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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. 
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Key	  Physics	  Ideas	  
• 	  Electron	  accelera.on	  controlled	  by	  Langmuir	  turbulence	  at	  the	  reflec.on	  height	  
• 	  Electron	  hea.ng	  controlled	  by	  upper	  hybrid	  hea.ng	  including	  dual	  resonance	  
• 	  Field	  aligned	  heat	  transport	  of	  heated	  plasma	  and	  energe.c	  electrons	  	  
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Mul.-‐.me	  and	  length	  scale	  code	  
(DAIL	  code	  suite-‐	  Eliasson	  et	  al.	  JGR	  
2012):	  (i)El.	  Accel	  in	  SLT,	  (ii)Transport	  
model	  for	  accel.	  El.,(iii)	  ionizaBon	  (iv)	  
Chemistry	  package	  (recomb.,excit…)	  
Input:	  (i)	  HF	  E	  at	  100	  km	  (ii)	  Ambient	  
density	  (iii)	  Te	  
Output:	  (i)Temporal	  evoluBon	  of	  
density	  and	  opBcal	  emissions	  (ii)	  
Supra-‐thermal	  EDF	  

0.6 eV  

Diffusion 
Particle 
Tracing 

E (eV) 

f(E) 

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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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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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.
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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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Descending	  ion-‐line	  and	  
plasma	  line	  structures	  

observed	  with	  UHF	  radar	  
during	  hea.ng.	  

Watkins	  

Plasma	  Line	  

Ion	  Line	  



60	  ms	  
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80	  ms	  

-‐5kHz	   +5kHz	  Frequency	  
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€ 

Δω ≈ kCs = 2koCs

Cs =
γTe
M

Te ≈ .65(Meff /20γ )(Δf /5kHz)eV

HYPOTHESIS:	  Hot	  plasma	  .5-‐.6	  eV	  with	  supra	  -‐	  thermal	  tails	  creates	  enhanced	  IA	  
and	  electron	  plasma	  waves	  locally	  –	  IA	  and	  plasma	  waves	  are	  damped	  within	  few	  
meters	  

B.	  Watkins	  Measurements	  
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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	   alBtude	   when	   collisional	  
damping	  dominates	  over	  Landau.	  	  
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Classic	  signature	  of	  non-‐equilibrium	  
plasma	  with	  supra-‐thermal	  tails	  
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ION	  LINE	  PECULIARITIES	  

INJECTION	  
DOWNWARDS	  

INJECTION	  
UPWARDS	  

€ 

star→Δω ≈ 2kRcs

€ 

star→Δω ≈ -2kRcs

Plasma	  with	  dric	  
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	  
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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	  verBcal	  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	  
accumulaBon	   of	   electrostaBc	   waves	   due	   to	   absorpBon	   (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).	  



15	  

Weak	  
turbulence	  

	  	  	  	  	  	  	  	  	  	  Weak	  	  
turbulence	  



UH	  HEATING	  AND	  THE	  ROLE	  OF	  DOUBLE	  
RESONANCE	  ωUH≈nΩe	  

Is	  it	  related	  to	  ECR	  acceleraBon	  and	  hoW	  do	  we	  account	  in	  the	  context	  of	  ourD	  AIL	  model?	  

ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  

EnergizaBon	  

HeaBng	   The	  extent	  of	  acceleraBon	  depends	  of	  	  heaBng	  
Hypothesis:	  UH	  heaBng	  different	  under	  double	  resonance	  	  	  

Next	  :	  Two	  ongoing	  studies	  of	  UH	  hea.ng	  
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	  STUDY	  ELECTRON	  HEATING	  DUE	  AN	  ES	  WAVE	  GIVEN	  BY	  Ex=Eo	  sin(kx-‐	  ωt)	  	  	  

StochasBcity	  analysis	  104	  
parBcles	  	  

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	  
Hea.ng	  



UPPER	  HYBRID	  –	  RESONANCE	  ABSORPTION	  







Effects	  associated	  with	  ω≈ωuh(z)≈nΩe	  

Suppression	  of	  
anomalous	  absorpBon	  

BUM	  

Need	  for	  four	  wave	  interacBon	  –	  	  
Pump,	  UH,	  EB,	  IA.	  

GeneraBon	  of	  short	  scale	  FAI	  
Super-‐Short-‐StriaBons	  (SSS)	  

Gurevich	  Physics-‐
Uspekhi,	  2007	  

Paul’s	  BUM	  

Suoer-‐Short	  Stria.ons	  



Raising	  MUF	  to	  GHz	  

FAS	  Concept-‐	  Aspect	  scaoering.	  
RF	   transmioed	   from	   	   Tx	   along	  
the	   90⁰	   line	   are	   orthogonal	   to	  
FAI	   and	   will	   be	   observed	  
everywhere	   at	   the	   90⁰	   line.	   Tx	  
located	  in	  the	  92⁰	  line	  observed	  
at	  88⁰	  and	  vice	  versa	  

Plaoeville	  FAS:	  

Middle	  or	  	  
equatorial	  
	  laBtude	  

Poten.al	  
answer	  from	  
physics	  of	  ion	  

cloud	  
forma.on	  	  


