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Final Report on 

INVESTIGATION OF IONOSPHERIC TURBULENCE AND WHISTLER WAVE 
INTERACTIONS WITH SPACE PLASMAS

Space Plasmas 

  (FA9550-09-1-0391 for the period of June 1, 2009 – May 31, 2012) 

1. Introduction

We report on AFOSR-sponsored research entitled “Investigation of Ionospheric Turbulence and 

Whistler Wave Interactions with Space Plasmas” (FA9550-09-1-0391 for the period of June 1, 

2009 –August 31, 2012).  It includes two parts: (1) naturally occurring and radio wave-induced 

large-and medium-scale ionospheric turbulence, and (2) whistler wave-generated short-scale 

ionospheric turbulence.  Several journal and conference papers and students’ Ph.D./M.S./B.S. 

theses have resulted from  these research projects.   We present the research results in order below. 

2. Large- and Medium-scale Ionospheric Turbulence

Two types of large- and medium-scale ionospheric turbulence are discussed separately, namely, (a) 

anomalous heat source-induced acoustic gravity waves (AGW), and (b) HF radio wave-excited 

large plasma sheets.  Anomalous heat sources can occur naturally to generate heat waves.  They 

produce temperature gradients as the sources for the generation of acoustic gravity waves, as we 

observed at Arecibo Observatory [R. Pradipta, M.S. Thesis, M.I.T., 2008].   Besides, temperature 

gradients resulted from HF wave-depleted magnetic flux tubes were inferred from our earlier 

ionospheric HF heating experiments conducted at Arecibo Observatory, before the Arecibo HF 

heater was damaged by Hurricane Georges in 1998 [Lee et al., GRL,1998a].  Based on these 

Arecibo experiments, we have conducted a series of HF heating experiments at Gakona, Alaska to 

simulate anomalous heat source-excited acoustic gravity waves (AGWs) [R. Pradipota, Ph.D. 

Dissertation, M.I.T., 2012; Pradipta and Lee, 2012].    

In our earlier Arecibo experiments large-scale plasma sheets in the form of parallel plate 

waveguides were detected by 430 MHz incoherent scatter radar [Lee et al., 1998b].   However, we 

could not investigate this intriguing phenomenon further, because the Arecibo heater was 

subsequently dismantled after its damage by the hurricane.   Fortunately, we have been able to 

conduct ionospheric HF heating experiments at Gakona, Alaska ever since.  Extensive diagnostic 

instruments are available to us in our Gakona experiments, including digisonde, MUIR radar at 446 

MHz, magnetometers, riometer, GPS receivers, as well as our own VLF receiving system, All Sky 

Imaging System (ASIS), and GeoMagnetic Observatory System (GMO).   We then have detection 

of HF heater-induced large plasma sheets, using MUIR radar and GPS satellites [Cohen et al,, 

2010; Pradipta and Lee, 2012]. 

2.1. Naturally Occurring Acoustic Gravity Waves (AGWs) 
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A series of highly-structured ionospheric plasma turbulence was observed over Arecibo on the 

nights of 22/23 and 23/24 July, 2006.  Incoherent scatter radar (ISR) measurements by Arecibo 

radar, airglow measurements using MIT PSFC’s all-sky imaging system (ASIS), together with 

TEC measurements from GPS satellite network provide well-integrated diagnostics of turbulent 

plasma conditions. Two kinds of turbulent structures were seen as slanted stripes and 

filaments/quasi-periodic echoes on the range-time-intensity (RTI) plots of radar measurements. 

Detailed analyses of radar, airglow, and GPS data allow us to determine the drift velocity/direction, 

the orientation/geometry, and the scale lengths of these plasma turbulence structures.  They are 

large plasma sheets with tens of kilometer scale lengths, moving in the form of traveling 

ionospheric disturbances (TIDs) southward within the meridional plane or westward in zonal plane 

at tens of meter per second.   The signatures of observed TIDs indicate that they were triggered by 

internal gravity waves that had reached the altitudes of ionospheric F region. All possible sources 

producing gravity waves have been examined. We rule out solar/geomagnetic conditions which 

were quiet, and the atmospheric weather anomalies which were absent, during the period of time 

for our experiments.   It is found that the heat wave fronts, which occurred in US, were plausible 

sources of free energy generating intense gravity waves and triggering large plasma turbulence 

over Arecibo.  In other words, anomalous heat sources can be responsible for the occurrence of 

intense space plasma turbulence all over the world.   The reported research suggests that global 

warming may affect the space weather conditions significantly. Further GPS data analysis has 

verified some predictions based on our current research outcomes [R Pradipta, M.S. Thesis, M.I.T., 

2008; Pradipta et al., 2012].  Simulation experiments have been conducted at Gakona, Alaska using 

the powerful High-frequency Active Auroral Research Programs (HAARP) heating facility, to 

generate gravity waves for the controlled study of concerned intriguing phenomenon. The 

important results are briefly discussed below. 

 

2.2. Generation of Acoustic Gravity Waves Using HF Heater 

Following the research discussed in the previous section, we have investigated the potential role 

played by large-scale anomalous heat sources (e.g. prolonged heat wave events) in generating 

acoustic-gravity waves (AGWs), which might trigger widespread plasma turbulence in the 

ionosphere.   The main hypothesis is that, the thermal gradients associated with the heat wave 

fronts could act as a source of powerful AGW to trigger ionospheric plasma turbulence over 

extensive areas.   In our investigations, first we examined the case study of the summer 2006 North 

American heat wave event, using GPS-derived total electron content (TEC) data over the North 

American sector.  It revealed quite noticeable increase in the level of daily plasma density 

fluctuations during the summer 2006 heat wave period.  Comparison with the summer 2005 and 

summer 2007 data further confirms that the observed increase of traveling ionospheric disturbances 

(TIDs) during the summer 2006 heat wave period was not simply a regular seasonal phenomenon. 

Furthermore, a series of field experiments had been carried out at the High-frequency Active 

Auroral Research Program (HAARP) facility in order to physically simulate the process of 

AGW/TID generation by large-scale thermal gradients in the ionosphere.  In these ionospheric HF 

heating experiments, we create some time-varying artificial thermal gradients at an altitude of 200-

300 km above the Earth's surface, using vertically-transmitted amplitude-modulated O-mode HF 

heater waves. In our experiments, a number of radio diagnostic instruments had been utilized to 

detect the characteristic signatures of heater-generated AGW/TID, including MUIR radar, 

digisonde generated ionograms and skymaps, and  GPS/LEO satellites.  We have been able to 

obtain affirmative indications that some artificial AGW/TID can indeed radiate out of the HF wave 
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heated plasma volume during the HAARP-AGW experiments. Based on the experimental 

evidence, we can conclude that it is certainly quite plausible for large-scale thermal gradients 

associated with severe heat wave events to generate AGW, which can subsequently cause 

widespread ionospheric plasma turbulence in Earth’s environment.  See the details of attached R. 

Pradipta, Ph.D. Dissertation, M.I.T., 2012 and Pradipta and Lee, 2012(a) as Appendix (A) and 

Appendix (B), respectively. 

 

2.3. Ionospheric Ducts Generated by HF Heater Waves 

We report an investigation of ionospheric ducts having the shape of large plasma sheets, generated 

by vertically transmitted HAARP HF heater waves in several experiments conducted in Gakona, 

Alaska. Theory predicts that O-mode heater wave-created ionospheric ducts form parallel-plate 

waveguides within the meridional plane, and those generated by the X-mode heater waves are 

orthogonal to the meridional plane. Our theoretical prediction is supported by measurements of 

GPS data, ionosonde data (namely ionograms), range–time–intensity (RTI) plots of UHF and HF 

backscatter radars, as well as magnetometer data analyses.  When these plasma sheets experienced 

E×B drifts, they were intercepted by the HAARP UHF radar and seen as slanted stripes in the RTI 

plots.  See the details of attached paper by J.A. Cohen et al. [2010] as Appendix C. 

Presented in Appendix D is our investigation of solar powered microwave transmission for 

communications and remote sensing.  A solar powered microwave transmission system is proposed 

for remote sensing and communications purposes [Whitehurst et al., 2012a].  We present in this 

IEEE paper (1) a proof of concept to operate solar powered microwave transmission, and (2) 

investigation of microwave interactions with atmospheric plasmas.  In this conceptualized system, 

a solar thermophotovoltaic system is considered to produce direct current electricity, which is then 

converted to microwaves. The results from these simulations provide insight on how to produce an 

economically and environmentally conscience energy source, that can be used for communication 

and remote sensing applications. However, it is expected that microwaves may interact with 

ionospheric plasmas, primarily, in the E region to induce large scale fluctuations in plasma density 

and geomagnetic fields with threshold wave electric field intensities of ~ 1 V/m.  After we 

determine the instability thresholds, we can use them to set up the safe operation range of solar 

powered microwave transmission.  As discussed in Appendix E by Whitehurst et al. [2012b], 

filament-type of ionospheric plasma turbulence can be produced primarily, in the E region by the 

ground-based microwave transmission system.  Electron collisions play key roles in the generation 

of large scale fluctuations in ionospheric plasma density and geomagnetic fields via a thermal 

filamentation instability.  Possible radar detection of microwave-induced ionospheric plasma 

effects has been planned for our future Arecibo experiments in Puerto Rico [Whitehurst and Lee, 

2013]. 

3.  Short-scale Ionospheric Turbulence 

3.1. Arecibo Experiments with NAU Transmitter 
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We have been conducting whistler wave injection experiments at Arecibo Observatory, Puerto 

Rico, using the Naval transmitter (code-named NAU) located nearby at Aquadilla, to radiate VLF 

waves at 40.75 kHz. These experiments are aimed at the controlled study of whistler wave 

interactions with ionospheric plasmas [Labno et al., JGR, 2007] and inner radiation belts at L = 

1.35 [Pradipta et al., GRL, 2007].  The ionospheric plasma effects caused by NAU transmission 

can be analyzed from Arecibo-radar measured enhanced plasma lines. While plasmas line 

enhancement occurs in F region due to 40.75 kHz whistler wave interactions with ionospheric 

plasmas [Labno et al., JGR, 2007], energetic electrons precipitated by whistler waves from inner 

radiation belts cause plasma line enhancement in E region.  From the backscatter radar operation, if 

plasma lines arise from radar-detected beam modes associated with downward streaming electrons, 

then the preferentially detected plasma waves are expected to yield frequency-upshifted plasma 

lines due to the Doppler effect.  However, as shown in our JASTP paper by Rooker et al. [2012a] 

given in Appendix F, enhanced plasma lines with frequency-downshifted spectra were exclusively 

measured in our summer 2008 experiments.  The characteristic features of these frequency-

downshifted plasma lines are very different from those of frequency-upshifted plasma lines 

observed in our earlier Arecibo experiments [Labno et al., JGR, 2007].  A new mechanism to 

understand this intriguing phenomenon and to explain how NAU-launched whistler waves can 

accelerate ionosphere electrons upward along the Earth’s magnetic field is addressed in [Rooker et 

al., 2012a]. 

  

3.2. Gakona Experiments Using Beat Wave Technique  

 

In Appendix G we report on the development of beat wave technique in our HAARP experiments 

conducted in the past two years [Rooker et al., 2012b], which extends our Arecibo experiments for 

the controlled study of whistler wave interactions with ionospheric plasmas and outer radiation 

belts at L = 4.6.  This work focuses on the beat wave generation of VLF waves in the frequency 

range of 2 kHz to 42.5 kHz, using two HF radio waves.  This technique can generates VLF 

whistler waves much more effectively than the conventional HF wave-modulation of electrojet 

currents. These beat wave-generated waves can propagate into the so-called radiation belts to 

interact with trapped energetic charged particles and precipitate them into the lower ionosphere.  

This technique can provide a method to clean hazardous charged particles in space environment for 

satellite remediation.  Ion line measurements were made in our HAARP experiments by MUIR 

radar operated at 446 MHz.  As shown in Appendix G [Rooker et al., 2012b], the new mechanism 

proposed by Rooker et al. [2012a] plays a dominant role in whistler wave interactions with 

ionospheric plasmas in turbulent plasma conditions.    

Next given in Appendix H are results of Gakona experiments conducted in summer 2011 to verify 

our theoretical formulation of the coupling mechanism(s) for whistler wave generation [Kuo et al., 

2012].  In brief, summer nighttime and daytime VLF wave generation experiments were conducted 
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on July 25 and July 27, 2011, respectively, using two CW HF X-mode waves with eleven VLF 

frequency differences from 2 to 21.5 kHz.  The background magnetic variations were at 

comparable levels, except for that in the daytime experiment the D region absorption was 

significant and increasing and the number of the ionogram echoes was decreasing in the later time 

period. VLF signals were detected from 2 to 7.6 kHz in both experiments, showing an inverse 

frequency dependence of intensity, although signal intensity (except at 5.5 kHz) detected at 

nighttime was stronger than the corresponding one detected in the daytime before observing a 

decreasing in the ionogram echoes.  However, VLF signals from 11.5 to 21.5 (except at 19.6 kHz) 

were also generated in the daytime experiment concurrent with a decreasing in the O-mode 

ionosonde echoes from 2 to 4 MHz. The concurrence of a decreasing in the ionogram echoes, the 

unexpected generation of VLF waves at higher frequencies, and the increasing D region absorption 

throughout the experiment may be explained by the generation of large scale density irregularities, 

which scatter the ionosonde signals as well as couple with the modulated electrojet to generate 

whistler waves.  

Finally presented is Appendix I is a review paper accepted for publication entitled “Whistler 

Wave-induced Ionospheric Plasma Turbulence: Source Mechanisms and Remote Sensing”. We 

report a series of experiments conducted at Arecibo Observatory in the past, aimed at the 

investigation of 40.75 kHz whistler wave interactions with ionospheric plasmas and the inner 

radiation belts at L = 1.35.  The whistler waves are launched from a Naval transmitter (code-named 

NAU) operating in Aguadilla, Puerto Rico at the frequency and power of 40.75 kHz and 100 

kilowatt, respectively.  Arecibo radar, CADI, and optical instruments were used to monitor the 

background ionospheric conditions and detect the induced ionospheric plasma effects.  Four-wave 

interaction processes produced by whistler waves in the ionosphere can excite lower hybrid waves, 

which can accelerate ionospheric electrons.  Furthermore, whistler waves propagating into the 

magnetosphere can trigger precipitation of energetic electrons from the radiation belts.   Radar and 

optical measurements can distinguish wave-wave and wave-particle interaction processes 

occurring at different altitudes.  Electron acceleration by different mechanisms can be verified 

from the radar measurements of plasma lines.  To facilitate the coupling of NAU-launched 40.75 

kHz whistler waves into the ionosphere, we can rely on naturally occurring spread F irregularities 

to serve as ionospheric ducts.  We can also use HF wave-created ducts/artificial waveguides, as 

demonstrated in our earlier Arecibo experiments and recent Gakona experiments at HAARP.  The 

newly constructed Arecibo HF heater will be employed in our future experiments, which can 

extend the study of whistler wave interactions with the ionosphere and the magnetosphere/radiation 

belts as well as the whistler wave conjugate propagation between Arecibo and Puerto Madryn, 

Argentina. 
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Appendix A.   Summary of R. Pradipta’s Ph.D. Dissertation, MIT, 2012 

 

        Generation of Acoustic-Gravity Wave in Ionospheric HF Heating 

  Experiments: Simulating Large-Scale Natural Heat Sources 
 

MIT Department of Nuclear Science and Engineering 
Doctoral Thesis Defense 

 

Rezy Pradipta 
 

29 August 2012 
 
1    Introduction 

 

In the modern era, our radio communication and navigation systems tend to rely more heavily 
on space science and technology. Consequently, a thorough understanding on various aspects 
of space plasma environment and space weather is quite crucial for us in order to ensure that 
these systems run and function properly.  There  are in fact many types  of adverse space 
environment  scenario that  one should be aware of.  For example,  a severe turbulence  in 
the ionospheric plasma layer could potentially disrupt short wave radio communications and 
might even affect the accuracy of GPS navigation system. In the long run, we ultimately hope 
to be able to mitigate the effects of such space plasma turbulence, so that we can maintain 
reliable communication and navigation capabilities under any space weather condition. 

In this thesis, we focus on a certain type  of ionospheric  plasma turbulence  known as 
traveling ionospheric disturbances (TIDs), which is caused by acoustic-gravity waves (AGWs) 
in the upper atmosphere.  More specifically,  we are considering the possibility for powerful 
AGWs to be generated by large-scale anomalous heat sources (e.g. heat wave events) that 
might subsequently trigger intense TIDs over an extensive geographical region. 

Essentially, this investigation put an earlier speculation [Pradipta, MS Thesis 2007] to the 
test. During the considerably  severe and prolonged summer 2006 heat wave event in North 
America, intense TIDs were observed over Arecibo, Puerto Rico, for several consecutive days 
of our radar and optical observations there. It was later speculated that these TIDs might 
have been triggered by AGWs generated by the advancing thermal fronts associated with 
the heat wave in the mainland United States. In short, the main goal of this doctoral thesis 
work is to obtain a more definitive evidence that would demonstrate the plausibility of AGW 
generation by large-scale natural thermal fronts. 

 
1 
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Figure  1:  The suspected  natural AGW excitation  during a heat  wave event  (left).   The 
basic concept of an ionospheric RF heating experiment to simulate AGW/TID excitation by 
large-scale thermal gradients (right).  Note that the diagrams are not to scale. 

 
This investigation  is roughly divided into two  main parts: (1) an examination  on the 

level of ionospheric disturbances during natural heat wave events, and (2) a series of field 
experiments on the controlled study of AGW generation in the ionosphere using high-power 
radio transmitter. The first part of this investigation looks for any correlation between large- 
scale heat wave event and increased TID activity, while the second part basically attempts 
to demonstrate the causal relation in a relatively smaller scale. 

In the first part of our investigation, we are using the summer 2006 North American heat 
wave event as a case study. For this case study, we examined the GPS-derived total electron 
content  (TEC)  data over the North American sector to monitor the level of ionospheric 
disturbances in this area. A significant increase in the level of TID activity that happened 
promptly during the heat wave period would indicate that  it is plausible for large-scale 
natural thermal fronts to generate  powerful AGWs that  could subsequently  trigger some 
TIDs over the corresponding area — corroborating our earlier speculation. 

In the second part of our investigation, we attempt to physically simulate the process of 
AGW generation due to large-scale thermal gradients. This controlled study of AGW gener- 
ation is done in a specially-designed ionospheric HF heating experiment, where a high-power 
radio transmitter on the ground illuminates certain ionospheric plasma volume overhead to 
create a sinusoidally time-varying artificial thermal fronts directly at ionospheric heights. In 
this ionospheric heating experiment, we look for the AGW/TID that are being generated as 
a result of the modulated HF heating. Figure 1 illustrates the concept of this HF heating 
experiment in relation to the suspected natural phenomenon we are trying to simulate. 

 
 

2    Heat  Wave  Event and Ionospheric Disturbances 
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As mentioned previously, the first part of our investigation will be about the observation of 
increased TID activity during the summer 2006 North American heat wave period. In this 
case study, we are using the worldwide GPS-TEC data from the MIT Haystack Observatory’s 

Madrigal Database (accessible at http://madrigal.haystack.mit.edu/ for public use) to monitor 
the overall TID activity over the North American sector. 

In brief, the procedures for our GPS-TEC data analysis and examination are as follows. 
We first start with the absolute vertical TEC values (= 

{ 
ne dz along vertical column) as 

a function of geographical latitude/longitude coordinate. At each latitude/longitude coor- 
dinate location, we then estimate the diurnal TEC variation and subtract it out from the 
absolute TEC data. For each day’s data, we are now left with TEC perturbation (TECP) 
values  as a function of geographical  coordinate and time-of-day. Finally, we average this 
TECP values over the 24-hour period to obtain an indicator for the level of TID activity at 
a certain latitude/longitude coordinate location on a given day. 

From our GPS-TEC data examination over the North American region, we found a slight 
but noticeable increase in the day-averaged TEC fluctuations during the summer 2006 heat 
wave period (15 July – 27 August 2006). It should be noted that geomagnetic condition 
was relatively quiet during that time period, and thus AGW/TID of auroral origin can be 
ruled out. Furthermore, comparison with the summer 2005 and 2007 data suggest that the 
aforementioned  increase in TID activity during the summer 2006 heat wave period was not 
a regular seasonal phenomenon  that recurs every summer. 

The top panel of Figure 2 shows a thermal satellite imagery of the relatively prolonged 
and severe heat  wave event  over North America in the summer  2006 [image taken from 
NASA Earth Observatory, 2006]. Meanwhile, the bottom panel of Figure 2 shows a set of 
overlaid/stacked plots of the day-averaged DTECP values around coordinate 35◦N & 80◦W 
(facing the southeast side of the 2006 heat wave front) from the summer  2005-2007 data. 
The red line on the time axis marks the summer 2006 heat wave period, which also serves 
as a comparison period for the 2005 and 2007 data. Note that the tickmarks on the y-axis 
for these RMS DTECP datasets had been set equal to each other, in order to allow for a 
relatively easier visual comparison. 

The observed increase in the TID activity during the summer 2006 North American heat 
wave event is a promising indication that the advancing thermal fronts associated with the 
heat wave could potentially act as a source of AGWs, which could subsequently trigger some 
TIDs over the region. This finding supports our earlier speculation and provides  a good 
basis/motivation for the controlled study of AGW generation via ionospheric HF heating. 
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-10                          0                                 10 
 

 
 

Figure  2: NASA's  thermal satellite imagery  of the summer  2006 North  American  heat  wave 

event  (top  panel).  Plots of the day-averaged DTECP amplitudes (around 35° N & 80°W)  for 

summer  months  2005-2007 (bottom panel).  Red line marks  the  2006 heat  wave period. 
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Figure 3: The basic experimental configuration of the HAARP-AGW experiment, depicting 
the most relevant diagnostic instruments. 

 
3    The HAARP-AGW Experiment 

 
In the second part of our investigation, we are looking for some further verification of our 
earlier hypothesis by trying to demonstrate a causal relation. In particular, we try to 
generate some artificial AGW/TID under a reasonably controlled condition in a series of 
ionospheric HF heating experiments.   In the past four years or so, these field 
experiments  had been conducted at the High-frequency Active Auroral Research Program 
(HAARP) facility located in Gakona, Alaska (latitude 62.4◦N, longitude 145◦W). 

The general setup of the HAARP-AGW experiment is depicted schematically in Figure 3. 
The HAARP high-power HF transmitter illuminate a certain plasma volume overhead, and 
the transmitted power is sinusoidally varied as exp(iΩt).  The modulation period has been 
chosen to  be T ≡ 2π/Ω  = 12 minutes in order to ensure that  we are in the appropriate 
frequency range for the (internal) gravity waves.  Note also that the HAARP transmitter 
has a peak power capability of 3600 kW, and for the HAARP-AGW  experiment  we are 
transmitting heater waves in O-mode polarization. 

In order to detect the artificial AGW/TID that are being generated  as a result of the 
modulated HF heating, we are employing a number of radio diagnostic instruments. The 
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Figure 4: A skymap echolocation distribution-evolution plot from HAARP-AGW experiment 
conducted on 19 July 2011 (top panel).  The purple line marks  the time period for the 
experiment. The basic setup and a few representative results from our numerical ray tracing 
calculations to simulate the digisonde skymap data (bottom panels). 

 
 

DISTRIBUTION A: Distribution approved for public release.



 
 

12 
 

 
 
Figure  5:  MUIR  radar detection of heater-generated  AGW/TID at HAARP.  We  found 
periodic time variation in the LOS velocity that matched the heating modulation period. 

 
main strategy in the usage of these diagnostic  instruments is to show that there are some 
traveling disturbances coming out from the heated plasma volume during/after  the mod- 
ulated  HF heating.  Furthermore, we want  to show that these  disturbances  exhibit wave 
propagation properties (i.e.  not static perturbations carried downstream by plasma drift) 
and they have some matching characteristics with the heating modulation cycle. 

The top panel of Figure 4 shows some result from digisonde skymap measurements during 
a HAARP-AGW experiment carried out on 19 July 2011. We can see a few streaks of trav- 
eling disturbances coming out from the center toward the south, at an apparent propagation 
speed of approximately 160 m/s.  In addition, we also ran some ray tracing calculations to 
try to resolve the lack of similar characteristic  streaks on the north side of the digisonde. 
The setup and a few representative  results  are shown on the bottom panels of Figure 4. 
We found that, under ideal condition, the characteristic  skymap signatures of point-source 
disturbances propagating radially away from the overhead location are generally much more 
recognizable on the south side — an overall agreement with the experimental observations. 

Meanwhile, Figure 5 illustrates the usage of MUIR radar to detect HAARP-generated 
artificial  AGW/TID. For the HAARP-AGW  experiments,  the MUIR  radar beam points 
along the geomagnetic field lines — well outside of the heated plasma volume. If the heater- 
generated  AGW/TID are being intercepted by the MUIR  radar beam, then we can ex- 
pect to see an oscillatory line-of-sight (LOS) velocity along the MUIR radar beam with the 
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Table 1: A comprehensive summary of the various multidiagnostic observations in support 
of the HAARP-AGW experiments 2008–2011. 

 
 

 

Diagnostic Instrument            Summary of Main Findings† 
 

LEO satellite pass                 TECP ripple 
pattern, more-or-less symmetrical  with respect 
to the center of heated region 

 

GPS satellite pass                      wavelike pattern in 
the TECP signal, with a rather pronounced peak in 
Fourier frequency spectrum 

 

HAARP digisonde                 cluster of skymap 
echoes with large Doppler shifts at both +ve/-ve 
polarities; 
radial-outward streak of traveling disturbances in 
the skymap echo distribution; 
additional set of oblique ionogram traces that 
appear/disappear periodically; 

 

MUIR radar                           periodic/oscillatory 
time variation of LOS velocity just outside of the 
heated region 

 

Kodiak SuperDARN              AGW/TID 
signatures in the modulated pattern of ground-
scatter echoes 

 

Poker Flat AMISR                 AGW/TID 
signatures overhead the Poker Flat site after 2∼3 
hour time delay 

 

 
†Targeted search for affirmative indications of AGW/TID being generated as a result of the 
modulated ionospheric RF heating. 
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same periodicity as the heating modulation cycle. Since the heating modulation period is T = 
2π/Ω = 12 minutes,  we are expecting a periodic time variation in the Doppler shift of the 
MUIR ion-acoustic line at f = 1/T ≈ 1.39 × 10−3  Hz.  From the computed Fourier periodogram  
shown in Figure 5, we found a quite sharp peak at f ≈ 1.4 × 10−3  Hz. This pattern is a good 
indication that  some AGW/TID were  intercepted by the  MUIR  radar beam as they propagated 
out from the heated plasma volume 

Besides the digisonde skymap  and MUIR radar data, we had also obtained a number of 
additional positive indications that AGW/TID are indeed being radiated out from the heated 
plasma volume during our HAARP-AGW experiments. A summary of the key results from all the 
available radio diagnostic instruments are listed in Table 1. 

 
4    Summary  and Conclusion 

 
In conclusion, our investigation has provided  us with a number of positive indications that it is 
quite plausible for large-scale natural thermal gradients to generate powerful AGWs that might 
subsequently trigger some TIDs.  Furthermore, as a by-product of our investigation, we have 
also opened  up a rather exciting new path of controlled generation of artificial AGW/TID in 
ionospheric HF heating experiments. 
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Abstract 

We have been investigating high-power radio wave-induced acoustic gravity waves (AGWs) at 

Gakona, Alaska, using the High-frequency Active Aurora Research Program (HAARP) 

heating facility (i.e. HF heater) and extensive diagnostic instruments. This work was aimed at 

performing a controlled study of the space plasma turbulence triggered by the AGWs 

originating from anomalous heat sources, as observed in our earlier experiments at Arecibo, 

Puerto Rico (Pradipta 2007 MS Thesis MIT Press, Cambridge, MA). The HF heater operated 

in continuous wave (CW) O-mode can heat ionospheric plasmas effectively to yield a depleted 

magnetic flux tube as rising plasma bubbles (Lee et al 1998 Geophys. Res. Lett. 25 579). Two 

processes are responsible for the depletion of the magnetic flux tube: (i) thermal expansion 

and (ii) chemical reactions caused by heated ions. The depleted plasmas create large density 

gradients that can augment spread F processes via generalized Rayleigh–Taylor instabilities 

(Lee et al 1999 Geophys. Res. Lett. 26 37). It is thus expected that the temperature of neutral 

particles in the heated ionospheric region can be increased. Such a heat source in the neutral 

atmosphere may potentially generate AGWs in the form of traveling ionospheric plasma 

disturbances (TIPDs). We should point out that these TIPDs have features distinctively 

different from electric and magnetic field (ExB) drifts of HF wave-induced large-scale 

non-propagating plasma structures. Moreover, it was noted in our recent study of naturally 

occurring AGW-induced TIDs that only large-scale AGWs can propagate upward to reach 

higher altitudes. Thus, in our Gakona experiments we select optimum heating schemes for HF 

wave-induced AGWs that can be distinguished from the naturally occurring ones. The 

generation and propagation of AGWs are monitored by MUIR (Modular Ultra high-frequency 

Ionospheric Radar), Digisonde and GPS/low-earth-orbit satellites. Our theoretical and 

experimental studies have shown that anomalous heat sources produced by, for example, global 

warming can become potential causes inducing extensive large-scale turbulence in the neutral 

atmosphere and space plasmas. 
 

PACS number: 52.50.−b 
 

(Some figures may appear in color only in the online journal) 
 

 

1. Introduction 

 
Over the last five years or so, we have been conducting experiments at Gakona, Alaska, using the High-frequency 

Active Aurora Research Program (HAARP) heating facility 
 

(i.e.  HF  heater)  and  extensive  diagnostic  instruments  to investigate   radio   wave-induced   acoustic   gravity   waves 

(AGWs). This research was inspired by the following physical processes. The HF heater operated in continuous wave (CW) O-

mode can heat ionospheric plasmas so effectively as to 
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Figure 1. A schematic illustration of the basic geometry for the HAARP-AGW experiments. 
 

yield the depleted magnetic flux tube. Two processes are responsible for the depletion of the magnetic flux tube. They are: 

(i) thermal expansion and (ii) chemical reactions caused by  heated  ions  (Lee  et  al  1999).  It  is  expected that  the 

temperature of neutral particles in the heated ionospheric region can be increased, and temperature gradients can be 

consequently  created.  Such  a  heat  source  in  the  neutral atmosphere may potentially generate AGWs in the form of 

traveling  ionospheric  disturbances  (TIDs)  (Pradipta  2009, Pradipta and Lee 2011, Pradipta et al 2011). These TIDs have 

features distinctively different from electric and magnetic field (ExB) drifts of HF wave-induced large-scale non-propagating 

plasma  structures.  It  was  noted  in  our  recent  study  of naturally occurring AGW-induced TIDs that only large-scale 

AGWs can propagate upward to reach higher altitudes. Thus, optimum heating schemes were selected for HF wave-induced 

AGWs  to  distinguish  them  from  the  naturally  occurring ones. This work is conducive to the understanding of the 

mechanism(s) producing AGWs by natural anomalous heat sources (Pradipta 2007). 

The experiments and theoretical analysis are presented as follows. A general overview of our AGW experiments is  

first  given in section 2. In section 3, the details of the experiments described are  given,  including the  survey  of relevant 

geophysical parameters, heating schemes, diagnostic instruments and essential data from satellite and ground-based diagnostics. 

The discussions and conclusions are presented in section 4. 
 

2. Experimental setup 
 
Our  experiments  are  aimed  at  physically  simulating  the possible generation of AGWs by large-scale thermal fronts 
 

encountered in, e.g., naturally occurring heat wave events. We do so by creating some time-varying artificial thermal 

gradients  at  ionospheric  heights  through  modulated  HF heating. In these experiments, the high-power HF transmitter at  

the  HAARP  research  facility  injected  O-mode  heater waves vertically. The transmitted power varied sinusoidally with  a  

modulation frequency Q below  the  Brunt–Vaisala frequency ωg .  We  started from zero transmitter power at the  

beginning  of the heating cycles. This heating scheme has been selected to ensure that we generate the (internal) gravity  

wave branch, which is most often responsible for triggering medium-scale as well as large-scale TIDs. Using the  NRL   

MSIS-E  atmospheric  model,  at  altitude  range 

200–250 km where the foF2 peak is usually located for the ionosphere above HAARP, the Brunt–Vaisala period can be 

estimated to be 2π/ωg = 10–11 min. Based on this estimate, 
we decided to use a modulation period of 2π/ Q = 12 min in 
our HAARP-AGW experiments. 

The overall setup of the HAARP-AGW experiments is depicted schematically in figure 1. Using several different radio  

diagnostic instruments, we searched for characteristic signatures of  AGW/TID during  and  after  performing the sinusoidal 

heater power modulation. In addition, we intended to show that the observed AGW/TID indeed originated from the heated  
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region (not naturally occurring ones that simply happen to pass by) and they reflected some features similar to the heating 

modulation pattern. 

As illustrated in figure 1, the HAARP heater transmitted high-power HF waves vertically with a beam width of ∼ 16◦. 
Thermal gradients in the form of exp(iQt )  are expected to 

be induced. They are subsequently diagnosed by 446 MHz MUIR (Modular UHF Ionospheric Radar) radar, Digisonde and  

GPS/LEO (low-earth-orbit) satellites. MUIR radar was beamed along the Earth’s magnetic field lines to record ion 
 

2 
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Figure 2. A set of Fourier periodograms of the LOS velocity time series as recorded by the MUIR radar during the HAARP-AGW 
experiments on 14 August 2009. 

 

 
 

Figure 3. The time evolution plot of the spatial distribution of Digisonde skymap echolocations projected along the north–south plane. 

 

lines. The Digisonde was operated to inject swept-frequency HF diagnostic waves with a maximum zenith angle of 40◦, to 

produce skymaps. Several GPS receiving systems deployed near  the  HAARP  heating  facility  were  used  to  monitor total  

electron  content  (TEC)  variations  in  the  HF-heated ionospheric plasma regions. 

 
3. Experimental results 
 
Based   on   the   analysis   of   the   data   recorded   from aforementioned  diagnostic  instruments,  we  have  obtained good  

indications  that  the  AGW/TID  had  been  generated out of the HF wave-heated plasma region, as a result of modulated  

O-mode  heating  with  a  modulation  frequency Q < ωg . 

 
3.1. MUIR ion line measurements 
 

The first experimental evidence to discuss comes from the so-called  ion  line  measurements  of  MUIR  operating  at 
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446 MHz. In the HAARP-AGW experiments, the MUIR radar beam points along the background magnetic field, i.e. 15◦ from 
the vertical direction, well outside the HAARP-heated 

region. The MUIR provides basic line-of-sight (LOS) velocity 
 

measurements from the ion line spectra. Heater-generated AGW/TID would give rise to an oscillating LOS velocity with 

the same periodicity as the heating modulation pattern. A set of Fourier periodogram from the MUIR LOS velocity time  

series  obtained during  our  experiments is  shown  in figure 2. It shows a strong peak at around 1.4 mHz (along with some 

harmonics up to 13 mHz or so), which corresponds to  a  periodicity  close  to  our  heating  modulation  period of 12 min. 
 

3.2. Digisonde skymap measurements 
 

Meanwhile,  skymap  measurements  using  the  Digisonde showed that,  during the  modulated HF  heating, the  echo 

locations  periodically  shifted  outwards  radially  from  the center  of  the  heated  region.  Such  an  echo-location-shift 

pattern is  depicted in  figure 3,  where the  purple line on the time axis marks the time period when we performed the  

AGW heating modulation cycle. In this case, we can see  that  the  echo  locations  shifted  outwards  to  100 km in   

approximately  10 min—revealing  a  propagation  speed 

estimate of ∼160 m s−1 . Furthermore, we also found that this 
radial shift is independent of the background plasma drift 

velocity, indicating some wave propagation features.
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AGW/TIDs radiated away from the heated ionospheric 

plasma volume. In summary, based on the TEC scan 

measurements (with an approximately symmetric 

TECP pattern), we can estimate the propagation speed 

of AGW to be a few tens of m s−1 . We note that 

AGW originated from the edge of the heated region, 

which is consistent with the expectation that  thermal  

gradients  are  the  driving  source.  Skymap 

measurements showed the radially propagating 

disturbances, in the direction opposite of the bulk 

plasma drift. The LOS Doppler measurements by UHF 

radar pointing outside of the heated plasma volume 

revealed periodic Doppler shifts with periodicity which 

matches the RF modulation cycle. 
 

 
 

Figure 4. Computed Fourier frequency spectra of the GPS TECP 
signal, recorded in the HAARP-AGW experiment on 25 October 

2008, at the baseline/control period and at the main period of interest. 

 
In addition to ground-based radio measurements, we also have some TEC measurements from LEO and GPS satellite 

passes during our HAARP-AGW experiments. 

 
3.3. GPS/LEO TEC measurements 
 

For  our  experiment on  30  July  2008, 04:00–05:12 UTC, we had a LEO satellite pass scheduled over Gakona, AK 

immediately  after  a  full  set  of  AGW  modulation  cycle was completed. The satellite pass started from 05:02 UTC and  

lasted  for  about  15 min.  At  that  time,  we  had  just completed four cycles of  heater power modulation. After removing 

the trend in the absolute TEC values, we obtain the total electron content perturbation (TECP) signal along the satellite’s 

ionospheric piercing point trajectory. In the TECP data, we found some near-symmetric TECP ripple pattern around the 

center point of the heated region, indicating that AGW/TID wavefronts are coming radially out from the heated plasma volume. 

Finally, GPS satellite passes also give us useful TEC measurements. However, note that the GPS satellite’s piercing point  

moves  considerably  more  slowly  compared  to  the LEO satellite case. Hence, we cannot perform a rapid TEC scan  using  

GPS  satellite  pass,  but  we  can  examine  the Fourier frequency spectrum of the TECP time series recorded during the GPS  

satellite pass. As shown in  figure 4,  we examined the  Fourier spectrum of  the  GPS  TECP signal before and during/after 

the AGW modulation. We found quite a pronounced peak near the heating modulation frequency Q  in  the  spectrum  

during/after   the  AGW  modulation heating. In relative comparison, the spectra look rather flat during the control period 

before the AGW  modulation had started. 

 
4. Discussions and conclusions 
 
We have presented some data recorded in our ionospheric HF heating experiments at Gakona, Alaska, aimed at simulating AGW 

excitation by an anomalous heat source. The data from satellite passes and ground-based radio diagnostic instruments have  

provided   good  indications  that  HF  wave-induced 
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In   conclusion,  we   have   made   steady   progress  in learning   the   role(s)   of   anomalous   thermal   fronts   in 

triggering large-scale ionospheric plasma turbulence. This work simulates well the series of naturally occurring highly 

structured ionospheric plasma turbulence we observed over Arecibo in 2006. It was found that the heat wave fronts, which 

occurred in USA, were the plausible sources of free energy, generating intense gravity waves and triggering large plasma 

turbulence over Arecibo. In  other words, anomalous heat sources can be responsible for the occurrence of intense space 

plasma turbulence all over the world. This is a large-scale source producing AGW in addition to tsunamis, which we 

reported earlier to cause global ionospheric plasma turbulence (Lee et al 2008). 
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We report an investigation of ionospheric ducts having the shape of large plasma sheets, 

generated by vertically transmitted HAARP HF heater waves in several experiments 

conducted in Gakona, Alaska. Theory predicts that O-mode heater wave-created ionospheric 

ducts form parallel-plate waveguides within the meridional plane, and those generated by the 

X-mode heater waves are orthogonal to the meridional plane. Our theoretical prediction is 

supported by measurements of ionosonde data (namely ionograms), range–time–intensity 

(RTI) plots of UHF and HF backscatter radars, as well as magnetometer data analyses. When 

these plasma sheets experienced E × B drifts, they were intercepted by the HAARP UHF 

radar and seen as slanted stripes in the RTI plots. This striking feature was also observed in 

our earlier experiments using the Arecibo UHF radar. 

 
PACS numbers: 94.20.−y, 94.05.−a 

 
(Some figures in this article are in colour only in the electronic version.) 

 

 

1. Introduction 
 
We have been conducting experiments in Gakona, Alaska to  investigate  the  characteristic  features  of  HAARP  HF 

heater-induced large-scale ionospheric ducts (Cohen et  al 

2008) as well as short-scale plasma waves (Burton et al 2008). Depending on the polarizations (i.e. O-mode or X-mode) of  

the  heater waves, these large-scale ionospheric plasma structures have different configurations. In brief, large-scale sheet-

like  ionospheric density irregularities can be excited within and orthogonal to meridional planes above Gakona by  

vertically injected O-mode and X-mode heater waves, respectively, as illustrated in figures 1 and 2 (Cohen et al 

2008, Kuo et al 2009 and references therein). How these plasma sheets can affect ionosonde signals in the presence of 

distant plasma blobs, as delineated in figures 1 and 2, will be discussed in the next section. 
 

These experiments were motivated by our earlier Arecibo experiments, wherein we observed HF heater-generated large 

plasma sheets (Lee  et  al  1998). Presented in  figure 3  is a  range–time–intensity  (RTI)  plot  of  Arecibo  430 MHz 

backscattered  radar  echoes,  showing  that  large  sheet-like plasma   density   irregularities  were   created   by   Arecibo O-

mode  HF  heater  waves  within  the  meridional  planes. When these plasma sheets experienced E × B drifts, they were   

detected  by  the  Arecibo  radar  and  were  seen  as slanted stripes in the RTI plots. These large plasma sheets, known  as   

‘artificial  ionospheric  ducts’  or  ‘waveguides’, had successfully supported the US Navy Naval transmitter (codenamed    

NAU)-launched   28.5 kHz    whistler   waves to  propagate  between  Arecibo,  Puerto  Rico  and  Trelew, Argentina along the 

L = 1.35 magnetic flux tube (Starks and Lee 2000, Starks et al 2001, Pradipta et al 2008). This work has  important  

applications  for  radiation  belt  remediation 
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Figure 3. Arecibo radar detection of O-mode HF heater 
wave-created large plasma sheets (seen on the RTI plot as slanted 
stripes), from about 00:50 to 01:50 LT on 25 July 1997 (Lee 
et al 1998). 
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Figure 1. Large plasma sheets generated by O-mode HAARP heater waves within the meridional plane. Ionosonde signals can be bounced 
back by remote plasma blobs to propagate through those parallel-plate waveguides and recorded in ionograms. 

 

 
 
Figure 2. Large plasma sheets generated by X-mode HAARP heater waves are orthogonal to the meridional plane. Ionosonde signals 
transmitted near the zenith will be guided by these plasma sheets to propagate away. Thus they cannot be bounced back to appear in the 
ionograms. However, ionosonde signals transmitted at large angles from the zenith can still be reflected by remote plasma blobs and recorded 
in ionograms. 
 

(Pradipta et al 2007) and whistler wave interactions with ionospheric plasmas (Labno et al 2007). 
 

2. Detection of heater-excited large plasma sheets at the HAARP facility 
 
Several  diagnostic  instruments  have  been  used  to  detect HAARP  heater-generated  large  plasma  sheets,  including an   

ionosonde,  MUIR  (Modular  UHF  Ionospheric  Radar at   446 MHz),   SuperDARN   HF   backscatter   radar   and 

magnetometers. The results are discussed as follows. 
 

2.1. Digisonde measurements 
 

We use a sequence of ionograms, displayed in figure 4, to discuss the effects of HF heater-excited plasma irregularities on  

signals transmitted from the HAARP ionosonde. In the 
 

attached  color  code,  O+  and  O− denote  the  blueshifted and redshifted return echoes of ordinary ionosonde signals from  

the vertical direction, respectively. Similarly, X+ and X− denote the blueshifted and redshifted return echoes of 

extraordinary ionosonde signals from the vertical direction, respectively. Other colors denote echoes from the oblique 

direction (indicated by NNE, E, W, SSW, SSE, NNW) without Doppler information. 

These representative ionograms were recorded during our experiments conducted on 21 August 2005 from 10:00 UT to 

12:15 UT. Prior to our experiments, ionogram (a) (figure 4(a)) was recorded at 9:55 UT during the vertical transmission of 

ramped X-mode. The ionograms showed strong spread-F and  ionosonde signals were reflected from the  northward 

direction. Our experiments began with 3.16 MHz CW O-mode transmitted along the magnetic zenith. As soon as the heater was 

switched to this mode, a vertical stripe appeared around the  heater  frequency,  affecting  the  blue  northward  traces (ionogram 
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(b)). This reduction in signal persisted throughout the O-mode heating. When the heater was turned off, the traces filled in 

again (ionogram (c)). 

The  heater  was  turned  on  at  11:05:30,  transmitting 

3.15 MHz CW X-mode vertically. A decrease in northward signal intensity was again seen, but was more pronounced this  

time  (ionogram  (d)).  Changing  the  heater  direction to   the   magnetic  zenith   did   not   make   an   appreciable difference 

(ionogram (e)), but increasing the heater frequency to  4.50 MHz  at  11:35:30  altered  the  appearance  of  the ionograms. A 

vertical stripe appeared around the new heater frequency, but was narrower and bore greater resemblance to the first O-mode 

stripe in ionogram (b), centered in a narrow frequency range around the heater frequency (ionogram (f)). At this higher 

frequency, there was not a significant difference when  we  switched  to  CW  O-mode,  still  transmitting  at 

4.50 MHz (ionogram (g)). Increasing the frequency once more and transmitting 6.80 MHz CW O-mode had no apparent effect 

on the ionogram traces and they filled back in quickly (ionogram (h)). When the heater was turned off, the traces remained  

essentially the same (ionogram (i)). We note that there was an apparent weakening of the X-mode trace on the ionograms 

when the heater began transmitting CW X-mode (ionogram (d)) and in fact this trace disappeared altogether after 5 min. 

However, when the heater was later switched to CW O-mode (ionograms (g) and (h)) and eventually turned off (ionograms  

(i)), the X-mode trace did become apparent 
 

2 
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Figure 4. Ionograms recorded in HAARP experiments on 21 August 2005. 
 

again. Thus, it is interesting to examine what effect the heater had on the X-mode trace in ionograms. 

We expect that heater-excited small-scale and large-scale irregularities   may   scatter   and   duct   ionosonde   signals, 

respectively, and cause a loss in received signal near the heater frequency (Kuo et al 2009). This results in the appearance of   

broad  vertical  stripes  in   ionograms.  While  narrow stripes may be  automatically taken out by the ionosonde software,  

namely automatic gain control (Reinisch 2009), the  stripes  in  ionograms  show  rough  edges,  which  are not 

characteristic of software-removed interference lines. In addition, we believe that heater-excited large plasma sheets are  

responsible for  the  reduction of  northward signals in the ionograms. During the night of our experiments on 21 

August  2005,  a  plasma  blob  was  seen  in  total  electron content (TEC) measurements to the north of HAARP (see figure  

5), taken by a LEO receiver with the right geometry to produce a tomographic image of electron density over Alaska. 
 

As shown in figure 1, CW O-mode heating produces sheet-like  irregularities  parallel  to  the  meridional  plane. 

Ionosonde signals that are refracted by the ionosphere may reach  and  be  reflected  by  the  density  gradient  created by  

the  plasma  blob.  These  reflected signals  reaching  the ionosonde are seen as blue northward traces. There existed some  

correlation  between  ionospheric  structures  such  as plasma blobs and the intense northward traces. As illustrated in   figure   

2,   CW   X-mode  heating  produces  sheet-like irregularities that are perpendicular to the meridional plane. In this scenario, 

the ionosonde signals that would otherwise be reflected by the plasma blob are ducted away or undergo scattering. This 

interpretation provides a plausible explanation regarding HAARP heater effects on the observed X-mode trace in concerned 

ionograms. 
 

2.2. MUIR and SuperDARN radar measurements 
 

The   aforementioned  effects   of   excited   plasma   density irregularities on HAARP digisonde have also been seen on 
 

3 
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MUIR from 01:49 to 01:54 UT. When these plasma sheets 

experienced E × B drifts, they were intercepted by MUIR 

radar and are seen as slanted stripes in the RTI plots. 

By contrast, the RTI plot of SuperDARN backscatter 

radar  measurements  that  is  displayed  in  figure  7  shows 

different  aspects  but  expected  features  of  plasma  sheets, 

which were generated by vertically transmitted heater waves 

during our HAARP experiment on 27 February 2008. In 

these  experiments  Kodiak  SuperDARN  radar  periodically 

scanned the  region overhead HAARP (beam  no.  8).  The 

range is about 670 km for the SuperDARN beam to reach 

the heated ionospheric region above Gakona. It is seen from 

the RTI plot that SuperDARN signals weakened significantly 

when  we  changed  the  heating  schemes  from  O-mode  to 

X-mode. We  have  used  black  arrows  in  the  RTI  plot  to 

show the significant reduction of radar echo occurring during 

CW X-mode operation. This feature is consistent with the 
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Figure 5. TEC measurements from LEO satellites over Alaska on 
21 August 2008 from 15:11 to 15:29 UT. 

 
the operation of MUIR and SuperDARN radar. MUIR is not as sensitive as the Arecibo radar. Thus, Arecibo radar 

measurements to generate RTI of electron density structures, as shown in figure 3, cannot be done by MUIR. However, the  

RTI  plots  of  ion  lines  can  be  produced  by  MUIR. Displayed in figure 6 is such an RTI plot of MUIR ion line 

measurements recorded from 01:43:00 to 01:59:30 UT on 

21 October 2009. It shows that three large sheet-like plasma density irregularities were created by HAARP O-mode HF 

heater waves within the meridional planes, and detected by 
 

measurements using SuperDARN beam no. 2, which scanned the west side of the heated region to diagnose drifted away large 

plasma structures. That is, radar echoes from X-mode excited plasma structures were significantly weaker than those from O-

mode excited structures. During the O-mode heating SuperDARN signals were bounced back by plasma sheets generated 

within the meridional plane, as shown in figure 1. By  contrast,  SuperDARN  signals  were  forward-scattered by X-mode  

generated plasma sheets, which are orthogonal to  the  meridional  plane  as  illustrated  in  figure 2.  These scenarios  explain   

reasonably  well  why  the  SuperDARN signals weakened significantly when we changed the heating schemes from O-mode to 

X-mode. 
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Figure 6. HAARP MUIR radar detection of O-mode HF heater wave-created large plasma sheets (seen on RTI plot as slanted stripes), from 
about 01:49 to 01:54 UT on 21 October 2009 (Fallen 2009). 
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Figure 7. SuperDARN data recorded during CW O-mode and CW 
X-mode operation of the HAARP heater on 27 February 2008 for 
the investigation of the generation of large plasma sheets. 

 
Figure 9. Simultaneous generation of plasma density fluctuations 
(δn) and geomagnetic fluctuations (δB) in X-mode HF heating 
experiments (adapted from Lee and Kuo 1985). 
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Figure 8. Simultaneous generation of plasma density fluctuations (δn) and geomagnetic fluctuations (δB) in O-mode HF heating experiments 
(adapted from Lee and Kuo 1985). 
 
2.3. Magnetometer measurements 
 

HF heater wave-excited ‘thermal filamentation instability’ is responsible for the generation of ionospheric ducts in the form of 

large plasma sheets. A striking feature of this mechanism is the simultaneous generation of plasma density fluctuations (δn) and 

geomagnetic fluctuations (δB) (Kuo et al 2009 and references therein). This physical process is briefly described as follows 

with the aid of figures 8 and 9 (adapted from Lee and Kuo 1985). Differential joule heating, resulting from the interactions of 

HF heater waves and excited high-frequency sidebands, yields a thermal pressure force (fT ) on electrons across the 

geomagnetic field, pointing to the direction along the y-axis (‘Geomagnetic East’ as specified in figure 8 for O-mode  

heating)  or along the x-axis (‘Geomagnetic North 
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and upward’ as specified in figure 9 for X-mode heating). Note that the thermal pressure force (fT ) gives rise to electron 

density fluctuations  (δn) with wave vectors (k) pointing along the same direction. Hence, large plasma sheets are produced 

within (or orthogonal to) the meridional plane for the O-mode (X-mode) heating cases, as vividly illustrated in figures 8 and 

9, respectively. 

The  thermal  pressure  force  (fT )  leads  to  an  fT × B0 drift motion of electrons and, consequently, induces a net 

electron drift current along the x-axis (as shown in figure 8 for  O-mode  heating)  or  along  the  y-axis  (as  shown  in figure  

9 for X-mode heating). The direction of the current is  perpendicular  to  both  the  background  magnetic  field B0   and the  

wave vector k  of  the excited plasma density irregularities.  Therefore,  magnetic  field  fluctuations  (δB) are excited along 

the background Earth’s magnetic field (B0 designated as  the  z-axis) simultaneously with  the  density irregularities  via  the  

filamentation instability  in  both  O- and X-mode heating processes. Note that the background geomagnetic  field  (B0 )  has  

a  dip  angle  of  75.8◦ .  Thus, it  has  three  components  (designated  as  B0D ,  B0H    and B0Z )  along  the  East–West,   

North–South  and  downward directions,  respectively.  Therefore,  the  excited  magnetic field fluctuations (δB) also  have  

the  corresponding three components (designated as δBD , δBH and δBZ ). 

Based on our theoretical analyses and illustrations of the 

simultaneous excitations of δn and δB in figures 8 and 9, aided by the delineation of sheet-like configurations in figures 1 and 

2, we can expect that δBD  and δBZ  (or δBH  and δBZ ) will be highly correlated in O-mode (or X-mode) heating 

experiments. While our detailed correlation study of these magnetic  field fluctuations is  in  progress,  we  present  in figure 

10 the preliminary correlation analyses: the ηHZ of δBH 
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Figure 10. Generation of large plasma sheets by X-mode heater waves supported by close correlation of excited δBH and δBZ (in red) (top 

 

 
panel) and temporal power variation of µ|δBH  

2
 

 

 
and µ|δBZ  

2 . 

 

and δBZ and the ηDZ of δBD and δBZ (top panel) and a plot of normalized power for δBD , δBH , and δBZ (bottom panel). 

It is seen in figure 10 that during the X-mode heating experiments carried out on 31 July 2008, the ηHZ of δBH and δBZ  

(in red) is much greater than the ηDZ  of δBD and δBZ (in blue). This indicates that large plasma sheets orthogonal to the  

meridional plane were favorably excited by X-mode heater waves, as elaborated above. This is further supported 
 

and   communications,   etc.   These   artificial   ionospheric ducts  are  sheet-like  large-scale plasma  irregularities (δn), 

excited  by  O-mode  and  X-mode  HF  heater  waves  via thermal filamentation instabilities within and orthogonal to 

meridional planes, respectively. The configurations of these plasma  sheets  are  supported  by  HAARP  digisonde  data 

(namely ionograms), as well as MUIR radar and SuperDARN radar signals due to reflection and scattering off the plasma 
 

by the temporal variations of the normalized power µ|δBH |2
 

2 

 

sheets. When these plasma sheets experienced E × 
 
B drifts, 
 

and µ|δBZ | , which show very similar patterns and features, as marked by red arrows in the bottom panel of figure 10. 
 

3. Summary and discussions 
 
We present the data recorded by several HAARP experi- ments   in   Gakona,   Alaska   aimed   at   investigating   HF 

heater  wave-induced  ionospheric  ducts  for  radiation  belt remediation, controlled study  of  space  plasma  turbulence 
 

they were intercepted by MUIR radar and are seen as slanted stripes in the RTI plots. A similar striking feature was seen in 

our Arecibo experiments. Our preliminary magnetometer data  analysis  confirms  the  characteristic  features  of  the 

simultaneously excited geomagnetic field fluctuations (δB), reflecting the geometry of the plasma sheets. For example, close 

correlation between δBH and δBZ is indeed found for X-mode generated plasma sheets, expected to be orthogonal to the 

meridional plane. 
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A solar powered microwave transmission system is proposed for remote sensing and communications 

purposes.  We present in this paper (1) a proof of concept to operate solar powered microwave 

transmission, and (2) investigation of microwave interactions with atmospheric plasmas. In this 

conceptualized system, a solar thermophotovoltaic system is considered to produce direct current 

electricity, which is then converted to microwaves in an array. The results from these simulations provide 

insight on how to produce an economically and environmentally conscience energy source, that can be 

used for communication and remote sensing applications. However, it is expected that microwaves may 

interact with ionospheric plasmas, primarily, in the E region to induce large scale fluctuations in plasma 

density and geomagnetic fields with threshold wave electric field intensities of ~ 1 V/m.  After we 

determine the instability thresholds, we can use them to set up the safe operation range of solar powered 

microwave transmission.  

 

1.  Introduction to Proposed System 

The proposed system, illustrated in Figure 1, consists of the sun as the input to a solar thermophotovoltaic 

system which produces dc current.  The dc current passes through a power electronic device that powers a 

microwave antenna array.  The solar thermophotovoltaic system (STPV system) consists of a Fresnel lens, 

an intermediate structure made up of an emitter and a filter, and photovoltaic cells.  A solar 

thermophotovoltaic system was chosen because it has been theoretically proven to be more efficient than 

conventional systems, which do not include an intermediate structure [Andreev et al., 2007].  The output 

current is calculated, and the power transmitted from the system is estimated in order to use the system 

under safe conditions for not perturbing Earth’s environment. 

 

The second part of this paper is the analysis of microwave interactions with atmospheric plasmas.  It is 

expected that microwaves may interact with ionospheric plasmas, especially in the E region, to induce 

large-scale fluctuations in plasma density and geomagnetic fields.  This expectation arises from the fact 

that microwaves can impose two kinds of nonlinear forces on ionospheric plasmas, i.e., radiation pressure 

force, and thermal pressure force. These two nonlinear forces additively produce a quasi-DC apparent 

electric field (Eapp), acting on electrons, to induce plasma density irregularities/fluctuations (δn), according 

to electric Gauss’ law. Consequently, the apparent electric field (Eapp) together with the background 

Figure 1. System composed of Fresnel 

lens, solar thermophotovoltaic system, 

power electronic system, and 

microwave antenna array. 
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Earth’s magnetic field (Bo) cause the so-called Eapp x Bo electron drifts, and subsequently yield the 

geomagnetic field fluctuations (δBo), according to Ampere’s law. The simultaneous generation of δn and 

δBo is associated with a large-scale plasma instability driven by thermal pressure force. The calculations 

of the intensity and impact of these instabilities is necessary to operate the proposed system under 

conditions safe to the environment. 

The overall system was inspired by the solar powered satellite (SPS) project, which has been researched 

for over forty years [see, e.g., National Space Society website, 2011].  In the SPS project, solar energy is 

harvested by a solar array in orbit around the earth, and then the collected power is transmitted to the 

surface of the earth through microwave transmission for conversion into electricity.  However, the 

proposed system in this paper is a different idea.  We propose to build the system on the surface of the 

earth, rather than in space, for remote sensing and communications purposes.  The second part of this 

paper is also imperative because interactions between microwaves and the atmosphere need to be 

evaluated for environmental impacts.   It is important that the proposed system does not cause detrimental 

ecological effects, such as causing geomagnetic field fluctuations, which birds and some insects rely on 

for daily life. 

First describe in this paper is the properties behind a solar thermophotovoltaic system, which will then 

lead into the description of the preliminary calculations carried out for first part of the paper.  After a full 

system description, theory on microwave interactions with atmospheric plasmas is presented.  This 

includes analysis of geomagnetic field fluctuations and plasma density irregularities caused by the injected 

microwave radiation.  Thus, the presentation of this paper is organized as follows.  The proof of concept 

for the proposed solar powered system together with the numerical method is described in Section 2.  

Subsequently given in Section 3 is the preliminary system analysis based on selected STPV design 

parameters.  Evaluations of microwave interactions with atmospheric plasmas are discussed in Section 4.  

Finally given in Section 5 are the summary, conclusions, and discussion on future work. 

2.   Proof of Concept for Solar Powered System 

The proposed solar thermophotovoltaic system is described below to explain why we use this system 

rather than the conventional one, which does not have an intermediate structure between the sun and the 

solar cell.  Then, the mathematical approach used for finding system properties is presented.   

2.1 Solar Thermophotovoltaic Systems 

The solar thermophotovoltaic system consists of a Fresnel lens, a thermally heated emitter, a selective 

filter, and photovoltaic cells (see the block diagram given in Figure 1).  The Fresnel lens is used to allow a 

high concentration of solar radiation to hit the emitter of the system, and allow the emitter to reach the 

desired temperature range [Andreev et al., 2007].  The emitter is chosen so that it absorbs solar energy 

with high efficiency, and it has a selective emission spectrum.   Therefore, the high temperature emitter 

will emit radiation within a known range of wavelengths.  The emitted photons then pass through a filter 

that will further reflect radiation back to the emitter to be reabsorbed.  The filter’s transmissivity will 

allow radiation within a narrow wavelength range, corresponding to the band gap wavelength in the 

photovoltaic cells, to pass through and reach the solar cells.  The reflected radiation off the filter is 
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reabsorbed by the intermediate structure. This allows the emitter to stay within a specific temperature 

range, and it also recycles the radiation whose energy would have been lost. 

The intermediate structure in this system is used to increase the efficiency of solar energy conversion.  

Without it, photons with energy below the band gap of the PV cells, corresponding to light with 

wavelengths above the band gap wavelength, do not contribute to current, and all of their energy is lost.  

On the other hand, photons with energy much higher than the band gap of the PV cells do contribute to 

current, but all the energy that surpasses the band-gap is lost to heat.  Therefore, a properly designed 

intermediate structure may improve the efficiency of the system if it only permits photons within a 

specific energy range, corresponding to a specific wavelength range, to reach the solar cell.  The 

intermediate structure should absorb radiation, suppress sub-band gap radiation, and restrict the bandwidth 

of emission above the band gap.  The incorporation of the intermediate structure to perform these tasks 

can greatly improve the efficiency of the system, because reflection off the top of a PV cell, and losses due 

to photons with not enough energy or too much energy accounts to almost 70% of solar energy losses [El-

Sharkawi, 2009].   

2.2 Transfer Matrix Method 

The transfer matrix of a system relates the input electromagnetic field to the output electromagnetic field 

passing through a material of known optical properties.  First, consider a transverse, electromagnetic field 

at normal incidence to a system consisting of one material: 

 

 

 

 

The total electromagnetic field Ez(x) within the material is made up of the wave moving in the positive x-

direction (E
+
), and the reflected wave moving in the negative x-direction (E

-
).  These together represent 

the total wave traveling in the x-direction; Faraday’s Law relates this electric field to the corresponding 

magnetic field (B): 

 

We have two expressions, one for the electric field and the other for the magnetic field,  

 

t*E 
Etot

 

x=a x=0 

r*E 

E+ 

E- 

 

 

Figure 2.  Illustration of input and output electromagnetic fields 

passing through a material. 
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Then, at the initial position (x=0), the boundary condition requires: 

 

 

.     
  

  
 

They can be written in the matrix form: 

 

B = µoH, and Z0 is the intrinsic impedance in free space.  Next, we find the corresponding equations for 

the wave as it reaches the edge of the material (x=a).  Here, the two equations for the electric and 

magnetic field result in: 

 

 

The corresponding matrix form is: 

 

 

Therefore, to find the matrix representing the incident wave at x=0 related to the output wave at x=a, we 

combine these two matrix equations and get the following, overall system matrix equation: 

 

or 
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In the presence of a second material, it can be shown through the same method that the overall matrix 

representation for the electromagnetic wave to propagate in two media is: 

 

The “Transfer-Matrix” is the matrix that relates the input signal to the output signal of the system, and it is 

represented by: 

 

In order to find the relationship between the transfer matrix and the reflection and transmission 

coefficients, we consider the following normalized equations to relate the electric fields with reflection 

and transmission coefficients for the system: 

 

It can be shown with these reflection and transmission equations, along with the matrix equation relating 

the incident and transmitted electromagnetic waves, yields the following matrix equation: 

 

This method can be used to study the optical properties of photonic crystals.  With these matrices, we have 

the tools to calculate the absorption, and therefore emission of materials.  It is also possible to find the 
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transmission and reflection of a multiple layer stack of materials by computing the overall transfer matrix 

for the system and solving the above matrix equation for the transmission and reflection coefficients.  

Although all angles of incidence should be considered, we only consider normal incidence, because it is a 

good approximation for a wide range of incident angles for our system [Bermel, 2010].   

3.   System Analyses and Results 

In order to analyze the overall system, each component was chosen from previously proposed designs.  

For the solar thermophotovoltaic system, we chose the system proposed by Celanovic et al. [2004] in “1D 

and 2D Photonic Crystals for Thermophotovoltaic Applications.” 

3.1 STPV Design Parameters and Results 

The system described by Celanovic et al. consists of a selective emitter and multiple layer photonic 

crystal.  These are placed between the Fresnel lens and photovoltaic cells in our proposed system.  The 

photovoltaic cells are made up of GaSb devices.  GaSb devices are low-bandgap semiconductor materials, 

their electronic bandgap is Eg = 0.7 eV.  This bandgap corresponds to the wavelength λg = 1.78 µm.  The 

refractive index of GaSb is n = 3.9.   

The photonic crystal is a periodic structure consisting of SiO2 and Si, with refractive indices n1= 1.5 and 

n2 = 3.4, respectively.  The photonic crystal’s central wavelength is designed around the bandgap 

wavelength of the GaSb cells.  The optimal system designed around this central wavelength was 

determined to be composed of five periods of SiO2/Si materials placed in front of the PV cell.  The 

thickness for each layer is d1 = 0.39 µm and d2 = 0.17 µm, as depicted in Figure 3.  Using the matrix 

transfer method for determining the reflectance of this system produces the results in Figure 4. 

 

 
d1=0.39 µm d2=0.17 µm 

Incident 

Radiation 

Filtered 

Radiation 

SiO2 Si 

Reflected 

Radiation 

Figure 3. Periodic filter 
made up of SiO2 and Si 

consisting of five periods.  

It is placed in front of the 

photovoltaic cells. 
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These results are a reproduction of the original publication findings for the filter reflectance 

characteristics.  As one can see, the filter allows radiation with wavelengths around the bandgap of the 

GaSb cells (1.78 μm) to pass through, and highly reflects the radiation above and below the bandgap 

wavelength.  This will allow the emitter to reabsorb the radiation that would not have been useful in 

producing current in the GaSb cells. 

The selective emitter for this system is made of tungsten substrate because it exhibits high emittance at 

low wavelengths, up to 1.8 µm, and high reflectance at longer wavelengths.  Using this tungsten emitter 

and the periodic photonic crystal structure, the radiation reaching the GaSb cells will be in the range so 

that it produces current at a high efficiency.  Figure 5 shows the output power density as a function of 

emitter temperature.   

  

For a tungsten emitter at 1400K, the output power density of the system will be approximately 1.5 W/cm
2
.  

According to the current-voltage characteristics for GaSb cells (Figure 6), this corresponds to an output 

current of 5 A at a voltage around 0.3 V per square centimeter of GaSb cells.   
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composed of five periods.  

Figure 5.  Output power 

density produced by 

GaSb cells with a 

tungsten selective emitter 

together with the periodic 

structure [Celanovic et 

al., 2004].   
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3.2 Powering Microwave Antenna Array 

This solar thermophotovoltaic system will produce dc current.  This current will then pass through 

integrated electronic circuits to power a microwave antenna array.  Currently, microwave transmitting 

systems can be powered using magnetron at 2.45 GHz, e.g., in VTF laboratory experiments [Lee et al., 

1998a] and klystron for radars (e.g., 2.38 GHz dish at Arecibo, Puerto Rico).   However, klystron 

transmitters require high voltages to operate, which make them not desirable for use in our proposed solar 

powered system.  While the klystron radar systems are powered by high voltages, the GaSb cells operate 

at low voltages.  Therefore, our system should utilize a power electronic device for low-voltage 

applications.  The future work will consider the development of this part of overall system.  It is 

mandatory to develop integrated electronic circuits for transmission of microwave radiations for low-

voltage applications.    

4.   Microwave Interactions with Ionospheric Plasmas  

Based on the proposed solar powered microwave transmission system, we hypothesize the following 

scenario.   A microwave beam is transmitted from the antenna array on the ground, as depicted in Figure 

7, propagating from the neutral atmosphere into the ionosphere.  We ignore any microwave interactions 

with the neutral atmosphere due to background density inhomogeneity and temperature gradients.   

Furthermore, any birefringent effects imposed by the Earth’s magnetic field can be also neglected, 

because ionospheric plasma density is dilute enough for one to consider that the ionosphere is transparent 

to the microwave.  In other words, one can reasonably assume that there is no significant reflection of 

transmitted microwave from the neural atmosphere and the ionosphere.     

 

Figure 6.  V-I characteristics 

for 1 cm
2
 area of GaSb cells 

[Rumyantsev et al., 2004]. 
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4.1 Radio Wave-induced Ionospheric Plasma Structures 

However, microwave can interact with the ionosphere via electron collisions (νe), which includes two 

parts, i.e., νe = νen +  νei where νen, is electron-neutral collision frequency and νei the electron-ion 

collision frequency.   In the ionospheric E region, νen ≈ 1 MHz,  νei ≈ a few tens of Hz (i.e., νe ≈ νen), 

while in the ionospheric F region, νen ≈ a few Hz,  νei ≈ 1 kHz (i.e., νe ≈ νei).   Electron collisions can 

create thermal pressure force as the main driving force, to excite the so-called thermal filamentation 

instability, yielding large-scale ionospheric density irregularities and geomagnetic field fluctuations [Lee 

et al., 1998b; Cohen et al., 2010].   In the  

HF heating of the ionosphere, large plasma sheets (ionospheric ducts) in the form of parallel-plate 

waveguides was generated in our Arecibo experiments [Lee et al., 1998b; Pradipta et al., 2008] and 

Gakona experiments [Cohen et al., 2010], shown in Figures 8(a) and 8(b), respectively.   As these large 

plasma sheets experienced ExB drifts, they were detected by radar beams to produce slanted stripes in the 

RTI (range-time-intensity) plots.  By contrast, we expect that microwave-produced ionospheric ducts will 

have filament-type of structures as shown in Figure 9. 

 

 

 

Figure7.  A microwave beam is transmitted from the antenna array on the 

ground, propagating from the neutral atmosphere into the ionosphere.    
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The basis for this prediction is the following.   For HF heater waves transmitted vertically in the 

experiments, the two component waves known as O- and X-modes propagate across and along the Earth's 

magnetic field (B) near their reflection heights, as delineated in Figure 10.  The magnetic field and the 

horizontal direction can be used to determine the meridional plane.  For vertically transmitted O- or X-

mode HF wave, it is reasonable to expect that they propagate within the meridional plane.  The thermal 

filamentation instability involves a three wave interaction process wherein the heater wave (with a wave 

vector of either ko or kx) parametrically excites a high-frequency electromagnetic wave and a low-

 

 

Figure 9.  Predicted filament-type of microwave-induced ionospheric ducts/waveguides. 

The arrowed straight lines represent the Earth’s magnetic field (Bo).   The size of the 

filaments along Bo is determined by the microwave beamwidth. 

 

Figure 8(a). Arecibo radar-detection of 

parallel-plate waveguides generated by 

HF heater waves [Lee et al. 1998b]. 

Figure 8(b). HAARP MUIR radar 

detect of O-mode HF heater wave-

created large plasma sheets [Cohen et 

al., 2012]. 
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frequency (nearly zero-frequency) electrostatic wave (denoted corresponding by k
o

I or k
x

I).  Note that k
o
I 

or k
x
I, in general, has a rather small component along the Earth’s magnetic field, compared to its 

perpendicular component.  In other words, they are highly field-aligned to reduce parallel diffusion loss as 

elaborated later.   

  

As depicted in Figure 10, this electrostatic mode is associated with ionospheric plasma density 

fluctuations with wave vector k
o
I (k

x
I) nearly orthogonal (parallel) to the meridional plane.  It indicates 

that plasma sheets/parallel-plate waveguides can be generated by O-mode (X-mode) HF heater wave 

parallel (orthogonal) to the meridional plane.  These parallel-plate waveguides have been detected by 

Arecibo radar and HAARP MUIR radar in RTI plots shown in Figures 8(a) and 8(b).   Contrastingly, in 

the case of microwave interactions with ionospheric plasmas, there is no significant difference between 

the two component waves (O- and X-modes) in generating large-scale field-aligned plasma modes.  The 

reason is that microwave frequency is greater than electron plasma frequency and electron gyro-frequency 

by nearly three orders of magnitude.   Consequently, kI (either  k
o
I  or k

x
I) is orthogonal to the Earth’s 

magnetic field in any direction to form filament type of density irregularities, as illustrated in Figure 9.   

 

 
                                                                                                

 

 

 

The plasma process responsible for the generation of large plasma sheets or plasma filaments and 

magnetic field fluctuations during ionospheric RF heating is briefly explained below [Whitehurst and Lee, 

2012].  Both radiation pressure force (and known as ponderomotive force) and thermal pressure force 

work additively to provide the nonlinear effects in exciting the filamentation instability.  But, the thermal 

pressure force plays a dominant role in the excitation of large-scale field-aligned ionospheric plasma 

modes.  Here, the term “large-scale field-aligned” refers to those electrostatic plasma modes with scale 

lengths ranging from hundreds meters to a few kilometers.   Their scale lengths are greater than electron 

mean free paths; therefore, collisional heating can favorably occur to build a heat source along the Earth’s 

magnetic field.  Under the action of HF waves or microwaves, only electrons but not ions (e.g., atomic 

oxygen ions concerned in ionospheric E and F regions) can respond to these high-frequency wave fields.  

Hence, electron density fluctuations result according to Electric Gauss law.  An apparent electric field 

Figure 10.  Trajectories of O- and X-mode propagation in the ionosphere [Lee et al., 1998b].  

ko and kx denote the wave vectors of O- and X-modes, respectively.  k
o
I and k

x
I stand for the 

wave vectors of O- and X-mode induced plasma sheets/parallel-plate waveguides. 
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(Eapp) can be defined from the thermal pressure force (Fth) as (Eapp) = Fth/(- eno) where e and no are 

electric charge and the background electron density, respectively.  This apparent electric field together 

with Earth’s magnetic field (Bo) gives rise to an Eapp xBo drift of electrons, producing an electric current 

following Ampere’s law.        

4.2 Roles of Electron Collisions in Micriowave-ionospheric Interactions  

We now examine the key roles of electron collisions in leading to thresholds for the thermal filamentation 

instability during microwave-ionospheric interactions.  One hand electron collisions produces a heat 

source, as the source of free energy, to drive the instability.  On the other hand they impose a damping 

process in colliding with neutral and charged particles.  Electrons can move freely along but not across the 

magnetic field.   Thus, heat conduction loss of electrons occurs mainly along the geomagnetic field.  It 

reduces the effect of the thermal pressure force, and thus, is a factor to impose the instability threshold.  

However, electron collisions can reduce the heat conduction loss along the magnetic field.   This aspect 

can be understood as follows.  In the microwave-illuminated ionospheric region the motion of heated 

electrons are restricted by many surrounding neutral particles, especially, in the ionospheric E region.  

Heated electrons moving to escape the area can be bounced back by neutrals.   Heat conduction loss can, 

thus, be reduced by electron collisions.   

 

Following above discussions we can subsequently estimate the three key damping mechanisms.   They are 

(1) collisional damping , (2) cross-field diffusion, and (3) parallel thermal diffusion loss, described 

respectively by  the expressions of (1) me/Mi(Mn), (2) k┴
2
vte

2
/ωce

2
 [= (2π)

2
(rce/λ┴)

2
] and (3)  k||

2
vte

2
/νe

2
 [= 

(2π)
2
(λmfp)/λ||)

2
] where me/Mi(Mn),  k┴ (=2π/ λ┴), k|| (=2π/ λ||), λ┴, λ||,  vte, ωce, rce, νe, and λmfp are electron 

to ion (neutral particle) mass ratio, irregularity perpendicular wave number, irregularity parallel wave 

number, perpendicular scale length, parallel scale length, electron thermal velocity, electron cyclotron 

frequency, electron gyro-radius, electron collision frequency, and electron mean free path, respectively.  

Note that me/Mi is basically equal to me/Mn, and λ┴ <<  λ||  (i.e., k┴ >>  k||).  Here, λ┴ and λ|| represent, 

respectively, the radius and the length of the plasma density filaments created by microwaves and 

delineated in Figure 9.   In the transmission of microwaves for communications and remote sensing 

applications, the beamwidth determines the maximum length of λ||.    It is reasonable to assume that the 

dimension of the microwave heated ionospheric region is about a few kilometers (say, 5 km).   Then, 

filaments of large ionospheric ducts with scale lengths from hundreds meters to a few kilometers can be 

generated within the microwave heated plasma region, as depicted in Figure 9. 

 

While the thermal filamentation instability can be excited in both E- and F-regions during ionospheric HF 

heating experiments, we will show that only E-region can be perturbed by hypothesize microwave beams.   

Simply speaking, the parallel diffusion loss (k||
2
vte

2
/νe

2
) is much greater in microwave beam case than in 

typical HF heating experiments.  This difference stems from the fact that HF wave heated region has a 

linear dimension of several tens of kilometers (say, λ|| ≈ 50 km) versus a few kilometers (say, λ|| ≈ 5 km) in 

microwave illuminated region.  We adopt the following E-region and F-region parameters to evaluate the 

relevant importance of these damping mechanisms in the excitation of 500 meter-scale ducts (i.e., λ┴ = 5 

km, λ|| = ~ 14 km). 

 

(In E region):  me/Mi (NO
+
) = 1/(30 x 1840), vte = 1.3 x 10

5
 m/s (for Te = 1000

o 
k),  ωce/2π = 1.3 MHz, and 

νe = 1.0 MHz.  Then, we get (1) me/Mi = 2.0 x 10
-5

, (2) k┴
2
vte

2
/ωce

2
 = 7.0 x 10

-9
, and (3) k||

2
vte

2
/νe

2
 = 1.0 x 

10
-10

.  It is seen that collisional damping is the dominant damping mechanism among those three.                     
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(In F region): me/Mi (O
+
) = 1/(16 x 1840), vte = 1.3 x 10

5
 m/s (for Te = 1000

o 
k),  ωce/2π = 1.3 MHz, and νe 

= 1.0 kHz.  Then, we have (1) me/Mi = 3.3 x 10
-5

 (slightly greater than that in E region), (2) k┴
2
vte

2
/ωce

2
 = 

7.0 x 10
-9

 (same as that in E region) and (3) k||
2
vte

2
/νe

2
 = 1.0 x 10

-4
 (much greater than that in E region).  It 

is found that the parallel diffusion loss even exceeds the collisional damping for the excitation of 

kilometer-scale modes. These results indicate that the thermal filamentation instability of microwaves 

cannot occur in the ionospheric F region primarily because of the larger parallel diffusion loss, as 

mentioned before. 

It is interesting to notice that when the thermal filamentation instability is excited in ionospheric plasmas, 

electron collisions create the heat source and, meanwhile, impose the collisional damping.  We can expect 

that the threshold field intensity for the instability excitation is independent of electron collision 

frequency.  In fact, this is indeed what we find in our instability analyses for HF ionospheric heating 

experiments as well as for the hypothesized microwave-ionosphere interactions processes.  The required 

threshold microwave fields in the E region are estimated to be a fraction of 1.0 V/m, which are higher than 

those for HF wave fields by two orders of magnitude.   This is expected from the fact that microwave 

frequency is higher than that of ionospheric plasma frequency by nearly three orders of magnitude, while 

HF heater wave frequency is comparable but, slightly less than the FoF2 (i.e., the maximum ionospheric 

plasma frequency).   

  

5. Summary and Conclusions    

We have used transfer matrix method as a different approach to analyze the proposed solar 

thermophotovoltaic system, along with calculations for the output current required for the microwave 

transmission through an antenna array.  The theoretical study carried out for microwave interactions with 

space plasmas shows that on one hand electron collisions create the thermal source to excite the thermal 

filamentation instability, but, on the other hand, they cause collisional damping as a mechanism to impose 

instability thresholds.   If electron collisions are the dominant damping mechanism, then, the threshold 

wave field intensities are mainly determined by the balance between the heat source and collisional 

damping.  Then, it is understandable that the expressions for the threshold condition do not depend on 

electron collision frequency.  This is the common situation in HF wave heating experiments, which 

involve a large illuminated area (e.g., 50 km by 50 km).  However, in our hypothesized microwave 

interactions with the ionosphere, a narrow wave beam is considered for remote sensing and 

communications applications.   It is found that significant microwave interactions can occur in the 

ionospheric E region, but not in the F region primarily due to different parallel diffusion loss.    

 

The prominent role of parallel diffusion process in preventing the instability from occurrence can be seen 

in the following calculations.   The parallel diffusion process can be represented by k ||
2
vte

2
/νe

2
 [= 

(2π)
2
(λmfp)/λ||)

2
] where λmfp is mean free path and λ|| = 5 km imposed by the microwave beamwidth.   In 

the F region, νe ≈ νei (electron-ion collision frequency)  ~ e.g., 1 kHz, and λmfp ~ 130 m for vte ~ 1.3 x 10
5
 

m/sec, leading to k||
2
vte

2
/νe

2
 ~ 1.0 x 10

-4
.  It is larger than the collisional damping ~ 3.3 x 10

-5
.   By 

contrast, νe ≈ νei (electron-neutral collision frequency) ~ e.g., 1 MHz in the E region, thus, λmfp ~ 0.13 m, 

yielding k||
2
vte

2
/νe

2
 ~ 1.0 x 10

-10
, which is six orders of magnitude less than the parallel diffusion loss in the 

F region.   One can see that large electron collision frequency can effectively reduce the parallel diffusion 

loss.   For complete comparison, we also examine the cross-field diffusion given by k┴
2
vte

2
/ωce

2
 [= 

(2π)
2
(rce/λ┴)

2
] where rce is the electron gyro-radius and λ┴ the scale length.   For large-scale modes (e.g., 

λ┴ = 500 m) the ratio rce/λ┴ is rather small, leading to a negligible cross-field diffusion loss ~ 7.0 x 10
-9

 

(approximately the same in both E- and F-regions) in comparison to the collisional damping (~ 3.3 x 10
-5

).      
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We plan to conduct experiments to test the predicted microwave wave-ionospheric E region interactions at 

the Arecibo Observatory. Arecibo radar at 2.38 GHz can be used as the microwave source, and Arecibo 

430 MHz incoherent scatter radar (ISR) for diagnosis, aided by our own and Arecibo optical instruments. 

Under the ExB drifts the microwave-induced ionospheric ducts in the form of filaments are expected to 

produce dashed lines in the RTI plots [see Figure 11], contrasting the slanted stripes corresponding to HF 

wave-excited parallel-plate waveguides [see Figures 8(a) and 8(b)].   In conclusion, the use of the 

proposed environmentally friendly system consists not only of exploring a renewable resource to power 

the transmission of signals, but also of preventing any significant perturbations to the environment from 

injected wave interactions. 
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Abstract 

We investigate large-scale, filament-type of ionospheric plasma turbulence produced by a 

ground-based solar-powered microwave transmission system. It is shown that microwaves can 

interact with the ionosphere, primarily, in the E region. Electron collisions play key roles in 

the generation of large-scale fluctuations in ionospheric plasma density and geomagnetic fields 

via a thermal filamentation instability. The threshold wave field intensities are found to be of 

∼1 V m−1 for the instability. Possible radar detection of microwave-induced ionospheric 
plasma effects is discussed and planned for our future Arecibo experiments in Puerto Rico. 

 

PACS number: 52.50.−Sw 
 

(Some figures may appear in colour only in the online journal) 
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1. Introduction 
 
We propose a solar-powered microwave transmission system for remote sensing and communications purposes (Whitehurst and   

Lee  2012).  This  work  consists  of  two  parts:  (i) proof   of   concept   to   operate   solar-powered  microwave 

transmissions and (ii) investigation of microwave interactions with   atmospheric   plasmas.   While   we   will   report   the 

concepts and designs of the solar-powered system elsewhere, our research on large-scale ionospheric plasma turbulence 

caused   by   injected   microwaves   will   be   presented   in this   paper.   The   basic   mechanism   responsible   for   the 

concerned microwave–ionospheric interactions is the thermal filamentation  instability  (Lee  et  al  1998  and  references 

therein). It generates large-scale plasma sheets in the form of parallel-plate waveguides during ionospheric heating by high-

frequency (HF) waves at frequencies of a few MHz (Lee et al 2012). By contrast, in our current study of microwaves operating 

at a few GHz to interact with ionospheric plasmas, we expect that filament-type of structured plasma density irregularities 

will form along the geomagnetic fields. Their radii are estimated to range from hundred meters to a few kilometers. 

The   concerned   microwave–ionospheric   interactions involve a plasma instability termed ‘thermal filamentation 
 

instability’, because thermal pressure force is the dominant nonlinear force  to  drive  the  instability and  cause  plasma 

density  irregularities  and  geomagnetic  field  fluctuations. We will examine the key role played by electron collision 

frequency in creating the thermal source as well as its other roles  in  damping  mechanisms  to  impose  thresholds  for 

exciting the instability. This paper is organized as follows. Discussed  in  section  2  is  the  mechanism  leading  to  the 

simultaneous generation of plasma density irregularities and geomagnetic field fluctuations during microwave interactions with  

the ionosphere. It involves a three-wave interactions process. 

Although  the  birefringent  effect  is  not  important  in microwave  ionospheric  propagation,  the  excited  plasma 

density irregularities associated with nearly zero-frequency modes are highly field-aligned. In section 3 we evaluate the 

microwave-induced ionospheric plasma effects, and assess damping mechanisms which impose the instability thresholds. The  

estimates of threshold instabilities will be based on to understand why ionospheric E region rather than F region is 

primarily affected by the microwave illumination. How to diagnose microwave-created ionospheric plasma effects will be  

addressed in section 4. A summary and conclusions are finally given in section 5. 
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Figure 3. Three-wave interaction involving the incident wave 

(ko , ωo ), the daughter HF wave (k t , ωt ) and the low-frequency 
 

o       o 

electrostatic plasma mode (kI , ωI ). 
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Figure 1. Initial operation of the system. An antenna array transmits microwave radiation. 
 

electric Gauss’ Law: 
 

e 

 

 
∇ · E app = − 

o 
 

δne . 
 

 
 

Figure 2. The system can consequently produce fluctuations of δn 

and δ Bo . 
 

2. Microwave interactions with ionospheric plasmas 

 
Illustrated  in  figure  1  is  an  antenna  array  transmitting microwave radiation into the atmosphere. Here, the Earth’s 

magnetic field is represented by Bo and the lower boundary of the ionospheric D region is by the dashed line. Figure 2 shows a 

representation of how the atmospheric plasmas can respond to  microwave  transmissions.  We  expect  with  supported 

theoretical analysis that this transmission can consequently produce plasma density irregularities (δn),  represented by the  

orange dots  and  geomagnetic field fluctuations (δ Bo ) represented by the dark green waves along the magnetic field line. 

These waves, also known as micropulsations, can travel in either direction along the geomagnetic field. 
 
2.1. Simultaneous generation of δn and δ Bo 

 

In  the  presence  of  microwave  electric  fields  electrons experience  nonlinear  forces,  which  can  give  rise  to  a time-

average  apparent  electric  field  ( Eapp ).  The  apparent electric field stems primarily from two kinds of nonlinear forces,  

the  radiation  pressure  force  ( fr )  and  the  thermal pressure force ( fth ). They act on electrons additively leading to electron 

plasma density fluctuations, δne  according to the 

 

E 
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Radiation pressure ( Pr ) is equal to the time-average Poynting vector ( Pave ) divided by the speed of light in vacuum (see, e.g.,  

Shen and Kong 1995), and the force caused by this pressure is given by fr = −∇( Pr ). Thermal pressure force 
fth = −∇(ne kB δTe )  where  ne ,  kB   and  δTe    stand  for  the 
background  plasma  density,  Boltzmann  constant  and  the 

temperature perturbations due to electron heating. In other words, electron collisions cause temperature perturbations (δTe )  
that lead to the thermal pressure force. More details on electron collisions and temperature effects are explained in section 3. 

Under the Eapp × Bo drift of electrons an electric current (δJE×B ) results, which produces Earth magnetic field fluctuations (δBo ) 
according to the Ampere’s law: 
 

∇ × δ B o = µo δ J E×B . 
 
2.2. Three-wave interaction 
 

The aforementioned physical processes can be described in terms of a three-wave interaction process. Figure 3 shows that the 

incident (mother) microwave denoted by its wave vector (ko ) and wave frequency (ωo ), generates a daughter HF wave 

(k t       t 
o , ωo ) and a daughter low-frequency plasma mode (kI , ωI ). 

The  low-frequency plasma mode  is  an  electrostatic wave 

associated with δne , having a nearly zero frequency. After this low-frequency mode is induced, the Eapp × Bo  drift of these 
perturbed electrons (δne ) yields the current perturbations (δ J ) that then lead to the magnetic field fluctuations (δ Bo ). 

For this three-wave interaction process, there are two 

matching conditions to be satisfied. One is the wave-frequency matching  condition, which  requires  the  incident  ‘mother’ wave  

frequency be equal to the sum of the daughter wave 

 

 
and plasma mode frequencies (ωo = ωt  + ωI ). The other is the wave-vector matching condition (ko = ko + kI ). 

 
2.3. Configurations of induced plasma density irregularities 
 

In  our  earlier  experiments  at  Arecibo,  Puerto  Rico  (Lee et   al   1998,  Pradipta  et   al   2008)  ionospheric  density 

fluctuations  (or  known  as  irregularities),  in  the  form  of parallel-plate  waveguides,  were  generated  by  HF  heater 

waves  via the thermal filamentation instability. They were 
 

2 
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Bo 

 
Figure 4. ‘Filament’ type structure of microwave-generated 
ionospheric ducts/waveguides. 

 

detected  by  430 MHz  radar  and  seen  as  slanted  stripes on  the  range-time-intensity  (RTI)  plot  (see  figure  3  of Lee   

et   al  1998).  Further  investigation  on  the  thermal filamentation  instability  in  generating  HF  wave-induced 

ionospheric ducts (i.e. parallel-plate waveguides) have been conducted at Gakona, Alaska using High-frequency Aurora 

Active Research Program (HAARP) HF heater after Arecibo HF  heater  was  damaged  by  Hurricane  Georges  in  1998. Our   

recent  HF  wave  injection  experiments  at  Gakona, Alaska, supported by multi-diagnostic instruments including MUIR  (at  

446 MHz)  radar,  magnetometer, digisonde  and GPS  satellites,  not  only  successfully  reproduced  Arecibo results but also 

confirmed the prediction of the simultaneous generation of ionospheric plasma density irregularities (δne ) and geomagnetic 

field fluctuations (δ Bo ) (Cohen et al 2010). 

The reason for the two types of HF heater waves to 

generate different configurations of ionospheric ducts/parallel plate waveguides is given here. Near their reflection heights O- 

and X-mode HF heater waves propagate across and along the geomagnetic field, respectively. The O- and X-mode HF heater 

wave-created large plasma sheets are associated with electrostatic density irregularities (δne ) with wave vectors, represented 

by k◦ and kx , respectively. Note that k◦ and kx are I              I                                                          I              I 

perpendicular and parallel to the meridian plane, respectively, 

indicating that  the  induced plasma sheets  are  within and orthogonal to the meridian plane correspondingly (see figure 1 of 

Lee et al 1998). 

However,  the  microwaves  (e.g.  2.45 GHz)  under  the current  investigation  have  wave  frequency  exceeding  the 

electron cyclotron frequency (∼1 MHz) by three orders of magnitude. Hence, the birefringent effect (i.e. splitting of two  

t 

o 
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component waves from its linearly polarized mode) is negligible. Therefore, kI  of induced large-scale filed-aligned modes   

can   be   any   direction   around   the   geomagnetic 

field. We then expect that microwave-generated ionospheric ducts/waveguides have the ‘filament type of structure,’ as 

delineated in figure 4, awaiting corroboration in our future experiments. 
 

3. Evaluations of microwave-induced ionospheric effects 
 
3.1. Mechanisms imposing instability thresholds 
 

The  concerned plasma instability induced by  microwaves has a threshold imposed by electron collisions and diffusion 
 

 

 
 

Figure 5. Microwave antenna array illuminates the ionosphere, leading to thermal pressure force and radiation pressure force acting on 
electrons. 
 
loss. In figure 5, the region under illumination by microwave radiation is represented by the red-shaded area. In this region, as  

aforementioned, there are two kinds of forces acting on electrons, the thermal pressure force denoted by the red arrows and the  

radiation pressure force by the blue arrows. Under the influence of these forces, electron collisions play several different 

roles  in the microwave illuminated ionosphere, as elaborated here with the aid of figure 5. 

Firstly, electron collisions produce a heat source that gives rise to the thermal pressure force. Secondly, they impose a  

damping mechanism on the excited low-frequency mode. Finally, they can reduce the heat conduction loss along the Earth’s  

magnetic field. This last aspect can be understood as follows. The microwave-illuminated ionospheric region is  full  of  

heated  electrons  surrounded  by  many  neutral particles, especially, in ionospheric E region. The motion of  hot  electrons  

along the  Earth’s magnetic field will be hindered by those neutrals, as depicted in figure 6. Heated electrons  moving  to   

escape  the  area  will  be  reflected back, heat  conduction loss  can,  therefore, be  reduced by electron collisions. Electrons 

can easily move along magnetic field  lines,  therefore,  heat  conduction  loss  of  electrons occurs mainly along geomagnetic  

field lines. Consequently, diffusion  loss  reduces  the  effect  of  the  thermal  pressure force, and thus, also is a factor to  

impose the instability threshold. 

Due  to  the  crucial  roles  of  electron  collisions  in microwave–ionospheric plasma interactions, we examine the 

sources for electron collisions (νe ) as follows. It consists of two parts, electron–neutral collision (νen ) and electron–ion 

collisions  (νei ),  that  is,  νe = νen + νei .  In  the  E  region 
(90–120 km  above  Earth’s  surface),  the  electron–neutral 

collisions  (νen )  dominate,  while  in  the  F  region  (above 

120 km from Earth’s surface), electron–ion collisions (νei ) 
dominate. Based on table 1, we expect that the ionospheric 
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E region is the main ionospheric region of concern. This is because, for approximately same electron densities (ne ), 

electron collisions (νe ) in the E region are much higher than those in the F region. 
 

3 
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Table 2. Assessment of damping mechanisms. 

Parallel 
 

Collisional             Cross-field damping                damping 
 

thermal diffusion 
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⊥  te 

 
2 ce 

 

 
2  2 

 
I te 

 
2 e 

 

E region          ∼2.0 × 10−5                ∼7.0 × 10−9                ∼1.0 × 10−10
 

F region          ∼3.3 × 10−5                ∼7.0 × 10−9                 ∼1.0 × 10−4
 

Where m e   for NO + (E region), m e   for O + (F region), 
 

Mi 
ωce 

 

Mi 

5         −1 
 

2π  
= 1.3 MHz, vte = 1.3 × 10  m s region)=1 MHz, ve (F region)=1 kHz. 

 

(for Te = 1000 K), ve (E 

 

 

 

 

 
 

Figure 6. Reflection of electrons back into the region of illumination reduces heat conduction loss. 
 

excitation of large-scale ionospheric ducts, in the range of scale lengths from hundred meters to kilometers. 
 

v 

k  v 

ω 

k  v 
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3.2.1. Ionospheric  E  region.     We  assume  the  excitation 
 

Table 1. Electron densities (ne ), dominant electron collision frequencies (νen or νei ) and neutral densities (nn ) in ionospheric E 
 

of  500  meter-scale  ducts  (i.e.,  λ⊥ 

 

= 5 km,  λ|| 

 

= ∼14 km) 
 

 
and F regions (Rishbeth and Garriott 1969). 

E region (90–120 km)     F region (120 km–above) 

 

νen ∼ 106 Hz                              νei < 103 Hz 

 

to  assess  those  damping  mechanisms  under  the  typical 

E region conditions: me /Mi   (NO+ ) = 1/(30 × 1840), vte = 
1.3 × 105 m s−1  (for Te = 1000 K), ωce /2π = 1.3 MHz, and 

νe = 1.0 MHz.  Then,  we  obtain  (i)  me /Mi  = 2.0 × 10–5 , 
 

ne ∼ 109–10 m−3                                  ne ∼ 1011 m−3 

 

(ii) k2 v2 /ω2
 

 

7.0 
 

10–9  and (iii) k2 v2 /ν2
 

 

1.0 
 

10–10 

 

 

nn ∼ 1.2 × 1019                       nn ∼ 7.6 × 1015 m−3 m−3
 

 

⊥  te 

 

ce =     × 
 
||   te     e  =     × 
 

3.2. Assessments of damping mechanisms 
 

As discussed in the previous section, electron collisions play multiple roles in exciting the thermal filamentation instability 

during microwave interactions with ionospheric plasmas. On the one hand electron collisions create the thermal source for 

the instability; on the other hand they impose collisional damping. However, electron collisions can reduce diffusion loss,  

especially the parallel diffusion loss. We estimate the 
 

(listed in table 2 above). One can see that collisional damping is the dominant mechanism among those three. 
 

3.2.2. Ionospheric  F  region.      Now  we  examine  those damping mechanisms under the following typical F region 

conditions,  to  assess  the  excitation  of  500  meter-scale 

ducts:  me /Mi    (O+ ) = 1/(16 × 1840),  vte = 1.3 × 105 m s−1 (for  Te = 1000 K),  ωce /2π = 1.3 MHz,  and  νe = 1.0 kHz. Then, 

we obtain (i) me /Mi  = 3.3 × 10–5 (slightly greater than that in E region), (ii) k2 v2       2                           –9
 

 

⊥  te /ωce = 7.0 × 10 
 

(same as that in 
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key damping mechanisms as follows. They are (i) collisional 
 

E region) and (iii) k2 v2      2                          –4
 

 

||   te /νe  = 1.0 × 10 

 

(much greater than 
 

damping, (ii) cross-field diffusion and (iii) parallel thermal diffusion loss, represented, respectively, by the expressions 
 

that in E region) (listed in table 2 above). It is seen that the parallel diffusion loss even exceeds the collisional damping 
 

of   (i)   me /Mi ,   (ii)   k2 v2 /ω2
 

 

[= (2π )2 (rce /λ 
 
)2 ]   and 
 

for the excitation of kilometer-scale modes. These results 
 

⊥  te      ce                                        ⊥ 

 

(iii)   k2 v2 /ν2 
||   te     e 

 

[= (2π )2 (λmfp )/λ  )2 ]   where   m /M ,   k 
||                                    e        i 

 

show that the thermal filamentation instability of microwaves 
⊥     

cannot occur in ionospheric F region primarily because of the 
 

(= 2π/λ⊥), k||  (= 2π/λ||), λ⊥, λ||, vte , ωce , rce , νe  and λmfp are electron to ion mass ratio, irregularity perpendicular wave 

number,  irregularity  parallel  wave  number,  perpendicular 

scalelength, parallel scalelength, electron thermal velocity, electron cyclotron frequency, electron gyro-radius, electron 

collision frequency and electron mean free path, respectively. 

For ‘coherent’ microwave interactions with ionospheric plasmas, λ⊥  and λ||  are the expected scale lengths of those 

microwave wave-induced filament-shaped ducts. However, it 

should be pointed out that the parallel scale length (λ|| = 
 

larger parallel diffusion loss. 
 

3.3. Estimates of instability thresholds 
 

If    electron   collisions   impose   the    primary   damping mechanism, the threshold field (|Eth |) to excite the thermal 

filamentation  instability  is  given  by  |e Eth /mc| = 0.85× ( fo / fpe )(2π/λ⊥)(vte )(2m/Mi )1/2 where the aforementioned E    

region    parameters    are    adopted,    i.e.    λ⊥ = 5 km, 
 

2π/ k||) is determined by the cross-section of the microwave 
 

vte = 1.3 × 105 m s−
 

 
1 ,   m/Mi 

 

(NO+ ) = 1/(30 × 1840),   c 
 

beam. For example, if we assume that the linear dimension (D) of the microwave wave cross-section in the ionosphere is 10 

km, and the microwave beam has an angle of 60◦ with respect to the Earth’s magnetic field, then, the parallel scale length of 

induced ionospheric ducts is λ|| = D/sin(60◦) = ∼ 
14 km. Given the microwave beam-imposed λ|| = ∼14 km, 
the highly field-aligned ionospheric ducts would not have a 

DISTRIBUTION A: Distribution approved for public release.



 
 

53 
 

perpendicular scale length (λ⊥) exceeding 5 km. We adopt relevant plasma parameters to evaluate these damping factors in  

ionospheric E and F regions separately below, for the 
 

is the speed of light in vacuum, and the microwave frequency 

( fo ) and electron plasma frequency ( fpe ) are taken to be 

2.45 GHz  and  2 MHz, respectively (Lee  2009). Then, the threshold field |E th | is found to be ∼0.5 V m−1 . Because the 
threshold field is inversely proportional to the perpendicular 

scale  length  (λ⊥)  of  the  excited  density/magnetic  field fluctuations/irregularities,   i.e.   |Eth |∞1/λ⊥,   it   requires 

higher thresholds to excite the smaller-scale instabilities, for example, 5 V m−1  for 500 meter-scale and 50 V m−1  for 50 

meter-scale modes. 
 

4 
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the ionospheric E region, but not in the 

ionospheric F region primarily because of 

different parallel diffusion loss. 

The prominent role of electron 
collisions can be seen in  the  parallel  

diffusion  process,  described  by  k2 v2 /ν2
 

 

||   te     e 

 

 

[= (2π )2 (λmfp )/λ  )2 ] where λ 
 
mfp 
 

is the mean-free path. In 
 

the F region, νe ≈ νei (electron–ion collision 

frequency), e.g. 
∼1 kHz and the corresponding λmfp ∼ 130 m. By 

contrast, 
νe ≈ νei  (electron–neutral collision frequency), e.g. 

∼1 MHz 
in  the  E  region,  thus,  λmfp ∼ 0.13 m.  One  can  

see  that 
large  electron  collision  frequency  will  
effectively  reduce 

the parallel diffusion loss. For comparison, the 

cross-field 
 

 
diffusion is given by k2 v2 /ω2

 

 

[= (2π )2 (rce /λ 
 

)2 ] where 
 

Figure 7. Arecibo 430 MHz radar detection of filament-type of δn, 

 

r    is the electron 
 

⊥  te      ce 
 

⊥ 

|| 
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the 
 

For 
 

ce                                       gyro-radius and λ⊥ 

 

scalelength. 
 

which undertakes E × B drifts across the radar beam, would be seen as dashed lines in the RTI plots. 
 

large-scale modes the ratio rce /λ⊥ 

 

can be rather small, leading 
 

4. Diagnoses of predicted ionospheric plasma effects 
 

As delineated in figure 4, we expect that the microwave- generated ionospheric ducts/waveguides have the 

‘filament type of  structure’, for corroboration in our future Arecibo experiments.  The  proposed  Arecibo  radar  

diagnosis  of predicted  ionospheric  plasma  effects  is  briefly  described below  (Whitehurst  and  Lee  2012).  

Arecibo  2.38 GHz  is operated in full power as the ‘microwave pump’ to heat the ionosphere. The heated 

ionospheric E region is expected to have a dimension of a few kilometers along the geomagnetic field  for  a  

magnetic  dip  angle  of  45◦.  The  subsequent diagnostics can  be  carried  out  by  injecting the  430 MHz radar 

beam from the large spherical dish. This can be simply described using the dual beam scheme for ionospheric heating 

as well as remote sensing, even if the 2.38 GHz microwave and  the  430 MHz  radar  beam  are  injected  from  

separate transmitters.  The  predicted  filament-like  plasma  density irregularities can be detected by Arecibo 430 

MHz radar in the following. They would appear as dashed lines in the RTI (range-time-intensity) plots delineated 

in figure 7, provided that quasi-dc electric fields due to dynamo effect appear above 

Arecibo, leading to E × B drifts of the filament-like structures. 
This feature is distinctively different from the slanted 

stripe structures in the RTI plots, resulting from detection of  HF  (i.e.  a  few  MHz)  heater-excited  sheet-like  

(i.e. parallel-plate type) irregularities, as observed in our 1997 

Arecibo  experiments  (see  figure  3  of  Lee  et  al  1998). Moreover, we  can  use  GPS satellites, optical 

instruments and    GeoMagnetic   Observatory   System   to   detect   the microwave-induced filaments of plasma 

density irregularities in our future experiments at Arecibo, Puerto Rico. 
 

5. Summary and conclusions 
 
We  briefly  summarize  the  main  results  as  follows.  The theoretical study we carried out for microwave 

interactions with   space   plasmas  shows  that  electron  collisions  play multi-roles.  Electron  collisions  create  

the  thermal  source during   microwave–ionospheric  interactions  to  drive  the thermal  filamentation instability.  

Meanwhile, they  impose collisional  damping as the major mechanism to impose the thresholds for the excitation 

of the thermal instability. It is expected that significant microwave interactions can occur in 
 

to negligible cross-field diffusion loss. 

To avoid possible disturbances to the Earth’s atmospheric environment, high-power microwave transmission 

should not exceed certain power limits. For example, the wave field intensity in the ionosphere should not 

be greater than the 

threshold field intensity (∼0.5 V m−1 ). It is predicted that 
filament-like plasma density irregularities can be excited by 

microwaves in contrast to the generation of parallel-plate structures by HF waves for future experiments to 

corroborate. We  plan to test our predicted microwave wave–ionospheric E  region  interactions,  using  

Arecibo  microwave  radar  at 

2.38 GHz and UHF radar at 430 MHz aided by our own and 

Arecibo optical instruments. 
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Abstract 

 

A new mechanism is proposed for the direct acceleration of ionospheric electrons by whistler 

waves.   It is suggested as the key process responsible for our reported enhanced plasma lines 

detected by the Arecibo 430 MHz radar.  These plasma lines are characterized by the frequency-

downshifted spectra with a bandwidth of ~ 12 kHz.  From the backscatter radar operation, it 

indicates that electrons were accelerated upward along the Earth’s magnetic field by the up-

going 40.75 kHz whistler waves, which were launched from the NAU transmitter.  They covered 

a broad range of altitudes (~ 300 km) and lasted for a period of a few minutes.  This mechanism 

leads to the energization of electrons of ~ 13 eV inferred from Arecibo experiments. 

 

 

1. Introduction 

In the past eight years or so, we have been conducting Arecibo experiments in Puerto Rico for 

the controlled study of whistler wave interactions with ionospheric plasmas [Labno et al., 2007] 

and inner radiation belts at L = 1.35 [Pradipta et al., 2007].   The main source for the whistler 

waves is a Naval transmitter code-named NAU, which is located nearby at Aguada, Puerto Rico, 

emitting radio waves at a power and frequency of 100 kW and 40.75 kHz, respectively.  We 

estimated that ~7.5% of NAU transmitted power could be coupled into the ionosphere via 

refraction and mode conversion. Large-scale ionospheric plasma density irregularities would 

facilitate the entering of NAU-launched whistler waves from the neutral atmosphere into the 

ionosphere. These ionospheric density irregularities can occur naturally during spread F events 

or be induced by HF heater waves.    
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Large-scale ionospheric irregularities typically refer to those with scale lengths in the range of 

hundred meters to kilometers.  In our 1997 HF heating experiments, we demonstrated that the 

Arecibo HF heater can create artificial ionospheric ducts for controlled conjugate whistler wave 

propagation  between Arecibo, Puerto Rico and Trelew, Argentina [Starks et al., 2001].  These 

O-mode (X-mode) HF heater wave-induced ionospheric ducts appeared in the form of parallel-

plate waveguides within (orthogonal to) the meridional plane [Lee et al., 1998; Cohen et al., 

2010].  However, without an HF heater at Arecibo in the past decade, we have been relying on 

naturally-occurring ionospheric irregularities for experiments to investigate NAU-launched 

whistler wave interactions with space plasmas.      

The Arecibo 430 MHz radar has provided powerful diagnosis of ionospheric plasma effects 

induced by NAU transmission directly in the ionosphere [Labno et al., 2007] or by downward 

streaming 390 keV electrons knocked down by NAU signals from the radiation belts [Pradipta et 

al., 2007].  The ionospheric plasma effects caused by NAU transmission can be analyzed from 

the measurements of enhanced plasma lines as illustrated in Figure 1.  From the backscatter radar 

operation, if plasma lines arise from radar-detected beam modes associated with downward 

streaming electrons, then the preferentially detected plasma waves are expected to yield 

frequency-upshifted plasma lines due to the Doppler effect.  However, as shown in Section 2, 

enhanced plasma lines with frequency-downshifted spectra were exclusively measured in our 

summer 2008 experiments.  The characteristic features of these frequency-downshifted plasma 

lines are highlighted in Section 3.   A new mechanism to understand this intriguing phenomenon 

and to explain how NAU-launched whistler waves can accelerate ionosphere electrons upward 

along the Earth’s magnetic field is presented in Section 4.  Discussions are given and conclusions 

are finally drawn in Section 5. 
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2. Enhanced Plasma Lines in Ionospheric F region 

As reported in our earlier work [Labno et al., 2007], we believe that NAU launched whistler 

waves are intense enough to excite lower hybrid waves and field-aligned zero-frequency plasma 

density striations via a four wave interaction process in ionospheric F region.   This process can 

be understood in terms of a diagram shown in Figure 2.  The required wave frequency and wave 

vector matching conditions are given below. 

ωo =  ω
+

ℓh  -  ωs,       ωo =  ω
-
ℓh  +  ω

*
s,     ko =  k+  -  kS,      ko =  k-  +  kS                               (1) 

where (ωo, ko) stands for the VLF whistler wave, (ω
-
ℓh , k-) for the Stokes lower hybrid waves,  

(ω
+

ℓh, k+ ) for the anti-Stokes lower hybrid waves, and (ωs, kS) for the zero-frequency field-

aligned density irregularities. 

Note that the wave vector (kS) of the zero-frequency mode has two components, one across 

(kS┴) and the other along (kS||) the geomagnetic field.  It is justified for Labno et al. [2007] to 

assume that k+ ≈ kS  and k- ≈ - kS in the wave frequency and wave vector matching conditions 

[Eq. (1)], because meter-scale density irregularities have their kS|| >> ko of the 40.75 kHz 

whistler wave. Hence, as depicted in Figure 2, the excited lower hybrid waves in either 

scenario/case can have both upward and downward wave vectors for Stokes or anti-Stokes 

components.  It means that electrons can be accelerated equally likely upward and downward 

according to the mechanism proposed by Labno et al. [2007].   This mechanism explains well 

the detection of enhanced plasma lines in the F region with both frequency-upshifted and 

frequency-downshifted features.   

However, enhanced plasma lines with frequency-downshifted spectra were exclusively measured 

in our summer 2008 experiments at Arecibo with the radar transmitted vertically via the 

DISTRIBUTION A: Distribution approved for public release.



 
 

60 
 

stationary linefeed.  Plasma line measurements were recorded using a coded-long pulse 

technique to detect whistler wave-plasma interactions in the altitude range of 90 to 645 km.  

Additionally, ionograms were recorded every five minutes to monitor the background plasma 

conditions.  A VLF receiver was deployed to track whether the NAU transmitter was on or off.   

NAU-generated 40.75 kHz waves were detected continuously during the entire experiment.   

Displayed in Figure 3 is a series of enhanced plasma line data recorded on August 4/5, 2008.    

 

3. Characteristic Features of Enhanced Plasma Lines  

These frequency-upshifted plasma lines have outstanding features distinctively different from 

those observed in our December 2004 experiments [Labno et. al., 2007], as highlighted below. 

 

(1) In our earlier experiments Arecibo radar could only detect “upshifted” plasma lines, 

corresponding to plasma modes generated by down-going electrons [Labno et. al., 2007].   Now 

although the radar has the capability to detect both upshifted and downshifted plasma lines, we 

only measured “downshifted” plasma lines in our Summer 2008 experiments.    

 

(2) These “downshifted” plasma lines have a rather narrow frequency bandwidth (~12 kHz) 

around 4.5 MHz compared to 1.5 MHz of those plasma lines centered at 4 MHz reported in 

Labno et al. [2007].  These “downshifted” plasma lines have significantly weaker intensities.  

 

(3) They covered a much broader range of altitudes (~ 300 km) than that of F-region plasma 

lines (~ 120 km) seen in Dec. 2004 experiments. 
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(4) They last for a much longer period of time (> a few minutes) than those (< 10 seconds) 

reported in Labno et al. [2007]. 

 

(5) They occurred during the continuously descending of F-region layer in the process of strong 

developing spread F [see attached RTI plot in Figure 4]. 

 

Contrastingly, F-region plasma line enhancement was detected on Dec. 20/21 & Dec. 26, 2004 

[Labno et al., 2007] when the F-region layer was quite stable. 

 

(6) We have ASIS (showing 6300 A and more intense 5577 A airglows) and Fabry-Perot data, 

indicate eastward and downward plasma drifting. 

4. A New Source Mechanism 

Based on above noticed features from radio and optical diagnostics, we propose the following 

source mechanism, as depicted in Figure 5.  

The distinctive difference between this new mechanism and that of Labno et al. [2007] has the 

following four aspects.  

 

(1) Wave vector matching conditions 

 

In this new mechanism: k+||  = ko,  k+┴  = kS,  and  k-||  = ko,  k-┴  = - kS,   

while in Labno et al [2007]:   k+|| =  kS,  and  k-|| =  - kS. 

 

(2)  Scale lengths of excited lower hybrid waves and zero-frequency modes 
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In this proposed mechanism:  ten-meter (e.g., 15 m) scale electrostatic wave/modes are excited, 

while in Labno et al [2007]:  meter-scale (e.g., 1.5 m) wave modes are excited. 

 

(3) Preferred directions to accelerate ionospheric electrons 

 

In this new physical process electrons are preferentially accelerated upward with the up-

propagating NAU-launched whistler waves, as depicted in Figure 5. Contrastingly, electrons can 

be equally likely accelerated in upward and downward directions, as illustrated in Figure 2. 

 

(4) Energies of accelerated electrons 

 

Based on the frequency spectra of measured plasma lines, the proposed mechanism accelerates 

ionospheric electrons in the phase energy range of ~ 13.0 ± 1.2 x 10
-5

 eV, while the mechanism 

of Labno et al. [2007] energizes electrons in the range of 7.2 – 15 eV. 

In summary, the proposed mechanism is the direct acceleration of electrons by the parallel 

whistler wave electric field. This mechanism can explain the upward streaming electrons that can 

only lead to the radar detection of “downshifted” plasma lines with narrow frequency bandwidth.  

This process occurs in a much broader range of altitudes (several hundred km).  Thus, NAU 

whistler waves will deposit significant energy in F region before they propagate into radiation 

belts.   

 

4. Discussions and Conclusions 
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We propose that upward propagating, NAU launched, 40.75 kHz, whistler waves can accelerate 

ionospheric electrons upwards along the background magnetic field via a new source 

mechanism. This process can cause the downshifted plasma line enhancement detected by the 

Arecibo 430 MHz radar.  This new mechanism has a striking feature distinguishing it from that 

of Labno et al. [2007], that is, the excited Stokes and anti-Stokes lower hybrid waves have their 

parallel wave vectors equal to the upward whistler wave vector. Hence, it is a “direct 

acceleration of electrons by whistler waves”, contrasting to the mechanism discussed in Labno 

et al., wherein the wave vectors of whistler wave-excited lower hybrid waves are same as those 

of concomitantly excited zero-frequency field-aligned modes. 

 

The marked difference between these two mechanisms can also be understood in terms of the 

scale lengths of their generated lower hybrid waves and zero-frequency modes.  While meter-

scale (e.g., 1.5 m) electrostatic plasma modes are produced by Labno et al.’s mechanism, the 

new mechanism creates corresponding plasma mode with ten-meter scale (e.g., 15 m).  

Consequently, the parallel phase velocities of excited lower hybrid waves to accelerate electrons 

are ~ 6.1 x 10
5
 m/sec in the case of Labno et al. and ~ 1.4 x 10

7
 m/sec in our case.  Compared to 

the typical thermal velocity (~ 1.3 x 10
5
 m/sec), it is seen that the meter-scale lower hybrid 

waves can yield bulk acceleration of ionospheric electrons, while the ten-meter scale waves can 

only accelerate fewer tail electrons. This is consistent with the observations that enhanced 

plasma lines in Labno et al. are much more intense than those in our case displayed in Figure 3.      

Finally, we notice that the process discussed in Labno et al. [2007] did not occur in our Aug. 

2008 experiments, namely, we did not measure frequency-upshifted plasma lines. This 

puzzlement can be understood from the fact that the background plasma was so turbulent during 
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our 2008 experiments. This fact was supported by the RTI plots showing the continuous 

descending of F-region layer [see Figure 4], as well as both the Fabry-Perot and ASIS (all sky 

imaging system) data indicating the eastward and downward plasma drifts over Arecibo.  

Therefore, it is rather difficult for 40.75 kHz whistler waves to excite meter-scale electrostatic 

plasma modes, which require much higher thresholds in the four wave interaction process.     

In conclusion, the proposed mechanism can be based on to explain reasonably the detection of 

enhanced plasma lines with frequency-downshifted spectra only in our 2008 Arecibo 

experiments.  In the comparison with our earlier experiments to record frequency-upshifted 

plasma lines [Labno et al., 2007], we can understand how distinctively different features of 

enhanced plasma lines are caused by these two mechanisms.  The favorable operation of these 

mechanisms depends on the background ionospheric plasma conditions.  The one discussed in 

Labno et al. [2007] has more severe requirements for its occurrence than the proposed one.         
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Figure Captions 

 

Figure 1.  Detection of enhanced plasma lines generated by downward streaming electrons in 

backscatter radar operation mode, satisfying Bragg scattering condition, i.e., kES = 2 kradar.  The 

phase energy (Eφ) of accelerated electrons can be inferred [Carlson et al., 1982].  

Figure 2.  Illustration of the four-wave interaction process for the VLF whistler-mode wave (ωo, 

ko) to parametrically excite Stokes (ω
-
ℓh , k-) and anti-Stokes (ω

+
ℓh, k+ ) lower hybrid waves 

together with the zero-frequency, (ωs, kS) field-aligned, density irregularities.  The excited lower 
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hybrid waves have a single frequency equal to the VLF whistler wave frequency, but a spectrum 

of wavelengths.   

Figure 3. Compilation of 3D (altitude-frequency-intensity) plots to show plasma line 

enhancement features.  From top left to right we have data recorded at 23:00 (LT), 23:31 (LT), 

and 00:00 (LT) on Aug. 4/5, 2008, respectively.  From bottom left to right, we have data 

recorded at 00:30 (LT), 01:00 (LT), and 01:31 (LT) on Aug. 5, 2008, respectively.  

Figure 4. The Range-Time-Intensity (RTI) plot of backscattered radar echoes showing 

continuous descending of ionospheric layers during F-region plasma line measurements, which 

result in data gaps as white stripes on the RTI plot.    

Figure 5. Depiction of four-wave interaction process leading to acceleration of electrons 

upwards along the magnetic field line due to NAU launched whistler waves. 
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Figure 1.  Detection of enhanced plasma lines generated by downward streaming electrons in 

backscatter radar operation mode, satisfying Bragg scattering condition, i.e., kES = 2 kradar.  The 

phase energy (Eφ) of accelerated electrons can be inferred [Carlson et al., 1982].  

 

Figure 2.  Illustration of the four-wave interaction process for the VLF whistler-mode wave (ωo, 

ko) to parametrically excite Stokes (ω
-
ℓh , k-) and anti-Stokes (ω

+
ℓh, k+ ) lower hybrid waves 

together with the zero-frequency, (ωs, kS) field-aligned, density irregularities.  The excited lower 

hybrid waves have a single frequency equal to the VLF whistler wave frequency, but a spectrum 

of wavelengths.   
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Figure 3. Compilation of 3D (altitude-frequency-intensity) plots to show plasma line 

enhancement features.  From top left to right we have data recorded at 23:00 (LT), 23:31 (LT), 

and 00:00 (LT) on Aug. 4/5, 2008, respectively.  From bottom left to right, we have data 

recorded at 00:30 (LT), 01:00 (LT), and 01:31 (LT) on Aug. 5, 2008, respectively.  

 

 

DISTRIBUTION A: Distribution approved for public release.



 
 

69 
 

Figure 4. The Range-Time-Intensity (RTI) plot of backscattered radar echoes showing 

continuous descending of ionospheric layers during F-region plasma line measurements, which 

result in data gaps as white stripes on the RTI plot.    

 

 
 

Figure 5. Depiction of four-wave interaction process leading to acceleration of electrons 

upwards along the magnetic field line due to NAU launched whistler waves. 
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Abstract 

 

We report on HF wave injection experiments using beat wave technique to study the generation of VLF 

whistler waves in the ionosphere above Gakona, Alaska. This work is aimed at investigating whistler 

wave interactions with ionospheric plasmas and radiation belts.  Beat wave technique involves injecting 

two X-mode waves at a difference frequency in the VLF range using the HAARP heating facility.  A 

sequence of beat wave-generated whistler waves at 2, 6.5, 7.5, 8.5, 9.5, 11.5, 15.5, 22.5, 28.5, and 40.5 

kHz were detected in our 2011 experiments.  We present MUIR (446 MHz) radar measurements of ion 
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lines as the primary diagnosis of ionospheric plasma effects caused by beat wave-generated whistler 

waves. Magnetometer and digisonde were used to monitor the background ionospheric plasma conditions 

throughout the experiments.  Our theoretical and data analysis show that VLF whistler waves can 

effectively interact with ionospheric plasmas via two different four-wave interaction processes leading to 

energization of electrons and ions.  These preliminary results support our Arecibo experiments to study 

NAU-launched 40.75 kHz whistler wave interactions with space plasmas.    

 

 

1. Introduction 

 

It has been observed in our Arecibo experiments that NAU-launched whistler waves can interact with 

energetic electrons trapped in the inner radiation belts at L = 1.35 [Pradipta et al., 2007] as well as 

accelerate electrons in the ionosphere via a four-wave interaction process [Labno et al., 2007].  We 

recently conducted experiments at Gakona using two HF X-mode waves to explore the beat wave 

technique for the controlled study of VLF whistler wave interactions with ionospheric plasmas and the 

outer radiation belts at L = 4.9.  A sequence of beat wave-generated whistler waves at 2, 6.5, 7.5, 8.5, 9.5, 

11.5, 15.5, 22.5, 28.5, and 40.5 kHz had been successfully detected. Their intensities were greater than 

those produced by conventional HF wave-modulation of electrojet currents.  We present data analysis and 

theoretical study to show the effectiveness of the newly developed beat wave generation technique for the 

controlled study of whistler wave interactions with space plasmas.  The sequential presentations are (1) 

detection of beat wave generated whistler waves and (2) whistler wave interactions with ionospheric 

plasmas and outer radiation belts.   

 

The rest of the paper is organized as follows. In Section 2 we briefly discuss the beat wave generation 

technique and the theoretical basis.  The detection of VLF waves and data recorded in our 2011 

experiments using this technique is presented in Section 3.  The data includes ground-based 

measurements of VLF signals, magnetometer, and radar-detected ion lines.  These sets of data provide 

evidence for us to suggest, in Sections 4 and 5, that generated whistler waves can interact with 

ionospheric plasmas over Gakona via two different kinds of four-wave interactions.     

Discussions on whistler wave interactions with outer radiation belts and conclusions are finally drawn in 

Section 6.  

  

2. Beat Wave Generation of Whistler Waves 

 

We have been conducting experiments to generate VLF whistler waves in the ionosphere above Gakona, 

Alaska using the HAARP IRI heater array in the past few years [Lee et al., 2010].   In order to create VLF 
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waves via the beat wave technique, the HF heater array simultaneously transmits two X-mode waves with 

a difference frequency in the VLF range. For example, transmitting one wave at 3.2 MHz and the other at 

3.202 MHz creates an artificial antenna in the ionosphere via ponderomotive force that radiates at the 

difference frequency of 2 kHz. The force on an electron due to the two HF injected waves is given by: 

 

 

 

where ( 1, k1) and ( 2, k2) denote the two HF injected waves characterized by their wave frequencies and 

wave vectors; ∆x represents the displacement of the electron oscillating in one wave electric field, as it 

experiences the force Fe from the other wave electric field.  The quasi-DC component of the experienced 

electric force Fe is that at the difference frequency ( 1 -  2) given by: 

 

 

. 

 

It is the ponderomotive force (or loosely called radiation force) responsible for generating the VLF 

whistler waves from the two injected HF heater waves.  It indicates that the efficiency decreases with the 

difference frequency ( 1 -  2). 

 

3. Detection of Beat Wave Generated VLF Whistler Waves 

 

Beat wave-generated VLF whistler waves with frequencies at 2, 6.5, 7.5, 8.5, 9.5, 11.5, 15.5, 22.5, 28.5, 

and 40.5 kHz were detected using a VLF receiver setup a few miles away from the HAARP IRI heater 

array. Figure 1 shows the detection of two cycles of 11.5, 15.5, 22.5, 28.5, and 40.5 kHz waves created 

using beat wave technique on July 23, 2011 in Gakona, Alaska.  Whistler wave field intensity versus 

wave frequency is given in Figure 2.  
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Figure 1. Detection of beat wave generated     Figure 2. Whistler wave intensity versus wave 

VLF whistler waves at 11.5, 15.5, 22.5,           frequency of those generated VLF whistler waves, 

28.5, and 40.50 kHz.                                         showing monotonically decreasing intensity, in 

                                                                           General, up to 28.5 kHz.  

 

 

Generally, the generation efficiency is consistent with expected dependence of ponderomotive force on 

the difference frequency ( 1 -  2) up to 28.5 kHz.  The discrepancy from the expected monotonic 

decreasing of wave intensity may be attributed to possible beat wave interactions with electrojet currents.  

We notice that the presence of electrojet currents in our experiments, marked in green rectangular box in 

Figure 3, may affect beat wave generation of whistler waves as well as the background plasma conditions.  

Shown in Figure 4 is an enhanced zero-frequency mode, seen as a central line in the radar detected ion 

line spectra, which was very likely induced by the electroject current. We will look into field-aligned, 

(Birkeland) current-induced, low-frequency plasma modes in our summer experiments [Rooker et al., 

2012].  This problem will be further addressed in later sections for radar detection of ion lines. 
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Figure 3.  Magnetometer data recorded         Figure 4. (Left) Ion lines record during beat 

on July 23, 2011 from 7- 7:30 UT.                        wave experiments.  

 

As mentioned earlier beat wave-generated VLF waves are intense enough to cause significant impacts on 

ionospheric plasmas.  Estimated wave field intensities are 1 mV/m, which exceeds the thresholds required 

for the four-wave interaction process discussed in Labno et al. [2007].   We discuss this process and a 

new one, which will lead to direct acceleration of ionospheric electrons 

 

4. Ionospheric Electron Acceleration via Four-Wave Interaction Processes  

 

Illustrated in Figure 5 is the four-wave interaction process considered in Labno et al. [2007], which 

satisfies the following wave vector and wave frequency matching conditions. 

 

        ωo =  ω
+

ℓh  -  ωs,       ωo =  ω
-
ℓh  +  ω

*
s,     ko =  k+  -  kS,      ko =  k-  +  kS  
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Figure 5.   A four-wave interaction process showing that VLF whistler-mode wave (ωo, ko) can 

parametrically excite Stokes (ω
-
ℓh , k-) and anti-Stokes (ω

+
ℓh, k+ ) lower hybrid waves together with zero-

frequency (ωs, kS) field-aligned density irregularities.  The excited lower hybrid waves have a single 

frequency equal to the VLF whistler wave frequency and a spectrum of wavelengths.   

 

In Labno et al’s work, the excitation of meter-scale lower hybrid waves explained the ionospheric 

electron acceleration of up to ten eV inferred from plasma line measurements.  In this process ko <<  kS , 

thus k+ (k-) ≈  kS.     Hence, the excited lower hybrid waves are equally likely to propagate upwards or 

downwards along the background magnetic field, as illustrated in Figure 5.  Indeed, these electrostatic 

waves can accelerate electrons in the ionosphere resulting in simultaneous upshifted and downshifted ion 

line enhancement, as seen in our experiments [see Figure 4].  However, we examine a four-wave 

interaction process that Labno et al. [2007] did not investigate and find a new electron acceleration 

process to be discussed in next section. 

 

 

5. New Mechanism Leading to Direct Whistler Acceleration of Electrons  

 

We consider the excitation of lower hybrid waves having whistler wave vector as their parallel wave 

vector and purely irregularity wave vector as their perpendicular wave vector [see the differences in the 

dotted lines in Figure 5 and in Figure 6(a) denoting excited Stokes and anti-Stokes lower hybrid waves]. 

Then, our theoretical analysis shows that electrons can be accelerated upward by beat wave-generated 
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whistler waves, which preferentially propagate upward [Rooker, report for Lutchen Fellowship, 2012; 

Rooker and Lee, 2012].  Our ion line data support this expectation that up-streaming electrons yield 

frequency-downshifted ion lines, as displayed in  Figure 6(b).   

 

[6(a)]                                                                            [6(b)] 

 

 

           

 

 

Figure 6.  Illustration of upward electron acceleration by up-propagating whistler waves, and 

corresponding induced frequency-downshifted ion line enhancement due to Doppler effect.  

 

6. Discussions and Conclusions 

We have successfully demonstrated the beat wave generation of VLF whistler waves using two HF heater 

waves at Gakona, Alaska. This research is aimed at the controlled study of whistler wave interactions 

with (1) ionospheric plasmas and (2) energetic particles trapped in the radiation belts. Unlike the HF 

amplitude modulation process of generating whistler waves, the beat wave technique does not require the 

presence of a background electrojet. Therefore, whistler waves can be generated in regions at lower 

latitudes, such as Arecibo, Puerto Rico.  Additionally, beat wave technique can generate electromagnetic 

waves in a broader range of frequencies (e.g., from a fraction of 1 Hz to kHz) than previous methods.  

However, in our reported experiments, we do not expect to see ionospheric plasma effects due to 
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energetic charged particles precipitated from outer radiation belts over Gakona.  The reason is given 

below.    

Consider the whistler wave-particle resonant interaction condition, 

 

ωo +  k|| v||  =  ωce [1 – (v||
2
 + v┴

2
)/ c

2
 ]

½
,      

 

where ωo and (k||) ko denote, respectively, frequency and (parallel) wave number of the whistler-mode 

wave, and the dispersion relation: (cko/ωo)
2
  = 1- ωpe

2
/[ωo (ωo -ωce) ].  Here, ωce and ωpe represent the 

angular cyclotron and plasma frequencies of cold plasmaspheric electrons; v || and v┴ represent the 

velocity components of radiation belt electrons parallel and perpendicular to the magnetic field; c is the 

speed of light in a vacuum [Pradipta et al., 2007].  For simplicity, assuming that the whistler wave 

propagates along the geomagnetic field, we can determine k|| from the whistler wave dispersion relation. 

We found that whistler wave interactions with energetic electrons at high latitudes decrease drastically as 

frequency increases due to background plasma conditions in radiation belts.  Therefore, whistler waves in 

the ELF range are expected to interact more effectively with the electrons trapped in the outer radiation 

belt than VLF whistler waves can.  

 

We have analyzed a new four-wave interaction process wherein whistler waves can accelerate 

ionospheric electrons directly along the geomagnetic field during their upward propagation.  This process 

results in frequency-downshifted ion lines, as we have indeed observed in Gakona experiments.  

Furthermore, we can base on this mechanism to understand the measured plasma lines at Arecibo, which 

have only frequency-downshifted spectra caused by NAU-launched 40.75 kHz whistler waves [Rooker, 

report for Lutchen Fellowship, 2012; Lee et al., 2012].   In our future Gakona experiments, we will 

examine effects of electrojet currents on beat wave-generated whistler waves, possibly excitation of low-

frequency plasma modes, and changes in background plasma conditions.  We should finally mention that 

we used uncoded long pulse radar technique to record ion lines in our experiments.  But, in our planned 

experiments for this upcoming summer at Gakona, we will adopt the coded long pulse technique to 

measure plasma lines for further investigation of whistler wave-plasma and whistler wave-particle 

interactions [Rooker et al., 2012]. 
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Abstract 

Summer nighttime and daytime VLF wave generation comparison experiments were 

conducted on July 25 and July 27, 2011, respectively, using two CW HF X-mode waves with 

eleven VLF frequency differences from 2 to 21.5 kHz. The background magnetic variations were 

at comparable levels, but the D region absorption was significant and increasing in the daytime 

experiment when wideband disappearance of the ionogram echoes was also observed. VLF 

signals were detected from 2 to 7.6 kHz in both experiments, showing an inverse frequency 

dependence of intensity, although signal intensity (except at 5.5 kHz) detected at nighttime was 

stronger than the corresponding one detected in the daytime before the occurrence of 

wideband absorption. However, VLF signals from 11.5 to 21.5 (except at 19.6 kHz) were also 
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generated in the daytime experiment concurrent with the disappearance of the O-mode 

ionosonde echoes from 2 to 4 MHz. The concurrence of wideband disappearance of the 

ionogram echoes, the unexpected generation of VLF waves at higher frequencies, and the 

increasing D region absorption throughout the experiment may be explained by the generation 

of large scale density irregularities, which scatter the ionosonde signals as well as couple with 

the modulated electrojet to generate whistler waves. A theoretical formulation of the coupling 

mechanism for the whistler wave generation is presented. 

1. Introduction 

Ionospheric heating by powerful HF waves transmitted from the ground have been an active 

research area over the past four decades. Early experiments immediately led to the 

observations of many unexpected phenomena, such as wideband attenuation of the ionosonde 

signals and artificially induced spread-F that were then realized to be associated with the 

generation of density irregularities in the background plasma. 

A major and relatively new facility for conducting ionospheric heating experiments is available 

in Gakona, Alaska, as part of the High Frequency Active Auroral Research Program (HAARP) 

[Kossey et al., 1999]. The HAARP HF transmitting system is a phased-array antenna of 180 

elements. Each element is a crossed dipole, which radiates circularly polarized wave up to 20 

kW in the frequency band from 2.8 MHz to 10 MHz. The antenna gain, which increases with the 

radiating frequency, varies from 15 dB to 30 dB. Thus an effective radiated power (ERP) of 90 

dBW will be available in heating experiments. In the HAARP heating experiments, HF induced 
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artificial spread-F has been observed [e.g., Kuo and Snyder, 2010]. However, there was no 

report on the observation of HF induced wideband attenuation of the ionosonde signals.   

Electrojet modulation as a mechanism for the ELF/VLF wave generation has been studied 

extensively in high latitude heating facilities. Normally, an amplitude modulated HF waveform is 

transmitted to modulate the electrojet [Stubbe et al., 1981, 1982; Rietveld et al., 1989; Kuo et 

al., 2003]. Transmitting two CW HF waves with a small frequency difference can also modulate 

the electrojet in a similar way for VLF wave generation; moreover, this beat wave approach can 

also generate VLF waves in the absence of a background ionosphere current [Kuo et al., 2011].  

Radiation intensity from the electrojet modulation mechanism is inversely dependent on the 

heater frequency. However, the beat wave generation occurs in the F region well above the 

electrojet. As shown later the beat wave generation mechanism depends more strongly on the 

heater frequency than the electrojet modulation mechanism.  

In this work, both nighttime and daytime experiments using beat wave modulation of the 

electrojet for VLF wave generation were conducted. A relatively high heater frequency of 4.2 

MHz was chosen to reduce the beat wave generation in the F region; thus the detected VLF 

radiation on the ground was generated mainly by the modulated electrojet. Surprisingly, HF 

induced wideband attenuation of the ionosonde signals manifested by nearly total 

disappearance of ionogram echoes in the heater-on ionograms was observed in the daytime 

experiment. Presented in Sec. 2 is a description of the experiments and the background 

conditions during the experiments. Results showing heating effect on the O-mode ionosonde 

echoes are presented and discussed in Sec. 3. The results of radiation generated from 2 kHz to 
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21.5 kHz and the frequency dependency of the radiation intensity are presented in Sec. 4. A 

whistler wave generation mechanism for the detected VLF radiation is presented in Sec. 5. This 

work is summarized in Sec. 6.  

2. Background Conditions and Experiments 

Experiments on VLF wave generation by the interference of two HF waves in the ionosphere 

were performed during both summer nighttime and daytime at Gakona, Alaska. The nighttime 

experiment (with Earth shadow heights of approximately 60 km) was performed on July 25, 

2011 from UTC 09:40 to 10:20 (01:40 to 02:20, Alaska daylight time).  Meridional midnight at 

Gakona, Alaska, in the last week of July of the year, nominally occurs at UTC 10:00.  The 

daytime experiment was performed on July 27 from UTC 01:38 to 02:26 (17:38 to 18:26 of July 

26, Alaska daylight time).  

The background conditions on the two days monitored by the 30 MHz riometer are presented 

in Figs. 1a and 1b, in which a rectangular box in each plot marks the experimental period. The 

30 MHz riometer absorption measurements inside the box are minimal (~ 0 dB) on July 25 and 

maximal (~ 0.5 dB) on July 27. These results suggest that a D layer was absent in the nighttime 

experiment (July 25) and present in the daytime experiment (July 27). It is noted that D region 

absorption on July 27, as shown in Fig. 1b, increases continuously until the end of the 

experiment. 

The background magnetic field variation B was monitored by the fluxgate magnetometer 

located at Gakona. The Gakona magnetometer records for the two days are presented in Figs. 

1c and 1d, in which again the rectangular boxes mark the experimental period for each day, as 
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well as with expanded plots in Figs. 1e and 1f. As shown, the Gakona geomagnetic field was 

relatively stable and had approximately 25 nT deviation from the background geomagnetic field 

during each of the two experiments.  The magnetometer records suggest a low level 

“background ionospheric current” was present on both days during the experiment periods.  

The reflection height of the 4.2 MHz X-mode wave can be referred to that of the 3.43 MHz O-

mode wave. The Gakona ionosonde records show that in the two experiments, foF2 is larger 

than 3.43 MHz; indicating that the HF reflection height was below the F peak (foF2 layer).  

The experiments were conducted with the X-mode HF heating waves directed along the 

geomagnetic zenith and run for 5 minute periods for 9 cycles. In each 5-minute period, there 

were 90 seconds between the beat frequency “long tones 1 and 2” with 60 seconds each.   In 

this 90 second gap, there were beat frequency short tones (30 seconds) and beat frequency 

ramps (60 seconds).  Following beat frequency long tone 2, the heater was off, i.e., the heater's 

RF output was disabled completely, for 15 seconds, followed by 30 seconds of AM short ramps 

and 30 seconds of ramps, and then 15 seconds off. 

The beat frequency “long tones” applies a beat wave scheme for VLF generation at a single beat 

frequency for the 60 second period. The 12x15 array of the HAARP HF transmitter was split into 

two 6x15 sub-arrays, one sub-array transmitted at 4.2 MHz and the other at 4.2 MHz + f, where 

f was changed sequentially in the order of 1 kHz, 2 kHz, 3.5 kHz, 5.5 kHz, 7.6 kHz, 9.5 kHz, 11.5 

kHz, 13.6 kHz, 15.5 kHz, 17.5 kHz, 19.6 kHz, and 21.5 kHz; and repeating the sequence to 9.5 

kHz; both subarrays were operated at CW, full power (1.8 MW each). In each beat frequency 

short tones or AM short ramps, (sqrt-sine) amplitude modulated HF heater was transmitted at 
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full power (3.6 MW) by the full HF heater array. The frequencies of the amplitude modulation 

(AM) cover all of the 12 frequencies with 2.5 seconds for each frequency.  

The VLF radiation was monitored by BAE Systems’s VLF receiver, which didn’t record when 

HAARP was transmitting ramps. The VLF receiver recorded North-South (N-S), East-West (E-W), 

and vertical components of the VLF wave magnetic field. The experiment was also monitored 

by the HAARP digisonde. The digisonde was run in a relatively fast mode that acquired one to 

four ionograms every minute starting on the minute during the heater on and off periods. The 

heater-off ionograms (those presented in Columns B and C of Fig. 4) are acquired with 50 kHz 

steps from 500 kHz to 5000 kHz.  Each frequency step is 130 milliseconds and each ionogram 

takes 11.7 seconds to acquire. The heater-on ionograms presented in Column A/D of Fig. 4 are 

acquired with 50/25 kHz steps from 1500/500 kHz to 6000/6500 kHz.  Each frequency step is 

260/210 milliseconds and each ionogram takes 23.7/50.4 seconds to acquire. 

 

3. Observation of Wideband Attenuation of O-mode Ionosonde Echoes 

In the experiment on July 25, there is no absorption recorded by the 30 MHz riometer as shown 

in Fig. 1a. It is consistent with the appearance of second hop ionogram echoes in the digisonde 

ionograms which nevertheless, indicate that a thin E layer was still present in this nighttime 

experiment. Two sets of heater on-off ionograms are presented in Fig. 2. Some noticeable 

changes, manifesting the heating effect, include 1) echoes from the E layer disappear when the 

heater was on, and 2) the echoes below and near the HF reflection height (corresponding to the 

O-mode ionosonde frequency of 3.43 MHz) were fading as the experiment continued. The 
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results indicate that the heating effect was prominent locally in the two end frequency regions 

of the ionosphere covered by the HF heater.  

The ionograms recorded during the July 27 experiment have more dramatic changes during the 

heater-on periods as noted below. First, the ionograms before and after the experiment are 

presented in Figs. 3a and 3b for references. The true height distribution of the ionogram echoes 

is also plotted in the ionogram. The 0130 UT ionogram was recorded right after the O-mode 

heater of 4.5 MHz (CW full power and directed at 1 min 9.9 off zenith and 188.8 azimuth) was 

turned off and the 0230 UT ionogram was recorded when the O-mode heater of 4.5 MHz (CW 

full power and directed at 3 min 16.6 off zenith and 223.9 azimuth) was turned on. Thus, the 

ionogram in Fig. 3a should be generally free of heater affects.  On the other hand, the ionogram 

in Fig. 3b is affected by the heater. As shown, the number of echoes in Fig. 3b reduces 

considerably; in particular, the F2-layer ionogram echoes are suppressed. The electron density 

distributions are presented in Fig. 3c. As shown, an E layer was present and expanding 

downward into the upper D-layer throughout the experiment. There were no significant 

changes in the F region electron density distribution.  

We next present a sequence of 23 ionograms in Fig. 4 for a comparison to reveal the heating 

effect. Ionograms presented in Columns A and D were recorded during the heater on periods 

and in Columns B and C were recorded during the heater off periods. The 11 heater-on 

ionograms were recorded after turning on the heater for 30 s, and the 12 heater-off ionograms 

were recorded right after turning off the heater. Heating leads to the decrease of the ionogram 

echo amplitude and only the strongest echoes are recorded. Thus the heating effect can be 

manifested by the disappearance of ionogram echoes in the heater-on and heater-off 
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ionograms. In fact, the heater-on ionograms recorded 15 minutes after the start of the 

experiment (i.e., at 01:51:31 and later) already show wideband disappearance of echoes.  

The gain control of the receiver of the digisonde is affected by the heater only during the heater 

on period; hence, the off ionograms (and their associated echo amplitudes) are not impacted 

directly by the heater through the digisonde receiver. However, the off ionograms presented in 

Columns B and C of Fig. 4 were acquired beginning the moment the heater turns off, these 

ionograms could still be impacted by the heater through heater-induced ionospheric 

modification (such as density irregularities) which did not disappear immediately after the 

heater turned off.  But the heating effect on the echoes might not be uniform throughout the 

acquiring period because each ionogram took 11.7 seconds to acquire. Nevertheless, the 

number of echoes in each off ionogram presented in Columns B and C of Fig. 4 is strongly 

impacted by the heating-induced ionospheric perturbations. As shown in Fig. 5 the echo 

number in each off ionogram is much less than the echo numbers 1021 and 402 of the two 

ionograms recorded before and after the experiment, presented in Figs. 3a and 3b. It is noted 

that the ionogram of Fig. 3b is affected by the O-mode heater, which produces much less 

heating effect in the lower ionosphere than that of the X-mode heater. 

Comparing the on/off/off/on ionograms in each row, one can see that the two on inongrams 

and two off ionograms are quite similar to each other, but the on/off ionograms are quite 

different. It suggests that the heating effect on echoes decays in time faster than the frequency 

sweeping rate of the ionosonde.  
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Moving down along each column of Figure 4, one observes clearly a decrease in the number of 

ionogram echoes in both on and off ionograms. The ionogram echoes disappear almost 

completely in the on ionograms of the last three rows (i.e., from 01:56 to 02:06 UT). This 

represents wideband absorption on the HF signals. The number of the ionogram echoes in the 

off ionogram summarized in Fig. 5 shows a gradual decrease of the echoes over a 25-minute 

period. This trend also represents a form of wideband absorption observed at these lower HF 

frequencies.  Because the heating effect on echoes of the off ionograms decays in time faster 

than the frequency sweeping rate of the digisonde, the impact of heating dominating on the 

lower frequency side of the ionogram is indicated in Fig. 4. 

The observation suggests that the 15 second heater-off period between two heater-on periods 

was not long enough for the ionosphere to recover fully from the perturbation; hence the 

ionosphere becomes preconditioned to ease the excitation of subsequent heater-induced 

perturbations. 

From 02:08:00 to 02:11:30, the transmission direction of the HF heating waves was changed 

from along the geomagnetic zenith to vertical, allowing the prior heated region of the 

ionosphere to recover fully; consequently, the number of echoes in the heater-off ionograms 

also recovered.  

The record of the riometer indicates that the D region absorption starts increasing from the 

beginning of the experiment. Though it is difficult to verify if such an increase of absorption is 

attributed to the heaters or a combination of a naturally occurring absorption event and the 

heaters, it is, however, consistent with the increase of the heating effect with time as 
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demonstrated in heater on/off cycles. This wideband attenuation phenomenon persists 

throughout the remaining experiment period, though some echoes from the E layer were 

occasionally present.   

Wideband attenuation of ionosonde signals is generally attributed to the presence of medium- 

to large- scale density irregularities (i.e., a few tens of meters to a few kilometrs) in the 

background ionosphere [Fejer, 1979]. These irregularities scatter the ionosonde signals out of 

the transmit beam to reduce or even eliminate backward scattering or reflection [Cohen et al., 

2010]. There are several mechanisms which can generate density irregularities by the HF 

heaters [Kuo and Schmidt, 1983; Lee and Kuo, 1983]. A likely one is the nonlinear thermal 

instability [Kuo et al., 1999a], which produces periodic density irregularities in the D and lower E 

regions of the ionosphere. Both elastic and inelastic electron-neutral collision frequencies are 

electron temperature dependent and modified by the HF heating. Such temperature 

dependence provides a feedback channel to the heating, leading to the excitation of a thermal 

instability and the subsequent nonlinear evolution of the produced density perturbation after 

exceeding a threshold. The spatial distribution of the periodic density irregularities is parallel to, 

rather than perpendicular to, the geomagnetic field [Lee et al., 1998; Cohen et al., 2010], which 

for Gakona, AK is 14o off the zenith. The combination of the increasing D region absorption to 

weaken the ionosonde signals and the scattering of the ionosonde signals by the produced 

periodic density irregularities causes the disappearance of ionogram echoes over a wideband. 

Moreover, the heater-induced thermal pressure force at the beat frequency can drive a 

whistler mode current in the periodic density irregularities [Kuo et al., 1999b; Kuo and Koretzky, 

2001].  
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4. Generation of VLF Waves 

The nonlinear coupling for wave beating is inversely proportional to the square of the heating 

wave frequency. Moreover, the VLF signal intensity received on the ground is inversely 

proportional to the square of the distance from the source current, which is located generally 

near the HF reflection height. Thus the beat wave intensity depends strongly on the heater 

frequency.  

The heater configurations used in the two experiments on July 25 and 27 were identical: 4.2 

MHz, X-mode, full power, and along the magnetic zenith. Thus the VLF wave intensity was 

dependent only on the ionosphere conditions. The reflection height of the 4.2 MHz X-mode 

heater refers to the height of the 3.43 MHz O-mode ionosonde echo. The ionograms presented 

in Figs. 2 and 3 show that the virtual height (~ 350 km) of the O-mode ionosonde echo at 3.43 

MHz in the July 25 experiment is much higher than that (~ 220 km) in the July 27 experiment. 

On the other hand, the record of the riometer shown in Fig. 1 suggests that the heater energy 

to be significantly absorbed in the D region in the July 27 experiment. In other words, the 

ionosphere conditions in both experiments do not favor the beat wave generation in the F 

region. 

However, a background ionospheric current was present on both days during the experiment 

periods. It could be modulated by the two HF heaters at the beat frequency (frequency 

difference). The VLF radiation intensity will have inverse frequency dependence similar to that 

generated via the electrojet modulation by an amplitude modulated HF heater. A comparison 
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of the magnetic amplitudes of the VLF waves generated in July 25 and 27 experiments is 

presented in Fig. 6. As shown, the VLF wave amplitude is indeed inversely proportional to the 

frequency from 2 to 7.6 kHz on both days. The wave amplitude on July 27 is smaller than the 

corresponding one on July 25 (except for the one at 5.5 kHz) because of the D region 

absorption. The VLF waves at beat frequencies larger than 7.6 kHz were not generated on July 

25. On the other hand, VLF waves at beat frequencies larger than 9.5 kHz were generated 

(except for the one at 19.6 kHz) on July 27. During this period, wideband disappearance of the 

O-mode ionosonde echoes also occurred. It was shown that thermal instability [Kuo et al., 

1999a] excited by the HF heaters in the D and lower E region could evolve nonlinearly to form 

periodic density irregularities having a broad spatial spectrum to scatter O-mode ionosonde 

signals over a wideband. These density irregularities could also couple to the temporally 

modulated electrojet (background current) to produce a whistler mode current and the 

associated whistler (VLF) wave at the beat frequency [Kuo et al., 1999b; Kuo and Koretzky, 

2001]. A similar process for VLF wave generation by an intensity modulated HF heater was 

analyzed and revealed experimentally by Kuo et al. [2008]. In the second cycle of the 

experiments, the experiment time was enough only for repeating four beat frequencies at 1, 2, 

3.5 and 5.5 kHz, i.e., the experiment was stopped after generating 5.5kHz signal. The result of 

the July 27 experiment shows that the VLF wave generated in the second cycle has a similar 

frequency dependency as that generated in the first cycle, but has slightly smaller amplitude. 

However, the wave intensities in the second cycle of the July 25 experiment drop considerably.  

The drop of the generated VLF wave intensity may be caused by the background change due to 

the HF heating and/or the natural decay of the ionosphere near meridional midnight. 
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5. Whistler Wave Generation Mechanism 

Ohmic heating by two HF waves of slightly different frequencies modulates the electrojet 

current in time. The elevated electron temperature evolves nonlinearly into kilometer-scale 

periodic distribution along the geomagnetic field, which modifies the electron-ion 

recombination rate to form density irregularities. The density irregularities convert the 

temporal modulated electrojet current into space-time dependent current. As the frequency 

and wave number of the induced current wave satisfies the dispersion relation of the whistler 

wave, this current is a whistler mode current that generates whistler wave directly. 

5.1. Electrojet 

The polar electrojet current is driven by a dc electric field E0 = x̂ E0 in collisional plasma which is 

embedded in a background magnetic field Bo = ẑ B0. Electrons in the electrojet have a fluid 

velocity  

           ue = (eE0/m)(x̂ en  ŷ e)/(en
2 + e

2)                                 (1) 

where e is the electron gyrofrequency. Then the electron electrojet current density is obtained 

to be 

  Je = en0ue = (n0e2E0/m)(x̂ en  ŷ e)/(en
2 + e

2) =   E0              (2) 
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where the conductivity tensor  =  [x̂ x̂ + ŷ ŷ + (e/en)( x̂ ŷ  ŷ x̂ )] and the conductivity  = 

n0e2
en /m(en

2 + e
2) is electron temperature dependent through the dependency en  Te

5/6 

[Gurevich, 1978]. 

5.2. HF heating and modulation 

When the HF heater array is split into two sub-arrays, transmitting CW X-mode HF waves at two 

slightly different frequencies f01 and f02, where f01 = f0, f02 = f0 + f, and f is the beat-wave 

frequency in the VLF range,  the total heater wave field Ep becomes 

Ep =  Ep1 + Ep2 = (x̂  iŷ )(Ep0/2)[1 + e–i(t -)]exp[i(k0z0t)] + c.c.                    (3) 

where Ep0 is the field amplitude of each heater beam.  is the phase difference of two HF waves 

transmitted by the two sub-arrays. 0 and k0 are the heater radian frequency and wavenumber. 

The electrons respond at the velocity  

 vpe = -i (x̂  iŷ ) [(eEp0/2me)/(0  e)][1 + e–i(t -)]exp[i(k0z0t)] + c.c.         (4) 

In the presence of HF heating, the electron thermal energy equation [Braginskii, 1965; 

Gurevich, 1978] is given by 

           Te/t + (2Te/3)ve + (Te)e(Te)(Te  Tn) + ionization loss 

   = (2/3n0)(Q +  eTe) + solar heat input                        (5) 

where n0 is the plasma density, ve is the electron fluid velocity, (Te) is the average relative 

energy fraction lost in each collision, e(Te) is the effective collision frequency of electrons with 

neutral particles (it accounts for both elastic and inelastic collisions), Tn is the temperature of 
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the background neutral particles; the ionization loss becomes significant as electrons are 

heated up to high temperature; Q  enn0mue
2 + vpe

2
 is the total Ohmic heating power 

density in the background plasma and contributed by the electrojet current and by the HF 

heater waves, e is the thermal conduction tensor, and m is the electron mass; the ionization 

loss term on the left hand side (LHS) of (4) will be neglected. 

In VLF range, (Te)e(Te) << , the induced electron temperature perturbation at the 

modulation frequency  is determined from (5) to be 

                   δTe = (4/3)m(en0/1) vq
2

 sin (t - )              (6)  

where vq
2 = (eEp0/m)2/[(0  e)2 + en0

2] and en0 = en (Te0). With the aid of (6), expanding 

en=en0 (Te/Te0)5/6 in (1) yields the modulated electron fluid velocity  

    δue = -(A/e)[x̂ + ŷ 2en0/e] sin(t - ) Rect[(z-z0)/z].               (7) 

and an oscillation current 

ΔJe = n0A[x̂ + ŷ 2en0/e]sin(t - )Rect[(z-z0)/z] = ΔJee-it Rect[(z-z0)/z] + c.c.  (8) 

Here, A = (10e2E0/9m)(en0
2/ωe

2)(vq
2/vte

2) and vte = (Te0/m)1/2 is the electron thermal speed; 

we assume that the electrojet extends in altitude from z1 to z2; z0 = (z1 + z2)/2 and z = z2 – z1; 

the unit rectangular function Rect(x) = 1 for |x|  ½ and 0 otherwise; ΔJe = i ei (n0A/2)[x̂ + ŷ 

2en0/e]. This oscillation current is equivalent to a dipole radiator, the magnetic flux density of 

the radiation is given by  

ΔB = i V (0/4r) (k  ΔJe) exp(ikr) + c.c.          (9) 
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where V = z A is the volume of the modulated electrojet. 

5.3. Density irregularities 

As the electron temperature perturbation grows, the background plasma density also varies 

accordingly, through the dependence of the electron-ion (NO+ and O2
+) recombination rates on 

the electron temperature, with the relation [Gurevich, 1978] 

   n(Te) / n(Te0)  (0.6 0.7 + 0.4 1.2)1/2              (10) 

where  = Te/Te0; the 3 to 2 ratio of the daytime densities of O2
+ and NO+  is assumed. 

Therefore, the spatial spectrum of the density irregularities is determined directly by the steady 

state electron temperature perturbation. 

Eq. (5) is solved for the steady state situation by setting the time derivative term on its LHS 

equal to zero. Again, the second term on the LHS of (5) is derived, from the continuity equation 

(neve = 0) and momentum equation (pe  mneenve  0) of electrons and the ratio of 

specific heats for electrons e = 3, to be (2Te/3)ve = (2men)1(dTe/dz)2. This term and the 

thermal diffusion term on the RHS of (5) can be combined into a single diffusion term, leading 

to 

             (0.6 0.7 + 0.4 1.2)1/2

1/4 d (0.6 0.7 + 0.4 1.2)1/2 5/12 d  

        = a 5/6 30.26(1  tn) + 5/6 + 8.38 1/2  

   + 5/2[14.73 e6.98(11/) + 0.1 e13.88(11/)](   tn)          (11)  
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where  = (m/1.05Mn)1/2(e0/vte)z, d = d/d, a = (Mn/3m)[(ue
2 + vpe

2
)0/vte

2]  

(2Mn/3m)[eEp0/m(0  e)vte]2 and tn = Tn/Te0 = 0.2 is assumed. The last term on the RHS of (11) 

corresponds to the collision damping term in (5), which consists of three terms contributed by 

elastic collision and inelastic collisions of rotational and vibrational excitations, respectively. The 

periodic solutions of (11) [Kuo and Koretzky, 2001] lead to density irregularities, Δn(z) =  n(k) 

eikz dk/2 + c.c., as manifested by (10). 

5.4. Whistler wave generation 

The mixing of the velocity perturbation (7) with the electron density perturbation Δn(z) =  n(k) 

eikz dk/2 + c.c. of the irregularities produces a space-time dependent current density 

distribution in the electrojet as 

       JeW = Rect[(z-z0)/z][x̂ + ŷ 2en0/e]A sin(t - )  n(k) exp(ikz ) dk/2 + c.c.    (12) 

This source current drives VLF plasma waves propagating downward and upward along the 

geomagnetic field. If the wave number k of the spectral peak of Δn and the modulation 

frequency  satisfy the dispersion relation of the whistler wave, JeW becomes a mode current 

generating whistler waves directly.  

Combining the electron momentum equation and Maxwell’s equations leads to 

         [(t + eẑ   + en0)(c2


2  t
2)  pe

2
t

2]EW = c2
0(t + eẑ   + en0)tJeW      (13) 

where “”represents the operation of cross product.   
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Substituting EW = {E+(k) exp[i(kz + ωt)]  E(k) exp[i(kz  ωt)]}dk/2 + c.c. into (13), with the aid 

of (12) and the dispersion relation ω = k2c2Ωe/ωpe
2of the whistler mode, obtains 

Ex(k) + i δ± Ey(k)  

  =  δ±(0Az/2k2) n(k) exp[i(k  k)z0]sinc[(k – k)z/2] dk/2                (14)   

Ey(k)  i δ± Ex(k)  0          (15) 

where the subscripts “±” stand for down- and up-propagating waves; δ± = ±1; ω2<<k2c2<<ωpe
2 

and en0/e
 << 1 are assumed. The generated wave has circular polarization as expected. The 

periodic density irregularities generated/enhanced by the HF heater have a broad spectrum 

[Kuo et al., 1999a]; however, the dispersion relation of the whistler mode ω1 = k1
2c2Ωe/ωpe

2 

imposes a condition to select a line at k1 in the coupling. Thus n(k)  n2(k-k1) is assumed 

and the down-propagating whistler wave fields generated by a mode current are obtained to 

be EW= (x̂ - iŷ )E(k) exp[-i(kz + ωt)] + c.c. and BW = -[(pe
2/e)1/2/c] ẑ  EW; where E(k) = E+(k)k 

 i(kc2
0e/2pe

2) A z n. 

The wavelength of the whistler wave is governed by the relation  = (c/fpe)(fce/f)1/2; let f = 10 

kHz, fce = 1.4 MHz, and fpe ~ 2 MHz (i.e., ne ~ 5  104 cm-3 indicated in Fig. 3), we have  ~ 1.8 

km. Therefore, the required scale lengths of the periodic density irregularities for converting 

the modulating current into whistler mode current are in the range of a few km, which overlaps 

with the scale length range of the irregularities effectively causing attenuation of the ionosonde 

signals. 
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6. Summary and Discussion 

A comparison of a nighttime (July 25) and a daytime (July 27) experiment on VLF wave 

generation through electrojet modulation by HF heaters is presented. The electrojet was 

modulated by two CW HF heaters of slightly different frequencies, rather than by a single AM 

HF heater. In both experiments, the background magnetic variations were at comparable levels. 

However, the D region absorption was significant in the daytime experiment. As a result, the 

VLF signals at 2, 3.5 and 7.6 kHz detected in the nighttime experiment were stronger than the 

corresponding ones detected in the daytime experiment. The frequency dependence of the 

signal intensity has a similar characteristic, i.e., inversely proportional to the signal frequency, 

to that generated by using a single AM heater to modulate the electrojet.   At this moment we 

should point out that six experiments were conducted from July 20 to July 27, 2011.  But, 

among them only one daytime experiment was performed on July 27.  In this experimental 

period, the D region absorption was present, and wideband absorption of ionosonde echoes 

appeared only in heater on periods.  It indicates that the occurrence of wideband absorption 

requires a threshold, which can be exceeded by the combined effect of D region absorption and 

heater wave-induced ionospheric irregularities. 

 Signals at higher frequencies, i.e., from 9.5 to 21.5 kHz, were not detected in the nighttime 

experiment. Therefore, one would not expect to detect signals at those frequencies in the 

daytime experiment. On the contrary, quality signals at frequencies from 11.5 to 21.5 kHz, 

except the one at 19.6 kHz which was overshadowed by the high noise level, were detected in 

the daytime experiment. Concurrently, wideband disappearance of the O-mode ionosonde 

DISTRIBUTION A: Distribution approved for public release.



 
 

97 
 

echoes was observed in heater on periods. This is the first report on such an observation in 

HAARP heating experiments. Moreover, the record of the riometer shows a continuous 

increase of the D-region absorption in the experiment period. These correlations lead to the 

conclusion that a nonlinear thermal instability [Kuo et al., 1999a] was excited in the July 27 

daytime experiment. As shown in Sec. 5, the thermal instability produces periodic density 

irregularities distributed parallel to the geomagnetic field. These irregularities scatter the 

weakened ionosonde signals (due to significant D region absorption) out of the transmit beam 

to reduce or even eliminate echoes, but also convert the modulated electrojet into whistler 

modes and accounts for the generation of VLF waves in the unexpected frequency range, 

consistent with previous experimental results [Kuo et al., 2008].  

Each VLF signal in Fig. 6 was generated for one minute duration, which is long enough to 

average out the background noise. In the future experiment, if the VLF is chosen in the range 

with very low background noise and an average is not necessary, then a plot of frequency-time 

spectra of VLF waves may be feasible to show the stability and quality of the wave generation.  
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FIGURE CAPTIONS 

Fig. 1  Records of riometer and magnetometer on (a) and (c) July 25 and (b) and (d) July 27, 

2011; rectangular boxes mark the experiment periods. Geomagnetic variations during 

the experiment periods on (e) July 25 and (f) July 27. 

Fig. 2  O-mode ionosonde echoes recorded during heater off/on/on/off periods in the July 25 

nighttime experiment. 

Fig. 3  The background electron density distribution before and after the daytime experiment on July 

27. 

Fig. 4  Disappearance of the ionogram echoes over a wideband while the heating experiment was 

progressing; suggesting development of heater induced density irregularities; the heater on/off 

schedule is shown on the left hand side.  

Fig. 5 Numbers of the ionogram echoes in the off ionograms presented in Columns B and C of Fig. 4. 
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 Fig. 6  A Comparison of magnetic amplitudes of VLF waves generated on 7-25 and 7-27; the period is 

indicated in the 7-27 experiment when the disappearance of wideband ionogram echoes 

coincides with the generation of VLF waves  
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Fig. 1  Records of riometer and magnetometer on (a) and (c) July 25 and (b) and (d) July 27, 

2011; rectangular boxes mark the experiment periods. Geomagnetic variations during the 

experiment periods on (e) July 25 and (f) July 27. 
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Fig. 2 O-mode ionosonde echoes recorded during heater off/on/on/off periods in the July 25 

nighttime experiment. 
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Fig. 3 (a) and (b) The ionograms and (c) the background electron density distributions before and 

after the daytime experiment on July 27. 

 

 

 

 

 

Fig. 4 Disappearance of the ionogram echoes over a wideband while the heating experiment was 

progressing; suggesting development of heater induced density irregularities; Columns A and D 

show heater-on ionograms and Columns B and C show heater-off ionograms.    
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Fig. 5 Numbers of the ionogram echoes in the off ionograms presented in Columns B and C of Fig. 4. 
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Fig. 6 A Comparison of magnetic amplitudes of VLF waves generated on 7-25 and 7-27; the 

period is indicated in the 7-27 experiment when the disappearance of wideband ionogram 

echoes coincides with the generation of VLF waves.  
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Abstract 

We report a series of experiments conducted at Arecibo Observatory in the past, aimed at the 

investigation of 40.75 kHz whistler wave interactions with ionospheric plasmas and the inner 

radiation belts at L = 1.35.  The whistler waves are launched from a Naval transmitter (code-

named NAU) operating in Aguadilla, Puerto Rico at the frequency and power of 40.75 kHz and 

100 kilowatt, respectively.  Arecibo radar, CADI, and optical instruments were used to monitor 

the background ionospheric conditions and detect the induced ionospheric plasma effects.  Four-

wave interaction processes produced by whistler waves in the ionosphere can excite lower hybrid 

waves, which can accelerate ionospheric electrons.  Furthermore, whistler waves propagating 

into the magnetosphere can trigger precipitation of energetic electrons from the radiation belts.   
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Radar and optical measurements can distinguish wave-wave and wave-particle interaction 

processes occurring at different altitudes.  Electron acceleration by different mechanisms can be 

verified from the radar measurements of plasma lines.  To facilitate the coupling of NAU-

launched 40.75 kHz whistler waves into the ionosphere, we can rely on naturally occurring 

spread F irregularities to serve as ionospheric ducts.  We can also use HF wave-created 

ducts/artificial waveguides, as demonstrated in our earlier Arecibo experiments and recent 

Gakona experiments at HAARP.  The newly constructed Arecibo HF heater will be employed in 

our future experiments, which can extend the study of whistler wave interactions with the 

ionosphere and the magnetosphere/radiation belts as well as the whistler wave conjugate 

propagation between Arecibo and Puerto Madryn, Argentina. 

1. Introduction 

We have been conducting a series of experiments at Arecibo Observatory, using the Naval VLF 

transmitter located at Aguadilla, Puerto Rico, aimed at studying whistler wave propagation and 

interactions with space plasmas.  This Naval transmitter, code named NAU, emits VLF waves at 

a power and frequency of 100 kW and 28.5 kHz (earlier)/40.75 kHz (current), respectively, 

providing the source of whistler-mode signals.  These experiments are based on the theoretical 

study of Lee and Kuo [1984a & 1984b] that whistler waves can interact with ionospheric and 

magnetospheric plasmas. Our experiments were also motivated by the so-called “explosive 

spread F” phenomenon first reported by Woodman and LaHoz [1976] in experiments carried out 

at Jicamarca Radio Observatory. This phenomenon has been associated with the occurrence of 

lightning [Woodman and La Hoz, 1976; Woodman and Kudeki, 1984].  A characteristic feature 

of this phenomenon is a train of short-lived, backscatter radar echoes with a period of ~6 sec, 

DISTRIBUTION A: Distribution approved for public release.



 
 

110 
 

which occurred at two altitudes in F region.  A theory was subsequently presented by Liao et al. 

[1989], based on a four-wave interaction process [Lee and Kuo, 1984a], to interpret that 

“explosive spread F” was caused by lightning-induced whistler waves.   It was suggested that the 

Jicamarca 50 MHz radar detected whistler wave-excited field-aligned, zero-frequency modes and 

lower hybrid waves. 

 

Although NAU transmitter provides a source of 28.5 kHz/40.75 kHz whistler waves for our 

Arecibo experiments, it operates routinely for communication purposes, but not for scientific 

research.  Thus, to have a controlled study of whistler wave interactions with space plasmas, we 

used HF heater waves to create ionosphere ducts to facilitate the coupling of NAU signals from 

neutral atmosphere into the ionosphere.  These experiments were inspired by our earlier Arecibo 

experiments [Lee et al., 1992], suggesting that heater generated large-scale ionospheric 

irregularities could support conjugate 28.5 kHz whistler mode propagation between Puerto Rico 

and Argentina along the L=1.35 magnetic flux tube.  In our heating experiments performed 

during July 22 - August 1, 1997 at Arecibo Observatory, ionospheric ducts in the form of 

parallel-plate waveguides were created by the Arecibo HF heater.   They were detected by  the 

Arecibo 430 MHz radar and seen as slanted stripes in the radar range-time-intensity (RTI) plots 

[Lee et al., 1998].   Enhanced coupling of NAU signals at 28.5 kHz was seen in the conjugate 

whistler wave propagation experiments conducted, subsequently, between Arecibo, Puerto Rico 

and Trelew, Argentina [Starks et al., 2001] using matched filter technique [Starks and Lee, 

2000]. 

After Arecibo HF heater was damaged by Hurricane Georges in 1998 and dismantled, we have 

been relying on naturally occurring ionospheric irregularities during spread F process for the 
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controlled study of NAU-launched 40.75 kHz whistler wave interactions with ionospheric 

plasmas and inner radiation belts above Arecibo.  The experiment setup is described in Section 2. 

Discussed in Section 3 are whistler wave interactions with the ionospheric plasmas. Two kinds 

of four wave interactions processes are examined.  They yield distinctively different ionospheric 

effects in F region, which can be distinguished by plasma line measurements using the Arecibo 

430 MHz radar.  Presented in Section 4 are whistler wave interactions with inner radiation belts 

to cause the precipitation of energetic electrons of ~ 0.4 MeV into the lower ionosphere, leading 

to detection of E region plasma line enhancement.   Future experiments using the newly 

constructed Arecibo HF heater to extend our research is briefly addressed in Section 5.  

Summary and conclusion are finally given in Section 6.    

2. Experiment Setup at Arecibo  

Illustrated in Figure 1 is the experiment setup at Arecibo, showing that an O-mode wave injected 

vertically from the Arecibo HF heater can generate ionospheric ducts in the form of large plasma 

sheets (i.e., parallel-plate waveguides) within the meridional plane, as demonstrated in our 1997 

Arecibo experiments [Lee et al., 1998] as well as our Gakona experiments [Cohen et al., 2008]. 

The radar detection of these plasma sheets yields slanted stripes in RTI plots during ExB plasma 

drifts across the radar beam [see Figure 2].  Interestingly enough, our recent work predicts that 

microwaves can produce a filament-type of ionospheric ducts [Whitehurst et al., 2012a] as 

delineated in Figure 3, which can be corroborated in future experiments at Arecibo. 

As shown in Figure 1, a large fraction of incident NAU VLF wave power is reflected and 

propagates as subionospheric signals in the Earth-ionosphere waveguide along path 2.  In the 

absence of ionospheric irregularities a smaller fraction estimated to be ~7.5% [[Pradipta et al., 
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2007] enters the ionosphere and propagates in the whistler mode along the geomagnetic field 

lines as denoted as Path 1. Those radio wave-induced ionospheric ducts can facilitate the 

entering of NAU signals into the ionosphere.  Along the L=1.35 magnetic field line, NAU 

signals at 28.5 kHz (earlier) or 40.75 kHz (current) are always greater than the lower hybrid 

resonance frequency in the ionosphere.  Hence, the signals could most likely propagate as 

unducted whistler-modes from Puerto Rico to reach the ionosphere above Trelew (earlier) or 

Puerto Madryn, Argentina.  That is, they should only experience one hop with a possible 

specular reflection at the ionosphere in the conjugate hemisphere.  However, we also observed 

cases in our 1997 experiments that NAU whistler waves propagated in a duct [Starks et al., 

2001].   
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Figure 1. Schematic illustration of HF ionospheric heating experiments at Arecibo.  It shows the 

guiding of the 28.5 kHz waves by large-scale sheet-like ionospheric irregularities and the 

subsequent coupling into natural ducts, as well as the radar diagnoses of the induced ionospheric 

effects.  Ducted whistler waves and subionospheric VLF wave propagation paths are labeled as 1 

and 2, respectively. 
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Figure 2.   Arecibo 430 MHz radar-detection of large plasma sheets, undertaking ExB drifts 

across the radar beam, seen as dashed lines in RTI (range time intensity) plots. 
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Figure 3. It is expected that Arecibo 430 MHz radar can detect filament type of microwave-

excited ionospheric ducts, undertaking ExB drifts across the radar beam, seen as dashed lines in 

RTI plots. 

Since Arecibo HF heater was damaged by hurricane in 1998, we have been conducting whistler 

wave experiments in the past decade in the presence of spread F events, which are associated 

with the occurrence of naturally occurring ionospheric irregularities.  The experiment setup is 

basically the same as that described earlier in Figure 1.  Discussed separately below are NAU 

whistler wave interactions with ionospheric plasmas above Arecibo and with the inner radiation 

belts along the L = 1.35 field line.   

3.  Whistler Wave Interactions with the Ionosphere  

3.1. Excitation of Meter-scale Electrostatic Waves   

We have estimated that a small percentage of the radiated power from NAU emissions can 

couple into the ionosphere and that the electric field amplitudes of 40.75 kHz whistler-mode 

waves would reach 1 mV/m in the F region [Labno et al., 2007].  These whistler waves are 

intense enough to cause four wave interactions process, exciting meter-scale lower hybrid waves 

and zero-frequency field-aligned density irregularities. This process satisfies the following wave 

frequency matching and wave vector matching conditions expressed by (1a) and (1b), 

respectively [Labno et al., 2007]. 

ωo =  ω
+

ℓh  -  ωs,       ωo =  ω
-
ℓh  +  ω

*
s,                                                                           (1a)    

 

ko =  k+  -  kS,        ko =  k-  +  kS                                                                                   (1b) 
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where (ωo, ko) represents the NAU-generated whistler wave, (ω
-
ℓh , k-) the Stokes lower hybrid 

waves,  (ω
+

ℓh, k+ ) the anti-Stokes lower hybrid waves, and (ωs, kS) the zero-frequency field-

aligned density striations.  This process can be understood in terms of the schematic given in 

Figure 4. Note that the 40.75 kHz whistler wavelength is about 300 m, while the excited lower 

hybrid waves and zero-frequency modes are meter-scale electrostatic modes.  Therefore, ko <<  

k+ ≈  k-  <<  kS.  And, although the lower hybrid waves have a single frequency equal to the 

NAU whistler wave frequency (i.e., 40.75 kHz), they possess a spectrum of wavelengths.   

 

 

 

 

Figure 4.  Schematic of the four-wave interaction process for the NAU 40.75 kHz whistler-mode 

wave (ωo, ko) to parametrically excite meter-scale Stokes (ω
-
ℓh , k-) and anti-Stokes (ω

+
ℓh, k+ ) 

lower hybrid waves together with the zero-frequency, (ωs, kS) field-aligned density striations.  

The excited lower hybrid waves have a single frequency equal to the NAU whistler wave 

frequency, but a spectrum of wavelengths.   

Two possible interaction configurations, labeled as two cases in Figure 4, show that it is equally 

likely for the excited lower hybrid waves to propagate either upward or downward.  Because 
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lower hybrid waves can effectively accelerate electrons along the geomagnetic field, it means 

that electrons can be accelerated both upward and downward along the magnetic field. The 

upward and downward accelerated electrons subsequently give rise to plasma waves, detected by 

Arecibo radar as frequency-downshifted and frequency-upshifted plasma lines (PL), 

respectively.  One set of enhanced PL in F region recorded in 2004 Arecibo experiments is 

shown in Figure 5 [Labno et al., 2007]. This set of PL data recorded 10 seconds apart 

sequentially at 20:49:07, 20:49:17, and 20:49:27 LT on December 25, 2004.  It shows the 

occurrence of F-region PL enhancement at 20:49:17 LT, and disappearance in less than 10 

seconds.  The marked features of these enhanced PL are noted as follows.  They appeared in the 

presence of spread F process at altitudes around 320 ±80 km, having a SNR of ~ 6, and a center 

frequency at 4 MHz with a bandwidth of ~ 1.5 MHz. This mechanism yields electron 

energization in the range of 7.2 – 15 eV.  No F-region PL enhancement events were observed in 

the absence of spread F activities.       

             

    

 

Figure 5. A set of PL data recorded 10 seconds apart sequentially at 20:49:07, 20:49:17, and 

20:49:27 LT on December 25, 2004.  These AFI (altitude-frequency-intensity) plots display 
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measured F-region PL enhancement in the presence of spread F event, when NAU transmitter 

was turned on [Labno et al., 2007].   

3.2. Excitation of Ten Meter-scale Electrostatic Waves   

A distinctively different PL enhancement in F region was observed in our 2008 Arecibo 

experiments. The most striking feature is that only frequency-downshifted PL were detected by 

Arecibo radar, implying that ionospheric electrons were solely accelerated upward along the 

Earth’s magnetic field. A new mechanism for direct acceleration of ionospheric electrons by 

NAU 40.75 kHz whistler waves was recently proposed [Rooker et al, 2012a].  This mechanism 

also involves a four wave interaction process. While the wave frequency matching relation is 

same as that for the mechanism of Labno et al. [2007], the wave vector matching relation is 

different as depicted in Figure 6.   That is, in this new mechanism: k+||  = ko,  k+┴  = kS,  and  k-||  

= ko,  k-┴  = - kS.   In other words, the excited lower hybrid waves have their parallel and 

perpendicular wave vectors equal to the whistler wave vector ko and the irregularity wave vector 

kS, respectively.    
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Figure 6. Depiction of the four-wave interaction process leading to upward acceleration of 

electrons along the magnetic field line by up-propagating whistler waves. 

 

From the given information, viz., whistler wave frequency (40.75 kHz), electron gyro-frequency 

(~1.0 MHz), and electron plasma frequency (4.2 MHz), we can calculate the whistler wavelength 

to be ~350 m and the scale length of lower hybrid waves is about 15 m.  In the experiments, 

coded-long pulse radar technique was used to take plasma line measurements in the altitude 

range of 90 to 645 km.  The Arecibo CADI (Canadian Advance Digital Ionsosonde) and a VLF 

receiver were operated to monitor the background ionospheric conditions and the presence of 

NAU 40.75 kHz signals, respectively.  Ionograms were generated every five minutes and NAU 

40.75 kHz signals were detected continuously during the entire experiment.  Displayed in Figure 

7 is a series of enhanced plasma line data in the form of six AFI (altitude-frequency-intensity) 

plots.  From top left to right the data was recorded at 23:00 (LT), 23:31 (LT), and 00:00 (LT) on 

Aug. 4/5, 2008, respectively.  From bottom left to right, it was recorded at 00:30 (LT), 01:00 

(LT), and 01:31 (LT) on Aug. 5, 2008, respectively.  The six corresponding ionograms recorded 

to provide information on background ionosphere conditions are given in Figure 8.  It can be 

seen from Figures 7 and 8 that following the development of spread F echoes, enhanced plasma 

lines intensified.  It supports the expectation that spread F irregularities facilitates the entering of 

NAU signals into the ionosphere, which causes the four wave interactions process. 
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Figure 7. The AFI (altitude-frequency-intensity) plots show the characteristic features of plasma 

line enhancement.  In the top panel from left to right we have data recorded at 23:00 (LT), 23:31 

(LT), and 00:00 (LT) on Aug. 4/5, 2008, respectively.  In the bottom panel from left to right, the 

data was recorded at 00:30 (LT), 01:00 (LT), and 01:31 (LT) on Aug. 5, 2008, respectively.  
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Figure 8.  Corresponding to the six plasma line measurements, six ionograms were recorded  

every five minutes to monitor the background ionospheric conditions. 

The characteristic features of these frequency-downshifted plasma lines are as follows.  They 

covered a broader range of altitudes (~ 300 km), having a center frequency at 4.5 MHz with a 

rather narrow frequency bandwidth (~12 kHz).  The inferred energy range of accelerated 

ionospheric electrons is 13.0 ± 1.2 x 10
-5

 eV.  These enhanced plasma lines last for a much 

longer period of time (> a few minutes).    

4. Whistler Wave-interactions with Radiation Belts 

After NAU signals propagate upward in the whistler-mode from Puerto Rico to the conjugate 

location in Argentina, they interact with the inner radiation belts at L = 1.35, which causes 

precipitation of trapped electrons into the lower ionosphere.  The precipitated energetic particles 

streaming along the magnetic field are detected by Arecibo radar as enhanced plasma lines in the 

E region with relatively narrow frequency spectra.  The possible correlation between E-region 

plasma line enhancement and NAU operation was established in our January 1/2 2006 

experiments [Pradipta et al., 2007] by happenstance.     

 

Our VLF receiver detected no NAU signals from 22:00 on January 1 to 01:45 LT on January 2, 

indicating that the transmitter was turned off.   From 01:45 through the end of our experiments at 

06:00 LT our VLF receiver showed that the NAU transmitter had returned to continuous 

operations. This unexpected sequence provided us with an opportunity to test for correlation 

between plasma line enhancement and NAU 40.75 kHz emissions.  During the entire 8 hour 
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period the Arecibo 430 MHz incoherent scatter radar (ISR) looked to local zenith, operating in 

repeated sequences of 20-minutes backscatter power and 10 minutes plasma line (PL) operations.   

The timeline for the experiments conducted on the night of January 1 – 2, 2006 is presented in 

Figure 9.  Heavy red dashed lines mark the time period for PL mode operations.  NAU ON/OFF 

periods are indicated below the local-time axis.  The bar chart display in Figure 9 clearly shows 

that the occurrence rate of PL enhancements at E-layer altitudes increased rapidly after NAU was 

turned on at 01:45 LT.  The causative relationship between PL enhancement and NAU 

transmission-triggered electron precipitation can also be explained in terms of the average 

occurrence rate.  It increased from 0.25 event per minute when NAU was OFF to 0.75 event per 

minute when NAU was ON.  Displayed in Figure 10 is the plot of E Region PL Enhancement 

Event Rate (i.e., number of events per minute in each of the 10 minute PL measurement period) 

on the night of 1/2 January 2006.  This alternative way to display our 1/2 Jan 2006 PL data 

shows that, on the average, the event rate had tripled when NAU was ON in comparison to that 

when NAU was OFF.  We recorded 16 (1.9%) PL enhancement events while NAU signals were 

absent and 45 (5.35%) after transmissions resumed.  This factor of 2.8 increase in PL 

enhancement rates between NAU On/Off periods strongly suggests that a causative relationship 

between them.    

DISTRIBUTION A: Distribution approved for public release.



 
 

123 
 

 

Figure 9.  The occurrence rate of E-region PL enhancement increased rapidly after the NAU 

transmitter was turned ON.  It demonstrates that significant electron precipitation can be caused 

by the NAU-generated 40.75 kHz whistler-mode waves, leading to prominent E region plasma 

effects. 
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Figure 10.  The plot of E Region PL Enhancement Event Rate on the night of 1/2 January 2006.  

This is an alternative way to display our 1/2 Jan 2006 PL data, showing that, on the average, the 

event rate had tripled when NAU was ON in comparison to that when NAU was OFF.  It 

strongly suggests a causative relationship between them. 

Shown in Figure 11 is a typical set of plasma line (PL) measurements in FRI spectra.  From left 

to right the FRI plots correspond to the measurements of PL sequences beginning at 05:01:07, 

05:01:17, and 05:01:27 LT on January 2, 2006. Only the middle plot shows an E-layer PL 

enhancement characterized by spiky bursts that last for a period of time shorter than 10 s.  The 

enhanced PL events have a signal-to-noise ratio (SNR) of 4 to 5 and appeared at altitudes near 

120 ± 20 km.  Near this time neither the ISR backscatter power profile nor the ionograms 

showed the presence of significant E-region plasmas or sporadic E layers.  The enhanced PL 

spectrum has center frequency of ~2.5 MHz with a ~1.5 MHz bandwidth.  This data suggest that 

E-layer PL enhancements above Arecibo are episodic phenomena of a duration < 10 s.   
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Figure 11. A set of E-region plasma line enhancement data recorded at 05:01:07, 05:01:17, and 

05:01:27 LT, respectively, on January 2, 2006 when NAU transmitter was turned ON. 

These characteristic features of enhanced E-region plasma lines support the following scenario 

[Pradipta et al., 2007].  NAU-generated 40.75 kHz whistlers interact with energetic electrons of 

~ 0.4 MeV in radiation belts at L = 1.35, and subsequently cause electron precipitation into the 

lower ionosphere to ionize neutral particles with ionization energies of ~ 13 eV. The precipitated 

electrons stream along the Earth’s magnetic field, giving rise to enhanced E-region plasma lines 

with a center frequency of 2.5 MHz and a bandwidth of 1.5 MHz. This frequency spectrum 

corresponds to electron energies of 2.3 – 8.5 eV, which are in good agreement with the residual 

energies of those precipitated electrons from the radiation belts.  

5. Future Experiments  

It is expected that the new Arecibo HF heater will become available for experiments soon.   We 

will then be able to conduct aforementioned experiments using the beat wave technique.   In 

short, we studied this technique recently in Gakona experiments for the controlled study of VLF 

whistler wave interactions with ionospheric plasmas and the outer radiation belts at L = 4.9 

[Rooker et al., 2012b].  A sequence of beat wave-generated whistler waves at 2, 6.5, 7.5, 8.5, 9.5, 
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11.5, 15.5, 22.5, 28.5, and 40.5 kHz had been successfully detected.   For example, transmitting 

one Arecibo HF wave at 5.1 MHz and the other at 5.12 MHz produces an artificial antenna in the 

ionosphere via ponderomotive force that radiates at the difference frequency of 20 kHz.   In other 

words, Arecibo HF heater operated with the beat wave technique will provide a source of 

whistler waves in the range of VLF/LF waves (e.g., 3 - 50 kHz). 

Artificial ionospheric ducts can be created by microwaves using Arecibo 2.38 GHz radar 

[Whitehurst et al., 2012b].  Hence, the proposed scenario is as follows.   Employing the beat 

wave technique, we generate whistler waves at a selected frequency (e.g., 20 kHz) in the 

ionosphere.   The Arecibo 430 MHz radar will be used to remotely diagnose the whistler wave-

induced ionospheric effects, and also monitor the background ionospheric plasma conditions.  

Filament-type of ionospheric ducts, created by 2.38 GHz microwaves, will favorably guide 

whistler waves to propagate along the L = 1.35 field lines and reach the inner radiation belts.   

Charged particles in the radiation belts at different energies, depending on the frequency of 

created whistler waves, can be scattered into loss cone and, subsequently, precipitate into the 

lower ionosphere above Arecibo.   Ionospheric effects induced by precipitated particles can be 

detected by the Arecibo 430 MHz radar.   These experiments will extend our research for 

controlled study of whistler wave interactions with space plasmas.         

6.  Summary and Conclusion 

We report a series of experiments conducted at Arecibo Observatory in the past, aimed at the 

investigation of NAU launched 40.75 kHz whistler wave interactions with ionospheric plasmas 

and the inner radiation belts at L = 1.35.  Arecibo radar, CADI, and optical instruments were 

used to monitor the background ionospheric conditions and detect the induced ionospheric 
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plasma effects.  Four-wave interaction processes produced by whistler waves in the ionosphere 

can excite lower hybrid waves, which can accelerate ionospheric electrons.  Furthermore, 

whistler waves propagating into the magnetosphere can trigger precipitation of energetic 

electrons from the radiation belts.   Radar and optical measurements can distinguish wave-wave 

and wave-particle interaction processes occurring at different altitudes.  Electron acceleration by 

different mechanisms can be verified from the radar measurements of plasma lines.  To facilitate 

the coupling of NAU-launched 40.75 kHz whistler waves into the ionosphere, we have relied on 

naturally occurring spread F irregularities to serve as the ionospheric ducts.  However, artificial 

waveguides can be favorably generated by HF heater waves, as demonstrated in our earlier 

Arecibo experiments and further confirmed in our recent Gakona experiments at HAARP.  The 

use of the newly constructed Arecibo HF heater can extend the study of whistler wave 

interactions with the ionosphere and the magnetosphere/radiation belts as well as the whistler 

wave conjugate propagation between Arecibo and Puerto Madryn, Argentina. 
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