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Figure 1. Simultaneous vi,
chorus and X-ray micro-
bursts observed at conju-
gate points, showing closely
correlated variations. Top
panel: Siple vLF spectrum.
Center panel: 2-3 kilohertz
amplitude. Bottom panel:
Roberval X-ray count rate.
100 millisecond averages.
(Local time ls universal time
less 5 hours.)
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Electron microbursts are fluxes of precipitating energetic
electrons lasting from less than 100 milliseconds to several
hundred milliseconds. They occur in auroral and sub-
auroral latitudes following midnight sector substorms.
Balloon-borne X-ray experiments have provided the most
informative data about microbursts (Rosenberg 1976). Evi-
dence has been presented (Rosenberg, Siren, and Lanzerotti
1980; Siren, Rosenberg, Detrick, and Lanzerotti in press)
that corresponding, simultaneous fluxes can be observed at
conjugate points.

Very-low-frequency (vu:) chorus possesses many of the
same geophysical occurrence characteristics as microbursts.
It is composed of isolated or superposed rising-tone emis-
sions or riser elements lasting a fraction of a second. It is
thought to originate on closed magnetic field lines as a
result of the interaction of hot plasma from the plasma
sheet with the cold, dense plasma in the plasmasphere.

Rosenberg, Marthinsen, Holtet, Egeland, and Carpenter
(1978) reported a close correlation between individual mi-
crobursts at Roberval, Quebec and vu: riser elements at
Siple Station. The observed correlation could be explained
by the Doppler-shifted cyclotron resonance involving vu:
waves and trapped energetic electrons near the magnetic
equatorial plane. Here we report a longer lasting event at
the same sites that permitted further conclusions to be
drawn.

An example of microbursts and vu: chorus that were
observed simultaneously is shown in figure 1. A substorm
had occurred within 3 hours of the time shown, and the
plasmapause was probably at a lower latitude. Visible in the
VLF spectrum (upper panel) is a band of discrete chorus
risers. The amplitude of the vu: chorus is shown in the
center panel. In the bottom panel is shown the conjugate
X-ray count rate. In the VLF amplitude plot, each spike
corresponds to a riser or a small group of risers. In the X-ray
plot many microbursts are evident.

There is evidently a detailed correspondence between
many vu: risers and microbursts. For about an hour includ-
ing the small data segment shown here, some detailed cor-
respondence such as this was present in the data, with a
greater or smaller degree of correlation. (VLF data was avail-
able 1 minute out of each 5.) The interval 1100 to 1125
universal time (UT) was selected for closer study.

We cross-correlated 1-minute segments of these two data
sets with lags that were multiples of 100 milliseconds. A
highly significant peak was always found near zero lag. The
width and location of the centroid of this peak could be
measured to considerable precision. Typically its width was
about 0.25 second and the centroid of the peak was some-
what "early:" the vu: waves arrived slightly more than half
a lag before the electrons. The maximum energy of the
resonant electrons was roughly 200 kiloelectronvolts.
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The arrival time difference between electrons and waves
contains precise information about the mechanism of the
wave-particle interaction. Calculations were performed
modeling both the wave-particle interaction process itself,
and the subsequent propagation of waves and particles to
Siple and Roberval in order to interpret the arrival time
difference, which was the most precise observable quantity.
Physical parameters used in the modeling were taken from
the data. An important constraint was the whistler mode
wave propagation time between conjugate points. Many of
the chorus bursts at Siple were received also at Roberval
after one hop. This gave a direct measurement of the wave
propagation time, to a precision of roughly 0.1 second. In
the top panel of figure 2 are shown values for the wave
propagation time measured by this method, at 5-minute
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intervals. (The 1-minute segment at 1105 UT had too little
vu: activity to allow this determination; microbursts were
also almost absent.) A whistler that occurred about an hour
later gave a comparable wave propagation time. In the
center panel are shown the widths of the cross-correlation
peaks for the five 1-minute data segments. Also shown are
the peak widths of the autocorrelated VLF and X-ray data. It
is evident that the peak widths for each data segment were
similar. We take this as evidence that the full width of each
VLF riser element from leading edge to trailing edge was
involved in the interaction. In the bottom panel are shown
the observed arrival time differences expressed as the
centroid of the cross-correlation peaks. The arrival time
differences were all within about one standard error of the
overall mean.

The most important unknown quantity was the point
along the magnetic field line where the wave-particle inter-
action took place. We used the position of this point as a free
parameter. In figure 3 are shown plots of the calculated
arrival time difference, as a function of the dipole latitude
of the point of interaction. Three different model calcu-
lations are shown by solid curves. The curves cut off at
latitudes where the interaction energy is over 200 kilo-
electronvolts. The hatched area is the range of actual arrival
times.

The modeling shown by the solid curves assumes that
the interaction takes place instantaneously. The actual
physics of the process, however, is more complex. The
wave-particle interaction may require as much time as the
full duration of the wave packet in the frame of reference
of the moving electron. We combined an assumed wave
packet duration of 250 milliseconds with our arrival time
difference calculations to obtain the maximum possible par-
ticle delay that might be observed. In figure 3 the effect of
the maximum possible delay is shown by the dashed
curves.

Comparing these model calculations with the observed
arrival time differences, we find that only the diffusive
equilibrium models were appropriate; for the range of pos-
sible interaction latitudes (10° to 20° S) the models are
almost independent of density; electron energies were 50 to
200 kiloelectronvolts; and nearly the maximum possible
scattering time was required for the interaction.
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Figure 3. Dependence of
the calculated electron-
wave arrival time differ-
ence on dipole latitude. N
refers to the equatorial
electron density. oe "Diffu-
sive equilibrium" density
model. R4 "Collision-
less" density model.

Observations of Siple transmitter
signals on the ISIS satellites

J. P. KATsuFiius and R. A. HELUWELL

Radioscience Laboratory
Stanford University

Stanford, California 94305

C. JAMES

Communication Research Centre
Shirley Bay

Ottawa, Ontario, Canada K2H 8S2

Since February 1979, through arrangements between the
Communications Research Centre of Canada and Stanford
University, VLF transmissions have regularly been made
from Siple, Antarctica, to the IsIs-i and -2 satellites in the
northern hemisphere conjugate region. Both satellites are
in polar orbit, with isis-2 at approximately 1,400-kilometer
altitude and isis-i at altitudes ranging from 600 to 3,500

kilometers. In earlier experiments in 1975, transmitter sig-
nals were received on the satellites but the number of cases
observed was relatively small. In the recent and longer
campaign, strong Siple signals have been received on a
large fraction of the orbits, apparently because of the ap-
proximately 7-decibel higher power achievable with the
new Jupiter transmitter at Siple.

This new data set provides a strong basis for studying
magnetospheric very-low-frequency (vu) propagation and
associated wave-growth phenomena. We present here spec-
trographic illustrations from some of the first data tapes
surveyed.

Figure 1, second and third panels, shows spectrograms of
signals received on isis-2 during a northbound pass near
local noon (15 August 1979) and a southbound pass near
local midnight (23 August 1979). The transmitted format is
shown at the top; the approximately 2-second offset be-
tween it and the receptions is due to propagation delay
along the magnetospheric paths. A striking feature of the
records is the Doppler shifts of approximately 100 hertz on
both sides of the transmitted frequency. These are particu-
larly well defined near t = 16 seconds in the middle panel.
The frequency offsets are due to the occurrence of non-
ducted propagation, in which the wave normal is bent
away from the direction of the magnetic field according to
the distribution of gradients in the plasma and geomagnetic
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