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Abstract: To study whether the Mo/Si multilayer mirror of lunar—based extreme ultraviolet ( EUV) camera can
work stably for a long time in the lunar radiation environment, the radiation stability of 30. 4 nm Mo/Si multilayer was
analyzed from the aspects of theoretical simulation, optical performance and morphology. Monte—Carlo technique was
used to emulate the damage distribution in Mo/Si multilayer after proton irradiation with different energy in lunar sur-
face, and the results show that the higher the proton energy is, the greater the damage in the deep layer of the film is.
The Mo/Si multilayer film was irradiated by 50 KeV protons. After irradiation, the periodic thickness of Mo/Si multi-
layer film decreased, the interface roughness increased, the reflectivity at 30. 4 nm decreased by 2. 8% , and the cen-
tral wavelength shifted by 0. 2 nm to short wavelength. TEM shows that the Mo/Si multilayer film is partially ablated
and infiltrated after irradiation, and the periodic structure is destroyed. The prepared Mo/Si multilayer mirror can still
work normally after irradiation although the optical performance is degraded, which indicates that it has excellent irra-
diation stability.

Key words: Mo/Si multilayer film; proton irradiation ; reflectivity; plasma layer

Yr#s B 1 :2021-09-21 .
EEWA . E &K E s &R H (No. 2017YFC0821000) (1L T4 H A | % I [=]
FFAIE S H F T H (No20180540048 ) | i e iy 45 A BRI L 55 2

o [ JF) S5 5224 2 350 H ( No. D2017020) 3T 48 HE RIS R 55 25 % HBRAE B 1A 2 I M BR G 2 P B 32T s BR 1) X
RO R ESTRRBRESI L KA

TRy L] -), 5 B SYRVT ST 5 18] R I 62 ; TN N, o e e L
BB A E-mail: lypeiomp@ 126. com E’Ji&fﬁiﬁﬁfj} : ﬁﬁ*ﬁﬂXTE?zlﬁ%lﬂ J&jﬁ i § ﬁ@izc
EISVEE UL (1964 ), B B W50 )i APt R, E- £ S RES I IE S TAEE B K, b as
mail; :352816211@ gq. com [B) RGBSR NI A ih A I A BRI | 5B 4

http :. //www. laserjournal. cn



A28 4 H R S AMEPL Mo/Si 222 M5 i St ) 4 ) Joi - IR R 2 25

WS ARG S AISERE , BH22 A8 T SRS (ex-
treme ultraviolet, EUV ) £ f*) 7 15 %) b R 45 5 FIR)Z
A%, HEEA TR R =5 T2 NIER A Bk,
&R T P E Bl B K BFECHLT RS B EUV FHAL, 78
A SE s T E PR OO BR A B AR R AR ) —
WHERG . EUV AL T /R 32 2008 45 59 A 1 23 4]
PREERZ R i s i (R AR TR R
Y Zs IR, i Fk A T AR T A AT 2
TR BT T o BT X R A% s i B K, EUV AL
H Mo/Si £ 2R S R AL I O G2 a0, i F
R 00N, 2 5 | B ' 2 R B P ' 2 12 e R A L
RERYIE AL, B AL ™ E 2 i EUV ML 2540
PRI A58 Mo/Si 22 )22 15 B 35 5 %o v i BT - 4 R A AR
FEMET A,

X} 28 (R IR EE RIS (M) R Ay e A 4 B O 6 AT
TR, AL S BE y vE S B AR
A THRET C AT I A i R A ST 2 R 2R 3k
i 1) 25 [) P58 1 46 = B SR FH s T A 401 3K 56 R 5 (B A5
W AT 5T Pelizzo 8 N il T HA
Ir/Mo F1 Ru/Mo {447 )2 1) 30. 4 nm Mo/Si Z )2, If:
FI 1 KeV BRAERR T4 18 Mo/Si Z)2 1, Hhub il KAk
R KT S% , F 0K &R Z M 0.6 nm,
Nardello 25 A2 R ] 4KeV BUKAE o B0 7 X886 T
Ir/Mo Ir/Si {321 Mo/Si £ 2 k4758 IR | 7EATH]
= FH 5%-10% B F [, Delmotte 2 A Btk T
MEL BF5E T 1KeV IR+ X Al/Mo/SiC 1 Al/Mo/
B,C ZZIHRiRE R e v | 285 M 45 IR
[ 5% (0 Al SER 585 22 22 15 0 e il As e IR T Mo/
Si ZJZ MR, PR i A S B i, FH 25 T SR A%,
RAGIHT Mo/Si Z 2250 W85 TR RE T By LA i
8 N R B H B X} R R P TR SR AT T
5% . Kuznetsov 25 A T8 5 %t Mo/Si 22 J2 535 5
BEEME AT , Mo/Si 2 J2 IR 2= M BE 17 1R 1h 15 PR 4 AR
JG Mo/Si ZZETEF A2 URZES 2
Z BT, TR KEER R A BE S 45 T %t
Mo/ Si 22 J2 B i+ BEUS B SOWL Bk B 1647 T RS, 4
HETE BB Mo/Si 22 J2 B30 )2 R 465 F6 H1 ih AN T By 28 4 2
T O G2A T RE R REAYBRA

RIS A T T R R A, KW IE A
THERAE 1-10 KeV Z[A], {HixX —fE it i il H A
LR ERBIIE , H BRER R TR 25 0 5 PR 5%, FLom B
P TR B R . YA, B A AT S BE
P AR IR BRSO B SR T b ST A
SR F Monte—Carlo 5 A #0115 T H 1a 48 BT
T KBRS R R L AR I Mo/Si 2 )2 S TE
RSN 1 W B O3 A DL R R B TR BE A, JF R 50
KeV ST X Mo/Si 2247 T i BESC 5, % L

SYH T i TR RIS B Mo/Si 2 2O 2
b, SR TEM X 2 2 B4R U (035 O35 oLt
THOMARAE . ARIRAL300 07 LR 53 30 20, A% SCF
#1930, 4 nm Mo/Si 23 B AT58 FUAT R Pa b A
I3, AR A e TARIRER R I

2 PR SR

2.1 HEmEIE

B 1 EUV MHL30. 4 nm Mo/Si Z )2 5185

0.20 theoretical
experimental

0.15

0.10

Reflectivity

0.05

0.00
27 28 29 30 31 32 33 34

wavelength/nm

B2 Mo/Si )2 IHIIE 7 1% 5 927 I 5

K JGP—-600 7 DU e 5 4 B AIL il £ T Mo/
Si ZJAM I P45, XA L& WS REHL 5 AP A
DC LR, G 1 Fros & M T EUV AH AL IE FE 28
30. 4 nm ZZMEETEE, K2 MK S8 B SE R
B2 111 S RS M T S RTINS -
19.5% , 5 B o0 I K R B3 21.9% L ALK
2. 4% , ASSCHE RESZI0 A >R FHAE i 9 33 )5S S G T
F, RIS RMS<0. 8 nm, 5 IEREEIHI44 T2
AR
2.2 EREMRLEFHE

P e ‘
RS BURKEER RS gmne st ronn g

R

WRAFG
. G RS

S 2R AR L 7t

Kb L

Pt

I3 2 [ BREE LR S DR R R R
SR FHIIE 2R U Tl R 25 1) 4 ) BRI 238 6 DL 3

http :. //www. laserjournal. cn



26 A28 4 H R S AMEPL Mo/Si 222 M5 i St ) 4 ) Joi - IR R 2

PEATARIRACEG %A ] DAL R 2SR R PHE
TR AR IAEE SR T S TR BRI VR PRI K
ZRIME RIS SE R K, %A T A% K P
TR AN | L2 5 AP G ZR R AR AL 2 [B) HE BR A BT, I
BCAS IR IR 22 40 AR R B A AT O, L RS
A TR RE VR LA 30-160 KeV

FESh I 254 B S, DL Rt se il ik 4, R
Rigaku D/Max 2500 KIFELHE X AT HHO 2 2
JEJE H AR SE AT I, SR B AT M 55 A0 I A
BT R HIN 12 S Fe it i o 22 o e
ASFE LR, R AT 508, R A
[R5 BT 8 S PR A e B it AFE i, & 2 2 I A
BERE S BRI R A, OO S A  R
JEM-2100F %! TEM H 8% fl NEW VIEW 6000 STP 7!
LIty e

3 SR Ko

3.1 EREMHE

T RERR SR 5 9 5 0 AR B AE R a0 R A
(IS EIP NS AR OE LB SN =8 a1 b O & L& Al
MR ICE A S5 % F %, Monte—Carlo( M-C)
AT R RE f: 09 5 S ) R R A B iz 0o AR A T
BB AT, Jhy 2 1] 2 B L X ' 2% Ve 1) 4 B 43
MBI 475 % . SRIM 3R M-C 48 A K
el AR AT AT — AR A H BR AR
Je , WU A B AL R 4R 3] 430 A 40 2 i 2 1k o 3
ZE A RE B o B bR b REE S B S8 iR
Goitf R B, B A SR R 0 £ B AT A B8 RE ARG
B, ARSCR A SRIM 1445 30. 4 nm Mo/Si £ )2 it
TTERRE I %48 10 keV .50 keV 100 keV AU [RIGE &
JoT X% 22 )2 B A 7 s R 0 L 3B T 99 999 AN
TR B E A S EOLER 1,

# 1 SRIM REEMNRFEREZESH

JAILR J2ER JREE(A) J PILRE(eV)

Mo 25 40 42 35
i 26 125 14 2
(a) BJZ BT o A

http :. //www. laserjournal. cn

(b)) BEJZ P51 ke B oA

()50 keV ;=4 Bk BE A

(d)50 keV F=AE BB 43 A

(e)100 keV J= & Bk B 437



A2 4 H R S AMEPL Mo/ Si 222 M5 i St ) 4 ) Joi - IR R 2 27

(£)100 keV 7= B IR 73 A
E 4 KREfERR T4 E Mo/Si 22 SRIM 7 EL45 53R

Kla(a).(c).(e) A 10 keV .50 keV . 100
keV 4818 Mo/Si 22 )2 B 5, J5T —F 7 Ve 65 PR 3400 190 vk B2
i 3D /R K 4(b) L (d) () SR 5 Z XN 2 2R
IERBE A3 A, T 4 H R AR PR R B Z TR BE , DA AR A S
TR INAE B4 A G 2 2 IS 1 5 76 T P S 1)
WA, ATLAE R, e B 10 keV B, BT F %
1= EEAERE N AP 2, 1 45 05t B AR R 2 ER )
Bl 5T RE RGN 2 50 keV, B AE 1G58, T 1Y
e A3 A B AE T AE Mo/Si 22 J2 I 58 3 B2 5 19 19 1%
2 TS RER G INE] 100 keV , 2 fE T T JEA B 2 i A
W, B UURRTE IR Z N ERAR D, RER A DA S RIS
Xof R A B0 405 B i A /N T DA AT AR B S5 98 . BE R
8 A P JOT - OO R TR 2 B BN Y
Jo R R 2 2 Bl O R R h R R 2, (1R
FEERZ, K 4(b)  (d) ( (F) Bz, X EEAH 2R RS Mo
JEH St JZ AT U SR AR Mo J2 B BP0 B T
FHARIY Si 2, Ui Si bk Mo BHAE BT FHIBE /1B 9], SC
k[ 18 ] X% BT F7E Mo A1 Si AR rp Y BH IR AR S EAT T
oY, & PRE BT RERL B3 N, Si 5 Mo ABH 1E A4
SeBEIE I, (A Si AR T Y BH LR AR 40 4R 2K F Mo
MR I 58 4518 5 8 S0 ELA5 SR A ]

15 BAE R B IR .10 KeV fRAE T FXF Mo/Si 22 I
R TRZ, E 4(a) . (b);50 KeV HRER F
X Mo/Si 2 2B FER 2, i 4 (¢) . (d)
MRS 2 2 R BEF 5T R, 1-10 KeV HI{KEE
TXF Mo/Si JZ2 AR BRI gT e 7ot B
FELE IR A Mo/Si 2 )2 O 2E PR RE 1R 1 34 X 4 IR 5
Mo/Si 22 2R T0Z 5053 B 4 A1y 12, X — 25 AR
XAFEGREEY G, MK 4(a) (b)) FiR, R0
BHZER 50 KeV = e 7% Mo/Si J2 BEAHOWLE5 A4 (1) 461
PigErh T 3 IR 2, (HXT 50 KeV B & g 148 IR
Mo/Si 22 )2 S (R A 58 WG SR e /b B it A SCaE B 50
KeV iX—BEE X Mo/Si £ 2 BEHE1T T = 68 i 74 IR
SIS, LA TR B0 T4 BB A T T
3.2 ERETEXFMHETH

Mo/Si £ J2 A S 7RG TR 25 Rl IR AL R 452

T TR AT TR IR, S ECTLO K 30.4 nm
B Mo/Si ZJZ RN, BTFHEHRE A 50 keV, Fl i
6x10" em™ 4% TR L2355 BLAS B 5% 107 Pa, FEfhiiE
B 22 °C,

H

10 000 before radiation
after radiation

1 000

100

Intensity/a.u.

10

1
1 2 3 4 5

2 0 /degree

K5 $RIBHG Mo/Si Z)2 I SAXRD ik

K5} 50 keV $EIEHTIG Mo/Si Z2)2 M58 XS4k /1
FHEERTHY (Small Angle X -ray Diffraction, SAXRD)
2% 0] LU B4 BB T Mo/Si 222 IR i 1 /)N £71 17 S 0
RIRZ SR B AT A X UL Mo/Si £
JEER R R FE AR, W i i . 48 50 keV H
MaJE, E S HhiE a2 TR . Mo/Si 2 )2 R 9k
INFRATT ST O DN 9 AT S 0 ik 2D 21 6 A S
T 5T UG P 5 A A [R) R B8 1980 A 5 3 S W 1) S 5 1) R
P A% s, ERASE UL Mo/Si 2 2 Y
TOLEE#4) R B R AR T 3R AR M, B’ 5 s ek
FATT ST A R B | W B AT S A T a5
JIr B, 3 1 B REE 2 ) St T AR B 38 2 R R
J IR ZE A IR | 3K 23 SR T R, AR/
TS0 S N T R AL 22 J2 I 1) S B 5 A g o, s /D 7
R RAE 2 1 JRL S 2540 7 B 3R, DA i 8 Bl i
W 22 2 RS AT S50 SO0 P il / ), A T ol 22 )23 R e D
K] 7 1m) B8 3l S S 38 1Y S B ) 4 s B IE 1
SAXRD A ZE R

0.16
(30.4 nm,14.3%) before radiation

0.1 after radiation
0.12 (30.4nm,11.5%)

0.10

0.08

0.06

eflectivity

R
=3
(=)
E

0.02
0.00
27 28 29 30 31 32 33

wavelength/nm
Bl 6 Mo/Si 2 )2 MELAm R i J B St 4 i 2

2 Mosi SEEHRERIGELEFSH
(FIE:6x10"cm™ ,BEE:50 keV)

Radiation R(%) Ao(nm) FWHM (nm)
Before 14.3 30. 4 1.4
After 12.4 30.2 1.0

http :. //www. laserjournal. cn



28 A28 4 H R S AMEPL Mo/Si 222 M5 i St ) 4 ) Joi - IR R 2

& 6 K 50 keV & IR T Mo/Si 22 B R 5%,
K2 AZZBFERBATE LS8, AT W Mo/Si £ )2
R K ST T 1.9% ,30. 4 nm &b SR T
F% 2. 8% , PO m % 7 01 8 8 0.2 nm, 2 5 9
/0 0.4 nm, X EUV AHHLBE R, 30. 4 nm 1%
WA PR TR 2.8% J5 M 11.5% . W R AMHL
G R B ER 30. 4 nm A SUEF R KT 10% ,50 KeV
FEAE Y RO R R B 11, 5% AT i 2 AR R U B
STl 28 R A BRI P AR BRAE 1. A T REMETR A
Gy BT 22 R R AR A SR R T R B R 2
JERESE R AR AL, AR SCHT I S A AR i BB S Mo/Si 2
ERE T T RUR
3.3 IEREIERAEHREL

& 7(a) . (b) J4EBEET Mo/Si 22 )2 I # {4 F1 Jmy 341
BEHTHREEEE, RE 7 (a) TLUE R, SRR R 2 2
JEEFUTETSF-38 DT SR 2 A T T, 150 B TR % I
A, ENUE T SAXRD B9S2t 50 keV
WIS, 7(b) HEE X TR W2 Mo/Si £)2
B %) J AP 285 4 ™ T IR | 22 J2 M A 1T S P T
JEARGE G A B S S i JR S DX e e G L A A
Z IR R S5 R % | 3 JE) ST 285 4 P o828 25 3 S
ST WSS, BSBUCH R TRENERZ —, 5
A BT (b) 7R 50 keV i BEITF 18 BT 22 )2 B 13
FEAENERIZ N 7, RIZ I Z MR N, X5 3.1
77 Monte—Carlo 15 IRAUZE RV &

B 7(c) . (d) NEEBRRTG Mo/Si 222 IR i 5F
LB PEIMG, v T AT D 22 2 2 i U T 2 1) X 3 AR 75
BB, B WO™ 5, 22 2 5 1A 45 44 1 2338, Mo
25 Si 2R AR L B, R T ASW
JOT - TE 22 J2 T PN 0 7™ A T 1 25 A7 TR AT s 45 405 g e
b, & PR 1S R Mo J2 5 Si J2 18] & A P 5 i 9 8, A
E 2 &AW RA Mo 5 Si [8] 12 1 J2 5 B R K h
fine SCHERT 1513 T 100 keV 1 AE ST 148 I8 £ )2 i
Je it R AR AL, S5 R R AR RIS Mo—on-Si ¥ B2
JEREEHETIN 70% , Si—on—Mo 4 HUZ N 200% , X FE
R4 A A T e A ™ EE O, R R EUR R T R
FEJEHE, B S(d) s TEM EE, EG ]
T AE TR T4 A — 28 Mo J2 & A IX I 22 | b 1 T
TR, SO R IRAE Si 2R T R
25N B, Mo JF 38 4 25 57 8 LAt 45 44 e B Ay [ A2
RARELY B, PRI AE Mo J2 7= R B REEM S
A, F TS E (Root Mean Square , RMS) 2845 1 5
FERIREER N, B 8 g Mo/Si £ )2 54N 6%
10" em™ , BEE M 50 keV (Y548 JEAT /S RMS 221k,
RMS f1 0. 807 nm ¥ ZE 1. 904 nm,

100 nm

(a) i EHITRE AR P15

100 nm

(b) 5 W T R 4

10 nm

(o) i MR B 1k 155

10 nm

(d) 8 85 R 4
K7 $RIBETS Mo/Si £ )2 A0 5 5] i s [R5

(a) R MR AIDHLRE 2

http :. //www. laserjournal. cn



M, 5 HERCE SMEAL Mo/ Si 22 J2 1B B S 45 ) 2 [1) o RS 1 29

(a) 58 MR MRS i
B8 Mo/Si ZRBEAHKIHH 6x10%em™ , HEtt K 50 keV 15
T8 BET R RS

4 g

il & T B AR E YU B AE 7119 30. 4nm Mo/Si £
JERR R, NBRIS AL S RE I | fOU 45 4 2%
fiE=Jy 1 % HP e BMEE AT TIR ARG, R
Monte— Carlo 77 LB 11 5 T 10 KeV .50 KeV . 100
KeV i THEIE Mo/Si 22 )2 I J5 T 78 T 5 PN 110 v 32
O3 B HL A I B VA B A AT, A5 T RE B ROR
NP AR 2 B 0B R I 2538, 7625 [ PR B AR 48l 2R
Girp X Mo/Si ZJZ2BEHEAT T 50 KeV &5 BE T4 IR
SRS, RIS Mo/Si 222 SAXRD 17 4 04 58 J3E
A RRIREEE 19T B, = Gk AT S T 2%, O LG A
KA E DT MR, Ud B 22 )2 IS5 A A B IR, JF H
JEHEEFEREAG . ROt i 7, Mo/Si 22 % 30. 4
nm Ab ST 2. 8% |, H UK 1) 6 U 1) i RS
0. 2nm, 4 FE98/0 0. 4nm, R TEM 558 B SO0 i
Il 5 2 )2 BEORZSAHEA T T 4387, S0Ke V 4 HE S 3 1
WRIZr= 1 T R h 4544 , I H Mo-Si At A& 2B
R, S TR RS B2 5 % TRE RS 52 38 0 3K S f 0 245 44 11
AR Ak 3 i 30. 4nmMo/Si 22 J2 5 S 5 B R BE & A2 E
Ry B2 4 B AL S 00 SR B, 45
30. 4nm 22 )2 B8 B e H T R BB EREE T Ok RE L
WRaE , BT BR YR B AE J1 . SCRRUERH , AR SCE AT
F14) 3t T FERRLAEL 3 08 R B 0 B WA B S % i
A, 4707, H AR SN B R =5 & b a8 L5 a]
IEH TAER 2R 2 —

2% ik

[1] Zhang X X, He F, Chen B, et al. Correlations between
plasmapause evolutions and auroral signatures during sub-
storms observed by Chang’ e—~3 EUV Camera[J], Earth
and Planetary Physics, 2017, 1(1); 35-43.

[2] TuY, Shao Q, Yue H, et al. A review of the space envi-
ronment effects on spacecraft in different orbits[ J], IEEE
Access, 2019, 7. 93473-93488.

[3] Garoli D, Marcos L, Larruquert J I, et al. Mirrors for
Space Telescopes: Degradation Issues [ J]. Applied Sci-

(4]

(5]

(7]

[9]

[10]

[11]

[12]

[13]

[15]

[16]

ences, 2020, 10.7538.

Darafsheh A, Zhao T Y, Khan R . Spectroscopic analysis
of irradiated radiochromic EBT—XD films in proton and pho-
ton beams[ J]. Physics in Medicine & Biology, 2020, 65
(20) :205002.

Ning R, Yang Z P, Gao Z Y, et al. Proton irradiation in-
duced phase transformation in Ni—Mn-Ga thin films[ J].
Materials Science and Engineering B, 2021, 266 (2) .
115078.

Ullah A, Usman M, Wang Q Y, et al. Response of struc-
tural and optical properties against proton irradiation in
AIN:Tm thin films[ J]. Radiation Physics and Chemistry,
2021,180:109234.

Gruginskie N, Cappelluti F, Eerden M V, et al. Proton ir-
radiation induced GaAs solar cell performance degradation
simulations using a physics—based model[ J].

Materials and Solar Cells, 2021, 223.110971.
Ophoven N, Mauerhofer E, Li J J, et al. Monte Carlo sim-

ulation of proton— and neutron—induced radiation damage in

Solar Energy

a tantalum target irradiated by 70 MeV protons[ J]. Applied
Physics A, 2021, 127 576.

Moradi F, Rezaee K, Sani S, et al. Metallic nanoparticle
radiosensitization: The role of Monte Carlo simulations to-
wards progress [ J .
2020, 180.

Garoli D, Marcos L, Larruquert J I, et al. Mirrors for

Radiation Physics and Chemistry,

Space Telescopes: Degradation Issues [ J]. Applied Sci-
ences, 2020, 10.7538.

Pelizzo M G, Corso A J, Santi G, et al. Dependence of the
damage in optical metal/dielectric coatings on the energy of
ions in irradiation experiments for space qualification[]J].
Scientific Reports, 2021, 11.:3429.

Nardello M, Zuppella P, Polito V, et al. Stability of EUV
multilayer coatings to low energy alpha particles bombard-
ment[ J]. Optics Express, 2013, 21(23) ;:28334-28343.
F Delmotte, Meltchakov E, Rossi S D, et al. Development
of multilayer coatings for solar orbiter EUV imaging tele-
scopes| J]. Proceedings of SPIE — The International Society
for Optical Engineering, 2013, 8862A.

Kuznetsov A S, Gleeson M A, Bijkerk F . Hydrogen-in-
duced blistering of Mo/Si multilayers: Uptake and distribu-
tion[ J]. Thin Solid Films, 2013, 545.571-579.

SYILICEER T S (S NP A e S A NS S R U
BHYRORES I APERE[ D] T3 TR, 2014,

Kara A, Yilmaz A, Yigit M . Monte Carlo Simulations of
Chromium Target Under Proton Irradiation of 17.9, 22.3
MeV[ J]. Nuclear Engineering and Technology, 2021,53
(10) :3158-3163.

R, B E B Mo/Si Z RS Ge L E HEWFIT
[D]. dbxt:hEREBERY:, 2015.

XUGZ, RS, BRI, UM, E505T, Wk, BReL. A Bk
RIMIFEZIR Mo/Si 2 2 O F R PERI M [ T]. ey
#2,2012,32(09) :310-315.

http :. //www. laserjournal. cn



