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Abstract: For the requirements of an embedded focused imaging telescope in eXTP (enhanced X-ray
Timing and Polarization satellite) for W/Si multilayers on a cylindrical mirror, W/Si multilayers were
fabricated at a grazing incident angle of 0. 5 ° and working range of 1—30 keV, and multilayer
fabrication technologies were optimized. Firstly, separator plates and masks were mounted to
collimate the sputtering particles to optimize different background pressures and working gas
pressures in the deposition process and to improve the quality of periodic multilayers. Then, a novel
kind of revolution speed curve was designed for controlling the thickness to make the layer thickness
be uniform at the mirror axes. The separator plates were mounted on the mounting plate on both sides
of the mirror to make the different axis thicknesses be equal. Finally, the depth-graded structure was

designed by using the power law expression, a sample was prepared and measured in Beijing
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Synchrotron Radiation Facility (BSRF) and the measured results are identical with that of design

theory. By optimized multilayer fabrication technologies, a multilayer with a d-spacing of 3. 8 nm,

thickness ratio of tungsten of 0. 47 and the total number of bilayers of 80 was fabricated. The results

show that the interfacial roughness of the multilayer is only 0. 29 nm and the layer thickness variation

on the cylindrical mirror has been controlled less than 3%. The measurement indicates that depth-

graded multilayer can meet the requirements of the embedded focused imaging telescope in eXTP

mission for layer quality, layer thickness uniform and energy spectral response.

Key words: eXTP mission; interfacial roughness; thickness uniform; cylindrical mirror; depth-graded

multilayer
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Fig. 1 Front and side views of mask plate installation

FE A S —s

\

Bl 2 btk i s K
Fig. 2 Sketch of separator plates

41 i

30 o R o] 1% LR K ST A AR B I R T A
SR LR 10 AR B L A R b 0N T SR T AR
NI X8 ok PR S5 ) 5 e, R RS AR v T R T A
EAREZ N 4X10° Pa. RAME S EH
0.4 Pa B, 76112 43 B AR A0 HE FE A 115 5 43 91 1 4
TREWECH 80 JHM A 3.8 nm M W )2 R 5
bR 0.47 19 W/St Z)J2 R, B 3 J2H X 5F 4 i

SHLSE AT 8 keV X 5 2k 450 A 2 5 % (X Ray
Reflectivity , XRR) Wl 2t fth £k , 38 a5 I 4a€ fify £k i) 40
B AT LAAT S fin 26 3 B A A 4 FEE A i S 1 o 2 7
T HLRS B 23 930 R 1,03 nm A 0. 29 nm, Hi UL AT
UL o JI0 2 473 i Al R 48 A %o W S by - R AT L)
W/Si 22 2 I i S T LR B2 75 3] 1 ROk .

— Measured curve
— Fitted curve

AC T2 4 I8 BT O HEL A

Reflection intensity

Il 3 i A A

0 2 4 6
Grazing incident angle/(°)

PR3 e 43 R BRI BB M BT S X5 4 I 5 3 g 0 3 ot
2R KA A il 4R
Fig. 3 GIXR measurement of W/Si multilayers with and

without separator plates
3 AR E T LA

R BT AL ) AR I L 2 R oI A R A R Y
T RS R, U HE O, M HLO B & &, i 9 il
F TSR 5 R A R R A B S 4 5 80 R A T
RAMAS , BB R H 25 BE 48l o 4 X107, 8 X
107°,4X10 " F1 8 X 10" Pa 4 Fl i & . 76 & 0
SRR R 0.4 Pa W50 F, Hil & T R B ECh
80.JE WA 3.8 nm I W BEJZJE B 5 LL 25K 0. 47
) W/Si R Z 2, @i G T 8 keV 1) X
SR AT R F M B s Cn & 4 TR, R B
W/Si JE 4 22 J2 5 1) F- 15 5 v REL i B B AR IS B
25 BE B T e /N s FEAS I 25 B2l 410 ° Pa
BF, W /St JE 22 2 B A 7 35 S TR RS B N, B
5 0.29 nm,

ST S AR AR 118 78 A I R i 5 e 0
KL B3 3 B R, 73 A e R A 98 23 1 i ik
SR DURR B 3L % 2 72 v & A8 il 4 0 LR 3
22 (1l 48 2 1 9 R 1 76 U AR B 6 S L B B0 R Uk



5114

SIS e XTP Wi H W/Si £ )2 2799

AN NS AR BE e A A A S T A S R Y S0 A R
ST RS B A R ek ARk BT 5 R 4 R
0.40,0.53,0. 66 1 0. 80 Pa 4 FhiF & , 76 A IS H
ZJEN 4X107° Pa 54T L il & 5 ECh 80,
JEHAA 3.8 nm, W JIE 2 L R BT L 20
0.47 1) W/Si A Z 20, it 5 7381 8 keV
) XRR B0 Can il 5 BT 7R ) o & B0 ¥4 55 T kL
B JE B 2 D S T AR SR B BN T 8/ L 7E 0. 4 Pa
IF, W /St Ji A 22 22 R B¢ - X S TR RS JEE A B
4 0.29 nm,

Measured curve
— Fitted curve

810 Pa
- - N

; ,L ) -14><IC[*P.;{

8x107 Py

Reflection intensity

‘Lme 10 Pa
1 1 T —

0 1 2 . 4 5
Grazing incident angle/(°)

4 ARREAEE S 5T XS4 R 5 3200 K 84 iih 2

Fig. 4 Reflectivity curves of W/Si multilayer samples

with different pressures

Measured curve
——Fitted curve

3 mTorr

Reflection intensity

= S mTorr

6 mTorr
0 2 4 6
Grazing incident angle/(®)
Bl 5 AFEMES TAESET X 442k 5 45 50k & 104 ith 2k
Fig. 5

Reflectivity curves of W/Si multilayer samples

with different working argon pressures

T8 3 A A i L 2 B O S TR, 15 3
T RS N T A BV IR LA R
4X107° Pa MRS TAERE N 0.4 Pa, TEMLS

P2 W/Si R 2 )2 B, H R ECh 80, JB1Y
H3.8 nm, W EZEE S F LN 0,47, F
Y B RE B8 0. 29 nm,

4 AREAELH e IR

T8 1~30 keV P BE, Sz 5 48 32 5 JE A2 1L 52 i
BRR O T RAIETE SRR T i L o 22
Ve 22 R IR 75 EAT 4075 JE SR A as AT B0k . 45 1
B T2 S8 LIRS B i R 5 2] 1, Al
AR THT A9 R o 2R X T I 2 R T 7Y 32 B Jr =X
1AL 6 7 AT T B JEE T % 40 5 S0 O 1) A TR A
S 0 S R P A D R X ) o R AR AN (] 5 T A T
FLJE 2% 7 SN 2 iR RS A B B AR UL &
7 G BRI BE L _E A s A7 1 2 4 22 5 R R
FLA AR 22

\ -

P B8 AR5 A
PR 6 A il A ol A I 2 DX Al 199 38 B A 15
Fig. 6 Variation of target distance lead by machine

structure

— BEEE]

- L2

7 G AR R B LA 5 s

Fig. 7 Geometric graph of different generatixes on sample

N T IE B IR B A B R B R R 22 S A
FHAEAEAERE i B 1 10 23 B AR A1 1) BA R 2800 o
o A R 3 i 8] 3R A A TR B A () A7 R 1
WA £ B0 A2 A 52 BT THT 55 7 A () B 8 B A ik



2800 b=

I % TR % 25 %

FEE TR IR B ) R 4 5 38 A U R A S AR A A
e S5 DX 3 110 3 85 LA 08 o R 8 A S A G S DX 5 P
(%) Bsf ] um%ﬁ@%ﬁ@%mﬁuﬁﬁé@%ﬂﬁmfﬁ
JE R — RN LA ARG 0 R 5
riizul 8 %ﬂl 9 Fron s 3 T2 Ak o AT T B e
(R B 5 Ve AT LAFERITE 300 LAY,

1.10
7 1.05
o
=2
9
= . s
® all e
g LOOF [ S
8
&
0.951
0.90 i 1 i 1 i 1 " 1 " 1 i
=30 =20 -10 0 10 20 30

Angle/(%)

8 A [l b 2 L i JEE AR XS 0 A 1 0

Fig. 8 Thickness distribution of different generatrices
1.04F
2 1.02F
g
g . L
e ] S e
2
=
& 0.98}
0.96F
i 1 " 1 i L i 1 i 1 " 1 i 1 i
-8 -6 -4 -2 0 2 4 6 8

Position/cm
B9 Rl —Fk 2 b AN [R5 08 AR R B RS 43 A1 1 15

Fig. 9 Thicknesses at different locations on same generatrix

5 FERAHELERGIEITEHE

kT A 2 T BT T BE T e N A
KA R E &I T TAERERE 1~
30 keV FIELA BT M 0. 5709 AE R W/Si £ 2
JEE B JZ 25 an 1] 10 BFR .

R T A SXORE Y A TR A 22 2 B, T AR B
IS R i S AS ) PSS 5 ) R o R B 3 R il
&, HAREARFMHERBEABEREZTHST —F

G W/St A Z R, 225 XRR WK 5004
FEANF ARG HREMET W ZHA S ZE R r;,
HHEGUAE . RGRBT WEMSI RRESA
R BT KR

40
55l Si=2.86-1.47 nm
L W=2.74-0.98 nm
_ 30
% 25 :-I'
2 5l
E k
15 m |
i if' WI ’inM 1[“:|T WH l‘II Illlll”l hl“
10f

i 1 i L " "
0 50 100 15{} 2(](! 250
Layer number

Bl 10 R JREEE O3 A

Fig. 10 Layer thickness distribution of depth graded
multilayer
FIFH LG 15 3 1 AR th £ e £ E R I & o

AN T) 22 B2 B X I 114 72 e i 3R FE R A B D263 18
PeEs Ll T W/SHAESA I Z 20, AL H A
i SRR XS AT S sl I A 4 1) 22 2 R I I
P MR, YEH 6,8,10,12 Fl 15 keV 5 /N fE
S LT Sk B R ER S (RN S IR P AT R
B AR — 5 1 2, 3X A] Bk I A ke
VAR 22 AL FE A I i AR B S P 8 2 7 R B
REAE Y 25 5, B A HE X7 05 IF RS R 1R 2%

1.0

Theoretical reflectivity
® Measured reflectivity

oo
—

o
o
—

Reflectivity
%
L]

1 1 1 1 1
0 > 10 15 20 25 30 35
Incident light energy/keV

B11 R 22 )2 IRt 5 03 S S o3 ity 48
Fig. 11 Calculated and measured reflectivity of depth

graded multilayer



11 SIS e XTP Wi H W/Si £ )2 2801
W/Si JE A 2 )2 B, A RS /N F 0. 3 nm, I
6 & # JE A2 R ANT 3%, R, R T T RS

AR SCH S P AR T 00 T B K T2 S B A

fEARKREZSEE R 4 <10 "Pa. B ME THER
JER 0.4 Pa ST L il & T A ECH 80, & 1A
H3.8nm W EZIEE LML R 0. 47 1Y

SE K
[1] DONGY W. The X-ray timing and polarization sat-

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

ellite-1, 2, 3: uncovering the mysteries of black
holes and extreme physics in the universe [ J].
SPIE, 2014, 9144 914430.

SHENZH X, WANG X Q. WANG K, et al.. De-
velopment of X-ray multilayer telescope optics for
XTP mission [J]. SPIE, 2016, 9905: 990520.
WEIZH B. GE B, JIN X, et al.. Development of
manufacture of mirror glass substrate for X-ray tim-
ing and polarization observatory [J]. SPIE, 2016,
9905: 99057E.

ZHANGW W. Lightweight and high angular reso-
lution X-ray optics for astronomy [J]. SPIE,
2011, 8076: 807602.

JOENSENK D, VOUTOV P, SZENTGYORGYI
A, et al.. Design of grazing-incidence multilayer
supermirrors for hard-X-ray reflectors [J]. Ap-
plied Optics, 1995, 34(34) . 7935-7944.
WINDTD L, BROWN W L, VOLKERT C A, et
al.. Variation in stress with background pressure
in sputtered Mo/Si multilayer films [J]. Journal
of Applied Physics, 1995, 78(4): 2423-2430.
NIIBEM, NII H, SUGIE Y. Stress changes and sta-
bility of sputter-deposited Mo/B, C multilayer films for
extreme ultraviolet mirrors [J]. Japanese Journal of
Applied Physics. 2002, 41(5A) : 3069-3075.
BOUZIANEK, MAMOR M, MEYER F. DC mag-
netron sputtered tungsten: W film properties and e-
lectrical properties of W/Si Schottky diodes []].
Applied Physics A, 2005, 81(1); 209-215.
WINDTD L, CHRISTENSEN F E, CRAIG W W,
Growth,
depth-graded W/Si multilayers for hard X-ray optics
[J1. Jowrnal of Applied Physics, 2000, 88(1):
460-470.

el al.. structure, and performance of

BRI T 1~30 keV BB A S /K
0.5 MR Z 2 M. [ 20 4 G 2 5 23 A X 25
R, SRR B 22 2 B 0 S5 % 5 1 3
WA i U B i 2 X O B R R b Y o
e PERET] AW e X TP 30 H 2% fif i 75 22,

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

BROADWAYD M, KRIESE M D, PLATONOV Y
Y. Controlling thin film thickness distribution in two
dimensions [J]. SPIE, 2001, 4145, 80-87.
SASSOLASB, FLAMINIO R, FRANC J, et al..
Masking technique for coating thickness control on
large and strongly curved aspherical optics [J].
Applied Opticss 2009, 48(19) : 3760-3765.
WINDTD L, CHRISTENSEN F E, CRAIG W W, et
al.. Growth, structure, and performance of depth-gra-
ded W/Si multilayers for hard X-ray optics [J]. Jour-
nal of Applied Physics» 2000, 88(1); 460-470.
MADSENK K, CHRISTENSEN F E, JENSEN C P,
et al.. X-ray study of W/Si multilayers for the HEFT
hard X-ray telescope [J]. SPIE, 2004, 5168: 41-52.
MEZEIF. Novel polarized neutron devices: super-
mirror and spin component amplifier [J]. Commu-
nications on Physics, 1976, 1(3): 81-85.
MEZEIF, DAGLEISH P A. Corrigendum and first
experimental evidence on neutron supermirrors [J].
Communications on Physics, 1977, 2(2) . 41-43.
YAMASHITAK, SERLEMITSOS P J, TUEL-
LER J. et al.. Supermirror hard-X-ray telescope
[1]. Applied Optics, 1998, 37(34): 8067-8073.
XUD CH, HUANG Q SH, WEN M W, et al..
Structure, thermal stability and extreme ultraviolet
performance of Mo/Y multilayers [J]. Thin Solid
Films, 2015, 592 266-270.

HOSOKAWAN, WATANABE T, SAKAYA N,
et al.. Development of beam splitter using multi-
layer membrane for extreme ultraviolet phase-shift
microscopes [[J]. Japanese Jowrnal of Applied
Physics, 2005, 44(7B): 5540-5543.

WINDTD L. Reduction of stress and roughness by
reactive sputtering in W/B, C multilayer films [J].
SPIE, 2007, 6688: 66880R.

FREUNDL B, SURESH S. Thin Film Materials:

Stresss Defect Formations and Surface Ewvolution



2802 e KE® TR % 25 %

[M]. New York: Cambridge University Press, 2003. [22] SALDITTT, LOTT D, METZGER T H, et al..
[21] ZHANGW W, BISKACH M P, BLAKE P N, et Interfacial roughness and related growth mecha-
al.. Next generation astronomical X-ray optics: nisms in sputtered W/Si multilayers [J]. Physical
high angular resolution, light weight, and low Review B: Covering Condensed Matter and Mate-
production cost [J1. SPIE, 2012, 8443 84430S. rials Physics» 1996, 54(8): 5860-5872.
EERE SUmE

Fh L1963 —) . B, FIMEF A A
B A S 1988 4F F Bl B K B
Fe N 2 LA IE 5T T AR AR A 2 A
1996 4F T B} e 16 K 2 ML A
FERTFA 0, FENE WIS
X NS . E-mail: Wangzs
@tongji. edu. cn

FHFEQIST—) . F L FH MM L
WFFTA: 2010 4F T MROR 4 345 2 122
fr, FE RSN 5 8 X Lt #
BRAYIFST . E-mail: qrz1987 @qq. com




