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Fig. 1. (I) Trajectories of the DEMETER satellite on geographic map when the NWC station was at the nightside on 19 March
2009. The trajectories are color-coded by the electron type. Blue, red, and green represent untrapped, quasi-trapped, and trapped
electrons, respectively. The red dot marks the location of the NWC station, and the solid black lines indicate the contours of L =
1.5 and L = 1.9, respectively. The red letters indicate the order of satellite orbits along longitude; (a)-(f) the electron spectra on
L-E, plane observed by DEMETER in orbits a — f shown in (I), respectively. The enhanced electron fluxes in the spectrum source
from trapped electrons scattered by the transmitter signals, which is called “wisp” spectrum. The magenta stars indicate L = 1.7,
B, = 220 keV, satisfying the first-order equatorial cyclotron resonance relationship between the electron and the transmitter signal

with wave normal angle of 60°.

IGRF I B4 21 (1 75 18 B 30 S 86 - —
B, T TR A R DL SO AR ASADL )
i1 IGRF 37460, J2 K g ARl 22 BEAL Sy i ) i
AR % HE /N R ARk, SO AR D T T
R S TGI8, Xiang 55 B R G194
R NWC 5w {55 B 37 D 530 o P e 4 i
BLERER I, TR G uli(5 5 S BB 5
BF B HCR B0 T RGPS BB

ARG X — R B F 53, IR TERK L =
1.7 Kb R 15 p TR H RS F Xiang 55 B0
Gt ok BRI NWC &5 5 18 m 2010,
M L = 1.7 ZbJOR 3] 15 pT 1 Ho 8 A 3177
K, R ZER A 2(a) Fis.

BT bR, AR R0 P EC R S
& 2(b)—(f) Fizs. K 2(b)—(f) HRE AL FR M HL FhY
IRERHEA, AR A TR, B RN o

209401-4


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

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 20 (2024)

209401

(a) 25 (b) 500 (c) 500
[T L=16 , |
20 1 400 ‘ 400
B > >
[} [}
L 15 & 300] £ 300 (Daa) /571
4 o o
& o) | S 104
10 200 200 |
} IJ 10—
5 : 100 : - 100 |I 10-6
1.5 1.6 1.7 1.8 1.9 0 30 60 90 90
e/ (%) 10-7
(d) 500 (e) 500 (f) 500
I = 1.7 L=18 10-8
400 400 400
10-9
> > >
Q [} Q
<300 <300 1 <300 1 10-10
200 | 200 F" | 200
1 }| il i
100 + . . 100 J——-" t . 100 — .
0 30 60 90 0 30 60 90 0 30 60 90
eq/ (%) g/ (%) g/ (°)

2 (a) WREME AN NWC G35 S REM L2k, (b)—f) o B8 fA 8 60°H G35 578 L = 1.5-1.9 5 A4 i1 1 5 Bk
BRI MY BRI (Daw) , BN B F R ARERIEN o, NN FRER B, BIEFRR (Do) RN

Fig. 2. (a) The amplitudes of the NWC transmitter signals used for calculation; (b)—(f) the color-coded bounce-averaged pitch angle

diffusion coefficients (Daa) as a function of equatorial pitch angle a,, and electron kinetic energy E induced by NWC transmit-

ter signals with 60° central wave normal angle at L = 1.5-1.9, respectively.
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Fig. 3. (The first line) The color-coded (Daa) as a function of a,, and geomagnetic longitude used in the model, from left to right,
is respectively 340 keV at L = 1.6, 220 keV at L = 1.7 and 140 keV at L = 1.8. The black dashed lines represent the local bounce
loss cone calculated based on IGRF model, and the longitude range of VLF transmitter signal is [99°, 129°]. (The second line)

(Daa) as a function of a,, at longitude = 114°. The black dash lines represent the drift loss cone at the corresponding L.
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Fig. 4. (From top to bottom) Each row is the color-coded simulated electron fluxes as function of longitude and c,, during the drift

process. (From left to right) Each column represents simulated time step is 0, 120 and 360 respectively. 1 step represents the time
required for electron drift 1° longitude. 1 step for 340 keV electron at L = 1.6 is about 16.8 s, for 220 keV electron at L = 1.7 is

about 23 s, and for 140 keV electron at L = 1.8 is about 32.5 s.
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Fig. 5. Simulated L-Fj spectra assuming the central wave normal angle of the NWC transmitter signal is 60°, which correspond one

to one with Figure 1(a)—(f).
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local bounce loss cone calculated using the IGRF magnetic
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Fig. 7. (a) The amplitude of the NWC transmitter signals used for calculation; (b)—(f) the color-coded bounce-averaged pitch angle

diffusion coefficients (Daa) ; as a function of equatorial pitch angle a,, and electron kinetic energy F induced by NWC transmit-

ter signals with 40° central wave normal angle at L = 1.5-1.9, respectively.
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Fig. 8. Simulated L-E} spectra assuming the central wave normal angle of the NWC transmitter signal is 40°.
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Simulation study on “Wisp” electron spectra generated by
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Abstract

Very low frequency (VLF) signals emitted by worldwide spread ground-based man-made transmitters
mainly propagate in Earth-ionospheric waveguides and are used for submarine communication. A portion of
these signals penetrate the ionosphere and leak into the magnetosphere when the ionospheric electron density
decreases on the nightside due to the attenuated sunlight. The VLF transmitter signals in the magnetosphere
can scatter electrons with energy of several hundred keV in the inner radiation belt into the drift loss cone
through cyclotron resonance. This is an important loss mechanism for electrons in the inner radiation belt and
plays an important role in transferring energy and mass from magnetosphere to ionosphere. Electrons scattered
by transmitter signals exhibit a “wisp” characteristic in L-E) spectrum, satisfying the first-order cyclotron
resonance relationship between the electrons and the transmitter signals. The “wisp” spectrum can be clearly
observed by low earth orbit satellites, presenting opportunities to study wave-particle interactions in near-Earth
space. In this study, using the Drift-Diffusion-Source model, we reproduce the “wisp” spectrum formed by
scattering effects of NWC transmitter signals observed by DEMETER satellite on March 19, 2009. Our
simulation results suggest that the equatorial pitch angle of electrons, observed by DEMETER, varies with the
longitude, resulting in distinctions in the observed “wisp” spectrum along different longitudes. Specifically, as
the satellite approaches South Atlantic Anomaly (SAA) region, both the energy range and flux level of the
observed “wisp” spectrum gradually increase. When the previously studied wave normal angle model (with a
central wave normal angle of 60°) and the background electron density model are used, the energy range of the
simulated “wisp” spectra is higher than the observed value. Adjusting the central wave normal angle to 40° or
increasing the background density by a factor of 1.3, the simulated results accord well with the observations.
Our results elucidate the scattering effect of NWC transmitter signals on electrons in the radiation belt, and
emphasize the importance of analyzing the formation of “wisp” spectrum for understanding wave-particle
interactions in near-earth space. Additionally, the Drift-Diffusion-Source model can be used to study wave-

particle interactions in the inner radiation belt, helping to develop radiation belt remediation technology.

Keywords: Earth’s radiation belts, wave-particle interactions, artificial very low frequency transmitter

signals, electron pitch angle diffusion
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