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Fig. 1 Picosecond laser parallel processing system based on spatial light modulator
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Table 1 Main parameters of picosecond laser
Parameter ‘Spot Wavelength Puls'e Frequency . Llpear Beam Beam mode
diameter duration polarization degree quality
Content 3 mm 1064 nm 15 ps 500 kHz 100:1 M<1.3 TEM,,
F2 AEEDGEBIE Y EE S
Table 2 Main parameters of spatial light modulators
. Pixel Effective Fill Input signal ~ Recommended Refresh
Parameter Resolution .
pitch area factor level average power rate
Value 1272 pixel X 1024 pixel 12.5 pm 15.9 mmx12.8 mm  96% 256 <100 W 60 Hz

22 XKFEIE
221 GSH*5GS-GAKR R

MR A A 1 O 5 B8, 35 51 S A5 T YOG 2 4R IR 4
i 5 SLM L /5t 5 & 4k W 53 A 5 0 B oap AR 46 ¢
R GSHE % AR B E 2 fros . Hop
source ,rebuild 5 target 7+ MR F LR EE@ LB 5 H
B 63 W R 8 A5 S, TG T 9 00 46 AR L — 2 BE AL ZE

B CGH 22 GS Rk it 2 B K, & SLM
S TE AR B s A RRFRIUIR IR AE B 5 o 18 R BUH 7
5 FET AR 48l Bk AR 46 IFF T 4R 38 — 4k
AR, AR R, BE SRS
65 1) 52 I W 2 AT 22 U A L o A 4G ek B g AR 4
B A5 5] SLM 1 (9 A7 15 8, B e 5 H i ok —
gitE e B E .

1602401-2



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

rebuild

GS algorithm \

1
1
—deey
— [OFFT] +~— o
!
i

target

K2 GSHEmER
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Fig. 3 Flowchart of GS-GA algorithm

D s = Arger €XP (1@ et ) (1)
1 A e T @ e 73 B2 H AR 63 19 3R 18 5 BE ML A= A
FIARAE o 78 R GS-GA B35 H IR B0 16 H A @ e
H1 H BRI D e M AH HL I 390 25 480 - ROAH A2 75 21, 1K
WA 2 5 R GS-GA ks 5 .
G = arg| F (D )], (2)
o FOU(e) R Al HL 0 AR 4 s arg () Fom BUE K
Ao
BT LI B GS-GA B3k 1 PRAT TR N 7 4
FiR . B 5E L IERCE 2GR G S HES O U L BB
A A TR W A6 A8 CREIR) 5 76 GS Bk AR AW
LA 5 2% R 35 4 5K CGH O #3151 1 s
{4 % v, R P T AR BL G O 3 9 B — RO iR ok
AR I 2 e AR 5 B () A ol B — AR )
TN A AL R AT R R RS AR SE A
XoF AR ) — UR BT, e S 1 IR N A v A AR A
MItE 2 B EAE B LN, SRS E &

X[zﬁ]ﬁ
(3)

FUH : L S 22 DG SR 1) P 5 38 5 R ) DI AR 1Y 968 525 T
I 22 DG AR 51 Hh o i/ B O TR B 58
223 RBRHKGTEEHERRGER

FT TS 56 T A4 25 T80 38 i 45 1) I 11 SR A BR A
AFAETCIE TR B GO, F RO I TRCR A = 2
ML S5 Ca) L (b) BFR o AT BR F PO | # 6
DR S PR R A Y A B IR S TR A A
&, [ goe 5 A H I e FEAE DL
18] ] e A S G B AL R A S T — A
A T SLM A 1935 855 , 636 B35 S AH AL (1 11524 50

;afw—[z;u/ﬁwrz ﬁ)} , (1)

A s @ A AETE H B BT A A AL 5 AR R AT B =5 DL
I 5 L BB R 5 A S OB YR s £ O AR IR B B
AR AR B 5 Lo ASRRT 2 BB

1602401-3



Rt

2505 £ 16 H1/2023 £ 8 H/HEH*¢

initial population

initial
e value 4

optimal

initial
4l value 1
M initial
- value 2
GS

solutions

all
solutions

I initial
value n

CCD capture population update

_.- — 7,=0.78

_.- — 1,=0.82
— ,=0.54 =

1 optimal

_,. 142061 S.eleCtionv solutions
— 11,=0. crossover
all

_,- —s 1,=0.68

uniformity

solutions

K4 B GS-GA Sk i 2 A
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Fig. 5 Influence of zero-order beam and its elimination method. (a) Effect of zero-order beam on multi-beam splitting; (b) effect of zero-

order beam on processing; (c¢) zero-order beam elimination method

WmE sCe) fin , ZFHE S BRGNS RAES
B AR T B 5 A 2 AN A RGE e T DL R
BB T R G cE W AR B4 il a9 )RR Y 7 SLM
b DA — 5 B (R ) B B BT S TR ) SR VR 5 B A A7, AT
el 1) o E b G A S R AT s A . AR S
JUAT Y62 B8, 2k 21 SLM _E i 3E 78 B s 8 A i 5 4
i RS AR R

fld—f) .
F:77 1 (5

d—(H+ 1) / )

Ar=F—f;, (6)

R MR AEEE (K1 lens 4) B F o483
TR H B A AL G SLM 5 lens 4 920 & FFE ;d  SLM
SREEFE lensd B E (A ITT4F RGP lens 1 5
lens 2 Z [A] (W BE 5 ) ; Az Oy 3 £5 35 BE 45 7 187 1Y) fi B8 R

B Y E IR E A —410 mm #] —400 mm X [8]
i, =160 mm,d=600 mm, Az ¥ 7& 300 pum Y38 FBl Y
AL, EEOE I S E A o A i fE p
3R WG AR A AR AR 5256 v #5571 9 A2 Ak Y
Fe /N s i JL T o] LA Z AN T
23 X

FE A SC I 2 58 b R FH 2 TR) 6 8 25 Ll 5 s
A 4 2B O SO I R AT R AR, S8 R N A 1
Frs, SRR R AR

1) Otk B R E R 3.5 W, mE MR E N
500 kHz, ffi Jil GS 83 .GS-GA B ¥k it GS-GA &
W AN TR S 05 20 (5 BRI (8 X8 B4 ) Xt i 1
T4 B R A A CGH A4S 28 21 2= 1] 56 14
il 25 L% B B HEAT 4 ORI R D

1602401-4



% 50% £ 16 #3/2023 £ 8 A/ E#*x

AERNE DI S Ni1z8 1 i i R ol SN SR N B A =
XTI s AL 2 1Y 20 o ER A7 A B MR A A — AR
6T FEAS 35 DX A P A e RN v s HG AR G G i
R (3) IR IE 2R 5] 8 .

2) IR R i & = Fh A BB 5 1 £k
TR ERRE S HE AT OGFT L, SR 4 BUE B R B A
M OE R F GO FER B E AR S I E
i —400 mm , £ i £5 1 294 30. 5 mm. 7E VG B
B T I B i R e Tk FL AR R N T LA Y 1 )
i 2 AN ) B R T3

3) f# FH R Bt GS-GA Bk 77 4 10X 10 BRI £
W A REAE 4 AR E B AR N — 400 mm B9 JE 1 B
BEAIAOL . WEBMOCIIFR A0 W Kk 5EE R 15 ps
SRR R 500 kHz, Xt 45 FF b HE AT Be AT AL, 76 I R A
S AUEE T I N TEE] A 10 s B B R S B e ek TR B L

4) ¥ HEFE S —400, —405.—410 mm B FER BB
BEARAL SIS Z N E] 10X 10 BE 51 26 o % 7 i 158 4
ST b s AR Y R A 1R G R L #S DL 0. 02 s 1Y
i ] B B 3l 2 I 2094 4 BT E £ P 1 il 1) 300 pm
B DX [i) PR K A0 R 5 E AT RS sl n T, O R L R AR B
B g b AL By BB AL SR A . X
Qe K1 @i 53 990 R R i 00 T FL AR B0 e KB 5 e /IME

e T i 73900 19 258 TR B ) B KB B /NME . LA
AR A 9y o, TR I AN

Amax — Amj

=1——", (7)
771 A max + A min
dnmx 7 dmm
=1 8
77_ dmnx + dmin ( )

3 SERER S

31 DREEYR

EE T RBE ARG T, 5 GS 5B ¥
GS-GA B3 5% M GS-GA 8 i %F J2 #0347 4>
W R T B SO R B B SR AR S FE S AR B Ot
FHES 7 2R B, R T =R L i 6 s .
Hd K 6(al)~(a3) h GS B B/ SR, 18 6(b1) ~
(b3)h GS-GA B354y FACR B 6 (c1) ~(c3) 0 J 5t
GS-GA By AR . ER LW Etr et b, GSH
AL H R R AT DA SE B — 3R T GS-GA BBk
55 GS-GA L R AT — R BF AR T, #2452 kAl
HGSHERAIA MR WG E. 256 % B
BE A ] A, GS-GA B 5 R GS-GA B3
) Fofr B I R 1 O 32, AR A e Rk fB AR B 100,
= Rh A ) N 5 3 TR .

Cross arrangement

annular arrangement

8x8 array arrangement

6 T AR AL 2 A =Bl Rk i 73 ROROR < (al) (a2) (a3) GS 835 (b1) (b2) (b3) GS-GAFE K 5 (1) (¢2) (e3) It GS-GA Bk
Fig. 6 Beam splitting effects of three algorithms captured by camera. (al)(a2)(a3) GS algorithm; (b1)(b2)(b3) GS-GA algorithm;
(c1)(c2)(c3) feedback GS-GA algorithm
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3 GSHIE GS-GARES B GS-GA RT3 i 8]
Table 3 Running time of GS algorithm, GS-GA algorithm and feedback GS-GA algorithm

GS algorithm GS-GA algorithm Feedback GS-GA algorithm

Beam
arrangement Runtime l\i{[irrr;ltjif;zf Runtime popuNlZ?olileilgéates Runtime pop?lzal;ezgéates
Cross <1 min 45 3.5h 22 6 h 28
Circle <1 min 50 3h 19 5h 25
8X 8 array <1 min 43 6.5h 40 14.5h 57

£ AFHEIT GSHE GS-GA B 5 U GS-GA B IE /N W RE R 2 1k
Table 4 Energy uniformity of split beams generated by GS algorithm, GS-GA algorithm, and feedback GS-GA algorithm under
different arrangements

Beam Uniformity of Uniformity of Uniformity of feedback GS-GA
arrangement GS algorithm /% GS-GA algorithm /% algorithm /%
Cross 64.3 82.3 93.8
Circle 75.8 84.2 95.1
8X 8 array 59.4 68.3 94.5
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Fig. 7 Beam splitting processing effects of three different algorithms. (al)(a2)(a3) GS algorithm; (b1)(b2)(b3) GS-GA algorithm;
(c1)(c2)(c3) feedback GS-GA algorithm
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Fig. 8 Ways to selecting holes. (a) Serial numbers of holes under cross arrangement; (b) serial numbers of holes under annular

arrangement; (c¢) serial numbers of holes under 8 X 8 array arrangement
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Fig. 9 Machining hole diameters and depths obtained by three algorithms. (a) Machining hole diameter under cross arrangement;

(b) machining hole depth under cross arrangement.(c) machining hole diameter under annular arrangement; (d) machining hole

depth under annular arrangement; (e) machining hole diameter under 8 X8 array arrangement; (f) machining hole depth under

8 X8 array arrangement
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Table 5 Machining hole diameter uniformity obtained through GS algorithm, GS-GA algorithm, and feedback GS-GA algorithm

under different arrangements

B Hole diameter uniformity
eam

arrangement GS algorithm GS-GA algorithm  Feedback GS-GA algorithm ! 8
Cross 65.3% 80.6% 92.5% 14.8% 41.7%
Annular 70.8% 83.1% 93.7% 12.8% 32.3%

8X 8 array 52.9% 67.1% 94.3% 40.5% 72.9%

6 ARSI T GSE i (GS-GARE S i GS-GA N T i3 214
Table 6 Machining hole depth uniformity obtained through GS algorithm, GS-GA algorithm, and feedback GS-GA algorithm under

different arrangements

Hole depth uniformity

Beam L I,
arrangement GS algorithm GS-GA algorithm  Feedback GS-GA algorithm
Cross 60.2% 74.3% 85.1% 14.5% 40.1%
Annular 63.0% 77.2% 86.7% 12.3% 37.6%
8X 8 array 59.4% 74.7% 85.1% 13.9% 43.3%
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Fig. 10 Processing effects of 10X 10 beam array generated by feedback GS-GA algorithm on aluminum sample. (a) Full view of

aluminum sample after processing; (b) 3D morphology of hole array; (c) depth of first row of holes; (d) depth of fifth row of
holes; (e) depth of sixth row of holes; (f) depth of tenth row of holes
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Abstract

Objective Ultrafast lasers possess desirable advantages in the field of precision processing owing to their short pulse widths and
high-energy peak densities. However, single-focus ultrafast laser processing technology suffers from low processing efficiencies.
Parallel processing by beam splitting using a spatial light modulator (SLLM) is a solution for improving the efficiency of ultrafast laser
precision processing. Improving the multibeam uniformity after beam splitting is a key issue in ultrafast laser parallel processing. Two
factors deteriorate the quality of multiple beams: the approximations in beam-splitting algorithms, which leads to poor calculation
accuracy, and the poor beam quality of the laser in optical paths. To address these issues, a feedback GS-GA algorithm based on real-
time feedback is proposed in this study.

Methods A spatial light modulator is used for phase-only modulation by loading computer-generated holograms (CGHs). The
algorithms for beam splitting and shaping are dominated by the Gerchberg-Saxton (GS) algorithm and its derivatives. The GS
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algorithm 1s highly sensitive to the initial phase value of the light source, which directly affects the quality of the reconstructed light
field. However, it is difficult to obtain a suitable initial value. In this study, real-time feedback based on GS and genetic algorithms is
introduced in the process of hologram generation to improve the uniformity of beam splitting. In addition, a loaded Fresnel lens phase
1s used to separate the zero-order beam, avoiding the aberration caused by deviations from the optical axis of a reconstructed optical
field. After several iterations of the proposed algorithm, a beam array with a high uniformity is designed.

Results and Discussions Three beam splitting methods, including the GS algorithm, GS-GA algorithm, and feedback GS-GA
algorithm, are investigated in terms of the beam splitting and processing effect. Owing to a system error in the optical path, the
multibeam uniformity derived from the GS algorithm is less than 80% of the theoretical value. Compared with the GS algorithm, the
uniformity of the GS-GA algorithm is improved; however, the performance of the GS-GA algorithm decreases significantly when the
number of split beams increases. Due to the real-time feedback from the system (Table 4 and Fig. 6), the uniformity of the multi-beam
energy distribution obtained by the feedback GS-GA algorithm is superior to those of the other algorithms. Compared with the
conventional GS-GA algorithm, the use of the feedback GS-GA algorithm significantly improves the consistency of both the hole
depth and diameter by more than 12% in the resulting hole arrays. The consistent performance for the hole depth and diameter is
improved by approximately 40% compared with that of the GS algorithm (Tables 5 and 6, and Fig. 7).

Conclusions An optimized feedback GS-GA algorithm 1s proposed for pre-compensation, and its effectiveness is experimentally
demonstrated. Using the results from camera feedback as the individual fitness function in a genetic algorithm, this feedback algorithm
utilizes the genetic algorithm to select, exchange, and eliminate the initial value population, thereby improving the beam uniformity
by approximately 94 % for graphic and array multibeams. Furthermore, a laser precision punching experiment is performed using the
beam arrays obtained via this feedback algorithm, which shows large aperture and hole depth uniformities of over 90%. The method
proposed in this paper can achieve high-uniformity shaping for any form of designed multibeam with minimal requirements on the
accuracy of the optical path system. This method obtains a multibeam distribution with beam splitting uniformity close to 90% in a
certain focal depth range by dynamic zooming. The proposed shaping strategy significantly improves the beam splitting uniformity,
which paves the way for the application of high-quality ultrafast laser parallel processing. The time-consuming computation of the
proposed method can be improved by optimizing the solution range of the algorithm and using high-performance computer hardware to
speed up the iteration of the algorithm.

Key words laser technique; spatial light modulation; beam splitting and shaping; ultrafast laser precision machining; genetic

algorithm; GS algorithm
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