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divE = 47 (p + po), divD = 4mwpy,

divB =0, divB = 0.

HennHenHble addekTbl: NpU AOCTAaTOYHO CUIbHOM BO3AENCTBUM
NpPOBOAMMOCTb W AU3MEKTPUYECcKasi MpoOHMLIAEMOCTb 3aBUCAT OT
3M1EKTPUYECKOrO (HaanMep) Nnons, u B ypaBHevax MakcBenna
NOSABMAIOTCA HENIMHEUHOCTW. ji(w, k) = w. k, F) E; (w, k)

B pe3ynbTaTe HENMMHENHBIX 3P DEKTOB BO3OYXAaeTCH
NCKYCCTBEHHas! noHocdepHas TypbyneHTHocTb (UAT).



CneunanmsnpoBaHHble YCTaHOBKU (HarpeBHble CTeH/bl)
npeaHa3HavyeHHble A1 UCCNEeAO0BAHUS HENTMHENHBIX SBNEHUI
B MOHOCEPHOWN Ma3Me

Heating Frequency ERP(MW) GM field
facility  range Inclination
(MHz2)
«Cypa» 4.3-9.5 150 - 270 71.5°
EISCAT 4.0-8.0 300 (4.0 — 5.4 MHz) 78°
1200 (5.4 — 8.0 MHz)
HAARP 2.8-10.0 400-3600 74°

Arecibo 5.1, 8.0 <150 45 °
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NUT BO36YyxxaaeTcs B 0bnacTtu, rae MoryT oaHOBPEMEHHO pacnpo-
CTPaHATLCS 31EKTPOMArHUTHbIE U NNa3MeHHble (KBA3UMOTEH-

LMarnbHble) BOMHbI. Ha pUCyHKe noka3aHa 3aBMCMMOCTb KBaapaTa
nokasaTens NpeoMeHNS
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VT a1 e YacToTa nna3MeHHbIX BOJIH:
2 L. 2 7 2
Wi 7= wp, +wy, sin” @




1. SBneHus B F-obnactun noHocdeps! B6/IM3MN TOUKN OTPaXKEHUS
06bIKHOBEHHOM BOJHbI. JTarnbl 60/bLLIOro NyTH B Pa3BUTUN
MCKYCCTBEHHOW noHocdepHou TypbyneHTHocTn (UAT)

CTpMKUMOHHasa napaMeTpuyeckas HeyCToMYnMBOCTb

TennoBas napaMeTpuyeckass HEyCTOMYNBOCTb

lckyccTBeHHOE paavounsnydveHne noHocdepsl (MPN)
3aBUCUMOCTb BuAaa cnektpoB NPW oT cooTHoweHuns 7 and nf,
[narHocTuka npocTtpaHCcTBeHHoro cnektpa MHH ¢ nomouibio UPWU.
YCcKopeHue 311eKTPOHOB.

NcKyccTBeHHOE ONTUYECKOro CBeYeHue.

O R N TR T e e

JlononHuUTENbHas MOHM3aUNSA MOHOCHEPHOWN MIa3Mbl.

10. Moamndmkaumnsa npoduns 3AEKTPOHHOW KOHLIEHTpaLMK Noja
NENCTBMEM MOLLHOW KB paanoBO/iHbI.
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Slow AA

1. [loBefaeHe oTpaXkKeHOR0 O
VIOHOCMEPE! CUFHaMa BOJIHEI
HaKauKm:

4 cragum: (a) HavanbHaga (CIMH),
(b) npomexyToyHas, (c)
«BepxHernbpuaas (BlN)» (TrMH), n
(d) — “cTanus camodokycnpoBkn”.
Cragumn(a) n (b) ceszaHbl €
BO36Y>KAEHNEM JIEHIOPOBCKNX
BOJIH BO/IM3KN TOUKM OTpakeHUS
BH, ctaaunsa (c) — Bl BofH u
MarHUTOOPUEHTUPOBAHHbIX
Me/IKOMacCLUTabHbIX
HEeOAHOPOAHOCTEMN.

Cragus (d) — passutume
KpYrnMHOMacCLUTabHbIX
HEeoHOPOAHOCTEN B pe3y/ibTaTe
TeNnoBon camooKycnpoBku BH.
(PucyHok u3 ctatbm Frolov et al,,
JASTP, 1997, v. 59, pp. 2317-

2333) 12



1. CxeMa npoueccoB, NPONCXOASALLNX B BEPXHEN MOHOChepe
(F-obnactn) noa Bo34eUCTBMEM MOLLIHOW PaZMOBOJIHbI

"Large scale"
__iiregularities

Langmuir waves, k||B

Electron
-acceleration by
. j L L & UH waves
()= (Up ¢ ! Eg ” L & pig

1omizatio)

21/
o= = (o pe+ (UL

Upper hybrid waves,

k1B

Striations |

|
Pwm np wave
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2. CTpMKLUMOHHaA napaMeTpunyeckKkass HeyCTOMUMBOCTDb
(BO36YyXAeHMe NeHrMIpoOBCKUX BOJIH) 7T~0.5 -5 ms <

E|_| ' E}l]_}{—ll.r.aut =+ llt[]I} =+ ..
Epp o exp{ —iwyt + ikyr} 4 c.c. [
O o exp{ —i(wo —wi)t +i(ko — ky)r} +c.c
(1) n (2) obecneunsatoT

- Cnna Munnepa
NOJIOKNTEJIbHYHO
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) ot A X f 2

ok, / It 4 ve by oc ko (2) 0bpaTHYIO CBA3b, U

5 cnegoBartesibHoO,

opor HeycToM4MBOCTH: |EO| Pith 7 HeyCTON4YMBOCTb
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HF-enhanced
Plasma Line

HF-enhanced

Natural
Plasma
Natural Line

lon Line

430 MHz - f; 430 MHz + f;
Radar Frequency

CxemaTunyeckoe nsobpaxkeHue cnektpa (He)korepeHTHOro pacceaHus:
€CTeCTBEHHOro M HAYLMPOBAHHOIO MOLLIHOW PaanoBO/IHOM (AnA pagapa B
Apecnbo) [ Djuth&DuBois, 2015].




Results of Artificial Ionospheric Turbulence Studies Using the ISR and SEE Techniques at
the Arecibo Low-Latitude Heating Facility (Khashev et al.,
https://www.ursi.org/proceedings/procGA20/papers/HashevViadimirURSICorrected. pdf
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The dynamics of the downshifted plasma
line spectra for different pumping times
with a step of 20 ms at the height A =
198.5 km (panel a)) and the altitude
distribution with a step 450 m of spectral
intensity near the end of the PW pulse, t =
98.2 ms (panel b)). Averaging over 50- 55
PW pulses was carried out. An additional
shift of each of the spectra by 5 dB was
used. 11/08/2018, 15:51:30-16:11:30 LT.
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Frequency offset, kHz

The dynamics of the downshifted
plasma line spectra during
quasicontinuous pumping for different
exposure times (time shift 5 s) at two
fixed heights A, = 214 km (panel a))
and A, =210.8 km (panel b)).
Averaging over 50-55 PW pulses. An
additional shift of each spectrum by 5
dB was used for clarity.

11/08/2018, 17:46:00-17:46:15 LT.
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Panel (a): an example of the NCp SEE
feature for the 15t and 95% ms of
pumping, 55 pulses averaging. Panel
(b): SEE spectra dynamics for a quasi-
continuous pumping. The sequential
development of the Downshifted
Maximum (DM), the second DM
(2DM), and, after 30 s, intermediate
DM (IDM) SEE features is clearly
visible. 17
The data of 11/08/2018.



" Relative power, dB

MIHTEHCMBHOCTb N1a3MeHHOW nnHuu paaapa MUIR B

3aBMCUMOCTU OT paccTtosiHma / = Afcos(14. 2°) BO Bpemsi
18




3. TensioBas napaMeTpuyeckass HeyCTOMUYMUBOCTb B 1oHochepe
CNY)XUT npuynHou Bo36yxaeHms of UH waves with k,. B Bl BOfH u
MENKOMACWTabHbIX  MAarHUTOOPUEHTUPOBAHHbLIX  HeoaHopoaHocTen (MMH,
striations) (process: EM — UH+ N, matching conditions =k, K, 0,=w). 7<
ov_~0.5-5s.

e = v (%VTG) +Q — Sve(Te —

~ - Joule heating, in beati d
2 = G (BT e e

7 N
E—TD a vV — k N VD VT, =10
Llhr- TE;[}

Instability threshold:

(1)
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O=0;= (-a)pe+ D

PakypcHoe paccesHue paanoBoIH
KB n YKB anana3soHa Ha

MarHMTOOPNEHTUPOBAHHBIX [eoMeTpus pakypcHOro (3epkasibHoro)
MenkoMacwWTabHbIx (/~0.5-50 m) paccesHWS paAvoBOSH HA MarHUTHO-
HeoaHopoaHocTsix (MMH) OPWEHTMPOBAHHbIX HEOAHOPOAHOCTSX.

obecneymBaeT nx
pacnpocTpaHeHne Ha 6onbLIne
(0O HECKOMNBbKNX ThbICAY KM)
PACcCTOSAHUS
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4. UckyccTtBeHHOE paguounsny4vyeHue noHocoepsol (MPU) - Stimulated
Electromagnetic Emission (SEE) npegctaBnsietr cobomn
CTPYKTYpPMPOBAHHOE LLUMPOKOMOSIOCHOE BTOPUYHOE MU3IyYeHne U3 obnactu
B3anmopeunctema BH ¢ noHocdgepHon nnasmon.

IPW, cBg93aHHOE ¢ ClH:

WP B  nepBble 200 McC
BO3AEVCTBNA. YepHasd AnHnG —
AVNHaMnKa nose,quMﬂ
OTPa>XeHHOro curHasa BH. =
6778 kHz ~ 5f... MOLLHOCTb Bin
180 MW.

[TlocnegoBaTe/lbHOCTbL CNEKTPOB
NPU B 3aBUCUMOCTMU oT
BpeMeHu nocne sBkaw4yeHnsa BH

21
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KomnoHneHTbl MPH cBsIZ3aHHBIE C
ITTH n Bl Bo/1Hamu:

Downshifted Maximum (DM),
oTcrpovka YactoTsl IPV Afy=7Teee-15 ~
[(-8) — (-20)] kHz.

DM cemencieo: Bropoy DM (2DM), at
ABpu~ 207y; Tperun DM (SDM), at
Ao~ 3 Afss Upshifted Maximum
(U?VISI, PACHOMIOXEHHBIVI HOUT
3epkanbHo kK DM, Afiy>0, Afjve
Ay = 2 KHz ~ [(+6) — (+18)] kHz.

Broad Upshifted Maximum (BUM), Ha
OTCrpovikax Afg w ~ [(+14) — (+200)]
kKHZz, cylLecTBYEeT Npy 7= M

Broad continuum (BC), A= [[(-15)
— (-100)] kHz.

Broad upshifted structure (BUS),
Afgs ~ [(+12) — (+70)] kHz

Narrow. continuum (NC), A= [0'—
(-7)] kHz.
N - HOMep rapMoHuKu (1=3-7)
3M1EKTPOHHOW rMpoY4acToThl £,.
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Results of Artificial Ionospheric Turbulence Studies Using the ISR and SEE Techniques at
the Arecibo Low-Latitude Heating Facility (Khashev et al.,
https://www.ursi.org/proceedings/procGA20/papers/HashevViadimirURSICorrected. pdf
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The dynamics of the downshifted plasma
line spectra for different pumping times
with a step of 20 ms at the height A =
198.5 km (panel a)) and the altitude
distribution with a step 450 m of spectral
intensity near the end of the PW pulse, t =
98.2 ms (panel b)). Averaging over 50- 55
PW pulses was carried out. An additional
shift of each of the spectra by 5 dB was
used. 11/08/2018, 15:51:30-16:11:30 LT.
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The dynamics of the downshifted
plasma line spectra during
quasicontinuous pumping for different
exposure times (time shift 5 s) at two
fixed heights A, = 214 km (panel a))
and A, =210.8 km (panel b)).
Averaging over 50-55 PW pulses. An
additional shift of each spectrum by 5
dB was used for clarity.

11/08/2018, 17:46:00-17:46:15 LT.
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Panel (a): an example of the NCp SEE
feature for the 15t and 95% ms of
pumping, 55 pulses averaging. Panel
(b): SEE spectra dynamics for a quasi-
continuous pumping. The sequential
development of the Downshifted
Maximum (DM), the second DM
(2DM), and, after 30 s, intermediate
DM (IDM) SEE features is clearly
visible. 23
The data of 11/08/2018.



Cxematnyemkoe nsobpaxeHue sBneHnmn, NPonNcxoasaLimnx B
oonactn AT

"Large scale"
__iiregularities

Langmuir waves, k||B

Electron
-acceleration by
i/~ L & UH waves

(= —(Upe ¥ i (L & TUH wawe damping

a nal 1onization)

Upper hybrid waves,

k1B

2l
o= = (o pe+ (UL

Striations |

Plllll]] wave
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5. SaBUCUMOCTH ChekTPoB VPV T COOTHOLUEHVS! /g VI /il
[aHHbIe 1996 — 2000 rr. CreHa CYPA. S/eKTPoHHbIE
TMPOraPMOHVIKN (/ilz., 1=4-7) NMOKasaHkb! BBEPXY PUCYHKa.
Al=leee — Iy - (figure off Frolov et al., Geophys. Res. Lett., 2001,
V. 28, N. 16, p. 3101-3104)
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fo=5f,.- 100kHz  fy= sf,, - (20...40) kHz

I1I
fo= 56+ (20.40) kHz  fy= sf,. + 200 kHz fy= sf,, + 400 kHz

s=4 s =4 DM s=4

s=4 D s =4 DM
N\ T B}M nd .Al
1 GindRfeest
| J
W

A0 4 /
= )

;%1 P
/ |

SEE intensity, dBm

&

2D i

iy
i
o A :
=100

0 100 <200 -100 0 100-100 0 100 200-100 0 100 200 -100 0
Af, kHz

Pue. 3.8: Coexkrpnt HPH ana xapakrepnoix orerpoek dactorsl BH or anexkrponnnx
ruporapuMonik df, = fo — 8fee (cTOnOnB): df. ~ —100 xI'n (IV, craboe wsavaenne),
df, ~ —(20 — 40) x['n (V. nox rapuonukoit), 8f. ~ 0, fy = sf. (L. pesonancnaa ob-
aacth), 0f. ~ (20 — 40) x['u (I, nan rapuvonnkoii), df. ~ 200 xT'n, 8f, ~ 400 xI'n

(III, enannoe waayaenne) g 8 = 4 — 7 (erpoxn). Ha nmxnelt npasoil nanean npasegen
cnekTp 1aa fop = 4400 k' (s = 3, obnacts II1L)




< INarHOCTNHECKNE> PEXUMbI N3/TYYEHNS BOIHBI Hakadky (BH):

(I) A low. duty cycle pulse radiation (pulse duration from 5 till 50 ms with
2—3 S period)

(IT) An alternation of quasi-continuous wave (QCW) radiation (70-180 ms
“on”, 20 -30 ms “off) during 0.5-2 minutes and the low duty cycles

(111)  Fast sweep of the pump freguency. /5 around gyrenarmonics /i
f

0,max

nf,

f

(IV) Two-freguency. pumping for studying pumped velume spatial
Structure

O,min

LADOOOnaarareny rw -




Yacrora
HakaukH, kl'n

A

5441

50 100
Af, kI

Puc. 13. (B usere omnaiin.) (a) Muausuayansnsie cnextpsl MPM juts natu pasnuuubiX 3HAYCHHI fo, NOKA3aHHBIX HA PHC. O LITPHXOBLIMH JIHHHSIMH.
(6) Criexrporpamma MPY npu csunuposanmy sactoret BH fy 86m3u uerséproii ruporapmonnxu. Creng "Cypa", centsabps 1998 [50).




Approximate dispersion relation for plasma waves near the double resonance,

where f , =n“f_.*:

Schematic plot clarifying the
disappearance of HF
plasma waves near the
double resonance.

Blue line: f%(z), green line:
nf..(z), z is an altitude.
Plasma waves can exist if
f>f,, and f>nf_, or f<f  and
1E<nfce' If 1E:fd:fuh(zd):m:ce(zd)’
such conditions cannot be
fulfilled.

A
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Power, dBm

T—f—l—l—\
5400 5440 5480 5520

6760 6820 6880
£o. kHz

fo. kHz

Mpn cBunupoBaHun %, yepes nk, (7 = 4, 5) cnekTpasibHble KOMMOHEHTHI
WPM UM, NC, u DM pgoctvraloT MWHMMANbHOM MHTEHCUBHOCTY
nocnegoBaTensbHo Ang 4actoT BH fym R Hmin =AM < fone R lomin — (2 — 3)
kHz < fpm= fomin —2 75w, HO MPU TOM XXE CaMOM 3HaYeHUM YacCToTbl CaMmX
3TUX KOMMOHEHT, coBnagatowmx C 4vactoton BH 7., npyn KoTOpow
UHTerpasbHaa MHTerpanbHasg UHTeHCMBHOCTL PU MuHuManbHa /.~ fijm

X N ® ome fomin ® Mhe (2=24), T.€. Ha ABOMHOM pE30HaHCe, rae
fi= = = (F 2+ 212



Conclusion:

1. Atf, sweeping different SEE features and
corresponding plasma waves pass the double
resonance and are suppressed successively, when
their own frequency = the double resonance
frequency fd= f (zd)=nf..(z,).

fomin = foom = Afpm = Nee(Z4)=Fun(Z4)

2. BUM peak frequency shift increases linearly vs. f, — nf_,

Afgun = fo = Nfa(h) + &f, 5f ~ 15-20 kHz
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6. MexaHn3M reHepaumn NPU B 06nactn BepxHero

rmbpuaHOro pe3oHaHca:

?77?
(for BUM and BUS)

EM—UH+N
UH—UH'+LH
UH—UH'+ Pi (for DM and 2DM),
(for BC) UH+LH—UH’
\ (for UM)
UH+N—EM’

(for SEE generation )

Ll
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aWoexp{—T'(z)} ni .
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N3 npuBeaEHHOro BblpakeHus
ANS 3aBUCUMOCTHU NJIOTHOCTHU
3Heprum rniasmMeHHbix (BIN) BonH
OT BbICOTbI C/lieayeT, UTo B61n3u
MaKkcuMyMma W, npeBbilleH
nopor CIMH, n, Hanpumep,
MHAYLUMPOBaHHOE paccesiHue Ha
MOHaX UM pacnagHble
(TpexBosIHOBbLIE) NpoLecchl hear
o6ecneunBaloT LULUPOKUU CNEKTP
naa3MeHHbIX BOJTH (!

90 0 SO 1T




BoipaxeHune anga nnoTHOCTU noTtoka aHeprim BC komnoHeHTbl MPW Ha
NPEMHOU aHTEHHE

Klmax (@) (

—n?,
Wy kle

Kmin ':“":'
2ma -n.gﬁ (2.00) W,
I"EW”IIG‘"‘ |-”:'-'LU|Ht11

N, - cnekTpanbHasg MHTEHCUBHOCTb MMH (aByMepHbIN NPOCTPaHCTBEHHBI
cnekTp),

K — BoniHoBoun BekTtop MMH, k | B,

AW= Wy-Wsee= -2TTAT,

Owy, Wwar nepekayvky No 4acToTe NMOTHOCTM SHEPrMun NnasmeHHbix (BIM) BomnH
Z - BbICOTa,

[ - aHomanbHoe ocrnabnenne BH n Boixogsawero ns noHocgepol MPU,
MKz wW)=) o & N2 dK

370 Mo3BoJISET PEKOHCTPYHPOBATH MPOCTPAHCTBEHHbIH CIIEKTP

MMH  (1¥ ) 1Ipy.  CPaBHEHMH C [AaHHbIMH  AWHAMHKH
CrieKkTpasibHoy koMrioHeH Tl MPY Broad Continuum (BC). a



Pump schedule used:

(I) A low. duty cycle pulse radiation (pulse duration from 5 till 50'ms with
2—3 S period)

(IT) An alternation of quasi-continuous wave (QCW) radiation (70-180 ms
“on”, 20 -30:ms “off) during 0.5-2 minutes and the low duty cycles

(111)' Fast sweep of the pump freguency. /5 around gyrenarmonics /i
f

0,max

nf,

f

(IV) Two-freguency. pumping for studying pumped velume spatial
Structure

O,min

1 e




Pe3y/ibTaThbl COMNOCTaBieHNa BPEMEHHORO XOA4a amnntyasl VIPVI
(BC-KOMMOHEHTBI) Ha OTCrpovkax |AfA= 27, 42, 55, 81 klu. B

IKCTNEPUMEHTE N B PESYJIETATE HYACIIEHHOIO MOAE/INPOBAHUA .

a.f 27 kI

“"‘“*Whlm“dw

| [
o Af =42 k'

v

8l




Alternative schemes for the DM generation:

“double transformation” “direct decay”

MW 4 N — (UH/EB) EMPW) . (UH/EBY+LH
(UH/EB) — (UH/EB) +LH
(UH/EB) — (UH/EB)" +LH’

(UH/EB) + N — EMPM)

(UH/EB)"+N — EM{2PM)
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7. YCKOpeHune 3neKTpoHoB A0 3Heprun E~30-50 eV npoucxoaut
Npyn B3aNMOAENCTBUMN 3NEKTPOHOB C NNa3MEHHbIMU BONTHAMMU
(NeHrMIpOBCKMMU U/nnn BEpXHErMbpuaHbIM1) Ha YepeHKOBCKOM
(w = kv) nnn UNKNOTPOHHOM (W =nw, + K,V,) pe30HaHce.

2P PHEKTUBHOE YCKOPEHNE MPOUCXOAUT, Koraa:
® 1a3MEHHbIE BOJIHblI JOCTATOYHO MHTEHCUBHbI;

® OHW 3aHMMAIOT AOCTAaTOYHO 6onbLyo 06nacTb BbICOT (MHa4e
3/1EKTPOHbI NOKMAAOT 061acTb YCKOPEHUS, He yCcneB HabpaTtb
SHEPruto)

® OHM [O/MKHbI BbITb pacrpeaeneHbl B A-NPOCTPaHCTBE
KBA3MM30TPOMHO (TOraa 3/1eKTPOHbl «3anyTbiBAlOTCA» B
NNa3MEHHbIX BOJIHAX U BPEMS UX XXU3HW B YCKOPSIOLLEM ClOE
yBeNn4ymBaeTcs).
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CneacreBus yCKOpPEHUs 2N1EKTPOHOB:

8. [eHepauns NCKYCCTBEHHOro OnTUYecKoro
CBEeYEHUS, ToHYHEeEe BANSHUE U3NTYYEeHUS] BOJIHbI
HaKa4ykM Ha APKOCTb ONTUYECKOro CBe4YeHus
HOYHOro Heba.

[narHocTnKa KpyrnHoMaclUTabHbIX BO3MYLLEHNM
(HeoAHOPOAHOCTEN) C MOMOLLbIO U3MEPEHWUN
ONTUYECKOro CBEYEHUS N CUTHANOB
HaBuraumoHHbIx NC3.
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LT 22:42:30.04 05.09.2010

volume abon
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Из невошедшего в отчет.avi

22:26:45,05.09.10

,;;

21:44:45, .09.10 2:50:?.09.10 :049,5.0.1 Bn NSHNe BO3LI.€VICTBVIFI

‘ S BOJIHbl HAKA4KM Ha
OMTUYECKOE CBEYEHUNE B
KPaCHOW JIMHUM
aTOMapHOro Knciopoaa
(yposeHb O(1D),
21:19:46, 17.03.10 NnoTEHLU WAl BO36Y)K,EI,€HVIFI
<\ [ 1,96 3B).

xRk e 2 1 1 pan — BepTUKanbHOE
BO3AEUCTBUE, 2- N 3-N -
HaKNOHHOe, Ha 129 n 169
K tory (K HanpasfeHnio
MarHUTHOroO Nons).

22:51:46,09.09.10

T

1-n n 2-1 psp — ycunenune (reHepaums)
CBEYEHUS BCIIEACTBUE YCKOPEHUS]
3NEKTPOHOB; 3-1 psa — noaasneHne hoHa
BCN1eACTBME TEMNEPATYPHOU 3aBUCUMOCTH
KO3 PULMEHTA ANCCOLMATUBHOM
pekoMbuHauuu.
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17 March 2010. Upper panel: Images from CCD camera. Coordinates are given
are shown in the degrees of the camera field of view. The black circle and black
lines are the straight-line projection of the 12° wide main lob of the SURA antenna

. ol
—17:58:00 !
—18:02:46 te”

e 18:04:01 4

—18:14:46 4
l\' ““ = )

== sl ¥

pattern and geomagnetic field projections onto the field of view, the white line and

the small black square
on it are the track of the
GPS satellite and its
location at the time of
the image taking.

Middle panel: STEC (blue
line), maximum airglow
brightness (b, Rayleith)
over the image (black)
and airglow brightness
at the satellite location
(red) vs. time. The
arrows indicate moments
of taking images shown
in the upper panel. Gray
bars indicate pump-on
periods.
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Lower panel. Colored lines:
brightness distribution over
the whole satellite track at
the images shown in the
upper panel; dashed line:
STEC distribution over the
satellite track. Dash-dotted
vertical lines and colored
circles correspond to satellite $
position at the images at the ZRS
moments of their taking.
Coordinates Xand Yare

given in degrees of a line of -

. ; —17:58:00 ! 4 Ve
sight on the satellite at the SRS IS
moments corresponding to ¥ AL T oINS
the time axis on the middle = ZREISP v §
panel. 2 P

The experiments indicate that in the HF-pumped ionosphere
for moderate pump beam power the generation of the red line
artificial airglow occurs most effectively inside the large-scale

plasma cavities. i



A suppression of the background airglow due to temperature dependence of
the dissociative recombination coefficient (Klimenko et al., RQE, 2018)

22:51:46, 09.09.10

TRy

23:00
Time [MSK), himin

Left: Temporal behavior of the 630 nm airglow brightness, photometer data of
09.09.2010 (a), the ionospheric critical frequency £, (0), the reflection height of the
pump wave (solid line, ¢), and the height of the upper-hybrid resonance (dashed line
¢). The pump-wave frequency f,= 4.375 MHz (dashed line, 5). The pump beam is
inclined by 16 °, Panel ¢: airglow behavior averaged over 5 pumping cycles in the
interval 21:55-22:25 MSK. Panel e: the averaged airglow behavior over 6 cycles in the
interval 22:31-23:07 MSK. The intervals of pumping are shown on the panels g, d, and

e. Right: The image registered by CCD camera a4
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Airglow intensity, R

Night sky image in the line 630 nm with
HF pump induced emission suppressiont.
SURA facility, 14.09.2012, 18:09 UTC
(22:09 local summer time). The arrow
shows the direction to geographical North.

The 630 nm brightness dynamics during
18:12 — 18:19 UTS 14.09.2012

The system of differential equations describing the dynamics of [O,*] and [O!0] under
these reactions with account of the electron heating, takes the form:

dloS

: df] = ky[0*][02] — @[0F 1N, (D)
d[0'D] _ P

= 1el0fiNe ——[0'D], @)
2 — Dr 2+ 6v,(T. — To) = Qr. (3)

[Legostaeva et al., https://www.ursi.org/proceedings/procGA20/papers/PID6392623.pdf]
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}— 6300nm
|— 557.7 nm

— 391.0 nm

18:20:60 18:30;00 18: 40 00‘ 18:50:00 19:00:00

Bapuaumm MHTEHCMBHOCTM aTMOCheEPHbIX aMmnccnmn 391.4 HM (cnHsas
KpuBas), 557.7 HM (3eneHas kpusas) n 630.0 HM (KpacHas KpuBas) a
TaKXXe BPEMEHHOM X04 KpuTudeckon vactotbl f,F2 1 ES BO BpeMs
akcnepuMeHTa 05.09.2021. XenTbiM 0603Ha4YeHbl Nepmuoabl BKIIHOYEHUS
cteHaa Cypa.
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For further statement let me

remind most prominent SEE

spectral features for long

gum ing (spectra obtained at
ura):

Downshifted maximum (DM),
s situated at the frequency
shifts Afpw<O0, |Afpul> 7, , DM
desappears at ioy=nf. = £,

Broad upshifted maximum
BUM), at

Afgym ~fo-nf.+0f (1)

-12(
100 =30 50 100 150 200

exists for f,= nf, 0/=15-20 kHz
DM family (UM, 2DM, 2UM)

Broad continuum (BC): Broad
Upshifted Structure (BUS)

AR Top: f,>nf,

| . Bottom: £,<nf.
12530 20 S 0 10 0 > 47




10. Additional ionization (artificial layers) at the HAARP facility

Descending layers of articial ionization during high-duty cycle
injections at MZ (Sergeev et al., PRL, 2013).

Radiation scheme: an alternation of quasi-continuous pump wave (QCP)

radiation (70-180 ms “on”, 20 -30 ms “off”) during 1 minute and the low duty
cycle pulse pumping (7, , IPP, ). For sounding heated volume we used also
short pulses of the pump wave (7, , IPP, ), the radiation scheme is shown in

the figure
QCP

I\HIH\I\HI\HI\I\I\IHIH\IH\IH\I

Low duty cycle: 7,=5..50 ms, IPP,=1..10s

Low (diagnostic) duty cycle 7, = 100 ps, IPP, = 100...200 ms

High duty cycle: 7= 160 ms, IPP=200 ms

Low (diagnostic) duty cycle 7, = 100 ps, IPP, = 200 ms, 74, = 180 ms
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28.03.2011, HAARP, A= 1,7 GW, MZ pumping
CnekTporpaMmmmbl IPU JencTByioLLME BbICOTbl OTPAXXEHUS ANArHOCTUYECKUX UMIY/1bCOB
Virtual height, km

5730 kHz

5760 kHz

5790 kHz

(top) CurHanbl nIA3MEHHOM
mmHum  (INJ1) pagapa MUIR.
(bottom) YBeNn4yeHHble
n3obpaxenna ana f,=5820
(left) n 5850 (right) kHz.
Dashed lines encircle the
enhanced PL echoes during
low duty cycle periods near
the reflection height A, and at
the onset of the high duty
cycles 49
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1. Bce Tpu acppekTa: npubnmxeHmne BUM K
BOJSTHE HAaKa4yKKn, CHMKEHUE AENCTBYIOLLEN
BbICOTbI OTPAXXEHUSA N «BbICOTbI MIA3MEHHON
NIMHUU>» NPOUCXOAAT OAHOBPEMEHHO!

2. CnyckaroLwmmncs Cnown NCKYCCTBEHHOM
MOHWN3aLMKN BO3HMKAET TOJIbKO Npw 1> nf. npu
BO34ENCTBMU B MarHUTHbIN 3€HUT!

3. «OCTaHOBKa» CNnost MICKYCCTBEHHOU MOHU3ULINK
NPOUCXOANT Npwn fy= 4f., UIN, COrNAacHO
TeopeTnYecKUM rnpeacraBieHnsaM, npu

hRAL(My) = (M) =(£7+12)Y?
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125 : : : i
-30 -20 10 0 10 20 om0 % w0 1m0

Af, kHz

Typical SEE spectra for f0<4fc (left) and
for fO>4fc (right)

WHTeHCHMBHOCTL

SEE spectrogram from 200t no 280t
seconds.

BUM, was present at smaller A7 for f; > * ~ 5800 kl'y (somewhat larger /* and
smaller BUM,, intensity occur during up-sweep). Assuming (1)

Afgym ~fo-nf. (h)+0f (1)

to be valid, we can estimate that BUM,is generated in the artificial ionization layer,
8-10 km below the background Flayer.

The minimum DM during the sweeps, which indicates the double resonance condition
that i, = £, = 41(~y) = 41, (Ay) (£, is the upper hybrid frequency, A, — is the double
resonance altitude) in the background ionospheric plasma, occurred at 5759 -5764

kHz.
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F=5.76 MHz

Upper panel: Ray tracing for the experiment with
fast sweep of the pump wave frequency (March
28, 2011), £,=5.76 kHz. Gray lines correspond to
MUIR antenna pattern (central line directed to
magnetic zenith).

Lower panel: Polarization of the pump wave along
the ray trace with the ray exit angle 12.59 to the
vertical. Blue line is the projection of the
polarization vector Ey/| E,| to the axis x; (xgLBin
the magnetic meridian plane), the green line is the
projection on ), (), L X5, B), and the red line is
the projection on z|| B (£, is the electric field of
the pump wave).

Inside the radar beam, near the top of the ray
trace (reflection point) the PW is polarized mainly
along the magnetic field B. So, PL just after the
pump switch on and during short pulses after the
pump switch off is generated mostly by reflected
pump wave
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During long-term pumping (>5 s), the energy is pumped into plasma waves
propagating across geomagnetic field B near local upper hybrid resonance.
This follows from:

1) the presence of the UH-related DM and BUM in the SEE spectra;
2) the PL generation height (range) gluing to the 4t CR height;
3) weakening of the PL at £~ £;;

4) PL generation heights (range) are considerably less than PW plasma
resonance and PW reflection heights. Here pump wave is polarized
mainly across the magnetic field B.

Excitation of the Langmuir waves propagating along B occurs, most likely,
due to plasma wave energy transfer from “transversal” UH to “longitudinal”
Langmuir waves over angles. For f, > 4£. (£>F*), the energy transfer is less
effective due to presence of the other energy “consumers”, such as electron
acceleration and additional ionization. Therefore, the plasma UH waves
excited by PW do not have enough energy to achieve longitudinal direction
under the transfer.

54



QUESTIONS:
1) Why the PL generation is glued to the 4t cyclotron
resonance?
2) Why during the up-sweep the PL is generated for both
l,>4f. and f,<4r, but at the different frequency offsets
|AL|?
3) gIs the result general or belongs only to the particular
experiment described?
4) Why the PL behavior is different for 3 cyclotron

resonance?
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9. Modification of the electron density profile near the altitudes of HF-pump wave energy
contribution to the ionospheric plasma, a dependence of the modification on the frequency
mismatch between £, and 47 [Shindin et al, RS, 2012, Sergeev et al, RS,2016, Shindin et al,

Remote sensing, 2021]. The Doppler Normalized -~ 1he SEE
frequency shifts vs.  amplitude of ~ SPectrograms.
time £and diagnostic  the diagnostic The SEE
wave spectral compo- waves G (color) features NC,,

nent frequency shift 7 vs. fand NC, DM, 2DM,
— fp. The arrows frequency shift UM, BC and
correspond to the fie £. BUM) are
plasma frequency at P marked.

the UH height.

D QCP D
S S

HAARP, June 04,2014. Vertical pumping,
P= 400 MW.
(-150) kHz) <£-4£<(+75) kHz

The third panels is close to the double
resonance conditions = f,y=4f: the DM is
almost absent.

fo =5730 kHz

-2 0 0 0 40
fi — fo, kHz f; — fo, kHz Af, kHz

fa, ard  —e—— NEpel]  e— ALY — |
-0.3 0.0 0.3 0.5 -30 -=15 0 15 -110 -100 -90 -80




Results of the phase data processing.

Column (a): Temporal variations of the reflection height
shifts of different spectral components of

the sounding pulses Az (7, ¢) for different £,. The frequency
step between shown spectral components A7, = 60 kHz,
starting from 7. An additional height shift of 300 m between
the reflection heights of the successive shown frequencies 7,
at £= 0 is added for clarity. Red and blue lines correspond
to the spectral components that were reflected from z,,, and
ZI"

(b): Velocity of the sounding waves reflection height
displacement vs. time and frequency.

(c): Relative variations of the electron density [AN(t) -
N(0)]/N(0) vs. height at £= 5 s (blue), 15 s (orange),

30 s (green) and 45 s (red) in the same cycles. Double
arrows show the contaminated frequency range for the data
processing.

It was obtained that for all fO, the pump-plasma interaction developed

most quickly (in a few milliseconds) after the PW switched on in the vicinity of the
pump wave reflection height z,. This was accompanied by the plasma expulsion from
the interaction region (reflection depletion, RD), uplifting of the PW reflection point
and the NC, SEE feature generation.

57



Later, during the 1-5 s after the PW was
switched on, for f; < 4f, the plasma
expulsion from the vicinity of the upper
hybrid height z,,, (the UH depletion (UHD)
development) began, along with the
development of the PW and diagnostic wave
anomalous absorption, UH-related SEE
Al features, such as DM, 2DM, UM and BC, the
suppression (overshoot) of the NC, feature
and slowing down of expulsion from the
vicinity of z,. During 3-10 s, the UHDs
became deeper than the RDs. The expulsion
from the upper hybrid height continued until
the end of the 45 s long QCW pumping.

Similar behavior, but with some quanitative differences, are observed for ;,>4f.

For f=4f (3 row) the temporal behavior of Mz{ demonstrated a deepening
quasi-periodic structure with a period ~3—4 km and an amplitude that grew in time
and went downward from zrO0 and occupied a height interval that exceeded the
spacing between z, and z,,,. The source of the PW energy input into ionospheric
plasma and excitation of the UH waves and striations are strongly suppressed.
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Cnacmnbo 3a BHMMaHue!
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