
in magnitude and then begins to grow again at about the
same rate as before.

The gap-induced emission is explained in the same way as
the BLI. The radiation components from the wave-organized
electrons switch from the forced mode to their natural modes
at the end of the triggering wave. Unlike the BLI, the natural
components triggered at the gap become self-sustaining, giv-
ing rise to the observed narrowband emission.

In general terms, energy for the initial radiation in a trig-
gered emission is stored in the forced-mode response excited
by a growing input pulse. At signal termination, or at a gap,
or at any comparable departure from steady-state excitation,
this stored energy is rapidly (in less than 10 milliseconds)
transferred to the natural modes.

The next step in the study of gap triggering is to reduce the
gap length. Because dispersion is expected to lengthen a gap
by more than 5 milliseconds, it will be necessary to correct for
dispersion when exploring gaps of less than about 10
milliseconds. A correction network has been designed and
will be used with the new Jupiter transmitter planned for in-
stallation at Siple II in 1978-79. With this device and the
more flexible modulation capability of thejupiter transmitter,
we expect to find the minimum gap length required for trig-
gering. The results will be used to develop our model of the
interaction process further.

This work was supported by National Science Foundation
grants DPP 74-04093 and ATM 75-07707.
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paths and may emerge from the ionosphere at the conjugate
point and be observed at ground stations (Helliwell, 1965).
Non-ducted waves follow more complicated paths; they tend
to remain above the lower boundary of the ionosphere and
usually are not observed on the ground.

The properties of ducted signals are by far the best under-
stood; most of our knowledge concerning whistlers, very-low-
frequency (VLF) emissions, and wave-particle interactions in
the magnetosphere is based on the study of those signals.
Nevertheless, the non-ducted mode is important because ap-
proximately 90 percent of the energy radiated by a VLF
ground transmitter will propagate in the magnetosphere in
this mode.

In general, it can be expected that the non-ducted waves
from the Siple transmitter will interact with energetic parti-
cles in the magnetosphere and may produce VLF emissions
and particle scattering as do the ducted waves. Thus, the non-
ducted component will be valuable in the study of wave-parti-
cle interactions phenomena in the magnetosphere. However,
because the non-ducted modes are not detectable from
ground-based stations, it is necessary to use satellites to make
in situ measurements of the transmitted wave amplitude and
frequency spectrum. The use of satellites also is necessary for
the study of ducted signals because the measurement of
amplitude of these signals must be done in situ or close to the
region where they strongly interact with the energetic parti-
cles.

One of the main goals of the Stanford University VLF
wave-injection experiment on the International Sun Earth
Explorer (IsEE-1) spacecraft is to make such in situ studies of
the interactions between coherent VLF waves and energetic
particles in the magnetosphere.

The (IsEE) satellites ISEE 1 and 2, were launched on 22
October 1977. These two spacecraft form a mother and
daughter satellite pair. The orbits of both spacecraft are high-
ly elliptical, with an apogee of approximately 23 earth radii
and perigee of less than 1,000 kilometers. As the mother
spacecraft orbits the earth, the daughter moves near the
mother at an adjustable distance ranging from 100 to 5,000
kilometers.
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ISEE-1 satellite observations of
signals from the Siple transmitter
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A substantial portion of the energy radiated by the Siple
transmitter enters the ionosphere and propagates into the
magnetosphere in the whistler mode. The mode of propaga-
tion in the magnetosphere could be either ducted or non-
ducted. The ducted signals follow geomagnetic field-alined

VLF spectrogram showing Siple transmitter pulses as ob-
served on the ISEE-1 satellite. The two panels show receptions
on two different days but at the same location In space (L =
3.3 field line and geomagnetic latitude A m = 1 °S.).
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Both satellites are equipped with broadband VLF receivers.
One of the VLF receivers on ISEE-1 is provided by Stanford
University. This receiver provides signal filtering, amplifica-
tion, gain control, switching calibration, and other functions
necessary to transfer VLF signals in the 1- to 32-kilohertz
range from the preamplifier to the analog telemetry system.

The receiver is capable of processing the incoming 1- to
32-kilohertz signal from the preamplifier through any com-
bination of five broadband octave-width channels and one
narrowband channel at 6 kilohertz. The gain of each channel
is adjustable in 10-decibel steps over a 0- to 70-decibel range
by ground command or by automatic signal-level sensing.
The VLF receiver on the ISEE-2 satellite is provided by the
University of Iowa and consists of a broadband (1-10
kilohertz) receiver with automatic gain control.

Early results from the IsEE-1 wave-injection experiment
indicate that non-ducted waves injected by ground transmit-
ters are more widespread than suggested by previous
measurements (man et al., 1977). For instance, signals from
the Siple transmitter have been observed inside the
plasmasphere near the geomagnetic equator on magnetic
field lines between L = 2 and L = 5 (where L is the Mc Ilwain
parameters [Mcllwain, 1961] over the geographic longitude
range 25°W. to 100°W). The amplitude of these signals
ranges from 5 to 50 microvolts per meter. Using raytracing
calculations and diffusive equilibrium models of the cold
plasma, the wave-normal direction and the refractive index of
these non-ducted signals are computed and the magnetic
field strengths of these waves are derived. The derived
amplitudes range from 1 to 20 milligamma. Coherent waves
of this magnitude cart be expected to produce strong pitch-
angle scattering of energetic electrons in the magnetosphere
(man a al., in press).

An example of the reception of Siple signals on the
satellite is shown in the figure. The transmissions to the
satellite are made with a specially designed format involving,
at the times shown, frequency shift keying with 1-second-long
pulses at 5 and 6 kilohertz and variable length pulses at fre-
quencies 5.2 and 5.8 kilohertz. The format is designed to
probe different aspects of the wave propagation and the wave-
particle interaction processes. The upper and lower panels
show receptions on two different days at approximately the
same location in space and also at about the same local time.
In the upper panel the Siple pulses are distinctly visible, with
pulse lengths equal to the transmitted ones, indicating that
the signals arrive at the satellite through a single mag-
netospheric path. The lower panel shows a case in which the
pulses are smeared out in time, probably caused by echoing
between hemispheres and/or the presence of more than one
path from the ground to the satellite.

The lsEE-1 satellite measurements of signals from the Si-
pie transmitter and other ground transmitters will continue
through 1980. We plan to use these measurements to map out
regions in the magnetosphere where VLF emissions are pro-
duced and to measure the correlation between the input wave
characteristics and the energetic particle characteristics.
These measurements should provide important insights into
the physics of wave-particle interactions in the mag-
netosphere and give us a better understanding of the mag-
netospheric plasma surrounding the earth.

Construction of the Stanford University VLF receiver for
the LSEE-1 spacecraft was supported by the National Aero-
nautics and Space Administration under grant NAS 5 20871.

References

Heiliwell, R. A. 1965. Whistlers and Related Ionospheric Phenomena. Stan-
ford University Press, Stanford, California.

man, U.S., T. F. Bell, D. L. Carpenter, and R R Anderson. 1977.
Explorer 45 and Imp 6 observations in the magnetosphere of in-
jected waves from the Siple Station VLF transmitter. Journal of
Geophysical Research, 82: 1177.

man, U. S., T. F. Bell, and R. A. Helliwell. In press. Nonlinear pitch
angle scattering of energetic electrons by coherent VLF waves in
the magnetosphere (Journal of Geophysical Research).

Mc llwain, C. E. 1961. Coordinates for mapping the distribution of
magnetically trapped particles. Journal of Geophysical Research, 66:
3681-3691.

Wave-induced particle
precipitation effects at Siple

Station
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and D. L. CARPENTER
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In 1977 several innovations in Siple Station field opera-
tions were made, particularly in studies of wave-induced par-
ticle precipitation. This phenomenon involves very-low-fre-
quency (VLF) waves that are injected into the earth's
ionosphere and overlying magnetosphere from lightning
sources or ground transmitters. The waves propagate along
the earth's magnetic field lines to geocentric distances of
several earth radii, growing in amplitude near the magnetic
equator through a resonant interaction with energetic
charged particles. At high amplitude, the waves may then in-
teract strongly with particles encountered at points farther
along the path, scattering some of these into trajectories that
carry them down into the ionosphere. Here they may collide
with ions or neutral particles, creating fresh ionization, X-
rays, and optical emissions.

The study of such effects, which are of fundamental in-
terest both in radiocommunications and in solar-terrestrial
physics, has been a continuing pursuit at Siple Station and its
conjugate, Roberval, Quebec. Prior to 1977, important
progress had been made in two areas: the detection of precipi-
tation-induced amplitude perturbations in subionospherically
propagating VLF signals (Helliweli et al., 1973), and the detec-
tion of one-to-one correlations between bursts of VLF noise
and bursts of x-rays recorded at balloon altitudes (Rosenberg
etal., 1971). Because such effects are difficult to observe, a
new approach to the problem was needed.
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