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Abstract

High-power CO: lasers are widely used in various fields, such as processing. As the power increases,
thermal effects are the main reason affecting the quality of high-power CO: laser beams. This article
mainly focuses on the thermal lens effect caused by high power in CO: lasers. By combining the finite
element method with ray tracing, a temperature rise and convection model of the air near the com-
ponent/module is established, and the heat transfer process between the optical component and
the nearby gas is analyzed. Using this model, the thermal deformation of optical components and its
impact on optical systems were analyzed. The results showed that the deformation of ZnS, ZnSe, and
diamond lenses at a power of 5 kW were 13.7 pm, 1.02 pm, and 0.00291 nm, respectively. As the
power increased to 50 kW, the deformation of ZnS lenses changed significantly, reaching 204 um,
15 pm, and 0.0288 nm, respectively. On this basis, a compensating lens is designed based on wave-
front optimization technology to compensate for wavefront distortion caused by thermal effects.
The results indicate that both spherical and non-spherical mirrors can effectively compensate for
wavefront distortion. At high power, optimize the RMS values of the three lenses from 1.4773 2,
5.2824 A, and 4.9372 x 10-6A to 0, respectively. The wavefront shape after even non-spherical mir-
ror compensation is flatter, which can more effectively correct high-order aberrations.

Keywords

High Power Laser, Thermal Effect, Finite Element, Optical Design, Thermal Compensation

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|15

F LA CO WOt st TN D& K MR . N2 9 — 288 AR B0 - miZh CO,
WOt BACHRBURLF . BeeR . fli Dok, 1847 AR, BEREIES 0 t SCRE kb 4 t S5 A 2 4y
m FEBOCHERE . UIE). RSSO & T Z MR A[L]-[3]. TR DL H BB oS Mz —i
DR T IRE . IR, Do Iut KBRS EEIC IO AR AR R B
&, BEM R R RGBSR P AERGE BN, TR AR, SSECIEESE, BT
WAZ, SMDCHR RN ARG SR MIREETERE,  BET M E RO TR AN TR . W TR
CO, WOt AR HEAT FERA I TR T 55 T R H A e N P R DR B [4] [5]-

TR E AT R AR CO WOt as IR M 5 BAMEHARTT e 1 R BB TT . H A Bl 55w 7T 1 i
TiZ CO WOt as PRI 42 RSB i 1 AN 7 SR R T AR T 2L ih R A2 284 . 5 BRI [FIFE DR
AR BRI R THese, HBEEIRETHR, ABURFRLREDN, EOL S LR A
Bota O IR 5 R 6], 2B LITL T ZnSe A1 GaAs & HRIEAE, 1E CO, WOk
PRI WO DI 5K 1000 W I, ZnSe #4RHEUDA BA BUNMOBICR S BORI SRS, Frbl iR E
IR I RN T]. SR e A T RO HORRE ST, 0 2 @D e e ot a3 I B B AT K
A, ABARTE = NN B AR A T Y) 5 (ASBs), BRI IR FIRLY R, s )1F R
SEME,  HL DA O 88 3 I RELRRE 2R i A R g, L 7 B RS A AT T W 2 0 R (LA AR 2 5

+

A

DOI: 10.12677/mo0s.2025.145435 799 AR5

b


https://doi.org/10.12677/mos.2025.145435
http://creativecommons.org/licenses/by/4.0/

L&) R . FeEA BHE R AANE B A s %, FH TROLE DRSS, (HREE SR B R S r
Gy RN 7 SRS, BREIFAE i Th 2 S0 IR . GaAs fEIT L AN R WG BL A A mdf i 2
AR, & T B0 ZACEFDG BRI . o m BRI #8348 A RO TR i ADGa A5 o 2RI
5, 1H GaAs M FHRBUK, HIFHET 5 KAERSEDHUG, HEGHIBERAEAR. ZnSe fELLAMEE
(W CO, Wot) A =i i AR e, RAAMNEOEE D RES M ekl Hpihapd et T
LT AMA RN Ge), & T BRI PHOE RS0, SRIA #CTF 32200 WImK)Z B4 S5 ARE, TR SZIE
T CThZER, ARG 0] R, 28 1 DR WO G35 I B AR 25 A 0, (E G A 11 o 58 R i
AL G D EI R BikEsr, HINTTHERE R B E . PRI i & Th RO e RN 1A% 08 J& TE
T IFRE M5 A AR A

Ib4h Daqing S5HFFE T A EIS AT CO, BOLES B BE RS REMA, R BA E S A AT DARRARIE 5 1)
FE, AP E Tk, HIREBROR, AR D) 3% Bk RIS e IR Bk R, (28— Ll
BRI R AT R W] [8]. Takahashi 538 it #R4T He-Ne SOE s 1 T B T IR CO, WO siB i
SRAIDCEIGAR, 2 ZnSe YeF AR HIELL R IIR COp WL RTINS, B BRAGH L R BT & 2048
o MRIEZSIEIRMARAL, RG TR, HHESE TIRAM RS AME0]. FRBERHET MEMS
FARNN T IR T I S B AE O G285 VIR i 1R — 643, RS R M2 ARG B3 N A3 o 4 I dan H 0 %,
HEF T A SO R T AR B SOM BRI AN BT E LR OC R IFET 1. IR AE R, 1
WIETHZR N 287 mW. 383 mW. 482 mW Al 800 mW %L R, i AR LA AT A 1T LUK Th R S
F| 437 mW. 710 mW. 894 mW £l 993 mW, FBH 1 F T3 T B cA8 SO 4 B P i A% R T AT 14 [10]
Rujian SE42 H 17— Fik T PR 935 45 A0 D 28 HOR 38 [ A W06 R 48 7 46428 T B (DM) AR A48 25 12 T8
Jiik, FFEAT T SEIRIE. A 11 ANEEh AR —4E DM RLEAE 67 N RSl # I 4E DM 21l
BN BE RN RGM R TR IEMNAL 2, ZAREATFEREWRNE, SEiicgz B E1R
UF IR IE R . SEBa s AR B, BRI BT 45 21 TR I AME, FRAR VT 193 7 iR (RMS) /T 0.08
M. MRSREOGTE I e A 4 & 3 1.67 [11]. AR T4 IE I L F R So(MEMS) 8% HL IK ) 5t 3h A& 1
B, SCOLERS R ATRL IE . AT, HAEMEA . iR m &, HMORE 2% 438 ) S0 A0 S i) e 15t
MRS, MRE|7TERERESTINA. BIERGS RYUEE &5 G AT e RS 5208, @l ]
SERTRE RS AR S . (RAE G0 B IE NG RAMFEKR, 7558 AR SR (a8 - B i ilas),
DUIE 8 1y 73 26 25 (]G 0B IR AR S5/ NG TR SR . TR TAE RS G RO KRG B 1450, (AR IERE
ik

WA IR CO2 WOtAs MRS 3 B VA T #v M [11]-[13] . SRBG v [14] . HUE AT
[15] A BRICAHTIE[16] [17]55. PRENT BT LR T 3% SRR T, IR T e
R R . B SAE TN T U R, AR TR R SERR R, 5 U A S PR LA BOK 2R,
EX T3 A 5 BAR L M TS o) R, AR AT 7 R AT e O LA A . SOOI Sy TR BT ], A
PP SRECAE R, HSBe s MBILAR N T A i o (RIS 45 L 52 SR 00 26 A1 (N PR SR IRLRE « VR SE)
DS AXCARHRE FE R0 . AH LG SRE0 I B, B E T e 8 S U RIS 45 R . (E EE SO g A 1 B
WA T BT AL AR RN S5 W T E AR m R AL, T BRI S B UR . JF HAE A
P25 SR T B I SR B AT IO E, DA ORI TSR . A IRIT /TR R S A A S R Hh (IR B 4y
AR S35 A [18], AT ASRBEHERRZE S, & L Fh 5 4R (1 A S AR A B 1k

S A I T I S BB AN RSN AT TP IR R, (HX S 5t 2 S p AR 3 %A%, A
T XD E BN ZnSe 5% GaAs)IEAT T, B X M IR AR 2R R GRS 1 RS AL
BEAN, B I RKMEEROR 2 08 T 141 BRI BRI B 50T, ME DU ORI B A IR e AR 1] B XX 26 )

DOI: 10.12677/m0s.2025.145435 800 5 1 A


https://doi.org/10.12677/mos.2025.145435

Rt

48

BRAE, ASCERNS DA CO, WOLE T AFAE N, R IR IT /i, FABRITTIE S LB A S
&, BIDCF RGN BRMBPIZIKREAL . RIS, 38T 5 kW~50 kW DJ3 24+, ZnSe. ZnS.
BN SEA FIRRHR N S B N  FEREEEAR b, SR T AT O I M EOR 23 ) it — bk
T /AR BR T A2 B R AME RN B R BT AE , HA D BIRTE T S5 i 5 A T 2. AT 22
B A IER DG E RS, AL TR EPUT AR A 0 5%, & T IR S8 22 ) s Zh 30k
ARG P, WGBSR R EBCS I SR R B AT ERR E TRV P SRR E K95 AT
RIE, JUHIES TN L& 5.

2. ARF=*
2.1. BN

HPOCA I H R DI, G Iu R BOCAES K MRS S, e oA S R LI T, 2R
FEOCIHFRAEEARMASE, hb S BORE)E SR BAR[19], Wils 1 For.

—_— %‘;
N
. .-
N J
Y ——

Fi F2

Figure 1. Schematic diagram of thermal lens effect
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Figure 2. Simulation model diagram
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3.1. HIEBEYN

A ik HE COMSOL Multiphysics #EAT /7 50, AT BALE 55 A8 BR A S5 A4 T TN AD Rk () FA RS A BT AE T
N EBEOE R G BRI AR AL S RS A (4 07 B AR [26]. MR T, ARFFUERE T ZnSe. ZnS
LN = MBS RLEAT X T . ZnSe A1 ZnS BT AR AT R AE KRR 250 75 mTh R0t
FES N G P A BORIR T AR, B A FE RS AT I . xR BAT 10 5 16 2 SRR AR 1) 4%
fk R JUPARERESHREE, EEUREIIREOE F L% RGN R tERPERE . @i XX =Fh
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Table 1. Parameters used in thermal simulation

=1 ARIFEEX S

Parameter ZnS ZnSe Dia Air
Thermal conductivity/(W-m™-K™) 10 20 2200 0.03
Thermal expansion coefficient/K 6.3 x 107 7.1x107 1.1x10°® 3.67x 1078
Specific heat capacity/(J-g*K™) 0.33 0.26 0.5 1.01
Density/(g-cm™) 4,08 5.27 351 1.204 x 1078
Young’s modulus/GPa 50 70 1050 —
Poisson’s ratio 0.38 0.27 0.07 —
Refractive index 2.2 2.4 2.4 1.0003
Initial temperature/K 288.15 288.15 288.15 288.15

PRSI XA E RIS, VI DI E 5 KW, 10 KW, 20 kW F1 50 kW, #5455
RPOESHER IR . EEBRNA RIS E T RA A&, SRENTUR SRS, X
TR B E N 10 WImM2K), FRBHEEE A 288.15 Ko ST AESE AL RS o J LA R AR 3047 B 504
B IX AN GRS XIS B P v, DA RV SRS . 5 ECR RS 08, 80 B[R]y 100 s,
DR RGUA RS . MRS KEENEEN, PIEH KRN 0.1s, JRRREEK N 1s, ISR ZEN
10°8, SRfFE# %4 B BOR fF 4% (Direct Solver), LAKLFRARZEME il HFAA fR TR Re e BT B, @ids
BRICIESRIBRAE GRS, BB RGN PR R . SRR, WSRO S, iR 4h
RITPEENE, SRS, SREUESA S MR B, 15230 AN & = 4RIRE AR [29], MR
& 3~5 Fiows.
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Figure 3. Simulation of temperature distribution of ZnSe material under different laser powers: (a) 5 kW; (b) 10 kW; (c) 20
kW; (d) 50 kW
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Figure 4. Simulation of temperature distribution of ZnS material under different laser powers: (a) 5 kW; (b) 10 kW; (c) 20
kW; (d) 50 kw
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DOI: 10.12677/mo0s.2025.145435 804 5 1 A


https://doi.org/10.12677/mos.2025.145435

Ritif 5E

m 0.02 0.01 0.02

0.02

002, 0.01 0.02 ¥ 20 002, oo01 0.02 v 20

m m o}

Figure 5. Simulation of temperature distribution of diamond material under different laser powers: (a) 5 kW; (b) 10 kW; (c)
20 kW; (d) 50 kw
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EF%F ZnSe, 7E SKW BOLThETR, BFHA 7.7°C. 1E 10kW BOLThR R, i&FN 15.9°C, 7£ 20kwW R
Tt 32°C, AL 50 KW (s i IR T, IR AHUGRGE I NS 82.5°C. XK MIREE WOE T2 11,
ZnSe [P FETF B WM. ZnSe MI#FRARBAR, A HME LA R PURY #, 280U R R
W ETE, I H BN BB R R . JUHAE SOKW IR T, ZnSe BRI R, X SEAE
TS RRARAY, 7 RO Y SRR R REALE B D AR

T ZnS MG REMR, HMZIKREOK, EARECLIHR NRIE E A EEMET. 755 kW 1
BORThRBEG T, ZnS MiET )y 62.9°C, 76 10kW LIRS T, ZnS iR TH4 135.9°C, 7E 20 kW
M ThZ N T 5 314.7°C, TAE 50 KW & i T, iRFHE 17 1000°C, $2iL ZnS B £(1700°C).
WL KRR T2 58 ZnS B H R A BIEAS, IR5] ™ & 1 AN SRR .

5 ZnSe 1 ZnS MEFEAANFE, SRIAESVFEART BT &RABA K& 2(2200
WImK), ‘& RS PRI R O e B A% 5 BB S AR X I, I i T RS AR R4, R
5kW. 10 kW. 20 kW F1 50 kW FJEOGDIZ MBS R, S RIAE S 1R IR EEAR IR RS . X fEH
SRIATE ST ZBOCRES T IV AR, I EREE G5 o P R i AR e 1

I 6 TLURIL, 7E 5 KW, 10KW. 20 kW, 50 kW ST AT, ZnSe Fil ZnS FIELE 7T i ]
B, H zZnS MEHEFFENRIZL. &a3 1 S35, Xz R E RN T RIS R MK 250
LI EAT O REE FIRIRE ) TE45H b, BT & RIA I fid, BlE T sk sp® s =4 M
%, BETEEIREIE )P A B, RN, PRI &NIA S 2005 (2200 WimK), Bt
SRR NI A =, TSRS SR AL RE AR, AR R (1.1 x 10°8/K) Bzl % 1al (Rl M HAUE K . Zn-S Fd
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Figure 6. The variation of lens temperature with power
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Figure 10. The variation of lens deformation with power
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Figure 13. Distribution diagram of optical path difference under different laser powers (ZnS): (a) 5 kW; (b) 10 kW; (c) 20
kw; (d) 50 kw
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Figure 14. Distribution diagram of optical path difference under different laser powers (Dia): (a) 5 kW; (b) 10 kW; (c) 20 kW;
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Figure 15. Zernike polynomials of different materials under different laser powers of (a~c) 10 kW, (d~f) 20 kW and (g~i) 50

kW, respectively
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Table 3. Partial structural parameters of spherical mirror

*® 3. HKARBAEHEH

Material Power/W Curvature radius /mm Thickness/mm
10k —810.741 199.968
ZnSe 20k -0.05 587.492
50 k 2.415 x 10% 199.968
10k 1.614 767.052
ZnS 20k 117.436 500.052
50 k 0.011 107.317
10k 1577.093 399.884
Diamond 20 k —34.647 499.980
50 k 13.1 100.003

10 0
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. B
Dia 2o

>

X-pupil ) X-pupil " X-pupil

Figure 16. Wavefront images compensated by spherical mirrors for different materials under different laser powers of (a~c)
10 kW, (d~f) 20 kW and (g~i) 50 kW, respectively
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Figure 17. Wavefront images of different materials compensated with non-spherical mirrors under different laser powers of
(a~c) 10 kW, (d~f) 20 kW and (g~i) 50 kW, respectively
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Figure 18. Optimization effect diagram of RMS values of different materials with varying cone coefficients under different
laser powers of (a~c) 10 kW, (d~f) 20 kW and (g~i) 50 kW, respectively
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Table 4. Partial structural parameters of non-spherical mirror
4. EKESRI O EREH

Material Power/W Curvature Thickness/mm an IC 4t order term 6% order term 8" order term 10t order term
radius/mm coefficient
10 k —-810.706 200 —112.949 —2.167 x 10712 3475 x 10713 1.208 x 1074 9.823 x 10716
ZnSe 20 k 0.024 610.940 —142.244 3.855x 106 5.866 x 10 —7.168 x 107 2.218 x 1023

50k -2.945x10° 269.190 8.619x 107 2.237 x 10® 9.895 x 107*! 3.368 x 10712 —8.550 x 10713

10k 0.406 795.869 —39.628 -3871.214  7.211x10° -1.749x 108 4.410 x 10®
ZnS 20 k 117.444 500.869 53.646 1.748 x 10 1.089 x 107 7.931x 10® -2.286 x 1077

50 k 0.175 802.999 -111.763 —2.181x10° 2.863 x 102 4.393 x 107*® 1.451x 1077

10k 1577.196 399.899 —45296 1.734x10°® 2.156 x 107 2.686 x 10712 —3.225 x 10713
Diamond 20k —34.623 506.861 -17.173  2.449x10* 1.821x10% 1.921x 1073 —0.038

50 k 13.107 102.649 142.395 0.018 0.074 0.769 —121.715
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