
After sunrise, the perturbations disappeared alto-
gether, showing that solar-produced ionization
probably masked that caused by the electron preci-
pitation.

This research was supported by National Science
Foundation grant DPP 74-04093.
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VLF wave-wave interactions in
the magnetosphere

R. A. HELLIWELL and J . P. KATSUFRAKIS
Radioscience Laboratory

Stanford University
Stanford, California 94305

The magnetosphere is a source of powerful very
low frequency (vLF) waves thought to be generated
by radiation belt particles. Manmade signals in-
jected from ground sources, such as the very low
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frequency transmitter at Siple Station, Antarctica,
can trigger such waves and thus control the mag-
netosphere. Coherent VLF signals from Siple Sta-
tion typically are amplified up to 35 decibels and
interact with other signals in the magnetosphere
(Helliwell and Katsufrakis, 1974). Harmonic radia-
tion from the Canadian power system has a role in
controlling magnetospheric wave-particle interac-
tions (Helliwell et al., 1975).

A new result is the entrainment of artificially
stimulated emissions (ASEs) by 50-millisecond
pulses from the Siple transmitter. Figure 1 shows
0.5-second pulses on 4.5 kilohertz that grow in time
to about 20 decibels above their initial value. At
the end of each pulse a strong falling tone is stimu-
lated. In the 0.5 second between adjacent 0.5-sec-
ond pulses is a sequence of 50-millisecond pulses
that alternates between 4.0 and 4.1 kilohertz. They
are too short to show significant growth. However,
when the strong falling tone encounters one of the
weak 50-millisecond pulses, the falling tone is im-
mediately "captured," with its frequency becoming
locked to that of the 50-millisecond pulse. On ter-
mination of the pulse, this enhanced signal either
stops or continues to move downward in frequency.
Entrainment, as illustrated in figure 1, helps to ex-
plain the remarkable ability of relatively weak
power line radiation to control much larger signals.
The rapidity of the capture suggests that the free-
running oscillation (that is, the falling tone) is cap-
tured at the location in space where it is generated.
This result will aid in extending one of the current
theories of cyclotron resonance interaction in which
the change in frequency with time (DF/DF) of an
emission is proportional to the distance of the inter-
action region from the Equator (Helliwell, 1967).

During further examination of the data we
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Figure 1. Series of Siple
transmissions showing
growth of 0.5-second
pulses on 4.5 kilohertz, ar-
tificially stimulated emis-
sions (ASE5), and entrain-
ment of ASEs by 50-milli-
second pulses on 4.0 and
4.1 kilohertz. Lower panel:
dynamic signal spectrum.
Middle panel: frequency of
automatic tracking filter
(bandwidth, 340 hertz).
Upper panel: amplitude
(log scale) of tracking filter

output.
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Figure 1. A natural very low
frequency (VLF) periodic
emission (Ta, 12, T4, .. . T30)
recorded at Siple Station
on 25 April 1975. The two-
hop whistler-mode travel
time (Interval T0 to T2) in
this event Is about 3.8

seconds.

during extended operation. During this time the
VLF receivers are muted to prevent overloading,
and no local VLF reception is possible.

(3) The transmitter is off from the 20th to the
24th minutes. During this period, magnetospheric
wave activity (whistlers, VLF emissions, etc.) is de-
tected and observed on a high-resolution video dis-
play. The VLF spectrum (1 to 6 kilohertz versus
time) shown in figure 1 is an example of this activity
observed at Siple on 25 April 1975. The noise bursts

labeled T0 , T2 , T4.... 'T'30 are natural periodic emis-
sions in which the period is equal to the two-hop
whistler-mode travel time along a magnetospheric
field-alined path (from the vicinity of Siple to the
opposite hemisphere and back again). The two-hop
delay in this event is about 3.8 seconds.

(4) A special pulse and listen program with fre-
quencies bracketing the starting frequency (about
2.7 kilohertz) of the periodic emissions is now trans-
mitted, as shown at the left in figure 2a. A 3-second
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Figure 2. Same Sipie pro-
gram as In figure 1. Top
panel shows entrainment
of ASEs by 50-millisecond
pulses at 4.0 and 4.1 kilo-
hertz. Bottom panel shows
breakup by whistler of
smooth wave growth. in
addition, there is an in-
crease in value of lowest
frequency reached by fall-
ing tone, a disruption of en-
trainment of ASEs, and the
appearance of frequency
modulation on the 0.5-sec-
ond pulses and the whistler

components.
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noticed that frequency modulation(FM)of the main
pulse, often seen on both manmade and natural
emissions, occurred near the time of reception of
a two-hop multipath whistler. Figure 2 shows an
example. The FM appears before the whistler com-
ponents that are believed to follow the same mag-
netospheric field-alined paths as the signal. We
have identified two prominent paths. This associa-
tion has not been explained, but could mean that
the southward traveling one-hop whistler is in some
way modifying the factors (for example, electron
streams) that control the amplification of the north-
ward traveling Siple signal. Another effect coinci -
dent with the FM is a temporary increase in the
value of the lowest frequency reached by the falling
tone. These signal interaction effects provide im-
portant clues to understanding wave-particle inter-
actions in the magnetosphere. They also show that
the magnetosphere is extremely sensitive to the in-
jection of weak coherent waves in the VLF range.

This research was supported by National Science
Foundation grants DPP 74-04093 and DES 75-
07707.
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Man, computer, and VLF
transmitter at Siple: interactive
wave injection experiments to
perturb the energetic particles

of the magnetosphere

J . P. KATSUFRAKIS and E. PASCHAL
Radioscience Laboratory

Stanford University
Stanford, California 94305

Stanford University magnetospheric probing ex-
periments at Siple Station are being developed to
increase the interactive role of the on-site scientists.
The instrumentation, consisting of a very low fre-
quency (VLF) transmitter, a computer, VLF re-
ceivers, and a spectrum analyzer, permits adjust-
ment of the parameters of the transmitted waves
according to the observed response of the mag-
netosphere. Following is an illustration of inter-
active transmission procedures during a 30-minute
period.

(1) The specific frequency-time format to be
transmitted is selected from a library of computer-
generated programs.

(2) The computer controls all functions of the
transmitter for the first 20 minutes. The modula -
tion during this time is at 100-percent duty cycle to
maintain a constant load on the diesel power gener-
ating units and thus prevent overstressing the units
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