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AT 5 N T ELF /VLF 3 38R B AE F o588
FRE B AR T S, PP AN I R8T (0 R
ROR.

FTATLL (1 MeV, 45°) BT NH1, il 3 Frow,
£ L = 4.5 40685 346.18 Hz ) ELF J & 4= — B 3%
PRAHEAEF. B 445 70k TRl &5 1, 1
H B4 () AT (b) 45 H 1004 (45°, 1 MeV) fHLT
1R 53 5 ik 5 W& A T 32960 £ 70 e 2 b
I 1] (1 A2 4k, BT LA H, 7E 200 SR E LN, A
S F - R AR A N BB R IR AR K, AT R AR

HARME FEAINA —, ] W B AN 7 7E ELF /VLF
WA T B AR BE = (o, B) B2 BA 5K
BEMLIE; B4 (c) F(d) 45 T XL 720t 200 4
th e A S S A A RE R AR (Aa = o — ag,
AE = E — Eo) Mguitr R, B e it —5
MBS AIE 1 BRAN L E YR AH B AR FH A BB A R R
BAKIBENUE; B4 (e) F1(f) & (Aa?) 1 (AE?)
BE E FIARAE ((---) o 100 MRCFHISF4E), A
A T B ANRL TR BE L, 31X 100 ANk FAE A — N5
&, #£ ELF /VLF 3 AF H T 5580 f A Re &7 2948 4L
B (Aa?) FI(AE?) BER ]t 0 LT 26 1 i AR
K, X IE & ELF /VLF 3 %t & fg L1 BB ROL IR EL
SRR 25 SR, Rt 10 B, ok SR B T
VR — AN B AR L HE R 1

10!

100

i’F}ﬁ’;z{/kHz

101

PR ST

|
SNt

0-e |

20 25 3.0 35 40 45 5.0
L

413 mRe T AERL/RIE I AN F L-shell B — R 3R A%

1.0 1.5

Bl 48R T HEEN TR ELF/VLE

W5 AN S = RE L I SRR AR B B T g

2, B T B B AR A U I RE R B N

T (6 RS R VA R SR AR ELAE AR,
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1.68 x 1076 s F11.00 x 1078 s~ 1.

N T W 4 TH M % 22 N T ELF/VLF 3% X 2
e e FL T I LR U, Rl R U R S R
MR R, LR SRR EUN R, RATEE
LA B, BN T ELF /VLF 3 54 [F4%

069401-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3R Acta Phys. Sin.

Vol. 63, No. 6 (2014)

069401

45.05

< 45.00
¢}
44.95
0 50 100 150 200
t/Tagro
]
<_
N
=
0
—0.10  —0.05 0 0.05 0.10
Aa/()
1.5
- (e)
» 1.0
[en}
i
BN
S 05
0 . . .
0 50 100 150 200
t/Tgyro
4

E/keV

1000.05

1000.00 aiies

999.95

t/Tayro
20

=
¢
) 10

0

—0.10 —0.05 0 0.05 0.10

AE/keV

3
i (®)
>
jo}
=2
7
o
—
=
m 1
4

0 ! . .

0 50 100 150 200
t/Teyro

BRIIREUSETE  (a) 100 AN H T B o B EIAE4E; (b) 100 D HTRER E RIS (8] #1324L; (c) 100
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10-7 10-7 107
(d) (e) (f)
10-8 10-8 10-8
w 10-9 n 1079 L 1079
~ ~ ~
Q 1010 Q 10-10 Q 1010
10—11 10—11 10—11
1 —12 1 —12 1 —12
S 20 40 60 80 S 20 40 60 80 S 20 40 60 80
HH A o/ () H A /() H A /()

Ke A (a) N = 1HBIHMBEE; (b) N = 2MBHAHONE; (o) N = -1 KBIHMABSF; (d)
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HARH, FRH IR BUN R A SCgit T

1) &= A TSR ) ELF /VLF % £E /i
JZE PRI 335 0 ] 3 T R ) A3 RO 26 B R,
Gh, STERIB ER 4 RIE WoR, N T ELF/VLF J@E i

ZIRRSHERR RN 5, S0 MR

2) £ NHRHTT, AES ~ 100 keV 2] JL4> MeV 1)
1 e LT R AR — M LR A AR N > 10 kHz (1)
VLF B, fEAMES T, )L H Hz 3] 1 kHz ) ELF
BB KT L = 4.5 B4M&ES 7 H O X, ~ 100 Hz
|1 kHz ) N TELF R 5 1 MeV HL 1 1£ £ %
LR (N = —1, 1, 2) BAEILIRMEAEM, i
BRIE LR (N = 0) /£ N T ELF/VLF %5 458 i3t
i v e FL T IR ELAE A o R AR MR R

3) EHAI N T ELF/VLE BAEH T, AR
TR AN RE B 1 O B BE ALY, 1 BT A e R
TP Ao T AE? [ I 8] 3T AL - 25 1 1 1
K, XU B R SE IR U R R o — AR R I
HR R

4) 7£10 pT 3 Z ¥ N L ELF/VLF ¥ {E T,
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MR I = RE I — B SR R AR A R A R
RHEMH B K, X &R T N T ELF/VLF ¥ ki&
S E R PRI RAT M, XTI S, MR TR
BHUE RN, S A, %N T ELF/VLF 7E4E %
R AR R R, N = 255 i SR B %R
[FIRE B R 8

R, ARG I8 F S BB BRIk T 77 %
W90 L B 2 N R HIROR 1 B8 R ELF / VLE 0
Wil J2 v e FE T IO SRR BURME L, 85857 N LiE B
T R A 1 S BR 8% )RR R R L ASCHER
Bk RO b, MRS O B BRI S5 R B T
ELF/VLF 08 £ 410 pT, 7 Z 45 #, ELF/VLF
R FEE X U AR ELAA AR KR . Mkl FEAE L
B pT LAF, JedRyhitd TAE I CAREALE R, 2kt
R AT DUR I MR, SR RE KN 518 B 1P
J7 B G PR iE R 288 KB LA pT Bk, LR
PEILHR B BAE H T LA 32 F1EH, &6 phase
trapping B{ # phase bunching %5 3F £& 14 X 57 H B,
F S 200 A 5 R R ) ST 7 v 5 R L aef s
B2 R Hin #G R (1 ELF /VLF %, 1F B8 2 A6 1%
HFEH 22 BR K, R seE gk
BRG] RIS TERYE WG 180k [0 s S i A o
1S EIG 58, I8 R — A LT pT, B
PRGN B 3 S H A

AR B RLFASADUR PR TR TE AL, T4 3K
T UL 2k 1R Bk 12 5y, BUBk-F Y HUR R
fEf% B LS S ik ELF /VLE 3% i RE HL 1 19 3%
PRE 8. BB 35 B0 A AL S TR MR 1)
HERRSH RS B AnAB AR P 3p B DL R BE 4 5 AR
)5 5 H 1 35 T AR AR R g vk 1 R B AR AL e
FAE— N 5 Bk A 1A PN AR B A AN e AR AL
15 26T B R AL, I e AR AR R
], RARRUEEH A AR —. FL L, WER
T IE B T 8 B R LR SR A R B, T
TE RN Sk ) 3 P 38 AN AE — AR B A (LR
TWAE S AT) Be 5 HUA) ELF /VLF %
W R LR %A, R AR IR AR, PR, — 5T,
JR MU R AR B BRE X, 55— 510, AT LT
T, I DL F -k 15 380 A R Y U R —
L R U R A, 48R, RIE TS S TAER
BAIE.
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Abstract

Ionospheric modulation can artificially trigger ELF/VLF whistler waves, which can leak into the inner magneto-
sphere and contribute to resonant interactions with energetic electrons. Combining the ray tracing method and test
particle simulations, we investigate the propagation of these artificially generated ELF/VLF waves through the high
ionosphere into the inner magnetosphere, and evaluate the subsequent effects of resonant scattering energetic electrons
near the heart of the outer radiation belt. The results show that the artificially triggered ELF/VLF waves become highly
oblique in the magnetosphere and their spatial extent of L shell and magnetic latitude can be significantly controlled by
the initial launch latitude. Corresponding to the principal first-order resonance, the energetic electrons from ~ 100 keV
to 3 MeV can resonate with the artificial VLF waves with frequency above 10 kHz in the inner radiation belt, while in the
outer radiation belt these hazardous electrons can resonate with ELF waves from ~ 100 Hz to 1 kHz. At L = 4.5 as the
focus in this study, the artificial ELF waves can resonate with 1 MeV electron at the harmonics N = —1, 1, 2. In contrast,
the Landau resonance rarely occurs for these energetic electrons. The results of test particle simulations indicate that
while wave-induced changes in pitch angle and kinetic energy of a single electron are stochastic, the change averaged
over all test electrons increases monotonically within the resonance timescale, which implies that resonant scattering is
an overall characteristic of energetic electrons under the influence of the artificial whistler waves. Computed resonant
scattering rates based on the test particle simulations indicate that aritificial ELF /VLF waves with an observable in situ
wave amplitude of ~ 10 pT can drive efficient local pitch angle scattering of energetic electrons at the magnetic equator,
thereby contributing considerably to their precipitation loss and magnetospheric electron dynamics. When the waves
become highly oblique during the propagation, besides the fundamental first order resonance, higher order resonances
can also drive efficient electron scattering. The results support the feasibility of generating artificially ELF/VLF whistler

waves for controlled removal of energetic electrons in the Earth radiation belts.

Keywords: wave-particle interactions, test particle simulations, ELF/VLF whistler waves, ionospheric

modification
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