
I

>- 3_
0
Z
w
a
Ui
crLA.

R	IL

Whistler

Stripes

(b)
N
I

>-

Ui2

0
Ui
Ir

Siple transmitter (3.85 kHz CW)

Observations of standing waves in VLF
hiss over Siple Station

R. BRITTAIN and P. M. KINTNER

School of Electrical Engineering
Cornell University

Ithaca, New York 14853

During austral summer 1980-1981 three Nike-Tomahawk
sounding rockets (N-T 18.203-205) were flown from Siple Sta-
tion as part of a large-scale program in magnetospheric physics.
Both naturally occurring and artifically stimulated very-low-
frequency (VLF) radio waves and energetic particles were inves-
tigated by means of sounding rockets, balloons, and ground-
based instruments. An overview description has been given by
Matthews (1981) and Kintner, Brittain, and Kelley (1981). The
data analysis phase of this campaign is now far advanced, and
here we present some of the results of the wave data obtained on
the Nike-Tomahawk rockets.

At the interface of the neutral atmosphere and the
ionosphere, the electron density varies rapidly over distances
that are small compared to the wavelengths of VLF waves, and so

a combination of reflection, absorption, and transmission is
expected to occur across the interface. Evidence that downcom-
ing whistler mode waves do reflect has been provided by multi-
ple-hop whistlers and natural periodic emissions (Helliwell
1965). Various properties of the observed waves suggest that
reflection occurs at about 100-kilometer altitude.

On each of the flights, the electric and magnetic VLF receivers
on the rockets observed naturally occurring hiss in the frequen-
cy range 1.3-3.5 kilohertz, with a characteristic signature of
amplitude "stripes" on a conventional sonogram (frequency-
time plot) as shown in figure 1. These stripes showed a whistler-
like dispersion (frequency decreasing with time) on the upleg,
appearing first at an altitude of 90-95 kilometers and extending
for as much as 40 kilometers. On the down leg, the stripes were
observed at the same altitude but with the pattern reversed in
time. This may be understood if we interpret the stripes as a
spatial interference pattern through which the rocket flies. As-
suming a single wave-vector direction for the incident (down-
coming) VLF waves, reflection from a sharp gradient of refractive
index will produce a standing-wave pattern due to interference
of the incident and reflected waves above the reflection layer
(Brittain et al. 1983). No such patterns were observed by the VLF

receivers operating at the same time on the ground at Siple or at
the magnetic conjugate point.

Figure 1 shows an example of "stripes" from the upleg of N-T
18.205, taken as the rocket entered the ionosphere. An example
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Figure 1. Rocket N-T 18.205 up-leg data. (a) Sonogram of magnetic (x) channel. (b) Line drawing showing the position of the stripes in (a) and
identifying the Siple Station transmitter and a coincidental whistler. ('KHz" denotes kilohertz; "Km" denotes kilometer; "cw" denotes
continuous wave.)
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Figure 2. Rocket N-T 18.204 downieg data. Top: Langmuir probe data. Middle: i/Vt sonogram of magnetic (y) channel. Bottom: sonogram of
magnetic (y); linear height scale. ("Km" denotes kilometer; "kHz" denotes kilohertz; "p.A" denotes microampere.)

of downleg stripes (from rocket 18.204) is shown in figure 2
where we also show the output of a Langmuir probe experiment
(current is proportional to electron density). The data has been
plotted on a frequency-height sonogram and also as 1 divided
by the square root of the frequency (11\/f) vs. height, which
"linearizes" the stripes if the wavelength varies as 1/\/f (whistler
mode dispersion, see below). It can be seen here that the waves
appear to have reflected from an enhancement in the electron
density at 96-kilometer altitude.

This pattern of upleg and downleg stripes was observed on all
three of the rockets (with the exception of one downleg) and
appears to be a common feature of the lower ionosphere during
periods of VLF activity. If the interpretation as a standing-wave
pattern is correct, the stripe spacing should be related to the
wavelength of the waves and so permit a measurement of refrac-
tive index. In one example, we calculate n = 43.7 for a frequency
of 3.85 kilohertz, in good agreement with two independent
determinations of refractive index from the Siple Station trans-
mitter signal.

The appearance of the standing waves as seen by the rocket is
explained by assuming a quasilongitudinal approximation for
the refractive index of whistler mode waves in the ionosphere,

and setting the phase difference between incident and reflected
waves at height h above the reflection level to an odd-integer
multiple of 'ii (for a null in the pattern). We obtain, for a null of
order n:

h Vf = (2n + 1)cVfge F(O,4)
2fpe

where fg, is electron gyrofrequency, fpe is plasma frequency and
F(O,4) is a function of incident wave-vector angle and geomag-
netic dip angle. For a constant electron density and wave-vector
angle the right-hand side becomes a constant for fixed n (a
given null) and hence 1/Vf becomes a linear function of al-
titude. For certain conditions the function F varies rapidly with
incident wave-vector angle and so we conclude that the clear
observation of stripes to high order is evidence of a narrow
range of wave-vector angles in the hiss.
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ford University and J. C. Siren at University of Maryland in
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Siple Station VLF two-frequency
squelch experiments
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bels both signals are suppressed roughly equally. Near this
region of mutual suppression there are sidebands at multiples
of A f, with the upper sidebands usually being stronger. On
many occasions half-harmonic sidebands are seen, usually be-
tween 12 and 12 + A f . An example is shown in figure 2, where z
f equals 40 hertz, with a half-harmonic appearing at 4,730 hertz.
This effect may be connected with the self-excited sidebands, or

kHz	R 	 II OCT 82	 1633UT

A surprising property of the Earth's magnetosphere is its
ability selectively to amplify coherent, as opposed to noisy,
very-low-frequency (VLF) whistler-mode signals by approx-
imately 30 decibels (10 decibel equals one order of magnitude in
power) and to trigger narrowband VLF emissions (Helliwell and
Katsufrakis 1974, 1978). We shall refer to this interaction as the
"coherent wave instability" (cwi). Although no complete theory
of the cwi is yet available, the required energy is believed to
come from radiation belt electrons through the mechanism of a
Doppler-shifted cyclotron resonance with circularly polarized
waves (Helliwell and man 1982). Theoretical work on this prob-
lem is difficult because of the highly nonlinear (e.g., generation
of new frequencies) character of the observed interactions. Ex-
periments conducted from Siple Station have therefore con-
tinued to play a key role in this field.

Because coherence of the driving signal plays a critical role in
amplification and triggering, new types of modulation experi-
ments are desirable. To meet this need a new transmitter (called
"Jupiter") with AM and FM capability was placed in operation at
Siple Station in 1979 to replace the smaller, less flexible Zeus
transmitter. The purpose of this article is to describe a new
Jupiter experiment in which two equal-amplitude signals at
frequencies 11 and 12 were observed to squelch one another
when 12 - 11 equals approximately 20 hertz. These new experi-
ments extend earlier results obtained using the limited FM
capability of the Zeus transmitter (Chang, Helliwell, and Bell
1980).

Examples of the transmitted and received signal spectra are
shown in figure 1, along with the average amplitude of the
received signal; 12 is varied up and down in steps of 10 hertz
between f I + 10 hertz and f + 270 hertz. The total signal
output is a maximum for A f equals 0 and then drops by more
than 20 decibels at A f equals approximately 20 hertz. With
further increase in A f the signal recovers first at 12 and then at
f . The two frequencies are virtually uncoupled for A I is greater
than 100-200 hertz. As the amplitude increases, triggering rate
and emission intensity both increase. AtA f equals 20-30 deci-
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Figure 1. Two-frequency variable separation experiment. Upper
three panels show transmitted format, received spectrum, and re-
ceived amplitude (300-hertz filter bandwidth), respectively. Lower
three panels show the same formats but with expanded frequency
and time scales.
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