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This paper gives the performance of the 21-kilometer-long
and 42-kilometer-long very-low-frequency (VLF) dipole anten-
nas in operation at Siple Station, Antarctica. Extension of the
existing 21-kilometer center-fed dipole antenna to 42-kilometer
was completed during the 1982-1983 austral summer.

VLF transmissions began in Antarctica in 1965 with a 33.6-
kilometer dipole laid on the ice at Byrd Station (L = 7.25 earth
radii) and used jointly by Stanford University and the Univer-
sity of Washington. However, the geomagnetic latitude of Byrd
was found to be too high for receiving ducted transmissions in
the conjugate hemisphere (Helliwell and Katsufrakis 1974). Ac-
cordingly, the lower latitude site of the present Siple Station was
selected (L = 4.2 earth radii). A 21-kilometer horizontal dipole
antenna and a VLF transmitter were placed in operation there in
1972.

The 21-kilometer antenna is resonant near 5.1 kilohertz. This
resonance is near one-half the equatorial gyrofrequency on the
magnetic field line which passes through Siple. The new 42-
kilometer antenna has a one-half wavelength resonance near
2.49 kilohertz, which is near the center of the 1-4-kilohertz band
that has been found to be most promising for wave injection
experiments (Carpenter and Bao 1983). One of the main pur-
poses of the 42-kilometer antenna is to increase the number of
opportunities to observe interactions below approximately 2
kilohertz. At such frequencies interacting electrons have higher
energies and hence, when precipitated, can penetrate more
deeply into the lower ionosphere.

In January 1983, measurements of current and voltage were
made over the full lengths of both the 21-kilometer and the
extended 42-kilometer antennas. Figure 1 shows the measure-
ment procedure and antenna construction. The antenna is sus-
pended approximately 6 meters above the ice layer, from towers
spaced approximately 60 meters apart and set aproximately 1.5
meters into the ice. The top few meters of the old tower, which
with previous extensions penetrates approximately 20 meters
into the ice, can also be seen in figure 1. The ice layer is approx-
imately 1,900 meters thick and has been modeled as a dielectric
layer of low conductivity between the antenna and the con-
ducting rock layers below (Raghuram, mith, and Bell 1974).
Measurements were made at the first and second resonant
frequencies of both antennas and also at the third resonant
frequency of the 42-kilometer antenna.

The current in the 42-kilometer antenna and the voltage
between the antenna and the support tower are plotted in figure
2 for the second resonance frequency, 7.75 kilohertz. The volt-
age measurements showed high variance, including an "end
effect" voltage drop. Because the tower is not connected to a
ground plane, its potential is probably controlled mainly by the
ice near the tower. For this reason and because of external fields
coupled to the voltage measuring equipment, the voltage mea-

surements are difficult to interpret. The voltage between the
antenna and the old tower was also measured along with the
short-circuit current between the antenna and the new and old
towers. The two voltage measurements tended to be similar.
The maximum short-circuit current in the new tower was negli-
gible, while the maximum old tower short-circuit current was
approximately 3.5 percent of the maximum antenna current
apparently resulting from the increased tower-to-ice surface
area.

With the 10.5-kilometer extension on each end of the 21-
kilometer antenna in place but not connected, the maximum
current in the extension was approximately 0.025 percent of the
maximum current in the 21-kilometer antenna. This small value
was expected, because the extension is in the "shadow" of the
radiated field.

In the table the electrical properties of the antennas are given
at the various resonant frequencies. The table and figure 2 both
show that the two legs of the antenna are not symmetrical.
Measurements placed the electrical center of the short antenna
on the west leg of the antenna, approximately 60 meters from
the center taps. From the resonant frequencies and the length of
the antenna, phase velocities V. were calculated and were
found to increase with frequency thus providing information
on the dispersive nature of the system. The input impedance
values were measured using a bridge circuit within the lab and
represent the sum of the radiation resistance and the ohmic
losses of the total system. These losses include the energy
dissipated in the ice and rock and all other near field
components.

The standing wave patterns of the current measurements
were used to calculate a, the nepers per meter attenuation in the
complex propagation constant X = a + i 3, where 3 is the wave
number or phase shift constant. The losses are seen to increase
with frequency and are also greater on the west leg. The propa-
gation constant is known to be a function of environmental
changes. As the snow level changes, the input impedance and
resonant frequency also change. Also, over a period of less than
half an hour, 3 percent variations in the measured antenna
current were correlated with local weather changes.

El

Figure 1. Photograph showing the Siple very-low-frequency anten-
na and the technique used for measuring the various currents and
voltages.
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Figure 2. Plot of antenna's conduction current and antenna-to-tower voltage for the 42-kilometer antenna. The tower number can be converted
into distance by multiplying by the 61-meter tower spacing. ("f" denotes frequency; "kHz" denotes kilohertz.)

Electrical properties of the 21- and 42-kilometer very-low-frequency antennas

	Frequency	Impedance	a (in Nepers per	 13 (in rads	 V, (in kilometers
Configuration	 (in kilohertz)

	
(in ohms)
	

kilometer	 per kilometer)	 per second)

21-kilometer	 5.09
	

100
	

0.028 (east)
	

01.15
	 2.14 x 10

0.031 (west)
21-kilometer	 16.40	 535

	
0.039 (east)
	

0.45
	

2.30 x 10
0.041 (west)

42-kilometer	 2.49
	

75	 <0.014 (east)
	

0.75
	 2.09 x 10

<0.014 (west)
42-kilometer	 7.75

	
415
	

0.017 (east)
	

0.22
	 2.17 x 10

0.018 (west)
42-kilometer	 13.40

	
770
	

0.043 (east)
	

0.37
	

2.20 x 10
0.045 (west)

As a next step, the antenna measurements need to be com-
pared with rocket measurements (Kintner et al. 1983) and the-
oretical models (Raghuram etal. 1974) and a new, refined model
developed.

This work was supported in part by the National Science
Foundation grant DPP 80-22282. (The manuscript was prepared
by K. Faes.) Much credit is due to R. A. Helliwell, U. S. man,
D. Shafer, J. Green, and T. Wolf for their technical and experi-
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mental contributions, and to J. P. Katsufrakis for his efforts
toward the construction of the 42-kilometer antenna.
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The Siple Station very-low-frequency (VLF) transmitter has
been used in the past to gain knowledge concerning wave-
particle interactions in the ionosphere and magnetosphere (Bell
et al. 1983;, Helliwell and Katsufrakis 1974). This knowledge is
essential in understanding processes which govern the life-
times of energetic particles in the Earth's environment.

While most of the data from Siple Station VLF wave-injection
experiments have been acquired at ground stations (notably
Roberval Station, which is magnetically conjugate to Siple Sta-
tion), in situ satellite measurements have been very important in
determining the properties of both the injected VLF waves and
the interacting particles (Bell, man, and Helliwell 1981; Bell et
al. 1983; Kimura et al. 1983). In the past, data acquired on both
high- and low-altitude satellites have indicated that most impor-
tant VLF wave-particle interactions took place at high altitudes
close to the magnetic equatorial plane.

However, recent low-altitude VLF wave-injection experiments
involving the Siple Station VLF transmitter, the Omega naviga-
tional transmitter in North Dakota, and the three satellites isis-i
(Canada), isis-11 (Canada), and ISEE-1 (United States) have dem-
onstrated the existence of a new phenomenon in which initially
narrowband (approximately 1 hertz) signals from ground-
based VLF transmitters undergo a significant frequency band-
width increase as they propagate through regions where ener-
getic electron precipitation is thought to take place. The effect
has been observed at satellite altitudes in the range 700-3,800
kilometers, on both upgoing and downgoing signals. The af-

fected transmitter signals lie in the range 4-20 kilohertz and the
frequency bandwidth can increase to as high as 10 percent of the
original frequency of the input signal. The bandwidth increase
occurs only in the presence of impulsive VLF hiss and/or a lower-
hybrid-resonance (LHR) (Laaspere, Johnson, and Semprebon
1971) noise band with an irregular lower cutoff frequency, and
only for signals whose frequency lies above the local LHR

frequency at the satellite location. Dispersion in the compo-
nents of the affected pulses suggests that the bandwidth in-
creases may be due to a Doppler shift effect in which the initial
signal scatters from plasma density irregularities at low al-
titudes and couples into quasi-electrostatic modes of short
wavelength. The large Doppler shift associated with these
short-wavelength modes produces a significant increase in the
bandwidth of the signal as observed on a moving satellite. Since
impulsive VLF hiss and irregular LHR noise bands have been
linked to energetic (E < 1 kiloelectronvolt) electron precipitation
in the past, it appears likely that the irregularities which scatter
the injected signals are produced by precipitating electrons (Bell
et al. In Press).

Satellite data acquired near the Omega, North Dakota, trans-
mitter indicate that the electric field intensity of spectrally
broadened pulses is approximately 5 decibels greater than that
of pulses in nearby "normal" regions.This finding suggests that
the spectral broadening mechanism may involve a plasma in-
stability which produces wave growth during the scattering
process. The free energy necessary for this instability is most
probably supplied by the precipitating electrons.

To study this new type of wave-particle interaction, special
telemetry equipment was installed at Siple Station in January
1982 so that VLF data from the isIs-i and isis-ii satellites could be
recorded at Siple when the subsatellite points of these space-
craft were within a few thousand kilometers of the station.
Short-path transmissions to the isis satellites were then made to
determine the dependence of the spectral broadening effect
upon the amplitude and frequency of the injected waves.

Examples of the spectral broadening effect are shown in
figures 1 and 2. Figure 1 shows a series of swept-frequency Siple
transmitter signals as received on the Isis-il satellite at a time
when the subsatellite point was near Siple Station. The upper
panel of part (a) shows six swept-frequency transmissions from
Siple when the local LHR frequency at the satellite was below 3
kilohertz. The lower panel of (a) shows the signals as transmit-
ted at Siple. The bandwidth of the received signals lie in the
range 200-500 hertz, approximately two orders of magnitude
larger than the nominal bandwidth of the transmitted signals.
The upper panel of part (b) shows six swept-frequency trans-
missions from Siple when the local LHR frequency was above the
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