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Abstract-This paper was written for the Culham conference two years ago, but owing to circum- 
stances beyond the control of the authors it has not been widely circulated. 

The paper is, in the main, the presentation of an original method for considering a weakly 
turbulent plasma. The virtue of this method, as compared with the normal methods which are based 
on perturbation theory, lies in its simplicity and physical clarity. It was first shown, using just this 
very method, that a weakly turbulent plasma can exhibit new types of oscillation and instability and 
that the propagation law for electromagnetic waves is substantially altered. 

There has now begun a wide experimental study of plasma turbulence. The method presented 
here for theoretically discussing turbulence enables new results to be easily obtained. It is relatively 
simple to understand and can be grasped by non-theoreticians. The authors therefore consider that 
the publication of this article serves a useful purpose. 

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 
slow motion of a plasma under the action of a high frequency pressure. By means 
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. 

SECTION 1 

Equations describing the interaction of quasi-particles with matter can be obtained 
starting from the Lagrangian L-system for quasi-particles and matter: 

L = L, + L, + L12, (1) 

where L, is the Lagrangian of the matter; for instance, for longitudinal acoustic 
oscillations in an isotropic medium 

2 

L, = 2 [ (3) at - c,2( v * 4, 
where p is the density of the medium; c, the speed of sound, g the displacement of the 
matter; L2 the Lagrangian of the quasi-particles and 4, the Lagrangian of the inter- 
action, For the case of interaction with longitudinal sound waves 

L,, = I: s v . F(x,), 
i 

* Translated by Culham Translation Office (September, 1965). 
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comparison of these potentials with the excess entropy
production has been given by R. Graham, in Coherence
and Quantum Optics, edited by L. Mandel and E. Wolf
(Plenum, New York, 1978), p. 851.
L. D. Landau and E. M. Lifshitz, Pluid Dynamics

(Pergamon, New York, 1959).
'These equations were applied to the Benard problem

before in K. M. Zaztsev and M. I. Shliomis, Zh. Eksp.
Teor. Fiz. 59, 1588 (1970) [Sov. Phys. JETP 82, 866
(1971)], where a linearized theory of the transition has
been given.
6A. Schluter, D. Lortz, and F. Busse, J. Fluid Mech.

23, 129 (1965).
~The well-known hexagonal convection cells would re-
quire non-Boussinesq terms in the equations of motion;
cf. R. E. Krishnamurti, J. Fluid Mech. 88, 445 (1968).
A. C. Newell and J. A. Whitehead, J. Fluid Mech. 88,

279 (1969).
Length, time, velocity, and temperature are mea-

sured in units of l, l2/v, v/l, and (&Tv /gp~l ), re-
spectively. l, v, DT, P, g, and & are the cell thick-
ness, the kinematic viscosity, the externally main-
tained temperature difference between bottom and top
of the layer, the fluid's volume expansion coefficient,
the gravitational acceleration, and the thermometric

conductivity, respectively. The Rayleigh number R
=gpaT l~/vw and the Prandtl number P = v/t& are formed
from these constants. Later we will have to use the
fluid density p, the average fluid temperature T, its
specific heat C&, the cell length in the y direction (L„),
and the total area & of the layer. E is Boltzmann's con-
stant. 1 abbreviate (R R~—)/R, =e.
The second-order functional derivatives taken at the

same point, which appear in Eq. (2), are not well de-
fined if operating on a functional containing Iu)l, as,
e.g. , the functional p given by Eq. (2). This difficulty
suggests the use of a certain microscopic length as a
cutoff in order to delocalize the second-order function-
al derivatives. The time-independent solution of Eq.
(2) is then found to be cutoff independent, while fluctua-
tion rates which are determined from Eq. (2) will de-
pend on the cutoff.
~~J. S. Langer and V. Ambegaokar, Phys. Rev. 164,
498 (1967).
D. J. Sca.lapino, M. Sears, and R. A. Ferrell, Phys.

Rev. B 6, 8409 (1972).
~3H. Risken, in Progress in OPtics, edited by E. Wolf
(North-Holland, Amsterdam, 1970), Vol. 8; H. Haken,
in IIandbuch der Physik, edited by S. Flugge (Springer,
Berlin, 1970), Vol. 25.

Spectra of Strong Langmuir Turbulence*

A. S. Kingsep, * L. I. Rudakov, * and R. N. Sudan)
International Centre fox Theoxetica/ Physics, Trieste, Paly

(Received 4 October 1978)

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 (lE& ~2) ~ k 2 that agree with the results of one-dimensional computer simulation.

The strongly turbulent regime is of great im-
portance in the heating of plasma by high-current
relativistic electron beams or by powerful la-
sers. Indeed, in both cases an important process
by which the energy of the beam or the trans-
verse electromagnetic wave is converted to plas-
ma energy is via Langmuir oscillations. If the
input power and pulse duration are large enough
the energy density of oscillations may become
very high. The applicability of weak-turbulence
theory is restricted by the condition

W/nT & (kXn)',

where 8" is the energy density of the oscillations,
nT is the thermal energy density, k is the typical
wave number of the oscillations, and A, D is the
Debye length. If this condition is not satisfied,
the characteristic rates of nonlinear interactions
5u-~~(W/nT) become greater than the frequency

spread due to thermal effects 5&@~-u~(kh. n)2; m~
= (4nne'/m)"' is the electron plasma frequency.
It has been shown' that the Langmuir spectrum
is unstable with respect to low-frequency density
perturbations when W/nT & (4kXn)', where &k is
the width in the k spectrum. For the case bk/k
«1, this instability is identified with the decay
instability or at higher amplitudes with the oscil-
lating two-stream instability. In the opposite
limit 4k-k, when the resonant conditions cannot
be satisfied for the entire set of k in the spec-
trum, only the modulational instability of Ref. 1
can exist. Thus even when W/nT «I, strongly
correlated states may be a feature of Langmuir
turbulence. There exist, then, the problems of
the dynamics of such a turbulent state, of the dis-
sipation of wave energy, of beam-plasma and
laser-plasma interactions in this regime, etc.
Processes of this kind were investigated in
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W / nT < (kλD )

W / nT > (kλD )



B	  

fp=	  3-‐10	  MHz	  
36	  acres	  

HAARP	  heater	  –	  Phase	  Array	  -‐360	  el	  
2.8-‐10	  MHz,	  ERP	  .6-‐5	  GW	  	  

E≈1-‐1.5	  V/m	  at	  150	  km,	  5	  MHz	  

V /Ve ≈ .1 at	  230	  km	  

IONOSPHERIC	  HEATING	  AND	  HEATERS	  



4.5	  MHz,	  Azimuth=0	  	  

Zenith=60	  Zenith=45	  

MagneMc	  Zenith	  

Zenith	  =0	  

2.70	  MHz	   5.95	  MHz	   9.2	  MHz	  
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Eperp	  

B=0	  

Plasma	  
Frequency	  
(Reflec4on)	  

Upper	  
Hybrid	  

Transmiaer	  
Frequency	  

2nd	  
Gyroharmonic	  

Poten4al	  
Interac4on	  
Regions	  

HF	  PATHS	  –	  RESONANCE	  FREQUENCIES	  

HF	  frequency	  equals;	  Plasma	  frequency,	  
Upper	  hybrid,	  double	  resonance	  if	  upper	  
hybrid	  coincides	  with	  cyclotron	  frequency	  

4-‐6	  km	  



6	  SEE	  

quency over HAARP is estimated at 1.429 MHz using the
IGRF model. The optical, radar, and GPS receivers operated
at HAARP are described by Kendall et al. [2010].
[7] When the transmitter was turned on at 02:34 UT on

28 October 2008, the spectra immediately showed down-
shifted and upshifted emissions at harmonic frequencies of
the ion gyro frequency (Figure 1). The intensity of the ion‐
harmonic emission lines did not show significant fluctua-
tions over the 4 minute transmission period. The downshift
(Stokes) emissions were paired with weaker upshifted (anti‐
Stokes) emission lines. The stimulated electromagnetic
emission spectral only showed the pump frequency at
2.85 MHz, the ion‐gyro‐harmonic offsets from the pump,
and weak emissions at harmonics of 120 Hz introduced into
the transmitter by the full‐wave rectified AC supply operated
on 60 Hz power. The emission lines from the ionosphere are
attributed to the stimulated ion Bernstein (SIB) process
described in the previous section.
[8] The measured SEE spectrum shows ion Bernstein

lines with maximum intensity at n = 4 (Figure 2). Strong
lines are observed between n = 3 and n = 6 with significant
harmonic lines extending to n = 16 where the frequency
offset is 781 Hz. The strong downshifted (Stokes) lines have
corresponding upshifted (anti‐Stokes) lines that are about
11 dB weaker. The HAARP transmitter has weak power
supply modulations that are 80 dB or more below the
transmitter carrier. The locations of these interfering emis-
sions are indicated by red dots in Figure 1. No other lines

out to ±125 kHz from the pump frequency were seen in the
SEE spectra at the time of the observations in Figure 1. The
power supply harmonics are narrower than the SIB lines.

3. Stimulated Bernstein Waves at the Second
Gyro Harmonic

[9] The production of stimulated ion Bernstein (SIB)
emissions is considered for an electromagnetic pump wave
tuned to the second harmonic of the electron cyclotron
frequency. For maximum pump amplitude, the plasma fre-
quency should be nearly equal to the pump frequency. This
double resonance occurs if the EM pump frequency is tuned
to match the frequency at the altitude where the plasma
frequency in the plasma layer is equal to twice the electron
gyro frequency. The double resonance of w0 = wpe = 2 We
insures that a large amplitude wave is formed at the point
where the pump electric field can couple into the electron
Bernstein resonance at twice the electron cyclotron frequency.
[10] The electron and ion Bernstein modes along with

upper hybrid and lower hybrid modes are of interest to
ionospheric modification experiments because they can
propagate perpendicular to the magnetic field without
Landau damping. The general formalism for parametric
processes driven by an electromagnetic wave has been given
for unmagnetized plasma [Drake et al., 1974] and for mag-
netized plasmas [Porkolab, 1978; Liu and Tripathi, 1986].
The simple dispersion relation from Porkolab [1978] is
given as

" !2; kð Þ þ !2
e

4
"e !2; kð Þ"i !2; kð Þ 1

" !2 þ !0; kð Þ
þ 1
" !2 $ !0; kð Þ

! "
¼ 0

ð1Þ

where me is the normalized pump electric field that dis-
places the electrons, subscripts e and i denote electrons and
ions, ce and ci are the linear susceptibilities at the low fre-
quency w2 and wavenumber k, the + and − signs represent
the sidebands (w2 ± w0) with electromagnetic pump w0.
Equation (1) was derived assuming that that me & 1. The
linear dielectric function is "(w, k) = 1 + ci(w, k) + ce(w, k)

Figure 1. Spectrograph of stimulated emissions near
harmonics of the ion cyclotron frequencies.

Figure 2. Stimulated Ion Bernstein Scatter observed at
HAARP with the transmitter tuned to precisely twice the
electron cyclotron frequency. No other SEE emissions are
observed within 80 kHz of the pump frequency. The red
dots show the location of power supply harmonic interfer-
ence at multiples of 120 Hz.

BERNHARDT ET AL.: BERNSTEIN WAVES EXCITED BY EM WAVES L19107L19107
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UHF	  Radar	  (446	  MHz)	  

Bernhardt	  
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Cross	  Modula4on	  

Thermal	  Bulk	  Hea4ng	  

Parametric	  Instabili4es	  and	  S4mulated	  
Electromagne4c	  Radia4on	  

Electron	  Accelera4on	  /	  Airglow	  

	  Ioniza4on	  

Shock	  Fronts	  

Power	  Thresholds	  to	  Trigger	  Processes	  in	  
the	  Ionosphere	  



Artificial Aurora – The Zenith Effect 
Electron Acceleration (HAARP at 1 MW, EISCAT) 



SEE Gyro-Harmonics 
 Sub-threshold Power  

SURA Facility SEE Carozzi et al.JGR 2002 

Double resonance near 4th cyclotron harmonic-‐	  HF	  frequency	  at	  zero	  shi\	  5.4	  MHz 

100 kHz 0	  



180°	  

~40°	  

•  First	  science	  experiments	  at	  full	  power	  showed	  unexplained	  spot-‐
within-‐ring,	  bull’s-‐eye	  pa_erns	  in	  opMcal	  emissions	  extending	  beyond	  
beam	  edges	  filling	  ~¼	  of	  sky.	  Pedersen	  et	  al.	  GRL,	  2009	  

Pedersen	  et	  al.,	  2009	  

HAARP	  Transmiaer	  Beam	  Paaern	  

Non-‐Linear	  Reality	  at	  3600	  kW	  

Gap	  between	  central	  
spot	  and	  ring	  begins	  near	  

50%	  power	  point	  

Ring	  near	  10%	  
power	  contour	  

HAARP	  AT	  3.6	  MW	  –	  NEW	  THRESHOLD	  -‐	  APL	  



HYPOTHESIS	  –	  ARTIFICAL	  PLASMA	  LAYER	  

Ar6ficial	  
plasma	  	  

“Ring”	  

Natural	  
plasma	  	  

Background	  Trace	  

HAARP-‐Produced	  Trace	  =	  
Ar6ficial	  Layer	  

Pedersen	  et	  al.,	  GRL,	  2009	  

PEDERSEN	  ET	  AL,	  GRL	  2009,2010,2011	  

Cartoon	  

Tomography	  

ReflecMon	  



Pedersen	  et	  al.,	  GRL	  	  2010	  

Descending	  APL	   2GH,	  440	  MW,	  MZ	  

§ (le\)	  Background	  echoes	  (the	  heater	  	  
off).	  	  	  	  	  
§ (center)	  	  Heater	  on:	  Two	  lower	  layers	  of	  
echoes	  near	  160	  and	  200	  km	  virtual	  
height	  for	  210	  s.	  	  
§ (right)	  True	  height	  profiles.	  

Time-‐vs-‐alMtude	  plot	  of	  557.7	  nm	  opMcal	  emissions	  along	  	  B	  
with	  contours	  showing	  the	  alMtudes	  where	  fp	  =2.85	  MHz	  
(blue),	  UHR=	  2.85	  MHz	  (violet),	  and	  2fce	  =	  2.85	  MHz	  (dashed	  
white).	  Horizontal	  blips	  are	  stars.	  Green	  is	  the	  Ion	  	  AcousMc	  
Line	  	  intensity.	  
ü the	  arMficial	  plasma	  near	  	  hmin	  was	  quenched	  several	  Mmes.	  

Mishin	  &	  Pedersen	  ,	  GRL	  	  2011	  Courtesy	  of	  E.	  Mishin	  



Mul4-‐Site	  Op4cal	  and	  Ionosonde	  
Measurements	  During	  Frequency	  Ramp	  

•  Simultaneous	  local	  and	  
remote	  opMcal	  and	  
ionosonde	  
measurements	  

•  Complicated	  3-‐D	  
structure	  clearly	  
apparent	  

•  Two	  descending	  layers	  
observed	  

•  Apparently	  correspond	  
to	  spot	  and	  ring	  

•  Gradually	  die	  out	  at	  
low	  alMtude	  

Courtesy	  of	  T.	  Pedersen	  
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Descending	  ion-‐line	  and	  plasma	  line	  structures	  
observed	  with	  UHF	  radar	  during	  hea4ng.	  

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

-‐5kHz	   +5kHz	  Frequency	  

225	  

228	  

MUIR	  DATA	  -‐	  WATKINS	  

€ 

Δω ≈ kCs = 2koCs

Cs =
γTe
M

Te ≈ .65(Meff /20γ )(Δf /5kHz)eV

PLASMA	  
LINE	  

IA	  

Note	  similarity	  with	  opMcal	  emissions	  
descent	  except	  for	  iniMal	  response	   frequency	  shi\	  from	  446	  MHz	  



UHF	  Power	  Spectra	  During	  IniMal	  Response	  Time	  	  	  	  
(First	  12	  pulses	  aDer	  HF	  turn	  on	  	  -‐	  120	  milli-‐sec)	  

30	  sec	  HF	  on	  Mme	  

0	  ms	  

40	  ms	  

60	  ms	  

80	  ms	  

100	  ms	  

120	  ms	  

-‐5kHz	   +5kHz	  

-‐5kHz	   +5kHz	  Frequency	  



Results	  for	  4	  HF	  
frequencies	  near	  the	  3rd	  
Gyro	  Harmonic	  	  	  	  	  	  	  	  HF	  
power	  cycled:	  	  30secs	  

on	  60	  secs	  off	  	  

1.  The	  4.20	  MHz	  frequency	  results	  show	  two	  disMnct	  layers.	  (3rd	  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	  direcMon	  of	  ion-‐acousMc	  waves	  for	  double	  layers	  	  that	  occur	  for	  4.50	  	  and	  4.20	  MHz.	  (yellow	  arrows)	  	  	  

	  	  	  	  UHF	  Radar	  Doppler	  Power	  Spectra	  ObservaLons	  
Courtesy	  of	  B.	  Watkins	  

Upward	  

Downward	  
IA	  asymmetry	  	  ?	  



Figure	  below:	  UHF	  radar	  sca_ering	  from	  HF-‐enhanced	  ion-‐line	  
for	  HAARP	  power	  levels	  1%,	  5%,	  20%,	  50%	  100%	  (3.6MW)	  

100%	  

5%	  

50%	  

1%	  

20%	  

Downward	  progression	  of	  signals	  is	  
indica4ve	  of	  large-‐scale	  hea4ng.	  	  

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

POWER	  THRESHOLD	  

1.	  At	  least	  20%	  of	  HAARP	  full	  power	  is	  required	  to	  aQain	  substanLal	  large-‐scale	  modificaLon	  of	  ionospheric	  structure.	  
2.	  Double	  layer	  effect	  is	  not	  power-‐dependent.	  Exists	  for	  power	  greater	  than	  20%	  level	  when	  signals	  are	  present.	  

Note:	  
AlLtude	  of	  iniLal	  
response	  is	  
substanLally	  
higher	  than	  
extended	  
heaLng	  phase	  

Note:	  
Double	  layer	  
structure	  
For	  all	  power	  	  
levels	  >	  20%	  

~	  400	  m/s	  
downward	  



Ionospheric heating at TromstiI 

Ray paths for HF radio waves 
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Fig. 4. HF radio wave paths in the ionosphere from the heating transmitter for various angles of incidence 
and polarizations. 

between the electric field and the geomagnetic field 
increases successively. At the upper hybrid resonance 
height, where the wave frequency equals the upper 
hybrid resonance frequency, fu, where f ,” = f i + f ,“, 
the electric field is directed essentially perpendicular 
to the geomagnetic field. At this height, typically 6 km 
below the reflection height, wave modes which are 
unique to a magnetised plasma, such as Bernstein 
modes, may be enhanced by the electromagnetic wave. 
When there is a steep plasma frequency profile, such 
as far below the F-region peak or in the E-layer, the 
difference between the upper hybrid height and the 
reflection height becomes small, which can make it 
difficult to determine ex~rimentally which of these 
two height regions is important for the various physi- 
cal processes. Figure SC also illustrates how the stand- 
ing HF wave pattern at the steeper E-region gradient 

falls off over a much shorter height range than in the 
F-region (Fig. 5b). The extraordinary mode also does 
not reach the upper hybrid height, as illustrated in 
Figure 4. 

Ordinary mode rays incident on the ionosphere 
with an angle greater than the critical angle (some- 
times called ‘Spitze angle’), 4,, defined by 

&, = sin-’ [JyI(I+y) cos II 

are also reflected below the level where X = 1. For 
Tromss with I = 78” and fn = 1.35 MHz, c$~ varies 
from 6” at 4 M H z to 4 . 5 ”  at 8 MHz. That the HF 
wave is largely within this angle was one of the criteria 
used for choosing the angular width of the two 
antenna arrays of 1.5” (+7S” between the 3 dB 
points). Figure 4 illustrates reflection at the critical 
angle. 

ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  

Theory/Modeling	  -‐	  Key	  Physics	  Ideas	  
• 	  Electron	  accelera4on	  controlled	  by	  Langmuir	  turbulence	  at	  the	  reflec4on	  height	  
• 	  Electron	  hea4ng	  controlled	  by	  upper	  hybrid	  hea4ng	  including	  dual	  resonance	  
• 	  Field	  aligned	  heat	  transport	  of	  heated	  plasma	  and	  energe4c	  electrons	  	  
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ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  

B	   Mul4-‐4me	  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)	  Te	  
	  
Output:	  (i)Temporal	  evoluMon	  of	  density	  (ii)	  opMcal	  
emissions	  (iii)	  Supra-‐thermal	  EDF	  (iv)	  Plasma	  line	  
	  
	  

19	  

Code	  Components:	  (i)	  MulM-‐grid	  HF	  wave	  propagaMon	  with	  
Zakharov	  eqs	  module	  (ii)	  Electron	  acceleraMon	  module	  using	  
velocity	  diffusion	  tested	  against	  parMcle	  tracing	  (iii)	  
EnergeMc	  electron	  transport	  model	  including	  elasMc	  and	  
inelasMc	  collisions	  (iv)	  IonizaMon-‐recombinaMon	  module	  (v)	  
chemistry	  package	  (vi)	  opMcal	  emission	  package	  (vi)	  plasma	  
wave	  package	  

energy by collapsing wave packets [e.g., Galeev et al., 1977].
Similar results are obtained for pump amplitudes EO = 1 and
2 V=m. Figure 3 illustrates that both the size of the turbulent
region z and the amplitude of the electrostatic waves
increase with increasing amplitude of the pump wave.
[9] The short-scale (low-phase speed) Langmuir waves

interact resonantly with electrons, which are stochastically
accelerated, leading to electron diffusion in velocity space
and formation of a high-energy tail in the electron distribu-
tion function. This process and transport of the electrons

through the turbulent region can be modeled by a Fokker-
Planck equation for the averaged 1D (along B0) electron
distribution [e.g., Sagdeev and Galeev, 1969]

∂F
∂t

þ v
∂F
∂z

¼ ∂
∂v

D vð Þ ∂F
∂v

ð1Þ

with diffusion coefficient D(v)

D vð Þ ¼ pe2

m2
e

Wk w; wv
! "

vj j
ð2Þ

Figure 1. From left to right: The altitude profile of the ambient F-region density, electric field compo-
nents, and ion density fluctuations for EO ¼ 1:5 V=m.

Figure 2. The amplitude of Ez and slowly varying ion density fluctuations ni at various altitudes, for
EO ¼ 1:5V=m.
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Normalized	  EDF	  of	  supra-‐thermal	  electrons	  for	  E	  1.5	  V/m	  at	  100	  km	  

.6	  eV,	  1.5	  V/m	  
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10	  km	  

40	  km	  

Layer	  contains	  
plasma	  and	  UH	  

Algorithm	  



applied with a 0.1 s time step and a spatial grid of 0.5 km.
The location of the accelerating layer, initially at 230 km, is
dynamically updated at each time step. We assume that SLT
produces the same power-law distribution at each step.
[22] Figure 11 shows the temporal and spatial develop-

ment of the densities of electrons, O+ and molecular ions. It
is seen that in 4 minutes the artificial plasma descends from
230 to ≈160 km with the mean speed ≈300 m=s. Initially, the
electron and O+ densities increase in step due to ionization of
mainly atomic oxygen, which is the dominant component at
z > 180 km. At lower altitudes, the formation of the artificial
plasma is dominated by ionization of nitrogen. The iono-
spheric length scale Ln at the critical layer typically decrea-
ses from about 40 km in the original ionosphere, to about
10 km at lower altitudes. Near the terminal altitude of
150 km, the ionization production (cf. Figure 10) and speed
of descent slow down. At the terminus, the ionization pro-
duction is balanced mainly by recombination of molecular
ions, and the descent stops.
[23] Figure 12 shows the DAIL terminal altitude

(Figure 12a) and the average descent speed (Figure 12b)
computed for different values of EO and Te0. The average
speed is simply the distance from the initial altitude to the
terminus divided by the propagation time. At relatively low
EO ¼ 1 V=m and Te0 = 0.2 eV, the DAIL descends by less
than 10 km. For lower pump electric fields and electron
temperatures, DAILs do not develop. As anticipated from
the dependence of the ionization rate, the average speed
increases with EO and Te0.
[24] To compare directly with the DAIL optical sig-

natures [Pedersen et al., 2010], the green-line emissions
have been calculated from the simulation data. As in the
experiment, the green-line emission serves as diagnostics

of the related DAIL. Figure 13 shows the results of
modeling of the relative intensity of the oxygen emission
at 557.7 nm (the green line) excited by the accelerated
electrons. The emission intensity I is proportional to the
excitation rate of atomic oxygen by the electron impact

I ∝ NO

Z ∞

4:2 eV
Fhot ɛ; zð Þs1S ɛ; zð Þv ɛð Þdɛ. Here ss is the

excitation cross section of the O(1S) state. As with the
descent speed, the intensity increases with the pump
electric field and the temperature of the bulk of electrons.

5. Discussion

[25] In this section, we compare the simulation results
with the observed features of HF-induced plasma layers. The
simulations produce an artificial ionospheric layer, des-
cending from ≈230 km on average at ≈300 m/s, until ioni-
zation is balanced by recombination and ambipolar diffusion
near 150 km. As it follows from Figure 11a, during the first
2 min in the heating, the O+-dominated newly born plasma
at h ≥ 180 km is confined to the bottomside of the original F2
layer. At lower altitudes, the artificial plasma above the
descending acceleration-ionization source is rapidly
depleted due to recombination of molecular ions, thereby
separating the ionization front from the original F2 peak.
These features agree well with the Pedersen et al. [2010]
ionosonde and optical observations. The corresponding
descent of the SLT generation region is also observed by the
MUIR radar ion-line observations [Mishin and Pedersen,
2011, Figure 1].
[26] The low-amplitude threshold of EO for the formation

of DAILs seen in Figure 12a is in line with the recent
observations at HAARP [Pedersen, 2012] which show that

Figure 13. Green line emission as derived from simulation for different input wave amplitude and initial
electron thermal energy: (a) E0 = 1 V/m, Te = 0.4 eV, (b) E0 = 1.5 V/m, Te = 0.4 eV, and (c) E0 = 1 V/m,
Te = 0.6 eV.
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24	  Pedersen	  et	  al.	  2010	  fp	  =2.85	  MHz	  (blue),	  fUH	  =	  2.85	  (violet)	  	  

IA	  

Descending	  ion-‐line	  and	  
plasma	  line	  structures	  

observed	  with	  UHF	  radar	  
during	  hea4ng.	  
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HYPOTHESIS:	  Hot	  plasma	  .4-‐.6	  eV	  with	  supra	  -‐	  thermal	  tails	  creates	  enhanced	  IA	  
and	  electron	  plasma	  waves	  locally	  –(	  IA	  and	  plasma	  waves	  are	  damped	  within	  few	  
meters	  and	  do	  not	  propagate)	  
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ION	  LINE	  PECULIARITIES	  

INJECTION	  
DOWNWARDS	  

INJECTION	  
UPWARDS	  

€ 

star→Δω ≈ 2kRcs

€ 

star→Δω ≈ -2kRcs

Plasma	  with	  dri\	  
γ(k)=0 gives	  

€ 

Vd (k) = (ω k /k) + (ion L damping)

€ 

S(k) =
1
2

ω k /k
Vd (k) −Vd

B.	  Watkins	  
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ONGOING	  PHYSICS	  STUDIES	  FOR	  INPUT	  TO	  DIAL	  
MODEL	  

1.  MULTI-‐DIMENSIONAL	  ISSUES	  
2.   UPPER	  HYBRID	  
3.   DOUBLE	  RESONANCE	  HEATING	  

P.	  BERNHARDT	  
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O-‐mode,	  1V/m	  amplitude,	  electron	  temperature	  0.4	  eV,	  and	  different	  angles	  of	  incidence,	  	  

Weak	  Turbulence	  

Weak	  turbulence	  

spMtze	  



UH	  HEATING	  AND	  THE	  ROLE	  OF	  DOUBLE	  
RESONANCE	  ωUH≈nΩe	  

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

ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  
EnergizaMon	  

HeaMng	   The	  extent	  of	  acceleraMon	  depends	  of	  	  
heaMng	  

Hypothesis:	  UH	  heaMng	  different	  under	  double	  resonance	  	  	  

Next	  :	  Two	  ongoing	  studies	  of	  UH	  hea4ng	  
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UPPER	  HYBRID	  –	  RESONANCE	  ABSORPTION	  
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	  STUDY	  ELECTRON	  HEATING	  DUE	  TO	  ES	  WAVE	  GIVEN	  BY	  Ex=Eo	  sin(kx-‐	  ωt)	  	  	  
StochasMcity	  analysis	  104	  

parMcles	  	  

A=ekxEo/mΩe
2, Ω=ω/Ωe,	  

Velocity	  norm	  to	  ω/k,	  t-‐>1/Ωe	  

3.5	  V/m	  
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Strongly	  anisotropic	  
Hea4ng	  



L=1	  OAM	  GeneraMon	  with	  HAARP	  

Gain	  (dB)	  
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|E|	  (V/m)	  

Instant	  
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14	  March	  2013	  01:30	  to	  04:00	  GMT	  
Extended	  ArMficial	  IonizaMon	  with	  5.8	  MHz	  Twisted	  Beam	  

½	  Hour	   1	  Hour	   1	  ½	  Hour	  

2	  Hour	   2	  ½	  Hour	   3	  Hour	  

BERNHARDT	  
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SUPPELEMENTARY	  SLIDES	  



SEE	  Spectra	  
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Raising	  MUF	  to	  GHz	  
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RF	   transmi_ed	   from	   	   Tx	   along	  
the	   90⁰	   line	   are	   orthogonal	   to	  
FAI	   and	   will	   be	   observed	  
everywhere	   at	   the	   90⁰	   line.	   Tx	  
located	   in	   the	   92⁰	   l ine	  
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applied with a 0.1 s time step and a spatial grid of 0.5 km.
The location of the accelerating layer, initially at 230 km, is
dynamically updated at each time step. We assume that SLT
produces the same power-law distribution at each step.
[22] Figure 11 shows the temporal and spatial develop-

ment of the densities of electrons, O+ and molecular ions. It
is seen that in 4 minutes the artificial plasma descends from
230 to ≈160 km with the mean speed ≈300 m=s. Initially, the
electron and O+ densities increase in step due to ionization of
mainly atomic oxygen, which is the dominant component at
z > 180 km. At lower altitudes, the formation of the artificial
plasma is dominated by ionization of nitrogen. The iono-
spheric length scale Ln at the critical layer typically decrea-
ses from about 40 km in the original ionosphere, to about
10 km at lower altitudes. Near the terminal altitude of
150 km, the ionization production (cf. Figure 10) and speed
of descent slow down. At the terminus, the ionization pro-
duction is balanced mainly by recombination of molecular
ions, and the descent stops.
[23] Figure 12 shows the DAIL terminal altitude

(Figure 12a) and the average descent speed (Figure 12b)
computed for different values of EO and Te0. The average
speed is simply the distance from the initial altitude to the
terminus divided by the propagation time. At relatively low
EO ¼ 1 V=m and Te0 = 0.2 eV, the DAIL descends by less
than 10 km. For lower pump electric fields and electron
temperatures, DAILs do not develop. As anticipated from
the dependence of the ionization rate, the average speed
increases with EO and Te0.
[24] To compare directly with the DAIL optical sig-

natures [Pedersen et al., 2010], the green-line emissions
have been calculated from the simulation data. As in the
experiment, the green-line emission serves as diagnostics

of the related DAIL. Figure 13 shows the results of
modeling of the relative intensity of the oxygen emission
at 557.7 nm (the green line) excited by the accelerated
electrons. The emission intensity I is proportional to the
excitation rate of atomic oxygen by the electron impact

I ∝ NO

Z ∞

4:2 eV
Fhot ɛ; zð Þs1S ɛ; zð Þv ɛð Þdɛ. Here ss is the

excitation cross section of the O(1S) state. As with the
descent speed, the intensity increases with the pump
electric field and the temperature of the bulk of electrons.

5. Discussion

[25] In this section, we compare the simulation results
with the observed features of HF-induced plasma layers. The
simulations produce an artificial ionospheric layer, des-
cending from ≈230 km on average at ≈300 m/s, until ioni-
zation is balanced by recombination and ambipolar diffusion
near 150 km. As it follows from Figure 11a, during the first
2 min in the heating, the O+-dominated newly born plasma
at h ≥ 180 km is confined to the bottomside of the original F2
layer. At lower altitudes, the artificial plasma above the
descending acceleration-ionization source is rapidly
depleted due to recombination of molecular ions, thereby
separating the ionization front from the original F2 peak.
These features agree well with the Pedersen et al. [2010]
ionosonde and optical observations. The corresponding
descent of the SLT generation region is also observed by the
MUIR radar ion-line observations [Mishin and Pedersen,
2011, Figure 1].
[26] The low-amplitude threshold of EO for the formation

of DAILs seen in Figure 12a is in line with the recent
observations at HAARP [Pedersen, 2012] which show that

Figure 13. Green line emission as derived from simulation for different input wave amplitude and initial
electron thermal energy: (a) E0 = 1 V/m, Te = 0.4 eV, (b) E0 = 1.5 V/m, Te = 0.4 eV, and (c) E0 = 1 V/m,
Te = 0.6 eV.
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Fig. 12. (Color online) Time versus altitude plot of 557.7 nm optical emissions observed above
HAARP with contours showing the altitudes where the local plasma frequency is 3.16MHz (blue),
2.85MHz (red), upper hybrid frequency 2.85MHz (green), and second electron cyclotron harmonic
2.85MHz (dashed white). Transmitted frequencies (MHz) are indicated with numbers in each time
segment where the transmitter is switched on. Horizontal blips (e.g. near 200 km altitude at 5:05
UT) are stars passing through the view. After Ref. 12. Reprinted by permission from the American
Geophysical Union.

0 50
229.5

230

230.5

231

|Ez| (V/m)

z 
(k

m
)

 

 

0 50
229.5

230

230.5

231

|Ez| (V/m)
0 50

229.5

230

230.5

231

|Ez| (V/m)

a) b) c)

Fig. 13. (Color online) The amplitude of Ẽz for different amplitudes of the injected O mode
wave, (a) 1 V/m, (b) 1.5 V/m and (c) 2 V/m. After Ref. 49. Reprinted by permission from the
American Geophysical Union.

Taking the Fourier transform of Ẽz in the turbulent region in Fig. 13 yields
the spectral density Wk(k,ω) and diffusion coefficient D(v) in Fig. 14. For
numerical convenience, Wk is convolved by the Gaussian (κ

√
2π)−1 exp[−k2/(2κ2)]

1330005-22

T.	  Pedersen	  et	  al.	  2010	  
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in F-layer (Honary et al., Ann. 
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DIAGNOSTIC	  INSTRUMENTATION	  

UHF	  Radar	  (446	  MHz)	  

quency over HAARP is estimated at 1.429 MHz using the
IGRF model. The optical, radar, and GPS receivers operated
at HAARP are described by Kendall et al. [2010].
[7] When the transmitter was turned on at 02:34 UT on

28 October 2008, the spectra immediately showed down-
shifted and upshifted emissions at harmonic frequencies of
the ion gyro frequency (Figure 1). The intensity of the ion‐
harmonic emission lines did not show significant fluctua-
tions over the 4 minute transmission period. The downshift
(Stokes) emissions were paired with weaker upshifted (anti‐
Stokes) emission lines. The stimulated electromagnetic
emission spectral only showed the pump frequency at
2.85 MHz, the ion‐gyro‐harmonic offsets from the pump,
and weak emissions at harmonics of 120 Hz introduced into
the transmitter by the full‐wave rectified AC supply operated
on 60 Hz power. The emission lines from the ionosphere are
attributed to the stimulated ion Bernstein (SIB) process
described in the previous section.
[8] The measured SEE spectrum shows ion Bernstein

lines with maximum intensity at n = 4 (Figure 2). Strong
lines are observed between n = 3 and n = 6 with significant
harmonic lines extending to n = 16 where the frequency
offset is 781 Hz. The strong downshifted (Stokes) lines have
corresponding upshifted (anti‐Stokes) lines that are about
11 dB weaker. The HAARP transmitter has weak power
supply modulations that are 80 dB or more below the
transmitter carrier. The locations of these interfering emis-
sions are indicated by red dots in Figure 1. No other lines

out to ±125 kHz from the pump frequency were seen in the
SEE spectra at the time of the observations in Figure 1. The
power supply harmonics are narrower than the SIB lines.

3. Stimulated Bernstein Waves at the Second
Gyro Harmonic

[9] The production of stimulated ion Bernstein (SIB)
emissions is considered for an electromagnetic pump wave
tuned to the second harmonic of the electron cyclotron
frequency. For maximum pump amplitude, the plasma fre-
quency should be nearly equal to the pump frequency. This
double resonance occurs if the EM pump frequency is tuned
to match the frequency at the altitude where the plasma
frequency in the plasma layer is equal to twice the electron
gyro frequency. The double resonance of w0 = wpe = 2 We
insures that a large amplitude wave is formed at the point
where the pump electric field can couple into the electron
Bernstein resonance at twice the electron cyclotron frequency.
[10] The electron and ion Bernstein modes along with

upper hybrid and lower hybrid modes are of interest to
ionospheric modification experiments because they can
propagate perpendicular to the magnetic field without
Landau damping. The general formalism for parametric
processes driven by an electromagnetic wave has been given
for unmagnetized plasma [Drake et al., 1974] and for mag-
netized plasmas [Porkolab, 1978; Liu and Tripathi, 1986].
The simple dispersion relation from Porkolab [1978] is
given as

" !2; kð Þ þ !2
e

4
"e !2; kð Þ"i !2; kð Þ 1

" !2 þ !0; kð Þ
þ 1
" !2 $ !0; kð Þ

! "
¼ 0

ð1Þ

where me is the normalized pump electric field that dis-
places the electrons, subscripts e and i denote electrons and
ions, ce and ci are the linear susceptibilities at the low fre-
quency w2 and wavenumber k, the + and − signs represent
the sidebands (w2 ± w0) with electromagnetic pump w0.
Equation (1) was derived assuming that that me & 1. The
linear dielectric function is "(w, k) = 1 + ci(w, k) + ce(w, k)

Figure 1. Spectrograph of stimulated emissions near
harmonics of the ion cyclotron frequencies.

Figure 2. Stimulated Ion Bernstein Scatter observed at
HAARP with the transmitter tuned to precisely twice the
electron cyclotron frequency. No other SEE emissions are
observed within 80 kHz of the pump frequency. The red
dots show the location of power supply harmonic interfer-
ence at multiples of 120 Hz.
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UHF	  Power	  Spectra	  During	  IniMal	  Response	  Time	  	  	  	  
(First	  12	  pulses	  aDer	  HF	  turn	  on	  	  -‐	  120	  milli-‐sec)	  

30	  sec	  HF	  on	  Mme	  
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Results	  for	  4	  HF	  frequencies	  near	  the	  3rd	  Gyro	  Harmonic	  	  	  	  	  	  	  	  HF	  power	  cycled:	  	  30secs	  on	  	  60	  secs	  off	  	  

Experimental	  results	  that	  suggest:	  
	  	  Large-‐scale	  density	  changes	  maximized	  for	  HF	  frequencies	  far	  from	  gyro-‐harmonics	  	  	  

Results	  for	  HF	  frequency	  near	  
	  3rd	  gyro-‐harmonic	  

Results	  for	  HF	  frequency	  	  far	  
from	  gyro-‐harmonic	  

	  	  	  	  	  	  	  Drops	  	  ~20	  km	  	  	  	  	  	  	  	  ~700	  m/s	   Drops	  10	  km	  	  	  ~330	  m/
s	  



Upward	  ion-‐acousMc	  waves	  

Downward	  ion-‐acousMc	  waves	  

Enhanced	  Ion-‐Line	  Doppler	  Spectra	  for	  4.20MHz	  
	  	  	  (close	  to	  3rd	  Gyro-‐Harmonic)	  

HF	  Power	  Cycle	  
	  	  	  30	  secs	  on	  
	  	  	  60	  secs	  off	  

New	  Results:	  	  Two	  sca_ering	  structures	  
with	  preferenMally-‐directed	  ion-‐
acousMc	  wave	  direcMons	  

Topic	  4:	  	  	  	  UHF	  Radar	  Doppler	  Power	  Spectra	  ObservaLons	  
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Mul4-‐4me	  and	  length	  scale	  code	  
(DAIL	  code	  suite-‐	  Eliasson	  et	  al.	  JGR	  
2012):	  (i)El.	  Accel	  in	  SLT,	  (ii)Transport	  
model	  for	  accel.	  El.,(iii)	  ionizaMon	  (iv)	  
Chemistry	  package	  (recomb.,excit…)	  
Input:	  (i)	  HF	  E	  at	  100	  km	  (ii)	  Ambient	  
density	  (iii)	  Te	  
Output:	  (i)Temporal	  evoluMon	  of	  
density	  and	  opMcal	  emissions	  (ii)	  
Supra-‐thermal	  EDF	  
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energy by collapsing wave packets [e.g., Galeev et al., 1977].
Similar results are obtained for pump amplitudes EO = 1 and
2 V=m. Figure 3 illustrates that both the size of the turbulent
region z and the amplitude of the electrostatic waves
increase with increasing amplitude of the pump wave.
[9] The short-scale (low-phase speed) Langmuir waves

interact resonantly with electrons, which are stochastically
accelerated, leading to electron diffusion in velocity space
and formation of a high-energy tail in the electron distribu-
tion function. This process and transport of the electrons

through the turbulent region can be modeled by a Fokker-
Planck equation for the averaged 1D (along B0) electron
distribution [e.g., Sagdeev and Galeev, 1969]
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Figure 1. From left to right: The altitude profile of the ambient F-region density, electric field compo-
nents, and ion density fluctuations for EO ¼ 1:5 V=m.

Figure 2. The amplitude of Ez and slowly varying ion density fluctuations ni at various altitudes, for
EO ¼ 1:5V=m.
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Enhancement	   due	   supra-‐thermal	   tails.	  
Similar	   to	   Arecibo	   enhancement	   by	  
photoelectrons	   but	  much	   stronger.	   The	  
ionizing	   wave	   includes	   large	   Te/Ti	  
plasma	   and	   hot	   electron	   	   tails.	  
Enhancement	   stops	   at	   low	   alMtude	  
when	   collisional	   damping	   dominates	  
over	  Landau.	  	     
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PLASMA	  LINE	  ENHANCEMENT	  
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Classic	  signature	  of	  non-‐equilibrium	  
plasma	  with	  supra-‐thermal	  tails	  
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O-‐mode,	  1V/m	  amplitude,	  electron	  temperature	  0.4	  eV,	  and	  different	  angles	  of	  
incidence,	  B	  field	  at	  14-‐∘.	  to	  the	  verMcal	  line	  (same	  parameters	  as	  	  JGR	  2012).	  
	  
Ez	   amplitude	   𝑡=1	   ms	   for	   different	   angles	   of	   incidence.	   The	   case	   ,7.6-‐∘.	  =1	   ms	   for	   different	   angles	   of	   incidence.	   The	   case	   ,7.6-‐∘.	  
corresponds	   roughly	   to	   the	   Spitze	   angle	   ,8.1-‐∘..	   Also	   at	   ,−7.6-‐∘.	   there	   is	   an	  
accumulaMon	   of	   electrostaMc	   waves	   due	   to	   absorpMon	   (called	   southward	  
process	  by	  Mjolhus	  1990).	   	  The	  O	  mode	  turning	  point	  is	  at	  z=231.0	  km	  and	  the	  
upper	  hybrid	  resonance	  layer	  at	  z=223.8	  km	  (outside	  the	  range	  of	  the	  plots).	  
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