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Abstract: The reflector is an important optical element in free-electron laser beamlines. Deformation error
caused by gravity can seriously affect the image quality of a beamline. To reduce deformation error, a grav-
ity compensation scheme based on the Bessel point theory is proposed and a stress-free clamping device is
designed. Taking a 440 mm X 50 mm x 50 mm mirror as an example, the analysis results indicate that the de-
formation error in the bottom surface of a mirror clamped with the traditional support method is 1.647 prad.

Adopting the newly designed device proposed in this paper, the results of a finite element analysis showed
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that the deformation error reduced to 0.085 7 urad, which is better than the engineering index of 0.1 prad. To

prevent the mirror from moving when switching modes, a small clamping force of no more than 2 N can be

added to the mirror, at which point the surface error of the mirror becomes 0.093 9 prad. Additionally, a dy-

namic analysis of the device is also carried out, which indicates that the device mutes the low natural fre-

quency, which means that resonance will not occur during operation. Therefore, this scheme satisfies our re-

quirements for the beamline.

Key words: deformation error; stress-free clamping; finite element analysis; gravity compensation; free-elec-

tron laser beamline
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Fig. 1 Beam dimensions and top surface deflection notation
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Tab.1 The main parameters of mirror

Substrate material Single-crystalline Si

Coating B,C
Mirror dimension/mm 440x50x50
Footprint on mirror/mm 380x10
Useful area/mm 400x30
Incidence angle/(°) 1.5
Mirror radius o0/>30 km
Slope error/urad 0.1
Roughness/nm 0.3
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Fig.2 Deformations in the bottom surface of mirror calcu-

lated by beam bending theory and plane stress theory
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Fig. 3 3D model of mirror supported by four points
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Fig.4 Vertical deformation of bottom surface when the

space of the support along meridian is 240~250 mm
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Fig. 5 Slope error RMS curve when the space of the sup-

port along meridian is 240 ~ 250 mm
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Fig. 6 Line segment along the sagittal direction at the sup-
port point of the mirror
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Fig. 8 Vertical deformation nephogram in bottom surface

of mirror with four-point supporting

B 10 SsBe T 2RI S s iy ok O o] R AL
Fig. 10 Vertical deformation at support point in bottom

surface of mirror along sagittal

—0.045 1

—0.0452

—0.0453

Deformation/um

18 20 22 24 26 28 30 32
Position/mm

BT SOPBOERE DI S AL IR Ty 1] (A%

Fig. 11 Vertical deformation at support points of the foot-

print area in the mirror along sagittal

32 RRARFRBERIRT
SR BETONE 11 Je 4526 BRI A NP 12 Fw,
BB A Tl g S PR R, B OO A% i
B4 BRK SO (3 AN E S L, — ST
L), SR SHE AR P ol AR A R iy Sk 1
FIREATIRAT o SO AR [R] — K1, LA D/
BEifi A7 o DU P LR A T A Bl e fy, IE
T PR 45 R S PRSI, BR Sk RAT 181 7 1 3t



792 HEDE

P13 %

FR L, JfF I R/IN ARG S B LA T IR R,
P13 7R, T e 4k a3 -5 5 1 P42 fk (PR-A7 0
JeA Sy sl 1), B 1 SO B e A Bl el e
2y, [/ NI X SRR R0, IR BN ) e
R H Y

|
Lo | o
EH_/ 1 /"j@
g [
S s i:@
e I 1<

12 BTN 1 Jeti e Eon K
Fig. 12 Schematic diagram of stress-free clamping equip-

ment
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Fig. 13 3D model of stress-free clamping equipment
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Fig. 14 Deformation nephogram of stress-free clamping
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Fig. 17 Mode nephograms of the first six natural frequencies

15.572 0 21.5780
H 13.8420 H 19.1810
12.1120 16.783 0
10.382 0 14.386
8.6513 11.988
6.9210 9.590 4
5.190 8 7.1928
3.4605 4,795 2
1.7303 23976
0 0
K17 His
4 4 #

KW R G IVER T &7 AR K T
TR 2, SR BUSR FT& . 2T Bessel A
FEET T RO BION I 1R, LIRS 440 mmx
50 mmx50 mm I 555 R ], i =4k CAD %k
PR ST %R B e R ) = SRR, IS AH
FRITA MR ANSYS BEA T J1 24 sl J1 24405 1
G3HT e D ELAE R R, A SCHR H i TT R ) e
Fede B Ja, OB T 3R 77 1) A TRDE 1% 2%
165 %P 72 F 1) 1.647 prad /N ZE 0.085 7 prad,

SR D CBEITAE X N T iR 254 0.016 7 prad,
P THEHRLL TSR 0.1 prad., NP7 1SS
AR Y 4 B e A 8 By, % S S RIS o i
RIS SN 2N, Wi, ST IR 2 K
0.093 9 prad. ffi 1] ANSYS #0225 & 317 17
BT, 15 B2 B HT 6 B 1A 458 43 31N
582.34,855.06,1114,1127.4,1293.6 11340.8 Hz
TRV T S G T B A AR R A %R, A
IR TR AR S = A R . RSB Te N
SR B ] A AR B I R 1) D R
22, FFT R T H RO ERE .



794

A %13 %

S 3K

(1]

R, AR XPER A B FHOGI]. 422, 2018, 47(8): 481-490.
ZHAO ZH T, FENG CH. X-ray free electron lasers [J]. Physics, 2018, 47(8): 481-490. (in Chinese)

[2]  ASSOUFID L, HIGNETTE O, HOWELLS M, et al.. Future metrology needs for synchrotron radiation grazing-
incidence optics[J]. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2001, 467-468: 267-270.

(3] ams, SR, & .& 5. [Al 040 S A fii e e 25 BE T I 1R 22 /0 S5 b [0 S 32 4% 28 142, 2011, 19(11): 2644-
2650.

LU Q P, GAO S S, PENG ZH Q. Analysis and compensation of slope error for synchrotron radiation horizontal
deflected mirror[J]. Optics and Precision Engineering, 2011, 19(11): 2644-2650. (in Chinese)

(4] FhaaR, Wik, L7 4R, 5. RS BEARSE A BT 2 )OR TR BT 0], B3R, 2011, 34(4): 246-250.

SUNF Q,FU Y, ZHU W Q, et al.. A study on multi-point gravity compensation of mirror bending system[J]. Nuclear
Techniques, 2011, 34(4): 246-250. (in Chinese)

(5]  MORI Y, YAMAMURA K, SANO Y. The study of fabrication of the x-ray mirror by numerically controlled plasma
chemical vaporization machining: development of the machine for the x-ray mirror fabrication[J]. Review of Scientific
Instruments, 2000, 71(12): 4620.

[6] SENBA Y, KISHIMOTO H, MIURA T, ef al.. Upgrade of surface profiler for x-ray mirror at SPring-8[J]. Proceedings
of SPIE, SPIE, 2014, 9206: 920604.

(7] #AEA AES, 7 F. FPRNIESEE Mk U], 2308 5 4T &, 2018, 30(8): 085102.

HUANG ZH CH, CHENG J G, LI F, et al.. Gravity compensation for bent mirror of synchrotron radiation[J]. High
Power Laser and Particle Beams, 2018, 30(8): 085102. (in Chinese)

(8]  FR#f, TARAE, Fif. ARFHENELT M IR HHERF M, 2004: 64-65.

LI Q X, WANG D SH, L1 Y H. Design of Modern Precision Instruments[M]. Beijing: Tsinghua University Press, 2004:
64-65. (in Chinese)

[9] REED R R. A glass beam reference surface for quality control measurements[J]. International Journal of Mechanical
Sciences, 1966, 8(11): 703-715.

[10] ZRWAdk, BRAE, 2 B Ms, 5. HUIFRTEA CO2H0 s EHLATHAAL T [J]. A8 54R, 2013, 34(3): 388-393.

SHAO M ZH, SHAO CH L, LU Q P, ef al.. Design on mainframe of high power TEA CO2 laser and optimization[J].
Chinese Journal of Luminescence, 2013, 34(3): 388-393. (in Chinese)

[11] E2H RIRfHRX T2 AXHRG7 (D] G0 hERZFEBEARKE, 2016.

CHENG X CH. Research on the beamline engineering technologies for the synchrotron radiation[D]. Hefei: University
of Science and Technology of China, 2016. (in Chinese)

[12] %, #3F, i, 5. ©2020 mm A2 [HZLAMANL I RN BT [T]. &k 5 4R, 2018, 39(8): 1170-1176.

ZHAI Y, MEI G, JIANG F, et al.. 2020 mm aperture space infrared camera main reflector design[J]. Chinese Journal
of Luminescence, 2018, 39(8): 1170-1176. (in Chinese)

[13] NISSE G J P. Linear motion systems: a modular approach for improved straightness performance[D]. Delft: Delft
University of Technology, 2001: 39-40.

fEEREN

BAIRAT (1994—), 55, Tl R 45 M0 A, B0 FRME (1964—), 5, BIRITF FFIA /R
LRI A, 2017 4 T o [ I VE R 2R N WFFE DL, WA U, 1987 4R T
1552, BN ERL 22 BE K 2= A LRG0, 1990 4F F i [
T wEsE A, R S AR GO R AR BB R BN F R IS YR
FHEF AR FSE . E-mail: z.chenhang@ JITRAG A+ 0, F BT
qq.com Ko [) 25 8 5 O o 2 O B HE R I 5%

E-mail: lugp@ciomp.ac.cn



