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ABSTRACT

We report the results from a recent series of campaigns employing the HAARP
HF transmitter to generate and study strong Langmuir turbulence (SLT) in the interaction
region of overdense ionospheric plasma. Diagnostics included the Modular UHF
Ionospheric Radar (MUIR) sited at HAARP, the Super DARN-Kodiak HF radar, and HF
receivers to record stimulated electromagnetic emissions (SEE). Short pulse, low duty
cycle experiments demonstrate control and suppression of artificial field-aligned
irregularities (AFAI). This allows the isolation of ponderomotive plasma turbulence
effects. Plasma line spectra exhibit a marked dependence on the aspect angle of the HF
pump beam and the pointing of the MUIR diagnostic radar. Refraction is shown to play
an important role in the observed plasma line spectral density as a function of zenith
angle, including the discovery of a second region of strong turbulence displaced
southward from the primary HF interaction region along the geomagnetic field line.
Background ionospheric conditions are also observed to have a significant effect.
Experimental results are compared to previous high latitude experiments and predictions
from recent modeling efforts.
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1. Introduction
The ionosphere is the ionized region of our upper atmosphere at altitudes of 80 km
and above. In the ionosphere, the absorption of intense solar radiation by the tenuous neutral
gas allows free electrons and ions to exist in steady state. This gas of charged particles (electrons and ions), called plasma, affects electromagnetic waves. Because of its conducting
property, the ionosphere can reflect incident electromagnetic waves of certain frequencies
back to Earth, opening new possibilities for long-distance radio communication.
At higher frequencies, electromagnetic waves may be transmitted through the ionosphere, for example, as used in satellite communications. The ionosphere may have natural
irregularities that have temporal and spatial variations in density and other parameters that
affect transmitted waves and thus the systems that rely on them. There is a great need to
learn about ionospheric irregularities and turbulence as it affects both long distance
communication systems and satellite communication systems. By exploring the nature and
physics of these irregularities, communication and navigation systems employed for both
civilian and defense applications may be improved. By creating and studying artificial
irregularities and turbulence in the ionosphere, we can learn a lot about the nature and
properties of these natural irregularities.
This thesis describes a series of experiments conducted at the High Frequency Active
Auroral Research Program (HAARP) facility located in Gakona, Alaska, to produce and
study plasma turbulence in the ionosphere. HAARP hosts the most powerful high frequency
(HF) transmitter in the world, called the Ionospheric Research Instrument (IRI), which can
transmit HF waves of 2.8 MHz to 10 MHz into ionosphere, with a peak power of up to
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3600 kW at the transmitter which, including the gain of the antenna system, results in an
Effective Radiated Power (ERP) of up to 3600 MW. The IRI can temporarily create plasma
turbulence (e.g. Langmuir turbulence) in the ionosphere above the HAARP facility in a
volume 9 km in radius to 40 km in radius and 10 km in thickness. We can produce and study
the ionospheric processes that occur in the heated area of ionosphere. Diagnostic instruments
such as Modular UHF Ionospheric Radar (MUIR) at HAARP may detect, record, and
measure plasma waves. The Kodiak Super DARN HF radar is also used to record other
plasma waves and artificial irregularities induced by the HAARP HF beam. An ionosonde
records the density profile in the region over the HAARP facility during our experiments.
New high data–rate HF receivers were used to record Stimulated Electromagnetic Emissions
(SEE) for comparison to radar backscatter from plasma waves.
In the experiments reported here, we produced and measured plasma turbulence for a
variety of transmitted HAARP parameters including HF pump pointing angles and MUIR
UHF diagnostic look angles. We analyzed these data and compared our results with theory
and with previous experimental results, obtained at HAARP and other similar facilities. We
observed and studied a number of effects such as Strong Langmuir Turbulence (SLT),
including cascades of discrete plasma lines, cavitons, and “outshifted” plasma lines or “free
modes” predicted by SLT theory and simulation. During these types of experiments,
Artificial Field Aligned Irregularities (AFAI) may appear which may complicate a
straightforward analysis of SLT. We monitored and demonstrated control over the production
of AFAI by using low-duty cycle (<1%) and short (100 ms or shorter) HF pulses. The
experimental design devised allowed for the study of Langmuir wave strength, spectra, and
evolution and its dependence on a range of HF transmission parameters.
2

2. Background

2.1 Parametric Instabilities
In ionospheric interaction experiments, parametric instabilities are produced because
of the nonlinear perturbation of the ionosphere. Instabilities may be excited by ground-based
high power high frequency (HF) waves of the frequency range just below the maximum
plasma frequency of the ionosphere and above the electron gyrofrequency. Although there
are many different kinds of nonlinear interactions involving parametric instabilities, an
important type of nonlinear interaction is the three-wave interaction. In three-wave
interactions, a strong electromagnetic pump wave with angular frequency ω0 and wave
vector k0 decays into two waves with angular frequencies ω1 and ω2, and wave vectors k1
and k2, such that:
ω0 = ω1 + ω2

…..... (1)

k0 = k1 + k2 …… (2)
Among the possible three-wave parametric instabilities, one of the most important for
heating experiments is Parametric Decay Instability (PDI), in which an electromagnetic
pump wave (ω0, k0) decays into an electrostatic ion acoustic wave of non-zero frequency
(ω1, k1) and an excited HF electrostatic plasma wave called a Langmuir wave (ω2, k2)
[Fejer, 1979]. Fig. 1 is the schematic diagram of the parametric decay instability process.
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Fig. 2 depicts the PDI in ω and k where ω0 is the HF pump frequency, ω1 is the ion
acoustic wave frequency, and ω2 is the Langmuir wave frequency. It shows the vector
addition of (ω1 , k1) and (ω2, k2 ) is (ω0, k0) with parallelogram method.

Fig. 1. Parametric Decay Instability (PDI): In this example an upward propagating electromagnetic pump wave decays into an ion acoustic wave and Langmuir wave. [Fejer, 1979]

Fig. 2. Parallelogram Method for PDI: Pump wave decays into an ion acoustic wave and a
Langmuir wave: In parametric decay instability, the parallelogram method shows that the
HF pumped wave (ω0, k0) decays into an ion acoustic wave (ω1, k1) and a Langmuir wave
(ω2, k2) [Walker, 1979].
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The “daughter” Langmuir wave may then in turn act as a pump wave to decay into an
ion-acoustic wave and another Langmuir wave at a yet lower frequency. This process of
Langmuir waves decay into daughter Langmuir waves, and an ion acoustic wave continues
until it runs out of energy to excite the instability. This decay is sometimes called Langmuir
Decay Instability (LDI). We can observe subsequent daughter Langmuir waves formation as
a “cascade” of decay lines in the backscatter radar data. Each line in the cascade corresponds
to a daughter line at a different frequency. Frequency of the Langmuir daughter lines are
offset from the heater pump frequency by a multiple of the ion acoustic wave frequency.
Equation (3) is the relation for the first decay in the cascade:

EM (ω0, 0)

L (ω0 - ωIA, k) + IA (ωIA, -k)

……….. (3)

Where:
EM = Electromagnetic wave
L = Langmuir wave
IA = Ion acoustic wave
ω0 = Langmuir pump wave frequency
ωIA = Ion acoustic wave frequency
ω0 - ωIA = First Langmuir daughter wave frequency
k = Wave number

Equation (4) is the relation for the second decay in the cascade:
L (ω0 - ωIA , k) LDI
 L (ω0 - 2ωIA, -k) + IA (ωIA, 2k)

……….. (4)
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Where:

ω0 - ωIA = First Langmuir daughter wave frequency
ω0 - 2ωIA = Second Langmuir daughter wave frequency
As in equation (3) and (4), the frequency of daughter Langmuir wave is less than

pump wave by the frequency of ion acoustic wave. It therefore appears in the backscatter
spectrum as a plasma line displaced from the transmitter frequency by a little less than the
pump wave frequency [Walker, 1979]. Fig. 3 is the schematic diagram for LDI.

Fig. 3. Cascade: Graphical construction for the frequencies and wave numbers of
parametrically excited Langmuir waves. The parabola represents the dispersion relation of
Langmuir wave, and the slope of the inclined parallel lines is determined by the ion acoustic
velocity [Fejer, 1979].

A Langmuir wave propagating upward corresponds to the Doppler downshifted
plasma line in the backscatter spectrum. For example, if the frequency of the backscatter
radar (fradar) is 446 MHz, and the frequency of Langmuir wave (fL) going upward is 4MHz,
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then the frequency downshift is 4 MHz, and downshifted plasma line (freceived) would be 442
MHz for a frequency offset from the radar frequency of – 4 MHz.

For downshifted plasma line:

f received = f radar – f L

………….. (5)

442 MHz = 446 MHz – 4 MHz
If the frequency of backscatter radar (f radar) is 446 MHz, the frequency of Langmuir
wave (f L) going downward is 4 MHz, then the frequency upshift is 4MHz, and the upshifted
plasma line (f received) would be 450 MHz.

For upshifted plasma line:

f received = f radar + f L

…………… (6)

450 MHz = 446 MHz + 4 MHz

Because of the frequency difference, the experimenter may choose either downshifted
plasma line channel or upshifted plasma line channel for the radar receiver. The spectrum
centered at 446 MHz includes the ion lines of frequencies in the several kHz range.
The backscatter is Doppler-shifted by the frequency of the Langmuir waves
determined by the local plasma frequency. Doppler shift is therefore a function of height and
allows a determination of the electron density profile. Fig. 4 shows generation of HF
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pumped downshifted, upshifted, and ion line with the equation for cascades. Fig. 5 is an
example of the cascade spectrum, showing daughter lines correspond to HF pump frequency
of 4.04 MHz.

MUIR Radar Data

wR+ w0

Generation of HF (w0) Pumped
Plasma-Lines and Ion-Lines in
Backscatter Radar Spectra (wR,kR)
First Order Ion Line and Plasma Line
Radar
Wave
EM(ωR ) Scatter Plasma Line
Pump
  EM(ωR  ω0  ωIAR )
EP1 (ω0  ω IAR ) 

Wave PDI 
EM 0 (ω0 )  Electrostatic
IA ( ω )  Scatter
 1 IAR  EM(ω  ω )

R
IAR
EM(ωR )
Ion Line
Radar
Wave

wR
0

Time (S)

1

wR - w0
Fig. 4. Generation of Plasma lines and Ion lines in backscatter radar spectra: HF pumped
plasma scattered ion lines around the radar frequency, downshifted plasma lines below the
radar frequency, and upshifted plasma lines above the radar frequency. The gap between the
radar frequency and the plasma line channels is around the HF pump frequency.
[Sheerin et al., 2003]
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Fig. 5. Two second integration plot for cascade spectrum for a pump frequency of 4.04 MHz.
Color bar on right hand side shows intensity in dB. The intensity and number of cascade lines
vary with HF pointing angle.

In ionospheric heating processes, different backscatter features can be observed,
depending on different decay schemes. Parametric decay instability (PDI) and Langmuir
decay instability (LDI) involving three waves is responsible for the cascade feature. The
four-wave oscillating two-stream instability (OTSI) leads to another spectral feature. In this
process the radiation pressure of the Langmuir waves leads to density depletions called
"cavitons" which self-trap the Langmuir oscillations. Cavitons are localized packets of very
intense electric field. These cavitons are unstable to collapse in dimension with the
corresponding spike in energy density. A density cavity appears as a zero frequency
enhancement in the radar backscatter spectrum and plasma lines up- and downshifted by the
HF frequency. The dynamic process of collapse also contributes a continuum spectrum
toward lower frequency offsets. The collapsing cavitons may also radiate free plasma waves,
so-called “free modes,” which appear in spectra with frequency offsets greater than the HF
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pump frequency sometimes called outshifted plasma lines (OPL). As the cavitons collapse,
the electrostatic energy they contain couples to electrons which are accelerated.
Another parametric instability is called stimulated Brillouin scattering (SBS), in
which a strong electromagnetic pump wave (ω0, k0) decays into a weak ion acoustic wave
(ω1, k1) going in the same direction and a weak electromagnetic wave (ω2, k2) going in the
opposite direction. This instability may be excited by some existing radars
[Bernhardt et al., 2010]. The ion acoustic wave may be detected in the ion channel, but the
electromagnetic wave escapes and may be detected by a receiver on the ground as a sideband
line to the pump frequency. There are also a number of nonlinear processes that contribute
to electro-magnetic sideband features collectively called stimulated electromagnetic
emissions (SEE).
Cascade is the result of saturated parametric decay, while caviton formation is the
result of strong turbulence; and at high latitudes, these can coexist in spatially separate
regions. Plasma lines from upper heights may display a broad continuum which is associated
with collapse. Discrete plasma lines come from lower heights and show the cascade feature.
According to parametric decay instability theory, higher order cascades are observed at lower
heights. Djuth et al. [2004] describe the coexistence regime as a transition from the highaltitude collapse spectrum to the lower-altitude cascade spectrum.
Coexistence of cascade and caviton at high plasma densities occurring just below the
reflection height at Arecibo facility is reported after theoretical studies of Strong Langmuir
Turbulence (SLT). Although the cascade feature dominates, coexistence spectra are observed
at lower densities corresponding to the PDI matching height, as theoretically predicted for a
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smooth ionospheric electron density profile. Cheung et al. [2001] provide studies of altitude
resolved observations at Arecibo of Langmuir Turbulence induced by HF heating at low duty
cycles. These studies are consistent with theories by Dubois et al. [2001].
Fig. 6 is an example of the collapse spectrum, showing a broad and intense formation at HF
pump frequency of 3.4 MHz.

Fig. 6. Collapse feature for 50 ms short pulse: Single shot plot for collapse feature at HF
pump frequency of 3.3 MHz: HAARP MUIR on 20090808, HF: 3.3 MHz, 50 ms ON, 12 sec IPP,
downshifted plasma line, HF: 14 deg, UHF: MZ, at 23:42:36 UT.

Outshifted plasma lines (OPL) may also be produced due to SLT; these are produced
when the pump wave is shifted more than HF pump frequency. These are related to the
collapse feature. Isham et al. [1999] include their EISCAT, 1997, observations of the
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outshifted plasma line previously observed by Isham et al. [1990, 1996]. The outshifted lines
were offset from the usual HF enhanced plasma line by approximately one to three hundred
kilohertz in the direction away from the radar frequency; hence the name “outshifted” line.
Isham et al [1996] conclude that the outshifted line lies on the natural Langmuir frequency
gradient. This condition is the same as for the free mode line seen at early times after HF turn
on in Arecibo HF ionospheric interaction experiments, since both the outshifted line and the
free mode line are enhancements of the natural Langmuir frequency mode in the plasma;
nevertheless, the term “outshifted” is retained due to suggestion that some outshifted features
may arise from other processes [Mishin et al., 1997]. Data from the wideband plasma line
spectral channels show that the intensity of the outshifted line is also strongly correlated with
the antenna zenith angle [Isham et al., 1999]. Isham et al. [1999] describe that outshifted line
is not at the HF pump frequency and so it must originate above the radar matching height.
Fig. 7 displays simulated power spectra for the first Airy Maximum observed by
Arecibo radar for 45˚as a function of altitude. The spectra at the PDI matching altitude are
dominated by a peak at the free Langmuir wave frequency. The heater intensity at the highest
altitude is 1.2 V/m, and 1.0 V/m at all the other altitudes. The horizontal axis in each altitude
cut is the frequency measured from the local electron plasma frequency. The line marked
ωp (z) is the electron plasma frequency as a function of altitude, and displaced from it by the
Langmuir wave dispersion at the radar k is the free mode line. The numbers in parentheses
indicate the multiplicative power of 10 for the intensities of the spectra expressed in scaled
units.
OPL may be attributed to the “free mode,” as in which a Langmuir wave radiates
from a collapsing caviton. According to Isham et al. (1999b), plasma line enhancements can
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occur between the ionospheric reflection height and the HF matching height, and the
presence of the OPL indicates additional excitation processes. An overshoot effect associated
with outshifted plasma line enhancement has been observed at Arecibo also, by
Isham et al. [1999b].

Fig. 7. Simulated plasma line spectra at a number of distances form the critical surface.
Nearest the critical surface OPL and collapse continuum are detectable. Farther from the
critical surface cascade and OPL dominate. [DuBois et al., 2001].
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At intermediate altitudes, systematic evolution of the plasma line spectra occurs with
successively more free modes observed at decreasing altitudes. The upper frequency of the
collapse portion of the continuum spectra with that approaches the local plasma frequency as
altitude changes; this observation at Arecibo is consistent with simulations as reported by
Cheung et al. [2001], and this shows that weakening density fluctuations in the decaying
turbulence are less likely to produce resonance modes of cavitation with frequencies greater
than the local plasma frequency.

Fig. 8. Cascade and OPL Feature: Single shot plot for a pulse return with cascade and
outshifted line at HF pump frequency of 4.04 MHz. Color bar shows intensity in dB.

There are three possible signatures in the plasma line spectra: cascade, collapse of
cavitons, and coexistence of both. Cascade appears as a number of plasma lines. Collapse
refers to a single line as shifted by the HF pump frequency with a continuum toward smaller
frequency offsets. Coexistence (coex) feature consists of both collapse and cascade type
spectra. HAARP can produce cascade, collapse, and also coex by employing the full IRI
array, and these can be observed by MUIR. Outshifted lines or OPL can also be observed.
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These lines are formed when the pump wave is shifted by more than HF pump frequency. Fig.
8 shows cascade with outshifted lines, while Fig. 9 shows coex (cascade & collapse) with
outshifted line.
These features can be observed in different regions. Fig. 10 is a plot of frequency
offset (ΔΩ) and electric field strength (E0). As shown in this plot, cascade can be produced
and observed below the critical reflection layer. Collapse can be produced and observed close
to the reflection layer. Coex is where both cascade and collapse can be produced and
observed. HAARP can produce cascade, collapse, or coex over a greater range of altitude.
Cheung et al. [1997] observed coex feature at HIPAS in Alaska. Reitveld et al. [2000] also
reports coex spectra at Tromsø. Fig. 10 shows the regions where cascade, collapse, and coex
features can be produced and observed.

Fig. 9. Coex and OPL Feature: Frequency versus time for individual HF pulses reveal a
prompt weak collapse feature in the upshifted plasma line channel, a growing cascade of
lines or coexistence, and a transient outshifted plasma line near 4.53 MHz
[Sheerin, et al., 2008].
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Fig. 10. Regions of observation for cascade, collapse and co-ex: Cascade spectra dominate
below the critical reflection layer (marked CASC.), the collapse spectra dominate close to
reflection layer (marked COLLAPSE), and coexistence of these spectra found in the region
of overlap (marked COEX.) [Hanssen et al., 1992].

2.2 Aspect Angle Dependence of Spectra
Ionospheric modification experiments designed to explore the dependence of the
nonlinear effects on the direction of the pump beam have been performed at the high-latitude
facilities HAARP [Sheerin et al., 2008; Pedersen et al., 2003] and EISCAT [Isham et al.,
1999; Rietveld et al., 2003] and at the mid-latitude Sura facility [Tereshchenko et al., 2004].
Observations indicate when the pump beam is directed along the magnetic field lines, the
magnetic zenith effect occurs as a result of a combination of nonlinear processes
[Gondarenko et al., 2005].
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Fig. 11 due to Rietveld et al. [2003] displays the ray tracing plot of various HF pump
wave pointing angles. It assumes a model of a horizontal uniform ionosphere. The
ionospheric electron density profile is shown by the curved dotted line. The upper dotted
horizontal line is the reflection height, and the bottom horizontal dotted line is the upperhybrid resonance (UHR) height. Wave electric field direction of upward and downward
going waves at the UHR height are shown by the arrows. Magnetic field direction is the
dash-dotted line. The wave electric field of HF wave at spitze angle (6˚-7˚) is pointing
towards MUIR and suggesting that the strongest return signals occur when the HF pump is
pointing at spitze angle (7˚) but the diagnostic radar pointed at magnetic zenith. We call this
effect the Kohl effect after Harry Kohl, who suggested it.

Fig. 11. Ray tracing of HF pump wave for various pointings due to Rietveld et al., [2003].
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Isham et al. [1999] performed heating experiments at EISCAT observatory in 1997.
Their result shows that the UHF radar detected enhancements occur most frequently below
the critical height at pointing angle outside the Spitze region that is between the Spitze angle
and geomagnetic-field-aligned [Isham et al., 1999].

In Fig. 12, spectral distribution model is shown for an altitude near reflection
corresponding to the first pump interference maximum at a density n0 = 0.996 nc. Heater
intensity E0 = 1.7 V/m is chosen as an estimate for the higher Arecibo heater intensity nearreflection altitude. The spectrum is broad and defuse in k space with significance spectral
energy for 45˚ Arecibo radar. The red arrow indicates Tromsø radar angle, which has a
different view angle. The geometry for our HAARP experiments at high latitude is most
similar to the Tromsø experiments also at high latitude.

Fig. 12. Model energy spectra near altitude of the first pump interference maximum with
n/nc = 0.996, for the heater intensity of 1.7 V/m. The k vector observed by the Arecibo radar
is indicated by a white arrow, Tromsø radar angle is indicated by the red arrow
[DuBois et al., 2001].
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Fig. 13 shows the spectral distribution model for three heater intensities for the PDI
matching altitude with n0 = 0.962 nc. The range of heater intensity is E0 = 1 V/m at a
matching height for Arecibo heater. White arrow indicates Arecibo radar. Red arrow
indicates Tromsø radar angle, which has a different view angle. There is a continuous range
of altitudes where the PDI-LDI cascade is excited but the radar observes a fixed k and cannot
see all of these.
In this diagram, the Arecibo angle at mid latitude does not change and can see
collapse only, but at high latitude HAARP and Tromsø strongly depend on aspect angle. As
in all three heater intensities, the white arrow for Arecibo does not change, while the red
arrows do change and show the cascade lines.

Fig. 13. Model energy spectra, for the PDI matching altitude with n/nc = 0.962 for the
Arecibo radar for three intensities. The k vector observed by the Arecibo radar is indicated
by the white arrow, and Tromsø radar angle is indicated by the red arrow. [DuBois et al.,
2001]
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Fig. 14 shows an example of the calculated value of the mismatch parameter Ω at the
turning point, as the function of the angle between the vertical and the line of sight.
As the angle for the HF pump wave pointing increases from 7˚ towards magnetic
zenith, threshold for OTSI and collapse increases, and we expect less and less collapse.
[Artificial field-aligned irregularities can concentrate an electric field in the irregularities.
Under these conditions, the electric field may be intensified and collapse spectra detectable.]

Fig. 14. Threshold for OTSI (collapse) increases sharply with HF pointing angle beyond
Spitze angle: The mismatch parameter Ω at the turning point as a function of the angle
between the direction of the line of sight towards the turning point and the vertical. The
arrows indicate the spitze. [Mjolhus et al., 2003]
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2.3 Artificial Field-Aligned Irregularities
Leyser et al. [1989] performed heating experiments at Tromsø. In their observations
of electromagnetic emission stimulated by pump frequencies, which varied near harmonics of
the ionospheric electron cyclotron frequency, they described how the ordinary mode or Omode pump waves exciting upper hybrid waves. That is, longitudinal plasma oscillates
perpendicular to the magnetic field lines through linear mode conversion. This phenomenon
is the result of density striations induced by the HF pump beam. Djuth et al. [1994]
discovered the creation of Langmuir waves at Tromsø. The experiments employed pulsing
sequences to achieve high range resolution and good temporal resolution. Power-stepping
was employed, yielding plasma line overshoot for high powers. The overshoot was formed
from Langmuir waves trapped in magnetic field-aligned ducts. These trapped waves create
ponderomotive force, and electron density decreases; as this density decreases, plasma line
intensity increases. At highest powers, the height of HF induced turbulence was increased
dramatically.
Other experiments performed later on by Djuth et al. [2004] at Tromsø explored
predictions for excitation and evolution of ion and Langmuir oscillations. They described
that for reduced electric field, the threshold for PDI is exceeded near the matching height. As
large scale absorption processes operate on short time scales, because of anomalous
absorption by Langmuir turbulence, the electric field could be reduced. They observed an
ion line overshoot that is enhanced by the HF, which they described as local plasma
development of cavitons, or localized packets of electric field. That means any electrons
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generated by SLT would moderate caviton growth, and that would produce plasma line
enhancements.
Monitoring and suppression of artificial field-aligned irregularities (AFAI) is an
important feature for heating experiments. When electrons present in the region of
experiment are excited by the pump wave, they generate irregularities. AFAI may be formed
because of the pumping of the ionosphere for a long time. They are formed on a longer,
thermal time scale and are localized density striations. They are not the same as
ponderomotive effects, as ponderomotive is a radiation pressure and that operates on shorter
time scale. Short pulse (60 ms or less) and low duty cycle (<1%) controls and suppress the
production of AFAI.
SuperDARN radar in Kodiak station is used to monitor AFAI during the HAARP
experiments. Fig. 15 is the SuperDARN plot for beam 9 of the time 01:30 UT to 02:30 UT,
August 7, 2009. It shows the ionospheric region above HAARP facility during 01:30 UT to
02:00 UT of our second SSRC-2009 experiment. It shows no irregularities are formed due to
our experiment during experiment time 01:30 UT to 02:00 UT. Irregularities formed after
02:00:00 UT during the experiment following ours.

2.4 Time signatures: the Overshoot Effect
Different instabilities and processes may have disparate timescales. The caviton
collapse process occurs and saturates within milliseconds. Artificial field-aligned
irregularities require a factor of ten longer in time to develop. Backscatter radar lines may
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also display these different timescales. Experiments are performed to investigate any
relationship between the instabilities and the observed time signatures.

Fig. 15. SuperDARN plot for 20090807, 01:30 UT - 02:30 UT: No irregularities are formed
due to our experiment with short pulse of 50 ms, and low duty cycle of 0.4% from 01:30 UT
to 02:0 UT. Irregularities are formed due the following experiment in the campaign, which
was a held during 02:05 UT – 02:26 UT at 3.4 MHz HF, o-mode by Dr. Jade Morton.

Overshoot occurs when the HF transmitter is switched on after an off period of a few
seconds; it is then found that after switching on, the intensity of the plasma line temporarily
rises to levels which are 1 or 2 orders of magnitude above the steady state level, which is
reestablished after a few seconds of heating [Fejer, 1979]. Overshoot is also reported by
Showen and Kim [1978].
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Fig. 16. Plasma line overshoots observed at AO: Duncan and Sheerin [1985] recorded a
prompt (3 ms) feature called the mini-overshoot in the plasma line (solid line) followed by a
more intense feature called the main overshoot (~ 25 ms) into the HF pulse.

Duncan and Sheerin [1985] discuss their results of ionospheric interaction
experiments performed at Arecibo, which explored plasma line overshoot effects. They
observed overshoot effects for heating times of greater than 100 ms and mini-overshoot
excitation (3ms) at altitudes lower than the main overshoot (~25 ms). Fig. 16 shows their
observation, while Fig. 17 shows observation from our experiment.
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Fig. 17. Single-shot plot for mini and main overshoots: The lower panel shows a miniovershoot at 3 ms and a main overshoot (~ 25 ms) into the HF pulse.

Gurevich et al. [2002] noted a dependence of the excitation of Langmuir Turbulence
(LT) on the pump wave frequency. For a low frequency heater wave (~3-4 MHz), the
excitation of LT is less likely due to anomalous absorption on striations that diminishes the
pump wave amplitude in the LT region. For a high frequency wave (~6-9 MHz), absorption
in striations is much weaker and LT could be stronger [Gondarenko et al., 2005].
The following chapter outlines the techniques used to investigate these phenomena.
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3. Observation Techniques

In summer campaigns of 2009 and 2010 we performed a number of experiments at
HAARP, Gakona, Alaska. We performed zenith scan experiments, in which we changed the
HF beam pointing in zenith angle, north and south within the meridional plane. Here is the
description of those experiments.
A number of diagnostic tools were used to determine ionospheric characteristics
during the experiments. Fig.18 is a schematic diagram of heating the ionosphere by
transmitting HF waves (yellow) from Ionospheric Research Instrument (IRI), with diagnostic
instruments Modular UHF Ionospheric Radar (MUIR), Stimulated Electron Emission (SEE)
detector, Ionosonde, and SuperDARN radar. The blue region in the figure indicates the
reflection layer where the plasma frequency approaches the HF pump frequency, and the
pink ovals are the artificial irregularities.
An ionosonde was used to measure the plasma density profile during our experiments.
Its data output was used to select the HF transmitted frequency. We can find the critical
frequency of the F2 layer from an ionogram taken before experiment (listed on the left hand
side chart of the ionogram); then we can choose a pump wave frequency just below or close
to this critical frequency so that the HF pump is reflected for overdense heating. Fig.19 is the
ionogram from our experiment on 00:58:0 UT August 13, 2009, for fpump 3.17 MHz, HF
pulse length 50 ms ON, interpulse period (IPP) 12 sec IPP, HF pump wave pointing at an
angle of 11˚, and UHF pointing or “look” angle was along magnetic zenith (~ 14o). Here peak
ionization of F layer is at about 210 km. There is also seen an E layer at an altitude of 100 km.
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This ionogram shows that the highest frequency that can be reflected from the ionosphere for
vertical incidence is 4.0 MHz, which is at the “nose” of the profile and is called F2 layer
critical frequency. It is also listed as the foF2 parameter on the left hand side of the chart. It is
calculated as:
f = 9 × 10 -3

……………..

(7)

Where: N = electron density per cm3, and f is in MHz.

Fig.18. Schematic diagram of HAARP with colocated diagnostic instruments MUIR, SEE,
ionosonde, and SuperDARN located in Kodiak.

The HF transmitted frequency here was chosen as 3.17 MHz, which is less than the F2
layer critical frequency, so it can reflect from the ionosphere. The ionogram shows that
transmitted waves split into two modes: O-mode (in red), which is right circular polarization,
and X- mode (green), which is left circular polarization of the waves. This ionogram also
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shows a second trace corresponding to a time delay of about 410 km, which is due to the
reflected ionosonde wave. Ionograms are archived on the HAARP website, which is usually
updated every 5 minutes.

Fig. 19. Ionogram for 00:58:00 UT, August 13, 2009, SSRC experiment: It shows a smooth
ionosphere, chart on left hand side shows F2 layer critical frequency as 4.0 MHz.

HAARP VHF Relative Ionospheric Opacity Meter (Riometer) was used for
absorption measurements of recorded plasma waves. It is a passive sensitive receiver that
works on 30 MHz frequency to measure the strength of radio noise that comes to earth
through ionosphere from stars and galaxies such as supernova. This signal may become
weaker or even lost depending on the ionization level in the ionosphere, which is called
absorption. If there is no absorption in the ionosphere, there will not be any loss of signal,
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and this expected no absorption level is shown as the quiet day curve in the chart. Riometer
displays three parameters of ionospheric absorption level, the quiet day curve for ionosphere
and the detector signal level. Fig. 20 is the Riometer plot for our SSRC-2009 experiment
performed on August 13, 2009.

Fig. 20. Riometer plot of 24 hours for SSRC experiment performed on August 13, 2009. It
shows ionization level with red, no absorption level curve with green, and detector signal
level with the blue color.

HAARP Fluxgate Magnetometer was used to monitor any geomagnetic disturbance
or storms. It displays three traces of mutually orthogonal components of the Earth‟s magnetic
field, which are positive magnetic northward (H-black), positive eastward (D-red), and
positive downward (Z-blue). These parameters are plotted as magnetic variation vs. time, so

29

low variation in the plot indicates a quiet ionosphere. Fig. 21 is the magnetometer plot of 24
hours for our SSRC-2009 experiment performed on August 13, 2009.

Fig. 21. Magnetometer 24 hours plot for SSRC experiment performed on August 13th, 2009.
It shows three traces of mutually orthogonal components of the Earth‟s magnetic field, positive magnetic northward (H-black), positive eastward (D-red), and positive downward (Zblue).

The HF Transmitter Performance Calculator was used to calculate power density at
the center of the HF transmitter, available transmitted power, net radiated power, antenna
array gain, antenna half-power beamwidths, effective radiated power, interactive region size,
and wavelength for the experiment.
New high data–rate Stimulated Electromagnetic Emissions (SEE) receivers were used
to record SEE for comparison to radar backscatter from plasma waves and to monitor for HF
sideband generation and for spectra evolution. We analyzed SEE data for prompt
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development of a Narrow Continuum (NC) SEE spectra associated with the SLT plasma
spectra recorded by MUIR. SEE receivers are operated by the Air Force Research Laboratory
(AFRL) and Naval Research Laboratory (NRL). Fig. 22 is an SEE spectrum for one of our
experiments performed on 23:30:12 UT, July 18, 2010, when a 4.5 MHz HF pump wave of
50 ms ON, 12 sec IPP was pointing at an angle of 7˚, while the UHF look angle was along
the magnetic zenith. It shows two channels. Channel 1 records an east-west dipole, and
Channel 2 records a north-south dipole. The center line is the HF pump frequency.
Frequencies are increasing from right to left in this figure. Time increases from bottom and
upward. In this experiment, HF pump frequency is 4.5 MHz. We can see residual radiation
and a narrow continuum in this spectrum develops and decays in time just below (right) of
the pump frequency (center line).
SuperDARN (Kodiak Super Dual Auroral Radar Network) HF radar was used to
record ionospheric conditions, plasma waves, monitor for striation production, evolution, and
tracking of plasma waves to study the development of irregularities, the aspect angle
dependence of artificial field-aligned irregularities (AFAI) and to monitor upper hybrid
waves over HAARP.
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Fig. 22. SEE spectra for PARS-2010 experiment performed on 23:30:11 UT, July 18th, 2010.
SEE spectra of Time versus Frequency shows narrow continuum and residual radiation for
both channels of east west and north south dipoles.

SuperDARN radar at Kodiak, Alaska, belongs to an international radar network that
consists of 19 radars worldwide. It has twelve radars in northern hemisphere and seven in
southern hemisphere. These HF radars operate between 8 and 20 MHz. It is a non-perturbing
instrument. These can measure characteristics of the scattering plasma waves such as range,
echo power, Doppler velocity, and spectral width in the ionosphere. Geographic coordinates
of Kodiak radar are approximately 57.60˚ (North) latitude, 152.2˚ (West) longitude.
Geophysical Institute at the University of Alaska, Fairbanks, operates this Kodiak radar. It
has 16 beams; the middle two beams, 8 & 9, look over the HAARP interaction region. Beam
8 looks northward of HAARP, so if the HF beam is pointing vertically or close to it, we
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observe SuperDARN beam 8 for irregularities, while beam 9 looks southwards of HAARP. If
the HF beam is pointing southward, we observe SuperDARN beam 9 to look for
irregularities. Range Time Intensity (RTI) plots are generated with its received data. We can
also construct a fan plot of the area of interest.
Fig. 23 is the SuperDARN plot for 23:30:00 UT to 00:30:00 UT on August 8, 2009.
It contains the last 27 minutes of our third SSRC-2009 experiment. It shows that no AFAI are
formed during our experiment. In contrast it also shows AFAI built up right after our
experiment at 23:57:00 UT due to the following continuous wave (CW) experiment. The
level of intensity for the irregularities is shown by colors. The color intensity bar on the right
hand side of the plot shows the corresponding intensity in dB. The intense echoes (red) from
the closer range are from objects such as airplane or ships close to the SuperDARN
transmitter.

The Modular UHF Ionospheric Radar (MUIR) at HAARP was used to detect, record,
and measure HF induced plasma lines (upshifted and downshifted) and ion lines by using
different look angles. MUIR is a part of AMISR (Advanced Modular Incoherent Scatter
Radar) network, which is developed by SRI International and the National Science
Foundation. It works on 446 MHz frequency. It has 16 panels arranged in 4 rows and 4
columns; each panel has 32 fixed antenna element units (AEUs). Each panel works as a
separate radar. We can change the MUIR beam direction for every HF pulse transmission for
up to a zenith angle of 25˚.
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Fig. 23. SuperDARN plot for 20090808, 23:30:00 UT – 00:30:00 UT: It shows no AFAI
during our experiment. It shows AFAI right after our experiment at 23:57:00 UT due to the
following experiment. Red area at the closer range shows an existence of an object such as
airplane or ship.

After receiving data from MUIR radar, we analyzed that data with MATLAB
programs. We created plots of frequency offset (MHz) vs. time (UT), and also range (km) vs.
time (UT), while color in the plot represents intensity (in dB) of the radar echo, which is
shown with a color bar scale on the right hand side of the plot. Two second integration plots
for multiple returns were created to observe the structure of returns and conditions between
the returns. Single shot plots of returns were created to observe and analyze the spectral
detail, frequency, and altitude of each return individually. We can observe and compare
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returns for different aspect angles. For cascade lines, we can analyze which aspect angle
gives a stronger return (e.g. which one has more daughter lines or intense returns).
Fig. 24 is a 2- second integration plot from SSRC-2009 experiment on August 6,
2009. This plot is for a fpump 4.04 MHz HF-induced downshifted plasma line pointing at 7˚14˚ respectively. MUIR UHF look angle is along magnetic zenith. The lower panel is a plot
of frequency offset (MHz) and intensity (dB) as a function of time (UT), while level of
intensity is shown with the colors. Color intensity bar on the right hand side of the plot shows
the corresponding intensity in dB for relative color. The graph on the top is a plot of altitude
(km) and intensity (dB) as a function of time (UT), while again color shows the intensity
(dB) of the return. Here HF pointing at 14˚ return has more daughter lines with more
intensity than HF pointing at 7˚ return.
We can also process a single HF pulse plot with a MATLAB program for each
individual HF pulse return recorded by MUIR, and we can see the detail of that return such
as number of daughter lines, structure, and detail of caviton spectra, overshoots or
coexistence for that particular aspect angle return.
Fig. 25 is a single pulse plot for fpump 3.17 MHz HF pulse pointing at 11˚, while UHF
look angle is 15˚ on 00:58:00 UT, August 13, 2009. Here we have a coex, and we can see
both mini- and main overshoots with cascade lines for this aspect angle.
In our experiments of 2009 and 2010 of HAARP campaign, we varied a number of
different parameters to see the effect of those changes. We used HF pump frequencies of 4.5
MHz, 4.04 MHz, 4.2 MHz, 3.17 MHz, 3.3 MHz, 3.4 MHz, and electron gyrofrequency
second harmonic of 2.85 MHz.
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Fig. 24. HAARP MUIR on 20090806, HF: 7˚-14˚, UHF-MZ, HF:4.04 MHz, 50 ms ON, 15
sec IPP, 0.3% duty cycle two second integration plot for 6th of August, SSRC-2009
experiment. Plot shows strong results for HF at 14˚ pointing and weaker result for HF at 7˚
pointing.

Short HF pulse and low duty cycle reduce the production of AFAI irregularities. As
in Table 1 we have the detail of each experiment; in the second hour of our first experiment
of the 2010 campaign, we used short HF pulse of 50 ms ON and 10 sec of inter-pulse period
(IPP), for a low 0.5% duty cycle. For most of the experiments we used short HF pulse of 50
ms ON and 12 sec of inter-pulse period (IPP), for a low 0.4% duty cycle.

36

Fig. 25. HAARP MUIR on 00:58:00 UT, August 13th 2009, HF: 3.17 MHz pointing at 11˚,
UHF pointing at MZ, 50 ms ON, 12 sec IPP; Single shot plot shows detail structure of the
return pulse. This returned pulse shows co-ex property where cascade, mini and main
overshoots are seen.

In first experiment of 2009 campaign, we used short HF pulses of 50 ms ON and 15
sec of inter-pulse period (IPP), for an even lower 0.3% duty cycle. In the last part of fifth
experiment of 2009 campaign, we chose long HF pulses of 100 ms and 1 sec with interpulse
period of 12 sec and 11 sec, respectively, for large duty cycles of 1% and even larger duty
cycle of 9%, respectively. We chose this set up to produce AFAI for a measurement made by
our collaborator (Dr. D. Hysell, Cornell) using a 139 MHz VHF radar. For the first
experiment on August 6, 2009, pulsing duration for HF transmission was 5 minutes, and after
each 5 minutes period we had a full time of one minute off. We included a minute off so that
any irregularities formed can be suppressed before the next pulsing period. There was a
three-minute off period between the two hours to change HF frequency and to suppress any
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irregularities produced by previous HF transmitted waves. For most of the experiments we
did not have any off time for the transmission, as we used short pulses with low duty cycle to
avoid production of irregularities, but we did have an off period to make changes in HF
pump frequency, such as to change UHF look angle and HF pulsing angle and to switch for
upshifted, downshifted plasma lines or ion lines. We measured downshifted plasma lines,
upshifted plasma lines, and ion lines.
We varied aspect angles of the HF pump to investigate its effect on our plasma line
measurements. We varied HF angles and UHF look angles to compare to Rietveld [2002]
predictions from ray tracing. In our experiments, most of the time HF pulsing was pointing
to 7˚-11˚-14˚ (north south direction) from the vertical direction, while UHF look angle was
along magnetic zenith, and then in the fifth experiment on August 13, 2009, HF pulsing was
pointing to 7˚-11˚-14˚, and UHF was pointing at 12˚. In the fifth experiment of August 13,
2009, HF pulsing was pointing at 0˚-6˚-11˚, UHF pointing at 6˚, later on UHF look was
pointing at 12˚, and then HF pointing was switched to 0˚ with UHF pointing at 0˚ also. For
the last and sixth experiment on August 14, 2009, HF pulsing was pointing at 0˚-7˚-11˚-14˚7˚, while UHF was along magnetic zenith (MZ); then UHF look angle was changed to 12˚.
For the first experiment of July 18, 2010, HF was pointing at angles 0˚-7˚-11˚-14˚-off while
UHF was at MZ. For the same experiment in second hour, HF was pointing to 7˚-14˚-off11˚-14˚-off, while UHF was again at MZ. In first experiment of SSRC-2009 campaign on
August 6, 2009, HF was pointing at 7˚-14˚, and UHF was at MZ. The measured results for
these experiments follow in the Results section.
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4. Results
Here are our results for our SSRC-2009 and PARS-2010 zenith scan experiments.
Various parameters were changed with each experiment. The section heading presenting each
experiment gives the parameter values: HF pointing angle, UHF pointing angle, and other
changed parameters.

4.1- HF wide beam: 7˚-14˚ and 11˚-14˚, UHF-MZ, downshifted plasma line, zenith scan:

4.1a- 0405 UT-0454 UT, 20090806: (HF pump frequency: 4.04 MHz)
In our August 6, 2009 experiment, a 4.04 MHz HF pump beam was alternately
pointed at 7˚ and 14˚, while the UHF look angle was along magnetic zenith. Table 1 contains
the details of this experiment with some main results of the experiment.

Table 1: Experiment details for 0405 UT – 0454 UT, August 6, 2009
Start
time

End
time

HF
Freq.

(UT)

(UT)

(MHZ)

(deg.)

HF-14˚ returns> HF-7˚ returns

0405

OFF

OFF

alternating

nothing, error in the set up

0407

0412

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

"

0413

0418

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

"

0419

0424

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

"

HF Pulsing/IPP

HF Point

UHF
point

Line

Comments

0425

0430

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

cascades, outshifted lines,
HF-14˚> HF-7˚

0431

0436

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

outshifted lines, HF-14˚ > HF-7˚

0437

0442

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

HF-14˚ > HF-7˚, all outshifted lines

0443

0448

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

HF-14˚ > HF-7˚, all outshifted lines

0449

0454

4.04

50 ms ON/14.950 sec OFF

7-14

MZ

-PL

HF-14˚ > HF-7˚, all outshifted lines
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After analyzing our data with a MATLAB program, we observed that HF-14˚ gave us
very obvious stronger returns than HF-7˚. We observed multiple daughter lines for HF14˚with outshifted lines. We received strong return at HF pump frequency of 4.04 MHz for
each pulse. We observed daughter lines below this HF pump frequency. We did observe
daughter lines for HF-7˚ also, but those were fewer in number compare to HF-14˚ returns and
less intense than HF-14˚ returns. We observed up to six daughter lines for HF at 14˚.
Fig. 26 consists of two plots of frequency offset vs. time, and range vs. time for two
second integration. Time in UT is on abscissa for both graphs; frequency offset in MHz and
range in km on ordinate. These plots show returns for HF pointing at 7˚ and 14˚, while UHF
look angle was along magnetic zenith. HF was ON for short period of 50 ms and IPP was 15
sec with low duty cycle of 0.3% at the HF induced downshifted plasma line. We can see an
obvious difference in the intensity of returns for both angles. HF at 14˚ returns on 04:50:15
UT and 04:50:45 UT have six and five very intense daughter lines, while HF at 7˚ returns on
04:50:00 UT and 05: 50:30 UT have four lines which are not that intense. According to the
color bar on right hand side of the plot, which shows intensity in dB, HF-14˚ returns have an
obvious higher intensity than HF-7˚ returns.
Fig. 27 is a single shot plot for 04:36:45 UT from SSRC-2009 experiment performed
on August 6, 4.04 MHz HF pump wave with 50 ms ON, 15 sec IPP, 0.3% duty cycle is
pointing at 14˚, while UHF look angle is along magnetic zenith. Six daughter lines are
observed distinctly for this return. This experiment supports the magnetic zenith effect, as
HF and UHF are pointing at magnetic zenith and it gives a strong return.

40

Fig. 26. HAARP MUIR data on 20090806, HF pump frequency, 4.04 MHz; pointing, 7˚-14˚
50 ms ON, 15 sec IPP, 0.3% duty cycle; and UHF pointed at magnetic zenith. This twosecond integration plot shows daughter lines at frequencies less than the pump frequency
offset while outshifted lines are at frequencies greater than the pump frequency offset. The
color bar shows intensity in dB.

Fig. 27. HAARP MUIR at 04:36:45 UT, 20090806, 4.04 MHz, HF: 14˚, UHF: MZ, 50 ms
ON, 15 sec IPP, 0.3% duty cycle (six daughter lines): Single shot plot shows six daughter
lines for 4.04MHz HF pump wave pointing on 14˚, UHF pointing along magnetic zenith at
downshifted induced plasma line.
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Fig. 28 is the ionogram for 04:35:00 UT, which is closer to 04:36:45 UT, the time of
our experiment in above case. At that time the critical frequency of F2 layer (foF2) was 3.963
MHz according to the chart on the left hand side of this ionogram, while HF pump frequency
was 4.04 MHz, which was a little higher than the critical one, which is at the nose of F layer.
If a pump frequency is little higher than the critical, we can still expect to get a good
reflection.

Fig. 28. Ionogram for 20090806, 04:35:00 UT: The Ionogram shows the reflection height
versus frequency. The minimal scatter in data along the trace is typical for a quiescent
ionosphere. The critical frequency is 3.925 MHz, while the pump HF frequency is 4.04 MHz.

The ionogram shows a quiescent ionosphere that provides good conditions for a
successful experiment. The red curve represents O-mode, in which we are interested, while
42

the green curve represents X-mode. Here we can see a second hop or echo for O-mode at
450 km, which is at twice the height of first one at 225 km. Second hop is because of the
double reflection of the wave; that is, the wave reflects from the ionosphere to the ground,
from there back to the ionosphere, and then reflects a second time from the ionosphere, and
finally is received by the receiver. Since the wave is reflected twice, the second hop is at
twice the height of the first one.
Fig. 29 is a SuperDARN plot of our experiment for 04:00:00 UT to 05:00:00 UT.
Since the UHF look angle was at magnetic zenith, we looked at beam-9 of the Kodiak radar.
We chose the time, beam number, and some other parameters to create the RTI plot. In the
plot, we can see that during the first half an hour of our experiment, there are no irregularities
generated. During the last half an hour there are some irregularities generated by our
experiment, which are shown in the plot by the red dots. The red area before our experiment
time are the irregularities generated by previous experiment at pump frequency of 3.4 MHz
of continuous waves (CW), and the red area after our experiment starting from 04:54:00 UT
are the irregularities generated by following experiments at pump frequency of 4.04 MHz of
continuous waves (CW) in the campaign. Irregularities caused by the previous experiment,
are seen by the changes in color from red to yellow, green, and then blue. There are no
natural irregularities during the experiment. The ionosphere appears smooth, which is
consistent with preferred ionospheric conditions.
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Fig. 29. SuperDARN Plot for 20090806, 04:00:00 UT-05:00:00 UT: SuperDARN plot shows
irregularities as red spots before and after our experiment generated by previous and
following continuous wave (CW) experiments, while it shows few irregularities during our
experiment.

4.1b - 0000 UT – 0100 UT, 20100719: (HF pump frequency: 4.5 MHz)
In the July 19, 2010, experiment, HF was pointing at 7˚-14˚ and 11˚-14˚, while UHF
look angle was at magnetic zenith. Table 2 contains the detail and the main results of the
experiment.
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Table 2: Experiment details for the 0000 UT- 0100 UT, July 19, 2010
End

HF
Freq.

Time

Time

(MHz)

(UT)

(UT)

0000

0005

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0005

0010

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

Weak cascades with
outshifted lines

0010

0015

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

Cascades with
outshifted lines

0015

0020

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0020

0025

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0025

0030

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0030

0035

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0035

0040

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0040

0045

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0045

0050

4500

HF Pulsing/IPP

HF Point
(deg.)

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

UHF
point

Comments

Start

Line

(deg.)

MZ

HF-7˚ > HF-14˚,
HF-11˚ > 14˚
"
"

"

"

"

"

"

"

Weak cascades with
outshifted lines.
"

"

"

"

-PL

Interlock
Interlock

0050

0055

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

0055

0100

4500

50 ms ON/9.950 sec OFF

7-14-off-11-14-off

MZ

-PL

Interlock till 005600 UT,
cascades

Here HF-7˚ and HF-11˚ gave us obvious stronger returns than HF-14˚. We observed
multiple daughter lines for HF-11˚ and HF-7˚ with outshifted lines. All the daughter lines are
at lower frequencies than the HF pump frequency. We observed daughter lines for HF-14˚
also, but those were fewer than HF-11˚ and HF-7˚ returns, and also HF-14˚ returns had less
intensity than HF-11˚ and HF-7˚ returns.
Fig. 30 has two plots for two second integration from this experiment, where time in
UT is on abscissa, and frequency offset in MHz and range in km are on ordinate. These plots
show return for HF pointing at 7˚, 11˚, and 14˚, while UHF look angle was along magnetic
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zenith. HF was ON for short period of 50 ms, and IPP was 10 sec with low duty cycle of
0.5% at HF induced downshifted plasma line. We can see an obvious difference in the
intensity of returns for all three angles. The color bar on the right hand side of the plot shows
intensity in dB. The plot shows a comparison of returns from HF at 7˚, HF at 11˚, and HF at
14˚. We observed that HF at 7˚return on 00:20:00 UT has four intense daughter lines, on
00:20:30 UT HF at 11˚ has three weak daughter lines, and on 00:20:10 UT, HF at 14˚ return
has two moderate lines. We received a stronger return at HF pointing at 7˚, weaker return at
HF pointing at 11˚, and the weakest return at HF pointing at 14˚. (The continuous horizontal
line in the middle of the plot is the noise only, which should not affect the results.)

Fig. 30. HAARP MUIR at 20100719, 4.50 MHz, HF: 7-14-off-11-14-off, UHF: MZ, 50 ms
ON, 10 sec OFF, -PL, 300 Hz rep, 250 bw: Two second integration plot for 20100719. HF at
7˚return on 00:20:00 UT has four intense daughter lines, HF at 11˚return on 00:20:30 UT has
three weak daughter lines, and HF at 14˚ return on 00:20:10 UT, has two moderate lines. A
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continuous horizontal line in the middle of the plot is the noise only, which should not affect
the results.
4.2 Variability in Results

There was some variability in our results due to ionospheric conditions at the time of
experiment. Due to natural irregularities, on many occasions we received a greater number
of daughter lines and stronger return for HF-14˚ than HF-7˚ and HF-11˚ also. We observed
that HF at 7˚ returns were strongest in 80% of pulses, and HF at 14˚ returns were only 20%.
HF at 11˚ returns were stronger than with HF at 14˚. Fig. 31 is an example of variability in
our data, where HF at 14˚ return has four daughter lines, and it is stronger than HF at 7˚
return, which has three moderate to weak daughter lines. (The continuous horizontal line in
the middle of the plot is a noise line, which does not affect the results.)

Fig. 31. HAARP MUIR at 20100719, 4.50 MHz, HF: 7˚-14˚-off-11˚-14˚-off , UHF: MZ, 50
ms ON, 10 sec OFF, -PL, 300 Hz rep, 250 bw, Due to natural irregularities in ionosphere at
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the time of experiment, on many occasions, HF-14˚ has stronger return than HF-7˚ and HF11˚ returns.

Fig. 32 is an ionogram for the time of the above experiment. Here we can see a
spreading of reflection heights for each frequency in the F region, which is called spread F
and indicates the presence of natural irregularities in ionosphere.

Fig. 32: Ionogram for 20100719, 00:15:00 UT: This ionogram shows a spread F event. The
critical frequency is 4.913 MHz. The HF pump frequency was 4.5 MHz, which is just below
the critical frequency.
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Fig. 33 is the SEE spectrum for 00:00:59 UT. We can see residual radiation and
narrow continuum in this spectrum. The HF pump may scatter off of a spectrum of
Langmuir waves, producing sidebands of electromagnetic emissions (SEE). The continuum
of spectrum of Langmuir turbulence may give rise to a continuum of escaping
electromagnetic radiation, which may be recorded by SEE receivers. Thus the spectrum of
the Langmuir turbulence recorded by MUIR may be echoed in the spectrum recorded by SEE.

Fig. 33. SEE spectra for 00:00:59 UT, July 18th, 2010: SEE spectrum shows residual
radiation and narrow continuum in spectrum for 00:00:59 UT.
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Fig. 34 is an example of MUIR spectra:

Fig. 34. Single-shot plot for collapse spectrum: Single-shot plot of downshifted plasma line
frequency versus time highlighting a collapse spectrum at the HF pump frequency of 3.4
MHz. The color bar indicates an intensity scale in dB.

4.3 HF: 7˚-14˚, UHF-MZ, downshifted plasma line, zenith scan:
0520 UT- 0616 UT, 20090806: (HF-Second gyroharmonic)

In the 0520 UT-0616 UT, 20090806 experiment, when 2.85 MHz HF was pointing
7˚-14˚, HF-7˚ returns are stronger than HF-14˚ returns. We recorded stronger cascade returns
at HF-7˚ in two out of every three HF pulses. We observed multiple daughter lines for HF-7˚
and HF-14˚ with outshifted lines. Daughter lines are at lower frequencies than HF pump
frequency of 2.85 MHz. All the returns have outshifted lines. Table 3 contains all the details
and main results of this experiment.
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Table 3: Experiment details for 0520 UT- 0616 UT, August 6, 2009
Start
time

End
time

HF
Freq.

(UT)

(UT)

(MHZ)

0520

0523

2.85 MHz

0524

0429

2.85 MHz

HF
Point

UHF
point

Comments

(deg.)

(deg.)

HF-7˚ returns > HF-14˚ returns

50 ms ON/14.950 sec OFF

7/14

MZ

cascades

50 ms ON/14.950 sec OFF

7/14

MZ

weak cascades then become
strong,
all outshifted lines

MZ

HF-7 missing at 052700 UT

MZ

strong cascades on both 7˚ & 14˚ ,
all outshifted lines

MZ

HF-14 missing at 053415 UT

HF Pulsing/IPP

2.85 MHz
0530

0535

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

2.85 MHz
0536

0541

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

0542

0547

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

strong cascades on both 7˚ & 14˚ ,
all outshifted lines
"

MZ

HF-14 missing at 054615 UT
Interlock: 05:49:31 - 05:54:21 UT

2.85 MHz
0548

0553

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

0554

0559

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

0600

0605

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

0606

0611

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

nothing, aurora

0612

0616

2.85 MHz

50 ms ON/14.950 sec OFF

7/14

MZ

"

start getting cascades at 055430
UT
nothing, then at 06:03:00 UT
get some weak returns

Fig. 35 is a set of two plots for two second integration of the second hour of the first
experiment of 2009, where time in UT is on the abscissa, and frequency offset in MHz and
range in km are on the ordinate. These plots shows return for HF pointing at 7˚ and 14˚,
while UHF look angle was along magnetic zenith. HF was ON for the short period of 50 ms
and IPP was 15 sec with low duty cycle of 0.3% at HF induced downshifted plasma line.
The color bar on the right hand side of the plot shows intensity in dB. We can see that both
HF-7˚ returns are stronger than HF-14˚ returns. HF-7˚ return on 05:23:30 UT has two strong
daughter lines, while HF-14˚ return on 05:23:45 UT has two weak daughter lines. HF-7˚
return on 05:24:00 UT has again two strong daughter lines, while HF-14˚ return on 05:24:15
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UT has two moderately intense daughter lines. [A continuous horizontal line is a noise line
only, which does not affect the results.]

Fig. 35. HAARP MUIR on 20090806, 2.85 MHz, HF: 7˚-14˚, UHF: MZ, 50 ms ON, 15 sec
IPP with 0.3% duty cycle, for downshifted plasma line: Two second integration plot for
20090806, which shows HF- 7˚, has stronger cascade returns than HF-14˚ in intensity.

Fig. 36 is an example of HF at 7˚ return, which has a cascade of two daughter lines, first at
around 2.845 MHz, and second one at 2.835 MHz. This spectrum looks broad in the
beginning and then it narrows in time. We can see a distinct main overshoot in this pulse, as
UHF look angle is at magnetic zenith. We cannot see mini overshoot here, as it is visible
only when UHF is looking vertically.
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Fig. 36. Single shot plot for 05:26:30 UT, 20090806, 2.85 MHz, HF: 7˚, UHF: MZ, 50 ms
ON, 15 sec IPP: Single shot plot for coex on 05:26:30 UT, where HF pointing at 7˚ return has
two distinct daughter lines below the pump frequency of 2.85 MHz. The collapse is present
right at the pump frequency of 2.85 MHz.

Fig. 37 is a waterfall plot for this return, where we can see the structure and detail of
this coex return. In this plot, PDI is at pump frequency of 2.85 MHZ, and LDI at lower
frequencies. Collapse is at pump frequency of 2.85 MHz, and cascade is visible at lower
frequencies. Time in UT is on the abscissa, frequency in MHz is on the ordinate and
intensity in dB is on the z axis, while the color bar on the right hand side of the graph shows
the intensity for the colors in the plot.
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Fig. 37. Waterfall plot for 05:26:30 UT, 20090806, HF pump frequency: 2.85 MHz, pointing,
7˚; 50 ms ON, 15 sec IPP, and UHF pointed at magnetic zenith. The plot illustrates coex with
collapse at pump frequency of 2.85 MHz, and cascade visible at lower frequencies.

4.4- HF: 7˚-11˚-14˚, UHF: MZ, downshifted plasma line, zenith scan:

4.4a-0030 UT-0057 UT, 20090807: (HF pump frequency, 4.04 MHz)
Table 4 contains the detail and main results of the experiment.

Table 4: Experiment details for 0030 UT-0057 UT, August 7, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

0030

0036

4.04

50 ms ON/11.950 sec OFF

7-11-14

0036

0042

4.04

50 ms ON/11.950 sec OFF

0042

0048

4.04

0048

0054

0054

0057

HF Pulsing/IPP

Line

Comments

MZ

-PL

7-11-14

MZ

-PL

Outshifted lines
nothing, error in experiment
set up
very weak returns with
outshifted lines

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

very weak returns then nothing

4.04

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

"

4.04

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

nothing
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The 0030 UT-0057 UT, 20090807, experiment was conducted with a pump HF
frequency of 4.04 MHz. HF was pointing at 7˚-11˚-14˚, while UHF was pointing along
magnetic zenith. Table 5 contains the detail and main results of the experiment.

Table 5: Experiment details for the 2230 UT- 2249 UT, August 8, 2009
Start
time

End
time

HF
Freq.

HF Pulsing/IPP

HF Point

UHF
point

Line

Comments

(UT)

(UT)

(MHz)

(deg.)

(deg.)

223000

223600

4.04

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

weak cascades

223600

224200

4.04

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

224400

224900

4.04

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

Interlock from 223900 UT
Some OPL, weak to moderate
cascades

We received weak cascades in the beginning for this portion of the experiment.
(The “interlock” period in comments refers to a period of HF off due to aircraft interference).
Later on we observed weak to moderate cascades with some outshifted lines. Returns for HF7˚ were stronger than both HF-11˚ and HF-14˚, while HF-11˚ had stronger returns than HF14˚. On many occasions, returns for HF-7˚ and HF-11˚ were comparable also, while HF-14˚
returns were relatively weaker than both. Therefore we observed that HF-7˚ returns were
strongest, HF-11˚ returns were weaker, and HF-14˚ returns were weakest. These results are
consistent with our expectations from ray tracing. We expected that we would receive
strongest returns for HF pointing at 7˚. We observed cascades, main overshoot, outshifted
lines and even mini overshoot in some of the returns. We recorded many examples of
coexistence of cascade and collapse in these experiment results. Fig. 38 is the two-second
integration plot that shows such a result.
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Fig. 38. HAARP MUIR on 20090808, 4.04 MHz, HF: 7-11-14, UHF:MZ, 50 ms ON, 12 sec
IPP, for downshifted line: Two second integration plot for 20090808, which shows that HF7˚ has stronger returns than HF-11˚ and HF-14˚ for this portion of the experiment.

Fig. 39, Fig. 40, and Fig. 41 are the single HF pulse plots; we can see cascade feature,
collapse feature, and main and mini overshoots. In Fig. 39, we see two daughter lines at
4.035 MHz and 4.025 MHz for a pump frequency of 4.040 MHz. The difference between
4.040 MHz and 4.035 MHz is 5 kHz, which corresponds to the ion acoustic frequency. The
difference between 4.035 MHz and 4.025 MHz is 10 KHz, which is twice the ion acoustic
frequency. These are consistent with the PDI and LDI, respectively.
Fig. 40 is a single shot plot for 22:34:12 UT. Here 4.04 MHz HF is pointing at 7˚. It
has one intense daughter line at 4.035 MHz. The difference between 4.040 MHz and 4.035
MHz is 5 kHz, which corresponds to the ion acoustic frequency. This 5 kHz corresponds to
the frequency for PDI. We have main overshoot at the pump frequency of 4.04 MHz.
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Fig. 39. HAARP MUIR on 22:34:00 UT, 20090808, 4.04 MHz, HF: 14˚, UHF: MZ 50 ms
ON, 12 sec IPP, for downshifted line, 0.4% duty cycle: Single shot plot for 22:34:00 UT.
4.040 MHz HF is pointing at 14˚. It has two daughter lines at about 4.035 MHz, and 4.025
MHz. It has PDI at 5 KHz, and LDI at 10 KHz. It has mini and main overshoot at the pump
frequency of 4.04 MHz. Mini overshoot occurred rapidly right after the heater turns on.

Fig. 40. HAARP MUIR on 22:34:12 UT, 20090808, 4.04 MHz, HF: 7 deg, UHF: MZ 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with downshifted lines: Single shot plot for 22:34:12 UT.
HF is pointing at 7˚. It has one intense daughter line at 4.035 MHz. It has PDI at 5 KHz.
We have main overshoot at pump frequency of 4.04 MHz.

57

Fig. 41 is a single shot plot for 22:34:24 UT. Here 4.04 MHz HF pump wave is
pointing at 14˚. It has three daughter lines at 4.0375 MHz, 4.0325 MHz, 4.0275 MHz. The
difference between 4.040 MHz and 4.0375 MHz is 2.5 kHz, which corresponds to the ion
acoustic frequency. The difference between 4.0375 MHz and 4.0325 MHz is 5 KHz, which
is twice the ion acoustic frequency. These are consistent with the PDI and LDI, respectively.
It has PDI at 2.5 KHz, and LDI at 5 KHz. Main overshoot is at the pump frequency of 4.04
MHz.

Fig. 41. HAARP MUIR on 22:34:24 UT, 20090808, 4.04 MHz, HF: 11 deg, UHF: MZ, 50
ms ON, 12 sec IPP, 0.4% duty cycle, with downshifted lines: single shot plot for 22:34:24
UT. 4.04 MHz HF pump wave is pointing at 14˚. It has three daughter lines at 4.0375 MHz,
4.0325 MHz, and the third one at 4.0275 MHz. It has PDI at 2.5 KHz, and LDI at 5 KHz.
Main overshoot is at the pump frequency of 4.04 MHz.
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4.4b-0136 UT-0200 UT, 20090807: (HF pump frequency, 3.4 MHz):
The 0136 UT-0200 UT, 20090807, experiment was performed with HF pump
frequency of 3.4 MHz pointing at 7˚-11˚-14˚, while UHF was pointing along magnetic zenith.
Table 6 contains the details and main results for this experiment.

Table 6: Experiment details for the 0136 UT-0200 UT, August 7, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

0136

0142

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

weak to moderate cascades

0142

0148

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

"

0148

0154

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

"

0154

0200

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

-PL

"

HF Pulsing/IPP

Line

Comments
HF-11˚ > HF-14˚ > HF-7˚

We received weak to moderate cascades. We observed that returns for HF-11˚ are
stronger, returns for HF-14˚ are weaker, and weakest returns are for HF-7˚. Fig. 42 is a twosecond integration plot from this experiment, which shows this result. On 01:36:24 UT, HF
was pointing at 14˚. It is a coex return, where we observed overshoot and cascade.
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Fig. 42. HAARP MUIR on 20090807, 3.4 MHz, HF: 7-11-14, UHF: MZ, 50 ms ON, 12 sec
IPP, for downshifted line: Two second integration plot of 20090807. 3.4 MHz HF gives
stronger return at 11˚, weaker for 14˚, and weakest for 7˚.

4.4c- 2249 UT-2257 UT, 20090808:
(HF pump frequency, 4.2 MHz, Third gyroharmonics)

For 2249 UT-2257 UT, 20090808 experiment, 4.2 MHz pump frequency was pointed
at 7˚-11˚-14˚, while UHF look angle was along magnetic zenith. Table 7 contains the details
and main results of this experiment.

Table 7: Experiment details for the 2249 UT-2257 UT, August 8, 2009
Start
time

End
time

(UT)

224900

HF
Freq.

HF Pulsing/IPP

(MHz)

225700

4.2

50 ms ON/11.950 sec OFF

HF
Point

UHF
point

(deg.)

(deg.)

7-11-14

MZ

Line

Comments

-PL

HF-7˚ > HF-14˚ > HF-11˚
weak to moderate
cascades,
some OPL
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We received weak to moderate cascades with outshifted plasma lines. HF-7˚ had
strongest returns, HF-14˚ had weaker returns, and HF-11˚ had weakest returns. Fig. 43 is the
two-second integration plot from the experiment. On 22:55:12 UT, return had four daughter
lines: at 4.1960 MHz, 4.1880 MHz, 4.180 MHz, and a weak one at 4.1720 MHz. It also had
main overshoot at the pump frequency. On 22:55:00 UT, HF at 14˚ had three daughter lines
at about 4.1980 MHz, 4.1940 MHz, and at 4.1900 MHz. We can also see main overshoot at
the pump frequency, and on 22:55:24 UT, HF at 11˚ return had one daughter line with
moderate intensity, all with the collapse feature. Fig. 43 shows three daughter lines at 4.1960
MHZ, 4.1880 MHz, and at 4.1820 MHz. It also has main overshoot at pump frequency. On
22:54:48 UT, no return was observed for HF at 11˚. This may be because of the ionospheric
conditions.

Fig. 43. HAARP MUIR on 20090808, 4.2 MHz, HF: 7-11-14, UHF: MZ, 50 ms ON, 12 sec
IPP, for downshifted line: Two second integration plot for 4.2 MHz HF pointing at 7-11-14
deg. 7˚ returns are strongest. 11˚ HF pointing at14˚returns are weaker, and HF pointing at 7˚
return is the weakest.
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4.4d- 2330 UT- 2357 UT, 20090808: (HF pump frequency, 3.3 MHz)

The 2330 UT- 2357 UT, 20090808 experiment had HF pump frequency of 3.3 MHz
pointing at 7˚-11˚-14˚, while the UHF look angle was along magnetic zenith. Table 8
contains the detail and main results for the experiment.

Table 8: Experiment details for the 2330 UT- 2357 UT, August 8th, 2009
start
time

End
time

HF
Freq.

(UT)

(UT)

(MHz)

2330

2336

3.3

50 ms ON/11.950 sec OFF

2336

2348

3.3

50 ms ON/11.950 sec OFF

2348

2354

3.3

50 ms ON/11.950 sec OFF

2354

2357

3.3

50 ms ON/11.950 sec OFF

HF Pulsing/IPP

HF
Point

UHF
point

(deg.)
7-1114
7-1114
7-1114
7-1114

(deg.)

Line

Comments

MZ

-PL

HF-7˚ > HF-14˚ > HF-11˚
moderate to strong
cascades

MZ

-PL

MZ

-PL

MZ

-PL

strong cascades
Interlock:
23:47:18 - 23:54:02 UT
strong cascades
till 235648 UT

We received moderate to strong returns for all three angles. HF-7˚ returns were the
strongest one, HF-14˚ returns were weaker, and HF-11˚ was the weakest. We received the
same result for 3.3 MHz as we received for 4.2 MHz, while all other conditions were same.
On 23:42:36 UT, HF-14˚return had three daughter lines at 3.2975 MHz, 3.2925 MHz, and at
3.2875 MHz. On 23:42:48 UT, HF-7˚ return had four daughter lines at 3.2980 MHz, 3.2940
MHz, 3.29 MHz, and at 3.2860 MHz. Main overshoot at frequency was also visible. On
23:43:00 UT, HF-11˚ return showed daughter lines at the frequency lower than pump
frequency. Fig. 44 is a two-second plot, which shows these results.
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Fig. 44. HAARP MUIR on 20090808, 3.3 MHz, HF: 7-11-14, UHF: MZ, 50 ms ON, 12 sec
IPP, for (-PL): Two second integration plot of 3.3 MHz HF pointing at 7-11-14 degrees on
20090808. HF-7˚ returns are the strongest ones, HF-14˚ returns are weaker and HF-11˚ is the
weakest ones.

Fig. 45 is a line graph for HF-7˚, HF-11˚, and HF-14˚ return for 23:30:00 UT to
23:31:00 UT for the SSRC experiment performed on August 8, 2009. Time in UT is along
abscissa, and intensity on dB is along ordinate. Different colors represent different HF
pointing returns as it is shown in the graph. We started our data for each return from the same
position for time, and according to graph, all the overshoots start and decay at the same time.
Their structure is different, but the position of rise and fall is the same.
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Fig 45. Line graph for 20090808, HF pointing at 7˚-11˚-14˚: Line graph for six 3.3 MHz HF
pulse returns at different HF pointing angles. Different colors represent different HF pointing
returns. It shows regardless of their pointing angles, their overshoot rises and decays at the
same time, while their intensity and structure is different.

4.4e- 0038 UT- 0135 UT, 20090813: (HF pump frequency, 3.17 MHz)

In the 0038 UT- 0135 UT, 20090813 experiment, pump HF frequency of 3.17 MHz
was pointed at 7˚-11˚-14˚, while UHF look angle was along magnetic zenith. Table 9 shows
details and the main results of the experiment.
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Table 9: Experiment details for the 0038 UT- 0135 UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

0038

0041

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong data

0041

0047

0047

0053

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

0053

0059

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

0059

0105

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

0105

0111

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

HF Pulsing/IPP

Line

Comments
HF-14˚ > HF-7˚ > HF-11˚

then interlock:
01:08:20 UT - 01:10:55 UT
0111

0117

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades
then interlock:
01:13:52 UT - 01:16:38 UT

0117

0123

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

moderate to strong cascades

0123

0129

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

0129

0135

3.17

50 ms ON/12 sec OFF

7-11-14

MZ

-PL

"
moderate to strong cascades
till 013748 UT,
then a very weak return
at 013800 UT

We received moderate to strong cascades for this experiment. We received strongest
returns for HF-14˚, weaker returns for HF-7˚, and weakest returns for HF-11˚. Fig. 46 is a
single shot plot from this experiment set up that shows an overshoot at the pump frequency
of 3.17 MHz.
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Fig. 46. HAARP MUIR on 00:38:48 UT, 20090813, HF: 3.17 MHz, 50 ms ON, 12 sec IPP,
0.4% duty cycle, with downshifted lines, at HF: 11 deg, UHF: MZ: Single shot plot that
shows mini and main overshoot at the pump frequency of 3.17 MHz.

Fig. 47 is a line plot for six different HF pointing returns. Different colors represent
different pointing returns. Time in UT is along the abscissa, and intensity in dB is along the
ordinate. We started our data for each return from the same position of time, and according to
graph, all the overshoots start and decay at the same time. The structure of overshoot is
different, but the position of rise and fall is the same. This result is consistent with the
previous results for 3.3 MHz HF.
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Fig. 47. Line graph for 20090813, HF pointing at 7-11-14 deg: Line graph for six 3.17 MHz
HF pulse returns at different HF pointing angles. Different colors show different HF pointing
returns. It shows regardless of their pointing angles, their overshoots rise and decay at the
same time, while their intensity and structure is different.

4.5- HF: 7˚-11˚-14˚, UHF: MZ, downshifted plasma line, zenith scan:

For the 2230 UT- 2300 UT, 20090813experiment, 3.4 MHz HF was pointing at 7˚11˚-14˚, while UHF look angle was 12˚. Table 10 shows the details and the main results of
the experiment.
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Table 10: Experiment details for the 2230 UT-2300 UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

2230

2236

3.4

2236

2242

3.4

50 ms ON/11.950 sec OFF

7-11-14

12

-PL

Good lines

50 ms ON/11.950 sec OFF

7-11-14

12

-PL

"

2242

2248

2248

2254

3.4

50 ms ON/11.950 sec OFF

7-11-14

12

-PL

"

3.4

50 ms ON/11.950 sec OFF

7-11-14

12

-PL

"

2254

2300

3.4

50 ms ON/11.950 sec OFF

7-11-14

12

-PL

"

HF Pulsing/IPP

Line

Comments
HF-14˚ >HF-7˚ > HF-11˚

We received strong returns at HF pointing at 14˚for this experiment. There was not a
great difference in intensity for all these returns, but still for most of the time, we received
strongest returns at HF-14˚, weaker returns for HF-7˚, and weakest returns at HF-11˚. Fig.
48 is a single shot plot for 2:32:12 UT, for HF at 14˚, and UHF at 12˚.

Fig. 48. HAARP MUIR on 22:32:12 UT, 20090813, 3.4 MHz, HF: 14 deg, UHF: 12 deg, 50
ms ON, 12 sec IPP, 0.4% duty cycle, with downshifted lines: Single shot plot for 2:32:12 UT,
for HF at 14˚, and UHF at 12˚, shows overshoot.
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4.6- HF: 7˚-11˚-14˚, UHF: MZ, Upshifted plasma line, zenith scan: (4.2 MHz)

In this 2300 UT - 2327 UT, experiment, HF pump frequency was 4.2 MHz, 50 ms
ON, 12 sec IPP, at upshifted plasma line. Table 11 shows the detail and the main results of
the experiment.

Table 11: Experiment details for the 2300 UT- 2327 UT, August 8, 2009
Start
time

End
time

HF
Freq.

HF
Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

2300

2306

4.2

50 ms ON/12 sec OFF

7-11-14

MZ

+PL

weak to moderate cascades
with outshifted lines

2306

2312

4.2

50 ms ON/12 sec OFF

7-11-14

MZ

+PL

weak to moderate cascades
with outshifted lines

2312

2318

4.2

50 ms ON/12 sec OFF

7-11-14

MZ

+PL

Interlock

2318

2324

4.2

50 ms ON/12 sec OFF

7-11-14

MZ

+PL

Interlock, then cascades
with outshifted lines

2324

2327

4.2

50 ms ON/12 sec OFF

7-11-14

MZ

+PL

weak cascades with
outshifted lines, then
nothing

HF Pulsing/IPP

Line

Comments
HF-11˚ > HF-14˚ > HF-7˚

We received weak to moderate cascades with outshifted plasma lines. We received
strongest returns at HF-11˚, weaker at HF-14˚, and weakest at HF-7˚. Fig. 49 is a two-second
integration plot, which shows these results. A continuous horizontal line in the plot is the
noise line. Fig. 50 is a single shot plot for 23:06:00 UT, when HF was pointed at 7˚, and
UHF was pointed at magnetic zenith. This is a coex, where we can see cascade, mini
overshoot and the main overshoot.
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Fig. 49. HAARP MUIR on 20090808, 4.2 MHz, HF:7-11-14 deg, UHF: MZ, 50 ms ON, 12
sec IPP, for upshifted line: Two second integration plot, which shows strongest returns at
HF-11˚, weaker at HF-14˚, and weakest at HF-7˚.

Fig. 50. HAARP MUIR on 23:06:00 UT, 20090808, 4.2 MHz, HF: 7 deg, UHF: MZ, 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with upshifted lines: Single shot plot shows cascade lines.
Mini and main overshoots are also visible.
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4.7- HF - 7˚-11˚-14˚, UHF-MZ, ion line, zenith scan:

4.7a- 0100 UT- 0115 UT, 20090807: (HF pump frequency, 4.04 MHz)

For 0100 UT- 0115 UT, 20090807, experiment, HF pump frequency of 4.04 MHz
was pointing at 7-11-14 degrees, while UHF look angle was along magnetic zenith for
induced ion line. Table 12 has all the details for this experiment.

Table 12: Experiment details for the 0100 UT- 0115 UT, August 7, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

0100

0106

4.04

50 ms ON/11.950 sec OFF

7-11-14

0106

0112

4.04

50 ms ON/11.950 sec OFF

0112

0115

4.04

50 ms ON/11.950 sec OFF

HF Pulsing/IPP

Line

Comments

MZ

IL

nothing, error in
experiment set up

7-11-14

MZ

IL

"

7-11-14

MZ

IL

"

4.7b- 0118 UT- 0133 UT, 20090807: (HF pump frequency, 3.4 MHz)

For the 0118 UT- 0133 UT, 20090807, experiment, HF pump frequency of 3.4 MHz
was pointing at 7-11-14 degrees, while UHF look angle was along magnetic zenith. Table 13
contains all the details with main results of the experiment.
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Table 13: Experiment details for the 0118 UT- 0133 UT, August 7, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

0118

0124

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

IL

weak returns,
no return on 012212 UT

0124

0130

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

IL

an unexpected return
at 012726 UT

0130

0133

3.4

50 ms ON/11.950 sec OFF

7-11-14

MZ

IL

changing files: nothing

HF Pulsing/IPP

Line

Comments
HF-14˚ > HF-11˚ > HF-7˚

We received weak returns for this portion of experiment. We observed strongest
returns for HF-14˚, weaker for HF-11˚, and weakest for HF-7˚. All the returns have the
collapse feature. For an example, Fig. 51 is a single shot plot for 01:20:12 UT that shows the
collapse feature for HF 14˚ return.

Fig. 51. HAARP MUIR on 01:20:12 UT, 20090807, 3.4 MHz, HF: 14 deg, UHF: MZ, 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with ion lines: Single shot plot for 01:20:12 UT shows the
collapse feature for HF 14˚ return.
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4.8- HF: 0˚-7˚-11˚-14˚-7˚, UHF: MZ, downshifted plasma line, zenith scan:

In the 2125 UT- 2223 UT, 20090814, experiment, HF was pointing at 0-7-11-14-7
degrees, while UHF look angle was along magnetic zenith. Table 14 contains all the details
and the main results of the experiment.

Table 14: Experiment details for the 2125 UT- 2223 UT, August 14, 2009

Start
Time

End
Time

HF
Freq.

(UT)

(UT)

(MHz)

HF Pulsing/IPP

HF Point

UHF
point

(deg.)

(deg.)

Line

Comment
Good cascades for 0˚
HF-7˚>HF-11˚>HF-14˚

212500

213000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

213000

213500

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

213500

214000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

214000

214500

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

214500

215000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

215000

215500

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

215500

220000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

220000

220500

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

220500

221000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

221000

221500

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

221500

222000

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

222000

222300

3.4

50 ms ON/12 sec OFF

0-7-11-14-7

MZ

-PL

Good cascades

We received moderate to strong returns for HF-0˚. We received strongest returns for
HF-7˚, weaker for HF-11˚, and weakest for HF-14˚. Returns at all these angles have cascades
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and the collapse feature. Even HF- 0˚ return had a collapse feature. For an example, Fig. 52
is the single shot plot for HF-14˚ return. We can see main overshoot and cascade lines.

Fig. 52. HAARP MUIR on 21:32:36 UT, 20090814, 3.4 MHz, HF: 14 deg, UHF: MZ, 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with induced downshifted plasma lines: Single shot plot for
HF pointing at 14˚ return at 21:32:36 UT. Plot shows daughter lines and collapse feature.

4.9- HF - 0˚-7˚-11˚-14˚-off, UHF-12˚, downshifted plasma line, zenith scan:

For 2230 UT- 2330 UT, 20090814, experiment, HF frequency was again 3.4 MHz.
HF was pointing at 0˚-7˚-11˚-14˚-7 ˚, while UHF look angle was at 12˚. Table 15 contains all
the details and main results of the experiment.
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Table 15: Experiment details for the 2230 UT- 2330 UT, August 14, 2009

Start
Time

End
Time

HF
Freq.

(UT)

(UT)

(MHz)

HF Pulsing/IPP

HF Point

UHF
point

(deg.)

(deg.)

Line

Experiment

Expectation

Good cascades for 0˚
HF-7˚>HF-11˚>HF-14˚

2230

2235

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

2235

2240

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

2240

2245

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

May

2245

2250

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

not be

2250

2255

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

able

2255

2300

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

to see

2300

2305

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

HF-0˚

2305

2310

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

return

2310

2315

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

2315

2320

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

2320

2325

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Good cascades

2325

2330

3.4

50 ms ON/11.950 sec OFF

0-7-11-14-7

12

-PL

Comparable returns

We received moderate returns for HF-0˚. We received strongest returns for HF-7˚,
weaker for HF-11˚, and weakest for HF-14˚. Returns have the collapse feature. Fig. 53 is a
single shot plot for HF pointing at 14˚ on 23:24:36 UT. It shows the collapse feature.
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Fig. 53. HAARP MUIR on 23:24:36 UT, 20090814, 3.4 MHz, HF: 14 deg, UHF: 12˚, 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with induced downshifted plasma lines: Single shot plot for
HF pointing at 14˚ on 23:24:36 UT. It shows the collapse feature.

4.10- HF - 0˚-7˚-11˚-14˚-off, UHF-MZ, upshifted plasma line, zenith scan:

For the 2300 UT- 2330 UT, 20100718, experiment, HF frequency of 4.5 MHz was
pointing at 0-7-11-14-off, while UHF look angle was along magnetic zenith. Table 16
contains all the details and main results of the experiment.
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Table 16: Experiment details for the 2300 UT- 2330 UT, July 18, 2010
Start
Time

End
Time

HF
Freq.

(UT)

(UT)

(MHz)

HF Pulsing/IPP

HF Point

UHF
point

(deg.)

(deg.)

Line

Comments

HF-11˚ > HF-7˚ > HF-14˚
2300

2305

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

2305

2310

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

2310

2315

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

2315

2320

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

2320

2325

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

2325

2330

4500

50 ms ON/12 sec OFF

0-7-11-14-off

MZ

+PL

weak cascades
with outshifted
lines for all HF angles
mostly no return at HF-0˚
very weak or no
return at HF-0˚
weak return with
outshifted lined at HF-0˚

We received moderate to strong returns with outshifted lines for all aspect angle
returns. We received weak returns for HF-0˚. Strongest return was for HF-11˚, weaker for
HF-7˚, and weakest for HF-14˚. We did see variability in the result, as we observed stronger
returns for HF-7˚ than HF-11˚ as well. We have upshifted lines. Fig. 54 is a two-second
integration plot that shows these results.

Fig. 54. HAARP MUIR on 20100718, 4.5 MHz, HF: 0-7-11-14-off deg, UHF: MZ, 50 ms
ON, 12 sec IPP, Induced upshifted plasma line, 0.4% duty cycle: Two second integration plot
that shows strongest return for HF-11˚, weaker for HF-7˚, and weakest for HF-14˚.
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4.11 Variability because of ionospheric conditions

Although most of our results show that HF-11˚ gives us stronger returns than HF-7˚
as in Fig. 54, on many occasions, we also received stronger returns for HF-7˚ than for HF-11˚.
In Fig. 55, we can observe that HF pointed along 7˚ return has four very intense and distinct
daughter lines, while HF along 11˚ return has three lines. Similarly, most of our results show
that HF-11˚ gives us stronger returns than HF-14˚, but on many occasions, we also received
stronger returns for HF-14˚ than for HF-11˚.

Fig. 55. HAARP MUIR on 20090814, 3.4 MHz, HF: 0-7-11-14-off deg, UHF: MZ, 50 ms
ON, 12 sec IPP, Induced upshifted plasma line, 0.4% duty cycle: Two second integration plot
show variability in the result because of the natural irregularities in the ionosphere. Here
strongest return is for HF-7˚, weaker for HF-11˚, and weakest for HF-14˚.
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4.12 Returns at HF-0˚, UHF-MZ

We expected before the experiments that we would not receive any return at HF
pointing at 0˚, while MUIR look angle is along the magnetic zenith. We received a weak to
moderate return for almost each HF-0˚ pulse. Both of our 2009 and 2010 HAARP
experiments confirm that, most of the time, we get a weak return for HF pointing at 0˚. Fig.
56 is a single shot plot for 23:28:00 UT, when HF was pointed at 0˚, and UHF was pointed at
magnetic zenith.

Fig. 56. HAARP MUIR on 23:28:00 UT, 20090814, 3.4 MHz, HF: 0˚, UHF: MZ, 50 ms ON,
12 sec IPP, 0.4% duty cycle, with induced upshifted plasma lines: Single shot plot for HF
pointing at 0˚, while UHF is pointing at magnetic zenith.
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4.13 HF: 0˚-6˚-11˚, UHF: 6˚, downshifted lines, zenith scan

For the 2300 UT- 2318 UT, 20090813, experiment, 3.4 MHz pump frequency beam
was pointing at 0-6-11 degrees, and UHF beam was pointing at 6 degrees. Table 17 contains
details and main results of the experiment.

Table 17: Experiment details for the 2300 UT- 2318 UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

HF Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

2300

2306

3.4

50 ms ON/11.950 sec OFF

0 -6 - 11

6

-PL

weak

2306

2312

3.4

50 ms ON/11.950 sec OFF

0 -6 - 11

6

-PL

"

2312

2318

3.4

50 ms ON/11.950 sec OFF

0 -6 - 11

6

-PL

Good lines

HF Pulsing/IPP

Line

Comments
HF-6˚ >HF-11˚ > HF-0˚

We received weak to moderate returns for all three angles. We received weak to
moderate return for HF-0˚ as well, which we did not expect. Strongest return was for HF-6˚,
weaker return for HF-11˚, and weakest for HF-0˚. All the returns have mini and main
overshoots. For example, Fig. 57 is the single shot plot for HF pointing at 6˚ return on
23:12:48 UT. This is an example of coex, where mini and main overshoots are visible with
cascade line.
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Fig. 57. HAARP MUIR on 23:12:48 UT, 20090814, 3.4 MHz, HF: 6˚, UHF: 6 deg, 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with induced downshifted plasma lines: Single shot plot for
HF at 6˚ shows the strongest return. Mini overshoot is also visible.

4.14 HF- 0˚-6˚-11˚, UHF-12˚, downshifted lines, zenith scan

For the 2316 UT- 2330 UT, 20090813, experiment, 3.4 MHz HF pump beam was
pointing at 0-6-11 degrees, while UHF look angle was at 12˚. Table 18 contains details and
main results of the experiment.
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Table 18: Experiment details for the 2316 UT- 2330 UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

(UT)

(UT)

(MHz)

2316

2324

3.4

2324

2330

3.4

HF Point

UHF
point

(deg.)

(deg.)

50 ms ON/11.950 sec OFF

0 -6 - 11

12

-PL

weak to moderate lines

50 ms ON/11.950 sec OFF

0 -6 - 11

12

-PL

Interlock

HF Pulsing/IPP

Line

Comments
HF-11˚ >HF-6˚ > HF-0˚

We received weak to moderate returns for all three angles. Strongest return was for
HF-11˚, weaker return for HF-6˚, and weakest return for HF-0˚. For example, Fig. 58 is a
single shot plot for HF pointing at 11˚ return on 23:16:36 UT, where we observe two intense
daughter lines. We observed collapse feature with mini and main overshoots for all aspect
angles returns with variation in intensity.

Fig. 58 HAARP MUIR on 23:16:36 UT, 20090814, 3.4 MHz, HF: 11˚, UHF: 12, deg 50 ms
ON, 12 sec IPP, 0.4% duty cycle, with induced downshifted plasma lines: single shot plot for
HF pointing at 11˚ return, where we observe mini and main overshoots.
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4.15 HF-0˚, 100 ms ON pulse, UHF-0˚, downshifted lines, zenith scan

For the 2330 UT- 2345 UT, 20090813, experiment, HF pump frequency was 3.4
MHz pointing at vertical, while UHF look angle was also vertical. Table 19 contains the
details and the main results for the experiment.

Table 19: Experiment details for the 2330 UT- 2345 UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

HF
Point

UHF
point

(UT)

(UT)

(MHz)

(deg.)

(deg.)

2330

2336

3.4

100 ms ON/11.900 sec OFF

0

2336

2342

3.4

100 ms ON/11.900 sec OFF

2342

2345:30

3.4

100 ms ON/11.900 sec OFF

HF Pulsing/IPP

Line

Comments

0

-PL

weak lines

0

0

-PL

"

0

0

-PL

"

We received weak to moderate returns with overshoot for this experiment. Fig. 59 is a
single shot plot for HF pointing at 0˚, while UHF look angle is also pointing at 0˚ on
23:33:48 UT. It shows mini and main overshoots, as expected.
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Fig. 59. HAARP MUIR on 23:33:48 UT, 20090814, 3.4 MHz, HF: 0˚, UHF: 0˚100 ms ON,
12 sec IPP, 1% duty cycle, with induced downshifted plasma lines: Single shot plot for HF
pointing at 0˚, shows mini and main overshoots, as was expected.

4.16- HF-0˚, 1 sec ON pulse, UHF-0˚, downshifted plasma lines, zenith scan:

For the 2346 UT- 0000 UT, 20090813, experiment, 3.4 MHz HF long pulse of 1 sec
ON, 11 sec IPP was pointing vertically, while UHF look angle was also pointing vertically.
Table 20 contains details and main results of the experiment.

Table 20: Experiment details for the 2346 UT- 0000UT, August 13, 2009
Start
Time

End
Time

HF
Freq.

(UT)

(UT)

(MHz)

2346

2354

3.4

2354

0000

3.4

HF
Point

UHF
point

(deg.)

(deg.)

1 s ON/11 sec OFF

0

1 s ON/11 sec OFF

0

HF Pulsing/IPP

Line

Comments

0

-PL

weak lines

0

-PL

"
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We have a long pulse of 1 second with a high duty cycle of 9%. We received weak to
moderate lines for this portion of experiment. The collapse feature is dominant for HF
pointing at 0˚, with UHF also pointing at 0˚. Fig. 60 is a single shot plot of 1 second long
pulse with IPP of 11 seconds from the experiment that shows collapse.

Fig. 60. HAARP MUIR on 23:48:00 UT, 20090813, 3.4 MHz, HF: 0˚, UHF: 0˚, 1 sec ON,
11 sec IPP, 9% duty cycle, with induced downshifted plasma lines: Single shot plot shows
collapse feature of the return for 1 sec. long HF pulse pointed at 0˚, while UHF look angle is
also pointed at 0˚.
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As we have long pulse with high duty cycle, it generated AFAI, which is visible in
SuperDARN plot. Fig. 61 is the SuperDARN plot for the experiment that shows some
irregularities formed due to the 1 sec long pulse and the large duty cycle of 9%.

Fig. 61. SuperDARN plot for 20090813, 23:30:00 UT – 00:30:00 UT: SuperDARN plot
shows AFAI generated due to our experiment of 1 second long pulse. The color bar on the
right hand side of the plot shows the intensity in dB.
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5. Discussion
In this chapter we will analyze our results and will compare those with the theory and
with the findings of other researchers, which has already been discussed in the Background
section.

5.1 Spectra Observations
5.1a Parametric Decay Instability (PDI):
As discussed in the Background section, in Parametric Decay Instability (PDI), an
electromagnetic pump wave decays into an electrostatic ion acoustic wave of non-zero
frequency and a Langmuir wave, called daughter wave [Fejer, 1979]. We have observed this
decay process in our results. The PDI yields a daughter plasma line at a frequency less than
pump wave frequency by the ion acoustic frequency.
In the cascade feature, we measured the frequency of the first daughter line. Then we
identified the PDI by the difference of this frequency with pump wave frequency. For
example in section 4.4a, frequency of pump wave is 4.040 MHz, and first daughter line is
produced at about 4.035 MHz. The difference between 4.040 MHz and 4.035 MHz is 5 kHz,
which corresponds to the ion acoustic frequency.

5.1b Langmuir Decay Instability (LDI):
As discussed in the Background section, the process of further Langmuir wave decays
into a daughter Langmuir wave and an ion acoustic wave called Langmuir Decay Instability
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(LDI). The next frequency offset in the same receiver channel of the Langmuir decay
instability is twice the frequency offset of the parametric decay instability as is shown in Fig.
3 and Fig 4.
In the cascade feature, we measured the frequency of the second daughter line and
the third daughter line. Then we identified the LDI by comparing the difference of these two
measured frequencies. For example, in section 4.4a, the frequency of first daughter line is
4.035 MHz, and the frequency of third daughter line is 4.025 MHz. The difference between
4.035 MHz and 4.025 MHz is 10 kHz, which is twice the ion acoustic frequency as measured
by the PDI. The spacing between first and second daughter lines is double the spacing
between the pump wave and the first daughter line. This result is consistent with LDI theory.
This is true for all daughter line frequencies we measured.

5.1c Cascades:
In the Background section, we described cascade as a result of PDI and LDI. In our
results we observed these cascades, which is consistent with theory. Cascades are formed at
the frequencies lower than the pump frequency [Fejer, 1979]. We also observed in our
results that all the cascade lines are at lower frequencies than the HF pump frequency. For
example, in section 4.4a, for 4.04 MHz pump frequency, we observed cascade at lower
frequencies of 4.0375 MHz (f pump – f IA), 4.0325 MHz (f PDI – 2f IA), and the third one at
4.0275 MHz (f PDI – 4f IA) .
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Cascade can be observed when HF is pointing farther and farther from vertical
[Hanssen et al., 1992]. For example, in section 4.1a, for 4.04 MHz pump frequency, 50 ms
ON, 12 sec IPP, we observed cascades for both HF pointing at 7˚, and 14˚ while UHF was at
magnetic zenith. For HF at 14˚ return, we could see up to six cascade lines as in Fig 27.
This is consistent with the theory, as HF is here at magnetic zenith.
We observed more cascades for HF pump pointing at 14˚, and at 11˚ than at 7˚. We
observed multiple distinct cascade lines in section 4.1a for 4.04 MHz and in section 4.1b for
4.5 MHz pump frequency HF waves at the downshifted induced plasma line and in section
4.6 for 4.2 MHz, and in section 4.10 for 3.4 MHz pump frequency HF wave for upshifted
induced plasma line. In summary, we observed several cascade lines for each of the
following pump frequencies of 2.85 MHz, 3.17 MHz, 3.3 MHz, 3.4 MHz, 4.2 MHz, and 4.5
MHz.

5.1d Collapse:
As discussed in the Background section, a broad spectrum right at the HF pump
frequency offset is referred to as collapse. Spectra can be produced more efficiently and
observed closer to the reflection layer. Collapse can be observed if HF pointing angle is at
vertical or near it. As the HF is pointed farther and farther from vertical beyond the spitze
angle, collapse cannot be observed [Hanssen et al., 1992].
In our experiments we observed the collapse feature right at the pump frequency,
which is consistent with the theory. Existence of collapse also confirms the existence of four
way oscillating two-stream instability (OTSI). For example, in section 4.3, for 2.85 MHz
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wave pointing at 7˚ (spitze angle) we observed collapse right at the pump frequency of 2.85
MHz (Fig. 36). In this experiment we observed a much stronger collapse feature for HF at 7˚
than for HF at 14˚, which is also consistent with the theory. Table 21 has a list of all the
experiments in which we observed collapse.

Table 21. Collapse Observations

Section
Number

Date

HF
Freq.
(MHz)

HF
pulsing
(ms)

IPP
(sec)

HF
Pointing
(Degrees)

UHF
pointing
(Degrees)

Line

4.3

20090806

2.85

50

15

7-14

MZ

-PL

4.4 d

20090808

3.3

50

12

7-11-14

MZ

-PL

4.4 e

20090813

3.17

50

12

7-11-14

MZ

-PL

4.5

20090813

3.4

50

12

7-11-14

12

-PL

4.7 b

20090807

3.4

50

12

7-11-14

MZ

IL

4.8

20090814

3.4

50

12

0-7-11-14-7

MZ

-PL

4.9

20090814

3.4

50

12

0-7-11-14-7

12

-PL

4.13

20090813

3.4

50

12

0-6-11

6

-PL

4.14

20090813

3.4

50

12

0-6-11

12

-PL

4.15

20090813

3.4

100

12

0

0

-PL

4.16

20090813

3.4

1000

11

0

0

-PL

5.1e Coexistence:
As was described in the Background section, Fig. 10, coexistence (coex) is the
overlap region where both cascade and collapse are observable. HAARP can create coex by
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employing the full IRI array and these can be observed by MUIR. We observed coexistence
in our results. In section 4.3 we observed coex for 2nd gyroharmonic pump frequency of 2.85
MHz pointed at 7˚-14˚ with 50 ms ON, 15 sec IPP, at the downshifted induced plasma line.
UHF was at magnetic zenith. We observed coex for both HF pointing at 7˚, and 14˚, but
coex was relatively more intense for HF pointing at 7˚ (spitze angle) returns, where collapse
is stronger. Fig. 37 of the Results section is a waterfall plot for the coex feature, in which we
can see the collapse feature at the pump frequency of 2.85 MHz, and the cascade feature at
lower frequencies than 2.85 MHz. In section 4.4a, Figs. 39, 40, and 41, we observed coex for
4.04 MHz pump frequency pointing at 7˚-11˚-14˚, with 50 ms ON, 12 sec IPP, while UHF is
at magnetic zenith. We observed coex for all three HF angles. In section 4.4b, we observed
coex for 3.4 MHz pump wave pointing at 7˚-11˚-14˚, with 50 ms ON, 12 sec IPP, at
downshifted plasma line, UHF was pointing at magnetic zenith. In section 4.4c, 4.2 MHz
(around third gyroharmonics) was pointing at 7˚-11˚-14˚ alternately, with 50 ms ON, 12 sec
IPP, while UHF was at magnetic zenith. We observed coex in this experiment also. In section
4.8, Fig. 52, we observed collapse feature for 3.4 MHz pump wave pointing on 0˚-7˚-11˚14˚-7˚ alternately with 50 ms ON, 12 sec IPP for downshifted plasma line, while UHF was
pointing at magnetic zenith. In section 4.14, collapse was observed for 3.4 MHz pump wave
pointed at 0˚-6˚-11˚ with 50 ms ON, 12 sec IPP, at downshifted plasma line, while UHF was
pointing at 12˚.
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5.1f Outshifted plasma line (OPL):
As we described in the Background section, the Outshifted Plasma Line
(OPL) feature is formed by plasma waves shifted by more than the HF pump frequency. Fig.
7 shows that the outshifted plasma lines are present not only with the collapse feature, but
also with the cascade feature. We note that the OPL may be seen even when the collapse is
suppressed.
We observed OPL in our results with both cascade and collapse, which is consistent
with the theory. In section 4.1a, OPL were observed with cascade for 4.04 MHz pump wave
pointing at 7˚-14˚ with 50 ms ON, 15 sec IPP at downshifted plasma line, while UHF was
pointing at magnetic zenith. In section 4.1b and section 4.2, OPL were observed with
cascade for 4.5 MHz pump wave pointing at 7˚-14˚-off-11˚-14˚-off with 50 ms ON, 10 sec
IPP at downshifted plasma line, while UHF was pointing at magnetic zenith. In section 4.3,
OPL were observed with cascade, collapse, and coex for gyroharmonics frequency of 2.85
MHz pump wave pointing at 7˚-14˚ with 50 ms ON, 15 sec IPP at downshifted plasma line,
while UHF was pointing at MZ. In section 4.4a, we observed some OPL with cascade and
collapse for 4.04 MHz pump wave pointing at 7˚-11˚-14˚ alternately with 50 ms ON, 12 sec
IPP at downshifted plasma line, while UHF was pointing at magnetic zenith. In section 4.6,
OPL were observed with cascade for third gyroharmonics frequency of 4.2 MHz pump wave
pointing at 7˚-11˚-14˚ alternately with 50 ms ON, 12 sec IPP at upshifted plasma line, while
UHF was pointed at magnetic zenith. In section 4.10 and 4.11, OPL were observed with
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cascade for 4.5 MHz pump wave pointing at 0˚-7˚-11˚-14˚-off with 50 ms ON, 12 sec IPP at
downshifted plasma line, while UHF was pointed at magnetic zenith.

5.2 Aspect Angle Dependence
5.2a Returns at HF-0˚, when UHF is pointing at MZ:
As the HAARP pump HF wave was pointed vertically, and our MUIR (UHF) look
angle was along magnetic zenith, we expected that we would not get any return at this
position, but our both 2009 and 2010 HAARP experiments showed that we got a weak to
moderate return in some measurements.

Fig. 62. Ray tracing of the HAARP pump beam about the magnetic zenith direction. The
dashed line denotes the magnetic field line connected to HAARP, located at 0 km [Kosch et
al., 2007].
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The reason is that the low frequency wide HF beam splits into southwards and northwards
direction, so we get a return in southward position at MUIR, and we are able to see the return
from this angle [Kosch et al., 2007].

5.2b Kohl effect:

If HF is pointed at spitze angle (~ 6˚- 7˚) and UHF look angle is at magnetic zenith,
then this setup is called the Kohl setup. At this setup strongest returns can be observed, and
this phenomenon is called the Kohl effect [Sheerin et al., 2008]. In the Background section,
we show a schematic diagram of ray tracing for the HF waves at varying angles of incidence
into a horizontal uniform ionosphere. With the HF pump beam pointed at the spitze angle,
refraction of HF waves results in the electric field directly pointed towards MUIR, which is
looking up the geomagnetic field line at the turning point. Since MUIR is looking right
along the electric field direction, it receives strong echoes, and as a result, the strong return is
observed at this angle.
Our results are consistent with this theory. We received the strongest returns with HF
pointed at spitze angle and MUIR pointed along magnetic zenith. We varied HF frequency
from 2.85 MHz to 4.5 MHz. We measured upshifted and downshifted plasma lines. We used
50 ms short pulse with IPP of 10 sec, 15 sec, and mostly 12 sec. We varied HF pointing to 0˚,
6˚,7˚,11˚, and 14˚.
In section 4.1b, 4.5 MHz HF pump wave with 50 ms ON, 10 sec IPP, for downshifted
plasma line (-PL) was pointed at 7˚-14˚-off-11˚-14˚-off. UHF was pointed at magnetic zenith.
In most cases (80%) we recorded stronger cascade returns for HF at 7˚. In section 4.3; 2.85
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MHz (second gyroharmonic frequency) HF pump wave with 50 ms ON, 15 sec IPP, for
downshifted plasma line (-PL) was pointed at 7˚-14˚. UHF was pointed at magnetic zenith.
We received 65% stronger cascade returns at HF-7˚, compare to only 35% stronger cascade
returns at HF-14˚.
We received strongest return for HF pointed at 7˚ for the following experiments in Table 22:

Table 22: Kohl Effect Observations

Section
Number

Date

HF
Freq.
(MHz)

HF
Pulsing
(ms)

IPP
(Sec)

HF Pointing
(Degrees)

UHF
Pointing
(Degrees)

Line

4.1b

20100719

4.5

50

10

7-14-off-11-14-off

MZ

-PL

4.3

20090806

2.85

50

15

7-14

MZ

-PL

4.4a

20090807

4.04

50

12

7-11-14

MZ

-PL

4.4c

20090808

4.2

50

12

7-11-14

MZ

-PL

4.4d

20090808

3.3

50

12

7-11-14

MZ

-PL

4.8

20090814

3.4

50

12

0-7-11-14-7

MZ

-PL

4.9

20090814

3.4

50

12

0-7-11-14-7

12

-PL

4.11

20100718

4.5

50

12

0-7-11-14-off

MZ

+PL

4.13

20090813

3.4

50

12

0-6-11

6

-PL

95

5.2c Magnetic Zenith Effect:
In the Background section, Fig 11 of ray tracing [Rietveld et al., 2003], the ray at the
right most side of the diagram, is the HF pump wave pointed at the magnetic zenith. This
can give a very strong return for upper hybrid resonance. However, since MUIR is looking
perpendicular to the direction of this wave, it can not observe the strong effect of HF at
magnetic zenith.
For upper hybrid resonance, SuperDARN radar can observe the magnetic zenith
effect [Hughes et al., 2003]. For future experiments, we can use SuperDARN to detect HF at
magnetic zenith return and MUIR simultaneously. We can then compare the results of
SuperDARN and MUIR to study the magnetic zenith effect.

5.2d HF pointing at 11˚:
Watkins [2010] recently performed observations at HAARP, and he discovered that
HF pointing at 11˚ gives the strongest results, as we discussed in the Background section.
We also recorded the strongest returns with HF pointing at 11˚. HF at 7˚ return and HF at 11˚
return are comparable. In Fig. 54 of the Results section, we see divergence of HF waves.
When we receive strongest return at HF pointing at 11˚, it means at that time the refracted
beam is pointing right at MUIR. The reason may be related to a deviation of the ionospheric
profile from the horizontal stratified ionosphere assumption. A possible deviation would
occur if there are natural disturbances in the ionosphere, which would cause a tilting or
rippling of the density profile. HF pointing at 7˚ and 11˚ are with respect to the normal.
However, in case of a disturbed ionosphere, waves may refract differently as they are no
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longer pointed at the assumed angle with respect to the normal, and therefore MUIR may
receive 11˚ return pointed right at it. In the experiments below, we received HF pointing at
11˚ return as the strongest ones.

Fig. 63. Ray tracing in a disturbed ionosphere shows the deviation from the assumed aspect
angle for normal stratification [Huang, et al., 1998].

In section 4.4b, 3.4 MHz HF pump wave with 50 ms ON, 12 sec IPP, 0.4% duty cycle,
for downshifted plasma line was pointed at 7˚-11˚-14˚. UHF was pointed at magnetic zenith.
We had a good ionosphere most of the time during the experiment. We observed cascades,
collapse, and coex for this experiment. In section 4.6; 4.2 MHz (3rd gyroharmonic
frequency) HF pump wave with 50 ms ON, 12 sec IPP, for upshifted plasma line (+PL) was
pointed at 7˚-11˚-14˚. UHF was pointed at magnetic zenith. In section 4.10, 4.5 MHz HF
pump wave with 50 ms ON, 12 sec IPP, for upshifted plasma line (+PL) was pointed at 0˚-7˚-
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11˚-14˚-off. UHF was pointed at magnetic zenith. In section 4.14; 3.4 MHz HF pump wave
with 50 ms ON, 12 sec IPP, for downshifted plasma line was pointed at 0˚-6˚-11˚. UHF was
pointed at 12˚. Notice that we received 11˚ return stronger at upshifted plasma line for 4.2
MHZ and for 4.5 MHz.

5.3 AFAI formation
As we discussed in the Background section, monitoring and controlled production of
Artificial Field- Aligned Irregularities (AFAI) is an important feature for heating experiments,
as formation of AFAI may complicate our data analysis and results. AFAI may be formed
because of the pumping of ionosphere for a long time, long HF pulse (≥100 ms), and/or high
duty cycle (≥1%).
We used a short pulse of 50 ms (<100 ms) and low duty cycle of 0.3%, 0.4%, 0.5% in
most of our experiments. We monitored Kodiak SuperDARN radar data to look for any
natural irregularities and for any AFAI formation because of our experiment. We did not
observe any AFAI because of our experiments in which we used a short pulse and low duty
cycle. In section 4.15, we used a long pulse of 100 ms with a high duty cycle of 1%. In
section 4.16, we used long pulse of 1 second with a high duty cycle of 9%. In Fig. 61, in
SuperDARN plot, we observed AFAI because of 100 ms long pulses and 1 second long
pulses. This result is consistent with the theory that we suppressed production of AFAI by
using short pulse and low duty cycle, while we produced AFAI by using long pulse and high
duty cycle.
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Our efforts to suppress AFAI were usually successful. There were, however, some
instances when AFAI formed momentarily during our experiments in the ionosphere. These
instances occurred when we had natural irregularities at an altitude above our experiment
location. These irregularities formed while we had short pulse of 50 ms and a low duty cycle
of 0.4%. Natural irregularities produce ripples in their surrounding area. When the heater is
turned on, it amplifies these ripples, and irregularities are formed in the location of our
heating experiment.
Fig. 64 displays the SuperDARN plot for August 14, 2009, from 21:00:00 UT to
22:00:00 UT. Our experimental time was from 21:25:00 UT to 22:23:00 UT on August 14,
2009. 540 km is the range for our experiment. Intense echoes beyond the 540 km range are
from natural irregularities at higher range throughout our experiment. The periodic limited
range echoes right at 540 km range are AFAI due to enhancement of the ripples caused by
the natural irregularities, which already existed in the ionosphere. Intense echoes below at
shorter range are the objects such as ships or airplanes.
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Fig. 64. SuperDARN plot for 20090814, 21:00 UT – 22:00 UT: Intense echoes at the farthest
ranges are the natural irregularities. Obviously localized echoes at 540 km range are AFAI
due to enhancement of the ripples caused by the natural irregularities, which already existed
in the ionosphere. Intense echoes at much shorter range are the objects such as ships or
airplanes.

5.4 Gyroharmonic Observations:
Honary et al. [1999] described their results for observations of pump frequencies
close to the electron gyroharmonic at Tromsø facility. They observed that the striations in the
ionosphere are suppressed significantly as the pump frequency of HF waves approaches to
the third electron gyroharmonic.
In our experiment, we used the third electron gyroharmonic frequency of 4.2 MHz as
the HF wave pump frequency. Our method differs from Honary et al. We fixed the pump
frequency and observed while the gyroharmonic swept through our fixed frequency. We also
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used short pulses, 50 ms ON, low duty cycle, 12 sec IPP, HF transmissions. We used
different pointings for the HF pump wave. In section 4.4c, the HF pointing was varied 7˚11˚-14˚ alternately. The downshifted plasma line was recorded with MUIR, pointing at
magnetic zenith. Also in section 4.6, the HF pump frequency was 4.2 MHz pointed at 7˚-11˚14˚ alternately, with 50 ms ON, 12 sec IPP at upshifted plasma line, while UHF was pointed
at magnetic zenith. We did not observe any suppression of striations in the SuperDARN plot
for the time of experiment. There was no AFAI formed due to our experiment, as we used a
short pulse of 50 ms long and a low duty cycle of 0.4%. In section 4.3, HF pump frequency
was 2.85 MHz, which is the second electron gyroharmonic frequency. We did not observe
any change in AFAI formation for this experiment either; however, these experiments were
not optimized for this comparison.
In the future we can design experiments where we can change the heater frequency
during the experiment to see any changes in AFAI formation and other parameters because of
the gyroharmonic heater frequency.
We observed outshifted plasma lines for all of our experiments of heater frequency of
second gyroharmonic, third gyroharmonic, and frequencies close to third gyroharmonic. We
received outshifted plasma line for heater frequency of third gyroharmonic and second
gyroharmonic in the above experiments. We also received outshifted plasma lines for heater
frequency close to third gyroharmonic of 4.04 MHz in sections 4.1a, and 4.4a, while for 4.5
MHz in sections 4.1b, and 4.10.
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5.5 Temporal Evolution
As in the Background section, we discussed that overshoot occurs when the HF heater
is turned on after an off period of a few seconds, as the intensity of the plasma line
temporarily rises to level above the steady state level. We observed overshoot feature in our
results.
The prompt small overshoot feature is called a mini-overshoot, and the next big
overshoot is called “main overshoot.” Mini-overshoot occurs rapidly, about 3 ms after the
heater is turned on. It is hypothesized to be related to caviton turbulence. The main
overshoot is demonstrated to increase with AFAI. It occurs right after the middle point of the
pulse. Fig. 16 of the Background section shows the mini and main feature. It shows that
mini-overshoot occurs at 3 ms after the heater turns on, and main overshoot occurs in the
center of the pulse, which is about 25 ms to 30 ms after the heater turns on.
We observed both mini and main overshoots in our results. We measured the time for
mini and main overshoots. Our result of these measurements shows that mini-overshoot
occurred in the first pulse at around 3ms after the heater turned on. Main overshoot occurred
at the center of the pulse. For 50 ms pulse, we observed main overshoot at around 25 ms after
the heater turned on. Since our observations and the observations in Fig. 16 are taken at
different parts of the world and at different timing, we can say that that this phenomenon is
not an environmental or instrumental phenomenon, but it is the physic of overshoots. Fig. 45
and Fig. 47 of the Results section are the line plots of the returns for HF pointed at angles 7˚,
11˚, and 14˚ alternately. It shows that regardless of the pointing angle, the overshoots rise and
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decay at the same time, while their intensity and structure are different. Table 23 shows the
list of experiments in which we observed overshoots.

Table 23: Overshoot Observations

Section
Number

Date

HF
Freq.
(MHz)

HF
Pulsing
(ms)

IPP
(Sec)

HF
Pointing
(Degrees)

UHF
Pointing
(Degrees)

Line

5.4a

20090807

4.04

50

12

7-11-14

MZ

-PL

5.4b

20090807

3.4

50

12

7-11-14

MZ

-PL

5.4c

20090808

4.2

50

12

7-11-14

MZ

-PL

5.5

20090813

3.4

50

12

7-11-14

12

-PL

5.6

20090808

4.2

50

12

7-11-14

MZ

+PL

5.10

20100718

4.5

50

12

0-7-11-14-off

MZ

+PL

5.13

20090813

3.4

50

12

0-6-11

6

-PL

5.14

20090813

3.4

50

12

0-6-11

12

-PL

5.15

20090813

3.4

100

12

0

0

-PL

5.16

20090813

3.4

1000

11

0

0

-PL

5.6 SEE Results:
Fig. 33 of the Results section is the SEE spectrum for 00:00:59 UT of second
hour of the first PARS 2010 experiment. In this spectrum, we have received residual
radiation and narrow continuum. Fig. 34 is the MUIR spectrum. We can see from these two
figures that the spectrum of the Langmuir turbulence recorded by MUIR may be echoed in
the spectrum recorded by SEE.
103

6. Conclusions

Our conclusions for the series of experiments are summarized below for each
investigation.

6.1 Spectra
Frequency offset for the Langmuir decay instability is twice that of the parametric
decay instability. We can say that the spacing between any two consecutive daughter lines
starting from the first daughter line is double the spacing between pump wave and the first
daughter line. Cascade lines (up to six in number) were commonly observed.
The collapse feature occurs right at the pump frequency. Collapse can be observed if
HF pointing angle is at vertical or near it. We observed a decrease in occurrence of collapse
as the HF pointing angle increased.
HAARP creates coexistence spectra in the regions of overlap where both collapse and
cascade spectra may be excited.
Outshifted Plasma Lines (OPL) were produced and recorded with both cascade and
collapse features as expected from theory and simulations.
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6.2 Aspect Angle Dependence
The lower frequency wide HF beam splits out into both southwards and northwards
ray directions, so we may record radar backscatter in southward position at MUIR, and we
are able to see the return for HF at 0˚, while UHF look angle is at magnetic zenith.

The strongest radar backscatter was observed when HF is pointing at spitze angle
(~ 6˚- 7˚) and the UHF look angle was along the magnetic zenith. This significant result
confirms predictions based on simulations for the horizontallly stratified ionosphere. When
the HF pointing at 7˚ return and the HF pointed at 11˚ return were comparable, we could
identify deviations of the ionospheric profile from the horizontal stratified ionosphere
assumption, such as because of the tilting of the density profile in the disturbed ionosphere.

6.3 Artificial Field-aligned Irregularities
Production of AFAI can be controlled by using short pulse (< 100 ms) and low duty
cycle (<1%). If there are natural irregularities near the location of the experiment, those
natural irregularities produce ripples in their surrounding area. When the heater turns on, it
enhances those ripples, resulting in those irregularities being amplified.
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6.4 Gyroharmonics Observations
We did not observe any change in ionospheric striations for the HF pump frequency
of third or second electron gyroharmonics as described by Honary et al. [1999]. This
phenomenon needs more exploration. It will be explored in the future experiments. We
observed outshifted plasma lines for heater frequencies of second gyroharmonics, third
gyroharmonics, and frequencies close to third gyroharmonics.

6.5 Temporal Dependence
The mini-overshoot occurred rapidly, 3 ms after the heater turned on. Main
overshoot occurred after about 25 ms. These observations were consistent with timing
observed in the previous experiments at Arecibo and Tromsø. This independent
confirmation of timing provides support for descriptions of overshoot phenomena in terms of
plasma instabilities.

6.6 SEE Results
The SEE data recorded indicated a narrow continuum consistent with the predictions
of theory.
Future experiments will be devised on the basis of these observations to explore the
effects of ionospheric variability, the gyroharmonic effect, and spatial distribution of spectra.
Such experiments will aid in a thorough understanding of nonlinear plasma processes
applicable in many laboratory and space environments.
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