| 48 % & 17 89/2021 &£ 9 B /R E ML

LRI PR B e 3 BT B AR5
AEE'S, BRENY, A, kRE

Ve [ B A B LG SR RS S WL ST T S DR B FEE A S0 ue %, B 201800
S E RN B E TR BRI BE R U RO B A LR . B 2018005
Srp E R GE R, LA 100049

BWE  WOLLREARER T (MR REFOOCHR &0 — D E AR 4R, 20T —F 5 TIRE RS 1 M
I % 1% i T e 9 SR BRI O D't B RT LUK I 26 AT R ' SR A IR R 5 2 T AR O A A S G T RLAR:
SV G SRAL iy 1) AT 2 R I 7 B A G RO B A0 A 5 S R R ROR i LG O R M, ERUR ST S 5

TE T TR U5 A S L LS00 R A B RO R R AL IR B ML T A A L
BOCHAR s HIT IR0 BRAR FEREE: e

XA
FESFES 0436 XEkFRERD A

1 51 7

TE O I R, S TR A £ 48 R e L 5 i o
FTi oA T A P O R B AR T 2 A
) 52 38O O B A R U 0O O R R R T
(MO el H B RO A% 5 I (KO™ ™ AT 5 i R
7 (O R Zh R e (BQOY BT 5 51K
(SN, T8 FAE B R BT B 4 R O ik
Siegman™™ Bl A M) M* K T 8 4 W% 0 % 38 12 52 B9 b5
WM PR TR 52 BROG TRF R AR TR 4 2% JE] TR 9 R
B EC AR, AT IR B O 8 o BEAE JC A% 25 655 K AL
R E2E RGN, AR R B A% s E 3 & i kA
ARA B MR o AR AN 3 % AR TR R
RNEBEYE2E R G AR K e AR, R, )
M* P H A 38 £ 56 B R ~F B % 1550fA 165 e o R
TR A% BT — e, MO PR R MR v
A JTITAEED AR L S H X Ty B
D PR 18 H 2 2 WOl 3, XL R e A
AR e A SR ALk o B, 2 v ) SR I S i i 3
e BT RE BN e L DRI R BAAY fbk e
A T Tk

T8 FH ik e 5o 6 AR R ) D
;s M W T
doi: 10.3788/CJL202148.1705003

R TS K 5 A B 2l A WO i R PR A Y
3 AT S BIFSE N DA O K B T LR O o R AE I i
BT i, Akondi 250 3 F Shack-Hartmann
PR AR TF & T — B b s I 57 5 9 O vk Ok i
M PR AR 7 35 % 26 J Y Tt 45 2R = N
Wi, DuE "l 7 —F BT -5 ERE S
R 5 AU 12 J8 i 109 R R R AH 57 4 S5 B
M?* R 085 v 0T R ERE T, HAR TR B 5
T A 38 T 2 A OGO AR Y FRAE  FXT 525 ER
Bi B AR YA AR B 2K L A L AR RS 1Y R U
F Bl A5 Bl 3 a7 2 AL AR E B R B A5 R A PR
Hil. Merx 2557 HE T — B T 0 B AL 28 7 R
(TIE) MR 2 A A R AE AH T OG0 8 7 ik oy
T2 R SR RE L 53 ik R O T A DG Al 1) 5% b 4% 1
14 A28 ) R R, DT AT DA TR AN 75 24900 06 0 DU ) 1% 0
T 38 o Fe /N TS HU S A5 IR L Y B A K Rl
X TTE B4R BEAT SR A PRI AT LA E At 52 10 00 2 T
BEPGE TN M H . BB S W4 (CNND 2
T HEAR (S AR L An AFV0HE CNIN DGR 31T AR
G54 1 BT 37 B R B B MR X M
DR B 4 UEA TR BE CNIN 25, U 5 ms BT 52

KRB . 2021-02-02; 1&EI HHF: 2021-03-02; FRABH. 2021-03-09
HE4WB. R HRPI#HE4 (61827816,11875308,61675215) , 1 [ b2 B BHIF A #8345 45 BF 1 351 H (YTKYYQ20180024) .t
] R 2 52 % 1 56 T RHES £ 30T (A 25 (XDA25020306, XDA25020105) I ¥ 17 “ B 45 61 57 47 81 11 %17 (19142202600) . [ K 35

Rl2F 34 (61905259)
WISEE.

*xchpan(@siom. ac. cn

1705003-1



E48% F 17 H/2021 £ 9 A/HEHNL

IR oA ) A

T % M 20 A A A 8 1 B 1R (CAMD B3kt
) — B — 50 Bl AL B AR 6T AR5 00 3 2 AT PR 0
il o U R AT S O B T DL o gk AR R AR S
XA T 82 T A2 0 ) P i E A R R b AT S
HEAT B R T LATE 3845 B4E 27 1 Y 5 4
A1 o 8T R R TR 08 06 R BT A A BAL k1 5 A N 1Y
JERSE. TR FH 0 IR R 08 ) 25 4 R T AR E
IS Al H AR I AR 3 T 30A 7 i 4 s
T R 5L T PR I L B T DR S —
b 4 6 SR B AR AT R . AR SO OB CAMI
S FH i e Bk v S AR % 000 i [ A, Ol BT
B SLX  Bk AT AT AT T IE

2 REARJEBEE N ATy ik

2.1 CAMI EXRIE

Kl 1k CAMI EANK /R EE, FEBSRE
BE I B S AT S G BE A 0 g AL R . P )k
T o AR AR S B YR B I TR R S R SR OC B L
AT WS E R G, TR P R 22 S PR o T RE g A
XA [R]85 i vk BRI ot CAMIT 3303 v ) ol
i oAy 2 A1 W R 1% Bl AL O AR e K B R R Y
T BE T B AILHE AR I B, AL ZE R & 1 R R, Hoh 2R
0 XA B O, R R 3 T 0 0, A X BGE , X
IO ) AR MR A e 0 1, ISR P A R O A T LRy
RS 1Y HEAST AR 5 B H AT 0K B TR BE

B T KA, TR s 25 1 3 IR AR BRI % B AR e
AR SR A PR I T SR 20 A A S5 Al R 11 AH
L H B R o T DR A5 Al 5 (B Dy L S BR 43 AR
AT B IMR A o R T 2l 4R R A s — 5 08 ol 45
¥, PR 0 L AR 5 1) 2 2 O L R GBI 25 2h A
70 A PR EL AN R %) 17 50 T W H A 55 1)
ST SR NG 23 MBI AE TS Se M S v, JE T R BN 8L
Shy 3k B b AR ) T A Ok 1R 52 i, CAMI K ' BE £
WE TR BN AT AL, R e RGO,
WL T 7R s e rpts 532 55 P €0 DX 30 FRLRT A S A 4
55 14 1R A A B AT DL AR T T S R R Y 0 kO R
), T AT 03 R A 2 BURR PR, v A 0 X ) 5
KE R G B R P T IR R R . 44
BB B4 TG 16 3 4k B AL 4R i 9 ) Ak 0 1 )
OGRS L 5, OB REZE I 25 10 5% 2] — IR 98
JEE T, AR R 2 iR .

diffraction pattern
amplitude plate p

incident wave ( "}Em
el
i

R

1 CAMI B EAOSL B R
Fig.1 Basic optical path diagram of CAMI algorithm
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Fig. 2 Flow chart of wavefront reconstruction algorithm
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Fig.3 Simulation experiment. (a) Amplitude and phase of the incident wave on the modulation board; (b) unsaturated

diffraction spot pattern, the upper right corner is the pixel curve at the dashed line; (c) intensity map of the

modulation plate; (d) amplitude and phase of the incident wave reconstructed by CAMI; (e) diffraction spot pattern

after saturation treatment, the upper right corner is the enlarged view of the central area, the lower right corner is

the pixel curve at the dashed line; (f) reconstructed diffraction spot pattern, the lower right corner is the pixel curve

at the dashed line
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Fig.4 Reconstructed results. (a) Intensity of wavefront on plane x-z; (b)—(f) beam amplitude diagram on plane x-y

at —20, —10, 0, 10, 20 mm away from modulation plate

NI M B AR5 S8 LUIE K 0,006 mm
S lal B B IR AR 20000 A7 B A 6 5 A A
2.2 R T R X R S HE T AT
ARAFATT AR PR B M R TE B o, R EE L
LY R 0 RRIEN & Z, 280, R TR
E H R T BRI S0 A S AR S 0O, O R R I AR
N6 e, BERE AR A T BE AL IR IR 8 6 AS 20 mm
Ak, K- 1) R BT 1] M DR AR TR E A 3
M:=1.005.M>=1.004,Z,, = Z,, =20 mm,w,, =
w,, = 6. 0527 pm, L,, = 7. 3402 X 10* pm, L,, =
7.4027X10° pm.0, =0,=38. 2 mrad. I 3£ PR () S 5L
A M?=1.000,M’=1.000,Z7, =Z,, =20 mm,
Wy, =w,, =6.0 pm,L,, =L, =7.2493X10° pm,
0,=0,=8.3 mrad, X} i {15 22 & 43 0. 50%,
0.40%,0%,0.88%,1.25%,2.12%,1.22%, A It
TEAFTEDR 22 B B0 T o Fir £ J5 VA AR AR AT LA X Ol o o
AT A RO AT AT VEAS BB E

4 SEIR Ik

Shy ik — 25 B E BT 7 I A AT AT R 1 B
R CAMI JGEE X He-Ne 306 #EAT S bRl &, A
IR 632, 8 nm; BIF 2R FH A 3R & A 4 & 5 Ca) B
R LA 18 pum X 18 pm 3 TT K B BE AL HE AR
220 W i T T R 95 2 AR A 0 R IS Y W, o A A
R 1 5 0L M A H #; CCD (LS AVT-F1100b)
MR IR T R 9 pm, JEBEIC SR LR 8 bit, 43 B %
i 4008(H) X 2672 (V) ; B HL 4= Wk 14 il A 55 /)N 1y
JERGEN 18 pm, R BRI GFE RS HR 9 pm,

LK 8 bit, 1R MIATHOGCHEAE 5(b) frs . R H
Ophir-Spiricon Jf % T i 43 7 A (5 BSQ-SP920)
X' TR AT I 5 58 E , O BT 43 BT A SR 0 PR
e T kAT A A 5 (o) BIfaR . Tl 225 300 Rk AR
Jei » R FH D iy o A o A ) R R T R A
i 5D, B 5Ce) . (d) B &5 53R ot — 25 56 UF ir

45 pm

45 pm , 45 pm

Bl 5 He-Ne #OGM & . (a) R WA 43 4 5 (b) L5 {0 S 11
RSB BE s (oo R MR AR THT 982 A7 4 7 5 (D) 3 g 41R  AR

B O 9 W
Fig.5 Measurement of the He-Ne laser. (a) Amplitude
plate distribution ; (b) diffraction shot recorded
experimentally; (c) wavefront distribution of

amplitude plate; (d) reconstructed illumination

amplitude of amplitude plate
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Fig.6 Pulsed light measurement experiment. (a) Measurement optical path of CAMI; (b) single diffraction shot recorded

experimentally; (c¢) recovered diffraction spot pattern; (d) reconstructed illumination amplitude of amplitude plate;

(e) reconstructed illumination phase of amplitude plate
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Table 1 Laser quality evaluation parameter
Parameter Horizontal Vertical
M? 1. 4746 1.2101
w/pm 239.3 227.2
L,/pm 3.63X10° 3.57X10°
0/mrad 2.8 2.4
Z,/mm 86.9 95.5
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Fig.7 Reconstruction results. (a)—(e)Reconstructed incident wave amplitude results on plane x-y at —100, —50, 0, 50,
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Abstract

Objective In laser applications, the propagation characteristics of the beam directly affect its application quality.
Accordingly, various standards for measuring the laser beam quality have been proposed to better evaluate the laser
beam quality. The laser beam quality factor M? is the product of the beam waist diameter and the far-field divergence
angle, which does not change with the optical system. Therefore, using M’ for the beam quality measurement is
stricter and more comprehensive. The representative measurement methods of the M* factor are knife-edge and
array detection, among others. However, the measurement process of these methods is slow and requires multiple
captures, exhibiting high requirements on the beam stability. A pulsed beam (e.g., laser output from a high-power
driver) shows a certain degree of instability; hence, a simple pulsed beam quality measurement method is required.

Methods The algorithm of coherent modulation imaging based on amplitude coding(CAMI), which uses a binary
random amplitude plate to modulate the incident beam. A single-shot method based on coherent modulation imaging is
presented for the measuring of the beam quality. The laser beam to be measured first illuminates a highly random
phase plate with a known structure and subsequently the intensity of the resulting diffraction pattern is recorded by a
charge-coupled device positioned behind the phase plate. Intensity distribution of the laser beam is accurately
reconstructed with the coherent modulation imaging method, then the scalar diffraction theory is used to perform
numerical inversion, the beam intensity distribution of any plane can be obtained by calculation. According to the
standard beam quality analysis algorithm, the quality of the laser beam is calculated. In addition, since the CAMI
method adopts an amplitude modulation structure and does not require calibration, in theory, this method is
applicable to any wavelength. Therefore, compared with the existing method, the structure is simpler, suitable for
single exposure measurement, and theoretically can be used as a brand-new beam quality analysis technology.

Results and Discussions First, the feasibility of using CAMI algorithm to realize beam quality parameters was
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simulated and verified. It is assumed that the incident beam is an ideal Gaussian beam with a wavelength of 351nm.
Considering the diffraction pattern saturation error, uniform random background noise (0~ 1) and quantization
noise, the reconstruction results are shown in Fig. 3. The incident beam at the amplitude plate recovered by CAMI is
transmitted through the angular spectrum, and the beam parameters are calculated using the calculation method
described in section 2. 2. The maximum error is 2.12%, and all errors are within acceptable limits. For further
verification, the CAMI optical path diagram shown in Fig.1 and the Ophir-Spiricon beam quality analyzer (model:
BSQ-SP920) were used to measure the beam. Ophir-Spiricon beam quality analyzer measured the He-Ne laser beam
quality factor M% =1.044, M?% =1.042, CAMI method calculated M?% =1.090, M* =1.044, the relative error along
x direction and y direction was 4% and 0.2%. Finally, using the CAMI 351nm pulsed beam algorithm actual
measurement, the beam path diagram is shown in Fig. 6 (a). After 300 iterations, the saturated area of the
diffraction spot is restored, and the reconstruction results are shown in Fig. 6 (b)—(e). Through wavefront
inversion, the beam intensity distribution of other vertical sections along the optical axis can be calculated. The beam
width expands outward along the transmission direction in accordance with the hyperbolic law, and the coefficients of
the hyperbola are fitted by multiple sets of beam intensity data, thereby calculating the beam quality factor M’ =
1.4746, M? =1.2101.

Conclusions Compared with the far-field divergence angle and focal spot size, the laser beam quality factor M”* is a
technical evaluation that can strictly characterize the laser beam quality. A real-time complex amplitude
reconstruction method based on the coherent amplitude modulation imaging algorithm is proposed to determine the
laser beam quality factor M*. CCD is used as an image sensor to directly detect the laser beam distribution, and the
wavefront distributions at different positions are obtained by numerical calculation. Laser beam quality measurement
is based on the theory of second-order moments, and the M?” is measured by the method of propagation trajectory
curve fitting. Compared with the traditional mobile CCD method to obtain the wavefront distribution at different
positions, the automatic measurement is more convenient and faster, and the wavefront distribution information of
laser beam can be accurately obtained, which is suitable for measuring the quality of pulsed laser beam. Simulations
and experiments have proved the effectiveness of proposed method.

Key words laser technique; coherent amplitude modulation imaging; image reconstruction; second moment
fitting; M” factor
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