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OSCILLATIONS AND INSTABILITY OF A
WEAK WEAKLY TURBULENT PLASMA*
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(Received 19 November 1965)

THE PURPOSE of this paper is to study the possibility of describing effects associated with

the interaction of collective oscillations of a plasma by means of a self-consistent system

of equations: a kinetic equation for the distribution function of high frequency waves

(in six-dimensional co-ordinate and wave vector space) and equations describing the

W / nT < ( k A ) slow motion of a plasma under the action of a high frequency pressure. By means
D7 of such a system of equations it is possible to investigate processes in which the

characteristic periods and wavelengths considerably exceed the period and wavelength

of high frequency oscillations; only averaged characteristics of the high frequency

waves enter into the equations, and under such conditions these may be considered as

quasi-particles.
STRONG Spectra of Strong Langmuir Turbulence®

TURBULENCE A. S. Kingsep,* L. I. Rudakov,* and R. N. Sudanft

International Centre for Theoretical Physics, Trieste, Raly

(Received 4 October 1973)
W /nT > (kA,) cetved 4 Beto

Strong Langmuir turbulence is described in terms of a random set of blobs of self-
trapped plasma waves. The interaction of these blobs leads to the generation of power
spectra (lEk 12 < ™2 that agree with the results of one-dimensional computer simulation,
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Artificial Aurora — The Zenith Effect
Electron Acceleration (HAARP at 1 MW, EISCAT)

e s : 09 Feb 2002
05:00:00 UT
6300A

Gakona, Alaska S AFRL All-Sky Imager

University of Alaska




SEE Gyro-Harmonics
Sub-threshold Power

Double resonance near 4t cyclotron harmonic- HF frequency at zero shift 5.4 MHz

SURA Facility SEE Carozzi et al.JGR 2002
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* First science experiments at full power showed unexplained spot-
within-ring, bull’s-eye patterns in optical emissions extending beyond
beam edges filling ~% of sky. Pedersen et al. GRL, 2009

HAARP Transmitter Beam Pattern
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Line intensity.
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Multi-Site Optical and lonosonde

Measurements During Frequency Ramp

Simultaneous local and m: “"”5 7 ﬁ
remote optical and . - h%}k i
ionosonde e ,., o=
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Complicated 3-D w0 ]
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Two descending layers | LARP lonograme e e
observed Delta Junction Looking South HAARP Looking Up

Apparently correspond
to spot and ring

Gradually die out at

low altitude

Courtesy of T. Pedersen
2.850 MHz OFF



Range (km along -158"AZ 76 EL)

190

185

180

175

170

165

160

1585

1580

MUIR DATA - WATKINS
frequency shift from 446 MHz

Example: UHF radar data showing downward progression of signals
during 5 minutes of HF power

Note similarity with optical emissions
descent except for initial response
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03:10:00 03:15:00
UT (HH:MM:SS 06 February 2010)

Descending ion-line and plasma line structures
observed with UHF radar during heating.

Power Spectral Density (dB) Time: 0529:21 501
File: 20120501 004/d0048726 dtD.t5  Bearn Direction [deg]: ¢, = -155°, &, = 75°
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UHF Power Spectra During Initial Response Time
(First 12 pulses after HF turn on - 120 milli-sec)

Altitude (km)
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Interaction region just below F-region peak
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4 20MHz 11-Nov-2012 02:54:47

UHF Radar Doppler Power Spectra Observations
Courtesy of B. Watkins
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1. The 4.20 MHz frequency results show two distinct layers. (3™ gyro harmonic between 4.20 and 4.30 MHz)
2. Rate of descent approx same for 4.3, 4.4, 4.5 MHz. Lower descent rates for 4.1 and 4.2 MHz
3. Note direction of ion-acoustic waves for double layers that occur for 4.50 and 4.20 MHz. (yellow arrows)



POWER THRESHOLD

Figure below: UHF radar scattering from HF-enhanced ion-line Downward progression of signals is
for HAARP power levels 1%, 5%, 20%, 50% 100% (3.6MW) indicative of large-scale heating.

Range-Time-Power plot, 30 secs on—one minute off, 4.50 MHz HF power cycle

06-Nov-2010 HF=4.50 MHz lon-Line HF Power Cycle (1% 5% 20% 50% 100%)
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1. At least 20% of HAARP full power is required to attain substantial large-scale modification of ionospheric structure.
2. Double layer effect is not power-dependent. Exists for power greater than 20% level when signals are present.
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e Theory/Modeling - Key Physics Ideas

* Electron acceleration controlled by Langmuir turbulence at the reflection height

* Electron heating controlled by upper hybrid heating including dual resonance

* Field aligned heat transport of heated plasma and energetic electrons

Ray paths for HF radio waves
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Multi-time and length scale modular code (DAIL code
suite- Eliasson et al. JGR 2012):
Input: (i) HF E at 100 or 150 km (ii) Ambient density (iii) T,

Output: (i)Temporal evolution of density (ii) optical
emissions (iii) Supra-thermal EDF (iv) Plasma line

Code Components: (i) Multi-grid HF wave propagation with
Zakharov eqs module (ii) Electron acceleration module using
velocity diffusion tested against particle tracing (iii)
Energetic electron transport model including elastic and
inelastic collisions (iv) lonization-recombination\module (v)
chemistry package (vi) optical emission package (vi) plasma
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Figure 2. The amplitude of £, and slowly varying ion density fluctuations »; at various altitudes, for
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ION LINE PECULIARITIES

4.20MHz 11-Nov-2012 02:64:47

B. Watkins
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Power-height-time plot of HF-enhanced ion-line signals.
Close to 3" gyro-harmonic signals split into two layers.
Doppler spectra (example to left) show strong
asymmetries that indicate mainly upward propagating
only ion-acoustic waves in the upper layer. The
downward layer is associated with primarily downward
propagating ion-acoustic waves.

Time (HH:MM:SS UTC)

The above spectral asymmetries are interpreted to be the result of
electron flow upward and downward from the HF interaction region as
indicated by the yellow-colored arrows.
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P UH HEATING AND THE ROLE OF DOUBLE

RESONANCE w,,,,=nQ,

Is it related to ECR acceleration and how do we account in the context of our DAIL model?

Energization
W=,

]OUE s
G 08V
10 it —— 0.6 6V |

N e S s e S S S 02eV

W=y

0 20 40 60 80 100
e (eV)

Heating

The extent of acceleration depends of
heating

Hypothesis: UH heating different under double resonance

Next : Two ongoing studies of UH heating
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o /; STUDY ELECTRON HEATING DUE TO ES WAVE GIVEN BY E,=E_ sin(kx- wt)
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TRYLAS

i by
Figure 2: Power spectrum obtained from a Viasov simulation (left) and theoretical dispersion
diagram (right) showing the upper hybrnid (UH) branch and several clectron-Bemstein (EB)
modes at the clectron cyclotron harmonics for wyy = 4w.,. The wave energy is concentrated
to the cigenmodes of the system. After Eliasson (2010).
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SEE Spectra
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Figure 3. (a) The stack of five plots showing SEE spectra for the five different pump frequencies
marked on the vertical axis in the middle of the figure. The standard SEE spectral features and the pump
are labeled. These spectra are cross sections of the pump relative spectra versus pump frequency two-
dimensional plot in Figure 3b. (b) The position of the cross sections are marked with dashed, magenta
lines. The estimated range of the local fourth gyroharmonic is shown as a hatched region on the pump
frequency axis.
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Figure 13. Green line emission as derived from simulation for different input wave amplitude and initial
electron thermal energy: (a) Eo =1 V/m, T,=0.4 ¢V, (b) Ex=1.5V/m, T,=0.4 eV, and (c) Ex =1 V/m,

T,=0.6 eV.
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Figure 3. (a) The stack of five plots showing SEE spectra for the five different pump frequencies
marked on the vertical axis in the middle of the figure. The standard SEE spectral features and the pump
are labeled. These spectra are cross sections of the pump relative spectra versus pump frequency two-
dimensional plot in Figure 3b. (b) The position of the cross sections are marked with dashed, magenta
lines. The estimated range of the local fourth gyroharmonic is shown as a hatched region on the pump
frequency axis.
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Experimental results that suggest:

Large-scale density changes maximized for HF frequencies far from gyro-harmonics
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HF power cycled: 30secs on 60 secs off
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Topic 4: UHF Radar Doppler Power Spectra Observations
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Enhanced lon-Line Doppler Spectra for 4.20MHz
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New Results: Two scattering structures
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electron flow upward and downward from the HF interaction region as
indicated by the yellow-colored arrows.
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