$364% Ho

FoE OB ¥ R &

BB WERIE A KB XERFER -

R Bk SR TE R = 18] B X 2K BH XL 55 3t 35k XU Y e K

% Ay RAKR] oA

WA KF ZEAFEFER, BIE 264209
2. dhmAk¥E MG REAFEFER,LE 100871
3. PEA¥E BR=EEFE PO, E 100190

[ E] ARZHEEANE-H-AZENEZARL 2, EAXERdZENEUREET THRE X
ARBERAREE2R#UIOME RN ARLRE, CZ X HARRKNES LN EZTHER
Ep Fﬂil’?ﬂﬁiﬂ?’ﬁﬁé}é‘?ﬂii%’mﬂ’ﬁ“%%l%ék&%ﬁk BHEREARZEIFEA KRG H
KR, K AR EFABEMNARZARACEEENARER RN EFER T T
BARKATR A LT REF)UREALEAEA l‘:?’]/\ B 335 % &, ' 1B R A 2 B R
FEARMBP ARG TER., TARL T EWN 2K RN A &R0 B384 B
EPEFERAFTONEALZIBETHODENF  RIFAERAFLIEAREKZ O FTET LIRS
BATFEHERRIAFERE, AT HEREBAN A HRATETE AR, I8 A KB 3% A %

871

FHEAESMLBERBESE,

[8iR] A Mk R A ks

1 A=

TR A R Kb sk g 3 (b R KO — H Bk Y
BHR MEAEN AR T EREZENH - A=
ETEZ - A e R Ry IR Tl g T IS - Sy [ DS A
28] )7 RN R B AR Xk, an & 1 R . H ks
(] PR 55 32 3 H -4 - H 28 [a] vp & Fb 4 B0 5 78 00 52
Horp N AW AE 72 R BH AL, Bk XL, i 2R (Cosmic
Ray). K FH §8 & K ¥ (Solar Energetic Particle,
SEP) S WGk, B G DL 2R A mie 5
b 3R AR A BT HE AR 7 A 0 R REORE -, AN A A H
HEAY H RN R 2 (RS0 LA SR A 2R B IR B, X SE 4
S AT AT AR 2 9 5 R AR R FH A0 A

TERL b b 2 6] PR B8 W5 B 22 ROBE ) e AR =3
(i) 5 44y L[] A88E 5% 5 K7 AH AR L R i e AE
G — L VR AR SR 556 T 0 I S FHE R, A
BRAE S KR Y 2 18] 45 B IR S = 70 HO B rp i

BREERESARERNTFR

R B 1. 2022-05-015 4 1l H 18] 2022-05-31
* ARSCAREES 302 HI“RUE IR THE R N R LB,
% {5 1E# » Email : qgzong@ pku. edu. cn

AXZFNEF AR 24T H (42011530080,41974189) (¥ ) .

B 34 ARtk AsRAK; AR#RE AL

RMR RFRXFRELEETRAHZFR
BRZBHAFR ATEHFF L E,
IR T ARK T ETAHES
FTHRRAKRERIEMN, ESEB NS RE
T A M A K R X400 % B L A3
T ARG AECF T B F ik R AULH AR
ARSI K F AU R e RE 4 M) B B A R R
ﬁﬁﬁﬁn’&%ﬂ@é’) IHREBEHET FR
stFEEETEH A FERGINR, T 202 FEFE Y
i&l—’}l‘—m /\(SC()STFP) A i?ﬂ'?& K ¥ 2020 F B W sk A B
A (EGU) R » ¥ /R X (Hannes Alfvén) # % & 2018 4
lI‘TLlﬂfi‘rmém/\(L()SPAR)%ZE,«‘}J@ FRERETE,

Ll LWAXFERAFHRRHER,
BRAEFFHFELREBE. FRF
WAR-MH-AFTEFRE,ZHLEALAE
ZYMAALF 120465  HET S LD
BERESN TR, FRE AKKR AR
K, 2013 . KBERaRXHFELEHF
FEAFEASE NEHKFT IR LML FTA
5 FEFFH X217 F R ER KT
/\(AGU)“EJ ¥R %A F BASU #1457 £ 2 27,2018 4,
KA P ERRYE R A AL FFAH L2019 5, K F 3%
B2RZPAFMHAFH" AL,




872 W

E N 2022 4

178 LE LN A BT BT A4 4y BE B 5 e 48 78 8 1) W)
BALH] . B Bk KCS H 2 A B A T AT ™ A2 K
S EE IR PR T L A TRORL 1 S5 8 o, TR
FHOXU st 2R K5 ] R R AR B AR A B T T g H
—Hiu-H R G S SR AR T A AR B AR K
FH 28w A [ 5% s [ gy o A0 20 o 7 5 e A B 5 1) 22
St S TR DT 1 R AT 3 Bk A A7 2 L s
RN

FESCA N 5 1T LA L BT i 68 RE 1 48 5 25 5 3
AT ST A0 B L B A T O A A i fe B
4 RS H -3 - A 23 8] 3558 /4 5 8 1 30 T LAY B
W PR 2 1) R W AR B R 5 H A8 AR T
L e RAHERENEL,

H AR BT Bl 45 75 BRCRTR BH & K A
T2 A5 A [ A T EL S A A K R X 2N B H A
SEH R E X E R, EHEEE SR AR
ARTEMIS 4], 5-$0 7K vk J2& 1% 3l 5 2k 38 U0 19 4T
55 Z— AR 3R E R A I H L 2R A BROK B F 5
FINEEHIRZ —.

Bt e [ S8 B0 | T Bl &R R IR (0] A
2SR RENILECST NI S LR RIS k= PN e
LK AN F BR O S AT 55 G ) 4R 3R B A5 () AR
MR ZMIAER, FIFMHARSA NKEHRR
G B ok 7 2o P 05 IR L, 0 68 AT K B P TR G R I
HIE P fe 7 ) 2 (S8R ) 3 T R 451 A AL BB 2 e 224X
for SOK BHBE WA B 2 ThT 75 e S8 45 . BRADIR BRI 1Y
WFIT X AR AT E B2 /AT B U AT B PR AR IR
MRAAZSHE L,

BEAb  BARH BR E B ORI N BERE 3 . (H
RAFAEAR 22 Ja B0 1 32 10 R A B 70, 8 0 H 3K R)
PR S T R AT BRI R 5T AN AT LGB 9 A 2R 5
FR A A 5 4 R A i T ol L BB T 5 D 3 S 1) KUK
fifp FE A e T 45 F S PR BE R R . XS S X
T 5 2R B DR/ i ok XA E A R JSUARO R J2= (R R T
JZ) s A BRIIHE R ARER TR BH & i R fe /N 1 )= 46
oy R TR SR B PR 4 R . X G A R R A
PR BB 25 AL B T 5T AN A Bl T B AT g x4 8] 4 B
HEAAS (] R A DT o ] Xk A 5 H TR I Bl 2 4
B 4 () A LR A AR

2 HMIRBE=MAR

ST LR AR B2 fh B A R 3 I 0 R
TR A 89 % M T T .10 % 2. Al 1% /Y #L 7 A
HEF) kA HERZ SN, KBERUE S K BH & )2
A IS S A A R TR FE W T A K
PHZR 25 8], 52 2 R R BH XU J2 R 22 A7 72 1Y, B Ut
ZAN R A A & B K BH g & AL F (Solar Energetic
Particles, SEPs) Ft44, 7€ 20 28 90 “FU A T
B AR BRI BRI 08 0 A b Bk 2k 3% 1R T L B AR
ZONHLER Y 2B b s ER KR AL R A, —
G2 E N M ER W )2 5 TR 4 A A K B RURL £, 55—
T 43 T2 DA M 3K L 8 22 0 SR KR AT HEACRE ) kL
F o MHLBER R A 6% A% Mo BR Kok 7 B & —
WHORL . e HYLOT UNO™ N7 L0, 0
KBAREALE R Z @ & 7, He’ M O 7l 43 54
k7 SR T T X 43 R BH XURT b BR XL

B1 Az EREREE



EHEIE I

S A A BRI K 2 ) PR A BH R XA 873

i 1R RURE - DA 35K 0 3R o — AN H B AR Y
T AN [w] By 301 36 3 RE 5~ B8 B0 AN [6) o AN 3k XL 48
B aRasBda®m T, We AN W BF5E S
HF bR 7 1) B ) Bk ) Rk iR R 4 BT 3~4 A
BoE S, HERPUEA KL 3/4 1585 76 I 1A BH X
L1/ 4 H R L ER AR N, Zong AT K
IR DA by 35K 3 3 1Y) S B 2 B e R R 1 W A LT
PP S BRR w EWE Ry , AT 285 A BRLIE  Ozima
25 N o LI B0 i AT R 10 %6 Yk F 4 F
IKH Bk B, A HL S A A R YA B AR
A BGE A RRSIA  — i e A T AR
HPEMMIIERR,

H RS T 4 5KV 37 F0 R 2% R SR B, B
AT EAA K PH R B R R 4 S Rl AR
HRY) B ny Y 35 A 27 P o A= 8 Ak L 3 — i B
B a8 KAk /23 ) KU 7 RS . R BH XL i R X
5 H BRI TR B ¥ K Z R ERHLET L H TR A
rhE R 5 PR H A Kaguya B2 2% E Lunar
Prospector T . ARTEMIS T & DI K EI B
Chandrayaan-1 T3 5% 88 B0 22 BH R BH R H Bk XURE
TS A RY A B AR R b fE A SRR #E 7
"8 1] BETED DX 80, 25 77 AR R dak 7 48 R R, iy 119 52 48 L A
I A2 2 e A & P M R F (Energetic Neutral
Atom, ENA), 2343 (0. 1% ~ 1% M it 1 M 2
20 %19 ENA 233 i IF /5 [ i etk e |t 0L ok
BBy (29 7990 BY BT 23 A R WOBOE iR A 5
IO A GOk T AE S A R Y BN AR o R
Wik 2 f BB A RIS R

R, ) BRSR TR A7 A — Se % S8 XL 7 BRR
ARE S R /NI ik LA AR L fE A R R IX
Jry bR 37 WT 55 K BH R/ B KUAE B B — A A T/
B )22 s — 43 BT - 23 9 F BK 0 1 5= 6 X B8 T
JE B R J5 I AN R R s iR S — R4 B
eI KRR AT 2 bR G 20t A B
FETS BH T B T A R 45 R, LT i 5 AE fif 25
AR TR R T U AN G R B AT AR AN ]
ROBE W #3948 ah, 51 &k A [\ 26 B/ 3 3 8¢
T

A ERER A A] DL A 3 5 R BG4 5 R B XL, 5
T2 SR B AR S AR AR TR AR )2 R4l 3R
HE R SO b B e B TR AN AT

FH 2k K PH = e R T 45 = BE W) kL T 4 L
il 75 IF 77 AR AR R g A o A IR GOk F, i — 20
T AR RN X K Gk T B T A HURE T A

AL TR A T RRL T AR G (R Ly PR .
T L A) N SR R T B R R T R A 2 T
S B R B e 4t

25 b, A BRAR T B 23 (6] B 45 060 K BH X5 1l B X
FRy i 15 B 551 H R T HR R B XU R RS A s
Srac s, A BROK S S B A S AL, H Bk
W S RO J2 (U RE R 7RG )2 L AR R IR AR R T
L7 i A AR B IR A 2 WS T5 1) TR R T
25 [ B R AR AL S AT B o 2 2 R AL
XEE WA, 15T —F RS TR 4R 455 18]
8T 5 BUIR B G v 8 B 1) RIS T Bk T R

3 HEIAEREFEE

3.1 BERYBRPKEXFMERRKEERRBEIER

H Bk 1 3 A BH X i ER KRN Bl 2 R 2% <L B
2R RAAEH . B T A oK 2 46, 2% 1 Y 1
25 K A AR A ROBH LB F DA S i B ik 2 T A
W4 v = AR oK G B T 4 Bk R AIR R IR . T
Bk 0097 5 R, Ok A M Bk AU R K 2 5
HERIET . Hek KA THER EEE 7 A B T
VI P SRS B 43, 3 2R X BR 4 1) KUk R
A BTk H ATt R e A £,

T 5T 0 e Wb BR KU P A &0 20 LA R BURT
SRAFEAR W] LG S TR AEAE A R, 0 5k T L ER
AN 3 0 AR A5 S AN R Bk e St T M
BROX R A0k 3 1 D S £ B, Terada 25 A5V Y B
FEFRUIR A HER (9 B 7 AT AT A H BRI 2 %
ML IRk, AP WA SRS A%
(R BE AT O, Uk B A 88 v 1 Rt 2 DA AR 3 3 A1
Ozima 2 A\ AR BT % % (Apollo) £F 55 3% [ ) H 1
S5 R B A HE o /O R AR B B P XU Y
s T ELYNCFY N A R ZR o A R BH AU i A
B @ 220 (29 30 %) o T LAAB AT A7 0 3 48 rh 8 43 1
RN — S At 45 1 o0 R ok A b K A R Al AT HE
W SAT bR A TS R G BL T L b R R SRR A
fig Pk I A A S, T A HErh R OC E i E
AT DL 2 4 BR 10 3 JF G 8 308 B s 1) g R A
BT 10 A R 1% B = Bk B 4, 13X — {5 AT LA i
Xof 3 B I T AN A 0 O8I0 ke X B ARG 56

BE—, Ozima % A" K A X% H 8 f Hel N,
O.Ne Fl Ar ZF 0 F BRI AT R 55 40 42 4F 1 JC H
JOTEL S 1 B ISP 4R A B 2 R L R L R B i 2
BRAR A v = A S A (1 0] J0 . bt 35 T 4y 04 B[] L
BRAEH BRI R) DA K M H B 1 2 48 B R T AL



874 W

E N 2022 4

3.2 AMKEREYRMN&TESEN

FAE 1961 4F, Watson 25 AW 545 i, H Bk
e DX 35 P i A BH 52 X1 i 1 AR G, ) BR T A A <
LAY I AT BEAT K UK, J5 R A1 4 Clementine™™ | LP
(Lunar Prospector)™* L& 45 Z AN I AF 45 L K %)
HBREE S04 20 47 24 26 B A BR b S AE K R UK
2009 4F, BE2E AT 40 5 R FH = 80T 1 S 1% S0 08
FIHRKWAFTE, A4EEE LCROSS BT 1
H BR B B A7 5T Cabeus PN 1Y 7Kk A B 5% X, 38 2 X il
SEYI R AOGIE A I, 1 B T BRI IX A A KR K
KA KSR 5.6%7 52013 4F, Spudis %
hA LP DA FRESUM LRO ik 63 i 0 I %
P KM FREX(H SEE S KkAREXES
FEAR & AT H BRI A B 5% X 9 o] BE 2 = /0 6
A2 Wi fy 4 7K K

2PN A BROK AT e = ROk IR . — & A BB
ans P W AU & - 3 QiU 2 s d ]
WF5E H Bk T4 7m H BRI 0 g ot AL A
WO TR TE A BRIE U 18 K i Hb ST e O 2
70 R AR B B L A S K T DL RS O DT
PR FE V8 1 BRI AR A7 R = & KB KU
B TReEEARY R, SHPMEIE TS,
AR FEFKDY A&l 2) . H AT OK BB A R S 4 A
Bk 11 K B9 — Fh S BERR L i R 3 AR A H BRoK AT
B A B X, TR R K A B RE X

HEREEHA 1/4 (05 8] 78 Bk #G )2 N L 6 )2 ]

A BkEE ()

»y Bk OH/H0) B 3
B2 XMERSBKRNSARBEEARARK=EREE

DR A B 0 7 ) 2 10 26 2 S DX 0L 300 9] 5 K B
W HE K R SR Wang 5 i
R ZAUE/E PRI KN P e A 2R
SR 5 B F) R LT KB AR 2 B o 25 1 2%
R B bR R AR L P R KA S BROK R T 220
MR R IR . 78 0 B b B A T 34 B Bk
Bk by i SE 3

FIRT T BROK 197 22 TR U B 26 4 4 33
TR RN WA U B WFSE . ESh R Bl G
B K 9 7 5 0 5 0+ LA B XU S Bk L A
BROK A S SRS AN T A T — B

B T K R R (S 3 2R A
S 1 5 ) AEL A7 — S AR 3 A 2 49 00 4 129 o0
{6 DA B398 i 1) i F 3 SR 0] ek A 3k 2% o 4
72 5 W B R XU 2 0 7 ) R R Pl o
B ) Lk S 7 [ B LT B HLR R
Bk KB DDA K L (B A — AR

T T U1 6 265 85 A o e P R
PO 5 AT T B 2R T S T 23 i R 16 16
AR S i A= AUEI RS GRS
IR 1 2 A S AP R R 1 AL
3.3 AXESD MREMMEE (“EFHE)

K BHRRI M BR R 28 2 BRI 23 76 1 BR 75 11 %
HORIE L A A P BRI RS . BR LA
PR 351 5 5 3 S O i 000 4 Bl J2 T 75 0 0
LR DX 7 R P9 A 2 2 T A I T R R R R
0 9 265 155 - PR B 52« DAL U T i 4 5 30k 9 iy 0 IX
S AL AR JH 9 07 ) B A P8 B 5 9 45
SePR g R AR K S 0 — O T S A 3
BRSO R R . A4 S T
e PS5 25 Al b 1 5 W (645 ik — 2 O A9

P BRI A PRI A T 1k 1 TLR . R A
RIS Ry NGRS /NN E S|
VF 22 RSP 1 2 TR0 A W B R SR L S
S5 A R 1 AT A2 P BL P A B P S A
P o o U S 40 B X U R 1 T 4
KBFFLE R B BR L BRI — A R X
i A 7 A B A e S A — 34 A (SPAD B9 It
41 5 6 B G L e S P 2 e L B A
VT SR LD R T ool R B PR S L A
R AR U L DI R XU
VAT SE I AT — B

TR TR PPN IR AT YL
PO T 2 s U 2 45 T 0 R



$36% o

b A S . ) BR AR TAT S 2 () BRI X A B X A5 IR R T 875

HRRRM R BRRE . 3R 2R AR #E )2 X 1) T b 2R
g )2 LR 8 F e T MR A Y. Bt e+
FER ARG 2 W W 5T, 7] 3 B4 v oA - R AR
J2 B 77 A 2 A RN DA A5 A R T A 45 T RE P A B
R SR AR 2% A S 5 A O X S BH XU o i
A /D T — L IR AT .

0 S i B R AR 2 2 AR OKR BE XU B 3K ) 3R 1
SR NN RN VAR R SRy DR s G AN U D
IR T g MR D WA S5 R . SR, D3 A — U A
R o 3K FERR 45 14 AT BE AN A2 B TR BH XUGE e 25 R
T R T LA R R ARG JZ T A AR R 5
T R, H O R AR AR G R A5 A S R
WA OB B AL B EA IR AR A S
TEVS . AN A B S BT A T IS — LB
T FORE S8 7 BR — 870 R AT — 2 n
HH

AN AE A BR A 22 45°~75° X B, iy K BE XL,
Hb 3R A/ 3K % 2 R R RO BT — A~ e ik 9 X
BERR A H R X R Ry I XA Bk R 2 S B
HEA BB L 52 K B XS o 9 IR ] 5 0, B0 H A K
I BHRE R (4 2 1] AP0 B 5 A1 G o b sk XU 15
SRAT ez ot , AT Rl LS B BIF 5% 4 BR K A0 7%
G AT
3.4 ALRREMAEBELE

N BRF 1H E 32 B K PH O LR BH R 577 2k A B
TR A AU AL 2 L 3f 5200 2] H 2% (4
AT A H AR EE, W& 3 s, 1 BH i H 2 32 2
PRl A BH Y R AR FH & 6 7 i O A s 3 B A R
B KB R/ R XS5 B R A A ot A
2y R B 2% 70 R o B R B R AT Y, AR H TR
GET s —# o A A2 5e ik & 7 K H 3R S 77 i
BIFH 3R AE IR H 28 M2 77 s 8 b 3R A0 i
JRAEIEE

AR — > SC s a2 H A nfir i 4%, H

B3 ARTEHMREURAKETREE
(K A2t A :https://ssed. gsfc. nasa. gov/dream/ science. html)

90 00 A, 455 9 L S A AL A A B T R O o 0
SERLARI . B g 2 B B 0 O O B 4 R W
TE H BRR B 2B A R S Y A2 R BORE . il fF
FEA W] MU S AR 2217 SF Joy 70 3 15 2000 B FH G A
R BH RV 722 i a2 1 2 B 5 T A e 2R A 952
DX fEL R B B o D 38 A FL T RE A AL DRI T AT R
DRI F 70 Fi B, 3 ol SRy 3 L S 84 i L DT D Tl A 442 7
JRTE BT 0Lk R S 2 A o T AR T A
I S R SE T 5 EAE AR RMAL S5 e o DAl

LA, F 2 00 1 Y G0 45 A% 0 A AT DL B s i A =S
TE] F Rl 34 A HL T R S Y P 2R 3R 7E I f R 3
YERIR [ AN [ 05 1) BEAT I 7% L BN T 1 5 XA 8K
i3 T B 14 i e ML il 2 — L HLRG 223k — 25 S 4R G
FR L I 3
3.5 IEARBHRE

TR IR PR BRBA 4 BR WG  F0B 3 R
TRAP T 4R PH s RE KL 725 RERI KL 7= HL
HLRNIA A KIS H AR A O PORL T 1 A S
ROV o 3 4 YR A A A R ORE R R PR KL (A
Wy BHERAE) o X SR SR T S R GORE T Y 5 A
2 UM B R A VA N R 22 42 SRR

FERAE 23 e B T8 1 DU 3 22— I ] 28 0id 3t Bk
JZ RN A A g 2 08l vl 4 4R T T 2k R KR B
AE TR T )™ 2 — i B wicAE L G A5 36 7 i 3 A
WA MK &5 A WL S B R B A 2 e —
S L0 00 0L ORI L BRI 9T BT BRAE T 4 1)
T RE B S M BR 1 AR AP, B R TR PHAE BT
B S AU, 22 et T L R 2 R A R
AFAE—E AW BE— IR TE . IS, LBk
2% () 2% , 0 R R v AL I R AR A R KL T
R AT R X B i 4R S PR T 7 A R X Oy T
WAL — L5

SR VAR B N T N NI S R NG S g 7
25 ARMER 3, B RE R L BRI H R b TR
G o SR A R R 1/4 22 AL AT AR T A
KGR R 5 2 e A B R 5 TR I 75 2% H 3 vk
T S ik — 0wt o W AN AR LY, e Ak T AT
T L o R S R e T A A R B A Bk
RIZHEIr i T ACRARGE 09 A2 40550 i LA HE
HR K S R B T 3R T R O I AR L e
I35 AR B B LBk A LT DU G P ok
TS T LA PR R AT AR S B 5 A 1 —
HETB, SR, d TR b 7 AR AR A i R K
Z 2 JEUA R b T BE T S T R A R Tk



876 W

E N 2022 4E

I AFAEA D 1 R A D 9 B R M 251, 3 5 T 2 1 S
B 53 A R i 0 G S PR A AL B AL, DL KOO s b
) SR o

BRI 2 Ah o H 3k [ A RRAE £ 45 P4 5L 37 A
WRAMERZ DL 241 55 B IR R R, 5 30 Bk
25 [B) PR AT 7 AR 25 R Bl 3k S B e AR TR AR B Y
SR N A0 F5 W B 100 km b U i AT R 42 5T
0.01 Hz B mE sh (~0. 01 Hz ULF 3, X FH X
BTSN 0. 1~10 Hz YiH #E i i » ~ 1 Hz 728 247 A4
W P R R~ 1 kHz 55 0500 75 38 DA B 1 S i DX O 7
el P A0 BRI L A 3R A 1A I B o0 A 5 AR AR R
THEEAEAR DR i e i) o) 8, 91 40, 3k 26 3% 2 e 5 1%
% 20 7 2K 3R 180 I O0L I 2, AT An ey e 1A BH XS
b 3R XU HURL - 0] 52 ) ) SRR R O R B L DL &
BN FRL - QAT 75 H KRG S R DR & 55 ) AL, ER TS
i MR ZBE]

R BHR M3k UKL 22 o A R W T, o — 3 43
P B, — BB 43 B i B B bk e T ik
WE) A BRANEE . Wang 258 A7 2011 4F F) FH I 10k
TEHIRTEABRSMRE R LB T U OB . BOE
i - P S R DN A YR AE H 3K T & B ENA BB
AR B AN RRET AR L 3k R X A gk J2
R IRBE ) STk H AT WO BIE . BR TR K
A/ HBRRHTH e AR IR 23 A A Mt il 72 77 AR R
K O H e B R B sg AT i — 2R R T

4 MIRERESEN

HUERIE R IR A 25 8] 52 56 5 A H Bk S Bt o
A A ] — 23 8] W5 2% i ik 5 4 15 1) 22 4 A LE ]
2 )RS A A T3 B O A G e i 6 WL AT Bl T
S BT By BB G2 55 ML gk ke 45 S A AR EL AR
AE e A L BROK 1% A L7 Al 25 e 7S 23 [R] ) o ) A
[ FsF X ) BR ] FB] 2 24% A1) 225 1] B 35 4 30 M 0 3t K
PSR BHOX T8 20 A A FL g 3 A sl B0 85 ] LU
B4 M AF 50 R AR 5 ) R R AT i R AR N
AWz 4. Bk TAn T .

(1) FERBH IR MR XS A B BAT 7 1
5 AR P D1 AR AU T A BRSO FH AL 2R
W 18] % A 1 S 1) BIORT DA K A B R S i R L B T
R 2 A K 0 % 300 1) 30 R 3 1) 8 25 7 A i AR L AT A
b 3R R T AR R R R 25 5 IR AR KL T R
o AR SR T UF 5 3t ok XL/ A FH KU ey 52 mi) A R 1 4
S IXHY SR B TR, oAb 38 T LAIE 5l 2R KL/ K B
JRGn ey 5% ) ] BRI 8 5 DX 380 S B TR T AR b ek

SRR A0 56 0 3 B0 ) R A R 96 A
VA T e 15 R Bk A BR8] £ AR AR i
o 0 6 30K T 4R 5 B R XU 1 4B T LS T
Wi b P T X0 1 BRI AL B TRk, b T
B H B 5 1 BRI R o L A B i L 95 6
R B 1T B A T KL M BR IR 5 T BRI
20 (R B

(2) BF50 01 BROK 5 30 90 R 10 72 2 7S L B
A Sk S B AR L B 4R 2 I B K (A
B AR 2 2 2 22 B 58 XA L T RS TR
FER T LA BN 52 T PR B8 4 5 (A iE T
TETT L 53 P A0 T4 5 L, B 1 T
T 4 A B Ay 0 4 B
100, 387 B0 0 2K Bk k2 R 9 4 B
IRk £ O 1 BT % HCHE 45 00 A 2 T 28 KOk
OHLHL) . 4 A [ A Bt i 5088 7 %0 /K B0 7 6 1 3%
W 2 % A LR A R KL% R K B A X 5k 4 )
B T R R 0 2 2 S0 177 3 U9

(3) 76 J1 3R B 3 B S5 T B 2 R 5 7 T
E T R R T 5 o B U BB 8 L T 4 56
Lo © BB T UK R B 1T L R B L BT
A BR32 F A BEKUAT H30 R [7) B 350 B2 3 1 3 7
54l TS T B AT T P R R
£ B AL % R 305 % A I A 9T

WL 58 68 71 125 ) B 19 5 0, T A i
AR TR B e o T T 4K 2% 0
I e B LB R K A i 2 ) KPR 7
b 4 RS OL B e B 5 S % T 2 KL Al
FRO S 30 T S 24 M T A0 A

(1) R BRI i

W T 4T HL BT R O 4 T 0 2 e S T IR
i, A T e R X BRI
BT 88 (I Al e 7 1 oh, 1) . b, 375 0 0 4
5 HP N T RS T 2 S 60 3 P4 LA
T M T R 7 T T 4 3 2 2 00 A S T
157 R 7 o O 0 35 167 6 5 3 I 260 B 2 0
FRE 28 5 0 o B 0 B 45 4 B L, BF 5 R
5 T IRER B o R B AL % M BR 2 o 1 A
70 6 B AR ) 3 5 3 o ) b B 2R RS
AT L IR 50 7 2 X 5 9 1 3R 1 00

(5) 7EIE A 24 5 FR B8 7 i, T 1% 7 ) BR 25 )
KRG S P BR2 )F AR BE F
SEHRI A R KL A B AL 4 PR T L o 4 5 3
FRHE L LIS R ) K CHE ) I 1] JRJE B 0 4 Bk 42



EHEIE I

S A A BRI K 2 ) PR A BH R XA

877

THT B R SR RS . R LEE Biliis FNER S L3R 3 Hh ik
ACARBE L BE v BERL T A 2% DL R Bl sh BRI 4% . A
AT LABIFFE 0L 1 Bl A 2 I8 LA Kk A B AT 45

[Fa) 5

i T AT Ak A7 WAL T A ep 3 0 4SS B2 A AN

PR B B S 700 O PR BRAR B H IS sh iR R 5 2 %
i T M) 5 ARG TEASC LB AR X AR R AR AR A X Ak
IR JZ 04 PP PR o BE AT LI L LT A JRORL T XA R
e 5 PR S SR IR R B TR

B igt

WEEMPEAMAFRE LW T SRR A,

WA RFRITEIPA LR L R B AL H R
FRF ARLLTEHRFREZZEN F o7 @A

BRF RAXRFFELEVRAFLAAXEIH S @0

W,

[1]

[2]

[3]

[4]

(5]

(6]

(7]

[8]

(9]

[10]

[11]

& £ X #

For, skBEE, RREE. 5. T E A R R OIR S S [ BRI
WA R 2F4R . 2019, 6(2): 105—118.

R THE R ERGAE AR XM FZRES5HR
[ R 5T. URZS B 2= 4, 2020, 7(3):223—231, 240.
Parker EN. Dynamics of the interplanetary gas and magnetic
fields. The Astrophysical Journal Letters, 1958, 128: 664.
Ozima M, Seki K, Terada N, et al. Terrestrial nitrogen and
noble gases in lunar soils. Nature, 2005, 436(7051): 655—
659.

Zong QG, Wilken B, Reeves GD, et al. Geotail observations
of energetic ion species and magnetic field in plasmoid-like
structures in the course of an isolated substorm event.
Journal of Geophysical Research: Space Physics, 1997, 102
(A6): 11409—11428.

Zong QG, Wilken B, Woch J, et al. Energetic oxygen ion
bursts in the distant magnetotail as a product of intense
Journal of Geophysical
Research: Space Physics, 1998, 103(A9): 20339-—20363.
Zong QG, Wilken B. Bursty energetic oxygen events in the
dayside GEOTAIL
Geophysical Research Letters, 1999, 26(22): 3349—3352.
Fu SY, Zong QG, Wilken B, et al. Temporal and spatial
variation of the ioncomposition in the ring current.
Science Review, 2001, 95: 539-—554.

Wei Y, PuZY, Zong QG. et al. Oxygen escape {rom the

substorms: three case studies.

magnetosheath: observations.

Space

Earth during geomagnetic reversals: implications to mass
extinction. Earth and Planetary Science Letters, 2014, 394 .
94-—98.

Shue JH, Song P, Russell CT, et al. Magnetopause location
under extreme solar wind conditions. Journal of Geophysical
Research: Space Physics. 1998, 103(A8): 17691—17700.
M, Yin QZ, Podosek FA, et al. Toward

early Earth prescription for

Ozima
understanding evolution:
approach from terrestrial noble gas and light element records
Proceedings of the National Academy of
Sciences of the United States of America, 2008, 105(46):
17654—17658.

in lunar soils.

(12]

[13]

[14]

[16]

[17]

[18]

(191

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Li S, Lucey PG, Fraeman AA, et al. Widespread hematite
at high latitudes of the moon. Science Advances, 2020, 6
(36): eabal940.

Wang HZ, Zhang J, Shi QQ, et al. Earth wind as a possible
exogenous hydration.  The
Astrophysical Journal Letters, 2021, 907(2): 1.32.

Wei Y, Zhong J, Hui H, et al. Implantation of Earth’s

source of lunar surface

Atmospheric Tons Into the Nearside and Farside Lunar Soil :
Implications to Geodynamo Evolution. Geophysical Research
Letters, 2020, 47(3): €2019GL086208.

Pieters CM, Noble SK. Space weathering on airless bodies.
Journal of Geophysical Research: Planets, 2016, 121(10):
1865—1884.

Nénon Q. Poppe AR, Rahmati A, et al. Implantation of
Martian atmospheric ions within the regolith of Phobos.
Nature Geoscience, 2021, 14(2): 61-—66.

Halekas JS, Saito Y, Delory GT, et al. New views of the
lunar plasma environment.
2011, 59(14) . 1681—1694.
Wieser M, Barabash S, Futaana Y, et al. Extremely high

Planetary and Space Science,

reflection of solar wind protons as neutral hydrogen atoms
from regolith in space. Planetary and Space Science, 2009,
57(14/15): 2132—2134.

Saito Y, Yokota S, Tanaka T, et al.
reflection at the lunar surface: low energy ion measurement
by MAP-PACE SELENE ( KAGUYA ).
Geophysical Research Letters, 2008, 35(24) . 1.24205.
Pieters CM, Goswami JN, Clark RN, et al. Character and
spatial distribution of OH/H, O on the surface of the Moon
seen by M3 on Chandrayaan-1. Science, 2009, 326 (5952) .
568—572.

Tanaka T, Saito Y,
situobservation of the Moon-originating ions in the Earth’s
Magnetosphere by MAP-PACE on SELENE (KAGUYA).
Geophysical Research Letters, 2009, 36(22) . 1.22106.
Tsunakawa H, Takahashi F, Shimizu H, et al.

vector mapping of magnetic anomalies over the Moon using

Solar wind proton

onboard

First in

Yokota S, et al

Surface

Journal of

C6):

Kaguya and Lunar Prospector observations.
Geophysical Research: Planets, 2015, 120
1160—1185.

Nishino MN, Fujimoto M, Maezawa K, et al. Solar-wind
proton access deep into the near-Moon wake. Geophysical
Research Letters, 2009, 36(16): 1.L16103.

Ness NF, Behannon KW, Scearce CS, et al. Early results
from the magnetic field experiment on lunar Explorer 35.
Journal of Geophysical Research Atmospheres, 1967, 72
(23): 5769—5778.

Luo QY. Yang L, Ji JH. Global distribution of the kinetic
scale
Astrophysical Journal Letters, 2015, 816(1) . L3.
Harada Y, Halekas JS, Poppe AR,
characterization of the foremoon
ARTEMIS
Geophysical Research:
4907-—4921.
Garrick-Bethell 1, Head JW III,
properties, magnetic fields, and dust transport at lunar

swirls. Icarus, 2011, 212(2): 480—492.

magnetic turbulence around the moon. The

et al. Statistical
particle and wave
Journal  of

2015, 120 (6):

morphology: observations.

Space Physics,

Pieters CM. Spectral



878

thoE R

'i"

5t

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Dobynde MI, Guo JN. Radiation environment at the surface
the
validation. Journal of Geophysical Research: Planets, 2021,
126(11): €2021JE006930.

Zhang SY, Wimmer-Schweingruber RF, Yu J, et al. First

and subsurface of moon: model development and

measurements of the radiation dose on the lunar surface.
Science Advances, 2020, 6(39): eaazl1334.

Shang WS, Tang BB, Shi QQ, et al. Unusual Location of
the Geotail Magnetopause Near Lunar Orbit: A Case Study.
Journal of Geophysical Research: Space Physics, 2020, 125
(4): e27401.

Terada K, Yokota S, Saito Y, et al. Biogenic oxygen from
Earth transported to the Moon by a wind of magnetospheric
ions. Nature Astronomy, 2017, 1: 26.

Watson RE, Origin of effective fields in

1961, 123 (6):

Freeman AJ.
magnetic materials. Physical Review,
2027-—2047.

Nozette S, Rustan P, Pleasance LP, et al. The clementine
mission to the moon: scientific overview. Science, 1994,
266(5192): 1835—1839.

Feldman WC, Barraclough BL, Fuller KR, et al. The lunar
prospector gamma-ray and neutron spectrometers. Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment, 1999, 422(1/2/3): 562—566.

Colaprete A, Schultz P, Heldmann J, et al. Detection of
water in the LCROSS ejecta plume. Science, 2010, 330
(6003): 463—468.

Spudis PD, Bussey DBJ, Baloga SM, et al.

water ice on the Moon: results for anomalous polar craters

Evidence for

from the LRO Mini-RF imaging radar. Journal of
Geophysical Research: Planets, 2013, 118 ( 10 ):
2016-—2029.

Liu Y, Taylor LA . Water on the moon. Acta Petrologica
Sinica, 2011, 27(2): 579—588.

Greenwood JP, Itoh S,
isotope ratios in lunar rocks indicate delivery of cometary

2011, 4 (2):

Sakamoto N, et al. Hydrogen

water to the Moon. Nature Geoscience,
79—82.

Sunshine JM, Farnham TL, Feaga LM, et al. Temporal and
spatial variability of lunar hydration as observed by the Deep
Impact spacecraft. Science, 2009, 326(5952): 565—568.
Li S, Garrick-Bethell 1. Surface water at lunar magnetic
anomalies. Geophysical Research Letters, 2019, 46 (24).
14318—14327.

Cho E, Yi Y, Yu]J, et al. Assessment of the shielding effect
of the earth’s magnetic field on lunar OH/H, O. Journal of
Geophysical Research: Planets, 2018, 123 ( 8 ).
2110—2118.

Yue C, Jun CW, Bortnik J, et al. The relationship between
EMIC wave properties and proton distributions based on van
Allen probes observations. Geophysical Research Letters,
2019, 46(8): 4070—4078.

Fu SY, Wilken B, Zong QG,

variations in the inner

et al. Ton composition

magnetosphere: individual and
Journal of Geophysical

Research: Space Physics, 2001, 106(A12) . 2968329704,

collective storm effects in 1991.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[58]

[59]

[60]

[61]

4 2022 4F
Ma YH, Wong HC, Xu XJ. Subsonic and sunward-
orientated lunar wake observed by ARTEMIS in the

geomagnetotail. Astrophysics and Space Science, 2015, 358
(2): 1—12.

Schubert G, Lichtenstein BR. Observations of Moon-plasma
interactions by orbital and surface experiments. Reviews of
Geophysics, 1974, 12(4) . 592—626.

Hood LL, Artemieva NA. Antipodal effects of lunar basin-
forming impacts: initial 3D simulations and comparisons
with observations. Icarus, 2008, 193(2): 485—502.
Wieczorek MA, Weiss BP, Stewart ST. An impactor origin
for lunar magnetic anomalies. Science, 2012, 335(6073):
1212—1215.

Wieczorek MA, Weiss BP, D, et
magnetism. [ 2022-05-01]. https;//hal. archives-ouvertes.
fr/hal-03524536.

WA AE, Ak, RHFE A BRRES W 5 W 5T 9E R, HhER
k2%, 2010, 39(1): 32—36.

Breuer al. Lunar

Denevi BW, Robinson MS, Boyd AK, et al. The
distribution and extent of lunar swirls. Icarus, 2016, 273;
53—67.

Blewett DT, Coman EI, Hawke BR, et al. Lunar swirls:
examining crustal magnetic anomalies and space weathering
trends. Journal of Geophysical Research Atmospheres,
2011, 116(E2) . E02002.

Tucker OJ, Farrell WM, Poppe AR.
magnetospheric shielding on the lunar hydrogen cycle.

2021, 126

On the effect of

Journal of Geophysical Research: Planets,
(2): e2020JE006552.

Grobman WD, Blank JL.. Electrostatic potential distribution
of the sunlit lunar surface. Journal of Geophysical Research
Atmospheres, 1969, 74(16): 3943—3951.

Halekas ]S, Mitchell DL, Lin RP,
negative charging of the lunar
Geophysical Research Letters, 2002, 29(10): 77-1—77-4.
Rennilson JJ, Criswell DR. Surveyor observations of lunar
horizon-glow. The Moon. 1974, 10(2): 121—142.

Glenar DA, Stubbs TJ, McCoy JE, et al. A reanalysis of

the Apollo light scattering observations, and implications for

et al. Evidence for

surface in shadow.

lunar exospheric dust. Planetary and Space Science, 2011,
59(14): 1695—1707.

Xie LH, Zhang XP, Li L., et al. Lunar dust fountain

observed near twilight craters. Geophysical Research
Letters, 2020, 47(23): €2020GL089593.
Farrell WM, Stubbs TJ, Halekas JS, et al. Anticipated

electrical environment within permanently shadowed lunar
craters. Journal of Geophysical Research Atmospheres,
2010, 115(E3): E03004.

Futaana Y, Barabash S, Wieser M, et al. Remote energetic
neutral atom imaging of electric potential over a lunar
magnetic anomaly. Geophysical Research Letters, 2013, 40
(2): 262—266.

Xu XJ, Angelopoulos V., Wang Y, et al. The energetic
particle environment of the lunar nearside: SEP influence.
The Astrophysical Journal Letters, 2017, 849(2). 151.
Winglee RM, Harnett EM. Radiation mitigation at the
by the

Research Letters, 2007, 34(21) . 1.21103.

moon terrestrial magnetosphere.  Geophysical



5536 & 46 S A A BRI K 2 ) PR A BH R XA 879

[62] Harnett EM. Deflection and enhancement of solar energy lunar neutron fluxes from the LEND instrument. Journal of
particle flux at the Moon by structures within the terrestrial Geophysical Research: Planets, 2012, 117(E12): EO0H22.
magnetosphere. Journal of Geophysical Research: Space [67] Wang XD, Zong QG. Wang JS. et al. Detection of m/q = 2
Physics, 2010, 115(A1): A01210. pickup ions in the plasma environment of the Moon: the

[63] Zong QG. Yue C. Fu SY. Shock induced strong substorms trace of exospheric HZ‘. Geophysical Research Letters,

and super substorms: preconditions and associated oxygen
2011, 38(14) . 1.14204.
[68] Wang HZ, Xiao C, Shi QQ, et al. Energetic neutral atom

distribution on the lunar surface and its relationship with

ion dynamics. Space Science Reviews, 2021, 217(2): 1—
34.
[64] Hayatsu K, Kobayashi S, Yamashita N, et al.

. L. . solar wind conditions. The Astrophysical Journal Letters
Environmental radiation dose on the moon// Astroparticle, c physica ‘

Letters, 2021, 922(2); L41.
[69] Xie LH, Li L, Zhang AB, et al. Inside a lunar mini-

Particle and Space Physics, Detectors and Medical Physics
Applications. ~ Villa  Olmo, Como, Italy: WORLD

SCIENTIFIC, 2008: 792—796. magnetosphere: first energetic neutral atom measurements
[65] Lawrence DJ, Hurley DM, Feldman WC, et al. Sensitivity on the lunar surface. Geophysical Research Letters, 2021,

of orbital neutron measurements to the thickness and 48(14): e2021GL093943.

abundance of surficial lunar water. Journal of Geophysical [70] MR, KBIC, &, % RIS At b Vs T W 45

Research: Planets, 2011, 116(1): 1—13. AR B XS A A AR B AE . &S [E R e, 2022, 42
[66] Litvak ML, Mitrofanov IG, Sanin A, et al. Global maps of (D): 11—24.

Response of the Lunar Space Environment to Solar Wind and Earth Wind
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1. Institute of Space Sciences s Shandong University , Weihai 264209
2. School of Earth and Space Sciences, Peking University . Beijing 100871
3. State Key Laboratory of Space Weather s National Space Science Center » Chinese Academy of Sciences, Beijing 100190

Abstract The lunar space is an important part of the Sun-Earth-Moon system, which is a natural
laboratory for studying fundamental physics and the interaction between space plasmas and the celestial
bodies like the Moon (i. e. , lacking any significant atmosphere and a global magnetic field). It is also an
important environmental factor that should be considered in lunar exploration missions. For the major
national strategic needs of lunar exploration missions such as International Lunar Research Station, it is
imperative to focus on the response of the lunar space environment to the solar wind and Earth wind, not
only including routine monitoring of lunar space weather (such as solar wind, Earth wind, energetic
charged particles, neutron radiation, dust and lunar exosphere.) to ensure the safety of human lunar
exploration, but also studying the interaction of the space particles with lunar surface materials and
electromagnetic fields. The new physical phenomena or mechanisms may be found using multi-satellite
observations, remote sensing and in situ lunar surface observations, data analysis, numerical simulation,
and other methods. Understanding of the Earth and planetary habitability can be broadened by studying the
material circulation processes and radiation environment of different celestial bodies in the solar system and
their formation mechanisms, which may provide some reference for the lunar scientific research station and

other future lunar missions.

Keywords solar wind; earth wind; lunar space environment; lunar surface weathering; lunar water; lunar

surface magnetic anomalies; lunar dust
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