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Fig. 2 DLWFS model structure, where (), ;) is input double spots intensity data, G is the Generator, D is Discriminator, and y is

input random wavefront data as “real” data to train Discriminator
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Fig. 3 Loss function varying in training process of cGAN

compared with CNN of encode-decode only
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Fig. 4 Test data sets and wavefront recovery results comparison of DLWFS ( columns 1 and 2 are the intensity data of on-focus spots

5

Fig. 5

and defocus spots, columns 3 and 4 are the recovered wavefront G(x )by DLWFES and the input real wavefront y, column 5 is

the residual between the recovered wavefront and the real wavefront)
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Synchronized acquisition setup of DLWEFES and referencing SHWFES. The transmitted beam is collected by referencing SHWFES

behind an telescope beam reducer, the reflected beam is reflected again into DLWFS, then the converged beam is split by

another BS into focus camera to collect &, and into defocus camera to collect x,. BS: 50/50 beam splitter prism
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Fig. 6 Reconstructed wavefront by DLWFS and reference SHWFS. Three columns from left to right are wavefront G () retrieved
by DLWFS, y' by reference SHWFS, and the residual error between two results
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Fig. 7 An overview of the total experiment platform (DM1:
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for circular beams of 50 mm in diameter, and the last two rows are the comparison before and after correction for squared beam

of 50 mm X 50 mm. The intensity distribution of each spot is normalized for better view of the whole shape
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Abstract

Objective The thermal effects and mechanical deformation of high-power lasers impede the output performance of laser systems.
Compact laser systems, such as solid lasers, increasingly rely on adaptive optics (AO) featuring simpler structured wavefront sensors
to improve beam quality. Unlike the traditional methods that retrieve wavefront from intensity distribution, deep learning, which is
well-suited for nonlinear mapping, holds significant potential in this regard. In this article, we present a deep learning wavefront
sensor (DLWFS) and demonstrate its applications in AO wavefront corrections. We use conditional generative adversarial networks
(cGAN) to extract high-level features from the entire input intensity and retrieve wavefront from the intensity distribution. In other
words, we view this intensity-to-wavefront nonlinear mapping as an image-translating problem. To overcome the compression of the
wavefront information due to the diversity of coordinates during focusing propagation with a converged beam, the DLWFS relies on
acquiring intensity from both the focal spot and the spot just before the focus, also called “double spots”, as input intensity
distribution. By comparing the wavefront reconstruction results of DLWFES with those of commercial Shack-Hartmann wavefront
sensor (SHWFES), and applying DLWES in AO closed-loop of wavefront correction, the practicability of DLWFS can be proved.

Methods We simulated the propagation of random initial wavefront through physical diffraction to obtain the intensity of spots on
focus and defocus (0.98 times focal length) as training data and testing data of DLWFES. Network model cGAN was constructed by a
generator (G) and discriminator (D). G had a U-Net structure comprising encoder-decoder convolutional neural networks (CNNs). Tt
was trained to generate wavefront G () from input intensity distribution x(x,, x,), considering both on focus (x,) and defocus (x,)
intensity data. The discriminator with a U-Net structure of encoder-decoder was trained to distinguish between tuple (G(x), x) of
generated results G(x) with condition x as fake, and tuple (y, &) of real wavefront y with condition x as real. The training of the
generator was considered completed when G was able to successfully fool D. The concept is shown in Fig. 2 and is expressed
mathematically in Eqs. (2)(5). We built an experimental platform of deformable mirrors (DM) for disturbing and correcting, and
referencing SHWES for comparison, as shown in Fig. 7. DLWEFS exhibits superior resolution compared to SHWFS, and SHWES,
in turn, offers higher resolution than DM for the purpose of wavefront correction. The laser beam was split 50/50 into SHWFES and
DLWES separately, to compare the wavefront results. Furthermore, by computing the wavefront response function of the DM, the
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closed-loop of AO used the wavefront generated from DLWFS for wavefront correction. Therefore, these experiments can serve to
demonstrate the practicability of DLWFS as a wavefront sensor in AO systems.

Results and Discussions DLWFS is capable of retrieving wavefront data with a root mean square (RMS) residual error of less
than 0.3 pm at best, as shown in Fig. 4. When comparing the wavefront results of DLWES with those from SHWFS experiments, as
shown in Fig. 6, it becomes clear that the DLWFS generated wavefront results are smoother than referencing SHWFS, but both
results have similar magnitude and shape of distribution. The RMS residual error is approximately 0.0965-0.1531 pm in this
comparison. The most noticeable disparities are observed near edges, with a significant reduction in disparity toward central areas.
We conduct multiple AO wavefront correction experiments through controlling parameters and utilizing different 3D-printed apertures
inducing circle and square shapes of beams. The correction results obtained by utilizing DLWFS as the wavefront sensor closely
resemble the results obtained from SHWFS, as shown in Fig. 9. The results of utilizing DLWFS in the correction of wavefront
distortion induced by DM1 are shown in Fig. 10. The first two rows depict the results with and without AO correction of the 50 mm
diameter circular beam, while the last two rows depict the results of the 50 mm X 50 mm square beam. We improve the circle beam
quality from f=8.18 without AO to f=2.40 with AO, while we improve the square beam quality from #=10.83 without AO to
£=3.61 with AO. These results demonstrate the practicability of using DLWFS in AO. Based on the experimental results mentioned
earlier, we find that in retrieving wavefronts, the DLWFS shows a certain degree of deviation when compared to SHWFS. The
primary causes of this deviation can be attributed to the sensitivity of DLWFS in these aspects: the parametric sensitivity of focal point
position when acquiring spots, SNR of the wavefront with high frequency or small stroke aberrations, nonuniform distributed near-
field intensity, and irregularly shaped beams. Hence, the performance of DLWFES can be improved by using the real data acquired by

experiments conducted using an improved model.

Conclusions Compact wavefront sensor is highly suitable for improving the beam quality of compact solid lasers in AO systems. In
this article, we introduce DLWEFS as a new method of nonlinear mapping from intensity distribution of focus and defocus spots
into wavefront. The model is trained using simulated data. By using cGAN-based generator to retrieve wavefront from input
focus and defocus spots, we compare wavefront results of DLWFS with those of SHWFS. The residual error falls in the range of
0.0965-0.1531 pm. We also apply DLWES for AO wavefront correction and correct square and circle beams with beam quality
p=3.61 and p=2.40 separately. Although there is a noticeable deviation in wavefront results compared with the reference wavefront,
the wavefront correction results demonstrate the practicability of DLWFS. We believe that future improvements in the model

structure and the utilization of experimentally acquired training data will enhance the performance of DLWF'S in future studies.

Key words adaptive optics; wavefront reconstruction; deep learning; beam quality
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