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Figure 1 (Color online) Schematic diagram of the structure of dusty
plasma particles.
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Figure 2 (Color online) Diagram of laboratory dusty plasma. (a)
Experimental equipment and photos of dust particle clouds in DC glow
discharge [19]. (b) Dusty cloud under radio-frequency discharge [22].
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Figure 3 (a) Scheme of the setup for measuring the charge on dust
particles [48]. (b) The electromagnetic dispersion curve is calculated in
a spherical metal dusty plasma [62].
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Figure 4 Schematic diagram of charging dust particles and charged
particles in plasma.
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Figure 5 (Color online) Transmission device of antenna microwave in dusty plasma [79]. (a) Schematic diagram of glow discharge dusty plasma
device. (b) Experimental schematic diagram of the interaction between dusty plasma and electromagnetic waves. (¢) The transmission attenuation

curve of 4-6 GHz.

TR B A E PR AR R AR 74, skie RARMER HIL
B R T HET BB A BEAR ST, (ERE W] L
V10 FE 3t A R E K AR PR A BT AR B O AT SRR
FOIRGLEREE, anF HIPK-4% B L 0 i, B
LR AR RS B T AR TR, SRR EE AL
FUSK ) AR R 8 8 1 AR S HL R A% S A5, DAl
FERIRAE B TR P AR TR IR L3R 16525, WL
WARREE 1A 5 LR TAR T EE BTk R,
B 2R A B S T B b R SEBR P 1), HAR
2 HATBRAIIHBZ 7850 SR 4 45 R AL, HEE L
FORHIT A ST o ELAAR B SE2 B [ R EAT PR A .

4 RBEESRE

AR, AT bR H & & R A BB AR
ANTH 55 B0 T AR A 2 1 AR ) L R AN 5 L

BARTAE IR, A BT SRR 3R B, 3R it
SR L. DU B RE R AT DU A ok SR B ) AR A 0
2%, BEARHTTUR ORGSR BT SR I 0 508,
ORI Gt —20 1 LI AR AR R S5 B T A 1Y)
FeAmr, (5 B ATRIRT FE IR A e 2. AR B Al St
FURGOL, IR AR AR BT R BT T ORTE (2 A
TR X FEL B RO P AL S, R R 25 18
A RIRRL, RV RS LR . (2
R H AT, ARGAE R IR B AR P AL R LA
SRANTEMT. At X It 22 ) 36 15 A0 iy R e o MR A 5
R, o BRI SRR R, IRIT T RSB A
YR R RERF RS, WF FC AR R AURE X R IR ) B L
WApb e R a, EWHT TN OCK B R 4
SR TR AR U 2, BRI TR BRSEBR
BT, HIX R PR skBE sl TR A, R
oy A B R R ISR B A2 I SEIRBLR T, H.

105205-9



MR, R MBS 1 ROCF

2025 £ 55 K10

(@) TIAERR

Transmission /dB

= Plasma/NoPlasma
Si02/Plasma
SiO2-m/Plasma
TiO2/Plasma

2 3 4 5 6 7 8
Frequency /GHz

Bl 6 (199 4 RR Il ) I 2 B I8 7 20 450 5 0 A o P A 003
(a) LI E; (b) 555 TR, (o) A FFSE M ARk
R LR AE AR IR S T e 1 3 A R

Figure 6 (Color online) Measurement of microwave transmission in
dusty plasma [103]. (a) Experimental equipment; (b) plasma discharge
chamber; (c) transmission profiles of microwaves in dusty plasma
corresponding to different types of dust particles.

FEHE T AR B TR I S) 0 AT B 45 R I LT T

%3k

AT B, ISR AN REAS RS 72 1 HUARLADL Y S
LN AR RS TR R AR, 5k
LR IAE R IR A B TR AR IR AT AR BRI i 22, TRl
BRI SRR R AR S ENE, THEAEH T
LWHTCEIRI 7 A AR A S TR SRR ) 2 [ 15 55
e PRARSGRHIE N AN BOT FE 1 BAR TS ANHE S,
AT T AT B IR A R S 36 55 AR, RN E
S2WEE TRSHL WU B 5 45 8 TR R
T IR AR, PRZR AR IR EE B R R e A R R
REHFEFLRE S, JAG T AT RN 5 52 e da e,
HR THRER SHARTBL

LR R LR TRE U P 5 AR RS B 1A AL R A%
FEAT RAORL A 1R, 58k Z A A X Ve B SR, H
AR SR R BER BIE FUSRAN 1 B R R S 88 11 5 R R
FHEL AR RIS 23 1, ABAE SRR F IR 78 A ANl
RIZ A2, U072 ) A 25 (8]0 T F& ) SRRt 7
T EE S B A A RIS B AR, ASEIRAE R,
HEEHZ), BT . U AR F
MSEBRRE AR A, AR AT 2 T SR PR
MEIE S A, R AR UL 2 [R] 8 A5 o r R AR R 0
SR TRMERRIVRAE. HE 4 S B AT L AE R,
PEREEN SEPR N SER T 6, 0 T RGUHRR
B 5 B RAE S T EAE R AR R, o
7% [ 30 A5 AR 231 e, R PR A AL

1 Langmuir I. Oscillations in ionized gases. Proce Natl Acad Sci USA, 1928, 14: 627-637

E VS S

2012, 100: 1731-1734

W

Fortov V, Ivlev A, Khrapak S, et al. Complex (dusty) plasmas: Current status, open issues, perspectives. Phys Rep, 2005, 421: 1-103
Bonitz M, Horing N, Ludwig P. Introduction to Complex Plasmas. Berlin: Springer Science & Business Media, 2010
Havnes O, Aslaksen T, Hartquist T W, et al. Probing the properties of planetary ring dust by the observation of Mach cones. J Geophys Res,

Griin E, Morfill G E, Terrile R J, et al. The evolution of spokes in Saturn’s B ring. Icarus, 1983, 54: 227-252

6 Selwyn G S, Singh J, Bennett R S. In situ laser diagnostic studies of plasma-generated particulate contamination. J Vacuum Sci Tech A, 1989, 7:

2758-2765

7 Feng Y, Huang D, Li W. Adiabatic bulk modulus of elasticity for 2D liquid dusty plasmas. Phys Plasmas, 2018, 25: 057301

8 Feng Y, Lin W, Li W, et al. Equations of state and diagrams of two-dimensional liquid dusty plasmas. Phys Plasmas, 2016, 23: 093705

9 Kalman G J, Hartmann P, Donko Z, et al. Two-dimensional Yukawa liquids: Correlation and dynamics. Phys Rev Lett, 2004, 92: 065001

10 Khrapak S, Morfill G. Basic processes in complex (dusty) plasmas: Charging, interactions, and ion drag force. Contrib Plasma Phys, 2009, 49:

148-168

11 ChoJ Y N, Kelley M C. Polar mesosphere summer radar echoes: Observations and current theories. Rev Geophys, 2010, 31: 243-265

12 Havnes O, Kassa M, La Hoz C. Time evolution of artificial electron heating in polar mesosphere summer echo layers. ] Geophys Res, 2007, 112:

105205-10


https://doi.org/10.1016/j.physrep.2005.08.007
https://doi.org/10.1029/94JA02729
https://doi.org/10.1016/0019-1035(83)90194-X
https://doi.org/10.1116/1.576175
https://doi.org/10.1063/1.5009539
https://doi.org/10.1063/1.4962685
https://doi.org/10.1103/PhysRevLett.92.065001
https://doi.org/10.1002/ctpp.200910018
https://doi.org/10.1029/93RG01535
https://doi.org/10.1029/2006JD007660

PRREE. R WIS % RO 2025 4F H 55 B 10 Y

13

14

15
16

17

18

19
20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

35

36
37

38

39

40

41

2006JD007660

Rapp M, Hedin J, Strelnikova I, et al. Observations of positively charged nanoparticles in the nighttime polar mesosphere. Geophys Res Lett,
2005, 32: 2005GL024676

He G, Zhan Y, Zhang J, et al. Characterization of the dynamic effects of the reentry plasma sheath on electromagnetic wave propagation. IEEE
Trans Plasma Sci, 2016, 44: 232-238

Lin T C, Sproul L K. Influence of reentry turbulent plasma fluctuation on EM wave propagation. Comput Fluids, 2006, 35: 703-711
Binauld Q, Lamet J M, Tessé L, et al. Numerical simulation of radiation in high altitude solid propellant rocket plumes. Acta Astronaut, 2019,
158: 351-360

Shi Y X, Ge D B, Wu J. Theoretical analysis of microwave attenuation constant of weakly ionized dusty plasma. Chin J Geophys-Chin Ed,
2007, 50: 1005-1010

Vasilyak L M, Polyakov D N, Fortov V E, et al. Parameters of the positive column of glow discharge with dust particles. High Temp, 2011, 49:
623-628

Fedoseev A V, Sukhinin G I, Dosbolayev M K, et al. Dust-void formation in a dc glow discharge. Phys Rev E, 2015, 92: 023106

Fedoseev AV, Salnikov M V, Demin N A, et al. Experimental and numerical study of a dust cloud formation in the stratified positive column of
a dc glow discharge in helium. Phys Plasmas, 2018, 25: 083710

Merlino R L, Meyer J K, Avinash K, et al. Coulomb fission of a dusty plasma. Phys Plasmas, 2016, 23: 064506

Thomas H, Morfill G E, Demmel V, et al. Plasma crystal: Coulomb crystallization in a dusty plasma. Phys Rev Lett, 1994, 73: 652-655
Fortov V E, Vaulina O S, Petrov O F, et al. Dynamics of macroparticles in a dusty plasma under microgravity conditions (First experiments on
board the ISS). J Exp Theor Phys, 2003, 96: 704-718

Nefedov A P, Vaulina O S, Petrov O F, et al. The dynamics of macroparticles in a direct current glow discharge plasma under microgravitation
conditions. J Exp Theor Phys, 2002, 95: 673—681

Petrov O F, Vaulina O S, Fortov V E, et al. Transport of microparticles in weakly ionized gas-discharge plasmas under microgravity.
Microgravity sci Technol, 2005, 16: 311-316

Pustylnik M Y, Pikalev A A, Zobnin AV, et al. Physical aspects of dust-plasma interactions. Contrib Plasma Phys, 2021, 61: ¢202100126
Fortov V, Morfill G, Petrov O, et al. The project ‘Plasmakristall-4’ (PK-4)—a new stage in investigations of dusty plasmas under microgravity
conditions: First results and future plans. Plasma Phys Control Fusion, 2005, 47: B537-B549

Ratynskaia S, Khrapak S, Zobnin A, et al. Experimental determination of dust-particle charge in a discharge plasma at elevated pressures. Phys
Rev Lett, 2004, 93: 085001

Thoma M H, Mitic S, Usachev A, et al. Recent complex plasma experiments in a DC discharge. IEEE Trans Plasma Sci, 2010, 38: 857-860
Thoma M H, Thomas H M, Knapek C A, et al. Complex plasma research under microgravity conditions. npj Microgravity, 2023, 9: 13
Fink M A, Thoma M H, Morfill G E. PK-4 science activities in micro-gravity. Microgravity Sci Technol, 2010, 23: 169-171

Sheridan T E, Theisen W L. Transition to chaos in a driven dusty plasma. Phys Plasmas, 2010, 17: 013703

Sheridan T E. Center-of-mass and breathing oscillations in small complex plasma disks. Phys Rev E, 2005, 72: 026405

He Y, Ai B, Dai C, et al. Experimental demonstration of a dusty plasma ratchet rectification and its reversal. Phys Rev Lett, 2020, 124: 075001
Zhang S, Wang S, Yao T, et al. Height-modulating horizontal transport of dust particles in a dusty plasma ratchet. Plasma Sources Sci Technol,
2024, 33: 055008

Horanyi M, Hartquist T W, Havnes O, et al. Dusty plasma effects in Saturn’s magnetosphere. Rev Geophys, 2004, 42: 2004RG000151
Pandey B P, Vladimirov S V. Dust modification of the plasma conductivity in the Earth’s mesosphere. J Atmos Sol-Terrestrial Phys, 2018, 175:
24-30

Abdirakhmanov A R, Bastykova N K, Kodanova S K, et al. Rotation of dust particles in an inhomogeneous weak magnetic field in a DC glow
discharge. Phys Plasmas, 2021, 28: 074503

Fedoseev AV, Salnikov M V, Vasiliev M M, et al. Structural properties of a chain of dust particles in a field of external forces. Phys Rev E,
2022, 106: 025204

Ulwick J C, Baker K D, Kelley M C, et al. Comparison of simultaneous mst radar and electron density probe measurements during state. J
Geophys Res: Atmospheres, 1988, 93: 6989—7000

Tsytovich V N, de Angelis U. Kinetic theory of dusty plasmas. I. General approach. Phys Plasmas, 1999, 6: 1093—-1106

105205-11


https://doi.org/10.1029/2005GL024676
https://doi.org/10.1109/TPS.2016.2517159
https://doi.org/10.1109/TPS.2016.2517159
https://doi.org/10.1016/j.compfluid.2006.01.009
https://doi.org/10.1016/j.actaastro.2018.05.041
https://doi.org/10.1134/S0018151X11050221
https://doi.org/10.1103/PhysRevE.92.023106
https://doi.org/10.1063/1.5046141
https://doi.org/10.1063/1.4954906
https://doi.org/10.1103/PhysRevLett.73.652
https://doi.org/10.1134/1.1574544
https://doi.org/10.1134/1.1520599
https://doi.org/10.1007/BF02945997
https://doi.org/10.1002/ctpp.202100126
https://doi.org/10.1088/0741-3335/47/12B/S39
https://doi.org/10.1103/PhysRevLett.93.085001
https://doi.org/10.1103/PhysRevLett.93.085001
https://doi.org/10.1109/TPS.2009.2033189
https://doi.org/10.1038/s41526-023-00261-8
https://doi.org/10.1007/s12217-010-9244-3
https://doi.org/10.1063/1.3298731
https://doi.org/10.1103/PhysRevE.72.026405
https://doi.org/10.1103/PhysRevLett.124.075001
https://doi.org/10.1088/1361-6595/ad466f
https://doi.org/10.1029/2004RG000151
https://doi.org/10.1016/j.jastp.2018.05.003
https://doi.org/10.1063/5.0052905
https://doi.org/10.1103/PhysRevE.106.025204
https://doi.org/10.1063/1.873356

PRREE. R WIS % RO 2025 4F H 55 B 10 Y

42

43

44
45

46

47

48

49
50

51

52

53

54

55
56

57

58
59

60
61
62

63
64
65

66

67
68

69
70
71

Bingham R, de Angelis U, Tsytovich V N, et al. Electromagnetic wave scattering in dusty plasmas. Phys Fluids B-Plasma Phys, 1991, 3: 811—
817

Tsytovich V N. Note on scattering of electromagnetic waves by nonlinearly screened dust grains in plasmas. Contrib Plasma Phys, 2015, 55:
664-670

Tsytovich V' N, de Angelis U, Bingham R. Low-frequency responses and wave dispersion in dusty plasmas. Phys Rev Lett, 2001, 87: 185003
Tsytovich V N, de Angelis U, Bingham R. Low frequency responses, waves and instabilities in dusty plasmas. Phys Plasmas, 2002, 9: 1079—
1090

Tsytovich V N, Vladimirov S V, Morfill G E, et al. Theory of collision-dominated dust voids in plasmas. Phys Rev E, 2001, 63: 056609
Tsytovich V N, Gusein-zade N G. Nonlinear screening of dust grains and structurization of dusty plasma. Plasma Phys Rep, 2013, 39: 515-547
Fortov V E, Nefedov A P, Molotkov V I, et al. Dependence of the dust-particle charge on its size in a glow-discharge plasma. Phys Rev Lett,
2001, 87: 205002

Sukhinin G I, Fedoseev A V, Antipov S N, et al. Dust particle radial confinement in a dc glow discharge. Phys Rev E, 2013, 87: 013101

Li S, Rabadanov K M, Bogdanov E A, et al. Features of the EEDF formation in the dusty plasma of the positive column of a glow discharge.
Plasma Sources Sci Technol, 2021, 30: 047001

Li S, Ding Z, Rabadanov K M, et al. Specificities of the nonlocal EDF formation in a dusty plasma with the different spatial distribution of the
microparticle density. IEEE Trans Plasma Sci, 2022, 50: 16531660

Ding Z, Yao J, Rabadanov K M, et al. Specificity of the EEDF formation in a dusty plasma with nonmonotonic profiles of charged particles and
reversal ambipolar field. Chin J Phys, 2022, 77: 3644

Ding Z, Kudryavtsev A A, Saifutdinov A 1, et al. The influence of the ambipolar field on the levitation conditions of dust particles in the positive
column of the glow discharge with a change the spatial orientation of the discharge tube. IEEE Trans Plasma Sci, 2019, 47: 4391-4395
Ding Z, Yuan C, Zhou Z, et al. Ambipolar trap for dust particles in a V-shaped homogeneous positive column of glow discharge at low and
medium pressures. IEEE Trans Plasma Sci, 2021, 49: 997-1000

Shukla P K, Vladimirov S V. Stimulated scattering of electromagnetic waves in collisional dusty plasmas. Phys Plasmas, 1995, 2: 3179-3183
Shukla P K, Nosenko V Y, Shukla P K, et al. Experiments and theory of dusty plasmas. In: The Proceedings of Plasmas: Basic and
Interdisciplinary Research: Sixth International Conference on the Physics of Dusty Plasmas. Melville, 2011. 1397: 11-23

Misra A P, Adhikary N C, Shukla P K. Ion-acoustic solitary waves and shocks in a collisional dusty negative-ion plasma. Phys Rev E, 2012, 86:
056406

Shukla P K. Twisted electrostatic ion-cyclotron waves in dusty plasmas. Phys Rev E, 2013, 87: 015101

Abdelsalam U M, Moslem W M, Khater A H, et al. Solitary and freak waves in a dusty plasma with negative ions. Phys Plasmas, 2011, 18:
092305

Popel S I, Morfill G E, Shukla P K, et al. Waves in a dusty plasma over the illuminated part of the Moon. J Plasma Phys, 2013, 79: 1071-1074
Tolias P, Ratynskaia S. Scattering of radiation in collisionless dusty plasmas. Phys Plasmas, 2013, 20: 043706

Vladimirov S V, Ishihara O. Electromagnetic wave band structure due to surface plasmon resonances in a complex plasma. Phys Rev E, 2016,
94: 013202

Chung P M, Talbot L, Touryan K J. Electric Probes in Stationary and Flowing Plasmas. Berlin, Heidelberg, New York: Springer, 1975
Allen J E. Probe theory—the orbital motion approach. Phys Scr, 1992, 45: 497-503

Laframboise J G. Theory of Spherical and Cylindrical Langmuir Probes in a Collisionless, Maxwellian Plasma at Rest. Toronto: University of
Toronto, 1966

Delzanno G L, Tang X Z. Comparison of dust charging between orbital-motion-limited theory and particle-in-cell simulations. Phys Plasmas,
2015, 22: 113703

Tang X Z, Luca Delzanno G. Orbital-motion-limited theory of dust charging and plasma response. Phys Plasmas, 2014, 21: 123708

Li S, Bogdanov D V, Kudryavtsev A A, et al. Influence of the spatial distribution of the dust particle density on the radial profile formation of
particles and fluxes in a dusty plasma of DC glow discharge. IEEE Trans Plasma Sci, 2020, 48: 375-387

Shukla P K, Mamun A A. Introduction to Dusty Plasma Physics. New York: CRC press, 2015

Vladimirov S V. Physics and Applications of Complex Plasmas. London: Imperial College Press, 2015

LiF, Li L L, Sui Q. Absorption effect of dust particles on electromagnetic wave in plasma (in Chinese). Sci Sin Tech, 2004, 34: 832-840 [ZF 75,

105205-12


https://doi.org/10.1063/1.859876
https://doi.org/10.1002/ctpp.201500056
https://doi.org/10.1103/PhysRevLett.87.185003
https://doi.org/10.1063/1.1455632
https://doi.org/10.1103/PhysRevE.63.056609
https://doi.org/10.1134/S1063780X13070088
https://doi.org/10.1103/PhysRevLett.87.205002
https://doi.org/10.1103/PhysRevE.87.013101
https://doi.org/10.1088/1361-6595/abef16
https://doi.org/10.1109/TPS.2022.3152394
https://doi.org/10.1016/j.cjph.2022.01.015
https://doi.org/10.1109/TPS.2019.2932768
https://doi.org/10.1109/TPS.2020.3029835
https://doi.org/10.1063/1.871450
https://doi.org/10.1103/PhysRevE.86.056406
https://doi.org/10.1103/PhysRevE.87.015101
https://doi.org/10.1063/1.3633910
https://doi.org/10.1017/S0022377813001001
https://doi.org/10.1063/1.4802099
https://doi.org/10.1103/PhysRevE.94.013202
https://doi.org/10.1088/0031-8949/45/5/013
https://doi.org/10.1063/1.4935697
https://doi.org/10.1063/1.4904404
https://doi.org/10.1109/TPS.2019.2956434

PRREE. R WIS % RO 2025 4F H 55 B 10 Y

72

73

74

75

76

77

78

79

80

81

82

83
84

85

86

87

88

89

90

91

92

93

94
95

96
97

R, FETR. S T b Aok 7ol G SO T LR FORERE, 2004, 34: 832-840]

LiJ T, Guo L X, Hu H Q, et al. Study on electromagnetic scattering characteristics of space dusty plasma (in Chinese). Chin J Geophys, 2010,
53: 2829-2835 [ZEVLEE, FRILHT, FHLIME, &5, (AR5 B8 4 A A O R MR 7. HOERW)BE 224, 2010, 53: 2829-2835]

Guo L, Wei C, Li J. Research on the scattering characteristics of electromagnetic waves in time-varying and weakly collisional and fully ionized
dusty in plasma. IET Microwaves Antenna Prop, 2018, 12: 742-748

Guo L, Chen W, Li J, et al. Scattering characteristics of electromagnetic waves in time and space inhomogeneous weakly ionized dusty plasma
sheath. Phys Plasmas, 2018, 25: 053707

Rashad A R M. Rocket exhaust scattering effects on incident microwave propagation characteristics. IEEE Trans Aerosp Electron Syst, 1966,
AES-2: 425-429

Shi Y X, Ge D B, Wu J. Theoretical analysis of microwave attenuation constant of dusty plasma (in Chinese). Chin J Geophys, 2007, 4: 1005—
1010 [f e, BHY, R4k DIREE T AR R S Eie 2 Hr. JhERYER 224, 2007, 4: 1005-1010]

Shi Y X, Wu J, Ge D B. The research on the dielectric tensor of weakly ionized dust plasma (in Chinese). Acta Phys Sin, 2009, 58: 5507-5512
(A HERE, R4, B, 59 /B RIREE TR KA K BT IT. WRELAAR, 2009, 58: 5507-5512]

Vladimirov S V. Propagation of waves in dusty plasmas with variable charges on dust particles. Phys Plasmas, 1994, 1: 2762-2767

Jia J, Yuan C, Gao R, et al. Transmission characteristics of microwave in a glow-discharge dusty plasma. Phys Plasmas, 2016, 23: 073705
Jia J, Yuan C, Gao R, et al. Propagation of electromagnetic waves in a weakly ionized dusty plasma. J Phys D-Appl Phys, 2015, 48: 465201
Jia J, Yuan C, Liu S, et al. Propagation of electromagnetic waves in a weak collisional and fully ionized dusty plasma. Phys Plasmas, 2016, 23:
043302

Jia J, Yuan C, Kudryavtsev A A, et al. Numerical and experimental diagnostics of dusty plasma in a coaxial gridded hollow cathode discharge.
IEEE Trans Plasma Sci, 2016, 44: 2973-2978

Li H, Wu J, Zhou Z X, et al. The dielectric function of weakly ionized dusty plasmas. Phys Plasmas, 2016, 23: 073301

Li H, Wu J, Zhou Z, et al. Propagation of electromagnetic wave in dusty plasma and the influence of dust size distribution. Phys Plasmas, 2016,
23: 073702

Hong Y, Yuan C, Jia J, et al. Propagation characteristics of microwaves in dusty plasmas with multi-collisions. Plasma Sci Technol, 2017, 19:
055301

LiL Q, Shi Y X, Wang F, et al. SO-FDTD method of analyzing the reflection and transmission coefficient of weakly ionized dusty plasma layer
(in Chinese). Acta Phys Sin, 2012, 61: 125201 [Z#k 34, A ERE, 7K, 55, 35 B ARG T4 2 U 51EH 19SO-FDTD /5% 43 1. #3825
ik, 2012, 61: 125201]

Prudskikh V V, Shchekinov Y A. Electromagnetic waves in a polydisperse dusty plasma. Phys Plasmas, 2013, 20: 102106

Senol A J, Romine G L. Three-dimensional refraction/diffraction of electromagnetic waves through rocket exhaust plumes. J Spacecraft
Rockets, 1986, 23: 39-46

Li D, Guo L X, Li J T. Propagation characteristics of electromagnetic waves in dusty plasma with full ionization. Phys Plasmas, 2018, 25:
013707

Kim Y J, Jung K Y. Accurate and efficient finite-difference time-domain formulation of dusty plasma. IEEE Trans Antennas Propagat, 2021, 69:
6600-6606

Kim Y J, Cho J, Jung K Y. Efficient finite-difference time-domain modeling of time-varying dusty plasma. J Electromagn Eng Sci, 2022, 22:
502-508

Zhang L, Wu 'Y, Wan X, et al. Application of the scattering matrix method for investigating the propagation characteristics of terahertz waves in
magnetized dusty plasma. Phys Plasmas, 2023, 30: 013703

Zhang Y, Li S, Yang Z, et al. A coplanar waveguide-fed flexible antenna for ultra-wideband applications. Int J RF Microw Comput Aided Eng,
2020, 30

Guo L, Guo L, Gan L. Influence of dusty plasma on antenna radiation. Phys Plasmas, 2021, 28: 083701

Mao P R, Gao C G, Xu B, et al. Radiation characteristics of antenna in weakly ionized dusty plasma environment (in Chinese). Chin J Radio Sci,
2023, 38: 1057-1063 [EMEZR, HESMW, by, &, 95 M B AIREE B AR IR IR R R ERGR I RR AT 0. B R4 2440, 2023, 38: 1057-1063]
Chen C, Wang Y, Chu Z, et al. Excitation and manipulation of toroidal dipole response in an antenna. Phys Scr, 2024, 99: 105560

Rapp M, Liibken F J. Polar mesosphere summer echoes (PMSE): Review of observations and current understanding. Atmos Chem Phys, 2004,

105205-13


https://doi.org/10.1049/iet-map.2017.0866
https://doi.org/10.1063/1.5020628
https://doi.org/10.1109/TAES.1966.4501792
https://doi.org/10.7498/aps.58.5507
https://doi.org/10.1063/1.870511
https://doi.org/10.1063/1.4958641
https://doi.org/10.1088/0022-3727/48/46/465201
https://doi.org/10.1063/1.4946780
https://doi.org/10.1109/TPS.2016.2602478
https://doi.org/10.1063/1.4956457
https://doi.org/10.1063/1.4956446
https://doi.org/10.1088/2058-6272/aa5b29
https://doi.org/10.7498/aps.61.125201
https://doi.org/10.1063/1.4824452
https://doi.org/10.2514/3.25081
https://doi.org/10.2514/3.25081
https://doi.org/10.1063/1.5003717
https://doi.org/10.1109/TAP.2021.3069542
https://doi.org/10.26866/jees.2022.4.r.115
https://doi.org/10.1063/5.0125465
https://doi.org/10.1002/mmce.22258
https://doi.org/10.1063/5.0054554
https://doi.org/10.1088/1402-4896/ad7a28
https://doi.org/10.5194/acp-4-2601-2004

RRsE. HEERE: S e K% 2025 % F55F  FH 10

98

99
100

101

102

103

4:2601-2633

Bernhardt P A, Ballenthin J O, Baumgardner J L, et al. Ground and space-based measurement of rocket engine burns in the ionosphere. IEEE
Trans Plasma Sci, 2012, 40: 1267-1286

Scales W A, Mahmoudian A. Charged dust phenomena in the near-Earth space environment. Rep Prog Phys, 2016, 79: 106802

Kinefuchi K, Funaki I, Abe T. Frequency-dependent FDTD simulation of the interaction of microwaves with rocket-plume. IEEE Trans
Antennas Propagat, 2010, 58: 3282-3288

Kinefuchi K, Funaki I, Shimada T, et al. Experimental investigation on microwave interference in full-scale solid rocket exhaust. J Spacecraft
Rockets, 2010, 47: 627-633

Gillman E D, Williams J, Compton C S, et al. Microparticle injection effects on microwave transmission through an overly dense plasma layer.
Phys Plasmas, 2015, 22: 043706

Xia H, Wang Y, Yuan C, et al. Measurement of microwave propagation in weakly ionized dusty plasma. IEEE Trans Plasma Sci, 2019, 47: 109—
112

Study on electromagnetic properties of dusty plasma

CHEN Chen', YAO Jingfeng"**, LI Hui*, WU Jian* & YUAN Chengxun'**"

! School of Physics, Harbin Institute of Technology, Harbin 150001, China
% Heilongjiang Provincial Key Laboratory of Plasma Physics and Application Technology, Harbin 150001, China
3 Heilongjiang Provincial Innovation Research Center for Plasma Physics and Application Technology, Harbin 150001, China
* China Research Institute of Radio Waves Propagation, Beijing 100000, China
*Corresponding author (email: yuancx@hit.edu.cn)

In the practical application of plasma, dusty plasma has been increasing recognized in various research fields such as
astrophysics, space communication, aerospace, and industrial production. Significant phenomena associated with dusty
plasma include aircraft reentry processes, communication interference due to microwave abnormal attenuation in rocket
tail flames, and summertime anomalies in ionospheric echo signals. Dusty plasma is characterized by micro or nano-sized
particles suspended within a plasma medium. These particles interact with other charged particles in the plasma,
exhibiting unique electromagnetic properties across different physical environments. This paper provides an overview of
the historical trajectory of dusty plasma research, its current research directions, fundamental electromagnetic attributes,
and interaction mechanisms with electromagnetic waves. It also highlights challenges faced in both theoretical and
experimental analyses, particularly the imprecision in theoretical calculations for inhomogeneous dusty plasma,
inconsistencies between theoretical and experimental outcomes under specific conditions, and the complexities
associated with conducting experiments on dusty plasma-electromagnetic wave interactions in particular settings. The
paper concludes by offering insights into potential future trajectories for dusty plasma research, focusing on its
interactions with electromagnetic waves.
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