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ABSTRACT

The feasibility of VLF wave injection using space-borne transmitters is discussed
and the radiating antemna characteristics are reported.

INTRODUCTION

In recent years, interactions of energetic radiation belt particles and coherent -
plasma waves in the earth’s magnetosphere have been studied by means of ground-
based VLF wave-injection experiments [1,2] in which the amplitude, phase and fre-
quency of the injected waves has been under control of the experimenters, The use
of space-born transmitters for similar experiments has been discussed in different
contexts over the last decade [3]. Such transmitters would provide important ca-
pabilities not achievable from the ground, namely (1) the ability to create larger
power demsities by injecting waves directly into the plasma with radiating struc-
tures of sizes comparable to the VLF wave length in the medium, (2) the ability to
excite a full range of wave normal directions in the plasma, and (3) the ability
to study spatial effects through the "source-in-motion" feature.

The propoused Space Shuttle/Space Lab system would provide z useful VLF transmitter
platform since it can lift the required large payleads into orbit, erect long an-
tennas, supply the electrical power required, and provide real-time control. In
this paper we study the power budget of such a VLF transmitter in an attempt to
assess the feasibility of the experiment. In this context, the radiative element
is the determining factor, and below we summarize the result of our calculations
of the antenna terminal impedance and radiation efficiency for a prototype antenna

- configuratien and parameters. Further details of these results are reported in

another paper [4].

ELECTRIC DIPOLE ANTENNA CHARACTERISTICS
A stem-type electric dipole antenna immersed in a magnetoplasma is depicted in
Figure la. The equivalent circuit for the anteuna terminal impedance and the co-
ordinate system are shown in Figure 1b and le¢, respectively. The components of
this equivalent circuit are discussed below.’ : v :

235




236 U.S. Inan et al.

(b)

Fig. 1 (a) Electric dipole-antenna and. the surrounding ion-sheath. (b} Equi-
valent circuit representation for the terminal impedance. {c¢) Coordinate sys-
tem,

The equivalent circult, The conducting antenna creates an ion-sheath in its imme- -
diate vicinity due to the difference between the electron and ion thermal veloci-
ties, For small amplitude and low frequency voltages the sheath thickness is si-
nusoidally modulated at the excitation frequency f, giving rise to a dynamic sheath
capacitance Cgh and a dynamic sheath- resistance Rgh. In order to calculate Cgh and
Rgh for parameters sultable to the experiment we have used a formulation [5] which
assumes a uniform ion-sheath with a sharp boundary and neglects the effect of the
static magnetic field. The results are given in Figure 2.
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Fig, 2 Typical computed values of the equivalent circuit parameters, (a)
The sheath.impedance Cgp and Rgh computed for an ambient electron tempera- .
-ture of 2500°K, a predominantly oxygen plasma, and an antemma velocity of

7 km/sec. (b) The radiation resistance Ry for Ne = 105 cm™3, h = 150 m and
for £ < fypp for perpendicular (¢, = %0°) and parallel (5 = 0°) orienta-
tion. (c¢) By for £ > fyyp.
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The cold plasma impedance Z. = R, + j¥X, acéounts for the fields that penetrate
into the plasma. Using the formulation of Wang [6] to determine Ze, it can be
shown that for f # fryp (lower hybrid resonance frequency) the input impedance
of the dipole antenna is dominated by the r—f sheath impedance and the real part
of the cold plasma impedance, namely the radiation resistance Rr = R.. We have
calculated Ry for the case of a cold multicomponent magnetoplasma with a static
magnetic field By = 0.2 Gauss, electron density N = 10% - 1086 el/ec, and plasma
composition of 90% 0t and 10% HT, representing typical ionospheric conditions at
~330 km altitude. In this anisotropic medium, R, is a complicated function of
frequency and antenna orientation ¢g, as well as the plasma composition and Ng,
The results are given in Figure 2b for f < fiap and in Figure 2c¢ for £ > f1HR.
The behavior of the antenna changes markedly at f =~ fIuR [6].

Note that we have assumed a cold plasma in our calculations. Ta case of a warm
rlasma, thermal modes as well as the whistler-mode waves will be excited., How—
ever, even in this case it has been shown that >B80Z of the power represented by
Ry can be coupled into the whistler mode [6].

Antenna terminal impedance and radistion efficiency. Witk the equivalent circuit

model of Figure 1 we can calculate the real and imaginary parts of the antenna
terminal impedance, namely Zg, Zy, and the radiation efficiency, 1 = R¢/ZR, for
various ranges of parameters. In all these caleulations, we have used a static
magnetic field By = .2 Gauss and a plasma composition of 90% O* and 10% H* at 350
km altitude. The computed values of ZR, Zyx for all the cases considered in this
paper lie in the region designated by the dashed lines in Figure 3.

5kl

Fig..3 The impedance range of the eleq¥ i
tric dipole antenna for the parameter & | .
values considered in this paper.

The variations of the radiation efficiency N with Ng,. dipole half-length h and
antenna orientation ¢y are shown in Figure 4. : :
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Fig. 4 (a) The antenna radiation efficiency n ve Ng for different fre-
quencies, for ¢o = 90°, h = 150 m. {(b) Same for 9o = 0°. (c) N ve antemna
150 m and £ = 3 (<fyug) and 30 kHz
(>fggp) » () N vs dipole half-lemgth h, for Ng = 10° em™, ¢ = 90° and

orientation ¢o, for Ng = 10° em™3, b =
f = 3 and 30 kHz,

DISCUSSION AND CONCLUSIONS
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For amy given input power level into the antenna termimals the radiation efficien—

cies reported above determine the total power radiated into the whistler mede,
the anisotropic plasma environment the radiation pattern of the dipole antenna
provides an additional effective gain of up to 40 dBR in launching waves with cer-
tain ray directions (e.g., along By for £ > frpp) [73.
waves are launched, they will propagate away from the antenna and can be focused

in the vieinity of magnetospheric density gradients [8].

In addition, once the

In

According to Figure 3 the antenna hehaves as a low Q (<10) element for most of the
impedance range considered. Thus the tuning of the antenna is not a critical factor
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and the radiated power is determined mainly by the efficiency 1.

Oz the basis of these results we conclude that a 1-10 kW transmitter placed on the
Space Shuttle/Space Lab system and coupled into a stem—type electric dipole of
~150 m half-length can inject from one watt to up to a few kilowatts of wave power
into the whistler mode. Recent results of ground-based VLF wave-injection experi-
ments show that such power levels would be more than enough for initiating nonlin-
ear wave growth and amplification and emission triggering in the magnetosphere.
Theoretical calculations based on test particle computer simulation of the wave-
particle interaction indicate that the generated waves would interact strongly
with the radiation belt particles and precipitate significant energy fluxes into
the iomosphere [9]. We can thus conclude that a Shuttle-based VLF transmitter
experiment is not only feasible but will also greatly increase our understanding
and control of the wave-particle interaction mechanism in the magnetosphere,
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