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Fig. 1. Schematic of the three-dimensional model of the plasma density regulated by TMEF.
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Fig. 2. Structural diagram of TMF generator.
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Fig. 4. Schematic diagram of the simulation model.
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Fig. 5. Initial plasma density distribution: (a) One-dimensional distribution of plasma density along the Z-axis; (b) three-dimensional

distribution of plasma density in space.
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Fig. 6. Magnitude and distribution of magnetic flux density: (a) Curve of flux density as a function of current; (b) flux density maxi-

mum as a function of height from the surface of the vehicle.
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Fig. 7. The distribution of magnetic flux density in space:
(a) XOY section; (b) XOZ section; (c¢) curve of magnetic
flux density as a function of time at (175, 50, 25).
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Fig. 8. Curve of electromagnetic force as a function of time.
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Fig. 9. Schematic representation of the magnitude and direction of the electromagnetic force at four points in time: (a) 1 x 1076 s;
(1)3x107%s;(c)5x 1075 s; (d) 1.2 x 10™*s.
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Fig. 12. Effect of initial density on plasma density reduction.

175201-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 17 (2024)

175201

1.0
>
g 09
S 0.8f ‘
2 Ven = 1 X108 Hz
< 0.7t
-

3 -
%’3( 0.6 :
D Ven = DX 107 Hz
2 g5l
N .
;% 0.4F Ven = 1 X107 Hz
Y ) ) ) .

0 2 4 6 8 10

H$1E]/ (104 s)

P&l 13l 430 0 ) 45 B - A % 5 11 585 1) 5 i)
Fig. 13. Effect of collision frequency on plasma density re-

duction.

K14 JB/R T (175, 50, 25) 4b, 47 I 8 25
BT I B R B . Hod Ve = 400,
600, 800, 1000 m/s 43 HIRFRA R AT HEE . AT
DUE H, A7 R R, 9% B ) 55 S8R AT . AT
PN 400 m/s I S5 B85 B 00 W 55 ROR
K 60%, HL B AT I B A3 A, o 48 ) 55 ) 1
P25l 2%, AT I o B 4 K & 800 m/s LA 1,
B P IS ORAH 4%, ARSI KA Tl 8 -
NG X 3 ) 55 7 A T S R

10
T 0.9l — Vpmr = 400 m/s
g —— Virmr = 600 m/s
5 08T — Viomr = 800 m/s
= 0.7F VTMF = 1000 m/s
0.6
b L
by 0.5
L o04f
& L
& 03 . . . :
0 2 4 6 8 10

HfTa) /(104 s)

PR 14 A7 3 R A5 13 5 8 1 583 1) 5 Tl
Fig. 14. Effect of traveling velocity on plasma density re-

duction.

M TME 77 A= %5 8 58 A [ 7 (5 1 F O B
Az (R R 2 FE R TR & 15 J8 7R T (175, 50, 25)
Qb FEL TR A5 B R S AR R I, =

_ 10
s — I,=50 A
| m
g 09 — I, =100 A
5 08 — I,,=200 A
2 oot I, =300 A
~
0.6}
£ osf
% 0.4}
g 03
0 2 4 6 8 10

IR /(104 s)

P15 R A S A TR I 5 Y T

Fig. 15. Effect of current on plasma density reduction.

50, 100, 200, 300 A Zr AHCFAFIR IR E. 7TLA
F I, R EAE A 50, 100, 200 F1 300 A 2 BifEls
7R 42%, 50%, 67% 1 7A% HIHIESSCR, Higm
HL YN 23 SE A A 2% BEHI SS9 8CR. S 40, Jithn iy
FL I g, 28 B AR A 2R A B s . R Y
P AE AR AN B, 8 KR 3 M (L 2 ol P T 1) A2 Ak
SRBIN,  EORE T % A ARG T %8 ) 55 it
S e b )| A2 i EE

4 TMF 3 RAM-C ®ATIRI0th B3k 3%
T A R A

TE RATER AR D, 55 B TR E R %
FIEERE | REARAT A | ORI 2 Bl P 4 114 18028 T i
AR TR TR A S R RIS, T
TR L RAM-C "RATIRES # A e 8R rh ™ AR 0 25 B
TIEE TN G, AT R A R R PR RS
[l HE T TMF Xof R f I S el ) A S8R, IF% L
HRAIMINEE 7 IATAR R TMF 22 AT g8 R A
T A B (] R T A T

G RAM-C “RAT U5 BIr ™ A= 1 45 8 11
PEZH, XA BOAS BEF 55 TR E S
Bt A2, ATLAAYE R 3 112229,

1 PE R O AR E R
A RIS TR ER AR, 7]
BEFASII R N 4 BB BB 1 (76.2—71.02 km),
BrE: 2 (61.57—47.55 km), BBt 3 (30.48 km) Fil
BrEf 4 (25.01—21.34 km).

AR S B TR B R n )2, HIRM
TERER 1, 5 0 R 0 + 1 E N ARARZ, A4
55 n JRAFRRE IR ARG 7 v] AR (14.283051]

Bni = e [Bue (- Tim1 1) B (=T 1)]

1 - "
oy = er g [Be B
HoEn

— By (- 1)), (28)

Hrp, B, H,; R85 n J2 8040 0 L 08
Mg, B, M H,, "5 n )29 558 i RE
F14) R 37 0 J3E R TG S o B, R TR D A R R K, =
w(poen)? | ey, e, FRIT ][] 4.

FH AH 2P R J2 (8] 1Y 300 5 3% 2 254, v AAS 3]
5 on 255 0 + 122 A8 SR R B T R

[, ="t "0 14, (29)
MNMn+1 +77n

175201-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 175201

# 1 RAM-C A7l PR [ e T B4 TR E S5
Table 1. Plasma sheath parameters at different altitudes in the RAM-C flight test.

AL TR /km SUE/Pa S TAARE / m—3 A% % /GHz S5 TS ST /em
76.2 2 4.02 x 1016 0.005 14.0
BB
71.02 17 1 x 1017 0.012 11.2
61.57 25 4.037 x 1017 0.050 7.8
B2 53.34 55 6.86 x 1017 0.175 7.0
47.55 288 1.02 x 1018 0.420 5.8
B3 30.48 1197 1 x 1019 5.710 6.8
25.01 2094 5% 1018 13.18 5.4
B4
21.34 4085 5.03 x 1016 23.00 5.3
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Fig. 16. Effect of applying TMF on EM wave attenuation in phase 1: (a) Effect of current on the attenuation of EM waves; (b) effect

of traveling velocity on the attenuation of EM waves.
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Fig. 17. Effect of applying TMF on EM wave attenuation in phase 2: (a) Effect of current on the attenuation of EM waves; (b) effect

of traveling velocity on the attenuation of EM waves.
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Fig. 19. Effect of applying TMF on EM wave attenuation in phase 4: (a) Effect of current on the attenuation of EM waves; (b) effect
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Abstract

When the vehicle travels at a hypersonic speed or during re-entry, the surface is covered by a plasma
sheath. Plasma sheath can impede electromagnetic wave propagation, causing vehicle radio signals to be
attenuated or even interrupted, which is communication blackout. The traveling magnetic field is a kind of
magnetic field that can mitigate the communication blackout by adjusting the density of the plasma sheath. In
this work, a three-dimensional traveling magnetic field generation model and a three-dimensional plasma density
distribution model are established for the problem that the one-dimensional traveling magnetic field cannot
accurately describe the plasma density distribution in space. The mechanism of the interaction between the
traveling magnetic field and the plasma is investigated to obtain the plasma density distribution in space. The
results show that applying a traveling magnetic field can generate a density reduction region of 50 x 100 mm at
the rear of the vehicle, resulting in a maximum decrease of 71% in plasma density in the region and providing
continuous communication time. Meanwhile, the effects of initial density, collision frequency, traveling velocity
and current magnitude on the plasma density distribution are investigated. The results show that with the
increase of the initial density, the ability to regulate the plasma density is improved. However, due to the large
density base, the adjusted plasma density is still higher than the plasma density of the low-density case. The
increase of the collision frequency can significantly reduce the regulation effect. Increasing the traveling velocity
and current can enhance the density-adjusting effect. However, further increasing the traveling velocity to above
800 m/s does not yield a more significant adjustment effect. Based on the data from the RAM-C flight test, the
proposed model is used to study the effects of current magnitude and traveling velocity on the electromagnetic
wave attenuation during aircraft reentry. The mitigation effect of the traveling magnetic field on
electromagnetic wave attenuation is also compared with the effect of applying a static magnetic field. The
results show that the applied traveling magnetic field can reduce the electromagnetic wave attenuation of the
vehicle to below 30 dB in the X-band at an altitude of 30.48km, as well as in the L-, S-, C- and X-bands at
other altitudes. The comparison between traveling magnetic field and static magnetic field demonstrates that
the traveling magnetic field significantly outperforms the static magnetic field in mitigating electromagnetic

wave attenuation.
Keywords: plasma sheath, communication blackout, traveling magnetic field, density regulation
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