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In Situ Measurements of Transionospheric VLF Wave Injection
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VLF waves at 3.85 kHz from the Siple, Antarctica, transmitter were continuously measured by
electric and magnetic receivers on a sounding rocket as the waves propagated through the neutral
atmosphere and into the ionosphere. The change from linear to circular polarization was clearly
observed along with severe attenuation of the VLF signal in the D region. Interferometric measure-
ments established the index of refraction and provided an independent calibration of the rocket-borne
receivers. An upper bound on the VLF power radiated is estimated to be 1.7 x 10° W during a period
when the antenna was driven at 115 x 10° W. The power estimated to be entering the ionosphere is
between 3 W and 12 W and depends on assumptions concerning the geometrical distribution of wave

power.

INTRODUCTION

Very low frequency (VLF) radio waves are known to be
amplified in the magnetosphere. Natural VLF emissions
may be produced spontaneously within the magnetosphere
(e.g., chorus and hiss) or may be induced by lightning
strokes (whistlers). The morphology of these natural phe-
nomena and their variation with other magnetospheric con-
ditions suggest that under some conditions they are greatly
amplified. In a series of experiments from Siple Station,
Antarctica (L = 4.2), it was demonstrated that VLF waves
artificially injected into the ionosphere and magnetosphere
are frequently amplified by ~30 dB [Helliwell and Katsufra-
kis, 1974]. It was also suggested that other sources of VLF
waves such as power line harmonics are also amplified
[Helliwell et al., 1975; Lashinsky et al., 1980]. It is well
known that wave amplification is associated with energetic
electrons, and several authors have suggested a resonance of
the VLF wave with the Doppler shifted electron gyrofre-
quency as a source of free energy [Rosenberg et al., 1971;
Foster and Rosenberg, 1976; Helliwell et al., 1980a]. There
is also a wave amplitude threshold above which the amplifi-
cation process becomes highly nonlinear generating a variety
of spectral forms [Helliwell et al., 1980b].

Several theories based on the Doppler shift of the VLF
wave frequency to the electron gyrofrequency have been
introduced to explain the nonlinear amplification [Helliwell,
1967; Sudan and Ott, 1971; Helliwell and Crystal, 1975;
Helliwell and Inan, 1982]. Other theoretical work concerns
the perturbation of electron orbits by coherent VLF waves
which produces electron precipitation [e.g., Inan et al.,
1978, 1982].

The need to better understand the physics of wave amplifi-
cation and particle precipitation was a principle motivation
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for the magnetospheric physics campaign conducted at Siple
during the 1980-1981 austral summer. The campaign includ-
ed active experiments by the VLF transmitter at Siple, and
measurements made on the ground and in balloons at Siple
and its magnetic conjugate station, Roberval, Canada, plus
measurements from sounding rockets at Siple. A summary
of the campaign is given by Marthews [1981]. This and the
companion paper [Brittain et al., this issue] are the first full
reports from that campaign.

To further develop and apply the theories of wave-particle
interactions, it is necessary to know the boundary conditions
such as the amplitude of the injected VLF wave. Hence, one
goal of the 1980-1981 Siple campaign, and in particular the
sounding rocket program was to measure the efficiency of
the Siple VLF transmitter and antenna and the amplitude of
the signal injected into the lower ionosphere. In this paper
we report VLF wave measurements from a sounding rocket
launched above the Siple VLF transmitter.

Three Nike-Tomahawk sounding rockets containing VLF
wave receivers and particle detectors were launched during
December of 1980 and January of 1981. The three rockets
(18.203, 18.204, and 18.205) were all launched during periods
of magnetospheric amplification of Siple transmissions but in
different natural VLF conditions. The rocket to be discussed
in this paper (18.205) was launched at 1822:18.2 UT on
January 10, 1981 (~1322 MLT) to an altitude of 195 km, and
it traveled 290 km to the north along a magnetic meridian.
The solar elevation during the flight was approximately 35°.
The 3-hour Kp index during the flight was 4— although the
sum for the previous 24 hours was only 10+. There was little
natural VLF activity during the flight. Electron precipitation
was <1073 erg cm™2 s~ ! between 0.1 and 300 keV as seen at
the rocket (D. L. Matthews, private communication, 1982).
No riometer absorption was present.

During the upleg the rocket trajectory was nearly parallel
to the magnetic field line intersecting Siple. To take advan-
tage of this unusual geometry, a continuous signal at 3.85
kHz was transmitted for the first 100 of the flight of the last
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rocket (18.205). Thus a continuous record of the VLF wave
injection into the ionosphere was created from an altitude of
0-130 km. Shorter duration transmissions for the purpose of
producing echoes occurred later in the flight and they have
also been used to diagnose the injected signal. We describe
here, in detail, the entrance of the transmitted VLF wave
into the ionosphere.

THE RocKET VLF WAVE RECEIVER
AND EXPERIMENT

The VLF wave experiment on board the Nike-Tomahawk
sounding rockets consisted of three orthogonal ac electric
field measurements, three orthogonal ac magnetic field mea-
surements, and a digital automatic gain control (DAGC) with
12 different gain states. The ac electric field was sensed using
spherical probes separated by 3 m. There were two probe
pairs. The axis of each probe pair was perpendicular to the
rocket spin axis and they were oriented as shown in Figure 1.
The z axis was taken parallel to the rocket spin axis; the x
and y axes were orthogonal to the spin axis. The separation
between the two boom pairs was 2 m. The z direction ac
electric field was formed on board by separately averaging
the signals from the upper probe pair and the lower probe
pair and then amplifying their difference. The bandpass of
each electric field component covered at least 30 Hz to 8
kHz.

The ac magnetic field was sensed with three orthogonal
loops located at the forward most point of the payload and
geometrically aligned with the three measured components
of electric field. The transfer function of the ac magnetic
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field receiver was not constant with respect to frequency;
the bandpass extended from 800 Hz to 12 kHz with a peak
gain at 4 kHz.

The DAGC system amplified all six channels of ac electric
and ac magnetic signals. The DAGC operated on each
channel separately by sensing if the peak to peak amplified
voltage was larger (less) than a preset voltage and then
decreasing (increasing) the gain by a factor of 2. Each
channel has 12 possible gain steps in steps of two and the
gain state of all channels was changed simultaneously. The
appropriately amplified ac electric and ac magnetic signals
were telemetered to the ground using subcarriers on an FM-
FM link.

The trajectories of all three payloads were similar. Figure
2 illustrates the trajectory of the last flight (18.205) during
which the Siple transmitter broadcast a continuous wave
signal at 3.85 kHz for the first 100 s of flight. The major
events during the upleg were (1) the nose cone tip eject at 65
km altitude which exposed the magnetometer loops directly
to the Siple signal, (2) the electric field boom deployment
which was completed at 88 km, (3) and the transmitter
turnoff at 130 km altitude. Hence the magnetic sensor was
operating within the neutral atmosphere and during the
transition through the lower ionosphere while the electric
field receiver was not fully operational until entering the
lower strata of the ionosphere.

Of special interest is the relation of the earth’s magnetic
field to the trajectory. Since the rocket was launched north
along the magnetic meridian, the rocket trajectory and
rocket spin axis were nearly parallel to the magnetic field
(dip angle 23°) for the duration of the continuous transmis-
sion. Hence we will assume that the received wave vector
was nearly parallel to the magnetic field and to the rocket
spin axis. We would expect the transmitted wave vector to
become more vertical upon entering the refracting iono-
sphere. However, our measurements of the vector ac mag-
netic field indicated that the transmitted wave vector was
within 20° of being parallel to the earth’s magnetic field and
the rocket spin axis until transmitter turnoff. An angle of 20°

1501 magnetic /
field / rocket trajectory
B line
tronsmitter off
i (130 km)
100}
E i E field boom
= N deployment (88 km)
@
© -
2
- | tip eject
=1 (65 km)
50
;
ground
receiver
1 1 L 1 1 ' 1 1 1 y .
SIPLE 50 100
Range {km)

Fig. 2. Upleg trajectory and major events for Nike Tomahawk
rocket 18.205.
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is a sufficient approximation of parallel propagation for the
calculations that follow.

ANALYSIS OF THE VLF WAVE DATA

The data were analyzed by first digitizing all of the analog
wave forms at 20 kHz with 10-bit accuracy. The analysis of
the data in the frequency domain was then conducted
digitally using standard discrete Fourier transform algo-
rithms (such as the fast Fourier transform). An example of
the ac magnetic field data in the frequency domain is shown
in Figure 3. In this case, the power spectral density calculat-
ed using a discrete Fourier transform is plotted as a function
of frequency. The nonlinear frequency response of the
magnetometer has been removed by multiplying by the
reciprocal of the transfer function at each frequency and this
is responsible for the increase in noise below 2 kHz. We
have truncated the signal below 1 kHz because the gain
approaches zero for smaller frequencies resulting in a large
effective noise spectrum. Clearly present is the Siple trans-
mitter signal at 3.85 kHz whose power is 10? larger than the
background noise.

Since the Siple transmitter broadcasted a continuous tone
for the first 100 seconds of the rocket flight, it is possible to
study the VLF wave entry into the ionosphere. A record of
the x axis VLF magnetometer signal is shown in Figure 4 as
the rocket entered the ionosphere. The figure illustrates the
power received between 3.5 kHz and 4 kHz as a function of
time; the power was almost entirely produced by the Siple
transmission. During this time period the rocket was initially
spinning at 6 Hz but despun to 3 Hz as the electric field
booms were deployed. The transmitted Siple signal was
linearly polarized in the neutral atmosphere. Consequently,
at low altitudes (below 75 km) the magnetometer signal was
modulated at twice the spin frequency of the rocket. As the
rocket entered the D region, about 80 km, two changes
occurred. First, the spin modulation amplitude decreased as
the transmitted signal became circularly polarized and, sec-
ond, the overall signal amplitude decreased as collisional
effects became important. As the rocket continued to rise in
altitude, the spin modulation disappeared indicating that the
Siple signal was completely circularly polarized; then the
magnetic field amplitude increased. This latter effect is
attributed to an increase in the index of refraction (n =
cB/E), and, although the magnetic field above 90 km re-
turned to its value at lower altitudes, the Poynting vector
was only a small fraction of its earlier value.

The Poynting vector is defined by

S = KRe (Ey X Hy%) 1)

where the brackets indicate a time average. Hence if both
the wave electric field E; and the wave magnetic field (By =
moHo) are known, the Poynting vector may be calculated
without any other knowledge of the plasma parameters. At
lower altitudes, within the neutral atmosphere, only ac
magnetic field measurements were obtained and we deter-
mine S by assuming that the index of refraction was unity
(S = Y(m/e)*H?). We show later in this paper that our
assumption of n = 1 is valid. We must also assume that the
rocket is no longer within the near field zone of the antenna.
This assumption is correct if kd > 1, where k is the wave
number and d is the distance from the antenna. At 60 km
altitude, kd was 4.8 and increased linearly with altitude.
Several values of the Poynting vector just below and
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Fig. 3. Power spectrum from VLF magnetic field receiver showing
the Siple transmission at 3.85 kHz.

inside the ionosphere are tabulated in Table 1. Within the
ionosphere the Poynting vector was estimated from a single
component of ac magnetic field, a single component of ac
electric field, and the following two assumptions; the wave
was circularly polarized and the wave vector was parallel to
the spin axis. Table 1 shows that the Poynting vector
decreased by almost 2 orders of magnitude as the transmit-
ted signal propagated from 68 km altitude to 129 km altitude.
The attenuation of the signal was due to both reflection and
absorption produced by electron-neutral collisions. An ap-
plication of the full wave model to these processes will be the
subject of later papers.

A crude estimate of the relative importance of reflection
versus absorption may be obtained from Helliwell’'s [1965]
arguments. The net power loss between 68.5 km altitude and
95.6 km altitude was observed to be about 17 dB. From this
the polarization loss of 3 dB and a spreading factor loss of 3
dB may be removed to yield 11 dB. Using Helliwell’s
estimates of absorption in the daytime lower ionosphere, we
obtain a loss of 8 dB. Consequently, reflection should
account for about 3 dB of the observed decrease in the
Poynting vector.

After transmitter turnoff, the two-hop whistler mode echo
of the CW signal continued for about 5 s; this had a magnetic
component 14 dB smaller than the upgoing transmission.
The two-hop echo had power not only at the transmitter
frequency but also in a narrow band extending up to 70 Hz
above the transmitter frequency. Doppler effects due to
sounding rocket motion can only account for about a 6-Hz
frequency shift. Hence we believe the power at the addition-
al frequencies was produced by nonlinear amplification in
the wave particle interaction region. At later times in the
flight two-hop echo amplitudes of short transmissions were
about the same as those of upgoing transmission. This
suggests that during the continuous transmission, the two-
hop echo amplitude was suppressed, the suppression being a
result of mixing between the injected signal and the spectral-
ly broadened echoes as reported previously by Raghuram et
al. [1977]. In any case, the reduced amplitude of the two-hop
echo substantiates an assumption made to calculate the
upgoing Poynting vector: during the continuous transmission
the upgoing signal was dominant.

After the continuous tone transmission ceased at 100 s,
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Integrated Siple transmitter power received by the rocket borne VLF magnetometer over the altitude range

75-93 km. During this period the Siple transmission changes from linearly polarized to circularly polarized and is

severely attenuated (see text).

there were several shorter transmissions for the purpose of
stimulating echoes. Since the rocket trajectory was no longer
parallel to the Siple magnetic field after 100 s, these trans-
missions provide information on the horizontal distribution
of the transmitted signal amplitude. Figure 5 illustrates the
Poynting flux as a function of horizontal range from Siple.
The peak power flux within the ionosphere occurred just
after the payload entry, and it continued to decrease with
increasing range. The Poynting flux has decreased by an
order of magnitude at a range of 150 km or approximately
two wavelengths assuming a refractive index of 1. The
rocket altitude (kilometers) for each measurement is indicat-
ed in parentheses. Since the electron-neutral collision fre-
quency above 130 km is small compared to the electron
gyrofrequency, we expect the changes in Poynting flux to
have primarily resulted from changes in range rather than
absorption. These results are consistent with studies of the
distance from Siple within which injected signals were above
a threshold for nonlinear magnetospheric wave growth
[Helliwell et al., 1980b] and with measurements of upgoing
12.5 kHz signals in the vicinity of an Omega transmitter
[Scarabucci, 1969].

MEASUREMENTS OF Two-Horp EcHO POWER

After the sounding rocket entered the ionosphere, the
Siple transmitter was operated in a programed on/off mode,
with 5 s on followed by 15 s off. The format consisted of two
5-s falling frequency ramps followed in sequence by a 4-s

TABLE 1. Poynting Flux
Altitude, Bx, Ey, S,
km myrms 1073 V/mRMS 107'° W/m?
68.5 11 c. 289
95.6 8.5 4.0 5.4
108.7 8.5 3.2 4.3
129.3 7.2 3.9 4.5

staircase and a 1-s rising ramp. Figure 6 shows the Siple
signal received at the sounding rocket during a ramp and
staircase. The ramp began at 1824:28 UT and after S s a two-
hop echo appeared. The staircase pattern at 1824:48 was also
followed by a two-hop echo. The two-hop echo was not a
simple reproduction of the transmitted signal. A band of hiss
extending 1 kHz above the transmitter frequency was also
observed.

The power in the two-hop echo can be defined either as
the power at the transmitted frequency or as the power at the
transmitted frequency and within the 1-kHz band of hiss. If
we just examine power within a 200-Hz band centered at the
transmitter frequency, the Poynting vector of the echo was
1.9 X 1079 W/m? while the upgoing signal power was 3.9 x
107! W/m?. This estimate of the echo Poynting vector
assumes that the echo wave vector was parallel to the rocket
spin axis and the terrestrial magnetic field. We will show that
this assumption is not correct; hence the echo Poynting
vector is underestimated. We believe that at most the power
has been underestimated by a factor of 22, Examination of
the total power at the transmitted frequency and within the
hiss band yields an echo Poynting vector of 7.7 x 10710
W/m?.

The wave vector direction can be estimated from V - B =
0. A Fourier decomposition of the wave magnetic field yields
k - B = 0. Hence the wave magnetic field vector and the
wave vector are perpendicular. In this case we estimate the
angle made by the magnetic field vector of the wave with the
rocket spin axis known to be closely parallel to the geomag-
netic field. The estimate was determined from the ratio of Bx
to Bz averaged over a time longer than the rocket spin
period. The result for the two-hop echo at 1824:35 indicates
that the hiss band and the echo at the transmitter frequency
were propagating in different directions. The component of
the two-hop echo at the transmitter frequency had a wave
vector which made an angle of 35° with respect to the
geomagnetic field. The component of the two-hop echo
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Fig. 5. VLF power from Siple transmitter received at rocket as a function of horizontal range from Siple. The numbers
in parentheses are the altitudes in kilometers of each measurement.

associated with the hiss band above the transmitter frequen-
cy had a wave vector which made an angle of nearly 90° with
respect to the geomagnetic field. The reader is cautioned that
in an anisotropic plasma the phase velocity and group
velocity are usually not parallel. In fact, for this case the 90°
wave vector associated with the hiss band corresponds to a
group velocity parallel to the geomagnetic field while the 35°
wave vector corresponds to a group velocity about 12° from
the geomagnetic field [Helliwell, 1965, Figure 3.8]. The
analysis of wave vector direction is greatly complicated by
the possibility of reflections from the lower ionosphere. In a
companion paper [Brittain et al., this issue], we show that
reflections were likely. Hence the absolute value of the wave
vector direction may be suspect. Nevertheless, it is clear
that the two components of the echo were propagating in
different directions.

THE INTERFEROMETER MEASUREMENT

Thus far we have discussed the amplitude of the Siple
transmitter signals. The phase of these signals was also
measured, hence the rocket borne VLF receiver could be
employed as one end of a ‘movable arm interferometer’
while the other end was a ground-based VLF receiver at
Siple. The total phase shift difference between the ground-
based VLF receiver and the rocket VLF receiver was

roodx wlx|
dp=¢g — ¢r = 0t — w't + k-—dt+ — (2
0 dt c

where

transmitter frequency;
received signal frequency at the rocket;
wspin  Tocket spin frequency;

x slant range to the rocket;

k  wave vector.

w
o =0t Wspin

Taking the derivative of (2) with respect to time yields
déo

dt @

)
= *fagpin + K-V, + - ||

where V, = dx/dt is the rocket velocity. In estimating the
left-hand side of equation (3) we measured changes of A(6¢)
in a time A¢, which yields

ABh = *wgn At + K - v,AL + ':—|u,|Az @)
The first term on the right-hand side of (4) is about an order
of magnitude larger than the second term, which in turn is an
order of magnitude larger than the third term. Since Ad¢ is
the measured quantity while k - v, contains the desired
physical information, it appears that wg,,, must be precisely
calculated and removed from equation (4). However, there is
a more efficient and accurate method of removing the wqpi,
contribution to equation (4). Without loss of generality we
may assert that 8¢ be a modulo 2« function. We may then
take At to be exactly one rocket spin period, which implies
that + wgpisAf = +24r. Hence the additive factor 27 may be
removed from the modulo 27 function Ad¢ to yield

&)

_=k'V,-

+ 2y,
— |V,
At c '

The sampling of 8¢ at intervals of exactly one spin period
was performed by using pulses from a solar sensor on board
the rocket as a strobe. This method is accurate to better than
one part in 10°. Equation (5) may now be solved for the index
of refraction (n = ck/w).

1 [ c Asd ]
n= —— -1
cos 6 | wu, At

where @ is the angle between the rocket velocity and the
wave vector. We have estimated 6 to be less than 20° from
the ratio of the z and x magnetic fields, and we will assume

that k and V, are parallel in the calculations that follow.
The phase shift between the rocket and ground-based
receiver is shown in Figure 7 on a modulo 2w scale. The
digitization record began at 32 s and there was a steady but
noisy change in phase until 47 s when the nose cone was
ejected and the received signal amplitude greatly increased.
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Fig. 7. The modulo 27 phase of the Siple transmission received at the rocket relative to a ground based receiver.

Between 60 s and 67 s, the wave entered the ionosphere and
the phase changed irregularly. The wave behavior in this
altitude range was quite complex. Both refiection and atten-
uation of the transmitted signal occurred as well as a change
from linear to right-hand circular polarization (by removal of
the left-hand polarized component). A description of the
physical processes in this altitude range is beyond the scope
of this paper and will be considered in later publications.
Between 67 s and 100 s the phase increased smoothly but
rapidly as expected for a whistler mode wave propagating in
a magnetized plasma. The apparent disruption of phase at 87
s was produced by a natural whistler and, after the signal
was turned off at 100 s, only random phase shifts were
observed. Every 2n(l + 1/n) = 2m repetition of the phase
corresponded to the rocket traveling one wavelength, about
1.6 km in the ionosphere. This technique is similar to
Doppler shift measurements made elsewhere [Cartwright,
1964; Kimura et al., 1973; Holtet, 1973].

The index of refraction produced using equation (6) and by
taking the derivative of Figure 7 is shown in Figure 8 for the
time period of 50-100 s. At 50 s (66.5 km altitude) the rocket
was well within the neutral atmosphere and the index of
refraction was about 1. Between 80 km and 90 km altitude,
the calculated index of refraction changed in a complex
fashion and it may be incorrect. In addition to absorption of
the right hand mode and collisional damping there was
probably a reflected signal. Hence the derivative of phase
path between 80 km and 90 km is not related to the index of
refraction in a simple way. Above 90 km the index of
refraction grows rapidly to an approximate value of n = 40
for the remainder of the continuous transmission.

The index of refraction for a whistler wave which is
propagating parallel to the magnetic field is given by n =
cB/E. Since the magnetic and electric fields were measured

by the rocket VLF receiver, another measurement of the
index of refraction is obtained which is independent of the
phase method. The consequence of these methods being
independent is a calibration of the electric and magnetic
receivers in situ or, more precisely, a calibration of the ratio
of the magnetic field to the electric field. Since there is no
separate calibration of VLF receivers in space, this measure-
ment is an important test of the sensor coupling to the
plasma.

Several times have been chosen to make the comparison
and they are plotted in Figure 8. The electric and magnetic
field ratios yield an index of refraction between 50 and 60, up
to 50% larger than the phase path calculation. The ratio cB/E
was determined using the measured Bx and Ey components
which, like the phase path calculation, assumes that the
wave vector was parallel to the payload spin axis. Since both
methods depend on the wave vector direction we estimate
that off parallel propagation could only account for a 10%
discrepancy. Although any combination of Bx overestimate
and/or Ey underestimate could be responsible for the ob-
served index of refraction, the most straightforward explana-
tion involves a capacitive loading of the electric field signal.
We have assumed a resistive contact to the plasma and,
since the instrumental input resistance was much greater
than the resistance between the spherical electrode and the
plasma, no loading was expected. However, the input capac-
ity is comparable to the sphere free space capacity and could
play a role in the absolute calibration. Regardless of the
source of the systematic error, in the worst case the Poynt-
ing vector is in error by at most 50%.

DiscussioN AND CONCLUSIONS

The sounding rocket VLF receiver results provide a
continuous measurement of the signal from the Siple trans-
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Fig. 8. The index of refraction calculated from the derivative of the phase shift in Figure 7 (see text). The crosses were
obtained from the ratio of magnetic field to electric field measurements.
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mitter through the neutral atmosphere and into the iono-
sphere. Although these electric field and magnetic field
measurements are made in only two dimensions (the vertical
direction and one horizontal direction) we may still make
estimates of the total radiated power and the total power
which entered the ionosphere.

Typical Poynting vector values are given in Table 1 and
Figure 5. The transmitted Poynting vector was small com-
pared to typical values for natural emissions. For example,
on flight 18.204 the Poynting vector from natural emissions
(chorus) reached values of 3 X 10~ W/m?. The rocket
results are consistent with 1973 IMP 6 measurements of
Siple signal amplitudes at much higher altitudes (3-4 Rg)
[Inan et al., 1977a, b]. From the IMP 6 wave magnetic field
amplitudes and E/B ratios reported for L ~ 4 and —20°
latitude just inside the plasmasphere, we calculate a Poynt-
ing vector of 1.1 x 10712 W/m?. An equivalent number for
the rocket experiment is obtained by projecting the mea-
sured value of the Poynting vector at 130 km to the IMP 6
altitude, assuming confinement of the waves within a field-
aligned duct. This projection leads to a value of 7.5 x 1072
W/m?. To compensate for differences in radiated power
between the two experiments, we multiply this number by a
factor of 2.3 to allow for both small differences in power
delivered to the antenna, 115 kW in 1981 in comparison to
105 kW in 1973, and a larger difference in the frequency-
dependent antenna efficiency, ~0.6% in 1981 at 3.85 kHz
and ~1.5% in 1973 at 5.62 kHz. The result is 17.1 x 10~
W/m?, which is ~12 dB above the IMP 6 values. The
difference can be accounted for by a ~20 dB waveguide loss
between Siple and the IMP 6 field lines, located near Halley
about 1600 km to the east (Halley measurements of Siple
field strengths support this estimate; J. P. Mathews, person-
al communication, 1979). The effect of this loss is then
reduced by roughly 7 dB to account for nighttime (1973) as
opposed to daytime (1981) conditions on wave absorption in
the ionosphere. The agreement in amplitude of the two data
sets suggests that in the case of the IMP 6 data, significant
amplification had not taken place before the Siple signals
reached the IMP 6 location, 20° south of the equator and in
the hemisphere of the transmitter.

We may estimate an upper bound on the efficiency of the
transmitter and antenna by assuming an isotropic radiation
pattern. Then for a Poynting vector of 2.89 x 10~8 W/m? at
68 km altitude, the total radiated power over 4 steradians
was 1.68 x 10° W compared to the 115 x 10° W output
power from the transmitter. Hence an upper bound on the
transmitter and antenna efficiency is ~1.5%. This is in good
agreement with estimates by Raghuram et al. [1974] of 1%
near 4 kHz.

An estimate of the total power injected into the ionosphere
may be deduced from Figure 5. If we assume that injected
wave vectors are nearly parallel to the earth’s magnetic field
and that they fill a cylindrical volume of 50-100 km in radius
with a Poynting vector of 4 x 10~'° W/m? then the total
injected power is between 3 W and 12 W. During darkness
we expect absorption in the D layer at 3.85 kHz to decrease
by about 7 dB at Siple’s latitude [Helliwell, 1965] which
implies that an upper bound on the corresponding injected
power in winter would be 60 W. Small as it appears, this
injection of coherent wave power is sufficient to produce
amplified echoes and trigger further emissions.
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