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ȷɎɗɘɋɒɆɘɎɝɋɗɐɎɋ ɎɗɗɑɋɊɔɈɆɓɎɥ ɕɖɔɜɋɗɗɔɈ ɈɍɆɎɒɔɊɋɏɗɘɈɎɥ ɒɔɟɓɔɉɔ 
ȰȨ ɖɆɊɎɔɎɍɑəɝɋɓɎɥ ɗ Ɏɔɓɔɗɚɋɖɔɏ ɓɆɝɆɑɎ ɕɖɔɈɔɊɎɘɢɗɥ ɗ ɓɆɝɆɑɆ 70-ɛ 
ɉɔɊɔɈ Ɉ ȷȾȦ Ɉ ȵɑɆɘɘɋɈɎɑɑɋ (ɔɑɔɖɆɊɔ) Ɏ ȦɖɋɗɎɇɔ (ȵəɣɖɘɔ-ȶɎɐɔ), Ɇ 
ɘɆɐɌɋ Ɉ ȷȷȷȶ (ɗɘɋɓɊ çɅɗɘɖɋɇè, ȳȮȶȺȮ ȳɎɌɋɉɔɖɔɊɗɐɆɥ ɔɇɑɆɗɘɢ). 
ȮɓɎɜɎɆɘɔɖɔɒ ɓɆɝɆɑɆ ɣɘɎɛ ɎɗɗɑɋɊɔɈɆɓɎɏ Ɉ ȳȮȶȺȮ ȩ. ȩ. ȩɋɘɒɆɓɜɋɈ. 
ȹɌɋ Ɉ ɕɋɖɈɡɛ ɣɐɗɕɋɖɎɒɋɓɘɆɛ ɇɡɑ ɔɇɓɆɖəɌɋɓ ɜɋɑɡɏ ɖɥɊ ɓɔɈɡɛ 
ɥɈɑɋɓɎɏ. Ȱ ɣɘɎɒ ɥɈɑɋɓɎɥɒ, Ɉ ɝɆɗɘɓɔɗɘɎ, ɔɘɓɔɗɥɘɗɥ ɈɔɍɇəɌɊɋɓɎɋ 
ɎɗɐəɗɗɘɈɋɓɓɔɏ ɘəɖɇəɑɋɓɘɓɔɗɘɎ Ɉ ɔɇɑɆɗɘɎ ɕɑɆɍɒɋɓɓɔɉɔ ɖɋɍɔɓɆɓɗɆ Ɉ 
Ɏɔɓɔɗɚɋɖɋ  Ɏ ɐɖəɕɓɔɒɆɗɞɘɆɇɓɔɋ ɖɆɗɗɑɔɋɓɎɋ Ɏɔɓɔɗɚɋɖɓɔɏ ɕɑɆɍɒɡ.  
Ȼɔɘɋɑɔɗɢ ɇɡ ɔɘɒɋɘɎɘɢ ɍɓɆɝɎɘɋɑɢɓɡɏ ɈɐɑɆɊ Ɉ ɎɗɗɑɋɊɔɈɆɓɎɥ ɕɖɔɇɑɋɒɡ 
ɈɍɆɎɒɔɊɋɏɗɘɈɎɥ ɒɔɟɓɡɛ ɖɆɊɎɔɈɔɑɓ ɗ Ɏɔɓɔɗɚɋɖɔɏ  əɞɋɊɞɎɛ Ɏɛ ɌɎɍɓɎ 
ɕɖɋɊɗɘɆɈɎɘɋɑɋɏ ɓɆəɝɓɔɏ ɞɐɔɑɡ Ȩ.ȱ. ȩɎɓɍɇəɖɉɆ, ɋɋ ɒɔɗɐɔɈɗɐɔɏ Ɏ 
ɓɎɌɋɉɔɖɔɊɗɐɔɏ ɈɋɘɈɋɏ: Ȩ.Ʉ. ȸɖɆɛɘɋɓɉɋɖɜɆ  Ɏ Ȩ. Ȩ. ȨɆɗɢɐɔɈɆ  Ɉ 
ɔɇɑɆɗɘɎ ɕɔɗɘɖɔɋɓɎɥ ɘɋɔɖɋɘɎɝɋɗɐɔɏ ɐɆɖɘɎɓɡ, ȱ.Ȳ. ȫɖəɛɎɒɔɈɆ Ɏ ȳ.Ȧ. 
ȲɎɘɥɐɔɈɆ (ȳȮȶȺȮ) Ɉ ɔɇɑɆɗɘɎ ɣɐɗɕɋɖɎɒɋɓɘɆɑɢɓɡɛ ɎɗɗɑɋɊɔɈɆɓɎɏ.  
 



Viktor Yu. Trakhengertz 

(14.04.1939-04.12.2007) 



1. ȨɈɋɊɋɓɎɋ. ȷəɟɋɗɘɈəɤɟɎɋ ɣɐɗɕɋɖɎɒɋɓɘɆɑɢɓɡɋ əɗɘɆɓɔɈɐɎ. 
ɅɈɑɋɓɎɥ Ɉ F-ɔɇɑɆɗɘɎ Ɏɔɓɔɗɚɋɖɡ ɈɇɑɎɍɎ ɘɔɝɐɎ 
ɔɘɖɆɌɋɓɎɥ ɒɔɟɓɔɏ ɔɇɡɐɓɔɈɋɓɓɔɏ Ɉɔɑɓɡ.  

2. ȷɘɖɎɐɜɎɔɓɓɆɥ ɕɆɖɆɒɋɘɖɎɝɋɗɐɆɥ ɓɋəɗɘɔɏɝɎɈɔɗɘɢ  

3. ȸɋɕɑɔɈɆɥ ɕɆɖɆɒɋɘɖɎɝɋɗɐɆɥ ɓɋəɗɘɔɏɝɎɈɔɗɘɢ 

4.  ȮɗɐəɗɗɘɈɋɓɓɔɋ ɖɆɊɎɔɎɍɑəɝɋɓɎɋ Ɏɔɓɔɗɚɋɖɡ (ȮȶȮ) 

5. ȲɋɛɆɓɎɍɒ ɉɋɓɋɖɆɜɎɎ ȮȶȮ Ɉ ɔɇɑɆɗɘɎ Ɉɋɖɛɓɋɉɔ ɉɎɇɖɎɊɓɔɉɔ 
ɖɋɍɔɓɆɓɗɆ 

6. ȭɆɈɎɗɎɒɔɗɘɢ ɈɎɊɆ ɗɕɋɐɘɖɔɈ ȮȶȮ ɔɘ ɗɔɔɘɓɔɞɋɓɎɥ f0 and 
nfce. 

7. ȰɔɓɐəɖɋɓɜɎɥ çɗɘɖɎɐɜɎɔɓɓɔɏè Ɏ çɈɋɖɛɓɋɉɎɇɖɎɊɓɔɏè ȮȮȸ 

8. ȹɗɐɔɖɋɓɎɋ ɣɑɋɐɘɖɔɓɔɈ 

9. ȩɋɓɋɖɆɜɎɥ ɎɗɐəɗɗɘɈɋɓɓɔɉɔ ɔɕɘɎɝɋɗɐɔɉɔ ɗɈɋɝɋɓɎɥ 

10. ȪɔɕɔɑɓɎɘɋɑɢɓɆɥ ɎɔɓɎɍɆɜɎɥ Ɏɔɓɔɗɚɋɖɓɔɏ ɕɑɆɍɒɡ. 

 



ȮɗɐəɗɗɘɈɋɓɓɆɥ ɎɔɓɔɗɚɋɖɓɆɥ ɘəɖɇəɑɋɓɘɓɔɗɘɢ Ɉ F-ɔɇɑɆɗɘɎ 
Ɏɔɓɔɗɚɋɖɡ ɈɇɑɎɍɎ ɘɔɝɐɎ ɔɘɖɆɌɋɓɎɥ ɔɇɡɐɓɔɈɋɓɓɔɏ 
Ɉɔɑɓɡ.  



Heating  

facility 

Frequency 

range 

(MHz) 

ERP(MW) GM field 

inclination  

Number of 

working hours 

per year 

çʉʫʨʘè 4.3 ï 9.5 150 ï 270 71.5Ü 100 ï 150 

EISCAT 4.0 ï 8.0 300 (4.0 ï 5.4 MHz) 

1200  (5.4 ï 8.0 MHz) 

78Ü å 200 

HAARP 2.8 ï 10.0 400 ï 3600 76Ü å 2000 

Arecibo 3.5, 5.1, 7.8 <150 45 Ü 



ȮȮȸ ɈɔɍɇəɌɊɆɋɘɗɥ Ɉ ɔɇɑɆɗɘɎ, ɉɊɋ ɒɔɉəɘ ɔɊɓɔɈɖɋɒɋɓɓɔ ɖɆɗɕɖɔ-
ɗɘɖɆɓɥɘɢɗɥ ɣɑɋɐɘɖɔɒɆɉɓɎɘɓɡɋ Ɏ ɕɑɆɍɒɋɓɓɡɋ (ɐɈɆɍɎɕɔɘɋɓ-
ɜɎɆɑɢɓɡɋ) Ɉɔɑɓɡ. ȳɆ ɖɎɗəɓɐɋ ɕɔɐɆɍɆɓɆ ɍɆɈɎɗɎɒɔɗɘɢ ɐɈɆɊɖɆɘɆ 
ɕɔɐɆɍɆɘɋɑɥ ɕɖɋɑɔɒɑɋɓɎɥ  

Ɋɑɥ 

ȨɇɑɎɍɎ ɘɔɝɐɎ ɔɘɖɆɌɋɓɎɥ  

                                                                                      

ȨɇɑɎɍɎ Ɉɋɖɛɓɋɉɔ ɉɎɇɖɎɊɓɔɉɔ 
ɖɋɍɔɓɆɓɗɆ   

                                                                                      

ȽɆɗɘɔɘɆ ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ: 



2. Ponderomotive parametric instability (PPI) 
near the PW reflection point.   Ű ~0.5 ï 5 ms  < 
Ȋe-1 . 

Instability threshold:  

- the  Miller force  

and contains the term 

(1) 

(2) 

(1) and (2) provide 
positive feedback 
and, therefore, an 
instability,   



EISCAT consists of 

much more than just 

radars. It  possesses 

the high-frequency 

(HF) ionospheric 

modifi -cation facility,  

called HEATING  or 

simply the HEATER .  

EISCAT 
mainland 

ȰɆɐ ȷȵȳ 
ɎɗɗɑɋɊəɋɘɗɥ ɓɆ 
ɣɐɗɕɋɖɎɒɋɓɘɋ? 



Caricature of HFIL spectra (left) 
and HFPL+ spectra (right) versus 
height (ordinate) 10ï20 ms after 
HF turn-on in a smooth, stratified, 
stable plasma. The dashed green 
lines correspond to the radar 
frequency plus f0 (HFPL+) and the 
radar center frequency (HFIL). The 
HFPLï spectrum is not shown .The 
black dotted line connecting the 
HFPL free mode frequencies at the 
baselines represents the LW 
dispersion curve in the plasma. SLT 
with caviton formation occurs near 
the critical altitude (purple bar), 
and the PDI is detected near the 
matching altitude (white bar). The 
magenta bar indicates the region 
where the PDI and SLT coexist.  
Adopted  from F. T. Djuth, D. F. 
DuBois, Earth Moon Planets, 2015, 
DOI 10.1007/s11038-015-9458-x 
 



SEE spectrogram  for  first  200  
ms  of  pumping . Black  line  shows  
the  temporal  evolution  of  PW 
reflected  signal  (PSA) . f0  =  6778  
kHz  å 5fce. Pump  power  ~  180  
MW.  

A succession  of  SEE 
spectra  obtained  ar  the  
different  time  after  PW 
turn  on . 

SEE related to ponderomotive parametric instability: 

4. ʀʩʢʫʩʩʪʚʝʥʥʦʝ ʨʘʜʠʦʠʟʣʫʯʝʥʠʝ ʠʦʥʦʩʬʝʨʳ (ʀʈʀ) ʠʣʠ 
Stimulated Electromagnetic Emission (SEE) is known as a 
structured, wide-band secondary radiation escaping the PW-plasma 
interaction region.   



ȮɗɐəɗɗɘɈɋɓɓɆɥ ɎɔɓɔɗɚɋɖɓɆɥ ɘəɖɇəɑɋɓɘɓɔɗɘɢ Ɉ F-ɔɇɑɆɗɘɎ 
Ɏɔɓɔɗɚɋɖɡ ɈɇɑɎɍɎ ɘɔɝɐɎ ɔɘɖɆɌɋɓɎɥ ɔɇɡɐɓɔɈɋɓɓɔɏ 
Ɉɔɑɓɡ.  



3. Thermal  parametric  instability  (TPI)  in the 

ionosphere causes excitation of UH waves with     ku ƍ  B   and small-

scale  striations elongated along geomagnetic field  (process: EM Ÿ UH+ 

N, matching conditions k0= kuÑȇ , Ȓ0=Ȓ). Ű<  (ŭȊe)
-1~ 0.5-5 s. 

-  Joule heating , again beating and 

positive feedback  

Instability threshold:  



ȶɋɉəɑɥɖɓɆɥ ɓɋɔɊɓɔɖɔɊɓɔɗɘɢ ɗɖɋɊɡ ɗəɟɋɗɘɈɋɓɓɆ Ɋɑɥ 
TȵH: ɖɆɍɒɋɖ ɔɇɑɆɗɘɎ ɈɍɆɎɒɔɊɋɏɗɘɈɎɥ Ɉɔɑɓɡ ɓɆɐɆɝɐɎ, 
ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ Ɏ ȲȲȳ , ɔɐɆɍɡɈɆɋɘɗɥ ɒɆɑɡɒ ɕɔ 
ɗɖɆɈɓɋɓɎɤ ɗ ɕɖɔɊɔɑɢɓɡɒ ɖɆɍɒɋɖɔɒ ȲȲȳ  Ɏ ɗ 
ɛɆɖɆɐɘɋɖɓɔɏ ɊɑɎɓɔɏ ɍɆɘəɛɆɓɎɥ ɕɑɆɍɒɋɓɓɔɏ Ɉɔɑɓɡ lɍ, 
lɗ<< lɍ, LT. ȨɋɑɎɝɎɓɆ lɗ ɔɕɖɋɊɋɑɥɋɘɗɥ ɊɑɎɓɔɏ ɗɎɓɛɖɔɓɎɍɒɆ 
ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ Ɏ Ȩȳ, LT   ɛɆɖɆɐɘɋɖɓɔɏ ɕɖɔɊɔɑɢɓɔɏ 
Ɉɔɑɓɔɏ ɘɋɕɑɔɕɖɔɈɔɊɓɔɗɘɎ, (                 ), lɍ =Ȋe /V, V - 

ɈɋɖɘɎɐɆɑɢɓɆɥ ɐɔɒɕɔɓɋɓɘɆ ɉɖəɕɕɔɈɔɏ ɗɐɔɖɔɗɘɎ 
ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ. ɃɚɚɋɐɘɎɈɓɔɗɘɢ ɎɗɘɔɝɓɎɐɆ ɓɆɉɖɋɈɆ ɕɖɎ 
ɖɆɍɈɎɘɎɎ ȸȵȳ əɒɋɓɢɞɆɋɘɗɥ, ɘɆɐɎɒ ɔɇɖɆɍɔɒ, ɕɔ 
ɗɖɆɈɓɋɓɎɤ ɗ ɔɊɓɔɖɔɊɓɔɏ ɗɖɋɊɔɏ Ɉ (lɗ

2/ lɍ LT)
-1å LT Ȓ/LȊe 

ɖɆɍ, L ï ɑɔɐɆɑɢɓɡɏ ɒɆɗɞɘɆɇ ɉɖɆɊɎɋɓɘɆ ɐɔɓɜɋɓɘɖɆɜɎɎ 
ɕɑɆɍɒɡ Ɉ ɔɇɑɆɗɘɎ ȸȵȳ. ȷɔɔɘɈɋɘɗɘɈɋɓɓɡɒ ɔɇɖɆɍɔɒ 
ɕɔɈɡɞɆɋɘɗɥ ɕɔɖɔɉ ȸȵȳ Ɉ ɓɋɔɊɓɔɖɔɊɓɔɏ ɗɖɋɊɋ. Ȩ    
ɖɋɍəɑɢɘɆɘɋ  (                   ) 
                           
                



ȶɆɐəɖɗɓɔɋ ɖɆɗɗɋɥɓɎɋ ȰȨ Ɏ ȹȰȨ ɓɆ ȲȲȳ. ȨɓɎɍə  - ɗɛɋɒɆ 
ɣɐɗɕɋɖɎɒɋɓɘɆ Ɏ ɘɖɆɋɐɘɔɖɎɎ ɖɆɗɕɖɔɗɘɖɆɓɋɓɎɥ ɖɆɊɎɔɈɔɑɓ ɓɆ 
ɘɖɆɗɗɋ ȮȭȲȮȶȦȳ - çȷəɖɆè - ȶɔɗɘɔɈ-ɓɆ Ȫɔɓə. [Ȩ.ȵ. ȹɖɥɊɔɈ, ȩ.ȩ. 

ȨɋɖɘɔɉɖɆɊɔɈ Ɏ Ɋɖ. ȮɍɈ. ɈəɍɔɈ ȶɆɊɎɔɚɎɍɎɐɆ, 2009, ɘ.  52, ɷ4.]  

Ȫɑɥ ȹȰȨ ï 
ɕɖɥɒɔɑɎɓɋɏɓɔɋ 
ɖɆɗɕɖɔɗɘɖɆɓɋɓɎɋ. 
 
Ȫɑɥ ȰȨ ɗəɟɋɗɘɈɋɓɓɆ 
ɖɋɚɖɆɐɜɎɥ Ɉ 
Ɏɔɓɔɗɚɋɖɋ (ɗɒ. ɖɎɗ.) 

ȰɆɐ ɎɗɗɑɋɊəɋɘɗɥ ȸȵȳ (ȲȲȳ Ɏ Ȩȩ Ɉɔɑɓɡ) Ɉ ɣɐɗɕɋɖɎɒɋɓɘɋ? 



From this relation an altitude 
dependence of plasma (upper hybrid) 
wave energy density can be  
obtained. Essential consequence:  
near the maximum the threshold of 
PPI is exceeded, and e.g. induced 
scattering or 3-wave decay provide a 
wide frequency spectrum of UH 
waves(!!)  

 



 

4. Most prominent SEE 
spectral features for long 
pumping  (òupper hybridò 
featuresò) related to  the 
thermal parametric 
instabilyty . 
 
Â Downshifted maximum (DM), is 
situated at the frequency shifts  
ȹfDM<0, |ȹfDM|> fLH , DM 

desappears  at fDMånf c å 
fuh  
 
Â Broad upshifted maximum 
(BUM), at  

ǧfBUM ~ f0-nfce+ŭf  (1) 

exists for f0Ó nfce,  

ŭf= 15-20 kHz 
 

^



ȶɋɌɎɒɡ ɎɍɑəɝɋɓɎɥ Ɉɔɑɓɡ ɓɆɐɆɝɐɎ (f0) Ɏ 
ɊɎɆɉɓɔɗɘɎɝɋɗɐɔɏ Ɉɔɑɓɡ (fD) Ɋɑɥ ɎɗɗɑɋɊɔɈɆɓɎɏ 
ɎɗɐəɗɗɘɈɋɓɓɔɏ ɘəɖɇəɑɋɓɘɓɔɗɘɎ ɗ ɕɔɒɔɟɢɤ ȮȶȮ,  



SEE spectrogram  for  first  200  
ms  of  pumping . Black  line  shows  
the  temporal  evolution  of  PW 
reflected  signal  (PSA) . f0  =  6778  
kHz  å 5fce. Pump  power  ~  180  
MW.  

A succession  of  SEE 
spectra  obtained  ar  the  
different  time  after  PW 
turn  on . 

SEE related to ponderomotive parametric instability: 

4. ʀʩʢʫʩʩʪʚʝʥʥʦʝ ʨʘʜʠʦʠʟʣʫʯʝʥʠʝ ʠʦʥʦʩʬʝʨʳ (ʀʈʀ) ʠʣʠ 
Stimulated Electromagnetic Emission (SEE) is known as a 
structured, wide-band secondary radiation escaping the PW-plasma 
interaction region.   



 

4. Most prominent SEE 
spectral features for long 
pumping  (òupper hybridò 
featuresò) related to  the 
thermal parametric 
instabilyty . 
 
Â Downshifted maximum (DM), is 
situated at the frequency shifts  
ȹfDM<0, |ȹfDM|> fLH , DM 

desappears  at fDMånf c å 
fuh  
 
Â Broad upshifted maximum 
(BUM), at  

ǧfBUM ~ f0-nfce+ŭf  (1) 

exists for f0Ó nfce,  

ŭf= 15-20 kHz 
 

^



SEE spectra at the initial (ñLangmuirò, left) and steady state 

(ñUpper Hybridò) stages) at f0~4fc (5360 Ò f0Ò 5440 kHz). There is 

no dependence on f0 on the left panel.  



ȷɑɋɊəɤɟɎɏ ɗɑɆɏɊ: ɈɡɘɋɗɓɋɓɎɋ ɕɑɆɍɒɡ Ɏɍ 
ɔɇɑɆɗɘɋɏ ɉɋɓɋɖɆɜɎɎ ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ 
(ɎɗɗɑɋɊɔɈɆɓɎɋ ɗ ɕɔɒɔɟɢɤ ɒɓɔɉɔɝɆɗɘɔɘɓɔɉɔ 
ɊɔɕɕɑɋɖɔɈɗɐɔɉɔ ɍɔɓɊɎɖɔɈɆɓɎɥ) Ɏ ɕɆɖɆɑɑɋɑɢɓɆɥ 
ɊɎɓɆɒɎɐɆ ɎɗɐəccɘɈɋɓɓɔɉɔ ɖɆɊɎɔɎɍɑəɝɋɓɎɥ 
Ɏɔɓɔɗɚɋɖɡ Adopted from Sergeev, E. N., A. V. Shindin, S. M. Grach, 

G. M. Milikh, E. V. Mishin, P. A. Bernhardt, C. L. Siefring, S. J. Briczinski, 
and M. J. McCarrick (2016), Exploring HF-induced ionospheric turbulence 
by Doppler sounding and stimulated electromagnetic emissions at the 
High Frequency Active Auroral Research Program heating facility, Radio 
Sci., 51, 1118ï1130, doi:10.1002/2015RS005936. 



ȨɈɋɖɛə: ɍɆɈɎɗɎɒɔɗɘɢ ɗɐɔɖɔɗɘɎ 
ɊɈɎɌɋɓɎɥ ɘɔɝɐɎ ɔɘɖɆɌɋɓɎɥ 
ɕɖɔɇɓɡɛ Ɉɔɑɓ Vr  ɔɘ ɈɖɋɒɋɓɎ 
ɕɔɗɑɋ ɓɆɝɆɑɆ ɓɆɉɖɋɈɆ Ɏ 
ɝɆɗɘɔɘɡ, Vr>0 ɗɔɔɘɈɋɘɗɘɈəɋɘ 
ɊɈɎɌɋɓɎɤ ɈɓɎɍ.  
ȨɓɎɍə: ɗɕɋɐɘɖɔɉɖɆɒɒɆ ȮȶȮ Ɋɑɥ 
ɘɔɉɔ Ɍɋ ɗɋɆɓɗɆ ɓɆɉɖɋɈɆ. 
ȴɘɒɋɝɋɓɡ ɗɕɋɐɘɖɆɑɢɓɡɋ 
ɐɔɒɕɔɓɋɓɘɡ: NC, DM Ɏ BC.  

ȭɆɈɎɗɎɒɔɗɘɢ ɔɘɓɔɗɎɘɋɑɢɓɡɛ ɈɆɖɎɆɜɎɏ ɣɑɋɐɘɖɔɓɓɔɏ 
ɐɔɓɜɋɓɘɖɆɜɎɎ [Ne(t) -Ne(0)]/ Ne(0) ɔɘ Ɉɡɗɔɘɡ Ɉ ɒɔɒɋɓɘ 
ɈɖɋɒɋɓɎ 2.4 ɗ (ɕɖɆɈɡɋ ɈɋɖɛɓɎɋ ɕɆɓɋɑɎ) Ɏ 
30 ɗ (ɔɗɓɔɈɓɡɋ ɕɆɓɋɑɎ) ɕɔɗɑɋ ɓɆɝɆɑɆ ɓɆɉɖɋɈɆ.  
zr Ɏ zuh - Ɉɡɗɔɘɡ ɔɘɖɆɌɋɓɎɥ Ɏ Ȩȩȶ ɖɋɍɔɓɆɓɗɆ Ȩȳ. 

ȨɎɊɓɔ, ɝɘɔ NCp ɖɆɍɈɎɈɆɋɘɗɥ ɔɊɓɔɈɖɋɒɋɓɓɔ ɗ 
ɈɡɘɋɗɓɋɓɎɋɒ ɕɑɆɍɒɡ Ɏɍ ɔɇɑɆɗɘɎ ɔɘɖɆɌɋɓɎɥ Ȩȳ; 
DM Ɏ BC ï ɔɊɓɔɈɖɋɒɋɓɓɔ ɗ ɈɡɘɋɗɓɋɓɎɋɒ ɕɑɆɍɒɡ 
Ɏɍ ɔɇɑɆɗɘɎ Ȩȩȶ Ɉɔɑɓɡ ɓɆɐɆɝɐɎ.   
 



ȷɑɋɊəɤɟɎɋ ɗɑɆɏɊɡ: ɊɎɓɆɒɎɐɆ ɗɕɋɐɘɖɔɈ ȮȶȮ, ɗɈɥɍɆɓɓɡɛ  
 
Åɗɔ ɗɘɖɎɐɜɎɔɓɓɔɏ ɕɆɖɆɒɋɘɖɎɝɋɗɐɔɏ ɓɋəɗɘɔɏɝɎɈɔɗɘɢɤ 
Åɗ ɘɋɕɑɔɈɔɏ ɕɆɖɆɒɋɘɖɎɝɋɗɐɔɏ ɓɋəɗɘɔɏɝɎɈɔɗɘɢɤ 
(ɒɋɑɐɔɒɆɗɞɘɆɇɓɡɒɎ ɒɆɉɓɎɘɔɔɖɎɋɓɘɎɖɔɈɆɓɓɡɒɎ 
ɓɋɔɊɓɔɖɔɊɓɔɗɘɥɒɎ, ȲȲȳ) 
 
ȳɆɇɑɤɊɆɋɒɆɥ ɊɎɓɆɒɎɐɆ (ɖɆɗɞɎɖɋɓɎɋ Ɏ ɕɋɖɋɒɋɟɋɓɎɋ 
ɗɕɋɐɘɖɆ Ɉ ɔɇɑɆɗɘɢ ɇɔɑɋɋ ɓɎɍɐɎɛ ɝɆɗɘɔɘ) ɗɈɥɍɥɓɆ ɗ 
ɕɋɖɋɐɆɝɐɔɏ ɣɓɋɖɉɎɎ ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ ɕɔ ɗɕɋɐɘɖə.  



ȷɕɋɐɘɔɖɔɉɖɆɒɒɆ ȮȶȮ Ɋɑɥ ɕɋɖɈɡɛ 200  ɒɗ 
ɈɔɍɊɋɏɗɘɈɎɥ. ȽɋɖɓɆɥ ɑɎɓɎɥ ï 
ɔɗɜɎɑɑɔɉɖɆɒɒɆ ɔɘɖɆɌɋɓɓɔɉɔ ɗɎɉɓɆɑɆ 
Ɉɔɑɓɡ ɓɆɐɆɝɐɎ.  f0  =  6778  kHz  å 5fce. P~  
180  MW.  

ȵɔɗɑɋɊɔɈɆɘɋɑɢɓɔɗɘɢ 
ɗɕɋɐɘɖɔɈ ȮȶȮ ɕɔɗɑɋ 
ɈɐɑɤɝɋɓɎɥ Ȩȳ. 

SEE related to ponderomotive parametric instability:  

ȴɗɜɎɑɑɔɉɖɆɒɒɡ Ɉɔɑɓɡ ɓɆɐɆɝɐɎ (ɝɋɖɓɡɋ 
ɑɎɓɎɎ) Ɏ ȮȶȮ ɓɆ ɖɆɍɑɎɝɓɡɛ ɔɘɗɘɖɔɏɐɆɛ Ɋɑɥ 
ɊɑɎɘɋɑɢɓɔɗɘɋɏ ɎɒɕəɑɢɗɆ Ȩȳ  5, 15 Ɏ 50 ɒɗ. 
ȷɘɋɓɊ HAARP.  f0 = 5420 ɐȩɜ. P~1,8 ȩȨɘ. 



ȩɋɓɋɖɆɜɎɥ ȮȶȮ Ɏɒɕəɑɢɗɔɒ ɊɎɆɉɓɔɗɘɎɝɋɗɐɔɏ Ɉɔɑɓɡ  ɗ fɊɈ=4740 ɐȩɜ 
ɊɑɎɘɋɑɢɓɔɗɘɢɤ 30 ɒɗ. ȲȲȳ ɗɔɍɊɆɓɡ Ɉɔɑɓɔɏ ɓɆɐɆɝɐɎ ɗ f0= 5650 ɐȩɜ 
ȪɎɓɆɒɎɐɆ ȮȶȮ Ɉ Ɏɒɕəɑɢɗɋ ɔɕɖɋɊɋɑɥɋɘɗɥ ɕɋɖɋɐɆɝɐɔɏ ɣɓɋɖɉɎɎ 
ɕɑɆɍɒɋɓɓɡɛ Ɉɔɑɓ ɕɔ ɗɕɋɐɘɖə.  

  



ȲɋɛɆɓɎɍɒ ɉɋɓɋɖɆɜɎɎ ȮȶȮ Ɉ ɔɇɑɆɗɘɎ Ɉɋɖɛɓɋɉɔ 
ɉɎɇɖɎɊɓɔɉɔ ɖɋɍɔɓɆɓɗɆ: 

EMŸUH+N 

UHŸUHô+ Pi  

(for BC) 

UHŸUHô+LH  

(for DM and 2DM),  

UH+LHŸUHô 

(for  UM) 

???  

(for BUM and BUS) 

UH+NŸEMô  

(for SEE generation ) 



ȶɋɍəɑɢɘɆɘɡ ɗɔɕɔɗɘɆɈɑɋɓɎɥ Ɉɖɋɒɋɓɓɔɉɔ ɛɔɊɆ ɆɒɕɑɎɘəɊɡ ȮȶȮ 
(BC-ɐɔɒɕɔɓɋɓɘɡ) ɓɆ ɔɘɗɘɖɔɏɐɆɛ |Df|=  27, 42, 55, 81 ɐȩɜ. Ɉ 
ɣɐɗɕɋɖɎɒɋɓɘɋ Ɏ Ɉ ɖɋɍəɑɢɘɆɘɋ ɝɎɗɑɋɓɓɔɉɔ ɒɔɊɋɑɎɖɔɈɆɓɎɥ . 



ȶɋɍəɑɢɘɆɘɡ ɗɔɕɔɗɘɆɈɑɋɓɎɥ Ɉɖɋɒɋɓɓɔɉɔ ɛɔɊɆ ɆɒɕɑɎɘəɊɡ ȮȶȮ 
(BC-ɐɔɒɕɔɓɋɓɘɡ) ɓɆ ɔɘɗɘɖɔɏɐɆɛ |Df|=  27, 42, 55, 81 ɐȩɜ. Ɉ 
ɣɐɗɕɋɖɎɒɋɓɘɋ Ɏ Ɉ ɖɋɍəɑɢɘɆɘɋ ɝɎɗɑɋɓɓɔɉɔ ɒɔɊɋɑɎɖɔɈɆɓɎɥ . 



Dependence of the SEE spectra on the relation between f0 and nfce. 
data collected during 1996 ï 2000 at the SURA facility. Electron 
cyclotron harmonics (nfce, n=4 -7) are shown on the top of the figure.  
Df= fSEE ï f. (figure of Frolov et al., Geophys. Res. Lett., 2001, V. 28, N. 
16, p. 3101-3104) 



Pump  frequency  sweep  around  4 th  gyroharmonic . The stack  of  five  plots  
showing  SEE spectra  for  the  five  different  pump  frequencies  marked  on  the  
vertical  axis  in  the   middle  of  the  figure . The standard  SEE spectral  features  
and  the  pump  are  labeled . These  spectra  are  cross  sections  of  the  pump  
relative  spectra  versus  pump  frequency  two -dimensional  plot  in  the  panel  b) . 
The position  of  the  cross  sections  are  marked  with  dashed,  magenta  lines . 
The estimated  range  of  the  local  fourth  gyroharmonic  is shown  as a hatched  
region  on  on  the  pump  frequency  axis . 

First experiments: SURA, September 1998,  Carozzi et al., JGR, V. 107, NO. 

A9, 1253, doi:10.1029/2001JA005082, 2002  SURA, September 1998 



SEE spectra with pump wave frequency stepping by 10 kHz  at  f0 

sweeping near 4fce, 5360Ò f0 Ò 5500 ʢɻʮ  (19.05.2004, left), and  near 

5fce, 6710Ò f0 Ò 6900 ʢɻʮ (15.09.2004, right). The spectra with f0 nfce 

are shown by bold line. Each next spectrum is shifted by 10 dB along 

the ordinate axes for clarity.  

 



At f0 sweeping through nfbe (n =  4, 5) the SEE spectral features 
UM, NCt, and DM achieve their minima successively for pump 
frequencies f0UM åf0min īæ fUM <  f0NC åf0min ī (2 ī 3) kHz <  f0DMå 
f0min īæ fDM, but at the same their own frequencies coinciding with 
a pump frequency, at which total SEE intensity achieves a 
minimum value f0min: f0minå fUM å fNC å fDM. f0min å nfbe (z=zd), at 
the double resonance, where fd= nfbe= fUH=( fpe

2+ fbe
2)1/2 

 

n=4                n=5  



ʇʨʠʙʣʠʞʝʥʥʦʝ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʦʧʝʨʝʯʥʳʭ ʧʣʘʟʤʝʥʥʳʭ ʚʦʣʥ 

ʚ ʦʙʣʘʩʪʠ ʜʚʦʡʥʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʛʜʝ , ɤuh=nɤce 

Schematic plot clarifying the 

disappearance of HF 

plasma waves near  the 

double resonance in the 

ionosphere. 

Solid line: ɤuh
2(z), dashed 

line: nɤce
2(z), z is an 

altitude. Plasma waves can 

exist if ɤ>ɤuh and ɤ>nɤce 

or ɤ<ɤuh and ɤ<n ɤce. If 

ɤ=ɤd=ɤuh(zd)=nɤce(zd), 

such conditions cannot be 

fulfilled.  



9. ȹɗɐɔɖɋɓɎɋ ɣɑɋɐɘɖɔɓɔɈ Ɋɔ ɣɓɋɖɉɎɏ E~30-50 eV  ɕɖɔɎɗɛɔɊɎɘ ɕɖɎ 
ɈɍɆɎɒɔɊɋɏɗɘɈɎɎ ɣɑɋɐɘɖɔɓɔɈ ɗ ɕɑɆɍɒɋɓɓɡɒɎ ɈɔɑɓɆɒɎ 
(ɑɋɓɉɒɤɖɔɈɗɐɎɒɎ Ɏ/ɎɑɎ ɈɋɖɛɓɋɉɎɇɖɎɊɓɡɒɎ) ɓɆ ɝɋɖɋɓɐɔɈɗɐɔɒ  

Ȓ = kv  ɎɑɎ ɜɎɐɑɔɘɖɔɓɓɔɒ (Ȓ =nȒce + k|| v || ) ɖɋɍɔɓɆɓɗɋ.  

ɃɚɚɋɐɘɎɈɓɔɋ əɗɐɔɖɋɓɎɋ ɕɖɔɎɗɛɔɊɎɘ, ɐɔɉɊɆ: 

Å ɕɑɆɍɒɋɓɓɡɋ Ɉɔɑɓɡ ɊɔɗɘɆɘɔɝɓɔ ɎɓɘɋɓɗɎɈɓɡ; 

Å ɔɓɎ ɍɆɓɎɒɆɤɘ ɊɔɗɘɆɘɔɝɓɔ ɇɔɑɢɞəɤ ɔɇɑɆɗɘɢ Ɉɡɗɔɘ (ɎɓɆɝɋ 
ɣɑɋɐɘɖɔɓɡ ɕɔɐɎɊɆɤɘ ɔɇɑɆɗɘɢ əɗɐɔɖɋɓɎɥ, ɓɋ əɗɕɋɈ ɓɆɇɖɆɘɢ 
ɣɓɋɖɉɎɤ) 

Å ɔɓɎ ɊɔɑɌɓɡ ɇɡɘɢ ɖɆɗɕɖɋɊɋɑɋɓɡ Ɉ k-ɕɖɔɗɘɖɆɓɗɘɈɋ  
ɐɈɆɍɎɎɍɔɘɖɔɕɓɔ (ɘɔɉɊɆ ɣɑɋɐɘɖɔɓɡ  çɍɆɕəɘɡɈɆɤɘɗɥè Ɉ ɕɑɆɍɒɋɓɓɡɛ 
ɈɔɑɓɆɛ Ɏ Ɉɖɋɒɥ Ɏɛ ɌɎɍɓɎ Ɉ əɗɐɔɖɥɤɟɋɒ ɗɑɔɋ əɈɋɑɎɝɎɈɆɋɘɗɥ). 



ȷɑɋɊɗɘɈɎɥ əɗɐɔɖɋɓɎɥ ɣɑɋɐɘɖɔɓɔɈ: 

 

9. ȩɋɓɋɖɆɜɎɥ ɎɗɐəɗɗɘɈɋɓɓɔɉɔ ɔɕɘɎɝɋɗɐɔɉɔ 
ɗɈɋɝɋɓɎɥ, ɘɔɝɓɋɋ ɈɑɎɥɓɎɋ ɎɍɑəɝɋɓɎɥ Ɉɔɑɓɡ 
ɓɆɐɆɝɐɎ ɓɆ ɥɖɐɔɗɘɢ ɔɕɘɎɝɋɗɐɔɉɔ ɗɈɋɝɋɓɎɥ 
ɓɔɝɓɔɉɔ ɓɋɇɆ. 

 

10. ȪɔɕɔɑɓɎɘɋɑɢɓɆɥ ɎɔɓɎɍɆɜɎɥ Ɏɔɓɔɗɚɋɖɓɔɏ 
ɕɑɆɍɒɡ. 



 

ȴɕɘɎɝɋɗɐɔɋ ɗɈɋɝɋɓɎɋ Ɏɔɓɔɗɚɋɖɡ Ɉ ɐɖɆɗɓɔɏ ɑɎɓɎɎ ɗ ɊɑɎɓɔɏ Ɉɔɑɓɡ 
Ȉ=630 ɓɒ ɗɈɥɍɆɓɔ ɗ ɎɍɑəɝɋɓɎɋɒ ɈɔɍɇəɌɊɋɓɓɡɛ ɆɘɔɒɔɈ ɐɎɗɑɔɖɔɊɆ 
O(1D). ȨɔɍɇəɌɊɋɓɓɡɋ Ɇɘɔɒɡ ɈɔɍɓɎɐɆɤɘ Ɉ ɖɋɍəɑɢɘɆɘɋ ɊɈəɛ ɕɖɎɝɎɓ: Ɇ) 
ɊɎɗɗɔɜɎɆɘɎɈɓɔɏ ɖɋɐɔɒɇɎɓɆɜɎɎ ɗ əɝɆɗɘɎɋɒ ɣɑɋɐɘɖɔɓɔɈ Ɏ ɎɔɓɔɈ 
ɒɔɑɋɐəɑɥɖɓɔɉɔ ɐɎɗɑɔɖɔɊɆ Ɏ ɇ) ɈɔɍɇəɌɊɋɓɎɥ ɆɘɔɒɔɈ ɐɎɗɑɔɖɔɊɆ, 
ɓɆɛɔɊɥɟɎɛɗɥ Ɉ ɔɗɓɔɈɓɔɒ ɗɔɗɘɔɥɓɎɎ, ɕɖɎ ɗɘɔɑɐɓɔɈɋɓɎɥɛ ɗ 
(əɗɐɔɖɋɓɓɡɒɎ) ɣɑɋɐɘɖɔɓɆɒɎ ɗ  ɣɓɋɖɉɎɋɏ ɇɔɑɢɞɋɏ, ɝɋɒ ɣɓɋɖɉɎɥ 
ɈɔɍɇəɌɊɋɓɎɥ  əɖɔɈɓɥ O(1D ) (e> I=1,96 ɣȨ). ȵɔɣɘɔɒə ɓɆɉɖɋɈ ɣɑɋɐɘɖɔɓɔɈ 
ɕɖɎ ɈɔɍɊɋɏɗɘɈɎɎ ɒɔɟɓɡɛ ɖɆɊɎɔɈɔɑɓ ɓɆ F-ɗɑɔɏ Ɏɔɓɔɗɚɋɖɡ ɔɐɆɍɡɈɆɋɘ 
ɊɈɔɥɐɔɋ ɈɑɎɥɓɎɋ ɓɆ ɥɖɐɔɗɘɢ ɗɈɋɝɋɓɎɥ. ȹɒɋɓɢɞɋɓɎɋ ɐɔɣɚɚɎɜɎɋɓɘɆ 
ɖɋɐɔɒɇɎɓɆɜɎɎ ɗ ɖɔɗɘɔɒ ɘɋɒɕɋɖɆɘəɖɡ ɕɖɎɈɔɊɎɘ ɐ əɒɋɓɢɞɋɓɎɋ 
ɐɔɓɜɋɓɘɖɆɜɎɎ ɈɔɍɇəɌɊɋɓɓɡɛ ɆɘɔɒɔɈ [O(1D)] Ɏ, ɗɔɔɘɈɋɘɗɘɈɋɓɓɔ, 
əɒɋɓɢɞɋɓɎɤ ɥɖɐɔɗɘɎ, ɘɔɉɊɆ ɐɆɐ əɈɋɑɎɝɋɓɎɋ ɝɎɗɑɆ ɣɑɋɐɘɖɔɓɔɈ ɗ e> I 
ɕɖɎ ɓɆɉɖɋɈɋ  (əɗɐɔɖɋɓɎɎ) ï ɐ əɈɋɑɎɝɋɓɎɤ [O(1D)] Ɏ ɥɖɐɔɗɘɎ ɗɈɋɝɋɓɎɥ.  
ȴɕɘɎɝɋɗɐɔɋ ɗɈɋɝɋɓɎɋ ɕɖɎ ɈɔɍɇəɌɊɋɓɎɎ Ɏɔɓɔɗɚɋɖɓɡɛ ɆɘɔɒɔɈ Ɏ ɎɔɓɔɈ 
əɗɐɔɖɋɓɓɡɒɎ ɣɑɋɐɘɖɔɓɆɒɎ ɓɆɇɑɤɊɆɑɔɗɢ ɘɆɐɌɋ Ɉ ɑɎɓɎɥɛ O(1D ) 
(Ȉ=557,7 ɓɒ, I=4,17 ɣȨ, ɍɋɑɋɓɆɥ ɑɎɓɎɥ ɆɘɔɒɆɖɓɔɉɔ ɐɎɗɑɔɖɔɊɆ), 
N2

+(B2Ǵu
+) (Ȉ=427,8 ɓɒ, Iå 19 ɣȨ, ɗɎɓɥɥ ɑɎɓɎɥ ɎɔɓɆ ɒɔɑɋɐəɑɥɖɓɔɉɔ 

ɆɍɔɘɆ). ȵɔɗɑɋɊɓɋɋ ɗɈɎɊɋɘɋɑɢɗɘɈəɋɘ ɔɇ ɎɔɓɎɍɆɜɎɎ ɒɔɑɋɐəɑɥɖɓɔɉɔ ɆɍɔɘɆ 
ɕɖɎ ɈɔɍɊɋɏɗɘɈɎɎ.  
 
. 



ʂʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʚʳʪʷʥʫʪʳʝ ʚʜʦʣʴ 

ʛʝʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʚʝʨʪʠʢʘʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ) 

ʅʝʢʦʪʦʨʳʝ ʵʬʬʝʢʪʳ, ʥʘʙʣʶʜʘʶʱʠʝʩʷ ʚ ʢʨʘʩʥʦʡ ʣʠʥʠʠ 

ʘʪʦʤʘʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ 



Ƀɚɚɋɐɘ ɒɆɉɓɎɘɓɔɉɔ ɍɋɓɎɘɆ. ȳɆɐɑɔɓɓɔɋ ɈɔɍɊɋɏɗɘɈɎɋ, ɓɆ 12Ü Ɏ 16Ü ɐ 
ɤɉə (ɐ ɓɆɕɖɆɈɑɋɓɎɤ ɒɆɉɓɎɘɓɔɉɔ ɕɔɑɥ).  

ȵɔɊɆɈɑɋɓɎɋ ɥɖɐɔɗɘɎ ɚɔɓɔɈɔɉɔ 
ɈɗɑɋɊɗɘɈɎɋ ɘɋɒɕɋɖɆɘəɖɓɔɏ 
ɍɆɈɎɗɎɒɔɗɘɎ ɐɔɣɚɚɎɜɎɋɓɘɆ 
ɊɎɗɗɔɜɎɆɘɎɈɓɔɏ 
ɖɋɐɔɒɇɎɓɆɜɎɎ.  



Low duty cycle (D): Ű 1= 20 ms,   IPP1=1 s  
High duty cycle (QCP): Ű 1= 160 ms,   IPP1=200 ms  

Sounding  wave (S) Ű2 = 100 ȉs,  IPP2 = 200 ms, Űdelay 
= 180 ms 

 

 Additional ionization (artificial ionospheric layers) at the 
HAARP facility 



 

28.03.2011,  
Pef= 1,8 ȩȩɈ 

ȪɋɏɗɘɈəɤɟɎɋ 
Ɉɡɗɔɘɡ ɔɘɖɆɌɋɓɎɥ 
ɊɎɆɉɓɔɗɘɎɝɋɗɐɎɛ 
(S) 100 ɒɐɗ 
ɎɒɕəɑɢɗɔɈ   ɕɖɎ 
ɈɋɖɘɎɐɆɑɢɓɔɒ Ɏ 
ɓɆɐɑɔɓɓɔɒ (Ɉ 
ɒɆɉɓɎɘɓɡɏ ɍɋɓɎɘ) 
ɈɔɍɊɋɏɗɘɈɎɎ. 



ȮɓɘɋɓɗɎɈɓɔɗɘɢ ɕɑɆɍɒɋɓɓɔɏ ɑɎɓɎɎ ɖɆɊɆɖɆ MUIR Ɉ 
ɍɆɈɎɗɎɒɔɗɘɎ ɔɘ ɖɆɗɗɘɔɥɓɎɥ l =  h/cos(14.2Á)  Ɉɔ Ɉɖɋɒɥ 
ɣɐɗɕɋɖɎɒɋɓɘɆ 28.03.11 


