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Abstract In high-power laser applications, it is common to use reflecting mirrors for controlling the beam, such as beam
expansion, redirection and wavefront correction. However, various types of reflecting mirrors in the control system will
absorb some of the light energy, forming a non-uniform temperature field, which cause deformation of the reflecting
mirrors and ultimately affect the quality of the reflected beams. Since the support method and temperature field jointly
determine the deformation of the reflecting mirrors, it is necessary to study the optimal support method for reflecting
mirrors in the design of beam control systems. Based on thermoelastic mechanics, the methods to reduce the thermal
deformation of reflecting mirrors using different mirror support methods are proposed, the temperature field and
deformation of the reflecting mirrors under several common support constraints are quantified and simulated. The total
deformation of the mirror, the relative deformation of the spot area, and the wavefront aberration introduced by the relative
deformation of the spot area are compared. The results show that the support method with a small area constraint on the
back of the reflecting mirror has the smallest relative deformation, and the support method with a rigid constraint on the
back of the reflecting mirror has the largest relative deformation. The relative deformation of the mirror with a rigid
constraint can be effectively reduced by about 98.4%. The experimental and simulation results are very close in terms of
the relative deformation of the mirror in the beam spot area, and the wavefront images are essentially identical. These
results provide theoretical support for the selection and design of mirror support in beam control systems.

Key words laser transmission; thermal deformation of mirror; thermoelasticity model; wavefront analysis
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Table 2 Fitting coefficients of Zernike polynomials with different constraints

2 JUR ST T DRI 22 9P e e Z TS R AL
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Zernike term coefficient 1# 2 3t 4#
1 —115. 6610 —107. 3550 —62.4910 —73.9150
2 0.0422 0.0312 0.0061 —0.0072
3 0.0001 0. 0001 0 0
4 4.8254 2.6940 —0.5773 0. 1500
5 3.9922 2.7375 —0.4893 0.0594
6 —0.0054 —0.0061 0. 0003 0.0002
7 0.0028 0.0064 —0.0073 0.0035
8 0.0001 0 0 —0. 0000
9 0.8978 1.0847 —0.1348 —0.0545
10 0.0033 0.0047 —0.0013 0.0011
11 —0.0002 0. 0001 —0.0001 —0.0002
12 0.9152 1.1316 —0.0853 —0.0270
13 0. 0009 —0. 0006 —0.0008 0.0001
14 0.0048 —0. 0055 0.0052 0.0001
15 0. 0002 0 0.0010 0

@

input data

input data - Zernike fit

RMS is 3.257 RMS is 3.255 RMS is 0.1033
input data Zernike fit input data - Zerike fit
RMS is 2.003 RMSis 1.998 RMSis 0.1315
© input data Zernike fit input data - Zernike fit
RMS is 0.3934 RMSis 0.393 RMS is 0.01879
@ input data Zernike fit input data - Zernike fit

RMS is 0.09413

RMS is 0.09367

RMS is 0.009281
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Fig. 7 Errors between the original wavefront phase plane and the reconstructed phase plane, original phase plane and reconstructed
phase plane for different support methods. (a) 1# support method; (b) 2# support method; (c) 3# support method; (d) 4#
support method

0922002-6



4 SEEEER NI

X ERMET HETLE RS, FIHTIRN
1500 W DJEBEEH A28 5 mm K M 1. 08 pm Y % 22 3%
S5 O6 Ty 1) A5 3020 NI S T 4L
ATy F M XM E AR K 50. 8 mm JEJE N 12 mm 2
2Rk 99. 95 % W RE A BB R GBS EAT T 10~60 s IR
SFSCHG IR WA R 2 R Gkt B 1 AR T b AT T A
M HE T PR E g i S N A 2R,
F B3 AT H BR 6 A8 T A % fie A 1) A S P R,
oAl A Ry AL 29 R R L, DRI 2 TR R BT IACH
AT 3N A# S P 07 Xz ]

G BB S B O 20 s B Y S 56 AR 0 e 25 L
] 8~9 AR o &1 8 Ay Wy Al 2 Y i ) Y6 B6E 1 L N %) B 1
TR B, (19 Ry 52 36 SR A 14 2 R S 45 R AR AR T O
B 5 J ) S5z S T Y BRE XS5k A T 2 45 K (L B 806 S s
[ 1 15 100

Deformation /um
6~ 0.31
ik 0.25
0.20
E 2t 0.15
g oL 0.10
<] 0.05
RS :
-4 | -0.05
-0.10
i 015

L8 A e e N (1 ' B X 3ol 5% TG 728 T 40 A7 19 2
Fig. 8 Deformation distribution of the mirror surface in spot

area measured by Hartmann

0.3

—=—tilt at 0°

—tilt at B0*
——focus

- —— astigmatism at (°
—— astigmatism at 45°
—s— coma at (°
—s+—coma at 50°

[ ——3th order spherical
aberration

=
o

=
=

Relative deformation /um
s
— =

|
=
o

~0.3 " ] , : ; :
16:23:20 16:23:40 16:24:00 16:24:20 16:24:40 16:25:00 16:25:20
Time

PO S BRE DX Sl A o A8 T ik e {1 i 3 R S5 ] 1Y 23 47 17 L
Fig.9 Maximum value of mirror surface’s relative deformation

with the laser raying time

MRS K 9RT WL, £F 16:24:40~16:25:003% 20 s
B 8 S BsF 1] v 4 1T B AR AR B i B KR 0. 35 pm A2

F61EFIH/2024 FE5 B/BAERBEFFEHRHRE

A, AR 5 B T A3 A0 5 05 B A A A AR (R 4) g ot
2L A B BAR —BUW A . T AR e B9 15
L3 B R S e I e 4t AR R AR — B, DR T 4 T AR R X
I TS AR — B SRR AR I R AR 22 o0 B 4
SR ARL, E AR I A X o T 32 A R LB AR Y
R in 52

MBI 0,08 um 22 A . % 15 E
1550 1Y A# 29 SR X AR JE & 0. 035 pum, 3#24 BRAH X A8
iR 0. 140 pum , 5 H A0 7 525 45 R+ 0 #20k .

3 LAy BT S A A5 R AL IR T T
ST A BT O R T DL G O R R ) R
G SRR T

5 4 1w

FE T A P TR AE 2 0y A IR oC oy i, R
FLUENT #1 Mechanical APDL %% 4 B 1a) # & 3 17 %%
5 S5 6= e Je v 2 W 0T LA B
J7 % %) iR D OGN R G O RS2 EE T SR B
X B AR AR T |z S T ' BRE DX 38 A Xk AR T 1 Y 5 e gE
T T ES BT . a5 A BoR A [R) 0 B 99 88 S 7% 7
AT T AR A 29 o 4500, 29 58 25 04 TN B 7 3 [] o
FE TR R TE 1 KRNI T | 1 16 S5 O R
A TANRIB S0 o LA T 2 Fh g Y i J 5 45 S 7%
J7 RO WA SZ A 25 R WO AR TR S B T U
B B TR AH X T 78 i /0N 5 T# S 307 =0T B9 B 1A AH X AR
o i e K5 #3 8 7 20 B9 B 1w AH X AR R & OR T
At AT ST 7 SO T 1] DUAT A0 /0N B T AH
X AR Y 1 24 98. 4%, I H AF 3# Y S Al b A5 R /)
75% , PRt 44 S S A Dy SCRIAE it b R AL 29 R
S T T /N B DX Al R SRR S A Y
AR T AR R R . R B, FE BRI B X
PR R X A JE T SIS 5 ) 0 e 2 SR R B B 4 SR
B AR, AT RS AR — 3, Uk T T s Ak
T T A5 0 AL BT 451, M AR I R G
RS R R AR TR AL T B R

2 % X #

(1] Aarsfess, v B, SRRRAR . 1 T 90 B BR °F 5 Bt i
WRG AT WOE 5408k, 2018, 48(7): 903-908.

He B G, Sun X Y, Shi L J. Design of laser beam
expanding system in tracking platform of directional
interference[J]. Laser &. Infrared, 2018, 48(7): 903-908.

[2] Qu Y, Jiang Y J, Jia X, et al. Bidirectional beam
expanding field mirror for monostatic laser scanning
imaging system[J]. Infrared Physics &. Technology,
2021, 119: 103973.

[3] Giliazov M R, Nagulin K Y, Gilmutdinov A K. The
laser beam positioning and focusing system for surface
treatment of products[J]. Optics & Laser Technology,
2019, 119: 105624.

[4] XI5, BN, BEE, & AT EREDCRENE

0922002-7



F61EFIH/2024 FE5 B/BAERBEFEHRHRE

(6]

(7]

[12]

SRR R PRI BOL 54, 2019, 49(6): 751-760.
Deng W T, Zhao G, Xia H J, et al. Research on the
transmitting-focusing device applied to high energy
laser system[J]. Laser & Infrared, 2019, 49(6): 751-
760.

Yang 1., Wei L., Zhang L. Thermal compensation design
of truss structure for large-scale off-axis three-mirror
space telescope[J]. Optical Engineering, 2019, 58(2):
023109.

Hu P P, Zhu H H, He C W. Optimization design of
water-cooled mirror for low thermal deformation[J].
Applied Thermal Engineering, 2014, 73(1): 598-607.
Bae J Y, Hur H, Kim I J, et al. Experimental and
numerical investigations on cooling performance of
chemical-vapor-deposited SiC deformable mirror for
adaptive optics system in high-power laser radiation
environments[J]. Applied Thermal Engineering, 2022,
203: 117950.

Cutler G, Cocco D, DiMasi E, et al. A cantilevered
liquid-nitrogen-cooled silicon mirror for the Advanced
Light Source Upgrade[J]. Journal
Radiation, 2020, 27(5): 1131-1140.
Sun L J, Wu W C, Chen W C, et al. Microstress
bonding design of low-distortion mirror assembly[J].
Optical Engineering, 2022, 61(10): 105109.

Wang K J, Dong J H, Zhao Y, et al. Research on high
performance support technology of space-based large
aperture mirror[J]. Optik, 2021, 226: 165929.

FEACHG , ATk, TREIL . R = A A S PR Y R S
LR BHT] e B AR 2012, 34(6): 56-61.

Cui Y P, He X, Zhang K. The support design of
reflected mirror from the principle of three points
supported[J]. Optical Instruments, 2012, 34(6): 56-61.
M, R, B, A5 BRI VIR TR R R A RO R
MBS m[T]. e K% TR, 2014, 22(8): 2032-2038.
LiulJ, Li S M, Zhao J, et al. Combined influence of

mirror thermal deformation and blowing on beam

of Synchrotron

prapagation[J]. Optics and Precision Engineering, 2014,
22(8): 2032-2038.

Wang Z, Xiao L S, Wang W, et al. Influence of thermal
deformation in cavity mirrors on beam propagation
characteristics of high-power slab lasers[J].
Communications, 2018, 407: 97-106.

Zhang L, Liu M, Li D N, et al. Thermal optics property

study and athermal design on optical window of IR

Optics

aiming device reliability testing system[J]. Optik, 2017,
136: 586-594.

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[24]

0922002-8

Schmid E, Mahnke P. Thermally deformable mirror to
compensate for phase aberrations in high-power laser
systems[J]. Journal of the Optical Society of America B,
2018, 35(11): 2661-2666.

Liu L, Lou S L, He Y J, et al. Thermal distortion
analysis for silicon reflectors irradiated by high-power
laser[J]. Proceedings of SPIE, 2015, 9671: 967101J.
M, R, B, A5 U Z B0 A% i E Bl R
X YO A% i Y 5w LT, SRMOE SOk TR, 2005, 17(2):
164-168.

Liu J, Li S M, Jin G,
propagation through Z-shape tube of blowing non-

et al. Influence on beam
absorbing gas in[J]. High Power Laser &. Particle
Beams, 2005, 17(2): 164-168.

B, XK, 4. deh 0] 28 RO T AT R R
et iy ma[T]. St 7 - #0t, 2004, 15(1): 100-103.
LiuJ, Lu S F,
propagating in a closed tube with air[J]. Journal of
Optoelectronics+ Laser, 2004, 15(1): 100-103.

HIMS sk HEEE O FR G b T 1 BN N 2 R S BT
[J]. a2z 4, 2020, 40(20): 2014001.

Hu P, Zhang J Z. Analysis of spatio-temporal characters

Jin G. Thermal effects on laser

of thermal effects of optical components in laser system
[J]. Acta Optica Sinica, 2020, 40(20): 2014001.

TR B g A e M. b at: W AR O A D R
1989.

Wang H G. Introduction to thermoelastic mechanics[M].
Beijing: Tsinghua University Press, 1989.

i AW R T 0 DX SBORE R A e A Y A2 i
T BBUR 2224 (A SRR R, 1999, 45(5): 610-612.
Shang G. Variational principles on coupled thermal-
elasticity of zoned homogeneous materials under thermal
shock[J]. Wuhan University Journal (Natural Science
Edition), 1999, 45(5): 610-612.

Wang G Y, Hou Z H, Qin L. A, et al. Simulation
analysis of a wavefront reconstruction of a large aperture
laser beam[J]. Sensors, 2023, 23(2): 623.

KAz, BOFHE, A, S AL P TR S AR
HE[T]. BBOL SRR, 2021, 33(8): 120-127.

Zhang X Y, Luo F L, Li N, et al. Phase diversity
wavefront sensing and image reconstruction[J]. High
Power Laser and Particle Beams, 2021, 33(8): 120-127.
FEDE, RER . S IML 2. A8 T EE
SRR R AL, 2008.

Yang G G, Song F J. Advanced physical opticsi]M]. 2nd
ed. Hefei: University of Science and Technology of China
Press, 2008.



	2　物理模型
	2.1　反射镜的热弹性变形分析方法
	2.2　镜面变形对激光波前相位影响的像差分析方法

	3　数值仿真结果及分析
	4　实验结果及比较

