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A 3 AYS Z=nu}e] v|A A (nonlinearity)

H1d 9AH aF

A FolA Auke] HAdPAA A3 A
Telegen©ell  9jdte] AU o @A Hg  o]EL  Baileyd}
Martin(1934)ell ¢]&)] W3 = A}, Boltzmann kinetic theoryell ®lE-S & S
S Aol uAy T o]ES Ginzburg(1949)7F /NEaiv)k. 1940
) & WZF(cross modulation)®}t olo] W& o]FE Bailey, Huxley,
Ratcliffe, Bell, Shaw?® & A5 FA9v}t gyrofrequencyl Al cross
modulation resonancei= Cutolo(1950)%} Bailey(1952)7} A& A5t}

1955 Fejers &S HAA59 A3 28-S #=3dlo] o]AS e A
dEs A= AR5 Y. Fejere] WHS Smith(1966)8F Ferraro &
Lee(1966)d el 2]sto] & 2 sivh

A3k self-action®] 7}sA-& Vilenskii(1953)2} Hibberd(1056)2] =
ol deEAn. olyg A AYFelAd AFHesE  King(1959)#
Vilenskii et al.(1962b)ell 9]ste] T A} ApAg AAEL Ginzburg(1962),
Lombardini(1965) &l 2]sto] == vt Aap 7pdol &g ol 23t ¥
Halel T4 VMAE A9y vrdsto gy AEt] 7)o high-ionization clouds
& W= Aol gske] Gurevich(1972) ¢+ Utlaut(1975)7F -3}t

Al zolM  wtlw; FHFE 7R gEd HAY YA
Vilenshii(1953)° & &}ol,  wytwF3=Fol gk v Ete] thsfo]=
Ginzburg(1958)°ﬂ olsle] dHAY. Ay =9 HE T Getmantevel £
3o ZHQar o] &ae 9 AAg o]E-2  Trakhtengerts &
Kotik(1975)°l ¢]sle] A = it} Kapustin et al.(1977)2 d@ZF = AW
olo] I HAYF Aol AEEAHY A3 ddE A5

A v A= 1960-197000] w2 Ads 95 AdsA7la
A delse WMIAE dnel dele drE AgshEs Ane B



HAEA 1;} 19561 ol Gurevichv &dh=vt 429 Jide =9atglal @
] Ao A strong wave?| self-action¥} interaction®] ek A& = 7
E}. strong radio wave’} ©& A F J9& T4 uw YEehE H
<l & Y} (saturation, suppression, overmodulation )=
Shlyuger(1961- 196Q8)° 2]alo] == ¢t}

Auts olgsoto] AuF 4F 9 FFo Hoh=vt 29 dE34
o] W3kgl W3k= Ginzburg® Gurevich(1960), Farley(1963), Gurevich(1965,
1967l o8] A=A olHg @Al wE AAE AL Meltz,
Le-Levier, Tomlianovich % (1970-1974)°l 2] &}o] <=8 & St}

4 A dF wx A 1970 Utlautel &sto] <43l
v Edtzvbe] 29l "o Wste] ddEd Alme dAdso] wAYAY.
a1 A HAE Ads SYz=epl datE S8 dA4ste dew deHQl
sporadic F& Wt=&dl o]Zlel| tisto] Wright(1973), Rufenach(1973),
Belikovich et al.(1974), Thome(1974) 2] 3. Bowhill(1974)% 0] ¢ -39t}
| A2 Auk dhAl o Ao A self-focusing instabilityel]l )&k Aot} A
Zo A 2] thermal self-focusing2 Litvak(1968)3} Georges(1970)¢] <13}
b A A7 S-S ek @A H 234 A (inhomogeneous)oll & dte]l A=
o e A7) 9 =& o]F= FAo| ko] 19719 Fialer’} -39t}
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heating> A A== st
path)7} 2P &  field=5-8 T3 dUAE da F 7] diolrth A=
BERY T2 AAEA, A ol)EEY duUA ddo] AwFH|UF AL
AR A vt wab EFohzvl Axp= ofg AAldAA R gGA TP EY
Z#Zute]  dielectric constant®} conductivity™= AAY A7) &3}
tEds stH dFE U ol AA Ed wleEsR| vtk AdHor &

vk o] electrodynamic processt &3] electric wave®] propagation< H
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Zefznte A F8st dAxpel e A ARV dedE fielde] AR |
T & A7t dgHT olelg A2 gso] ool EAlskE Aol
AL =9l Z8=nke] dielectric constanti= A9l FEeo oj&Es) o] &

}o] electrodynamic processol H]A&Ao] vEHTE. o] A S striction

o
off

nonlinearity mechanismeo]2}al kc}
o] 4 thermal¥} striction nonlinearity mechanismS H|nl 3| & 2},

Thermal nonlinearity®] <%+ complex dielectric constanti= v} Zu},

der ~ (5H)? (3.1)

1 1
E, = [3T§ao<w2+uio)]2 = 4.2-107°[8, T(w®+ V%) 2 (mV/m)

(3.2)

A7 T Z82vte] 2X%(degree), wi= field?] cyclic frequency, vg &
bl o] 2ate]l AxFE 9 effective frequency, 183l §yi= T FEo
ogk AApe] oA E4 Ik vojv AAl= mV/mE v

Striction nonlinearity®] ¢ %t dielectric constant®] 4%& t}&a #

o) vheha 4 sith.

&“E?

ST (3.3)

de, =

delselMe o ghee k1ol WEhlgdvh o7l Bw dxhe] 74



of o HAgHe FEPe o F vk F wHFAe g A =

H 1. NM2l& HIEE 852 Hlwat @ thermal ( de,) 1t striction( 4e,)

z = 100 km z = 300 km
® s 10° 10° 10 3- 107 10° 10°
, der| 11 [1.2-10 %1.2-10 " 4.1-10 *3.8-10 °/3.8-10 "
Wy = 10°kW »
des | 8-10 8-10°| 8-107° |1.5-10 % 1.4-107°/1.4-10"
, der | 110 1.2 [1.2-10 %/4.1-10 *3.8-10 */3.8-10 °
Wy = 10'kW . »
des | 8-10 810 8-10 °|1.5-107%1.4-10 "/ 1.4-10""
6 der| 1.1-10% 120 1.2 4.1 0.38 |3.8-10°
Wy = 10°kW

Ae, 8 8-1072 | 8-10*]1.5-10 41.4-10°°1.4-1077

A3 H uNY st NN Sy

nEe A9E Azl ARES W ot @S Avnd o
&3} 2t

9] E=(absorption) 2} B FE(modulation) © 1%
3 At de Axpel ol 1Elal FA B9} YAk A
Ak Aeze we ddoA 2E FasE AL Fhgel wbA

SR WA @ > Vel R sbe AVIE S8 RE FAE 5
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1) Radiation powers =743d}l”7] 93¢ radiating station®] #|7del] dr}ar
7t Eo] zoll Ao WA= Ey, = 300

Wy, = PG+ equivalent dipoledl <& WALS = 349 (kW)olt). o 7] A
P+ radiating station®] A powereol™ G+ <tHUY o] 5o z+= A
(km)olt}. Eyv mV/m= e T



7betet. strong wave, Ep > E,° %ol E¢2vl UFE dA g ¢ ol
o o ol FHstA Rk fielde Ed=vt A

A7tel B ol oEskA @A Hol, Ed=vt diFelA dFY field
saturation ©] YERA Hol dElFel HiAlE T3 fieldE YA E7 o
Z7Mgtl . Beta gadrh olsh MR o < Ve A$el 3E A

webd Fa @ HAddHd WskE 18k high-power wave

Z oA VAo m Fetzvl AAdA FUE 9E Y
ZZol efEsti A HdE Ao wm ety whela vhef Fohzvl A A o A
9] 35 o] amplitude-modulated ¥ ATHE E2vE W54 modulation
I dkAlE %9 modulatione] ¥ ¥ (distord)¥l vt} strong radio wave
(Ey = Epel dste] modulation®] o]#jgk ®Wsh= Xw vebd T (radio
wave?] automodulation ¥} autodemodualtioon). 14121 w3 WP A
YFOoERY HRAlEH U9 = Ag "o 33 (waveform)ol A% LERG
L},

vz do] ¥3(Change of Wave Refraction) @ Aol 7149-& Ay
7V Tk EebEv 9 oEHE WA e JA vtEE 99
¥e}. o]l# gk Aol eolsle] =

Tekzvk el e vbe 2dae Wiks Mee B d9Hed 2aE

At Beam WM& EojA I dFo] wAHE AP ol BH. e}



o]# & 7L beam® =& ‘%th wave field intensityiﬂ dEolA s
x5 AFerA st ada EFdekEvt "R A F(self-focusing  HE
modulation instability)& do.t}t. AFslE FdEo] HANEE A doA =

3 F4sHA wEEt

Wave interaction : WA S YelE Ta% 48 F9 siys
5 £3%H YY(the principle of superposition of the wave)® ¢4t
(violation)©] Tt F37 @, & 7F A9 27 FaF 05 7F AT 1o] A
Wk Szt g9e = A 3 o gs 29 F¢ 284S 9 19

o uwg WMoty mEA Adgs FFRvbdA AE #es st 537,
J}& 1°] amplitude - modulated ¥ IttA &4 W3l A8 59 22 949
S A= g% 29 o] modulationd AE T F S

cross—-modulation©] &F1. &l =32 o] &3 Ay} vido] 2AA Aoz
93-S v} short pulses 78 A3 89 T A AHE Ay
& Aqete=t Hol o]&H i vt

strong wave( By = Ep°l 9t & W= o AA dsd A9

< Avs vE A3 J8s Wag ¢ drk HAdY AE Aee
Wyt ), w2019 FIFE I AR A9E wEY 53 AFus
QoA AEZo] M=% powerful high-fregency 7} A&]&S 343 u vlA
FAde T4 Q5 TAA 7t (detection effect of the ionosphere). H] A3
Aol 9ol radio wave polarization 9 oJ#I7FA] 47 A Ho]

magnetoactive plasma oA AT AES Jdoxiv) o] A2 BT I
Aol HAFAAS dor|a FF5Y HE A5 E(automodulation)S A Zs)
| gttt ol gk o] frE HAHY AE AL ATl AUt Edb=vt s
=, %<9 (whistler) ion-sounf wave, magnetohydrodynamic wave &

electro—acoustic wave2} 22 HAx}7|35 wHET}

ol 23l Iononization) : W5 ZAEe Ayl A HAAEL vl
A

O
o
7} 5o electric breakdown & Ao 7|4 Ho] o3t ALr FASA =



71ekt}. o) sk A Ao wE " AFHAL ZEEvle o]5te] wave absorption
ol W= F7letH wave field7t E3F Fejol] W27 o]=A Hurf o] &3F
H AH9E FHdstE s FUF wEA dojus v oY g dEe o
sk 74 molk Aoy A strong waveE Suppress?ﬂr/‘r o] 3= TF oy
} thermo-ionization &&}&vl &3 - high-power radio waves
excite A7) o 2H 359 automodulationd Uo7t} wEA FI1EHE o]
= A Se 9 A9 T4 UhRE tddems weofdv a
20-60km Eﬂﬂoﬂ/ﬂﬂ ?lE o]23t= UHF dupe] QhALSE o] &dfo] F Ao
2 RE 4 A

|
&
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Excitation of Instability : High-power radio wavetr d&%d HAd =
ool 25 FTUMA 7] AR} o]l WEE WA 7T O] E A ]

=
o) ZfEuboAe] AdFAel H FwHAAL  drift, ion-cyclotron waves2}
22 AFHQ ey yvss BokAdsA & 4 9drd wEkA high-power
radio waveZ o] &3 Ag = 71Ed e NMEE Zo=ul AES excite A7)

olv| exite® GEfol 3= AE2 L AEF T 3}74] FomA Hgsh= A
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instability) @t 3 gt} o218k Bob Al AAFu(ordinary wave) 7l HHAFE =
A9% el AR e AUF 99 Fsn e Ave B
FAYL WEo] AT A4S HolxA WEL oY BHAME W F

9= 9 go A UHF® VHF A9E AbakA] 71}
Zohznt 3 Ao dojuyE E UE F83 dA2 parametric

instability ©. % strong radio wave fieldol A L1 AA|=H Zelzv 353



ion-sound wave’} WAES & 4 3Tl Non-dissipative parametric
instability = striction effectoll &gt Ao 2 AR} X A= AR #-e
A el ety BP9 Fes YNNI FdEdUAE Fagh
Parametric instability © g5l HHALE 959 s A =k A
& oA 9 Landau &9 A¥= Yeive dxke] wE 7 d o]
Si=nsa=g

FQgoeld  7isd Axs AT2RE 2= high-power
low-frequency radiation = A FA7|A ZgZEvle)] A3A G8kS w it
e =22 sti, dxtel o3 FoE s duAE T4 Exte XY=
< T AgHol S WrlE rEA Y oY E B de2 AU A

= A5, W AR, AFA71E 9 whistlered FES=A I vpRVMA R o

sk & &% W7AA vHeides BEE HAY A
A TS A= et Eold w F4sHA WEtsts dEFY B
g4 el Edkzatel A v thge Bl A A9 el fste] o Y
7EA] Bl Aol vEhdt)h wre dElE ddelA S vEheE d
42 % FF(wave absorption)®] H]AE A wWglo] #adx=d Wkl
A AgFdM= g5 =49 distortiond}t Z=vl instability’7} 5 2.8k
A& g

H 4 3 s 718 d&

A3g  cold plasmas AZ3A. Axe] A=

E = eN&(xy)/ep® Yebd & il FudolAe] A= xoln 4%
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mE = —ek (3.4)

aAE E = eN&(xg)/ey ol2= Axe] &3WAAd o d= tea 2o

E (xy) = — (3.5

&xy) = &E(xg)sinw i+ Ex(xy) cos w,t (3.6)

2 1
AN 0= () F i Ezm FaAgoln &) x) B

O]Xﬂ El(XO):O, Ez(XO):ASinkﬁCoi l—ET;g X]‘?;IX]TL—; %ﬂ_zu}g =
NZAS AZEAL =09 ) A= JZ A9 wave number kS 71X L A}

15t A om M old] weh AYH S A74e e 2

A:H

E = (‘&) Asinkrgcosw,t (3.7)
0

HES xo) TR AAFE Lohy] Aste] eIt B DA 8T &

e}
AA

x=xp+ &(xp)
= x + Asin kx, (3.8)
e AEe sl A< xol 2HIHY AA EBE sin ool

=3

A =2 Qv JAF A7 AAE, AA E= x9 ghepoln= 21 JE7t
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A Ao Age ke = L+ANA deh 2% AR

Lz A (crossover)e] Y ERGTE

ne

A<<\/k

€ /8 max

18 1 9% 9] 7] A (breaking)

H 5 & MA[HOIM Sct=ote] H[dg 2t

2EE AL BT At AW m=AALAE EFHT 23 U
o WA AREEE FEEF oo}t FHAR Agdh dusty A4

oN
diFo] ol 52 TR d¥ET =3 A wiolvh FEold dAk-o
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dv _ _
m- e = e( E+ vX By) — mvv (3.10)

oI71A4  Byi= 9 AV, E= s AA ada v AL fESE

Faoltt. AR F HEE Sk
velocity) 0,9 Felth 3 &xE 2= v 2L A7 vk

gTe = Lot (3.11)

o7IM <> = Hus e 2E= duA 992 vedn.
olzf gk Aol ek ol HHE 1HE w] EAA T AAV &



W= J-E= —eN v-E (3.12)

AN N: Az = Wx  J: Af dxoth aW, Axi= 28 e}
ST, — 1) oldx& &A vt A7 T=

Lol 8= F7E A sEshHA Ady s
A= Fanlolvt A FEA oUA HAIH = 6=2m/MOE Me
718 A diFolvk. M>mAw o6& wig Fal mapA AAE TR
APApete] FEAAE WHR-EY AdUAE AL JHA I e F UL w}a}
A, AAFe] gk ol x] HE HA 2 (energy balance equation)2 UlS-3} 7

rl

ofN

d (3 — 7 -E-3 _
GG NT)=J E—5 &WN(T,~T)

ke
rir

daz;e - % ev- E—oUT,— T) (3.13)

ok Zo] ved 5 k. o 7]A
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2ot} 4] (3.10)3 (3.13)

o] A% d)= o ol preralsl Foluy,

() = v(0)e ™ (3.14)

T,—T = (T,—T)_ge ™ (3.15)

21 (315)9] sE A& w, dv AFeta JHASEA T 4 (3.14)3 (3.15)00 A
By dub¥g o2 § <1925 momentum relaxation time ?% temperature

relaxation time é}yl’ﬂ_ﬂr w9 #2310 (B.12)5 7] Yot AA=E
E = EyXcoswt = Ege '™ &3 F=vh A 71Ae wpe} 2o

bol = F¥shA Hv. o]

vt (3.16)

—ekE . _
¢ 21 5 (vcos wt+ wsinwt) + ce
w

relaxation time 1/v Bt} uj-¢ AW FAE 4 9l

ol 7| A whA ek & (7}
9 AL oA 3 wFA el Al (3.13)0] gt 2o sk HA A S
U3 Zo] 48 ¢ 9
dT, 2R3 ,
il (v+ veos2wt+ wsin2wt) + SvT  (3.17)

a T = g WD

o] WAL yob 57w T, 4

o

wakd o>y, K12 7HA e 13



“E?
3m(V2 + )

Te — e —31/1‘[
t
X f ™ (v+ veos2wr+ wsin2wr+ SvT)dr+ ¢4 (3.18)
w>ovell tisl]l 2)(3.18)9] 1%} slE 3} (straightforward integration),

“E?
3md(V + )

T.—T = (3.19)

wreba Aol emi= AtdeE Rdetn Ejel wl#E g
1

3. temperature relaxation time Y E9o F7|<¢l

@
AR g g ok A (3192 wE 3 o] & = Uk

T _ e — Ey , o'+
T 1+ 3mT8(V2+CU2) _].+< Eﬁ) 602+V2 (3.20)
o] 7] A
Tmd(V+ o) %
B = (5 <egO+w))2 (321)

+ plasma fieldo]™ yy= field7}t gl A-FolA]e]  effective collision
frequencyelth. 2 (321)& o|&atd 2 (3192 v Zo] 13 &
ATt

E,
AT=T,— T= (T)ZT (3.22)
P



Plasma field E,= %74 Eyo H|4d3d &35 vetdy wde 443 s
o] EA o&Egtt. ED>E A T>T7F 5ol dA= 7tddr

o]F-o] A7|Fol EAE W fek H=d WWlew frohd uEd
2t

{1

T.
T

EO 2¢ 2 2
1+ (F5) %o+
SRECRT

cos B sin’B sin g
T A0 A | datwn) A P

oA7l|x B E9  Byrlolel Zholt}. 2Xko] mWE  effective collision
frequency® &AL oe] YAE MY FERAHE AHFFoERA A& F
AT dE Eol Axpep BEARREY F=el tiste]  effective  collisional
frequency+= Vi3t o] FojXith

1
V<Te) = VO( T ) 2 (324)

ionel thal A= obesh g

nojes

AT, = (3.25)
E= AgE: Z29zn 229 & 44 45S Jov|=v Bag Ao
w>e A% o= D&} EZolA oF3x10 *AmV/mel A HE FZolA oF

10 Y AmV/m)7tx wskaitl. o714 = MEnle] Fu<E[Hz]oltl. o2 g
AA= o 100 MW #5538 S dAbdd S o u] g},

o
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A5 (0™>> v = waved] power?l F71ebd FFHe FASA S1E
A ZEk wave? field(E>>E)E A dolA s Z8zv oo w &
s ¢ §lvd &, fieldi= plasma boundary® QAFSHE wave?l powerol] T

o1 ESA WAL olth FuAEst Aol FE FAsnvk e A

Eo) v Adg A W3l del) high power wave field® amplitude
= Zgtzule YHA Zezule AAR AdAEE 3% 9 field amplitude
of ©]&3l+= nonlinear @& WERWA HTh wheF EHdkEube] AAl =
wave’} amplitude-modulated = A THH, F&F=vk UH-o A9 modulation}
HEALE = 3459 modulation2 A Z1ef ok Ag g5 (ESE)DS 45, o

modulation®] W3}= TAE F QS HEo|r},

W
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A3ke] amplitude modulationS A ZFsl XA amplitude-modulated

low frequency wave + Th3 o] dE o r)

E._y = E)0)[1+ pycost ] 4.1

_0|L
e
N

2 conductivity?} dielectric constant]
H3kA sttt A A S perturbationd waved &

=
G YAl dEs vk o]H e conductivity®} dielectric constant®]

wave’} plasma¢to 2 23

perturbations % 7] 4 2.
perturbation2 wave modulation®] W3l& £}
1. Weak Wave

weak wavedt plasma field® v} A}StE waved] E-field7} vl <Fgk 7

S & EKE, 2 7A%olt), o] A%, #9949 field 4712} GAFeH= field

o] A717F &R ZFal, #AA 9] modulation®] 2F7] W&ol nonlinear effect:
o} ), oluff, AAZE9] pertubationd Tk} o] S8l T
AT, = A,To+ A,T. (42)

2
ol dyTesk AoTe= (ngf)) oA  wesn  wEy  ARend



1 1 ZgEvbo) A wave modulation Z o], o> ve, 220 < Ve

2. Strong Wave

o)A EF>E; 1 A%olty olyd Z-$¢eli= nonlineard @AHS T8l

S % 4 Qe
Low Modulation frequency

g2 ul Qhol A 9] modulation®] Zo] g & T3 o] HelshAL

EITlﬁX(Z) — Emin(fz)
Emax (Z) + Emin(Z) (43)

u(z)

9 62 FEvul Qhel A el o] kel wiglolt}t, & dulwtE modulation©]
MY g =r &= Aot 18 62 HW, x59 %,\LO] Z42 waveZl

v} 3 2= 9}3}' oy 7E /‘hﬁ}ﬂ_x} U}XH}X]E F37F 2 modulation
o Zol7t ®y} A ow po Hage vhea gk

s
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19 2 modulation depthol] t

2(())/4)

Bmin — H
min 0w2+yzd)

| |k el B¢ ghe the Bk

Emin = Ez @*+154—1

(4.4)

(4.5)
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19 3 YAFF 9 modulation depth = YERA Z 8 Zuabo) A4 9] modulation
depth

L - T

19 4 modulation waveform®] €}=F&4 @ Eo(0)/E,=10,
©0=1. (a) E=vt AAl A d&5 ; (bow>veodd 45 Eeh2vt 5o
Ao e (o) w< v ASol Zezuk YA g%

ne
[
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I
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ut

= co] ol B u 9k po7l 059
vebd wol= 1 kol linear® YeERdY 53] po7) 12 4
9olt}, 199l (a)= AAlA 2 wave,

9 7ol 1%
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AL (0 AFH54e74-9-29 wave modulation®] W3S ebdic)

E (0 z
E(2) = no—(xz))mexp(—%fo xa’z) (4.6)

o 7| nd = A& (refraction index), « & T 749 (absorption coefficient)

o]t}

o,

weak wave?] Aol plasma ¢kelA Ay= A= #Zoh wakA,
nonlinear effect™ =38k 2}7] wj&o] (4.7 A& & v vp2-3} o] AE

+ k.

EO - E1(2)+E2(Z)+

E (2= % exp ( — % fozxoa’z)

(4.8)

no(z)2t xo(z)= linearst 74-%2] refraction index®} absorption coefficient©]

o (4.8)& 4Dl wislstd teat 22 dls d& & vk



dEz + E2 dno
dz ~ 2ny dz

+ % %OEZ = _ElR
(4.9)

R:%( d") AT(E1)+— [

AT@<E1) ]
dT,

A 7|A 4T field? effective electron®] &, T A 43e v
o] HapLrolr), ol#A Wele &%= distribution functions WERA| 7]
a1, o)A collision? ¥ WIA T A =) wElA], absorption
coefficient®} refraction index (492 & A&s] BAL

ol AAXACRE E-0, z-00.% 34 thew e AdE 98 5 gt

rir
rE
_0|L
=
i,
ut
0,
Y

Ey2) = —E(2) fOZRa’z (4.10)

1 Eo(z)= obefiel Zol d& 4 vk

g

fAT (El)—( a,T) dz

Eyz) = E1(z)[1—q—%<%)TAT6<EI)] (4.11)

Ei(z)= A3 dAe] wave field amplitude®] 31, g&= weak waveol] A 2] field
nonlinearity % 3-& UERAT

waveZl HEALE = A Aol "ol A s Azps] ®Ak o)
refractive index+= A2 < vk o] Aol n xeoldl olwl T

(412)-(41HF ol&std 4 4154 && & Uk

o



x = 2rolaN €, n~Ve (4.12)

_, Ame*N
Eo — 1 M’L(Ct)z‘f’)/Z) (4.13)
2
e“Ny,
o = (@t + ) (4.14)
2
x = —ree (4.15)

many( w® + V%)

A9 d wave?d] electric field®] d38FS- ¥, AR 2% Ter= F7| L,
o] Ax= collision frequency®t plasma®] electron concentration N2 3}

A A

dr _ 2me*Nw* — V%) | dy, o2mety, AN
(dTe)T mw(w2+1/§)2%o( dTe) ma(w” + VZ)%o( ) -

(4.16)

o], EAELR A JT.= v o] 2 4 9lh



&“E?
3mby(w® + V%)

AT, = T,— T = (4.17)

A @IS MIAAA A (4ol WP AE vhee] Azt

il

[e) A~
A& & U

AT@<E1) =

&“E3(0) (_ 2

2w (~
3méy (> + 1 Bmy O\ c J; "0<21>d21) (4.18)

047]}\1 30:§(T€0); 1/60:1/6(7160)0]]—4‘- 047]}\1 1/609&1/6(2)0]&:]1 7};(3% 6‘}
b0 Aol dN/dTe = yiN/Teo?V Ak v = d=Folth ol 2 (4.11),
(4.16), (4182l A np+no(z)etal 7FE obd 59 F A& ds +F 9

.

L[ E)T Ty ( dve O I B B
(4.19)
K = %fozﬂfo(zl)dzl (420)

A7NH K= & FFFolth. AU190A g= [E (0)/E,)% HaHghs o

% 9tk wave’} plasmasto s Qialetel BaE W g FUMEa, Ke 3
3] A (K=D. q& +¢ - =5 7Fd % 3L, collision frequency 9}

wave frequency®] Ho] gk oA & ZH=th AAbe) S AR FE=9



nonlinear®] A &2 wjde] o] 23}lo & ir}ar
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X 3 & Weak Wave Modulation®?| 3}
o] A amplitude”’} modulation® radio wave?] AFS A ZFsEA WA
plasma®l A A (z=0)el YAF3I= low-frequency waveZ th&3} o] 7148}

AF,

E._, = Ey0)[1+gycos Q] (4.21)

(e
ol
-1
)

wave”’} plasma 9Fo. 2 YA d), dielectric tensor®} conductivity+=
A}, o] F k9] perturbatione F&5H I waved phases 9 &S
A g3 ol ek WM3l®E wave modulationol] ¥ 38}7} A 71T
Weak waved}il 3= A2 YAFSH= wave? Efko| plasma AFA) 9
E@tR o d4 2 Afolal, o] A+ ko] )2l AH Egkel <A}

Macasass

)
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O

EO - E1(2)+E2(Z)+

E z
E(z)= \/% (1+ﬂocos.Qt)eXp<—Cg fo xoa’z)

(4.22)

o714 E1& 9A Wyl o] linear® A A1 AL w9 wave field amplitude

olvh. 919 He vhest o] & % Yrk.



E(Z, f) == E#()(Z)[].‘f’/lo(].‘f’a’g)COS(.Qf‘f’ ¢Q)

(4.23)
— f90C08 (2Qt+ ¢ 90) — p30c08 (321 + ¢ 30) ]
(4.11), (4.19), (4.23) 2ol A
E (2=[E,(0)]41+ 4 + ”080”@0 (4.24)
#0 0 2 .Q2+ 8 .

o] L
7}

:Jd
.

¢ Al

O
B3
Ry

ol AL A zte] wElA] WElx &= <kolt), e go= Yo wave

a}
] 2

= frequencyZ 7}4 W modulation® Zolo] e HAFO| ¢

9] frequency®l A4 ¢] phase® modulation®] X 7d#Folr 1 e &

_ oVAN(1—pdl2) b 84
S N Y W Y, (4.25)
2 292
bo = qmu 2 (4.26)

Q4805 80+ 4

frequency”} 22, 324wl x99 o9 k& FolH S 2o



3 855 + 254/9

Moo = 9 #04301/60\/ [8%)/20—1—.92][8%)/20—1—492] (4.27)

L = #84 SoVey (4.29)
5 4 842+ 427 '

b — arctan 2 02+ Vg (4.29)
20 — dican SpVe 9.QZ+3VZO ’

¢s0 = arctan Sovan (4.30)

2l (419914, weak wave?] -l nonlinear £3% YA wave?

amplitude®} plasma W52 amplitude®] H]o| HH 3= AS & 5+ Yo &=
<

& w7t FEE F W pwo~ug, Hze~ w03, modulation®]

modulation®] Zolo H g 3A vt ¥ el frequency® modulation g<0
d o Frtstal, ¢>0¥8 W gasth ¢>09 A S (self-modulation of the
wave)= 2 (4199 (4254 & 4 d+=dH, @ plasma®l o3} HL7)

oksl HlH & frequency (wlvg )olAsr &Ast}h ¥ o plasma?]
o] &3}7} oFgk el YAFSI= wave?] frequency’t %2 A w) vy HFH

U2 4.19).



A 4 & Strong Wave?| Self-Action

Strong waved Ei>E5 ¢ %7% WEdE waveolth o A%

E-field ¢ W& 73] Ao rr] A8 n=nyrnz)olzt 7148 3

Ao A A5 oA e FAE ¢ fleng vsd Po] &
% vk,

dEy o _

dz + c %(Z, EO)EO =0 (4.31)

o714 k= 9ko] (4.15)F T}l 7] A nonlinearityy® ThS-3 o] EgE

+ k.

MT,) v{T.) /vy +1

}((Z, Eo) — %O(Z) NO Ve CUZ/Vz()‘f— )/Z( Te)/)/ZO (432)

#0(2) linear theory®l| A 2] absorption coefficient©]

al
o) FEFIG AAsh o] 29 FEFAG Folth,

Weakly Ionized plasma
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o3, ¢ & the 2ol Aoleu
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oW T/Tt & A3 o] vehu

T,

E, )2 8y

- 1+ E

T

2 (4343 A (4.35)°1 A

2

8( Te) 0)2 + )/Z( Te)

S (E0)2 w’+ V5
a)2+u202'2

g 7% 4 vk

= 2 (4360 vEE e 42 9

1 dE,  4r o @® + 2% — V%)

"

Ey dz  dz (Z—1)(o*+ V57

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)



2] (437 2 (4312 wlalshd ofgfe} 2

rlo

A5g o
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E

©
=

dr 1 i 2V
dz\ *—1 w®+ V4

2
‘f’%%o(Z)M]Vg_l =0 (4.38)

o] 4|, electron concentration®| fieldol] uwp&}x] W a}=

2 Az+akAt,
Z N(z7)/No=1 o]t} 18t (4.38)9] Fo|= t}

o
o
3 Zeo] "k

1 XPp m) = Cexp(—2K) (4.39)
o714 C= A<, K= 2 (42009 7|+=49 »ve} v}l plasma 72 Al A
amplitude Eo(0):= t}&3 o] =t}
C — o—1 ex 4157,
a1 PP ot (4.40)
_ ¢ TIE0)]
Ty — T

4 (@401 9] P @

NN E F FoY

S zb=t) ket d plasma
A plasma W4 2}
Aol ks veEYE , (436)2 .51
El2E A d& F

nonlinearity®ll gt &3} wjo] WE FHojlmz U3 2 IH=R &
ATt



EyWz) = Ey0)exp(—KP (4.41)

o] 714 Pi= plasma W9l A waved self-actiond ZA3}E A sli= ¢lx}o]
™ -InP+= wave?| nonlinear absorption®] &Fo|t}. 18] 3 weak fieldoll 4]
P=1-g°]aL, o] 22 1ol 7MgHA v} dubA<l Ao P& plasma® 77 <l
A2 wave amplitude, frequency, plasmaste. 2 YPASIE  wave]

penetration Zolel] G3FS W=t} = p= vy e AAE s

P = P( E0) o K (4.42)

9ol 28 Frdle] BAF nvn(2)Y A-$ wave equation

rlo
1>
o
e
o
4
30,
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b et 2

Hr
Sh
o
O

& Boi Ag the v A

lnEO—i—% fxa’z = InEy(0) (4.44)

A7A $We goltk ¢ HolA Hmel F oA Fe vhg Lol &

Atk k= N(To), v(Toeol e dpolnm b5t go] & 4 Q)

- +1
MT) v{T, Vi
E,) = :
x(z, Ey) x0(2) N, v e | (T, (4.45)
2



™), o714 N¥N(T.)etal 7} & 3Fil(weakly ionized plasma),
V) v =TTV =z o2z § AL et 2ol & F sl

x(z, Ey) = x(2)r1

2 (446)e 4 (442)°] WdsiM Aelstd v 2al

2 2
ln( £, ) VA gy —

Ey(0) W’ + )/202'

2 (4479 expE FHald oS3 2}

Er o _ — K(2)A]
E( — et K@
= exp(—K)exp[—K(A—-1)]
= exp(—K)P
a)2+u20
where A = t R

A= R =g

Eﬁ = Eo(O) exp(— K)P

o e & 5 Atk A @AR)A Bee o+ i,

(4.46)

(4.47)

(4.48)

(4.49)



, K (4.42)

285l Pol Ing FHea & #3 35S Nonlinear absorption®] U}, 2 (4.48)
ol Pe vi= Tl AZs7E g4A dernE, o slM A
WS g3 4

plasma Wi-olA el PE FalBE Al o]d A9 (436022 1 774

A AU3NA e NS A Aok

2
4)/@0

(z) = 1+26Xp(— ot

)Cexp (—2K) (4.50)

71 C=C(ro)= 214401 YR viel 2 2 (436)9l4  —1°] &

e

E, = EN2Vr—1 (451)
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' Kyl WAE o] AZ(FA 3 0’> vl AAMS AFE A}
A FA4E Teol el o9 WMEFE 1IN o 0”> v 2N E
ghzut o A fielde] %

o] F AM vhee 9 F Yk

2vp(zo—1)
E0)V t+1 &P

453
w*+ uzo ( )

P =2

2 (453)0 A, HlaH Ee FaEd A 0 >25(r—1)], self-action ¢

A= 155 AoeE JAE ¢ 5 Qdrh oA AFIed A5, absorption

coefficient= T.7} S7Fshel welA F71elr] wiiolvy. ES>ENS A% =

= gk waveZl JARSE A G-el= o) 1013l P& Eo(0)7F S 71Hgel wet
2% Aot} olud] savel amplitudes Ep(Q)oll wredbr] Z=r71ahbx &
A9k g A 3p go] EAMAZ § Qv (4] 441, 453001 4)



Ey(z) >2Eexp(— K) (4.54)

W 2502 ASelE PE E 07t Z7tstel webM FASA Frhe)

Eo(2)/Epexp(-K) ¢} Eo(0)/Ex9 Z1eiZ7F 219 1000, P9} Eo(0)¢e] dA 7}
9 119, P} wete] @A 29 129 e Sl

iog &

]
<—'

19 6 Self-action factor, l:w/v =42 ; 2:w/ v =20

log &

— ! 8 1

2
log (wavan)

219 7 Self-action factorell gt 3= W3} @ Ey(0)/Ey=20

Strongly Ionized Plasma



o] gl Ey0)3 P= th-3 o] FojAr).
Ey0) = Ey0)exp(—KP

, (4.55)
_ o By [ m—l [fo_—l _
P = 2E0(O) 2'0+16Xp 3 +—1
a8 o] =g 18 139 9t}
EglEIO) £y/Ep=8
|
T4
0.5
0.25
o
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o
2?1l X Eo(2)/Ep. Eo(z)/Ey gl T
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1. Pulse Modulated Langmuir Probe

Fehzrk 478

Langmuir”7}

iF
T
oI
T

X

Fepzvt] o3 s

W AolE et

—_
o)

K

)
Hr
ze]

il

219 1 Langmuir Probe?]

B

] 2 (electron saturation region)

1

eV
kT,

1

2 2
)ZNeAce\/}[]-—f—

kT,
2m

I (sat) =—(

(5.1



kT,
I—(—= 5m ) NeAceeXp( kT, ) 2 (electron retardation region) (5.2)

kT, )%
2M .z

o] 7|4 Nii= o] WT Ni= Ao Wm Ti= o]0 &% T, AHxe
2%, k¥ Boltzmann 44, A= probe? WA, o= Aol At V=
Z& 21} potential S 7] o2 T HAYES
ARre] e vhehdh 99 AEe ol gsu da A4 0304011*1 ?ﬁx} =
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I(sat) =—( NiAce%ﬂ_[l— kT 12 (fon saturation region) (5.3)
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Hlo] Wel= & plasma WolA ¢ modulation®] ¥3} HE== el Eo0)
o] #AAE  high frequencyol A+ E00)7} F71E4E ZrolA|thr} 71X H
low frequency+ EO0)7} S71d4E A /s E(0)7F 44 49,
high frequency ¥ uj+=
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Ionospheric Variation Phenomena( 1l )

Pyo, Yoo Surn , Rhee, Hwang Jae
Radio Research LAB

Abstract

We review the concepts of instability and the non—-linear
wave propagation phenomena 1n the 1onosphere. Also we
analysis the ionospheric observation data(electron density
profiles, etc.) over the korean peninsula gathered by KSR-II.

1. Instability

In recent year the significant progress in satellite—based
observations of plasma states and associated electromagnetic
phenomena 1n space has resulted 1n the accumulation of much
evidence of wvarious plasma instability. Today  plasma
instabilities are believed to be responsible for electromagnetic
radiation as well as for many of macroscopic dynamics of plasma
1n space.

Generation  of instability 1s the general way of
redistributing energy which has accumulated in a non—equilibrium
state. The fact that a plasma 1s not 1n thermodynamic equilibrium
implies that a certain amount of free energy i1s stored in the
plasma : this energy may be converted into a violent motion of
the plasma or into radiation of electromagnetic waves. Plasma
instability 1s a process where such a conversion takes place in a
collective way : this leads to the fact that a small deviation

from the dynamic equilibrium becomes the cause of a further



deviation.

There are basically two ways which a plasma can deviate from
thermodynamic equilibrium. One way i1s by localizing in space with
a locally higher( or lower) density, temperature, pressure or
some other thermodynamic quantity; the other is by having a
velocity distribution  other than the  Maxwell-Boltzmann
distribution. When an instability occurs because of the former
reason, the plasma as a whole will change 1ts shape, an external
process, hence called a macroscopic instability. An instability
caused by the latter, an internal process, 1s called microscopic
instability.

Let us now ask why plasma 1nstability 1s important or
interesting in space physics. As can be seen from the foregoing
argument, a plasma through an instability can discharge 1ts free
energy and will try to reach thermodynamical equilibrium. The
rate of such a change 1s determined ordinarily by the dynamic
time scale which 1s much faster than the rate due to the
collisional process. This way a plasma instability by its
collective effect can bring about an anomalously large transport
coefficient (compared with a random collisional process) of
thermodynamic  quantities such as number of particles,
temperature, pressure or electrical resistivity. In fact, plasma
instabilities can be caused by almost any form of thermodynamical
nonequilibrium. The "anomalous" transport effects are quite
common and the classical transport generated by collision effect
in even rare,

Though the 1onospheric plasma 1s most often not in thermal
equilibrium, its condition can generally be considered as stable.
This means that when a small perturbation i1s applied, subsequent
natural changes bring the status back to the initial condition.
The plasma of the mid-latitude 1onosphere 1s, apart from

disturbances, almost always in stable conditions. The stability



may, however, break down when - artificially or by natural
phenomena — energy 1s fed into the plasma ; the result may, for
examples, be a large deviation from thermal equilibrium. A bulk
motion of one 1s in particular the case when the plasma component
against the others may also provoke an instable situation. This
1s 1n particular the case when the plasma supports a strong
current, or when a beam of charged particles injected. Apart from
"active experiments", this happens quite often in the auroral
zones and in the polar caps where corpuscular radiation arrives
from outsides; strong currents do also regularly occur by day at
low latitudes in the so-called 'dynamo region' where atmospheric
ti1des move the conducting layers up and down and, by the magnetic
field of Earth, induce electric fields and subsequent currents.
Other natural atmospheric source of instability are quite often

encountered in the range of extremely low frequencies.

2. Nonlinear phenomena in the i1onosphere

Nonlinear effects 1n the ionosphere have been known since
the 1930s. Only recently, however, has the rapid increase in the
power and directivity of the radio transmitters made 1t possible
to alter the properties of the ionosphere strongly and modify 1t
artificially by applying radio waves. This has revealed a variety
of new physical phenomena. Their study 1is not only of scientific
interest but also undisputedly of practical interest, and 1s
present ly progressing very rapidly.

Depending on the condition in the plasma, a distinction can
be made between two characteristic types on nonlinearity. The
first 1s connected with the collisional heating of electrons in
the electric field of the wave. This heating 1s easily produced
because the electron mean free path 1s large and the electron can
acquire from the field an appreciable energy 1in one run between

collisions. In addition, the energy transfer from the electrons o



the molecules, atoms, and 1ons by collision 1s hindered by the
small ratio of the electron mass to the masses of these heavy
particles. As a result, the plasma electrons are rapidly heated
even 1n a comparatively weak electron field. The dielectric
constant and conductivity of the plasma then become dependent on
the field intensity. In other words, the electric current 1s no
longer proportional to the field E. Consequently the
electrodynamic  processes 1n a plasma, particularly the
propagation of electric waves, become nonlinear(the superposition
principle is violated, etc.). This type of nonlinearity will be
called thermal. It 1s «connected with the characteristic
dimensions of the plasma region perturbed by the electric field
are much larger than the electron mean free path.

The second type of nonlinearity 1s not connected with
collisions. It plays the main role in collisionless plasma, when
the dimensions of the field-perturbed plasma region are, to the
contrary, much smaller than the electron mean free path. Several
nonlinearity mechanisms operating in a collisionless plasma can
be indicated. The most important of them 1s caused by the fact
that the i1nhomogeneous althernating electric field of the wave
exerts a pressure on the electrons thereby compressing the
plasma. The electron density, and with it the dielectric constant
of the plasma, then becomes dependent on the electric field
amplitude, and it 1s this which causes the nonlinearity of the
electrodynamic process. This 1s frequently called the striction
non-linearity mechanism.

Heating of the electrons in the field of a high—-power
electromagnetic wave leads, first, to a change of the collisions
of the electrons with the ions and with the neutral molecules and
atoms. This changes the radio—-wave absorption. In the lower

layers of the ionosphere the collision frequency increases with

increasing electron temperature. Therefore, at <v%>ui the



absorption increases sharply with increasing wave power. The

field of a strong wave, Ey>FE,, cannot therefore penetrate into

the interior of the plasma beyond a definite limit. The field
ceases to depend on the power of the wave incident on the plasma
boundary; a sort of saturation of the field is produced in the
interior of the plasma, and the field of the wave reflected from

the 1onosphere even decreases with increasing radiation power. To
the contrary, in the case w2<uz the absorption decreases with

increasing wave power. The plasma becomes so to speak transparent
to the high—-power radio waves.

Thus, owing to the nonlinear change of absorption, the
high-power wave field amplitude exhibits in the interior of a
plasma an essentially nonlinear dependence on the field amplitude
of the wave incident on the plasma boundary. Therefore, 1f the
wave at the plasma boundary i1s amplitude—modulated, then 1its
modulation in the interior of the plasma and the modulation of

the reflected wave are distorted. For strong radio waves( Ey,RE,)

this change of modulation can be appreciable (autodemodulation
and automodulation of the radio waves). Analogous nonlinear
distortions occur also in the waveform of the envelope of a
strong pulse reflected from the ionosphere.

The heating of the electrons changes their pressure in the
plasma region through which the radio wave passes. In the course
of time, the pressure becomes equalized by the outflow of the
electrons from the heated region. The result i1s a decrease in the
plasma density. The plasma density can also be changed because
the overall 1onization balance 1s disturbed by the heating of the
plasma. All this leads to a nonlinear change of the refractive
index of the wave.

The change of the refractive index of the wave 1in the
plasma gives rise to new nonlinear effects. The beam trajectory

1s distorted and the point from which the wave 1s reflected 1is



shifted. If the 1mbalance of the 1onization i1s not significant,
then the point of reflection of the radio waves shifts upwards in
the ionosphere. Sufficiently powerful and narrow wave beams can
in this case penetrate through the ionospheric plasma. At the
same time, the structure of the 1onosphere should become
distorted 1n the region where the wave passes, namely, the
electron density decreases, and a "hole" is punched, as it were,
in the 1onosphere layer. In the opposite case, when the change of
the 1onization balance plays the principal role, the plasma
density in the perturbed region increases.

The nonlinearity connected with the change of the
refractive index exerts a particular influence on the propagation
of radio beams. Even a weak nonlinearity causes the beanm
trajectories to bend noticeably. This leads to a stratification
of the beams, to the onset of an oscillatory structure in the
distribution of the wave field intensity, and to perturbation of
the plasma density (self-focusing or modulation instability). The
stratification develops particularly rapidly in the region of

wave reflection.

3. IONOSPHERIC ELECTRON MEASUREMENTS ON THE
MEDIUM-SIZED SCIENTIFIC ROCKET , KSR-II.

We reports the results obtained from the Langmuir probe
(LP) and Electron Temperature Probe (ETP) experiments on the
sounding rocket KSR-I1 (Korean Scientific Rocket — II) which was
launched on Jun 11, 1998 at 10:00 KST from Tae—-An peninsula (17N,
126E). The instruments successfully measured the electron
density, electron temperature, and the floating potential at
altitudes of 73km to 130km. While the electron temperature
measurement 1s not easy 1n this region, since the temperature 1s

very low and the contamination effect of the probe may give rise



to a problem, we were able to obtain a reasonable electron
temperature profile by employing two independent methods, the
pulse modulated Langmuir Probe and Electron Temperature Probe.
The preliminary results show that electron density increases
sharply at about 90km, and forms a peak at 102km. The density
profile is roughly consistent with IRI (International Reference
[onosphere)95-model or PIM (Parameterized Ionospheric Model)
results except that the peak density appears at 110km 1in the
model and model electron density 1s slightly lower than the
observed one. Electron temperature obtained from ETP fluctuates
between 200K and 700K, an effect presumably coming from the wakes
developed by LP, and 1t tends to increase with the altitude,

which i1s consistent with the LP results.
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