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Ejectrojet	
  
(EJ)	
  

Modulated	
  electron	
  Hea.ng-­‐
>	
  Modulates	
  conduc.vity-­‐>	
  
Virtual	
  Antenna	
  

VIRTUAL	
  ANTENNA	
  –	
  CURRENT	
  MODULATION	
  (PEJ)	
  

REQUIRES	
  CURRENT	
  

Radia.on	
  
Belt	
  Injec.on	
  

Ground	
  Injec.on	
  

Cluster	
  

DEMETER	
  

Pla$no	
  et	
  al.,	
  JGR	
  2004,	
  2006	
  

5400	
  km	
  away	
  Midway,	
  
Moore	
  et	
  al.,	
  JGR	
  2007	
  	
  

DELTA	
  Mine	
  –	
  
Papadopoulos,	
  PARS,	
  2007	
  

EI	
  Waveguide	
  
Injec.on	
  

Gakona	
  
Papadopoulos	
  
et	
  al.,	
  URSI,	
  
2010;	
  JGR	
  
2005	
  



VIRTUAL	
  ANTENNA	
  –	
  IONOSPHERIC	
  CURRENT	
  DRIVE	
  (ICD)	
  

DOES	
  NOT	
  REQUIRE	
  CURRENT-­‐	
  f	
  <	
  70	
  Hz	
  

DEMETER	
  
Shear	
  Alfven	
  

2.5	
  Hz	
  

DEMETER	
  
Magnetosonic	
  .1	
  Hz	
  

GROUND	
  

Papadopoulos	
  et	
  al.	
  GRL,	
  2011	
  a,b;	
  Eliasson	
  et	
  
al.	
  JGR,	
  2012	
  	
  

MS-­‐>	
  Magnetosonic	
  
SAW-­‐>	
  Shear	
  Alfven	
  Wave	
  
EJ-­‐>	
  Electrojet	
  



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	
  Physics	
  of	
  Radia4on	
  Belts;	
  
Priority	
  recommenda4on	
  of	
  Decadal	
  Survey	
  

•  What	
  is	
  the	
  a^enua.on	
  rate	
  of	
  Shear	
  Alfven	
  (SA)	
  waves	
  propaga.ng	
  
towards	
  the	
  conjugates?	
  	
  

•  Are	
  there	
  regions	
  of	
  mode	
  conversion	
  of	
  SA	
  waves	
  to	
  Electromagne.c	
  
Ion	
  Cyclotron	
  (EMIC)	
  waves	
  and	
  what	
  are	
  the	
  characteris.cs	
  of	
  the	
  
resonant	
  conversion?	
  

•  What	
  are	
  the	
  proper.es	
  of	
  the	
  EMIC	
  waves?	
  	
  
•  What	
  are	
  the	
  pitch	
  angle	
  sca^ering	
  rates	
  of	
  rela.vis.c	
  electrons	
  by	
  

EMIC	
  waves?	
  
•  What	
  are	
  the	
  pitch	
  angle	
  sca^ering	
  rates	
  of	
  mul.-­‐MeV	
  protons	
  by	
  SA	
  

waves?	
  
•  What	
  are	
  the	
  proper.es	
  of	
  Field	
  Line	
  Resonances	
  (FLR)	
  in	
  the	
  inner	
  

RB?	
  	
  
•  What	
  controls	
  the	
  Ionospheric	
  Alfven	
  Resonator	
  (AIR)	
  structure	
  and	
  

amplifica.on?	
  	
  
•  What	
  is	
  the	
  non-­‐linear	
  physics	
  of	
  Ar.ficially	
  S.mulated	
  Emissions	
  

(ASE)	
  and	
  how	
  it	
  relates	
  to	
  chorus?	
  	
  
•  Is	
  there	
  an	
  Alfven	
  maser	
  and	
  what	
  are	
  the	
  opera.onal	
  

characteris.cs?	
  
•  Can	
  FLR	
  precipitate	
  electrons?	
  
•  What	
  are	
  the	
  proper.es	
  of	
  Alfvenic	
  waveguide?	
  

HAARP	
  

Arecibo	
  
EISCAT	
  

SURA	
  



EXAMPLES	
  OF	
  PAST	
  AND	
  CURRENT	
  
INVESTIGATIONS	
  



Artificially Stimulated Emissions (ASE) 
Key RB Physics Issue – Physics of Chorus  

Siple	
  Sta4on	
  Antar4ca	
  –	
  (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	
  facili.es	
  	
  

Triggered	
  Emissions	
  



HAARP	
  Ar4ficially	
  S4mulated	
  Emissions	
  	
  

Modulated	
  HF	
  

ELF	
  to	
  RB	
  

ELF	
  to	
  EIW	
  

Conjugate	
  

Key	
  non-­‐linear	
  issue	
  in	
  understanding	
  physics	
  of	
  RB	
  
(chorus,	
  precipita.on,	
  wave-­‐par.cle	
  amplifica.on,	
  
triggered	
  EMIC,	
  etc.)	
  

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	
  ohen	
  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
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  JGR	
  2008,	
  2010	
  

Diagnos.cs	
  ?	
  
Chistochina	
  

Buoy	
  
System	
  
	
  



15	
  dB/s	
  Amplifica4on	
  &	
  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.
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Amplifica4on	
  with	
  and	
  without	
  entrainment.	
  
RHS	
  amplifica4on	
  steady	
  below	
  noise	
  floor.	
  
LHS	
  	
  ini4al	
  amplitude	
  above	
  noise	
  due	
  to	
  
previous	
  echo	
  (mode	
  locking	
  of	
  coupled	
  
oscillators)	
  	
  

Golkowski	
  et	
  al.,	
  JGR	
  2008,	
  2010	
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ULF at Gakona – Power Spectral Density 
(PSD) 

•  Frequency spectrum in 
a moving time window 

•  Clear Schumann 
resonances at 8, 14, .. 
Hz 

•  Signals emerge as 
freq. peaks in sync with 
HAARP ULF operation 

•  Greatly varying 
background below 1 Hz  

Triggered Pc1 
broadband 
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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. 
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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 
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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 

Altitude  O
+

  He
+

  H
+

 
Gyro‐

frequency 

O
+

, He
+

,H
+

 

1000 km  87%  3%  10%  20, 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. 
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Active experiments vs Resonance mission

• Long-term (0.5–3 hr) multi-spacecraft observations in the flux tube
conjugated with a heater (HAARP)

– Any magnetospheric e�ect of the heater operation (e.g.,
ULF/ELF/VLF waves, energetic particle modification, cold plasma
updraft) can be studied in detail

• Control of heater operation based on transmitted Resonance data

– For example, information on natural emissions in the magnetosphere
can be useful to choose the modulation frequency

• Artificial feedback in the magnetosphere-ionosphere interaction?

– Modulating the ionospheric reflection in-phase with the precipitated
electron/proton flux can amplify the relaxation oscillations of the
cyclotron instability

– Problem: we need to be lucky to fit in an active flux tube

– Question: can we activate the tube we are in?



•  ELF/VLF	
  signals	
  observed	
  in	
  LEO	
  (~700	
  
km)	
  at	
  lateral	
  distances	
  of	
  >400-­‐km	
  from	
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  of	
  all	
  six	
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  (3E,	
  3B)	
  allows	
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of	
  the	
  Poyn4ng	
  vector	
  

•  Total	
  ELF/VLF	
  radiated	
  power	
  es4mated	
  
to	
  be	
  ~10	
  to	
  30	
  Waps	
  in	
  the	
  range	
  	
  ~100	
  
Hz	
  to	
  800	
  Hz.	
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THEMIS (NASA) 
Launch Feb 17, 2007 
5 identical probes (3) 

ORBITALS (CSA) 
Launch ? 
Orbit(?) ~L=2 to L=6 

DSX (AFRL) 
Launch ~2015 
MEO, wave/particle 

BARREL (NASA) 
Launch ~2013 
2 campaigns, 5-8 
balloons each 

ERG (Japan) 
 Launch ~2014, GTO 

RESONANCE (Russia) 
 Launch ~2012-14, 4-spacecraft 
Orbit:1800x30,000km, ~63° incl. 

RBSP	
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Wave-particle interactions study under 
controlled wave injection  

• 	
  Inner	
  RB	
  (1.5<L<2)	
  
• 	
  Slot	
  (2<L<3)	
  
• 	
  Outer	
  (L>3)	
  

HAARP	
  

Arecibo	
  

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

Techniques	
  to	
  transform	
  HF	
  to	
  
ULF/ELF/VLF	
  frequencies	
  	
  
1.Polar	
  Electrojet	
  Antenna	
  (PEJ)	
  
	
  	
  a.	
  Requires	
  an	
  electrojet	
  current	
  
in	
  the	
  D/E	
  region	
  (70-­‐90	
  km)-­‐
Restricted	
  to	
  high	
  la4tudes	
  
	
  	
  	
  b.	
  Can	
  inject	
  frequencies	
  up	
  to	
  20	
  
kHz	
  [Whistlers	
  and	
  Shear	
  Alfven	
  
Waves	
  (SAW)]	
  
2.	
  Ionospheric	
  Current	
  Drive	
  (ICD)	
  
	
  	
  	
  a.	
  Does	
  not	
  require	
  electrojet	
  
	
  	
  	
  b.	
  Restricted	
  to	
  frequencies	
  
below	
  70	
  Hz	
  [	
  SAW,	
  EMIC,	
  
Magneto-­‐Sonic	
  (MS)]	
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