Y] 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160405

AN REFEHPFNRSRinRIELIEERRIERIE

Eore?  xFXY EMWUVY OREED HREY  F XY

B
7 4e Ut
1) (@b 3 S5 EHCAR ST, LT 100094)

2) ("W ETAYBOTF BT AR, JL5T 100088)
(2026 4F 3 A 18 HYH; 2026 4F 4 A 20 HUEMEH)

FIIE NG G812 B T RSO, 1 A 2 18] D'l £ 55 400, A 37 36 50 7 AR OO A IE IR B 2 —
0 Ao A G A R I A5 22 14 I R 07 552 B o7 W AR b2 SR, 7E O R i 5t b, 2 Ui Ak L5
Rt | i U9 T S RN ARG R TR, SRR 22 P R 2 75 1, S EUE SN IE T ik R e B R AL L AR
U, NS S T HL AR A o) IR REARIE D7 3%, B AR TR0 T BRARAR (7 50 14 Fre LA A B T, P THEOE R AL
R R BERCR . 1 e, ASCRGEINTRENLIFAT S T [ (SPGD) SIE BB IEALE], B xR i e 1L | i
SUGENS AT BB, PRl S A IS A R L SR L) R AT Lk s i Ty S D AR R W], et
SPGD 53 15 5 i Y PR 58 T A A 2P THEOL RE AR Th B2 BE— 0 3t SRR 1 sk Al 2 > e A2 LAk b i B2
0025 235 SR Y UE R A 47 4 SRS IE AR L 9 T AR SEIE S T R AR AL i b A A L T AR IR AR L A T,

R BT R IE SR AL OB S S O S

REEIR: [IERDEY:, BOCK U, SRk, ARIERE

DOI: 10.7498/aps.75.20260388

1 5 =

JEAE R, 32 R w2, He iy
FRAE A2 A ™ B, SO | IR
TR 3 NG (AO) B A A 52 I et g AR
PRI BEATARDL A IE, M 2 i e R o i iR b AR
JE B ALGE AO AU AME IR BLEAR A IR, P
M AR A A AR L AL AR 3 LA
W 72 52 T, 8 K SOULIN R RO 4 i Hh 2 B
N BRI, AEO K P i i TR B R A
W, 5 AR R AR B 1O R TR], SR S O i
LD L™ | 7 5 AR AR SR 2 112 H A A B
MMkttt b, S8R AR AR R 1519,
1o AR R e A S N ek 38 ) R 07 e A2 TR AR BT R
R GRAK I A ] AR, R, 258 AO KT ik 1
R E AR B 26 A ek MR i, 7R

t BIEYEH. E-mail: su_hua@iapcm.ac.cn
© 2026 FEIEZFS Chinese Physical Society

CSTR: 32037.14.aps.75.20260388

TRHEC (Ne = a2/ (A~ L)) BN, 36K i 48 A1
AT REA A B B — 25 Ak, FEr T [ b A ]
JEAFE | FOETR IR BRI A S bR T AR v 19, ok
T AR KV BT b R B KA AR R AR . 7E
XY ARG LA E ik e e R Ak,
I, AT FH R 0 S 1 B A 1
P EA B T AN E MBS L.

AT EasyLaserl! -5 EUET HIIEE,
RGBT T M LG IR B AR K S K AR A 5 P 1 )
BR8], 25 SRR 7RI R G A SR T,
M Ny < 128, BRI IESE5 AO #J0Hk
PO R, A P R BREEAR R X — Rk
VAR 43 A =X % D T A R R o, el 7 i b
PEBRR AN FET. Y Ne BB G A (Ve > 1.2)
IF, #G IERE S A B A2 . ke BRI, 7E 3
B i T A% 14 T BN T AR A LB A A A AR E
M. LAk, TORA A R S LR 2T ik 1)

http://wulixb.iphy.ac.cn

160405-1


http://doi.org/10.7498/aps.75.20260388
https://cstr.cn/32037.14.aps.75.20260388
mailto:su_hua@iapcm.ac.cn
mailto:su_hua@iapcm.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 75, No. 16 (2026) 160405
TE S R WA RCIEAT 55 20 vh J 3 Hh v 0. 2009 45, AIRWE 1 .
T 5 PU R FHBENLITA TR EE B % (SPGD) Bk E O
B AL I 4 il H e, XSO KA i o i SRR Q

N RS PR AR TEA — B RCR s 2021 4FH 227855 122
BT A SPGD AT KA i S B IR e
PEHTI AR PEATREIE s 2022 4F, X HE S 23D I 2
2 AdaBelief Hi b5 19— B 8h & F1 B ol 4
A3 SPGD Fikirh, £ T EIE IS B A
Uk, £HxF SPGD Sk A i T AL 1E i B A
ARG T AR, (0% B0 538 W AL TR B 40
T PR HS, X FAR SO0 A 7K P K AR AL i [ A
R AT, k2% > (RL) HEZRUN SAC (soft
actor-critic), WIHHE T 38 8 5 fim i PR 58 28 ok 2
S B A TE WS B AT HEVE. 2020 4F4HR 2% 29 L
4 AO il ik S om ik 2g 2] F BN 45 & SO IR R
PEWFSE, G T H 2 R Re R IR AL, H AT
e FALE RN HE R T— vb R, [Eh8
B A IE R A AR 5T

BT ZHT AR, A —Fp R THL AR~
W7, BTETHRIEACE KB LS h AL T AR 4
(A3 TS IR AR, T 580 T hRifE SPGD HIAAE
G i Jm R, IR AT B S R 15 R
Bl L] ST R SO RE, DR TSI
b R R L. HE— 20, AIRE T F S HR
FERANIAR AL T B R, IEBH A E & B f AR e Hu e
T i 5 T %) RS . ARGl a4 BT, /K
TR AL i s PR MR RE UL T AR AR LA IE 1Y
PERTIREERLR; 2 AR ZE AR S e H AR
F It AR IEAF I SR AL T AR AR AE S B AH G
U SRR BEE T IR S AL,

2 T SPGD Wit imae L 4uAafr
BIEF %
2.1 FHix[RIE
2.1.1 ARBREAFTHE TS X
TE HIENDEFIERTEIE H, BEVLITA TR T [
TE—Fh B AL D i IE g8 45 T S B o KB &R
GVERESE PR J (WD RR S H L A I AR ) B9 JoM
Ry e, HAZ O AR 58 ok i il 1) w0 (GEHE
AIE R SR ) FE R 8) Zernike %) KENBENLIL D),
TR Y REHE bR A9 A A 3 1Ak T T 1251, ELAAK

AT ZHwy,

FERLA: o),

[ w} = wy+ 3y, J [ Wy = w,—0y J

HEWSL

TERERE R
JE Ty

L gwﬁ;’%.gk Jﬁﬁﬁ;rg

Bl 1 ARifE SPGD Fiik i A
Fig. 1. Standard SPGD algorithm flowchart.
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Fig. 3. Architecture of a laser long-range transmission turbulence correction simulation system.
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Fig. 4. Results of ideal phase-conjugate correction at differ-

ent scene levels.
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Fig. 7. Results of improved SPGD and ideal phase-conjugate correction at different ry: (a) 1y = 0.031 m; (b) 75 = 0.052 m; (¢) 75 =

0.103 m.
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Fig. 8. Application mechanism of the SAC algorithm in

phase correction.
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Fig. 9. Policy and value network architectures: (a) Actor network; (b) Critic network.
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Fig. 10. Training reward curve under strong turbulence con-

ditions.
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Fig. 11. Correction results of reinforcement learning algorithm and SPGD algorithm in horizontal transmission scenarios: (a) Initial

spot; (b) spot after reinforcement learning correction; (c) reinforcement learning correction phase; (d) spot after SPGD correction;

(e) SPGD correction phase.
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Fig. 12. Comparison of different correction algorithms for
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Non-conjugate intelligent correction method for atmospheric
turbulence in long-range laser propagation

WANG JingtingV?  LIU Xiaohan!  WANG Shuai? ZHANG Jianzhu
XIE Xiaogang! LUO Wen!  SU Hua?

1) (Institute of Applied Physics and Computational Mathematics, Beijing 100094, China)
2) (Graduate School of China Academy of Engineering Physics, Beijing 100088, China)
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Abstract

Adaptive optics (AO) systems are indispensable for mitigating atmospheric turbulence-induced wavefront
distortions in applications such as astronomical observation and free-space optical communication. The phase
conjugation principle, which applies the conjugate of the measured aberration via a deformable mirror, serves as
the foundational correction mechanism. However, in horizontal long-range laser propagation, the distributed and
intense nature of atmospheric turbulence, coupled with diffraction effects, gives rise to strong non-conjugate
characteristics. Under these conditions, the measured wavefront often contains phase singularities, causing
conventional phase conjugation to degrade severely or even exacerbate beam distortion when the Fresnel
number is small, thus fundamentally limiting its effectiveness. To transcend this bottleneck, this paper proposes
a machine learning-driven intelligent correction framework designed to identify an optimal compensation
wavefront that outperforms the ideal phase-conjugate solution. Firstly, we systematically deconstruct the
standard stochastic parallel gradient descent (SPGD) algorithm, identifying its inherent limitations, comprising
susceptibility to local optima, slow convergence, and sensitivity to initial conditions, in the context of non-
convex, multi-peaked optimization landscapes induced by strong turbulence. To address these, we introduce a
suite of enhancements: high-order Zernike polynomial representation (up to 65 orders) to expand the solution
space, a Kolmogorov-spectrum-based exponential decay perturbation model to align exploration with physical
priors, integration of the Adam optimizer for adaptive moment estimation and learning rate adjustment, an
optimal parameter rollback mechanism for ensuring monotonic performance non-degradation, and an early
stopping strategy with adaptive learning rate decay for computational efficiency. Our comprehensive
simulations, based on a multi-phase screen wave-optics propagation model on the EasyLaser platform,

systematically evaluate the improved SPGD algorithm across varying turbulence strengths and Fresnel

1 Corresponding author. E-mail: su hua@iapcm.ac.cn
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numbers. The results demonstrate that the improved SPGD achieves a performance enhancement factor of over
20% compared to ideal phase conjugation at a Fresnel number of 1.2 in moderate-to-strong turbulence,
conclusively verifying the existence of superior non-conjugate correction wavefronts. However, its performance
improvement margin narrows significantly in weaker diffraction regimes, exposing the inherent local-search
limitations of the gradient-based SPGD framework. To achieve more robust global optimization, we further
pioneer the application of a deep reinforcement learning (RL) approach based on the Soft Actor-Critic (SAC)
algorithm. By formulating the phase correction task as a Markov decision process and integrating convolutional
neural network-based policy and value networks, the RL agent learns a direct mapping from high-dimensional
wavefront and far-field intensity images to optimal Zernike correction coefficients. The maximum entropy
framework of SAC enables systematic global exploration, effectively escaping local optima that trap gradient-
based methods. Remarkably, under strong turbulence conditions where both ideal phase conjugation and the
improved SPGD algorithm fail (e.g., demonstrating a performance factor of only 1.04 by SPGD), the RL-driven
controller achieves a performance enhancement factor of 4.53, restoring a near-diffraction-limited far-field spot.
This study establishes a transformative paradigm for turbulence correction by fundamentally moving beyond
the phase conjugation principle, confirming the practical feasibility and profound potential of reinforcement

learning for complex, high-dimensional, continuous wavefront control in adaptive optics.
Keywords: adaptive optics, laser atmospheric propagation, reinforcement learning, non-conjugate correction
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