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Active Experiments – Simulating Pieces of the 
Magnetospheric System  
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Fig. 2. Simulation results of artificial comet. The comet shown in the center is moving through the 
IMF shown as parallel rods. The field is highly distorted in the vicinity of the comet. Ions jetting 
from the comet which are responsible for its skidding are seen in other views. For color reproduction 
of this figure see color section, p. 488. 

P a r a m e t e r s :  
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Fig. 3. Evidence of an instability in the Large Larmor Radius (LLR) or Hall MHD instability in a 
photograph of the AMPTE Ba release. For color reproduction of this figure see color section, p. 488. 
(from P. Bernhardt et al, J. Geophys. Res. 92, 5777 (1987)). AMPTE –Ba Cloud 

Tether 

Study	  the	  response	  of	  the	  space	  environment	  to	  controlled	  
disturbances	  (Injec)on	  of	  neutral	  gas,	  electron	  or	  ion	  beams,	  
plasma	  clouds,	  charged	  spheres,	  shuWle	  engine	  exhaust,	  RF).	  	  

Using	  “Physics	  in	  Space”	  to	  understand	  and	  model	  “Space	  
Physics”	  –	  Cause	  and	  Effect	  studies	  

Activny - VLF 



	  	  	  	  	  	  	  THE	  ALTERNATIVE-‐IONOSPHERIC	  HEATERS	  
• 	  	  Ionospheric	  heater	  -‐	  Powerful	  HF	  transmiWer	  (2.8-‐10	  MHz)	  that	  induces	  controlled	  
temporary	  modifica)on	  to	  the	  electron	  temperature	  at	  desired	  al)tude.	  	  

• 	  Use	  in	  conjunc)on	  with	  diagnos)cs	  to	  study,	  in	  a	  cause	  and	  effect	  fashion:	  
• 	  EM	  propaga)on,	  plasma	  turbulence	  and	  instabili)es	  
• 	  Response	  of	  magnetospheric	  plasma	  and	  Radia)on	  Belts	  to	  controlled	  perturba)ons	  of	  
the	  ionospheric	  plasma	  
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THE HAARP HEATER 

4	  
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Discussion topics 
  

 1. Virtual ULF/ELF/VLF antennas  
                                 

2. The Physics of Artificial Plasma 
Layers 

 
3. Artificial Ionospheric Turbulence 
	  



• 	  Natural	  Currents	  Flow	  in	  the	  Auroral	  
and	  Equatorial	  Ionosphere	  at	  80-‐100	  
km	  

E-‐Region	  

Auroral	  or	  Equatorial	  Electrojet	  
Current	  

100	  km	  

HF	  Ionospheric	  Heaters	  as	  “	  VIRTUAL”	  ULF/ELF/VLF	  
Antennae	  

• 	  The	  HF	  signal	  (modulated	  at	  ELF/VLF)	  	  	  
heats	  and	  thereby	  changes	  the	  local	  	  
conduc)vity	  of	  the	  ionosphere	  

• 	  The	  electrojet	  current	  is	  then	  caused	  to	  vary	  
at	  the	  same	  ELF/VLF	  rate	  

• 	  Propaga)ng	  ELF/VLF	  signals	  are	  
radiated	  by	  this	  ‘virtual	  antenna’	  

ELF / VLF < 20kHz	


Radiated	  ELF	  Signal	  is	  
Related	  to	  the	  Power	  of	  

the	  HF	  TransmiWer	  

HF	  TransmiWer	  

Two	  techniques	  :	  1.	  Current	  modula)on	  –Polar	  
Electrojet	  (PEJ)	  Antenna	  –	  Requires	  the	  presence	  
of	  an	  electrojet	  current	  –	  not	  applicable	  at	  mid-‐
la)tude	  

Hall	  Region	  



	  PEJ	  ELF/VLF	  Ground	  Detec)on	  	  

Moore	  et	  al.	  
GRL	  2008	  
Stanford	  	  

5400	  
km	  
away	  

Midway	  

1	  Hz	  

Papadopoulos	  et	  
al.,	  2003,	  2008	  
UMD/BAE	  

Un	  

Underground	  sensors	  230	  
km	  away	  
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	  PEJ	  ULF/ELF/VLF	  Upward	  Injec)on	  
HAARP/DEMETER	  

DEMETER	  –	  700	  km	  

PlaVno	  et	  al.,	  2006	  

.2	  Hz	  

Before	  Ajer	  

Papadopoulos	  et	  al.,	  2008	  Stanford	  

UMD/BAE	  

Frequency	  .2	  Hz	  

Closest	  distance	  80	  km	  

DetecVon	  Vme	  25	  sec	  

DetecVon	  distance	  150	  km	  

Maximum	  E	  ~10	  mV/m	  

1.5	  pT	  on	  the	  ground	  
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HAARP/CLUSTER	  

PlaVno	  et	  al.	  2004	  

Milikh	  et	  al.	  2012	  
1	  kHz	  
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Magnetosonic	  (MS)	  Wave	  2 exp( )B pJ i t
B
δ

ω
×∇

Δ =Step	  1:	  

Step	  2:	   E	  field	  of	  MS	  wave	  drives	  Hall	  current	  in	  E-‐region	  
resulVng	  in	  secondary	  antenna	  resembling	  PEJ	  

Injects	  MS	  &	  
SAW	  upwards	  
and	  ELF	  in	  the	  
Earth-‐Ionosphere	  
Waveguide	  
	  

DOES NOT REQUIRE EJET – CAN BE IMPLEMENTED ANYWHERE AND ANYTIME 

Papadopoulos et al. 
GRL 2011a,b 

Eliasson et al., JGR 
2012 

F-‐	  region	  cooling	  
response	  does	  not	  
allow	  frequencies	  
higher	  than	  60-‐70	  

Hz	  

F-‐Region	  ULF/VLF	  “Virtual	  Antenna	  –	  Ionospheric	  Current	  Drive	  (ICD)	  

Based	  on	  Modulated	  F-‐Region	  Hea)ng	   DiamagneVc	  current)	  
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Cylindrical	  Coordinates	  

MS	   SAW	  

Papadopoulos	  et	  al.	  GRL	  2011a	  
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10	  Hz	   11	  



Secondary	  Antenna	  Current	  and	  
Ground	  Field	  

Jθ	  
Br	  

Skip	  distance	  
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ICD PoP Ground Sensors 
•  Ionospheric current drive  (ICD) 

produced ULF/ELF waves up to 
50-70 Hz 

–  F layer mod. - No electrojet 
–  < 70 Hz, 1/fa dependence 

•  Upper freq. is limited by 
pressure relaxation time 
scale of the F layer 

•  No O/X effect 
•  Polar electrojet modulation  

(PEJ) produced ULF/ELF/VLF 
waves 0.001Hz -20 kHz 

–  D/E layers mod. - With electrojet 
•  < 1 kHz:  plateau 
•  2-8 kHz: peak efficiency 
•  > 10 kHz: 1/fa decrease 
•  X mode dominant 

Ionospheric	  Current	  Drive	  

100	  Hz	  

Polar	  Electrojet	  ModulaVon	  
2	  kHz	  

13	  



ICD	  Upward	  Injec)on	  HAARP/DEMETER	  

10	  sec	  
oscillaVons	  

2.5	  Hz	  SAW	  

80	  km	  

.1	  Hz	  MS	  

1000	  km	  
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Use	  Ionospheric	  heaters	  (HF)	  to	  inject	  ULF/ELF/VLF	  
waves	  in	  the	  L-‐shell	  that	  spans	  the	  heater.	  

Diagnose	  by	  Van	  Allen,	  Resonance,	  DSX,	  ePOP/
Cassiope,	  ERG,	  BARREL,	  Orbitals	  +	  microsats	  and	  
ground	  instruments	  (ISR,	  sensors,…)	  

Cause	  and	  Effect	  Studies	  of	  the	  RB	  Physics	  
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	  RECENT	  HAARP	  STUDIES	  

1.  The physics of artificially (Triggered) Emissions 
2.  Excitation of Ionospheric Alfven Resonator (IAR) 
3.  Properties of Alfvenic Duct-Pc1 
4.  Triggered ULF 
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Artificially Stimulated Emissions (ASE) 
Key RB Physics Issue – Physics of Chorus  

Siple	  Sta)on	  Antar)ca	  –	  (Stanford	  –	  NSF)	  Helliwell	  (1973-‐1987):	  	  

L=4.2,	  1.5	  MW,	  42	  km	  length	  antenna	  on	  2	  km	  thick	  ice	  sheet,	  Inject	  
3-‐6	  kHz	  –	  limited	  bandwidth	  
Very	  difficult	  and	  inefficient	  to	  inject	  ELF/VLF	  with	  ground	  faciliVes	  	  

Triggered	  Emissions	  17	  



HAARP	  Ar)ficially	  S)mulated	  Emissions	  	  
	  Stanford	  University	  	  

Conjugate	  

Triggered	  Emissions	  -‐Key	  non-‐linear	  issue	  in	  physics	  of	  RB	  
(chorus,	  precipitaVon,	  wave-‐parVcle	  amplificaVon,	  
triggered	  EMIC,	  etc.)	  Role	  of	  trapped	  energeVc	  
parVcles.	  

2-‐hop	  echoes	  

Pulses	  above	  2	  kHz	  have	  2-‐hop	  echoes	  with	  triggered	  emissions	  
Pulses	  below	  2	  kHz	  and	  above	  2.8	  do	  not;	  ramps	  most	  ojen	  have	  echoes	  

	  traversals of the equatorial plane in field aligned (or near
field aligned) whistler mode propagation. Figure 2 (bottom)
is from 3 min later after the frequencies of the tones in the
transmission format were changed to 2250 Hz, 1770 Hz, and
2070 Hz to take advantage of the observed favorable mag-
netospheric response just above ∼2 kHz. The frequency‐
time ramp is the same for both formats. In Figure 2 (bottom)
2‐hop echoes are seen to be excited by the 2250 Hz and
2070 Hz pulses. Note that the 2250 Hz and 2070 Hz pulses
in Figure 2 (bottom) are significantly higher in amplitude
than the 2220 Hz second harmonic pulse in Figure 2 (top).
For ELF signals generated by modulated HF heating,
higher‐order harmonics are known to be substantially
weaker than fundamental tones [Barr and Stubbe, 1993].
The total horizontal magnetic field from the 2220 Hz second
harmonic is found to be 13.8 dB weaker than the 2250 Hz
fundamental tone transmitted 2 min later. The 2‐hop echo
excited by the weaker harmonic (2220 Hz) pulse is seen to
arrive with an additional time delay relative to the 2‐hop
echoes triggered by the 2070 Hz and 2250 Hz pulses. No
additional 2‐hop echo delay is observed for the frequency‐
time ramps across both records. Variation in propagation
delay for ducted signals is typically attributed to multiple
propagation paths and variation in which path is dominant or
most “active” [Carpenter, 1980]. Although the 2‐hop ech-
oes observed do exhibit multipath propagation, none of the
determined paths yield sufficient delay characteristics to
match the observation. The additional 2‐hop echo delay for
the weaker pulse is thus interpreted to result directly from
the lower input amplitude as is discussed in section 3.
[8] The observation of 2‐hop echoes excited by the

frequency‐time ramps allows for determination of the mag-
netospheric path and associated cold plasma density for these
signals using whistler dispersion techniques [Sazhin et al.,
1992, and references therein]. The 2‐hop echoes from the
frequency‐time ramps are observed to propagate along mul-
tiple magnetospheric paths. The dotted white lines in Figure 2
(bottom) are calculated dispersion curves assuming ducted

parallel propagation with a dipole model of the geomagnetic
field and the diffusive equilibrium model (DE‐1) of cold
plasma density [Angerami and Thomas, 1964]. The two
curves bound the L shells of the propagation paths and as-
sociated cold plasma densities traversed by the 2‐hop echoes
to 5.06 < L < 5.19 and 177 cm−3 < Neq < 185 cm−3. The 2‐
hop echoes triggered by the 2070 Hz and 2250 Hz pulses
exhibit propagation delays consistent with the higher L shell
path. The magnetospheric paths are found to correspond to
injection (or magnetospheric entry) locations very close to the
heating facility consistent with previous results of HAARP
induced VLF emissions [Inan et al., 2003; Gołkowski et al.,
2008].
[9] Figures 3 and 4 present the variation of amplitude and

phase of the 2‐hop echoes triggered by the 2220 Hz har-
monic and the 2250 Hz fundamental pulses. Figures 3a–3b
and 4a–4b are spectrograms while Figures 3c–3d and 4c–4d
show amplitude and Figures 3e–3f and 4e–4f show the
phase offset from the phase reference at the transmitted
frequency. The white dashed lines in Figures 3a–3b and 4a–
4b and corresponding black lines in Figures 3c–3f and 4c–4f
are reference lines showing constant delay from the time of
transmission. The two red dashed lines respectively mark
the onset of the observed 2‐hop echoes and the end of the
coherent growth phase of those echoes before the com-
mencement of so‐called frequency “risers” characterized by
df/dt > 0. The amplitudes of both 2‐hop echoes in Figure 3
are observed to increase at a rate of ∼20 dB/s and saturate at
an amplitude of 0.2 pT despite the 13.8 dB difference in
input amplitude noted above. During the period of growth,
the phase of the 2‐hop echoes is seen to advance at a rate of
1–2 Hz. The cases shown in Figure 4 show very similar
results. The key feature worth emphasizing is the simulta-
neous amplitude growth and phase advance. Such joint
amplitude growth and phase advance observed here have
been previously reported as characteristic of nonlinear
magnetospheric amplification by Paschal and Helliwell
[1984] and also by Dowden et al. [1978]. In fact,

Figure 2. Spectrograms showing transmitted HAARP ELF signals and 2‐hop echoes. Estimation of
propagation path parameters from dispersion of frequency‐time ramp echo shown on the bottom.

GOŁKOWSKI ET AL.: AMPLITUDE AND PHASE OF HAARP EMISSIONS A00F04A00F04

3 of 10

Golkowski	  et	  al.	  JGR	  2008,	  2010	  

Resonance	  type	  
diagnosVc	  and	  feedback	  

Buoy	  
System	  
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15	  dB/s	  Amplifica)on	  &	  Triggered	  Emissions	  

Only	  the	  pulse	  at	  1100	  Hz	  is	  amplified	  
in Figure 8c) shows a substantial initial amplitude and is
connected to the triggered emission from the previous echo.

4. Interpretation
4.1. Conditions and Time Scales for Observations of
HAARP-Induced Whistler Mode Echoes

[15] In most cases when echoes are observed, two param-
eters that can readily be determined are the magnetospheric
propagation path and the associated equatorial cold plasma
density. The 1-hop propagation time for the 4 March pulse
echoes was !4.2 s, very similar to the !4 s propagation
time from previous observations of HAARP echoes made
by Inan et al. [2004], in which dispersion analysis allowed
for the direct determination of the L shell of propagation
(L ’ 4.9) and equatorial electron density (Neq ’ 280 cm"3).
The Inan et al. [2004] observations inferred magnetospheric
injection of the HAARP signals directly above the HAARP
heater and magnetospheric propagation just inside the
plasmapause boundary. For the 4 March case, accurate
dispersion analysis is not possible owing to the single
frequency of the pulse echoes. However, taking advantage
of multiple receiver locations in the northern hemisphere it
is still possible to draw conclusions about the magneto-
spheric path. Tsuruda et al. [1982] showed that whistler
mode signals coupled from the magnetosphere into the

Earth-ionosphere waveguide exhibit high spatial attenuation
of !7 dB/100km. In this context, the lack of observations of
the 4 March 2-hop echoes at sites other than Chistochina,
suggests that the magnetospheric exit point is in the close
vicinity of Chistochina and hence also the HAARP facility
located 37 km southwest. In the southern hemisphere, the
1-hop echoes observed on Buoy 1.5 have higher average
amplitudes than those observed on Buoy 2.0 five minutes
earlier. The higher amplitudes on Buoy 1.5 would be
consistent with an ionospheric exit point !100 km equa-
torward of the HAARP conjugate point using the !7 dB/
100 km attenuation of Tsuruda et al. [1982], although we
need to note that the two buoy recordings are not simulta-
neous. Likewise, multiple exit points in the southern hemi-
sphere resulting from ‘‘unducting’’ at altitudes of !1000 km
are also possible as investigated by Strangeways et al.
[1982] for whistlers. Suffice to say, on the basis of the
above mentioned propagation time and multiple site
results we conclude that the 4 March echoes propagated
along L ! 4.9 and through a similar cold plasma density as
reported in Inan et al. [2004]. The 27 February ‘‘snake’’
ramp is also believed to have been injected into the
magnetosphere in the close vicinity of the HAARP heater
and propagated along L ’ 4.95, Neq ’ 400 cm"3 as
discussed in section 2 and shown in Table 1. It appears that
all of the observed echoes have propagated through the

Figure 8. (a) One-hop echo on Buoy 1.5 exhibiting entrainment of emission triggered by previous echo,
contrasted with (b) a 1-hop echo on Buoy 1.5 exhibiting temporal amplification and triggering of
emissions without entrainment. (c and d) The amplitude within a 50 Hz bandwidth of the central
frequency of the echoes in Figures 8a and 8b, respectively.

A10201 GOLKOWSKI ET AL.: HAARP WAVE INJECTION EXPERIMENTS

8 of 12

A10201

Amplifica)on	  with	  and	  without	  entrainment.	  
RHS	  amplifica)on	  steady	  below	  noise	  floor.	  
LHS	  	  ini)al	  amplitude	  above	  noise	  due	  to	  
previous	  echo	  (mode	  locking	  of	  coupled	  
oscillators)	  	  

Golkowski	  et	  al.,	  JGR	  2008,	  2010	  

Defini)ve	  resolu)on	  of	  ASE	  requires	  long	  )me	  
diagnos)cs	  on	  field	  tube	  
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Ion Cyclotron 
Instability 

SHEAR ALFVEN 
WAVE 

IAR	  Spectrum	  

Ionospheric	  Alfven	  
Resonator	  (IAR)	  

MS	  Duct	  

MI	  SHEAR	  ALFVEN	  WAVE	  COUPLING	  

Lateral	  
PropagaVon	  
as	  MS	  waves	  

Pc1	  

Magnetospheric maser 

Electrodynamical system:  
magnetic tube with cold plasma, 
ionosphere as mirrors 

Loss cone 

Wave packet 

Ionosphere 
Operating modes: 
 whistler and ion cyclotron waves 
 
Important for acceleration of MeV 
electrons 

Active substance:  
Energetic electrons   > 5 keV 

Space Research Institute 
ALFVEN	  MASER	  

Trakhtengerts-‐Demekhov	  etc	  
Kennel-‐Petschek,	  Sagdeev	  

Ac)ve	  substance:	  Anisotropic	  
energeVc	  parVcles	  
Electro-‐dynamic	  system:	  
MagneVc	  tube	  with	  cold	  
plasma	  &	  ionosphere	  as	  
mirrors	  
Opera)ng	  modes:	  Whistlers	  &	  
SAW	  
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cycle. The variation of the parallel electric potential in the
frame of reference of an electron was calculated by
extrapolating upwards from the spacecraft; each electron
channel was considered separately. The parallel electric
potential experienced by an electron of a given energy at
each increment in altitude was found by iteration, and from
this the electric field and electron velocity and flight times
were calculated as a function of altitude. The upper boundary
of the IAR is indicated by the minima in the electron velocity
profile. The altitude of the upper boundary of the IAR and,
thus, the altitude of the maximum amplitude of the parallel
electric field component, calculated by this method was
found to be 3400 ± 100 km (i.e., 850 ± 100 km above the
spacecraft), which is in agreement with previous, less
complete models. A more detailed description of this model
is given by Cash et al. [2002]. In contrast to the 3-Hz wave
activity observed in Interval 2, it should be noted that the
enhancement of the 3-Hz spectral power in the downward
electron flux measurements from Interval 1 (Figures 5b and
7a) occurs simultaneously in the upward and electron flux
and that the associated 3-Hz signatures in the electron fluxes
are not, in this case, energy dispersed. Thus, the source of
this wave energy is not the same as that for Interval 2. It is
reasonable to conclude therefore that electron fluxes

observed in Interval 1 are the result of some naturally
occurring process rather than being related to the heating
experiment.
[30] Recently, Kolesnikova et al. [2002] estimated the

effect, in the inner magnetosphere, of modulated X-mode
heating of the lower ionosphere, incorporating the EISCAT
UHF radar observations during the FAST overpass. The
authors followed the work of Borisov and Stubbe [1997],
who constructed a quantitative model of the generation of
three-dimensional polarization currents due to periodic
heating, which produce magnetic disturbances on the
ground and Alfvén waves propagating upward from the
heating layer. Kolesnikova et al. [2002] developed this
model for the conditions of strong electron precipitation
appropriate to this particular experiment. The majority of
the heating effect was found to occur between 80 km and
the heater reflection height of 87 km. The authors remark
that during such strong precipitation, the primary current
caused by the perturbation in the conductivity in the heated
region is closed entirely by a field-parallel current and it is,
in fact, under such circumstances that conditions at the
magnetosphere-ionosphere boundary are the most favorable
for launching Alfvén waves. The quantitative estimates
from the model of Kolesnikova et al. [2002] gave a value
of the transverse electric field consistent with that observed
by FAST and revealed a parallel electric field of the order
10 mV m!1 which, the authors speculated, could be effec-
tive in accelerating superthermal electrons downward into
the ionosphere. The model, however, underestimates the
expected amplitude of the perpendicular electric field meas-
ured at the spacecraft by an order of magnitude. Taking this
into account, it can be inferred from the model that the
expected amplitude of the magnetic signature of the wave at
the spacecraft should be of the order of 0.1 nT, which is
considerably smaller than is indicated by the observations
presented in this study.
[31] Kolesnikova et al. [2002] speculated that the sub-

storm was important in the success of the experiment. This
point is considered in more detail here. Ultimately, it is the
artificial modification of the local ionospheric Pedersen
conductivity, sp, by the Tromsø heater that was responsible
for launching the Alfvén wave during this experiment. sp is
proportional to the product of the local electron density, Ne,
and the local electron-neutral collision frequency, nen. Thus,
if heater radio wave angular frequency, w " nen then the
heater-induced change in the conductivity, !sp, will be
related to Ne!nen, where !nen is the perturbation caused by
the action of the heater. Changes in electron density occur
on timescales considerably longer than the 3-Hz modula-
tion. The most significant effect of the substorm, which
commenced at 2010 UT on 8 October 1998, was the large
enhancement of electron density, Ne, inside the D and E
region ionospheres. The energetic particle precipitation
resulted in at least a ten-fold increase in plasma density
compared to the presubstorm level, as evident in Figures
3a–3b. As a result the heater pump wave (at 4.04 MHz) was
reflected at an altitude of #87 km leading to significant
deviative absorption of the HF wave in the D region.
Kolesnikova et al. [2002] demonstrated that 90% of the
pump energy was absorbed in the D region in the altitude
range 80–87 km. Their model suggests that the !nen
caused by the action of the heater, in this case, would have

Figure 9. A schematic of the artificial 3-Hz ULF wave
injection from the ionospheric source region, along the
geomagnetic field line, beyond the spacecraft to the
Ionospheric Alfvén Resonator boundary at about 1.5 RE.
Here the wave acquires a significant electric field
component parallel to the geomagnetic field and can
accelerate electrons down past the spacecraft toward the
ionosphere, as well as away from the spacecraft, out into
space.
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above the ground, which is the source of the ULF waves. 
Figure 1 depicts the ionospheric source region (indicated by 
the 25-km diameter circle) together with the ionospheric 
footprint of the FAST satellite track, mapped down the field 
line passing through the spacecraft. The IGRF model 
appropriate for 8 October 1998 was used for this mapping. 
The satellite altitude during this transit was approximately 
2550 km. The resulting uncertainly in the position of the 
magnetic field line mapping over this distance is of the order 
of 50 km on the ground plane. 

3. FAST Observations 

The shaded portion of the FAST track, in Figure 1, 
approximately indicates the time (and location) when strong 
effects caused by the artificially injected 3 Hz ULF waves 
were observed at the spacecraft. A much larger portion of the 
FAST data was examined than is actually displayed here, but 
only this short, approximately 4 second, period between 
20:16:19 and 20:16:23 UT exhibited a 3 Hz signature. As can 
be seen from Figure 1, the size of the disturbed patch itself, 
along the FAST orbit, is approximately 20 km long when 
mapped down the field line. This distance is very close to the 
estimated diameter of the heated patch. Also, the region of 
disturbance detected by FAST lies within about 30 km of the 
heated patch. Magnetometer data from the IMAGE array 
indicated that there was a deflection of the geomagnetic field 
lines from the quiet condition directions, due to a local current 
system, at this time. The sense of this deflection was to bring 
the two regions, indicated in Figure 1, even closer together. 

69.6 

69.5 

69.4 

69.3 

69,2 

69.1 

69.0 

FAST Mapped Footprint (981008) 

20:16 _ 

'"'"•:•325•20:16: 23 
FAST satellite\ 

footprint 

20:16:30 UT --• 
18.6 19.0 19.4 

Geographic Longitude 
19.8 

Figure 1. The ionospheric heated patch (circle with 25 km 
diameter) and the ionospheric footprint, mapped along the 
geomagnetic field, of the disturbance seen in the satellite data, 
for 4 seconds, between 20:16:19 and 20:16:23 UT (shaded 
portion of the footprim). 
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FLAT 69.õ 69.4 69.4 69.$ 
FLNG 19.1 19.2 19.2 19.$ 

UT Seconds on 1998-10-08 

Figure 2. FAST observation data. Upper panel is the 
perpendicular electric field, E•; lower two panels are the 
downward and upward, magnetic field aligned electron. 
fluxes, respectively. The vertical dashed lines delineate the 
same interval as the shaded portion of the FAST footprint in 
fig. 1. 

This result demonstrates the remarkable nature of the 
mapping of the ionospheric disturbance out to the spacecraft 
altitude, along the geomagnetic field line, with little 
detectable lateral spreading across the field line. 

The spacecraft data, observed in situ, are illustrated in 
Figure 2. The upper panel shows the strength of the electric 
field, which is predominantly in a direction perpendicular to 
the geomagnetic field. The centre panel is the downward, 
field aligned, electron flux and the lower panel is the upward, 
field aligned electron flux. These flux data are averages over 
angles within 30 ø of the field line. Three separate energy 
channels (37, 74 and 149 eV) are illustrated, for both the 
upward and downward fluxes. All of the parameters are 
displayed as functions of universal time. The electric field 
data clearly exhibit an oscillation with a frequency close to 3 
Hz (the mean period is actually 0.34 s rather than 0.33s) with 
an amplitude of approximately 10 mVm -] and lasting for 
around 4 seconds duration, as depicted in Figure 1. These are 
probably local oscillations associated with the ULF wave at 
the spacecraft. Also clearly illustrated is the 3 Hz oscillation 
in the downward electron flux. It is noticeable that this 
disturbance, although it lies within the same time window as 
that of the electric field oscillations, is of somewhat shorter 
duration (approximately 1.5 seconds, from 20:16:20.5 to 

IAR	  Experiments	  
EISCAT/FAST	  Robinson	  et	  al.,	  2000	  

Naturally	  excited	  lines	  
at	  .25	  and	  .5	  Hz	  

HAARP	  line	  
at	  1	  Hz	   HAARP	  excitaVon	  of	  IAR	  

Papadopoulos	  et	  al.,	  2007	  
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Physics	  of	  Pc-‐1	  MHD	  Waves	  	  
	  Alfvenic	  Duct	  	  

ICD	  

Eliasson,	  Chang,	  Papadopoulos,	  JGR	  2012	  

•  Distance	  	  from	  Gakona	  
Lake	  Ozeoe,	  WA	  (W)	  

1300	  mi	  
Hawaii	  (H)	  

2900	  mi	  
Guam	  (G)	  

4800	  mi	  
•  DetecVon	  under	  quiet	  Gakona	  

cond.	  
•  No	  detecVon	  during	  electrojet	  

days	  Oct.	  22-‐23	  

RecepVon	  consistent	  
with	  skip	  distance	  effects	  
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HAARP	  –Triggered	  ULF?	  

1	  Hz	  
.1	  Hz	  

8	  Hz	  
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What	  is	  needed	  -‐	  Resonance	  	  
Pair	  of	  microsatellites	  (1A-‐1B;	  2A-‐2B)	  in	  Magneto-‐synchronous	  orbit	  –	  Stay	  on	  same	  field	  
line	  for	  45-‐60	  minutes.	  Launch	  Summer	  2014	  by	  IKI.	  	  

Apogee	  28000	  km,	  Perigee	  500	  km,	  
Period	  8	  hours,	  Incl.	  +63.4	  and	  -‐63.4	  

RESONANCE 2 
orbit 

RESONANCE 1 
orbit 

Zones along orbit 

inner  
radiation 
belt 

auroral zone 

outer  
radiation belt, 
corotation 

Space Research Institute 

RESONANCE instruments 

Electric and magnetic sensors 
Wave analyzer and interferometer 
 DC – 10 MHz 
 
Plasma sensors 
 Cold plasma 
 Suprathermal plasma 
 Energetic particles  
 Relativistic electrons  
 

Space Research Institute 

HAARP	  Coverage	  
Hp=500	  km,	  Ha=27300	  

L=5.08,	  T=	  8	  hrs	  
43	  min.	  within	  20	  km	  
3	  hrs	  within	  50	  km	  
of	  HAARP	  flux	  tube	  

~	  1-‐10	  km	  

~	  5-‐15	  x103	  km	  
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RB	  Physics	  Ques)ons	  to	  be	  addressed	  by	  Ac)ve	  Probing	  

•  What	  is	  the	  aoenuaVon	  rate	  of	  Shear	  Alfven	  (SA)	  waves	  
propagaVng	  towards	  the	  conjugates?	  	  

•  Are	  there	  regions	  of	  mode	  conversion	  of	  SA	  waves	  to	  
ElectromagneVc	  Ion	  Cyclotron	  (EMIC)	  waves	  and	  what	  are	  
the	  characterisVcs	  of	  the	  resonant	  conversion?	  

•  What	  are	  the	  properVes	  of	  the	  EMIC	  waves?	  	  
•  What	  are	  the	  pitch	  angle	  scaoering	  rates	  of	  relaVvisVc	  

electrons	  by	  EMIC	  waves?	  
•  What	  are	  the	  pitch	  angle	  scaoering	  rates	  of	  mulV-‐MeV	  

protons	  by	  SA	  waves?	  
•  What	  are	  the	  properVes	  of	  Field	  Line	  Resonances	  (FLR)	  in	  

the	  inner	  RB?	  	  
•  What	  controls	  the	  Ionospheric	  Alfven	  Resonator	  (IAR)	  

structure	  and	  amplificaVon?	  	  
•  What	  is	  the	  non-‐linear	  physics	  of	  ArVficially	  SVmulated	  

Emissions	  (ASE)	  and	  how	  it	  relates	  to	  chorus?	  	  
•  Is	  there	  an	  Alfven	  maser	  and	  what	  are	  the	  operaVonal	  

characterisVcs?	  
•  Can	  FLR	  precipitate	  electrons?	  
•  What	  are	  the	  properVes	  of	  Alfvenic	  waveguide?	  

•  Diagnose	  magnetospheric	  
effects(ULF/ELF/VLF	  
waves,	  energeVc	  parVcles,	  
plasma	  flows	  etc.),	  of	  
heater	  operaVon	  with	  high	  
spaVotemporal	  resoluVon	  

•  Control	  heater	  operaVon	  
based	  on	  transmioed	  
data.	  

•  Exploit	  dynamic	  feedback	  

! !

!"#$%&%'"()*$+"',

-*,./.'.&0(/""12&'3("4)"*.5"%,

:;N&?&+"C+-+O"$<,+&F6&5$?&<,+D$,N+-+#5"E<=>G-(&=+N&-,&5

6(7(8&*,9:(;(7(.$%$#)9"*":(<(7(9"&,"1(.$%$#)9"*"(*"=.$%:(>(7(5&=%",.'(/0?4(,?2":(
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Heated	  region	  
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Executive Summary 
The proposal belongs to the class of strategic capability proposals that use innovative ways to 

address vital science needs in potentially transforming ways. 

 

Objectives and Relevance 

The project will advance the understanding and benchmark the modeling of propagation of ELF 
(<50 Hz) waves and their interaction with trapped multi-MeV protons and MeV electrons in the 
Radiation Belts (RB). This will be accomplished by: (i) Conducting the first ever-experimental 
test that uses the Arecibo Ionospheric Heater (ArIH) to inject ELF waves with controlled 

frequency and bandwidth in the inner RB at L≈1.4 and using wave, particle and composition 

measurements on the RBSP and other transiting satellites to record their propagation properties 
and interaction with trapped energetic particles as the ELF waves propagate towards the Arecibo 
Geomagnetic Conjugate Point (AGCP), near the South Atlantic Anomaly (SAA); (ii) 
Constructing datasets of   satellite and ground measurements of the ELF wave spectrum and of 
the ionospheric  parameters at Arecibo and AGCP as functions of the injected ELF spectrum; 
(iii) Use the datasets to validate and update multi-component propagation and pitch-angle 
scattering codes for multi-ionic RB; (iv) Disseminate datasets and validated models to the LWS 
and NSWP communities. 
 

Innovation 

The project involves many innovative aspects including: (i) Use of the recently developed 
Ionospheric Current Drive (ICD) technique that allows use of the ArIH to inject Magnetosonic 
(MS) and Shear Alfven (SA) waves in the ionosphere and RB; (ii) Generation of O+ and He+ 
EMIC waves by mode conversion of injected left hand polarized SA waves propagating towards 
the magnetic conjugates; (iii) RBSP measurements of the trapped electrons and protons change 
in pitch angle distribution when they bounce through the injection area will provide test of 
theoretically derived diffusion rates; (iv) Injection in the inner RB at L≈1.4 provides a low ELF 

wave background level and relatively stable environment permitting detection of relatively small 
changes by using averaging techniques from multiple passes and comparing them with heater 
OFF data (change detection) (v) Ground ELF measurements and associated ionospheric 
diagnostics by ionosondes and ISR at Arecibo and AGCP can expand the satellite dataset and 
verify and characterize phenomena such as excitation of Field Line Resonances (FLR) and 
Alfven Ionospheric Resonator (IAR) in the inner RB. 
                                                                                             

 

Schematic of investigation. ICD 

injects SA waves at L=1.4. Green 

is O+ EMIC conversion at 20 Hz 
resonance. Red is He+ EMIC 

between 33-40 Hz. Red and green 

resonance regions for MeV 
electrons. SA waves interact with 

protons Ground diagnostics at 

Arecibo and AGCP. RBSP and 
other satellites provide space 

coverage. 

 

Example	  of	  MHD	  Wave	  Propaga)on	  Studies	  in	  the	  
Inner	  Belt	  Using	  Arecibo	  and	  Van	  Allen	  Probes	  

Papadopoulos�et�al:�Active�Exploration�of�the�Physics�of�the�Inner�Radiation�Belt� � � � � 5�

The diamagnetic current integrated over the heated volume creates an oscillatory magnetic 
moment M anti-parallel to the ambient magnetic field Bo that drives isotropically propagating 
MS waves. 
 
(ii) The interaction of the electric field associated with the downward propagating part of MS 
wave drives a Hall current when it reaches the ionospheric E-region. This current acts as a 
secondary antenna, and generates both ground magnetic field signatures and upward propagating 
SA.   
 
ICD was studied experimentally during a number of HAARP campaigns and details can be found 
in Papadopoulos et al., [2009, 2010, 2011a, b, c, d].  The results indicated that ELF waves below 
60-70 Hz were generated and measured on the ground as well by instruments on the DEMETER 
satellite at 750 km altitude independently of the presence of electrojet (Figure 2). Furthermore 
ELF waves with frequency 3-10 Hz propagated along the Alfvenic waveguide and measured as 
far as Guam, in excess of 8000 km.  It was found that the HF-to-ELF conversion efficiency has a 
maximum at 12 Hz and varies as 1/�f at lower frequencies and 1/f at higher frequencies. The 1/f 
drop-off in efficiency is due to the fact that at F-region height HF heating time to saturation is 
approximately .1 sec. As a result the faster modulation required for higher frequencies results in 
lower electron temperature and pressure and lower equivalent magnetic moment. This effect 
limits the practical utility of ICD below to 50 Hz although a number of experiments indicated 
substantial conversion efficiency up to 70 Hz. Ionospheric heating can create higher frequency 
waves, in the whistler range, only in electrojet regions by modulation of the D/E region electron 
temperature. 
 
1.2.3 Experimental Studies with the Arecibo Ionospheric Heater (ArIH): 
 
1.2.3.1 The ArIH - MHD Wave Injection 

 
As mentioned above ICD developed 
and verified at HAARP  
[Papadopoulos et al., 2011 a, b] does 
not require the presence of electrojet 
currents and allows ionospheric heaters 
located in non-electrojet regions, such 
as Arecibo, to generate and inject ELF 
waves in the vicinity of the L-shell 
spanning the heater. The new ArIH is a 
replacement of the previous heater that 
was destroyed by floods. The new 
heater fully funded by NSF, ONR and 
AFOSR is powered by six 100 kW 
transmitters feeding the high gain 305 
m dish (gain 22-26 dB) at 5.1 MHz and 
8.1 MHz and uses a Cassegrain 

 
Figure 4: Simulation of injection   at 2 Hz using the 
ArIH. The left hand represents MS and the right SA 
waves 

SimulaVon	  of	  MHD	  Wave	  injecVon	  
using	  the	  Arecibo	  Heater	  

Magnetosonic	   Shear	  Alfven	  
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Active SAW Probing of Inner RB Using the 
Arecibo Heater/Van Allen or Resonance  

Focus	  on	  SAW	  for	  protons	  	  
and	  EMIC	  for	  electrons	  

No	  SAW	  acVvity	  	  
Stacking	  

Typical	  inner	  belt	  proton	  life)mes:	  	  
10	  MeV	  –	  decades	  
50	  MeV	  –	  century	  

Proton 
Energy 

Resonance 
Frequencies 

30 MeV 6-16 Hz 

50 MeV 5-15 Hz 

100 MeV 3.5-9.5Hz 

Arecibo	  

South	  AtlanVc	  
Anomaly	  

Van	  
Allen	  

Resonance	  
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ACTIVE	  HEATER	  INJECTION	  EXPERIMENTS	  WITH	  WELL	  PLANNED	  SATELLITE	  COVERAGE	  
COMPLEMENT	  CURRENT	  PASSIVE	  INVESTIGATIONS	  AND	  CAN	  RESOLVE	  MAJOR	  RB	  PHYSICS	  

SCIENTIFIC	  OBJECTIVES	  SUCH	  AS	  

• 	  	  Wave	  Genera)on/Injec)on	  Efficiencies	  

	  	  	  -‐	  	  Dependence	  on	  Frequency,	  Waveforms	  	  

	  	  	  -‐	  	  Dependence	  on	  Geophysical	  Condi)ons	  

• 	  	  	  Wave	  Propaga)on	  Characteris)cs	  

	  	  	  -‐	  Duc)ng	  Condi)ons	  

	  	  	  -‐	  	  Wave	  Amplifica)on	  &	  AWenua)on	  Processes	  

	  	  	  -‐	  	  Dependence	  on	  Frequency,	  Waveforms	  

	  	  	  -‐	  	  Dependence	  on	  Geophysical	  Condi)ons	  

• 	  	  Wave-‐Par)cle	  Interac)ons	  

	  	  	  -‐	  	  Effects	  of	  Waves	  on	  Par)cle	  Mo)on	  /ScaWering	  

	  	  	  -‐	  	  Efficiency	  of	  Precipita)ng	  Par)cles	  out	  of	  the	  Belts	  

	  	  	  -‐	  	  Dependence	  on	  Geophysical	  Condi)ons	  

	  



THE	  PHYSICS	  OF	  ARTIFICIAL	  
IONIZATION	  
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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.

BERNHARDT ET AL.: BERNSTEIN WAVES EXCITED BY EM WAVES L19107L19107

2 of 5

630 nm Artificial Plasma 
Glow Discharge Ionization 

Eight	  channel	  HF	  receivers,	  NRL	  

SEE	  

Ionosonde	  

OpVcs:	  All-‐sky	  imager	  ,Telescopic	  imager	  
Photometers	  ,14	  s	  OpVcal	  Dome	  	  

Tomography	  Chain	  ,Cordova	  -‐>	  Kaktovik	  

PRN	  7	  



Artificial Aurora – The Zenith Effect 
Electron Acceleration (HAARP at 1 MW, EISCAT) 
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Effec)ve	  Radiated	  Power,	  MW	  (ground-‐based	  HF)	  

1000	  (90	  dBW)	  
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Passive	  

Cross	  Modula)on	  

Thermal	  Bulk	  Hea)ng	  

Parametric	  Instabili)es	  and	  S)mulated	  
Electromagne)c	  Radia)on	  

Electron	  Accelera)on	  /	  Airglow	  

	  Ioniza)on	  

Shock	  Fronts	  

Power	  Thresholds	  to	  Trigger	  Processes	  in	  
the	  Ionosphere	  



180°	  

~40°	  

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

Pedersen	  et	  al.,	  2009	  

HAARP	  TransmiWer	  Beam	  PaWern	  

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	  
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HYPOTHESIS	  –	  ARTIFICAL	  PLASMA	  LAYER	  

ArKficial	  
plasma	  	  

“Ring”	  

Natural	  
plasma	  	  

Background	  Trace	  

HAARP-‐Produced	  Trace	  =	  
ArKficial	  Layer	  

Pedersen	  et	  al.,	  GRL,	  2009	  

PEDERSEN	  ET	  AL,	  GRL	  2009,2010,2011	  

Cartoon	  

Tomography	  

ReflecVon	  
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Pedersen	  et	  al.,	  GRL	  	  2010	  

Descending	  APL	   2GH,	  440	  MW,	  MZ	  

§ (les)	  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-‐alVtude	  plot	  of	  557.7	  nm	  opVcal	  emissions	  along	  	  B	  
with	  contours	  showing	  the	  alVtudes	  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	  	  AcousVc	  
Line	  	  intensity.	  
ü the	  arVficial	  plasma	  near	  	  hmin	  was	  quenched	  several	  Vmes.	  

Mishin	  &	  Pedersen	  ,	  GRL	  	  2011	  Courtesy	  of	  E.	  Mishin	   37	  



Mul)-‐Site	  Op)cal	  and	  Ionosonde	  
Measurements	  During	  Frequency	  Ramp	  

•  Simultaneous	  local	  and	  
remote	  opVcal	  and	  
ionosonde	  
measurements	  

•  Complicated	  3-‐D	  
structure	  clearly	  
apparent	  

•  Two	  descending	  layers	  
observed	  

•  Apparently	  correspond	  
to	  spot	  and	  ring	  

•  Gradually	  die	  out	  at	  
low	  alVtude	  

Courtesy	  of	  T.	  Pedersen	   38	  
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Descending	  ion-‐line	  and	  plasma	  line	  structures	  
observed	  with	  UHF	  radar	  during	  hea)ng.	  

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	  opVcal	  emissions	  
descent	  except	  for	  iniVal	  response	   frequency	  shis	  from	  446	  MHz	  



L=1	  OAM	  GeneraVon	  with	  HAARP	  

Gain	  (dB)	  

Antenna	  Array	   Electric	  Field	  Phase	  

Average	  
|E|	  (V/m)	  

Instant	  
|E|	  (V/m)	  

BERNHARDT	  

40	  



14	  March	  2013	  01:30	  to	  04:00	  GMT	  
Extended	  ArVficial	  IonizaVon	  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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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	  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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ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  

B	   Mul)-‐)me	  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	  evoluVon	  of	  density	  (ii)	  opVcal	  
emissions	  (iii)	  Supra-‐thermal	  EDF	  (iv)	  Plasma	  line	  
	  
	  

43	  

Code	  Components:	  (i)	  MulV-‐grid	  HF	  wave	  propagaVon	  with	  
Zakharov	  eqs	  module	  (ii)	  Electron	  acceleraVon	  module	  using	  
velocity	  diffusion	  tested	  against	  parVcle	  tracing	  (iii)	  
EnergeVc	  electron	  transport	  model	  including	  elasVc	  and	  
inelasVc	  collisions	  (iv)	  IonizaVon-‐recombinaVon	  module	  (v)	  
chemistry	  package	  (vi)	  opVcal	  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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           Modeling Ionization Wave 



Layer	  width	  

t	  

t	  
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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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48	  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	  hea)ng.	  

	  

Watkins	  

Plasma	  Line	  

Ion	  Line	  
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HF TRAPPING ON PLASMA LAYER 
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ARTIFICIAL IONOSPHERIC TURBULENCE (AIT) 

12 March 2013 05:00:00 Excitation with 5.5 MHz 
777.4 nm SWRI Imager 0.4 s/Image  
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UPPER	  HYBRID	  –	  ELECTRON	  HEATING	  –	  AIT	  
Modeling	  

51	  

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. 

E	  

E	  

UH	  
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SUPPELEMENTARY	  SLIDES	  



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	  dris	  
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	  

spVtze	  



UH	  HEATING	  AND	  THE	  ROLE	  OF	  DOUBLE	  
RESONANCE	  ωUH≈nΩe	  

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

ω=ωe	  

ω=ωUH  	  	  	  E	  

E	  
EnergizaVon	  

HeaVng	   The	  extent	  of	  acceleraVon	  depends	  of	  	  
heaVng	  

Hypothesis:	  UH	  heaVng	  different	  under	  double	  resonance	  	  	  

Next	  :	  Two	  ongoing	  studies	  of	  UH	  hea)ng	  
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SEE	  Spectra	  
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Effects	  associated	  with	  ω≈ωuh(z)≈nΩe	  

Suppression	  of	  
anomalous	  absorpVon	  

BUM	  

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

)/1(,0
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221

221
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kIAkEBkUHkPump
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GeneraVon	  of	  short	  scale	  FAI	  
Super-‐Short-‐StriaVons	  (SSS)	  

Gurevich	  Physics-‐
Uspekhi,	  2007	  

Paul’s	  BUM	  

SuPer-‐Short	  Stria)ons	  
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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	   l ine	  
observed	  at	  88⁰	  and	  vice	  versa	  

Plaoeville	  FAS:	  

Middle	  or	  	  
equatorial	  
	  laVtude	  

Poten)al	  
answer	  from	  
physics	  of	  ion	  

cloud	  
forma)on	  	  
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557.7	  nm	  up	  B	  
5:16:46	  UT	  

Central	  Spot	  

Ring	  

05:16	  UT	   05:17	  UT	   05:18	  UT	  

557.7	  nm	  side	  view	  5:16:46	  
UT	  

Ring	  

Central	  Spot	  

VerKcal	  
displacement	  of	  	  
~50	  km	  

• Combined	  data	  sets	  
indicate	  presence	  of	  
ar)ficial	  plasma	  
sufficient	  to	  interact	  
with	  heater	  beam	  
• At	  al)tudes	  with	  no	  
significant	  natural	  
plasma!	  	  

Mystery	  Solved	  by	  Mul)-‐Site	  Op)cal	  
Observa)ons:	  March	  2009	  

1st	  10	  sec	  
of	  OFF	  
period	  

4th	  minute	  
of	  heaKng	  

2nd	  min	  of	  
OFF	  period	  
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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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March 7, 2013 15:6 WSPC/147-MPLB S0217984913300056 22–27

B. Eliasson

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	  



are weak radio 
waves produced 
in the 
ionosphere by 
HF pumping.  
 

HF  transmit 
frequency 

Gyroharmonic ≈ 1.38 MHz 
in F-layer (Honary et al., Ann. 

Geophysicae, 1999) 

Stimulated Electromagnetic Emissions 
(SEE) 
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SEE Spectra 

Carozzi et al., JGR 2002 69	  



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

30	  sec	  HF	  on	  Vme	  

10	  ms	  

0	  ms	  

20	  ms	  

30	  ms	  

40	  ms	  

50	  ms	  

60	  ms	  

70	  ms	  

80	  ms	  
130	  ms	  

100	  ms	  

120	  ms	  

-‐5kHz	   +5kHz	   70	  



71	  



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	   72	  



Upward	  ion-‐acousVc	  waves	  

Downward	  ion-‐acousVc	  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	  scaoering	  structures	  
with	  preferenVally-‐directed	  ion-‐
acousVc	  wave	  direcVons	  

Topic	  4:	  	  	  	  UHF	  Radar	  Doppler	  Power	  Spectra	  ObservaNons	  
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ω=ωe	  

ω=ωU

H  	  	  	  
E	  

E	  

B	  

-‐5kHz	   +5kHz	  

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)	  ionizaVon	  (iv)	  
Chemistry	  package	  (recomb.,excit…)	  
Input:	  (i)	  HF	  E	  at	  100	  km	  (ii)	  Ambient	  
density	  (iii)	  Te	  
Output:	  (i)Temporal	  evoluVon	  of	  
density	  and	  opVcal	  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]

∂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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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	   alVtude	  
when	   collisional	   damping	   dominates	  
over	  Landau.	  	     

€ 

< E 2 >
8π

≈
8ne2

ω e

dkk FT (ω e /k)
Fe

' (ω e /k)k1

k2

∫

R  VT
2 /Ve

2

/n(VE /αVe )
→(λR /λD )2

if ν <ω euph
2 * F (uph )

PLASMA	  LINE	  ENHANCEMENT	  
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Classic	  signature	  of	  non-‐equilibrium	  
plasma	  with	  supra-‐thermal	  tails	  
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77	  

O-‐mode,	  1V/m	  amplitude,	  electron	  temperature	  0.4	  eV,	  and	  different	  angles	  of	  
incidence,	  B	  field	  at	  14-‐∘.	  to	  the	  verVcal	  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	  
accumulaVon	   of	   electrostaVc	   waves	   due	   to	   absorpVon	   (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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f1 

f2 

f2>f1 

High power RF transmitters between 2.5-10 MHz that deposit 
energy into the electrons at altitudes 70-100 km (D/E region) or 
200-300 km (F-region) in a controlled fashion. 

collisional 

collisionless 

Ionospheric	  Heater	  –	  What	  it	  is	  and	  what	  it	  does	  

What	  func)on	  of	  Ionospheric	  Heaters	  is	  relevant	  to	  Magnetosphere/RB	  Research	  ?	  
79	  



Puzzle:	  Coupled	  Whistler-‐driven	  Precipita)on	  
spikes	  with	  ULF	  (SAW)	  waves	  

X-‐rays	  

.5-‐5	  kHz	  

6	  sec	  mod	  

>30	  keV	  Rosenberg	  et	  al.	  JGR	  76,	  8445,	  1971;	  Lanzero�	  6	  sec	  micropulsaVons	  

Ground	  

Hiss	  and	  q-‐periodic	  hiss	   Chorus	  –	  Coherent	  hiss	  

	  Increase	  whistler	  energy	  density	  -‐>increase	  precipita)on	  –RBR-‐>	  Inject	  
whistlers	  (Helliwell	  70’s;	  DSX-‐Inan	  et	  al.,	  2002)	  Alterna)ve:	  	  Is	  it	  possible	  to	  
inject	  SAW	  and	  use	  them	  to	  amplify	  whistlers	  or	  convert	  them	  to	  EMIC?	  

VLF	  

ELF/ULF	  
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Specula)on:	  SAW	  can	  lead	  to	  amplified	  
whistler	  spikes	  

>210	  keV	  

210>E>110	  keV	  

110>E>55keV	  

VLF	  

ULF	  

Gedrin	  et	  al.	  JGR,	  1970	  	  
Periodic	   &	   quasi-‐
periodic	   emissions:	  
100’s	   of	   papers:	  
B e s p a l o v	   &	  
Trakhtengerts	   Rev.	  
Plasma	   Physics	   Vol.	  
10,	  1986	  
	  

CAN	  SAW	  CAUSE	  
	  	  MeV	  	  Electron	  Precipita)on	  

Lab	  experiment	  UCLA	  	  Wang	  et	  al.	  PRL,	  April	  	  2012	  

17	  m,	  	  
10	  secVons	  control	  B	  	  
450	  diagnosVc	  ports	  

81	  



LAPD  Experiment 

Single	  pulse	  
X-‐rays	  
	  
Injected	  SAW	  
100	  cycles	  

SAW	  
cannot	  
break	  µ	  	  

Physics	  hypothesis:	  Loss	  cone	  drives	  whistlers	  leading	  to	  steady	  state	  loss	  
(KP)-‐	  Injec)on	  of	  SAW	  couples	  (?)	  to	  whistlers	  giving	  enhanced	  spiky	  loss	  	  

€ 

dN
dt

= −αεwN + J(t)

dεw
dt

= βNεw −νεw +Gw (t) +ηεwGSAW

ν ≡
2
τ g
lnR

€ 

εw = (β /αν)J
N = ν /β

Analogy	  with	  
Maser.	  First	  
noted	  by	  
Trakhtengerts	  	   82	  



ImplicaKons	  -‐	  Barge	  or	  Shipboard	  OpKon	  

High 
Latitude 

10	  
MHz	  

1	  MHz	  

Equator 

Strawman	  HF	  Array	  
	  

• 	  HF	  frequency	  8-‐10	  MHz	  
• 	  Linear	  polarizaVon	  
•  	   Twenty	   25-‐kW	   solid	  
state	  transmioers	  
• 	  Ship	  provided	  power	  

4	  MHz	  

CombinaVon	  of	  low	  HF	  	  power	  and	  high	  HF	  
frequency	  requirements	  allow	  for	  mobile	  

opVon	  	  
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ImplicaKons	  -‐	  Barge	  or	  Shipboard	  OpKon	  

High 
Latitude 

10	  
MHz	  

1	  MHz	  

Equator 

Strawman	  HF	  Array	  
	  

• 	  HF	  frequency	  8-‐10	  MHz	  
• 	  Linear	  polarizaVon	  
•  	   Twenty	   25-‐kW	   solid	  
state	  transmioers	  
• 	  Ship	  provided	  power	  

4	  MHz	  

CombinaVon	  of	  low	  HF	  	  power	  and	  high	  HF	  
frequency	  requirements	  allow	  for	  mobile	  

opVon	  	  

Objec)ve	  –	  The	  goal	  of	  this	  effort	  is	  to	  bring	  together	  physicists	  and	  engineers	  
from	  the	  space	  science,	  ionospheric	  modifica)on,	  plasma	  modeling,	  and	  high	  
power	  microwave	  source	  communi)es	  to	  examine	  anew	  the	  ques)on	  of	  coupling	  
electromagne)c	  energy	  to	  the	  ionosphere.	  	  

Define,	  and	  design	  modern,	  efficient,	  powerful,	  and	  adapVve/tunable	  EM	  sources	  
for	  ionospheric	  modificaVon,	  and	  provide	  hardware	  tesVng	  under	  laboratory	  
condiVons	  typical	  at	  University	  high	  power	  microwave	  faciliVes	  (vacuum	  loads	  and/
or	  anechoic	  chamber);	  	  
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parameters vary with solar cycle, season and day-night. We use them here as typical values that 
guide our physics investigations. 
 
Figure 5 depicts pictorially the physics regimes that affect the propagation of the left hand 
polarized ICD waves as they are guided from Arecibo towards the Arecibo Geomagnetic 

Conjugate Point (AGCP) located in La Plata, Argentina. Using parameters of Table I as guidance 
on the composition and a relatively simple propagation code we expect the following behavior. 
ICD injected waves with frequency f< 20 Hz will propagate along the field line to the conjugate 
ionosphere as SA waves without crossing any ion cyclotron resonance; O+ EMIC resonance  
occurs between 20-34 Hz, at altitude between 500 and 1000 km; He+ EMIC resonance occurs 
between 34-40 Hz, at altitude between 2.5 and 3100 km.  As a result we predict that:  
  

• Injected waves in the O+ 
EMIC range (20-34 Hz) will be 
only observed at low altitudes, 
below 1000 km. Chirping the 
frequency will produce a 
broadband layer between 20-34 
Hz extending for approximately 
500 km along the magnetic flux 
tube. Furthermore the amplitude 
will be much larger than the 
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, 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1000 km  87%  3%  10% 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80, 320 
(Hz) 

2700 km  .5%  5.5%  94%  8.6, 34.5, 
138 (Hz) 

 

 
Figure 5:  Pictorial representation of the expected observations from ICD injection of .1-40 Hz ELF 
waves, assuming few pT fields in the vicinity of the virtual antenna. The results were derived using 

the ICD code in conjunction with the ray tracing (RT) code described in Section 2.1.1. The EMIC 

amplitudes were based on Eq. (2). The figure shows that frequencies below 20 Hz will be observed 
along the entire field line as well as on the ground. The location of the O+ EMIC waves is shown in 

green while that of He+ in pink. Diagnostic input as well as input in constructing data sets will be 

provided in addition to RBSP satellites by ground instruments such as ISR, ionosondes and 
magnetometers. 
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Executive Summary 
The proposal belongs to the class of strategic capability proposals that use innovative ways to 

address vital science needs in potentially transforming ways. 

 

Objectives and Relevance 

The project will advance the understanding and benchmark the modeling of propagation of ELF 
(<50 Hz) waves and their interaction with trapped multi-MeV protons and MeV electrons in the 
Radiation Belts (RB). This will be accomplished by: (i) Conducting the first ever-experimental 
test that uses the Arecibo Ionospheric Heater (ArIH) to inject ELF waves with controlled 

frequency and bandwidth in the inner RB at L≈1.4 and using wave, particle and composition 

measurements on the RBSP and other transiting satellites to record their propagation properties 
and interaction with trapped energetic particles as the ELF waves propagate towards the Arecibo 
Geomagnetic Conjugate Point (AGCP), near the South Atlantic Anomaly (SAA); (ii) 
Constructing datasets of   satellite and ground measurements of the ELF wave spectrum and of 
the ionospheric  parameters at Arecibo and AGCP as functions of the injected ELF spectrum; 
(iii) Use the datasets to validate and update multi-component propagation and pitch-angle 
scattering codes for multi-ionic RB; (iv) Disseminate datasets and validated models to the LWS 
and NSWP communities. 
 

Innovation 

The project involves many innovative aspects including: (i) Use of the recently developed 
Ionospheric Current Drive (ICD) technique that allows use of the ArIH to inject Magnetosonic 
(MS) and Shear Alfven (SA) waves in the ionosphere and RB; (ii) Generation of O+ and He+ 
EMIC waves by mode conversion of injected left hand polarized SA waves propagating towards 
the magnetic conjugates; (iii) RBSP measurements of the trapped electrons and protons change 
in pitch angle distribution when they bounce through the injection area will provide test of 
theoretically derived diffusion rates; (iv) Injection in the inner RB at L≈1.4 provides a low ELF 

wave background level and relatively stable environment permitting detection of relatively small 
changes by using averaging techniques from multiple passes and comparing them with heater 
OFF data (change detection) (v) Ground ELF measurements and associated ionospheric 
diagnostics by ionosondes and ISR at Arecibo and AGCP can expand the satellite dataset and 
verify and characterize phenomena such as excitation of Field Line Resonances (FLR) and 
Alfven Ionospheric Resonator (IAR) in the inner RB. 
                                                                                             

 

Schematic of investigation. ICD 

injects SA waves at L=1.4. Green 

is O+ EMIC conversion at 20 Hz 
resonance. Red is He+ EMIC 

between 33-40 Hz. Red and green 

resonance regions for MeV 
electrons. SA waves interact with 

protons Ground diagnostics at 

Arecibo and AGCP. RBSP and 
other satellites provide space 

coverage. 

 

Example	  of	  study	  of	  MHD	  Wave	  Propaga)on	  in	  
the	  Inner	  Belt	  Using	  Arecibo	  and	  Van	  Allen	  Probes	  
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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	  
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4.5	  MHz,	  Azimuth=0	  	  

Zenith=60	  Zenith=45	  

MagneVc	  Zenith	  

Zenith	  =0	  

2.70	  MHz	   5.95	  MHz	   9.2	  MHz	  
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88	  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	  



SEE Gyro-Harmonics 
 Sub-threshold Power  

SURA Facility SEE Carozzi et al.JGR 2002 

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

100 kHz 0	  

89	  



Twisted Beam Experiments 
P. Bernhardt  
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14 March 2013 01:30 to 04:00 GMT 
Extended Artificial Ionization with 5.8 MHz Twisted Beam 

½ Hour 1 Hour 1 ½ Hour 

2 Hour 2 ½ Hour 3 Hour 9 

Artificial Ionospheric Layers Created by the 
HAARP Transmitter, 00:51:30 25 March 2011 

HF Twisted Beam 

Layer 1 
Layer 2 

Frequency (MHz) 

A
lti

tu
de

 (k
m

) 
• Objectives 

– Form Stable Plasma Layer 
– Open Artificial Propagation Path 

• Progress 
– Demonstrated Twisted Beam 
– Formed Layer Lasting 5 Minutes 
– 4th Harmonic Resonance 
– Cyclotron Resonance Theory 

14 March 2013 01:30 to 04:00 GMT 
Extended Artificial Ionization with 5.8 MHz Twisted Beam 

½ Hour 1 Hour 1 ½ Hour 

2 Hour 2 ½ Hour 3 Hour 
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Eperp	  

B=0	  

Plasma	  
Frequency	  
(Reflec)on)	  

Upper	  
Hybrid	  

TransmiWer	  
Frequency	  

2nd	  
Gyroharmonic	  

Poten)al	  
Interac)on	  
Regions	  

HF	  PATHS	  –	  RESONANCE	  FREQUENCIES	  

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

4-‐6	  km	  
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	  STUDY	  ELECTRON	  HEATING	  DUE	  TO	  ES	  WAVE	  GIVEN	  BY	  Ex=Eo	  sin(kx-‐	  ωt)	  	  	  
StochasVcity	  analysis	  104	  

parVcles	  	  

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	  



How	  to	  control	  loca)on	  and	  profile	  of	  
electron	  hea)ng	  

Ionosonde	  -‐	  Radar	  

4( ) 5.6 10 ( )   O-mode

( ) / 2        X-mode
pr e

pr e e

h x n h
h

ω ω

ω ω

= =

= +Ω

Function of Ionospheric Heaters

• Ionospheric Heaters are RF Transmitters with a mostly vertical  
 beam that deposit energy into the ionospheric electrons at   
 altitudes of 70-95 km and 200-300 km

• HAARP - Phased Array  
 
 f = 3-10 MHz 
 
 ERP .86-98 dBW 
 
 Highly Flexible Operation

• Present Heaters 
 
 f = 3-6 MHz 
 
 ERP 70-85 dBW 
 
 Operation Not Flexible

Ground
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High power RF transmitters between 2.5-10 MHz that deposit 
energy into the electrons at altitudes 70-100 km (D/E region) or 
200-300 km (F-region) in a controlled fashion. 

collisional 

collisionless 

The	  Alterna)ve	  Ionospheric	  Heater	  	  
	  What	  it	  is	  and	  what	  it	  does	  

f1 

f2 

f2>f1 

Discussion topics : 1. Virtual ULF/ELF/VLF antennas  
                                2. The Physics of Artificial Plasma Layers 
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THE	  ALTERNATIVE-‐IONOSPHERIC	  HEATERS	  
• 	  	  Ionospheric	  heater	  -‐	  Powerful	  HF	  transmiWer	  (2.8-‐10	  MHz)	  that	  induces	  controlled	  
temporary	  modifica)on	  to	  the	  electron	  temperature	  at	  desired	  al)tude.	  	  

• 	  Use	  in	  conjunc)on	  with	  diagnos)cs	  to	  study,	  in	  a	  cause	  and	  effect	  fashion:	  
• 	  EM	  propaga)on,	  plasma	  turbulence	  and	  instabili)es	  
• 	  Response	  of	  magnetospheric	  plasma	  and	  Radia)on	  Belts	  to	  controlled	  perturba)ons	  of	  
the	  ionospheric	  plasma	  

36	  acres	  

3.0	  2.5	   3.5	   4.0	   4.5	   5.0	   5.5	   6.0	   6.5	   7.0	   7.5	   8.0	  
70	  

80	  

90	  

Frequency	  (MHz)	  

ER
P	  
	  d
BW

	  

SURA, Russia	  

HIPAS, Alaska	  

EISCAT, Tromsø	  

ARECIBO, Puerto Rico 	  

8.5	   9.0	   9.5	  10.0	  

48 Elements	  

180 Elements	  

HAARP	  HEATER	  



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

30	  sec	  HF	  on	  Vme	  

0	  ms	  

40	  ms	  

60	  ms	  

80	  ms	  

100	  ms	  

120	  ms	  

-‐5kHz	   +5kHz	  

-‐5kHz	   +5kHz	  Frequency	  
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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	  disVnct	  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	  direcVon	  of	  ion-‐acousVc	  waves	  for	  double	  layers	  	  that	  occur	  for	  4.50	  	  and	  4.20	  MHz.	  (yellow	  arrows)	  	  	  

	  	  	  	  UHF	  Radar	  Doppler	  Power	  Spectra	  ObservaNons	  
Courtesy	  of	  B.	  Watkins	  

Upward	  

Downward	  
IA	  asymmetry	  	  ?	  
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Figure	  below:	  UHF	  radar	  scaoering	  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	  
indica)ve	  of	  large-‐scale	  hea)ng.	  	  

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	  aWain	  substanNal	  large-‐scale	  modificaNon	  of	  ionospheric	  structure.	  
2.	  Double	  layer	  effect	  is	  not	  power-‐dependent.	  Exists	  for	  power	  greater	  than	  20%	  level	  when	  signals	  are	  present.	  

Note:	  
AlNtude	  of	  iniNal	  
response	  is	  
substanNally	  
higher	  than	  
extended	  
heaNng	  phase	  

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

~	  400	  m/s	  
downward	  
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