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Abstract.

High frequency (HF) radiation from the HAARP and
SURA ionospheric heaters transmitted through the un-
derdense ionosphere and received by the WIND satel-
lite show the presence of strong spatial structure in the
radiation pattern. A simple model based on the com-
bination of ionospheric irregularities and interference
effects has been developed to account for the observa-
tions. The analysis demonstrates the utility of satellite
receptions as probes of ionospheric irregularities created
or enhanced by powerful HF radio waves.

Introduction

A new class of ionospheric heating experiments have
been recently initiated, first using the newly constructed
HAARP ionospheric heating facility [Rodriguez et al.,
1998], subsequently the SURA facility [Rodriguez et al.,
1999a; Tokarev et al., 1999] and most recently the com-
bined HAARP and HIPAS heaters [Rodriguez et al.,
1999b]. In these experiments the frequency of the trans-
mitted signals exceeds the critical plasma frequency of
the F-peak. The HF radiation is received by detector
on the WIND satellite [Bougeret et al., 1995]. Figure
1, taken from Rodriguez et al. [1999a], shows the sig-
nal amplitude received by the 8925 kHz channel on the
wave detector on WIND for SURA transmissions at the
same frequency and in a CW mode, when the overhead
critical frequency was 6300 kHz. The spiky structure
of the signal is similar to previous measurements using
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the HAARP transmitter at low power [Rodriguez et al.,
1998]. In this letter we explain the observed signal pat-
tern with a simple theoretical model that combines the
effect of irregularities in the ionosphere with diffraction
analysis in the wave propagation after encountering the
F-peak.

Theoretical Model

One possible source of irregularities is the thermal
self-focusing instability of the high-powered HF radio
waves [Litvak, 1970; Perkins and Valeo, 1974; Gure-
vich, 1978; Bernhardt and Duncan 1982; Guzdar et al.
1998; Gondarenko et al. 1999]. Also pre-existing nat-
ural irregularities can seed the underdense thermal self-
focusing instability [Guzdar et al. 1996]. In this letter
we focus on the consequence of the natural or wave-
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Figure 1. WAVES receiver measurement of the SURA
radiated power at 8925 kHz.
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enhanced irregularities on the far-field wave pattern of
the electromagnetic HF wave. The theoretical model
has two key assumptions. The first assumption is that
the HF beam breaks up into a number of smaller fil-
aments forming a relatively regular lattice due to the
self-focusing instability or pre-existing irregularities en-
hanced by self-focusing. The second assumption is that
once the radiation passes the F-peak, each filament of
the lattice becomes an independent transmitter, whose
radiation propagates freely in the low density plasma
with phase determined by its phase when exiting the
F-peak.

Propagation Model

A simple diffraction model is used to follow the HF
radiation once it exits the F-peak. A schematic of the
model is shown in Figure 2. The irregularities in the
ionosphere are modelled by a transmission grating with
transparent widths (slit) of 2a and the separation be-
tween the center of two slits of 2d. In reality, the trans-
mission through the ionosphere consists of waves propa-
gating through the low density transparent field aligned
filaments, and through the plasma between the depleted
channels. It is the difference in the phases between the
two regions which gives rise to a diffraction pattern so
that the constant background that arises from the semi-
transparent nature of the ionosphere is removed by the
present model. In reality, there is a distribution in the
widths of the filaments and spacing between the fila-
ments as well as curvature of the incident beam. Also if
wave-enhanced self-focusing occurs, the ”optical” path
of the heater wave through the filaments with depleted
density would vary from filament to filament. All these
different physical effects which can introduce different
path-lengths of the wave propagation in filaments are
modelled by introducing a random phase for the wave
at the slits. The angular distribution of the far-field am-
plitude of a monochromatic wave incident on a trans-

HF Heater

Figure 2. Schematic of heater, ionospheric irregular-
ity and far-field diffraction pattern.
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Figure 3. Diffraction pattern for (a) a = 0.1 km, and
d = 1.0 km, (b) a = 0.1 km, and d = 0.5 km, and (c)

a=02km,and d=1.0 km.

mission grating with N slits and random phases ¢,, at
each slit is

ia sin{kasing)

E(6) = X kasind

Z exp[2ikd(n — 1)sind + ig,]
(1)
Here k = w/c is the wavenumber of the heater wave
with frequency w, and the summation is over the num-
ber of the filaments N. We assume that 2Nd = L,
where L is the size of the irradiated spot in the F' re-
gion. If we assume that the random phases ¢, are zero,
the summmation can be readily done to yield the well-
known formula for the intensity of an NN slit diffraction
pattern

sin(kasing)\? { sin(kNdsinf) 2
1(0)0(( kasind ) ( kdsind @)

This expression shows that there are basically three
characteristic scalelengths: (1) the width of the pri-
mary maxima is (A\/2Nd)R, where R is the radial dis-
tance from the heater source and ) is the heater wave-
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Figure 4. Diffraction pattern for a = 0.1 km, d=10
km, (a) —2.0 < ¢, < 2.0, and (b) —7 < ¢ < 7.

length, (2) the distance between the primary maxima
is (\/2d)R, and (3) the envelope width is (A/2a)R. In
Figure 3a-3c the diffraction pattern for three different
values of a and d are shown. The patterns are plot-
ted in the angular interval —7/60 < 6 < 7/60 for the
incident wave frequency f = w/2m = 8.9 MHz. Fig-
ure 3a is for a = 0.1 km and d = 1.0 km. Figure 3b
illustrates the case when the inter-filament distance is
reduced to d = 0.5 km, but the filament width is un-
changed (a = 0.1 km). In Figure 3c the filament width
is increased to a = 0.2 km for d = 1.0 km. What is
clear is that dramatic changes in the pattern occur when
the inter-filament distance and the filament widths are
changed by a factor of two. Since the diffraction pat-
tern is a Fourier transform of the sine of the angle 6,
the envelope scale is a measure of the filament width
(2a), and the inter-filament distance (2d) controls the
number of primary lines. The case that qualitatively
matches the observations in Figure 1a of Rodriguez et
al. [1999a] is the diffraction pattern in Figure 3a.
There are other features that need to be explained.
In the observations there is low-level noise between the
primary lines as well as a distinct asymmetry in the an-
gular distribution about the peak intensity. We now ad-
dress these two features. If we introduce random phases
with a uniform distribution between —2.0 < ¢, < 2.0,
then the diffraction pattern looks like that shown in
Figure 4a. The secondary noise like-feature readily ap-
pears. The computed pattern has a very high wavenum-
ber character to it. In examining Equation (1), the
random phases can arise from nonuniform separation
of equal-sized filaments or filaments with unequal sizes
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separated by the same distances or unequal sized fil-
aments separated by unequal spacing. None of these
three scenarios can be distinguished from each other.
However, the magnitude of the noise is very sensitve to
the choice of the window in which the phases ¢, are cho-
sen. Figure 4b shows the diffraction pattern for the case
when the phase ¢, varies in the range [—7, w]. The noise
level is significantly enhanced. Thus, since the observed
level of the noise in Figure 1 is small, it indicates that
the fluctuation in the filament size or the inter-filament
separation is significantly smaller than the average size
(2a) or inter-filament distance (2d).

The "effective” diffraction grating is two-dimensional
(2D)in reality. However the basic characteristic scale-
lengths are well represented by our 1D model and this
has been the main focus of this letter. The full two-
dimensional study will be reported in the future. One
possible explanation of the asymmetry of the peak in-
tensity of the observed pattern can be attributed to the
trajectory of the satellite relative throught the 2D dif-
fraction pattern. We can assume that during the period
of observation the satellite is stationary as the pattern
sweeps past it due to the rotation of the earth. As the
earth rotates the satellite traces a path through this
two-dimensional diffraction pattern. If the beam is not
circular, as is the case, there will be an asymmetry in
the diffraction pattern sampled by the satellite. Also
the ”chaotic” structure of the secondary signal spikes
can be a manifestation of the satellite path through the
two-dimensional pattern.

Discussion

We have developed a simple diffraction model of
the wave pattern observed by the WAVES RAD2 re-
ceiver on the WIND satellite, when the heater facility
at SURA was operated in the continuous mode for 50
minutes. To compare our results with the observations,
the time scales given in Figure 1 can be converted to
space scale by assuming that the pattern sweeps past
the satellite in 40 minutes due to the rotation of the
earth. We now show why irregularities of the size of
200 m, separated by 2 km agree with the observed struc-
tures. As mentioned earlier, there are three basic scale-
lengths obtained from the diffraction model. The first
is the primary line-width of the individual spikes, which
for the SURA heater is =~ 300 km at 140 R.. This is in
agreement with the 3-4 sec temporal width [Rodriguez
et al., 1999a] of the individual spikes which, using the
earth’s rotation rate, translates into 300 km. The over-
all envelope is controlled by the size of the irregularities.
For 200 m irregularities the envelope width is 23.6 R..
This is in reasonable agreement with the envelope width
of 24 R,, from Figure 1. Finally, the distance between
the primary maxima obtained from the model is 2.36
R, compared to the average distance between the pri-
mary maxima of 1.5 R, from Figure 1. The low-level
of the noise interspersed in the well-defined diffraction
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pattern indicates that the deviation from the assumed
filament size and inter-filament distance are very small.
It cannot be stated unambiguously whether the irregu-
larities were present prior to the turning on of the heater
or whether these are heater induced or enhanced irreg-
ularities. However, based on our earlier work on the
nonlinear state of the thermal filaments there is a pre-
ferred size of the irregularities for a given heater power
density. This suggests that the observed diffraction pat-
tern is caused by heater induced or enhanced thermal
filaments and that the observed signal has the potential
to be used as a good diagnostic of these irregularities.
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