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Figure 1 (Color online) Relative abundance in fluence, dose, and dose
equivalent of GCR nuclei from proton (Z=1) to iron (Z=26). The

calculation is an average over 1-year in solar minimum behind 5 g/cm2
aluminum shielding by the HZETRN computer code”
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Figure 2 (Color online) Galactic cosmic rays dose in different mission
scenarios based on the Mars Science Laboratory measurements. Data in
the figure are from Ref. [18]
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Figure 3 (Color online) Comparison of radiation protection performance in different materials based on the Bragg curve and its initial slope. (a)
Measured Bragg curve of 1 GeV/n Fe ions in polyethylene, aluminum, Kevlar and nextel. The normalized dose is plotted vs. the thickness in g/cmz. (b)
Dose attenuation properties of a variety of shielding materials exposed to 1 GeV/n Fe ions. D represents the initial slope of the Bragg curve,
extrapolated to zero-thickness. Figures are modified from Refs. [30,31]
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Figure 4 (Color online) Organ doses (mGy) and dose equivalent (mSv) of a male inside the 5 and 20 g/cm2 aluminum shield for two typical space
radiation environments. (a, b) Under the condition of the annual GCR at solar minimum; (¢, d) under the condition of August 1972 SPE. Data in the
figure are adapted from Ref. [19]

£ 1 19724ESPEE B 19594ESPE AL RE & T X B AN B % B HEY

Table 1 Estimated doses and dose equivalents for a 1972 SPE fluence with a 1956 SPE spectral hardness

47 JEL 4 Bk AN 3 I
(glom’) WA Gy)  FEENESY)  RIGREGy) RS (SY) W (Gy) it 2 (Sv)
2 10.3 15.5 8.95 13.0 3.04 4.40
20 1.99 3.02 2.00 3.04 1.71 2.62
a) BT SRR [37]

MEE S NG RORE RE AT AR fm, WIS R B R AR 55 HH EAN n] ZAL).
RS 5 FRRO BN AR T AR R, bt 213 MRS
Fo WG REIBOREI S SR P A B T AN IRB I LIS, o i i 7 e
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BRI 2S [ RS K. S Seae iy 220, &t
BRI BE 3 SRl B BEECE X, REMEFE30R M 51
50%AMATE T 7 i B2 A48 S 70 343, X B Xt
B BE X KR B RE IH 0 s B R A SR AR, UK
SRR UL AR S B AP AR, U B A
s RGN NNUR A LK TR Z. B4, anfa i
X —FER e P T S U B 1 o] i R S g
ik, A —A~BA SR FH TS A B R S X R
B4 AR T T SPE & A 45 B S B 1 SR A i KL
6. SR s S B 4 IR B 3 A5 AT A, (AR
REPUR NI REZER, IS4 Bl T IR IR Rk
LR A A 92 ()RR XS VuoloE A 52 4
R EAIUTE P GEANTA LLER T AN W) By b4 L 2H A%
TR A o SPERY RIS B dr kg, 45 R LB, XAl
IR L R 5 B B B IR 5 BE 24 2~6 cm, BV EE 2N
35~43 kg) WA A — e RE,  ELX AP R ol B I SPE
XTBFOZ144%~57% MW ISR i, iRk FHE DL R 28
REARIEMESPEXTBFOZ50% 1 Wi &, WIFFZEZ)2.5 ¢

AOEEAT R, T B ok ] 2 s S B 4 T AR b ALK
SPEMMC R, W K I 28 AR 28 B 3o 7 oK,
ST e B T 0 A5 TR FR ST B 9. Baiocco %%
ORI b, BB T SR R K 4R
B AR SRS, S ] B s ] ol 4 2 R B2 10 2R 48
T THERUN . R, Al e R A e AR A B A 1E
UG YR LE R BT S B A 8 A L e A B
R DA REAT AL R D3 14 25 R o S A e XU, 17 AN B4 Xl 28
UN PN TN E = i e e [ K e S Y T S 1]
[EF8
214 EfkwmiFt

R NIRSRRAES 1, JLHIE MR 5 7E 2k
FIAE SR ERE, RARR VR ]V — Rk 5
TR AR, R A L BB 1,33 g/em’,
PR IS e EHVE H %, TP 424 T20 g/em’fHi i
PEWCERE . FERXFERFHBORIE T, w2 mh T
GCRA ALK B A BF O YA 47 S Wi A ) e AR 24
15%~20%, J7 15k T340 S I A1) 2 R IR 242 5%~30%.
EAb, FEIXFE R BRRERE T, AI{H19564F:2 H SPES LAt
K B BF ORI Bz Jik 114 i 55 i e 551 i R AIK 35 %~40%.
Hassler2s A\ USVR] FAF27-5 KOR 25 B A6 S BT 2600 2
TSR IE I HZETRNALAY, PR, T AN R JR B k2
FHE L N RSN, SRR, TLE
L, 7EREES KRR 10 cm YL R, GCRFHE A5 &
MR KRR A T T T B S kR R IR
FEHE— B IA(1~2 m), GCRFE R FF Y R 2
TR IR AOE3 mi, GCRASFE = Z A48 S5,
A AT UL, % R ATR P e AR mi s 5, A A
LM ] LI AL GCRFISPEIYIE 24 B4, (H A k4%

F2 KEREAHTHESERL

Table 2 Mars surface and subsurface radiation estimates

W R VR FRBEPIRE  GCRFIER  GCRHE SR

(g/em’) (mGyly) (mSvly)
P& i 0 76 232
—10 cm 28 96 295
—1m 280 36.4 81
—-2m 560 8.7 15
-3 m 840 1.8 29

a) KRR SR SR IR T 7T 5 KR T B KRR 2E ST
567 A S A IR A e R, KRR TR AR SR R T
Z2 RSP A TR S A IE A HZE TRNAS R T A . Ko
J5F 3Tk [18]

2093



M F 8 & 2019578 %648 #2H

IR 1) R B LA B Dot e o s 2 T R E— 2B SR 1Y
[ 1.

BB, NN [R) 4R R o £ R B 11 4 sl B
Py B — 2 B2 AR SR P RE 1, L T b
SPEAY 2248 S KRS e R L. (HUR R 2 B iob R R
(3N, SR 2 AL S e SR LR AR AR . LRAR
TRLEY, AR D SRS PR AR T . IR
Tt WG TRy SRS R g R . xS 5 23 ]
55 B R AR FH ™ AR YR G A 5 7 o Y DTk
OB 2 5GTE. McCormack 25 A ST 45 5L 92 A,
TEBRHRINT 10 glem’f, F0Z0R: TR0 TTRK L 1 Tk
SOk TR TTRR: 7EFRRUR R IR0 g/em’ L)L,
IR Gk B 5770 B s ko KA AR TR T TR, % 0E
FIGLR A48 FE AR, LA S8 o o i P JEE A K 1)
S S BR FHAE, AR EESG N iR B 1Y) 7 AN
ARG 2 R AR A BRI 55 TR 2. MARBAIGD R D =3
V1) X P A 3 2, O ] i S T T AR AT R 57
T2 B JEART LA SR G . DRI, R s 55 B
Pl JERAARBE RS R AN R EEF 10 Bl 4
TF,  DAKGH AR S5 57 5 b ek G e ) R 5 S e TS 1 A
RALSESY, LA A] REH R AT R 5% T #2321 25 [R) 4
S AN, MARBERUR RERIE RN RIS S, 87
B S AR A T Y S R B Sh R S B b S AR
fEHiA.

2.2 b

Fh B4 ik BRI f o w7 2k
NFRR ARSI AN P RS R T 25, AT
{RAE ALK B ER S50 . Eahpi R BT
Bidr . 5B TR BT 3 L KR 35 95 30 (R 65 2 o Al
LIRSS Horh, e g A R
KA JE] Bl 2 2 — e R [R) R IS L A7 O ER e 454, (A5
TR A B PRI Bl S A e b, BEL LR R 5
TR XD T I8 40 S B PR T A S AR P
FERHAE AR AR 0 L aE A, x2S 6] 48
SRR v ) TR B T AR I R R AR — AN R
71, AR AR AR NF AR ST &, RS, A TRk
FRNAARY X R R, ok T B2 A Y
HLF AR X, IR T BEAE AR X & Bl A3 i —4~ 55
Wi, Beoh, FriE G b R e T B AR AR AR A
B e —AN G, Wb TR ARG 2 B8 A8 2%
FIVEH, AL & A ks, Jeik Bk AR 28 N
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#B, HEEA IR T i SUR e L AR 7 A W b,
BISHTR™, i AT [ b 3 3 A 2 () e
F= Bl B3 U 0 R AN O U R AT T A Y 2R,
PR BURNPETEAR A 4.

BT R 2R 2%, T HL RV [a]—Fioki -,
HRBIE WA — MR SEMVEEIN, X4 E B AR
R 42 TAR B RO R . 1% i Firts B9 28 4ef A T E
K, GAPERIT RN B A 19 2R e, i—A>
KIAAAE R SR S 55 S R T RHILR B3R st
M, HRTANERE. %077k B RiAESE e b H s e
AR RIXE, (Bt 52 2R B B AT v 9 22 [ o
Bt T — T READERE. R, A DB NsR A AR
B F BB HR KA IS, MERAREIRE
155 ot RV S B AP R R R S A
3 EYIESNP

i3 AR RN B BB S AR SR AR S 2R B AR R g
AR B A0 XURS: ) 58 558 B 371 57 (radioprotectors ) Bl 4 B 2%
fift F (radiomitigators) Bt 47 1 B 47k A A= 40 = 2 Bl
U B, R B RES T — RPN Y
Bitr ik, IR SR T A RIFN A 4R 5 B 4 )
WA, TR T SRR RS S8 4 i R
BN, R AT R  E RRUARE HA ER R . R TR
FRFVE IR R i — 200 4 R LR LR AL (El6): B
01|11 I 01 P B A B S 7S R S L S ) ) T O o4
B2 e ARG 7550 LA B R 4 ke U5 i 5 1 )
Jpie

3.1 HEdE

1GYESE 4 S (reactive oxygen species, ROS)FERE ST
B A2 B A AR AR R MR AL e S A .
R, 23 (8] AT Al S EBOPR 51 A9 AL KT BH b
ThEs, MHCE LRI RS, i, — Bk
ROSTE i, 25 5 545 40 v B 4 A R A R S Ak ) sl
PIROS B R SR %532 3z B, B
AP R AL A B R, R SRS
IEETEAL G, fian, 3¢ E Walter Reedfiti 4% = A 0F5¢
OB % B T (WR-2721) —Fh B ACBERR 19 2547,
HC A B W BR R A RS E R AR 0 B R 2, BRI
AU A AL B 7K RS T At A AR s A AL
IRAR ST, B —E RSB PR BR2d i T4h,
XEFLFEA A V) IE I B-Fi 5 LM (B-mercaptoethyla-



P ik

B 5 (P8R ) REABT IR L. (a) HSEIRES il RURL T In 6% U O/ T 8 () i AR AR ST AR T IE3E T sl LA A XS T
IIBL R IIE S HGE; (c)~(e) BUE I BURTELR B TR, Hor, (c) ZEBIAE IR AR N 7= A= B SR 0 (d) Fh 2205 1) 9 WUR e Pl K it v
PRI A LR S5, (e) R BZSHII3DIEIE. 187 ok IR T SCHR(8)

Figure 5 (Color online) Principles of magnetic shielding. (a) Deflection by an angle 6 of charged particles in a uniform dipolar magnetic field; (b)
uniform confined magnetic field repulsion for particle traveling in a radial direction thogonal to a toroidal axis, or at an angle ¢ with respect to the
toroidal axis; (c)—(e) the suppositional double-helix coils shapes: (c) Create a very uniform dipole field within the volume of the cylinder; (d) multicoil
structure consisting of oriented double helix dipole coils produce a multi-toroidal field; (¢) 3D image of multicoil structure. Graphics are adapted from

Ref. [8]

mines). Z b HEG G H2 R (aminoalkyl thiosul-
phates). 25 AR A CHERR £ (aminoalkyl dithiopho-
sphates). 2 J5E 355 B IK BH 25 F-(aminoalkyl isothiouro-
nium) DA S WE M e F1GE W 3477 AE ) (thiazolidine  and
thiazoline derivatives)5¢. PRI FiX2efb &9 & i
O E SR RCREIAG, X FEEER T
FEHLP BAT ) [ R SERAE R AR T, (X B
I — DA RS, — BT LAE AR 1 {4 S
B P s R A W, SR R Al 2 T B 4
O MR W RIS ML 2540 A O SRRV Y. I
T XA SRR, 2 2 A S B A R0 A S B o R A AR R Y
JRBRYE, AR GERRATIEE B i M) E )R (Food
and Drug Administration, FDA)ERY. Hiy, £E
ProCertus BioPharm2A Bl & T —FZE{IWR-27211Y
i ¥ (aminothiol), 4 °APrC-210. EAMNEAY
WR-272 1A R S B P 28R, 1 B LF- 8 A A 1)
RV AT A B e A T, Ak R R ARA i 5

() —FhoRT B R S 375

o R, PrafbR, e H k. BAEeYEfL
fit Ve - 8 AP AL T (MnSOD) Y Jbk e 3k &
FESEGIR . TP R A, S REF I W s e
WIRVER™. BRI Ah, — A o-4E /1 FE(d-toco-
trienol, DT3)AT /AN [ didkr A= A BB
&M (tocopherol succinate, TS) A T HTE MG FKIK,
P B R R Y 2 k10, BB (oltipraz) AT AT AR 5T
YRR B A AL AR PR BRI (1 A, DA D H
JOR PRI Al R T ) 5 ik, DT A0 o) 4 e A e A DA K 9
IR R, B AT A (pentoxifylline) AT #0141
BB A IE i A AL Y, Bl OB SEIR 1, 3,35
W JE H 45¢(3,3'-diindolylmethane, DIM) ] # il & AL W
FFEAKDNAT M, HEINHTA T2 I BA Ik 5 F -2
(B-cell lymphoma-2, Bel-2)3ik, J HFFIMEM T2
F(Bcl-2-associated X protein, BAX)YERIA, JAeH 4
B AT 003 1 RGBS (tetrahy-
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P A

drobiopterin, BH4)l &1y BHAIZFE M 2549 ] FAK AR 5
Jo B IS AR LIRS, A BT BB BA T e S AR
)

Btz Ah, BRI iR (ascorbic acid)&—FA %Y
HEEVEPUEAR]. TS R R S B R e
LA R, U 200 M T AR DGR R R AE, AT I Gk el
SRR, AL (CeO) AR T E AN
S E R FEE R, 5 CeO, 4 K R XS T e ]
TS 482 LA e A P L V-2 B e
2(N-acetyl cysteine, NAC)&—FPAERFRRE T/ Ny
FHUEMA, AR IO EE T, W fE—E
J b TR S 7. = H U (metformin)
SEIRYT2RIME IR b I W) 2 —, & FEa s
JUR T T oA T A R, AT YT AR AR [
B A MR HGE, — W OSUICRT T2 -5 ks
VBN PR, B, s R P A A
I AN Ry e — R TE AR S B4R, B RTXEEAT]
PIALERAT TR I AN, 5 i — 2P TR AT AR I AR
Py AL Al R AT 5T

3.2 Ok

— 6 55 RH Wi S S A LA 5 1 A DG
il 35t P T R AP S0 £ R T 9y s AU o4, 4
5 A % U - 3 497 ) 37 CHIR 9902 1 1] BEL UK 8 55 5 Y
AP TS S R I A% K 2 444 i (angiotensin-
converting enzyme, ACE)ilF]-<+EEF|(captopril) Fl
REWe Al (perindopril), A YK 2L 4000 H 4
JHLRI L AR S5 A B, AP 2 S X 2 1l R e Y
oMt PR AR 1 g — R AR 1 7- P - 2
H-17- B4 A% R 1885 2 (17-dimethylamino-ethyla-
mino-17-demethoxygeldanamycin, 17-DMAG)A] i i 3%
5 5 B 2 (1 CD44 FICD34 R £k AL BT %
FERE ST AT A 00 200 B s/ R R 4
PR« WD VAL AT AE 2 o IR o 20 e %
¥ K F-(granulocyte-colony-stimulating  factor, G-CSF)
G, BEARER SR VR, 4R AR S PR R ARG
AR ST B2 T (phenylbutyrate) ff: H—F 4 8 14 22
LTt Ak B (histone deacetylase, HDAC)HHIF, A/
ROTASDNAS, AR R A AR T, Xy
SIS FARS A BRI EH, —MenT 76 5
A Ay 48 400473 95 7 700 5 B S J A g i S 1 92 e 541
el U AT 2 = R = LI T B A G-

hydroxy-3-methylglutaryl-coenzyme-A, HMG-CoA)ifs Ji
AT S 3500 T 00 S S 1 i 2 2 R R 2 A L PR 1
BTNy S B H 4R (dimethyloxallyl gly-
cine, DMOG) 2 I 2 W5 At 1 —Fpam il ), vl 35 1%
4875 5 F(hypoxia-inducible factor)7eik, IR 1145
LR B BUER ST RE ST, R R S R T B AN A AT
T S Ah, 2 R RS I A 07— R AR bt
LA FARSR ST B, A 20 ) 09 2 P st ik
FEHMEIFIPD 0332991 (PD 03) Al 3 2 #1516 F:p5 3
T 2 P TG, 200 B R B L A R T, Bk
RS T ONASTEAn i SR,

3.3 4uipp T A K REE SRR

TR, — S0 i PR~ A A PR ] 0
IR, IENUAIRE, A A SRR R HI
— AR B B R AN, L AR A A AR A PR (f-
broblast growth factor, FGF) X H2MIY)n] A FiiiciE
S, RETURSTEE T, F K T (epidermal
growth factor, EGF)A]HI T TTEGFZ K15 514 il
%, DN IR S5 T 1 M D ReR AR, 44t v e i 2
BIETEE R, SRR 23U KN T (pleiotrophin)
T SR PR 3 T 2 B ) A, A K PR (tras-
forming growth factor, TGF)n]JskZz K45 20 ifidi
BUFHEAL, D 2T A 2 i 1) i e S 4,

Brib =z Ah, —SefaR 2R B vl ] T i 4 A5
RS, BN, 1ifeZR (thrombopoietin, TPO) &
HAEWY L@ e s ek e, it atkis
SRR S S R R KA 2 ) (somatostatin
analog, SOM230)id it 1l B 439 Al AE KR A R
i, FTRTRTT RSB0 Sk B g, HIHAS
i, TERU 48 hNA 2GR A sk, i Z R
A -F1(insulin-like growth factor 1, IGF-1) HEI#IA R
SEVRYT AR IS 0 IR G Y — RIS TE R 259
L ANSCELAG A 40 B 08 T RN G e 0l T A0 A
MIREST, T HEA RAFA L 2MEAE.

3.4 EAN TP

— ST BRI/ INIK G 2 i i T LAAE S S By
PR, fn, 5263 IR AYR-spondin 1
(Rspo ) FI&—Fh B I T AL e A 2 0 54+, H
FEIRIG AT HE = W i AR S PP ROR, FRIBUTER AT
S R 2 B B U, 23 R IR Y £
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K BEROBENR 7725 I8 25 F (chrysalin  rusalatide acetate,
TP508) /& —FhEE Il B 5 A 45 A3k, 7T 55 5E 1l B 52 140
HEEE, RIEM AR AR, BORIEST
P T, gtk 1T, 1, MR, TP508 4
LA DG BP0 E W O AN s A A
RS FBURAE R, P R 2R SRR R T AT R,
WAy BA TR 22 A

FAk, BRI —eF T A SRS A RS [ R
TEAYER B/ Z B AR ST B AP CR, T AR R R S
B3R, filan, B2 RKk(ipopolypeptides)f&— i T
X (Mycoplasma) ks Z R 1 RIRAFAE BIN-R ¥ B K,
HAKEE, 7] 5 TollFEAZ 1A (toll-like receptor, TLR), {1l
TLR2/TLR6Z5 4 LABLTE NF- B 115 Sl 6, nlfEh—
FRE S BRI R T H-ARS™ . $ih Z Wk Me i 14 (anti-cer-
amide antibody) "] -5 #f 28 BEE (F 28 I e 2 — PR ZE N B
YR E R R RIETE T, TR T R S EsA,
T IE R A TCk a SR T AL, A BT etk i g R
Thabes TAMEAYRE, M St 0 S i iE

i

3.5 4uiiaIrFl

T4, dRfLiAYT R (cellular therapeutic agent) £ %
P T T A BT A A B A ST, X 32 R P DRy st
R A E S RS sz A 2L Re 1, IF BT A AE
R EB I R AR T, iln, 5k P i 561 78 T4
Jfd(mesenchymal stem cells) ] &4 5 B2 55 I (1) 45 Fh
A, FRIKF A B E5E P40 i(bone marrow  stro-
mal cells), FLHGAIFEFTANML. PN R 20 f 0 0 4 PR A
s TSR A S0 i s AT am A
AT AN T 75 57 A4 G-CSF, #E—25 il #6141
JL i ShJE MG IR R Ge i A%, w T 2R S
ity

3.6 HIYRIRITE VI

H RS — ARV R IR s o, A B
FIT A AR/ BT RAE SRR, B KRR 4R S B b
FI. it FE B (retinoid) FI4ELE R (A, CHIE)EHAN
R R SREE S B30, 4L ZE (lycopene) /& —
PR E N2, AL PR S —E W R S 7
PPRCREY, K R B S R 4 M T A
JELF- SRR K S A7 e KU . Herp, AR (i
SRS TG R (AN . RE RN S5 ) B e RS
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FEAN TN T2 0 B R R A, 2k
(polyphenols)ft.& ¥t B AT B b bt AL FITT 28 i 1)
PP, WA R — R AR SR e, ok (caf-
feine) L # A A2 WERR —FiBfE-3 (phosphodiesterase-3)
TR AR 32 {4 (adenosine receptor)F5H17H], HA
TEAE AL 28 AN S e P2, 2 2 HAT AR ) (fla-
vonoid-based compounds) A i 1 AL HCIE FIBH i RE
R ERAR, MRS A AL BRSO
SRR RN,

E2 8 O W 20 03 T NS S 0 o d 28 S i G
i R I FHT T 4 Wi B, R 2285048 SR B 47390 -5 T I IR
B A AR A A P e A Ao e e e S B A
FUEBR 1 HH RN S5 S A5 BEAR SR S 0 40 5 Pty
Fe RN, — A, BA U AR sl
AT 515 T BE 0 /Ny 25 W) DR B SR G i A
FISE AR A A AT S . 9K, P A Fnam bl
EPURIT YR ZBA —E WREIVER, ATRES AR 51
AT R RE I R T AR AR A e L HT A X T 2P e 30 o
FRSN RGO, FEARUR I KRG VR BT i HR S B 47 3%
T B E AR IR 55T A BB 4R S 25 58
AT AEDRNE B KARTE M ot R A TC B sl 2P EAR
RAERES, TR TR 2 AR ST SR R 4R, 1K
PR BT 55 i) 5, Rt 0T H A
g R NIRRT S Rk, OH
RARENE T AR a5 B 4P AR s N IR S IR R AL 55 P
2% [V ST 5 2 B 4 v () S AR A3 07 R IR o 42
WFREEALL 52—, TEAR AR it , B
AHEAAE RN A B — LN G Y FE )
RIFRIRTEE LS/ T, ReVE 5 AR AR5 51 %
I AZ RSNV REM ), RERIECE . IS e Ty hg
DA R B s A FH (%) 240 it PR~ N A 4 PR -2 A i o 4
TR A R B PR AR R X4

4 5B

23 [V S B 4P A AR A 57 2 [ A RS, R Bt
JLOR DA AR 5 4 A ) B B, SR AR IR AL S
25 [ S PRI 0 I AR A5 I 2 [R) 4 S5 Bl P BoR
TG — RSN A R S R, A SO R A IRR AT 55
Hh s B 7 T I PR S X SRR T R GE AT,
KNEE T4 e AR oS B R A0 Ak R ) S R 2 5 4
ARIADEL: (1) i B 56 75 5P A e A G 2 R oo e e 2
PAAFREBIT I EARIITE; ) MHFER BRI TfE 1
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A SEAE RSB S AR B P S U AEOR TS, (4) BBzsla] RERIRTOR L BN IR RRAL S5 s (B AR G B4 7
TR SRR, (5) RAURRIERIBUOSARGTB5R i E A AR
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Unlike the low-Earth orbit (LEO) project, space radiation, mainly coming from galactic cosmic radiation (GCR) and solar
particle event (SPE), has been generally considered to be one of the most important health risk factors for astronauts in
manned deep space exploration missions. In fact, space radiation environment in deep space is substantially different from
that in low Earth orbit, in which high-energy protons and heavy nuclei provide the main contribution to the equivalent dose
and health risk. Both the total equivalent dose and health risk in deep space are significantly higher than those in LEO
missions, which may exceed the permissible radiation exposure limits in the career of astronauts. And, health risks from
space radiation exposure remain a primary concern for manned deep space explorations. Space radiation protection is an
important strategy to reduce astronauts’ risks of damage and disease induced by space radiation and ensure their health and
safety in manned deep space exploration missions. Therefore, space radiation protection is considered to be an important
technical problem to be solved in the further manned spaceflight project. However, the complexity and particularity of
space radiation environment in manned deep space exploration missions make space radiation protection extremely
difficult. Based on the analysis of space radiation environment characteristics in manned deep space exploration missions,
this review systematically summarizes and analyzes the current research progresses of space radiation protection, including
physical protection and biomedical protection. In general, the physical protection refers to the passive shielding and acitve
shielding. The passive shielding of materials with different thickness is the simplest and feasible physical countermeasure
to deal with deep space radiation, especially in the case of SPE occurrences. The passive shielding technologies were raised
and reviewed from four aspects, including radiation shielding performance indexes and their applications in new material
selections, manned spacecraft radiation shielding, personal radiation shielding, and astral surface soil radiation shielding.
However, the passive shielding is problematic for GCR due to the penetration of primary high-energy particles, the
production of secondary radiation and the mass constraints of manned spacecraft. While, active shielding, involving the
generation of electromagnetic fields to deflect space radiation, is a promising and interesting technical improvement to
overcome challenging technical hindrance to prevent GCR. But different kinds of active shielding technologies, such as
electrostatic shielding, plasma shielding, confined and unconfined magnetic field shielding, have not been applicable in
practical cases. Moreover, a series of radioprotectors and radiomitigators in the biomedical protection, including (1)
antioxidants, (2) inhibitors of various pathways, (3) cytokines, chemokines, growth factors and hormones, (4) protein
molecules, (5) cellular therapeutic agents, and (6) plant derived products, were also summarized and reviewed. Most
radioprotectors and radiomitigators are currently being researched and developed under early preclinical phase, and have
not been approved by the food and drug administrations. At the same time, the deficiency of some present radioprotectors
and radiomitigators, such as the unclear biomedical mechanisms and unavoidable side-effects, limited the popularity in
actual applications. In a word, the review points out that the current space radiation protection technologies still face a
series of problems and challenges, and puts forward the key technologies and countermeasures of the current space
radiation protection. The summary and analysis of the critical challenges and key countermeasures of space radiation
protection are of great significance for the follow-up researches and provide a theoretical basis and a solution for the
implementation of manned deep space exploration mission.

manned deep space exploration, space radiation, physical shielding, biomedical protection
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