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Heating Frequency ERP(MW) GM field Number of

facility range Inclination working hours
(MH2z) peryear
cCHbkztc©a.3i 9.5 1507 270 71. 5 U 1007 150
EISCAT 4.01 8.0 300 (4.0i 5.4MHz) 78U a 200
1200 (5.4 8.0MHz)
HAARP 2.87 10.0 4001 3600 76U a 2000

Arecibo 3.5,5.1.7.8 <150 45U
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2. Ponderomotive parametric instability (PPI)
near the PW reflection point. U~05 i 5ms <

E = ED + Epl and ‘E‘E contains the term EI]E1 + c.c.

Eqg o exp{ —iwpt + ikor} + c.c.

Ep o exp{ —iwyt + ikyr} 4 c.c. [
O o exp{ —i(wo —wi)t +i(ko — ky)r} +c.c

- the Miller force (1) and (2) provide

- { O . T positive feedback
Ok /Ot + vk oc o VIERE and, therefore, an

instability,

Instability threshold:
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Caricature of HFIL spectra (left)
and HFPL+ spectra (right) versus
height (ordinate) 101 20 ms after
HF turn-on in a smooth, stratified,
stable plasma. The dashed green
lines correspond to the radar
frequency plus £, (HFPL+) and the
radar center frequency (HFIL). The
HFPL 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



4. RMCEkMMlse j dzdets] twWOHdtSdL dzz yj ded J
Stimulated Electromagnetic Emission (SEE) is known as a

structured, wide-band secondary radiation escaping the PW-plasma
Interaction region.

SEE related (0 ponderomaotive parametrie ipstanifity:

SEE spectregramy,  fory first =200 A succession of SEE
mSs ofi pumping:. Black line: shows spectra obtained ar the

the: temporal = evolution: ofi PW - :
reflected. 'signal  (PSA). f; = 6778 S e - GUEL B
kHz' & 5f.. Pump power ~ 180 turn on.

WAWA



OdeaddsldgbbFy YobodoqdBbEdaoaBd:
Yobodeaeqdg 3€a¥Y+fr¥Y 9023eY 09dER
3Joabg.

"Large scale"
____iiregularities

Langmuir waves, k||B

Electron
-acceleration by
| L & UH waves

(= (t)p e:"l I.,-"'I. f‘.‘ F (L & UH wave damping

/i~ additional iomzation)
'ﬁ . {

' 2N\ Al i1
(..’EJ :a)uh: (Q)pe‘|_ @L:e) e Lo ¥ Upper hybrid waves,

Striations !

|
P“Iﬂl] wave



3. Thermal parametric Instability (TPIl) in the

lonosphere causes excitation of UH waves with K, B and small-
scale striations elongated along geomagnetic field (process: EMY UH+

N, matching conditions &,= k,N &, R,=R). 3 (G [)1~0.5-5 s.

851;@ =V (&VTe) + Q — dve(Te —

— (2/3N€)(EAHE*) Joule heating , again beating and

positive feedback

: — VD, Vn — ky v VD .VT. =10
It TE:U

Instability threshold:
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From this relation an altitude
dependence of plasma (upper hybrid)
wave energy density can be
obtained. Essential consequence:
near the maximum the threshold of
PPl is exceeded, and e.g. induced
scattering or 3-wave decay provide a
wide frequency spectrum of UH
waves(!!)
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4. Most prominent SEE
spectral features for long
pumping (oupper hyb
f eat urredaseodtp the
thermal parametric

iInstabilyty .

Downshifted maximum (DM), is
situated at the frequency shifts

Hpm<0, pdpy|> Ty . DM
desappears at Tpya Nf. a

fuh
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Broad upshifted maximum
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Stimulated Electromagnetic Emission (SEE) is known as a

structured, wide-band secondary radiation escaping the PW-plasma
Interaction region.

SEE related (0 ponderomaotive parametrie ipstanifity:

SEE spectregramy,  fory first =200 A succession of SEE
mSs ofi pumping:. Black line: shows spectra obtained ar the

the: temporal = evolution: ofi PW - :
reflected. 'signal  (PSA). f; = 6778 S e - GUEL B
kHz' & 5f.. Pump power ~ 180 turn on.
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f, = 5360 Kru ” fy = 3360 "
NC

DM )

I |

Af, kHz

SEE spectra at the 1 nitial (AL
(AUpper Hybr if,ehh (b36GQAf,0 g & &kMz) Rhere is
no dependence on f,on the left panel.
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SEE related toponderomotive parametric instability:
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Dependence of the SEE spectra on the relation between 4, and nf
data collected during 1996 1T 2000 at the SURA facility. Electron
cyclotron harmonics (nf,,, mr=4-7) are shown on the top of the figure.
D=/ i 7 (figure of Frolov et al., Geophys Res. Lett., 2001, V. 28, N.
16, p. 3101-3104)
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First experiments: SURA, September 1998, Carozzi et al., JGR, V. 107, NO.
A9, 1253, do0i:10.1029/2001JA005082, 2002 SURA, September 1998

Punp [Ifd_ir-g]uanw

]
.

Power [dBm]
bs Bah Seh HEs HES

100
Frequancy [kHz], relative pump

3

Frequancy [kiHz], relative pump

Pump frequency sweep around 4% 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.



SEE spectra with pump wave frequency stepping by 10 kHz at f,
sweeping near 4f_,, 53600f,0 5 5 0 0(1995.2004, left), and near
5f,., 6 7f1® 6 9 0 ©15.@9,20P4, right). The spectra with f, nfce
are shown by bold line. Each next spectrum is shifted by 10 dB along
the ordinate axes for clarity.
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At f; sweeping through n4, (n = 4, 5) the SEE spectral features
UM, NG, and DM achieve their minima successively for pump
frequencies fyy afn 1 @75y < hned homn T (271 3) kHz < fip2
fhmin 1 88 1oy, but at the same their own frequencies coinciding with
a pump frequency, at which total SEE intensity achieves a
minimum value ... Hnnd fow @ fed Tom fomin @ Mhe (Z24), at
the double resonance, where f= nf,= fj =( f*+ £,.2) Y2
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Additional ionization (artificial ionospheric layers) at the
HAARP facility

QCP
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Low duty cycle (D): U,=20 ms, IPP,=1s
High duty cycle (QCP): U,= 160 ms, IPP,=200 ms
Sounding wave (S) {4 =100 s, IPP, =200 ms, lg,,
=180 ms
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