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Abstract—Using experimental measurements and theoretical analysis, it is shown that the HF/ELF conversion
efficiency is controlled by the timescale for electron temperature saturation. This is a function of the ERP and
frequency of the heater and the ionospheric electron density profile. For the current HAARP parameters, this
corresponds to frequencies between 2 and 4 kHz. Efficiency optimization techniques as applied to the projected
upgrading of the HAARP heater to its design power of 3.6 MW are discussed. © 2003 MAIK “Nauka/Interpe-
riodica”.
1 1. INTRODUCTION

A fundamental plasma physics concept among the
main pioneering by Leonid Rudakov was the concept of
electron magnetohydrodynamics (EMHD) [1]. The
work presented here is a classic example of EMHD
application in the Earth’s ionosphere, in general, and in
the electrojet, in particular.

Electron Hall currents driven by ionospheric electric
fields in the D-region of the high latitude zone are
responsible for a most fascinating plasma property: the
potential to act as a frequency transformer that converts
HF power injected from a high power HF transmitter
into the ionosphere into coherent lower frequency
VLF/ELF/ULF waves. The conversion principle relies
on modulating the electrojet currents in the ionospheric
D and E regions by using amplitude-modulated HF
heating. The low-frequency fields subsequently couple
to the earth–ionosphere wave guide, while a fraction of
their power leaks towards the magnetosphere. Despite
several years of theoretical [2–10] and experimental
[11–16] work, many scientific and technical issues
remain unresolved. Understanding the physics underly-
ing their generation is important in increasing the HF to
ELF/VLF conversion efficiency and utilizing this tech-
nique for ionospheric diagnostics. A puzzling feature of
the experiments has been the variation of the conver-
sion efficiency with frequency and the unusually large
relative amplitude of the harmonics. Figure 1 shows the
frequency dependence of the average field amplitude
normalized to the amplitude at 2 kHz measured near the
HAARP site. These data are typical of many other mea-
surements and consistent with the data reported using
the EISCAT heater [12]. The most important features
seen in Fig. 1 and from previous data are the following:

1 This article was submitted by the authors in English.
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(1) An enhanced efficiency relative to the neighbor-
ing frequencies at 2 kHz and its harmonics.

(2) If we ignore the enhanced regions, the maximum
efficiency is in the frequency range between 2 and
4 kHz. The efficiency is proportional to the frequency f
between 2 kHz and 500 Hz. There is a weak increase in
the efficiency between 500 and 100 Hz. The efficiency
is proportional to 1/f between 4 and 10 kHz.

(3) Harmonics with significant relative amplitudes
up to ten or larger are present. The amplitudes of the
harmonics are much higher than expected from the
Fourier analysis of the HF heating waveforms.

Although the various sets of data have been col-
lected under different heating parameters and iono-
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Fig. 1. The average field amplitude measured near the
HAARP site versus the ELF/VLF frequency. The amplitude
is normalized.
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Fig. 2. Temporally resolved waveforms for the N–S components of the magnetic field recorded on March 4, 2001.
spheric conditions, the features described above are
very consistent.

As discussed previously [2, 6, 7] and in the absence
of propagation effects, the conversion efficiency
depends on the value of the ambient electric field in the
modified region and the spatiotemporal behavior of the
modified conductivity in response to the HF heating
pulse. Since the first factor, which basically controls the
maximum value of the modified current, is beyond our
control, our investigation focused on understanding the
physics of the second factor. We present below the first
temporally resolved ELF/VLF waveforms measured
during modulated ionospheric heating. The results are
compared with theoretical models and their implica-
tions are discussed.

2. EXPERIMENTAL RESULTS

The data presented below were obtained using the
HAARP heater in Gakona, Alaska, during two cam-
paigns. The first involved 48 hours of operation during
the period September 17–30, 2000; and the second,
68 hours of operation during the period March 4–14,
2001. In all the results presented here, the heater oper-
ated at 3.3 MHz in the X-mode with power 960 kW and
ERP 73 dBW. Since we are interested in near-field
effects, the ELF/VLF data were recorded at a diagnos-
tic trailer site located 12 km away from the heater. The
magnetic fields were measured with EMI BF–6 sensors
oriented along the magnetic N–S and E–W directions.
The sensor output was digitized at a 24-bit resolution
with a 48 kHz sampling frequency, giving temporal res-
olution of 20 µs in the measured ELF/VLF waveform.
They were generated using square-wave HF amplitude
modulation between 100 Hz and 10 kHz.

Figure 2 shows temporally resolved waveforms for
the dominant magnetic field component (N–S) for the
frequencies recorded on March 4 between 05.32 UT
and 06:00 UT. Two things are apparent. First, the peak
value of amplitude is minimum at 10 kHz. The peak
value increases at lower frequencies and reaches a sat-
uration value at a frequency of 4 kHz. Second, the
waveforms in the VLF range have significant power in
the fundamental frequency. However they deteriorate
significantly at the ELF range (1 kHz or lower). Note
that in this frequency region the waveform is composed
of a spike with duration of 0.125 ms at the beginning of
each cycle, followed by a plateau of approximately
one-third of the peak amplitude for the remaining
pulse. As a result, at low frequencies, the HF-to-ELF
conversion is low for most of the cycle. Furthermore, a
Fourier analysis of the waveforms is consistent with the
presence of harmonics with anomalously high ampli-
tudes.

An additional feature revealed by these data is the
presence of weaker peaks with a form similar to the
driven waveform with a delay time of approximately
0.5 ms. The last feature was previously reported in [11,
17] and correctly interpreted as echoes generated by the
reflection of the original pulse from the ionosphere.
Rietveld et al. [11] have used these features to deter-
mine the ionospheric reflection height and the reflec-
tion coefficient and access the heating and cooling
times in the D region. The data show the appearance of
a plateau in the magnetic field with amplitude approxi-
mately 0.3 of the maximum, similar to the plateau
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Fig. 3. Variations of the Hall conductivity caused by HF pulses with durations of (a) 50 and (b) 100 µs. Here the solid and broken
lines show conductivities produced at the time of HF heating and after the pulse termination, respectively. Plots (c) and (d) reveal
the associated temporal evolution of the magnetic field on the ground computed per 1 mV/m of the ambient electric field and per
1000 km2 of the HF heated area.
shown in Fig. 2 for the ELF range of frequencies. The
echoes feature is superimposed on the plateau for
pulses longer than 0.5 ms. Referring to Fig. 2 in [17],
we note that the plateau region is either lost in the noise
or filtered by a low-pass filter. The rest of their wave-
form is similar to ours.

The ionospheric diagnostics was provided by a dig-
ital ionosonde, a magnetometer, and a 30-MHz riome-
ter. During the testing period, the HAARP fluxgate
magnetometer showed a moderate 50 gammas predom-
inantly westward magnetic field and a corresponding
southward electrojet current. The 30-MHz riometer
absorption was about 0.5 dB, corresponding to a night-
time ionospheric profile.

3. THEORETICAL MODELING

The physics underlying these observations can be
understood by referring to theoretical modeling. There
are two steps in the computation. The first is to find the
spatial-temporal profile of the current j(r, t) induced by
the heater. The second is to compute the near field at the
observation site, which we take as the origin of the
PLASMA PHYSICS REPORTS      Vol. 29      No. 7      2003
coordinate system, using a retarded potential method
described by the following set of equations:

(1)

. (2)

From these equations and assuming the ambient elec-
tric field E0 in the x direction, the magnetic fields at the
observation point per unit area and per unit electric field
are given by

(3)
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Fig. 4. Experimental results (left column) along with the theoretical predictions (right column) for pulses with durations 1000 µs
(on the top) and 50 µs (on the bottom). 
where σH, P are the Hall and Pedersen conductivities,
S is the HF heated area, k = 1/4πε0c2, ε0 is permittivity
of free space, and  represents derivative with
respect to the retarded time. Note that the first term in
the square brackets in Eqs. (3) and (4) describes the
magnetic field due to the ionospheric current induced
by the HF heating, while the second term is due to the
time derivative of the current. 

The spatial-temporal profile of the conductivity can
be found by using 1D HF heating code, such as the one
described in APTI, Technical Report 5007, 1991. The
inputs to this code are the electron density profile as a
function of altitude and the effective radiated power
(ERP), frequency, polarization, and modulation format
of the heater. A number of ionospheric profiles similar
to the ones discussed in [18] are used depending on the
value the riometer absorption. In the code, the effects of
changing electron temperatures and the ionospheric
absorption characteristics are calculated in a self-con-
sistent manner. The output of the code is shown in
Fig. 3, for a profile consistent with the experimental
times shown in Fig. 2. They were computed for ERP =
73 dBW with a 12.5 µs time step. Figures 3a and 3b
reveal the modified Hall conductivity as a function of
time for pulse lengths of 0.05 ms and 1.0 ms, while
Figs. 3c and 3d display the associated temporal evolu-
tion of the magnetic field on the ground. As shown in
Figs. 3c and 3d the total field, represented by the con-

∆σ̇P H,
tinuous line, is composed of two contributions corre-
sponding to the two terms in Eq. (3) and (4). Further-
more, the dotted line indicates the input from the iono-
spheric current, as discussed above after Eq. (4), while
the slashed line exhibits the input from its derivative. It
clearly explains the behavior observed in Fig. 3.

For times shorter than 0.125 ms, the second term—
the time derivative of the induced ionospheric cur-
rent—dominates, while at later times this term
approaches zero and the dominant contribution is due
to the current itself. Furthermore the HF-to-ELF/VLF
conversion efficiency is by about 10 dB higher in the
first 0.125 ms than the rest of the cycle. This is con-
nected with the saturation of the electron temperature
and the conductivity that is dependent only on the
intensity of the heating wave at the absorption altitude.

To compare quantitatively the experimental results
of Fig. 4 with the theoretical predictions, we took the
area S = 1300 km2, consistent with the HAARP antenna
gain at 3.3 MHz. Since we could not measure the ambi-
ent electric field, we normalized the theoretical value of
the magnetic-field peak achieved after 0.125 ms of
heating to the experimentally observed value. In under-
standing Fig. 4, we have to note that the second spike in
the experimental data, which appears approximately
1 ms after the main spike, represents the ionospheric
reflection of the signal. This effect is not included in the
current model.
PLASMA PHYSICS REPORTS      Vol. 29      No. 7      2003
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As Fig. 4 shows, the theoretical and experimental
waveforms are in good agreement. Similar agreement
was found for the other pulse lengths, as well as for the
rest of the experimental times. We should remark that
the results of Fig. 4 imply a value of the ambient elec-
tric field of about 30 mV/m.

4. CONCLUSIONS

Temporally resolved ELF/VLF waveforms obtained
during recent experiments at HAARP show that the
efficiency of ELF/VLF generation by the ionospheric
HF heating peaks at 2–4 kHz. In order to interpret the
experimental results, a new model of ELF/VLF gener-
ation by pulsed ionospheric HF heating is presented.
This model consists of two elements. The first is the 1D
numerical code that computes the electron heating
along with the modifications of the conductivity tensor
in the ionosphere. The output of this code is fed into a
model that computes the magnetic field in the near zone
of the virtual ionospheric antenna caused by the HF
heating. The magnetic field computed by the model is
checked against observations made at the HAARP site.
The overall agreement is very good, which implies that
our model includes the essential physics and can be
used to guide further studies and heater design.

Studies of waveforms show that the saturated heat-
ing is the cause of the inefficiency of the ELF produc-
tion. In order to increase the HF-to-ELF/VLF conver-
sion efficiency, we are planning to apply such tech-
niques as painting, frequency chirping, or fast
sweeping.
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