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Fig. 1. Schematic of typical processes in active heating of ionosphere.
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B [V/m] i (37) s3] 2osl,

|Eo,| = |Eoj| = 5.5v/Were MW]/h [km],  (37)
Horpr, R BRI Wigp = 200 MW,
by Shy B 5 T 1 725

3 BB BEEE TN =S5 B

Table 3.

waves heating ionospheric plasmas

Parameters for modeling of electromagnetic
[31],

ST SR
PR PR v,/ (mes ) 100
UL X 355 o T Rl ke 150—400
MRG0/ (°) 30.0
R RGN 3 B, / T 4.6x10°
FEBIE f)/ MHz 6.0
R SR D2 Wigp /MW 200

KI2 25T t = 2 s BV FH0% R IR %
AR TR SR, Hod ) AR “ref” il “new” 73
B3R SRk [31) FIAS SCHYBUEAL L Z5 515 An, =
N, — Mg MAT, = T, — T 53 3R LT 0% AN
B TR AR B, ngy A1 T 43501 27 Hh 2 B
7 MSIS-E-90 75 2 /A 4R i 2 i) 14508 B e 7
MBI 2(a) AT LAE B 78 S0 BE R, SRk
TN B0 R R, IR 5 | A R R
TR BARAL (R 4Z , I T S B30 5 e 3 B 30 F 74K
BEREIRRAIG; ASSOHASE R 53R [31] hAgA il
FATE], 808 S i K N An, = 122 em ?,
Xof IO 5 BEON b= 238 km, 5 3CHK [31] 4 K
An, = 113 cm 3, h = 235 km FA—F, H AR
22550 8.0% A1 1.3%. H &l 2(b) WAl LAE 3
H, 105 32 114 B IOAE TR R 08 S I e O AR S35
53 79 2 S e R Ak v~ Yk e R {RRE X 0 A U
FFTAT, = 398.34 K, XN h = 224 km,
XI5 3k (31 4 AT, = 37021 K, h =
220 km FEAS — 2, fe KA X 22 5390 7.6%
1.8%. Z5 ik, A< SCHL 4008 B e IR B it
GRLAE R 5 SR (31] Hhgn i AR AR O — B
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An, MIAT, BIFIR R 2220/ T 8%, Hi RAEL(H
X IV 4 B s B ARG (i 22 24/ 2%, X AE—5E
REFE b B0 IE T AN SCER 2 75 i S )i TR
VERTT v J2 45 0 TR P -0 D-RiAH EAR TG
ZBiS e Rt ETR d o

250

240

230

h/km

—150 —100 —50 0 50 100

h/km

200

0 50 100 150 200 250 300 350 400
AT./K

K2 t=2sH B FHEE () Al FIRE (b) 25 [ 51

RALL 45 5 B 5 Sk [31] FP A Rz 25 SR B X

Fig. 2. Simulation results of the spatial distributions of

(a) electron number density and (b) temperature at t = 2 s,

and comparisons with the corresponding results in Ref. [31].

3.2 R ERINEEHT IR P AY K- R-RL

me1EH

AT 2 A KU (stimulated Brillou-
in scattering, SBS) i 2 i (¥ -0k | IR AR A AE
. BRI RERSS AR Wegp = 80 MW, 5
B fy = 5.125 MHz, SE50H S R 98 [ 224
FRB]EE VUK LA (Arecibo Observatory), i [i]
42017 4F 5 H 26 H 00:20(UT), R4~ 50 5 1k
10 min, H 5 min & FHLEL 3 s FFRFI 1 s HEHT Y
WRASIATHEIR, J5 5 min ZEHLR PR B, B
RSHINER 4 Fi7s. [ 3 Gl THIREIORRS (A f =
fo—f) MU FIREE (T,) B S 560 5 A0 EC(E AR 40
gEIL HiH | TR AR “ref” Fl “new” /3 il 32 7% SCHK [32]

) S By 48 SR ANAS SO B AU S . A A E AR
R 5 52 g AR 1) 0 SR v Ao =X AT LU 3
—J7 T, AR R N & AL T SRS A] H]
(BEREA S R b, T T LA T,
I, BfE ZE WM RE AT, AR R I R i
BZ MY SENE IS AR, AT FE0E
TR AR AEA R A R B A S 2 —8G D1 —TJ7
T, ASSCEUERAIEE B 5 S g i 25 R Ae AR b i 3
L —2, AFRT T, B B KA i 22 43 50 R
26.9% 1 28.1%. XTE—EFERE Bt — 2000k T A
SCHITEEST I A 2 B ) T S
T4 BTV A A EIREOT S S
Table 4. Parameters of stimulated Brillouin scattering

experiment at Arecibo Observatory®2.

S SHUE
S M g5 2 Y 18°20'39" N
S b S 25 66°45'10" W
R RN 3 BE B, /T 4.6x10°
SN f,/MHz 5.125
R RBER ST HE Wiggp/ MW 30
B 2 F2)2 I % / MHz ~5.0
AP SR BE Jkm ~325
1800
0 T, ret
8 T new
’ o
1500 .
é 2 . o o]
& " . "
° | |
1200 +
Q o
18 | © Afret
" A frew
: N :
L o] o [e]
E 15 . ° n % % - n n L
s . o
12 %
9

3 4 5 6 7 8 9 10 11 12 13
JEWE S

K3 2o BN RO S 2o i T IR I AR S

S A5 R B XS L

Fig. 3. Comparisons of the calculated and measured® re-

sults for the spectral line shift and electron temperature

during the stimulated Brillouin scattering process.

3.3 H-KEHEEERAERATREN

X AU TR L R AR B TR AL AR IR = AR
HAEHBATE MR, AR 2014 4F7E R
EISCAT #¢its b JF 8 py s2 5 20, B S 5cn 3 5
7.
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%5 IRk EISCAT WL g8 2 e 24 >
Table 5.  Parameters of ionosphere and electromag-
netic field at EISCAT in Norway!20,

SR SRl

OBMIA f)/MHz 6.3

BRI BRI Wegp/ MW 554.1
TR IRZE S, o1/ Hz 10
R EE/(V-am ) 0.2

R REBIV TR B, /0T 48.59
im0/ (°) 78.2

IR T /K 1000

B4 25 T HiTE 2 SR O B L RN R EE S
o N S 2 e el ST R b A N U
P G 2 B A A0 35 R AE; e, In SRR 38 26 0 B
Jo FRIEPR, £ HL B 2 A B A R -
FHEAE R AR B A, fy — FINERIR 35 T
IR 2E ) T AR “ref” Fl “new” 73 5l 7= SCHk [20] F1
ARSI LER, “exp” Fl “cal” W] 43| /s SL 45 SR AN
THEZER. FTLAUE B, 225 RN I8 1k 2 4 32 F
EQUNSSE NN R e L R OE 3 N
FaE e, IIMTESF B irh A5 3 3k, I+
FEUE . T I | A5 B A B I () 935
FIVE ST MM, F 25 e AR I8t S ) i
. TR R B F R T I PR S U
AT A — ZR BN AN R 3 A A St i i . AR SCEK
TEAAPL 25 5 5 SR [20] iy 2 56 2 45 R AT
S5 4 AR R R SBS ARG T
X3 R RS R T — 2 (&1 4). 53 4h, seAb

90 _
W
70 b R
SBSHkZ kN
50 |
m
T 30t
i)
10 +
—10+ Inref.exp
— Ingef,cal
— Injew,cal
—30 L~ :

0 25 50 75 100 125 150
(fo—f)/Hz

Pl 4 32 I8P R A R A B A AU R 5 Sk [20] iy
THER SR 45 R BT L

Fig. 4. Comparison of the calculated spectrum characteris-
tics of the stimulated electromagnetic radiation with those
presented in Ref. [20].

B8 RS, 7ESCHR [20] SRR Rrh, fA1E 2
AL 50 Hz WA A3, X ARA Al fe e i IR
DR 5E 4 BT 2, TFEAS SCORISCHR [20] 94 (E
AL DU AR 7% P R 55

B LE A 5 SRR B A A BUE RN
ANSER EEAE IR POSL32) g b, 7E—E R RERIE
TR SO ST B A TR AR R A R T AR L
Y R B 0 BRSO R A LR A Y
HEETE.

4 REEATREEFETERFSL
T LT AR

H T RATFR K IR WA T B B 255 5
FHRPARE R . KR AVR RN L, AR ik
B Frolov % B33 ZEAR % W7 Sura %% B 9847 A0 FL B
JE AL 5 1 He o — AN TR AR SCBUE ALY
AR T 2 A T SR S B4 6 fis. i
K5 BRSO #E DL _E 200—220 km #9 5
BEIXa], U E ) Eoh y W), b= 200 km h
y FIIEZE S, B A = y + 200 km. 7550 (2
FEANFI RN B B AR kL) R BE AR

6 HRBIT Sura 4 B AL MBS

Table 6. Typical parameters of ionospheric heat-

ing experiment at the Sura facility in Russial®.

BHAFR ZHUE
WA /MHz 4.3—9.5
S E] Y/ a 1996—2000
S A 56.13°N
SCEHE 46.10°E
HRUEIT I Wiggp/ MW 30—60
A \ ke

220

h/km

K5 itEERER

Fig. 5. Schematic diagram of the calculational domain.
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Bt TRI-2016 #7184 F1 MSIS-E-90 #5174 (3] 31
HASF)]. HiRiZ T IGRF B B0 314545 3, Bk
SN T WIR. IRPSE ) = 6 MHz, KHFHLI)
T Wepp = 60 MW, KSR B [ O~ T g
BT B R 0% 1) % 55 e e, BSC(E S L v IR A R /N1
R 2 m. WA AR A B ERCEE K A IR 4 B[R]
R, RIS EEREAS AR AT AIRATIE (N IR A% . B 77
W5, FIL, AT AR E N 510 6 s.
TIHN, LT BT AR R i AR R
JE S T AH R A IR0 B, S B B 45l o
P ELE, Y BAE R — B Mur R A BT,
RN A I AE B35 30 LIS A% 4% 01T 5 38 DA AR X3

‘ OE 10E e
ANxRARS, AT y toor y:ybm—oﬁ*ﬁﬂ?,

Hr R “bound” FoR TGN A BT 3CHR [20]
(ORI SE 25 SR B, R DB 14 SRR MR 2 B o I
O DR, AR AR AR AR S5 o 3 1) 0 8 IR AE I
L= p 0L AUNS S S T A 7% D e B Ry [E N

150

BERR IR A Ry, ASCOUT R T i L A%
1675 1 R —HERE AT TE (] 5).

F 7 BEEERETRIHSEE
Table 7. Parameters of ionospheric background particles
and geomagnetic field.
SHATR ZHUE
LR /K 1535.3—1832.4
AL RO /m 8 3.72x101—4.93x 101!
g /() 72.1
OGS RGNS B /T 4.6x10°
S5 B T A /M Hz 5.47—6.30
IR ZA5 2R /MHz 5.63—6.44
TFIRZER /kHz 7.88

4.1 AEEHEERMLETE

K6 25 T ZED G R O Ik s S v
UL (h = 212 km) & )2EE RS BEATREER
wALI A, Hod, || FR g E IR, T

(a)

100

lel/(V-m~1)

50 F

legl/leal

i 130
tan72.1%;

420

leyl/lel

0.02
t/s
1 1 1 1
' ' ' '
1 1 1 1
1 1 1 1
' ' ' '
1 1 1 1
1 1 1 1
| ' | '
1 1 1 1
1 1 1 1
' | o~ o~
1 1 o= 1
' o o P
| T [ g
1 1 1 ol
=] g |Fg >
[ S [ T
1 \>/| |¢ ~1
| ' | ~
< S [ =1
1 S [ Gt
| ] (BN _
| 1 | 1
1 1 1 3 rEIPI
| ' | '
1 1 1 1
1 1 1 1
| ' | '
1 1 1 1
1 1 1 1
' | ' |
1 1 1 1
1 1 1 1
| | | |
1 1 1 1
1 1 1 1
| ' | '
1 1 1 1

________________________________________________________

K6 TSN e i R

4

_____________________________________________________

(a) h = 212 km & EEAL z, y, 277 [0 B 37 58 B ¥ B RT3 £k (b) ¢ = 6.25—8.00 ms B[R] 4

y 77 1) HL 3 08 AR IR IR S e, IS i Al i PR TS LR A5 (c) ¢ = 9.25—10.45 ms ] Y g J7 1] HL 3% 568 B — 4k Fourier 72 4]

Fig. 6. Evolutions of plasma parametric instabilities: (a) Temporal evolutions of the electric field intensity in the z, y and z direc-

tions at a height of h = 212 km; (b) two-dimensional contour of the spatiotemporal evolution of the real part of the slow-varying

amplitude of the electric field in the y direction (g ,)

tric field intensity in the y direction during ¢t = 9.25—10.45 ms.

during ¢ = 6.25—8.00 ms; (c) two-dimensional Fourier transform of the elec-
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y, 2 N TR IR A @, y, 2 AFRTT I A A,
AR T FARILER, kAT w WA BRI A AR,

1) 7E t = 0—06 ms B BN [ K] 6(a)], 2B HE
Yl o J5 0], S BR B B R 1 B, T R
THLI R B 7 ] 5 MR O a1 AT O B, B
le,|/]e,] = tan72.1°.

2) 7 t = 6.25 ms ZJi7 [ ¥ 6(b)], B OULHE
HARETIO, AR EERWTE K, RO (b=
212.50 km) FEHER Y RIFRHL (|e,,|>400 V/m)
Wk TS gl A EE M (parametric decay insta-
bility, PDI). & 7 W45 T ¢ = 6.25 msH R &
JE BT (h = 211.50—213.00 km) 5% [6] N L 3 50
JE y 7 oy B SEEE (e, ) M HAS ] Fourier 484
5L (le(\Y)]), BT JR e B 3 ) A A R AE . AT
DIER, eSS ARSI R, O Bl
— X ##H Langmuir 3 Fl— 3285/, X 5 3CHk
(38] PYEE AL FE M — B MR, BEE BN 55
BRI, AEREN VR R AT e i
B, AR TR

3) WA 6(c) PR iR ALy IR I
BOC RN, T T e 3 B

w? = wge + w4 K03, (38)

Ho, v, = VVEsTe/me LT HGEE. HE 6(a),
(c) FTLAFE B, FfE A5 e & i DU AT HL 375 B 1Y)
AWIHER, SWOR B HTNS B ARRE TR, O U
TR A SR B ER LU, B — RN wiy =
4.95x10* rad/s B T 1 4% (low hybrid, LH) i
— IR HN wog = wy — wig = 3.765x107 rad/s
1 EIRA% (upper hybrid, UH) .

TEh, ARSCEEBAUZE SR PR B S AR

FE MR FE A BT E) RUBE A ms B9, X 530k [40] 45
HzE REM—3L 75 t = 10 ms ZJa, YA B Rp
Zrig AN FROE T BEAS WA IR, R AN [R] ) i
U, FEM=A T AN 7R K 100 5 DALY J5 3
SR AL

A~1/m—1
0 0.10 0.20 0.30
ES
sof o 13
20 130
— 4125 7
= 10 =
E ’l ! A 20 >
= of =
= o N I
S —10 !' ’ Langmuirif 110 %
20 15
—30 0
211.50 212.00 212.50 213.00
h/km
P o7 s BERRE y 75 il 3% 98 B 43 4 M %5 ] Fourier
AR 2

Fig. 7. Electric field intensity in the y direction near the re-
flection height and its spatial Fourier transform.

P8 2ty 1 AL A TR 45 8 A Ak i A
ML B ARIGATE 2, y, 2 J5 107 & A28 3 A . a] L)
AR, O PWRERAE S EE (h = 212.5 km) HfiT
UURR, M350 B R, 78 t = 0.6 ms B Z|534 3|
T RAA, SRS @ J5 10 Ry Jy Tig 4 S AR W AR 5531
|€almax = 173.7 V/m Fll|e | oy = 537.7 V/m, W&
WK R max/ |Ealmax = tanT2.1°, RIHLIZ 7 0] 5
#3707 10 AT BES, B 5 A0 RE HE ik B A A
PN IX TCVE R S 2 1k, ToE it i, e
JEREAK, Peim SMEREIFAE ¢ = 1.3 ms MK FERGE .

180 500 180
(a) (b) (c)
150 ~ ‘ 400 = 150 ~
| | | |
m —— o
> >
60 = 200 = 60 =
‘ 0 © i 100 & 30 L
A p i p ‘
VL Y | i - | s
——/09 & i i 09 & g
N Jk N , N
- A 1.3

TJL < /13

200 204 208 212 216 220

h/km h/km

8

R AR MR AR TE A1 T ] ok 4 I 25 0 A

Fig. 8. Spatiotemporal distributions of the complex amplitude modulus of the electric field: (a) component in z-direction |g,|;

200 204 208 212 216 220

200 204 208 212 216 220
h/km

(a) z 7153k e ] (b) y Jr o diEle f; (c) 2 7T 3k e |

(b) component in g-direction |e,|; (c) component in zdirection [e,|.

d
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Wy B S e BE AL L 75 BE I T 0, e KA 37 1
TESC S = BEWINZY 80 m Ab. 7E ¢ = 1.8 ms ZHil, 2
D7 e R B T 0, MTE ¢ = 1.8 ms B, 2 /7]
F, 377 5 B T IR B WS R, JFAE ¢ = 6.6 ms I 5 %
R €| max = 168.8 V/m, FBTE S5 153 B B 3r
O . UH A LH 3 =P AR RIS FRZ g .

X} B 5 B iE4T Fourier 2047, P3RS IE AR
JHAE R v vl 8 )2 A5 88 1 A2 Vi P G R S A
Hay, Horbr, In 1 fy HCOR 31 26 1 e ik B2 R AT
R, [FRARZMAB RS E R REBORR, f - f
W7 JE 525 TR S ARG AT RO AR 22,
“new” TR A SCEERIULE H, T “ref, exp” WZR7R
SCHR [33] 45 OSBRI 5 2R (ANIET 9 FzR). wl LA
A H, A SCRUER USSR 5 S5 I e 45 2R B9 45
Y S A 7 22 (thermal narrow continuum,
NCy,). I KAE 7] F 4 # (downshifted maximum,

—40

— Inpew — Inyef, exp
_50 L
NCy DM DMIAEZAE I

AR

—70}t

In/dBm

—80

—90

—100

—110 : : ; : :

0 5 10 15 20 25 30
(fo—f)/kHz

PO 32 i R ST R A AU 45 0 5 S 3 4 SR A X L )

Fig. 9. Comparison of the calculated spectrum characterist-

ics of the stimulated electromagnetic emission with the ex-

perimental results %3],

DM) Fl58 4 % 221 (broad continuum, BC) =
BRI RAE M) B RLAF. X Fis = SR i
T O REAE AR BOHL I A P B A B R NCy, 1Y
AL 0—5 kHz, 28 (k) AErELER
WRS, UATREEROR T IR AR DM RS
FEAE 15 kHz Wi, J&H 1 IR oA F U A HiU
Br=Aa1; 10 BC BUBIRS £E 25 kHz DL E, W& E
TR A PAINE T U T .

4.2 ARTESHMNES FESENZIN
4.2.1  FREIMEN €I EE TR

S MBCR AR fy = 6.0, 5.7 MHz, PiE Xt
IV ) L [T 380G R A R fy = 4.5, B fy =
4.2f.0. FH T B I A4 Bt A PR 008 B R sk
MREAR, PR, Bl FE DR KA, s 2 55
TR A2 5 B RRE Z FEAIG. SRR f) =
6.0 MHz [&{[% 8 5.7 MHz B, %F R 09 52 5 2 25 55
TR R 4.5x10" m 3 FFEAK ] 4.0x10" m3;
AH N M, O % S5 5 BEN b = 212.5 km B AIK £
204.1 km. B 10 45 T RIS R R PR T
B3 B IRIERAE o, y, 2 =D J7 1A E AR 25
MR R

1) %R F fy = 6.0 MHz 1 f, =5.7 MHz, H,
U E R (lef, j = 2 vy, 2) 0 0HE b =
212.55 km Fl h = 204.05 km A& 330 7100
FHR, X5 L IRENE BT O Y O ik B S i
W& RAF.

2) Br O WA S5t v BE B i 34 R S iR Fe b,
IR YA A e AR wp, FHAFRT, 2T IR
AmBRIE (L k) S s ). AR 22 e A b A0 3 1y

(a) — fo=6.0 Mz 400 (b) — fo = 6.0 Mz 500 (¢) — fo= 6.0 Mz 250
— fo=5.7 MHz = —~ fo=5.7 MHz - — fo=5.7 MHz 200 =
E / 300 f / 150 ;
S 200 S 100 S
ity 100 & 50
0 0
0 - 0.6
1 7"4 Mg
/LIS I g
J VAN A/ L Alge N
e 1.3
200 204 208 212 216 220 200 204 208 212 216 220 200 204 208 212 216 220
h/km h/km h/km

B0 RFEZR BT B35 S PR R A TE 25 07 1l b bk PO R 258 0 A

(a) 2 T35k |e ] (b) y Jr I o3ditle f; () 2 7 [ o Hk e |

Fig. 10. Spatiotemporal distributions of the complex amplitude modulus of the electric field: (a) Component in z-direction |e,|;

(b) component in g-direction |e,|; (c) component in zdirection [e,|.
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Fig. 11. Spatial distributions of the electron temperature

under different pump frequencies.
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Modeling of wave-wave and wave-particle interactions
in ionospheric plasma under pump wave action

ZHANG Menglong FANG Chuan  ZHANG Ziming LI Heping!

(Department of Engineering Physics, Tsinghua University, Beijing 100084, China)

( Received 18 June 2025; revised manuscript received 15 August 2025 )
Abstract

In low-pressure plasmas, the collisions between particles are weak and insufficient damping from collisions,
leading to the gradual development of various waves and instabilities. Thus, the effects of wave-particle
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interaction are non-negligible in the non-equilibrium transport processes in plasma under low pressure
conditions. For example, the heating of ionospheric plasma by high-frequency electromagnetic waves plays an
important role in achieving over-the-horizon communication. During the wave propagation through the
ionosphere, the electromagnetic radiation changes the local electron temperature and density, and
simultaneously, excites various wave modes and instabilities. This study focuses on the interactions between
high-power electromagnetic waves emitted from the ground and ionospheric plasma. Based on the plasma fluid
model and Zakharov method, a physical-mathematical model is established to describe the wave-wave and
wave-particle interactions in the ionospheric plasmas under the excitation of the pump waves. The modeling
results of the active heating of ionosphere show that when the ground-emitted waves propagate in the
ionospheric plasma, the energy deposition of the electromagnetic waves at the reflection height will excite a
strong localized electric field, leading to the parametric instabilities. When the frequency and wave vector
matching conditions are satisfied, two different three-wave interactions will be excited, i.e. the parametric decay
instability involving the pump wave, Langmuir wave and ion acoustic wave, as well as the parametric
instability related to the pump wave, upper hybrid and lower hybrid waves. Within a certain range of pump
frequency and power studied in this study, the decrease of the pump frequency will lead to the decrease of the
reflection height of the ordinary waves, and simultaneously, the perturbation ratios of the electron temperature
will also increase. A higher pump wave power will enhance the energy absorption of the ionospheric plasma by
the pump wave, thereby increasing the electron temperature. The modeling results not only reveal the
spatiotemporal evolutions of the ionospheric plasma characteristics under various pump parameters and the
energy transport processes between waves and particles, but also theoretically explain the parametric instability,
stimulated electromagnetic emission and other phenomena observed in experiments.

Representative terms describing the three-wave interactions between the pump wave and the ionospheric plasma
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