears that the value of
P, for each individual path is different, probably depend-
ing upon the location of the path endpoint with respect to
the transmitter, as well as the flux of energetic electrons
in the duet.

The sharp change in peak power output as the threshold
is crossed is illustrated in Figure 4a, where the relative
peak received signal in decibels is plotted as a function of
the input power in decibels relative to 100 W. As can be
seen from the figure, the change in output power as P
was crossed was ~ 24 dB. In addition, a saturation effect
is seen above the threshold where the peak received signal
did not increase as rapidly as the input power.

Although an explanation of the threshold effect has not
yet been found, it has been suggested that background
noise could effectively destroy the coherence of the input

signal [Helliwell et al., 1980b]. Another possibility is that
the feedback mechanism itself has a built-in threshold.
Further experiments and theoretical work are needed to
answer this question. Asillustrated in Figure 4, the thresh-
old power P; varies with time. Variations in P of as much
as 10 or 15 dB over a period of half an hour have been
observed. These results suggest that the rate of occurrence
of growth and triggering from Siple wave injections would
increase if the radiated power could be raised. Ultimately
we might expect to be able to use measurements of P; to
monitor changes in the flux of energetic particles.

Closely related to triggering is the phenomenon of en-
trainment. Triggered emissions can be entrained by a Siple
pulse whose frequency approaches that of the emission.
An example is shown in Figure 5 where a series of falling
and rising ramps was transmitted according to the format
shown. As can be seen from the responses in the three
upper panels, there were several active paths on that day.
In the upper two panels the rising ramps produced falling
tones at their ends, a case of termination triggering. Each
of these falling tones became entrained by the next rising
ramp.

Entrainment occurs when the entraining signal and the
emission travel in the same duct. Signals traveling in dif-
ferent ducts generally are not coupled to one another, as
illustrated in the third panel from the top of Figure 5.
Near the end of that panel we see successive triggering
and entrainment on the first of two prominent paths. The
second path, on the other hand, also shows growth and
triggering but the triggered emission crosses the falling
tone of the first path without discernable interaction.

Entrainment observations provide an interesting test of
the concept of a localized generation region whose position
is a function of df/dt. It has been predicted [Helliwell,
1967] that the frequency slope of an emission should be
proportional to the displacement of the interaction region
from the equator. The relationship of the interaction re-
gions is shown in Figure 6a, while the spectral forms ex-
pected from this model are shown in Figure 6b. Entrain-
ment of a natural faller by a natural riser would be in
accord with the model. However, one would not expect
entrainment of a natural riser by a natural faller. The
reason is that the faller travels away from the location of
riser generation and hence there could be no interaction
between these two signals. Thus a riser entrained by a
faller, as sketched in Figure 6b, is a forbidden form ac-
cording to the model and serves, therefore, as a test of this
particular model of natural riser and faller generation.

Although the need for coherence in the input signal for
growth and triggering is obvious from the previous ex-
amples, there is a curious exception to this requirement.
On occasion an amplified narrowband signal from Siple
Station is observed to break into a pulsation mode in
which sidebands ranging in frequency from 2 to 100 Hz
are created. An illustration of the pulsation sideband
effect is shown in Figure 7. The two top panels both show



HELLIWELL: STIMULATION OF VLF EMISSIONS

806
40 -
ﬁ Bp D =>ED
a | ®
=
3 3o} %
< [}
z | i
2 ,l POINT TIME
TR II @ 11000uT
w I ’/ @ 1moso
o | @ 1t 40
20—
x ! ® 2 30
& T ! & 11320
o [}
w I ! (6 112000
z L ,' @ 12050
< ] 1121 40
o s
& ! ® 12230
10 ! 1123 20
_ b
i ®¢ ,
o,/
I
[} Il i L i 1 1 L 1 1 1 1 1 L
) 10 20 30
100 W

INPUT POWER IN dB RELATIVE TO

RO 20 MAY 77

kHz
1115:02 UT
24 kW
a)
kHz ]"P'F :
; 1117:32 UT
) 7 o I 15 kw
) W | i

kHz so-w,' ¥
- '

1B | ‘5 R

kHz 6.23] —/—\_ /_/—\—/_\

d) 3.23
14s

o}

Figure 4. (2) Relative peak perceived power versus input power for two power-step sequences on
May 20, 1977. The UT of each measurement is shown in at right. The threshold lies between 8 and
12 s for sequence 1-5 and between 12 and 16 dB for sequences 6-10 [after Helliwell et al., 1980al.

(b} Response of magnetosphere to different transmitter powers, shown at right of each panel. Signal
format is shown in lower panel. At 0.6 kW, only one path is evident and there is no growth or trig-
gering. At 1.5 kW a single path shows growth, triggering and weak echoing (~4.2-s delay). At 24 kW

at least four active paths are evident [after Helliwell et al., 1980b].
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Ramp pulses, whose pattern is shown in the lower panel, trigger inverted hooks that are

entrained by the next pulse on the same path. The risers in the 1347:48.9 UT panel appear mainly
on two paths. The inverted hooks triggered on the first path cross without interaction with the risers
triggered on the second path, proof that the two corresponding interaction regions are uncoupled

[after Helliwell and Katsufrakis, 1978].

the same event, in which a signal of constant amplitude
and frequency was transmitted from Siple Station. The
analyzer resolution was 60 Hz in the top panel and 6 Hz in
the second panel, and together they show the fluctuations
in frequency and the sideband structure associated with
these pulsations. The third and fourth panels show the
amplitude measured with filters of 300 Hz and 10 Hz,

respectively. We note that the signal reaches saturation
without producing significant pulsations and that the ap-
pearance of pulsations is independent of whether the car-
rier intensity is increasing or decreasing. Thus the spectral
broadening associated with pulsations does not necessarily
affect signal growth as is nearly always the case with
similar broadening of the applied signal.
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of the interaction regions for constant (C), rising (R),
and falling (F) frequency emissions. (b) Corresponding
permitted and forbidden entrainment forms. Dashed
lines show the trace expected in absence of entrainment.

3. COHERENCE BANDWIDTH

As the results described above have shown, the
coherence of the input signal is of primary importance in
determining the growth and saturation of the output sig-
nal. Thus it is of interest to vary the input spectrum to try
to determine the role of coherence in signal amplification.
The purpose of this section is to report the preliminary
results of an experiment designed to determine the effect
of modulation on growth. Three modulation formats were
applied to a 1-s pulse transmitted every 2 s, including
frequency modulation (F) with unity modulation index,
100% amplitude modulation (A), and beat, or sideband,
modulation (8S) produced by two equal-amplitude carriers.
The carrier amplitudes were approximately the same in
each case. Examples of the response to these formats are
shown in Figure 8. In each case the modulation frequency
is marked and the number 0 applies to zero modulation;
that is, a coherent 1-s pulse. As can be seen on the better-
defined 0 pulses, the growth rate is of the order of 100 dB-
Also, it is clear that when the spacing of the spectral com-
ponents is 20 Hz the response is very low. For example,
with a 20-Hz spacing, the F and A cases at 1209 UT show
responses that are only a few decibels above background
noise. Although multiple paths are present in these ex-
periments, they must all give about the same variation of
intensity with A f, since otherwise the minimum at 20 Hz
would not be sharp.

From these particular records and others from the same
run, a curve of maximum output versus modulation fre-
quency was obtained, as shown in Figure 8c. (Similar
effects are observed at other frequencies in the VLF range.)
We see that for each of the three modulations the output
is a minimum at Af = 20 Hz. Since 20 Hz is within the
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range of pulsation frequencies shown in the pulsation ex-
periment, we can understand readily why echoes tend to
suppress the growth of freshly injected signals.

It is clear from Figure 8b that as Af increases above
20 Hz the individual components separate (e.g., A-80 and
S-160) and behave more or less independently of one
another. However, there is a marked tendency for the
lower-frequency component to be weaker than the up-
per, suggesting suppression by the latter. It must be em-
phasized that these are preliminary results and that there
are features of the experiment that have yet to be described
and analyzed before a full interpretation can be attempted.

4. FEEDBACK MODEL

To explain the generation of coherent wave trains, a dis-
tributed interaction region has been postulated as shown
in Figure 9. Waves travel from right to left, interacting
through cyclotron resonance with energetic electrons trav-
eling from left to right. These electrons are shifted in
phase relative to the wave by the Lorentz force that acts on
each particle [Helliwell and Inan, 1982]. The result is that
electrons that initially were randomly phased with respect
to the wave became phase-aligned for a brief interval of
time (order of 50 ms). During this period the cyclotron
radiation from each electron is coherent with the applied
wave and may cause wave growth. Furthermore, this
radiation tends to peak after the electrons pass through
a main wave structure, causing radiation to oceur in a
region of relatively low field strength, called the ‘radiator.’
The region of strong field is called the ‘buncher.” Given
sufficient electron flux the stimulated radiation can exceed
the signal level in the buncher. The result is steady growth
of the output signal until saturation is reached.

Because of the distributed nature of the feedback loop,
some time is required to reach saturation. This is deter-
mined by the combination of the particle travel time and
the wave group propagation time. For this model it is pos-
sible to show that B = Bpe™, where vy = (G - 1)/T, T
is the effective loop delay, and G is the ratio of the stimu-
lated field (B;) to the output field (B) [Helliwell and Inan,
1982]. For G > 1, the system acts as an oscillator. For
G < 1, oscillation cannot occur and the system is simply
an amplifier in which the gain is given by G = 1/(1—G).

A sample model calculation of the phase-bunched cur-
rent for a given applied wave is shown in Figure 10 [Helli-
well and Inan, 1982]. Here the full inhomogeneity has
been included based on a parabolic approximation of the
variation of gyrofrequency with distance from the equator
and a diffusive equilibrium model for the background cold
plasma. As can be seen, the distance over which the phase
between the phase-bunched particles and the wave remains
within +7/2 rad is predicted to be ~850 km. This dis-
tance is called the interaction length. It is in this region
that strong interaction between waves and particles can
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Figure 8.  (a, b) Response of magnetosphere to 1-s pulses subject to no modulation (0), 100%

amplitude modulation (A), unity-index frequency modulation (F), and sideband modulation (S).

Modulation frequency in Hertz is shown for each case. Spectrum is shown in upper panel (12.5-Hz

filter bandwidth) and total amplitude in lower panel (300-Hz bandwidth). The received pulses are

significantly lengthened because of multipath propagation. (c) Relative output peak field intensity

in decibels versus modulation frequency in Hertz. Pluses denote sideband, squares denote amplitude
modulation, and triangles frequency modulation.
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take place. As has been shown elsewhere [Helliwell, 1970],
for small pitch angles the phase behavior of a sheet of
particles with respect to the wave is independent of df /dt.
The location of the center of the interaction region accord-
ingly has been called the phase equator [Helliwell and Inan,
1982).

(a)

HELLIWELL: STIMULATION OF VLF EMISSIONS

Thus it is possible to analyze the interaction in terms
of constant-frequency waves only, using the phase equator
concept to describe interactions in which df/dt is not con-
stant. As the magnitude of df/dt increases, the location
of the interaction region moves from the magnetic equator
either upstream for fallers or downstream for risers (see
Figure 6). In either case the gyrofrequency increases, caus-
ing the energy of the interacting particles to increase. For
the usual electron distribution functions the correspond-
ing flux goes down. Thus under normal conditions one ex-
pects a rising or falling ramp to produce less growth than a
constant-frequency ramp. These predictions are currently
under study using the Siple transmitter. It is interesting to
note that the conditions of this experiment are likely to be
encountered generally throughout the cosmos. Therefore,
the mechanisms involved in the Siple experiments are of
universal interest and their understanding should help us
to comprehend natural plasmas as well as laboratory plas-
mas.

5. DISCUSSION AND CONCLUSIONS

We have reviewed the evidence of a new plasma phenom-
enon which we call the coherent wave instability (CWI). It
is characterized by an extremely narrow bandwidth of the
order of 0.001 of the frequency of oscillation. We have also
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Figure 9. Model of feedback interaction between coherent VLF waves and counter-streaming,
cyclotron-resonant electrons. Lp is the interaction length, L. is the effective length of the feed-
back loop |after Helliwell and Inan, 1982]. B;, = input signal; B = output signal; B, = GB;
vp and ap = velocity and pitch angle, respectively, of test electrons; T; = wave group delay;
Te = electron transit time through interaction region; A = wave propagation factor.
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shown that the CWI can be suppressed by a noisy signal
having a spectral width of the order of 20 Hz. The CWI
shows a threshold, not yet understood, and other interest-
ing effects such as entrainment and quiet band generation.
Furthermore, the coherence of the output often breaks
down after the signal reaches saturation, giving rise to
pulsations in amplitude and frequency, with pulsation fre-
quencies from 2 to 100 Hz. These pulsations are evidence
of an additional instability, not yet understood, which oc-
curs with little change in average signal amplitude.

The new results reported in this paper regarding the
coherence bandwidth indicate that the minimum response
of the magnetosphere is observed when the spacing of
the spectral components of the applied signal is ~ 20 Hz.
For frequency spacings greater than this, the individual
components tend to behave independently although there
is considerable interaction between the components up to
frequency spacings over 100 Hz. For spacings less than 20
Hz, the spectrum of waves tends to act as a single wave
packet with a single response interpreted as a more or less
homogeneous group of particles interacting with that wave
packet.

An application of the coherent wave instability is in
the modification of the radiation belts. Regulation of
the intensity of energetic electrons has been attributed to
scattering by whistler mode waves [Kennel and Petschek,
1966]. Accordingly, it is important to relate the observed
waves to the precipitation of energetic electrons [Inan et
al., 1978]. Several experiments have been performed that
show one-to-one correlations between triggered emissions
and whistlers on the one hand, and ionospheric precipita-
tion effects on the other [Rosenberg et al., 1971; Helliwell
et al., 1973, 1980a]. Precipitation effects from the Siple
transmitter itself have not yet been clearly identified, prob-
ably because the energies of the interacting electrons are
too low (~ 1 keV) to be detected by methods currently
employed. Experimentally it has been found that Siple sig-
nals seldom produce detectable echoes at Roberval when
the equatorial plasma density is less than about 100 cm—3.
This corresponds to an electron energy of 20 keV, assum-
ing interaction near the equator at a frequency of 2 kHz.
Thus the energies that are normally to be expected in the
precipitation flux during the Siple experiments range from
~300 eV up to 20 keV. Since height of penetration of
electrons in this energy range exceeds 95 km, methods
based on D region perturbations (e.g., Trimpi effect) are
not particularly useful for this purpose. However, it has
been shown in a recent study [Doolittle, 1982] that the
lower F'region should be significantly perturbed by particle
fluxes that are affected by the Siple transmitter. Thus it
is expected that evidence of precipitation caused by Siple
signals will be found through the use of ionosondes and
other techniques that are capable of detecting particles in
the E and F regions.

Plans for the future call for extending the length (to 43
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Figure 10. Spatial distributions of the magnitude J

and phase 0 of the stimulated transverse current and
the magnitude By and phase 8, of the total stimulated
field for T, /T, = 0.197, an applied signal of 0.1 pT and
an electron pitch angle of 30°, where Tr = Lp/v,, v,
= electron parallel velocity, T}, = bunching time [after
Helliwell and Inan, 1982].

km) of the antenna at Siple Station so as to increase the
power radiated at the lower frequencies, which are expe-
cially well suited to studying precipitation effects. Calcu-
lations indicate that doubling the length of the antenna
will increase the power radiated at 2.5 kHz by 7 dB. Later
it is planned to erect a crossed-dipole antenna to provide
for control of the polarization. An additional factor of 2
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increase in whistler mode power should be realized when
right-hand circular polarization is used. Through these
steps it is possible that the Siple signals will exceed the
triggering threshold for the low-density regions outside
the plasmapause where precipitation effects have been ob-
served in the past. It will then be possible to carry out
routine controlled experiments on precipitation as well as
on wave growth and wave-wave interaction effects of the
kind described in this paper.
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