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Deformable mirrors (DMs) are widely used in high-power laser systems to improve the output beam quality. However, under high-power laser irradiation, the heat accumulates on the DM mirror surface and results in high-power laser induced distortions (LID), which will degrade the wavefront correction performance of the DM. In order to suppress the negative impact of the LID on the DM’s performance, we introduce the dual magnetic connection DM (DDM), in which the mirror and the base are connected by two-layer magnets. Configuration of the DDM is presented. The simulation is established to analyze the LID characteristics as well as the wavefront correction performance of the DDM. An experiment is established to investigate the LID of the DDM in practical conditions. Simulation and experiment results indicate that under high-power laser irradiation, the DDM could effectively suppress the LID and maintain good wavefront correction capability.
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1 INTRODUCTION
Adaptive optics (AO) technology is widely used in atmospheric optics [1–4], biomedical imaging [5–7], and vision science research [8–10] to help obtain high-quality images, as well as in inertial confinement fusion facilities [11–13] and laser systems [14–19] to improve beam quality. A common AO control system includes a wavefront sensor, a wavefront aberration corrector and a wavefront controller. In the AO control of high-power laser systems, deformable mirrors (DMs) are commonly used as the corrector to correct wavefront aberration due to its advances in high laser-induced damage threshold and real-time correction with short response time and high dynamic range [15, 16]. Generally, a newly manufactured DM has a good surface shape without large distortions to ensure that it can correct wavefront aberrations well. Nevertheless, previous studies have found that the wavefront correction performance of a DM is affected by its thermal condition. When the thermal condition of the DM changes, surface distortions appear on the mirror, thus degrading the correction capability of the DM [20–30]. For a DM working in a laser system, there are two common situations that can cause the thermal condition of the DM to change. In the first case, the working temperature of the DM is different from the design temperature, which leads to the temperature-induced distortion (TID) [20–23]. In the second case, the heat gradually accumulates on the mirror surface under high-power laser irradiation, which results in the laser-induced distortion (LID) [24–29]. It is worth noting that the TID occurs when both the mirror and the base reach thermal steady state under ambient temperature changes, while the LID occurs when the mirror is heated individually and there is a temperature difference between the base and the mirror. Typically, the TID under a certain temperature variance does not change over time and is dependent on the linear expansion coefficient difference between the base and the mirror. While the LID varies with the duration of laser irradiation and is mainly dependent on the heat accumulation of the mirror.
Some research has been done to investigate how to suppress the TID of the DM [21–23]. From the study about TID it could be seen that under temperature variation, the DM’s surface shape appears not only low-order but also high-order distortions with the high-order ones particularly dependent on the configuration of the DM [21]. To suppress the TID, they suggested that the thermal expansion coefficient of the base material be similar to that of the mirror material. However, in normal conditions, it is difficult to maintain the mechanical performance of the DM and use materials with similar linear expansion coefficients for the mirror and the base at the same time. A temperature compensation module was introduced to actively compensate the TID [22]. The study systematically analyzed the TID based on thermal stress characteristics and showed that the TID, which could not be self-corrected by the DM, mainly came from the tilt of the DM actuators due to temperature change. By introducing a temperature compensation module behind the stainless-steel base as well as using a hybrid control algorithm, the TID could be well compensated. Non-etheless, this method increases the complexity of the DM control component and is not effective on the LID. A hybrid connection structure DM (HDM) was proposed to suppress high-frequency TID, adopting both magnetic connection structure and conventional adhesive connection structure in the DM [23]. Nevertheless, the conventional adhesive connection used on the four corner actuators caused concentrated stress and deformation in the mirror, which limited the effective area of the HDM and degraded the wavefront correction performance.
Some research has been done to investigate how to suppress the LID of the DM [27–30]. The influence of the LID on the phase distortion and Strehl ratio in the far-field was calculated, and it was shown that a mirror’s LID was related to thermal characters of the mirror material [27]. In the meantime, utilizing material which has high specific heat and low thermal expansion coefficient would help suppress the LID. Water cooling channels were embedded inside the Silicon carbide mirror of a DM to actively dissipate the heat accumulated on the mirror without hindrance to the optical stability of the system, thus suppressing the LID [28]. In another research, a Silicon mirror DM also used water cooling to avoid LID under high-power laser [29]. Moreover, a stacked-actuator DM with water-cooling system was developed to compensate the LID brought by high-power laser [30]. Although water cooling is an effective way to eliminate heat from the mirror, adding a water-cooling module directly to the mirror will increase the difficulty of DM packaging and introduce the risk of water leakage damaging the DM.
In this paper, a dual magnetic connection DM (DDM) is proposed to suppress the LID under high-power laser applications. In Section 2, the LID characteristics of the DDM, the ADM, and the traditional adhesive connection DM (ADM) whose mirror and base are set to the same material are investigated in simulation using the finite element method. The results indicate that under the same high-power laser irradiation, the LID of the HDM and the ADM are larger and more difficult to be well self-corrected than that of the DDM. The wavefront correction performance of the DDM is analyzed by compensating Zernike mode aberrations in simulation. In Section 3, a lab-manufactured DDM is presented, and an experiment is established to investigate the LID of the DDM under practical conditions. The experiment results correspond well with the simulation results that the LID of the DDM is suppressed and could be well self-corrected.
2 SIMULATION
2.1 Configuration of the DDM
In order to compare the surface distortion as well as the wavefront correction performance of the DDM, ADM and HDM under high-power laser irradiation, models of the three DMs are established. Note that the ADM and the HDM both are effective ways to suppress the TID on the mirror surface when the working temperature is different from the design temperature. Non-etheless, the TID happens under the thermal steady state which the DM takes a long time to reach, while the LID happens under high-power laser irradiation in a short time. Therefore, it would be helpful to investigate the LID characteristics of the ADM and the HDM through finite element methods and compare the results between the ADM, the HDM and the DDM. The structure of the DDM, the HDM, and the ADM is shown in Figure 1. All three DMs are constructed with a mirror which has posts and a base which has flexure plates, with the corresponding components sharing the same size between different DMs. However, it could be seen from Figure 1 that the structure difference of the DDM, the HDM, and the ADM lies in the way of connection between the mirror and the base. For the DDM shown in Figure 1A, two layers of magnets are used between the mirror and the base, connecting them with magnetic force. The upper layer of magnets connects the mirror posts upwards with adhesive connection, and the lower layer connects the flexure plates with adhesive connection. Then the two layers of magnets connect each other with magnetic connection. For the HDM shown in Figure 1B, the four corner mirror posts are attached to the base using adhesive connection, while the other mirror posts are attached using magnetic connection. Figure 1C shows the structure of the ADM whose all pairs of mirror posts and flexure plates are connected with adhesive connection. To investigate the LID characteristics of the DDM, finite element models are constructed in COMSOL Multiphysics software [31]. Figure 1D shows the actuator location of the DM models. All 49 actuators are distributed in a 7 × 7 square arrangement. The distance between two adjacent rows/columns of actuators is 12 mm, and the distance between the actuators in the outermost row/column and the mirror edge is 6 mm. Furthermore, we investigate the LID of the DDM for different effective area sizes as shown in Figure 1E, which is also applied to the HDM. l is the side length of the effective area. Three area sizes are chosen: 76 mm × 76 mm, 68 mm × 68 mm, and 60 mm × 60 mm. For the areas with the latter two sizes, the outermost 24 actuators are not included.
[image: Figure 1]FIGURE 1 | Schematic view of the structure of the DM. (A) DDM. (B) HDM. (C) ADM. (D) Actuator location (φ = 5 mm). (E) Effective area sizes of the DDM. l: Side length of the effective area.
Structural and material parameters of the DM are shown in Table 1 and Table 2, respectively. BK7 is used as the mirror material of the three DMs. For the DDM and the HDM, stainless steel is set as the base material and NdFeB magnet is set as the magnet material. For the ADM, all components are made of BK7. The dimensions of corresponding components are the same between the three DMs. The DDM’s overall height is higher than the other two DMs due to the two-layer magnets.
TABLE 1 | Structural parameters of the DM models.
[image: Table 1]TABLE 2 | Material parameters of the DM models.
[image: Table 2]The finite element models are based on thermal stress analysis. Models of the DDM, the HDM, and the ADM use the same constraint and thermal settings. A fixed constraint is applied on the center point of the base undersurface to prevent the base from moving. The rotation and the z-axis displacement of the undersurface are set to zero. The heat transfer coefficient of every outer surface is set to 10 W∙m−2∙K−1. The initial ambient temperature and DM temperature are set to 20°C, reaching thermal steady state. The initial surface shape of the DM is set to an ideal plane surface. Typically, for a DM used in a high-power laser system, a mirror coating is applied to avoid damage to the mirror and provide high-ratio reflectivity. In the simulation, a heat flux of 1000 W∙m−2 is set on the mirror’s outer surface to simulate the heat absorbed by the mirror after the laser is reflected by the coating. For a mirror coating of 99.9% reflectivity, a heat flux of 1000 W∙m−2 absorbed by the mirror corresponds to a laser power density of 1000 kW∙m−2. The duration of laser irradiation is set to 60 s. After 60 s of laser irradiation and heat absorption, the DM deforms, and LID appears on the mirror surface. Note that the thermal steady state is not reached. Furthermore, to explore the LID under long-time irradiation, LID results after 600 s and 6000 s duration are also calculated.
To investigate the wavefront correction performance of the DMs under high-power laser irradiation, the influence function (IF) is also calculated through the finite element models. With the same stress constraint preset mentioned above, to obtain the response of a certain actuator channel, the contact surface between the flexure plate and the magnet is set to shift up 1 μm along the z-axis. Mirror surface deformations of each actuator channel together form the IF of the DM. After that, the analyses of LID characteristics and wavefront correction performance of the DDM, the HDM, and the ADM are carried out in MATLAB software [32]. Here, we adopt the least squares method as the wavefront correction algorithm in the simulation [33].
2.2 Investigation on the LID of the DDM
The investigation of the LID characteristics and temperature distribution of the DDM are implemented through the finite element model. With two layers of magnets connecting the mirror with the base, the DDM could both suppress the actuator tilt under high-power laser irradiation and maintain structure stability. In the simulation, the DDM is subjected to laser irradiation and heat absorption for 60 s. Before the laser irradiation, the DDM is in thermal steady state with the temperature of 20°C. The temperature distribution of the DDM under 60 s laser irradiation is shown in Figures 2A,B. The deformation of the mirror surface under laser irradiation is recorded as the LID, and the results are shown in Figure 2(C–E).
[image: Figure 2]FIGURE 2 | Temperature distribution and LID of the DDM under 60 s laser irradiation. (A) Overall temperature distribution TV. (B) Mirror temperature distribution TS. (C) Initial LID. (D) Self-correction residual. (E) Diagonal cross-section view of the LID.
Figure 2A shows that after 60 s of laser irradiation covering the mirror surface, the temperature distribution of the overall DDM (TV) forms a gradual decrease from top to bottom. The main temperature rise occurs in the mirror, including the faceplate and the posts. The faceplate of the mirror reaches over 30°C, with an over 10°C rise than the initial temperature. The base temperature remains 20°C, indicating that the heat does not reach the base under 60 s duration. It could be seen from Figure 2B that the temperature distribution of the mirror surface (TS) is between 30.1°C and 31.8°C. Compared to other regions of the mirror surface, the regions closer to the mirror posts have lower temperature rise since the heat is transferred downwards.
From Figure 2C it could be seen that there is no concentrated distortion at the corners and no large actuator-corresponding high-frequency distortion on the mirror surface of the DDM. Compared with the LID of the HDM and the ADM mentioned below, the LID of the DDM has smoother deformations. The self-correction residual shown in Figure 2D also shows no large concentrated distortion and large actuator-corresponding distortion. The self-correction residual is obtained by compensating the LID with the IF of the DDM. The diagonal cross-section view of the LID of the DDM is shown in Figure 2E. The peak-to-valley (PV) value of the LID 0.33 μm, and the root-mean-square (RMS) value of the LID is 0.05 μm. The PV value and the RMS value of the self-correction residual are 0.09 μm and 0.01 μm, respectively.
Figure 3 shows the LID of the DDM with different effective area sizes. It could be seen that the LID and the self-correction residuals show no high-frequency distortion, indicating that the DDM has no effective area loss.
[image: Figure 3]FIGURE 3 | LID of the DDM with different effective area sizes. (A–C) Initial LID with the area side length l of 76 mm, 68 mm, and 60 mm, respectively. (D–F) Self-correction residuals with the l of 76 mm, 68 mm, and 60 mm, respectively.
The LID characteristics of the DDM under long-time laser irradiation are also investigated. Temperature distributions of the overall DDM and the mirror surface are shown in Figure 4. It could be seen that the temperature distribution forms are similar with the results shown in Figure 2. The mirror surface temperature TS under 600 s laser irradiation is between 45.6°C and 51.0°C, while TS under 6000 s laser irradiation is between 47.1°C and 52.5°C. For the mirror surface, with the increase of laser irradiation time, the increase of temperature rise tends to be stable. During the laser irradiation, the heat continuously transfers from the mirror to the base, thus the temperature of the base increases. After 600 s laser irradiation and heat transfer, the lowest temperature of the base undersurface reaches 20.2°C, while after 6000 s laser irradiation it reaches 23.0°C. The results indicate that under laser irradiation, the temperature distribution of the overall DM follows a gradient distribution with a decrease from top to bottom.
[image: Figure 4]FIGURE 4 | Temperature distribution and LID of the DDM under 600 s and 6000 s laser irradiation. (A) Overall temperature distribution TV, t = 600 s. (B) Mirror temperature distribution TS, t = 600 s (C) TV, t = 6000 s (D) TS, t = 6000 s. (E) Initial LID, t = 600 s. (F) Self-correction residual, t = 600 s. (G) Initial LID, t = 6000 s. (H) Self-correction residual, t = 6000 s.
The LID of the DDM under laser irradiation of 600 s and 6000 s are shown in Figure 4(E–H). Under 600 s laser irradiation, the LID of the DDM has the PV value of 0.79 μm and the RMS value of 0.13 μm. After self-correction, the PV value of the residual is 0.12 μm with an 85% reduction, and the RMS value is 0.02 μm with an 85% reduction. Under 6000 s laser irradiation, the PV value and the RMS value of the LID are 0.79 μm and 0.13 μm, respectively. After self-correction, the PV value and the RMS value of the residual are 0.11 μm with an 86% reduction and 0.02 μm with an 85% reduction, respectively. It could be seen that the DDM has good self-correction capability.
The simulation results demonstrate that the DDM could suppress the LID effectively. Table 3 shows the detailed LID simulation results of the DDM and temperature distribution results of the mirror surface under 60 s, 600 s, and 6000 s laser irradiation. ΔTS indicates the difference between the lowest temperature and the highest temperature of TS. The simulation results of the HDM and the ADM are also listed in Table 3, which will be introduced and analyzed in subsequent sections. For the initial LID and residual shown in Table 3, the percentage shown in parentheses after the number indicates the ratio of the PV/RMS value of them to the PV/RMS value of corresponding DDM LID results under the same laser irradiation duration.
TABLE 3 | LID and mirror temperature results of the DDM, the HDM, and the ADM.
[image: Table 3]2.3 LID characteristics of the HDM and the ADM
The simulation results introduced above show that the DDM could effectively suppress and self-correct the LID under high-power laser irradiation. To further demonstrate the advantage of the DDM structure on LID suppression, investigations on the LID characteristics of the HDM and the ADM are also established through finite element models in simulation.
2.3.1 LID characteristics of the HDM
In the simulation, the HDM has the same stress constraint and thermal condition with the DDM. The HDM adopts adhesive connection to connect the mirror and the base in the four corner actuator channels and adopts magnetic connection in other actuator channels. The temperature distribution and the LID characteristics of the HDM are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Temperature distribution and LID of the HDM under 60 s laser irradiation. (A) Overall temperature distribution TV. (B) Mirror temperature distribution TS. (C) Initial LID. (D) Self-correction residual. (E) Diagonal cross-section view of the LID.
It could be seen from Figure 5 that the temperature distribution of the ADM under 60 s laser irradiation is similar with that of the DDM. For the overall ADM, the temperature decreases from top to bottom. The temperature of the DDM mirror surface varies from 30.1°C to 31.8°C, same as the temperature range of the DDM mirror surface.
The corresponding LID characteristics are shown in Figure 5(C–E). Figure 5C shows the LID of the HDM under 60 s laser irradiation. The PV value of the LID of the HDM under 60 s irradiation is 3.32 μm, 906% larger than that of the DDM. The corresponding RMS value is 0.28 μm, 460% larger than that of the DDM. The PV value and the RMS value of the self-correction residual are 0.63 μm and 0.08 μm, respectively. It could be seen that the surface shape of the mirror surface’s central area is higher than that of the four corners’ areas, showing a convex surface shape for the overall mirror. Deformations on the four corners of the mirror are larger than those on the central area. On each corner, from the center of the mirror out, the surface shape changes sharply from high to low. The sharp surface shape deformation is reflected in the self-correction residual (Figure 5D) and the diagonal cross-section view of the LID (Figure 5E). The blue and red curves are the diagonal cross-section views of the LID of the DDM and the HDM, respectively. The DDM’s curve has the smaller range and the smoother deformation. It could be seen that concentrated distortions appear on the corner area of the HDM. Therefore, to achieve good wavefront correction performance, the effective area of the HDM should be limited.
The initial LID and the self-correction residuals of the HDM with different effective area sizes are shown in Figure 6. It could be seen that for the HDM with the effective area size lengths of 76 mm and 68 mm, the concentrated deformation still appears on the four corners of the mirror and could not be effectively self-corrected. As shown in Figure 6F, for the HDM with the effective area size length of 60 mm, the concentrated deformation could be suppressed. Compared with the full 84 mm × 84 mm mirror surface, the 60 mm × 60 mm effective area is much smaller with a 51% area loss. The concentrated deformation on the four corners of the HDM could not be self-corrected effectively, which limits the effective area and, furthermore, limits possible applications of the HDM.
[image: Figure 6]FIGURE 6 | LID of the HDM with different effective area sizes. (A–C) Initial LID with the area side length l of 76 mm, 68 mm, and 60 mm, respectively. (D–F) Self-correction residuals with the l of 76 mm, 68 mm, and 60 mm, respectively.
The temperature distribution and the LID characteristics of the HDM under 600 s and 6000 s laser irradiation are also investigated, as shown in Figure 7. It could be seen that the temperature distribution of the HDM is similar to that of the DDM. The temperature distribution TV of the HDM follows a gradient distribution with a decrease from top to bottom, which is different from that in the TID’s condition. In the TID’s condition that the ambient temperature changes, the whole DM ends up at the same temperature. The PV values of the LID of the HDM under 600 s and 6000 s laser irradiation are 7.93 μm and 6.28 μm, respectively. The corresponding RMS values are 0.67 μm and 0.54 μm, respectively. Compared with the LID of the DDM under 600 s and 6000 s laser irradiation, the LID of the HDM has a significant rise in PV and RMS values and also has differences in surface shape structure. In the HDM LID shown in Figure 7, it could be seen that there exist distortions with large deviation gradients in the four corners. According to the analysis of LID under 60 s irradiation, these corner distortions not only lead to the large PV and RMS values of the HDM LID, but also are difficult to be self-corrected by the HDM. For the HDM, to reduce the influence brought by the corner distortions and obtain good self-correction ability, a smaller effective area should be selected. While for the DDM LID shown in Figure 4, the distortions are relatively flat throughout the mirror area and could be effectively self-corrected without sacrificing the effective area. Therefore, the DDM has better self-correction ability than the HDM. The PV values of the self-correction residuals of the HDM LID under 600 s and 6000 s laser irradiation are 1.58 μm and 1.23 μm, respectively, which are 1217% and 1018% larger than those of the DDM. Detailed results are shown in Table 3.
[image: Figure 7]FIGURE 7 | Temperature distribution and LID of the HDM under 600 s and 6000 s laser irradiation. (A) Overall temperature distribution TV, t = 600 s. (B) Mirror temperature distribution TS, t = 600 s (C) TV, t = 6000 s (D) TS, t = 6000 s. (E) Initial LID, t = 600 s. (F) Self-correction residual, t = 600 s. (G) Initial LID, t = 6000 s. (H) Self-correction residual, t = 6000 s.
2.3.2 LID characteristics of the ADM
An ADM in which components are made of the same material has poor mechanical properties, compared to a traditional DM. Non-etheless, the ADM could solve the TID problem to the maximum extent since there is no linear expansion coefficient difference. To ideally eliminate the TID, either the ambient temperature change should be avoided, or the linear expansion coefficients of different components should remain the same. To avoid changing the ambient temperature, a temperature controller should be used to adjust the working temperature to be close to the design temperature of the DM, which is difficult to implement. By using the same material to form the DM, there is no need to control the ambient temperature after the ADM is manufactured. Thus, the ADM is an effective way to suppress the TID.
Although the ADM performs well in TID suppression, when it is working under laser irradiation, the LID would appear on the mirror surface due to the heat accumulation of the mirror. The temperature distribution and LID characteristics of the ADM are investigated in finite element models. The ADM has the same stress constraint and thermal condition with the DDM and the HDM. BK7 is taken as the material of the ADM. The adhesive connection is used for each pair of mirror post and base flexure plate of the ADM. After laser irradiation, the temperature distribution of the ADM is similar to that of the HDM and the DDM, and specific data are shown in Table 3.
The LID characteristics of the ADM under laser irradiation are shown in Figure 8. From Figure 8(A–C) it could be seen that there appear actuator-corresponding distortions in the LID of the ADM. Under the condition that the working temperature is different from the design temperature, no TID would appear on the ADM since the linear expansion coefficient of different components remain the same. However, under the condition of laser irradiation, heat accumulates gradually on the mirror and transfers slowly to the base. The mirror and the base have different temperatures, leading to actuator tilt and actuator-corresponding LID. The PV values of the LID under 60 s, 600 s, and 6000 s are 2.55 μm, 6.92 μm and 6.98 μm, respectively, which are 673%, 776%, and 784% larger than the corresponding PV values for the DDM. The RMS values of the LID are 0.42 μm, 1.20 μm, and 1.22 μm, respectively, which are 740%, 823%, and 838% larger than the corresponding RMS values for the DDM. The RMS values of the LID of the ADM are larger than those of the HDM shown in Table 3. While for the self-correction residuals, the RMS values of the self-correction residuals of the ADM are smaller than those of the HDM. The RMS values under 60 s, 600 s, and 6000 s laser irradiation are 0.04 μm, 0.10 μm, and 0.10 μm, respectively. The corresponding PV values are 0.27 μm, 0.58 μm, and 0.56 μm, respectively, which are smaller than the PV values of the HDM’s self-correction residuals. This indicates that under laser irradiation, the actuator-corresponding distortions of the ADM are more evenly distributed than the concentrated distortions of the HDM, and the self-correction results of the ADM are better than the HDM. Non-etheless, there is still high-frequency LID on the ADM mirror surface, and it is difficult to manufacture the ADM while maintain good mechanical properties. Detailed LID simulation results of the ADM and the temperature characteristics of the mirror surface under 60 s, 600 s, and 6000 s laser irradiation are shown in Table 3. The LIDs of the DDM, ADM and HDM under Gaussian-like heat irradiation in different time duration are also calculated in the simulation, and the results are the same as those under uniform heat irradiation that the DDM has suppressed LID and could maintain good wavefront correction capability.
[image: Figure 8]FIGURE 8 | LID of the ADM under laser irradiation. (A–C) LID, t = 60 s, 600 s, and 6000 s, respectively. (D–F) Self-correction residuals, t = 60 s, 600 s, and 6000 s, respectively.
2.4 Wavefront correction performance of the DDM
To make comparison of the wavefront correction performance between the DDM and the HDM, Figure 9(A–B) shows the PV as well as the RMS values of the LID and self-correction residuals of the two DMs. It could be seen that the initial LID of the DDM, which has not been corrected, has lower PV and RMS values than the self-correction residual of the HDM, not to mention the self-correction residual of the DDM. This indicates that in terms of suppressing LID, the DDM performs better than the HDM. Figure 9(C–F) show the results of the simulation which is implemented to study the effect of the LID on the wavefront correction performance of the DDM. Third–10th Zernike mode aberrations are taken as the initial distortions that need to be fitted. Furthermore, to investigate the deterioration of correction performance due to the LID, another correction is implemented with the LID corresponding to the HDM and the DDM under 60 s laser irradiation superimposed to each Zernike mode aberration as the initial distortion. PV values of the original Zernike mode aberrations are uniformly set to 3 μm.
[image: Figure 9]FIGURE 9 | Wavefront correction performance of the HDM (blue ones) and the DDM (orange ones). (A) PV and (B) RMS values of LID and self-correction residuals. (C) PV and (D) RMS values of initial aberration and correction residuals of Zernike mode aberrations. (E) PV and (F) RMS values of initial aberration and correction residuals of Zernike mode aberrations superimposed with LID.
Figures 9A,B shows that the PV and RMS values of the correction residuals of the DDM are smaller than those of the HDM. It could also be seen from Figure 9C–F that with the superimposition of the LID, the PV and RMS values of the correction residuals show varying degrees of increase, indicating the negative effect of the LID on the wavefront correction performance of the DM. With the superimposition of the LID, the PV values of the HDM correction residuals have an average rise of 143%, and the RMS values 187%. While the PV values of the DDM correction residuals have an average rise of 15%, and the RMS values 18%. The difference in wavefront correction ability between the DDM and the HDM comes from their different physical and thermophysical mechanisms. When the DM is working under laser irradiation, heat accumulates gradually on the mirror and transfers to the base, resulting in a difference in temperature variation between the mirror and the base, as well as a difference in the thermal expansion scale between them. After that, the different thermal expansion scales cause mirror posts to tilt and further generate local high-frequency distortions on the mirror surface. For the DDM, two layers of magnets are used between the mirror and the base, connecting them with magnetic force. When the mirror post tends to tilt, the magnetic connection structure allows relative displacement between the mirror post and the flexure plate, whereas the adhesive connection structure does not. The HDM and the ADM use adhesive connection structure for the four corner posts and all posts, respectively, resulting in high-frequency distortion in the LID that could not be effectively self-corrected. Therefore, compared with the HDM and the ADM, the DDM has an advantage that the LID could be suppressed and effectively self-corrected, allowing the DDM to have better wavefront correction ability under high-power laser irradiation.
In conclusion, under high-power laser irradiation, the LID generated on the mirror surface of the DM would deteriorate the wavefront correction performance, and the DDM suffers much smaller loss of wavefront correction performance than the HDM.
3 EXPERIMENT
The experiment is carried out to measure the LID of a lab-manufactured DDM. Structure of the DDM is shown in Figure 10A. The DDM consists of a mirror with posts, two layers of magnets, base with flexure plates, actuators, and other internal components. No mirror coating is applied to the mirror. The material of the mirror is BK7, the material of the magnet is NdFeB magnet, and the material of the base is stainless steel. The structural parameters of the lab-manufactured DDM are shown in Figure 1.
[image: Figure 10]FIGURE 10 | Experiment configuration of the lab-manufactured DDM. (A) DDM structure. (B) Intensity distribution of the laser beam. (C) Experiment configuration.
Configuration of the experiment is shown in Figures 10B,C. A fiber laser (lab-assembled, 1064 nm wavelength, 10 W total power) is used as the irradiation source. The laser is generated by the fiber laser, and then it passes through the lens L1 (f = 1050 mm, φ = 200 mm, AR coated with transmission >99.7% at 1064 nm) which is used for light collimation. After that, the laser is reflected by the DM and passes through the L1 in a reversed direction. It should be noted that the back surface of the mirror is made opaque so that most of the heat is absorbed by the mirror. The laser then passes through a filter to decrease the laser power and protect the Shack-Hartmann wavefront sensor (SHWFS). The lens L2 (f = 75 mm, φ = 20 mm) is used to convert the large beam into a smaller beam to fit the detection zone size of the SHWFS. The SHWFS contains a micro-lens array (MLA, 6 mm × 6 mm size, 300 μm sub-aperture interval, 20 × 20 sub-apertures in a square array, f = 8.6 mm) and a charge coupled device (CCD, Basler’s piA1000-48 gm, 1004 × 1004 pixels, 7.4 µm × 7.4 µm pixel size, 7.4 mm × 7.4 mm sensor size).
To measure the LID, the laser is first turned on and the initial wavefront is measured immediately. After that, the light is prevented from entering the filter and the SHWFS until next measurement, to ensure that the thermal distortion of the DDM is accurately measured. Then the wavefront is measured after 300 s, 600 s and 900 s of laser irradiation, respectively. The difference between each measured wavefront and the initial wavefront is calculated as the LID. The heat flux of the laser on the DM is 1000 W/m2. Figure 11 shows the LID of the lab-manufactured DDM under laser irradiation. The initial LID under 300 s irradiation has the PV value of 0.43 µm and the RMS value of 0.08 µm. The PV and the RMS values of the self-correction residual are 0.05 µm and 0.01 µm, respectively. After self-correction, the PV value of the LID is 88% smaller and the RMS value is 87% smaller. The LID under 600 s and 900 s irradiation both have the PV value of 0.43 µm and the RMS value of 0.08 µm, and it could be seen from Figure 11 that the self-correction residuals are effectively self-corrected.
[image: Figure 11]FIGURE 11 | LID of the lab-manufactured DDM under laser irradiation. (A–C) LID, t = 300 s, 600 s, and 900 s, respectively. (D–F) Self-correction residuals, t = 300 s, 600 s, and 900 s, respectively.
The wavefront correction performance of the DDM is investigated, using the Zernike mode aberrations as the initial distortions, as shown in Figure 12. The correction residuals of Zernike mode aberrations superimposed with the LID under 300 s laser irradiation are also calculated. It could be seen that the PV and the RMS values of the correction residuals are much smaller than the that of the initial aberrations, showing good wavefront correction performance. Moreover, the average wavefront correction performance loss with the introduction of the LID is 17% in PV value and 9% in RMS value. The experiment results indicate that the DDM could effectively suppress the LID and maintain good wavefront correction capability, which is consistent with the simulation results.
[image: Figure 12]FIGURE 12 | Zernike mode aberrations correction results of the lab-manufactured DDM. The correction results of original Zernike mode aberrations are marked in blue. The correction results of Zernike mode aberrations superimposed with the LID are marked in orange. (A) PV values. (B) RMS values.
4 CONCLUSION
In this paper, a DDM is presented to suppress the LID which occurs on the mirror surface of a DM under high-power laser irradiation. The DDM adopts the dual magnetic connection structure, using two layers of magnets to connect the mirror and the base. Configurations of the DDM are introduced, and finite element models are constructed to investigate the LID characteristics of the DDM, the HDM, and the ADM in simulation. Results show that the HDM and the ADM both have LID that could not be effectively self-corrected, while the LID of the HDM has smaller PV and RMS values and is easier to be self-corrected. The wavefront correction capability of the DDM is analyzed in simulation, taking third–10th Zernike mode aberrations as the initial distortions that need to be fitted. The results show that the LID would deteriorate the wavefront correction performance of a DM, and that the DDM suffers much smaller performance loss than the HDM. An experiment is carried out to investigate the LID of a lab-manufactured DDM. The experiment results correspond well with the simulation results, indicating that with the dual magnetic connection structure, the DDM could well suppress the LID under high-power laser irradiation and maintain good wavefront correction capability. Furthermore, the DDM requires no additional external hardware components or sophisticated correction algorithms, demonstrating good applicability to different AO systems.
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