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            Abstract
          
        

        
          The deformable mirror is the main component of the adaptive optical imaging system, which removes the atmospheric disturbance and acquires the target image without any loss and the beam transmission system, which transmits the laser beam to a long distance. The mirror transforms the optical wavefront distortion caused by atmospheric disturbance into the opposite wavefront shape thereby correcting the distorted wavefront. In order to develop the deformable mirror, it is necessary to analyze the adaptive optics system and the usage environment where the application is required. In the present work, a prototype of a deformable mirror with a single continuous mirror was developed. In order to design the deformable mirror, the main factors of the adaptive optics system and the large diameter telescope were analyzed.	Subsequently, the mirror material and the actuator were selected by confirming the amount of deformation through the finite element analysis. Based on the data collected, we designed and fabricated the prototype of the deformable mirror, and the Gaussian model was derived by analyzing the influence function of the deformable mirror through the design data. It was observed that the derived Gaussian model matched with the Zernike polynomial. Apparently, the fitting ability of the deformable mirror was confirmed.
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      1. Introduction
      The deformable mirror is the main component of the adaptive optical imaging system which removes the atmospheric disturbance and acquires the target image without loss and the beam transmission system which transmits the laser beam to a long distance.1-2 It transforms the optical wavefront distortion caused by atmospheric disturbance into the opposite wavefront shape thereby correcting the distorted wavefront.

      The adaptive optics system consists of a wavefront sensor, a wavefront compensator and a signal processor. With the tip-tilt mirror, the deformable mirror compensates the wavefront distortion measured by the wavefront sensor. In general, the tip-tilt mirror compensates for the lower order term of the third order or lower, and the deformable mirror compensates for the higher order term of the higher order than the fourth order. To compensate for the high order term of the wavefront distortion, the deformable mirror is designed in many cases by deforming the reflecting mirror surface by several μm.

      Since Babcock proposed the use of a deformable optical element driven by a wavefront sensor to compensate for the atmospheric effects affecting the image of the telescope, much research has been done on the development of a deformable mirror in parallel with the development of science and technology.3 Deformable mirrors are classified into divided a segmented deformable mirror,4 a bimorph deformable mirror,5 a membrane deformable mirror6 and single continuous deformable mirrors according to their actuating method and shape. In the early days, a split mirror was developed to change the position and tip-tilt of a small flat mirror, but there was a problem that light was lost due to a gap between the mirror and the mirror. Therefore, a bimorph deformable mirror, a membrane deformable mirror and a single continuous deformable mirror was developed to obtain a clearer image. The bimorph deformable mirror is a type in which actuators arranged parallel to the reflecting mirror surface locally compresses and expands to deform the reflecting mirror. And the membrane deformable mirror is a type in which the thin film moves by magnetic force. The bimorph mirror is suitable to correct low order wavefront distortion and can have a large deformation displacement, but it is difficult to correct the wavefront distortion of the high frequency component and to make it in a form having many channels. The membrane mirror has a large deformation displacement and is advantageous in that it can be mass-produced easily, but it is physically weak and can be easily broken. For this reason, both the bimorph deformable mirror and the membrane mirror are unsuitable for beam transmission systems. A single continuous deformable mirror operates in such a way that an actuator positioned orthogonally to the reflecting mirror pushes and pulls the reflecting mirror. However, unlike the segmented mirror, there is no problem of light loss.

      This research focuses on the design and development of a single continuous deformable mirror that compensates for wavefront distortion of high order terms in adaptive optics system. The specifications of the reflecting mirror and the actuators were determined through the requirements analysis considering the atmospheric characteristics and the application system, and the influence functions were derived through the finite element analysis. In addition, we designed and developed the deformable mirror prototype and the control software that can compensate for the atmospheric disturbance by eliminating high order aberrations.	The deformable mirror prototype was developed to deform the reflecting mirrors by arranging the piezoelectric actuators vertically below the reflecting mirror. The correction performance of atmospheric disturbance is predicted through the influence function derived from the design data.

      This paper is composed as follows. In section 2, the main specifications of the deformable mirror and determined through the requirements analysis. In section 3, the design and fabrication of the deformable mirror prototype are discussed. In section 4, the correction performance of atmospheric disturbance is predicted by the influence function analysis and comparative analysis with the Zernike polynomial. Finally, section 5 concludes.

    

    

  
    
      2. Requirements Analysis
      In order to design a deformable mirror for correction of atmospheric disturbance, an analysis of an adaptive optics system including a deformable mirror and a large diameter telescope system employing an adaptive optics system should preceded. In this study, for the design of deformable mirror prototype, the deformation displacement specification is presented considering the atmospheric characteristics, and the reflecting mirror material and actuator are determined.

      
        2.1 Analysis of the Deformation Displacement
        In the design of the deformable mirror, the main characteristic of the atmosphere is the Fried coherence length.7 The Fried coherence length is calculated by the wave length, the angle with zenith, the height (altitude) and the turbulence contributions. The deformation displacement and the actuator stroke are derived from the Fried coherence length and the telescope diameter as shown in Fig. 1.

        
          
          

          Fig. 1 
				
          

          
            Requirements analysis of the actuator stroke considering the telescope and the adaptive optics
          
          

          

        

        The Fried coherence length is the range in which the same atmospheric effect is exhibited as 0.1219 m by Hardy’s Eq. (1) The main factors for deriving above result are wave length and height.	The wave length range of 550 nm - 850 nm, which is the visible light region, should be considered, and the large telescope should be located at a high altitude in consideration of light pollution and viewing angle. As a result, the Fried coherence length was calculated assuming that the wavelength was 500 nm and the height was 1000 m, and other parameters are shown in Table 1.

        
          Table 1 
				
          

          
            Parameters for design of the deformable mirror
          
          

        

        
          
            
              	Parameters
              	Specification
            

          
          
            	Wave length (λ)
            	500 nm
          

          
            	Angle with zenith (ζ)
            	0°
          

          
            	Height (h)
            	1000 m
          

          
            	Atmospheric turbulence contributions
(C2N)
            	5.0 × 10-16 m-2/3
          

          
            	Fried coherence length (γ0)
            	0.1219 m
          

          
            	Telescope diameter (D)
            	1.5 m
          

          
            	Wavefront aberrations (σwf2)
            	17.3 rad2
          

          
            	Scaling factor (k)
            	5
          

          
            	Total actuator stroke
            	1.6351 um
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        In the ideal case, the deformation displacement is the same as the wavefront distortion derived from Fried coherence length and the telescope diameter as shown in eq. (2) Since the wavefront distortion is a deviation, for the adaptive optics system the RMS and PTV values are often related via a scaling factor 5.8 Therefore, it was analyzed that the deformation displacement should be more than ±1.64 μm.
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        2.2 Schematic Design
        In this study, we have developed a single continuous mirror, which has a reflecting mirror and the actuators are under the mirror and the actuators pushes or pulls the mirror as shown in Fig. 2. The thickness of the reflecting mirror was set to 1 mm in consideration of the beam transmission system. In addition, the base has a sufficient rigidity to minimize the effect of the actuator being acted upon by the reaction. The actuator is bonded to the reflecting mirror using an adhesive and is also bonded to the base. For bonding, 353NDPK (Thorlabs) and TS10 (Thorlabs) are used as an adhesive, and a guide hole for fixing the position is provided on the base, so that the actuator can be fixed in place and adhered.

        
          
          

          Fig. 2 
				
          

          
            Schematic of the deformable mirror design
          
          

          

        

        The reflecting mirror must have optically and mechanically stable properties. It should also be possible to polish the surface and to coat the required reflection coefficient with the spun material. Table 2 summarizes the materials that can be used as a material for reflecting mirrors according to theses design requirements.

        
          Table 2 
				
          

          
            Comparison of reflecting mirror materials
          
          

        

        
          
            
              	
              	ULE
              	Zerodur
              	BK7
              	SiC
            

          
          
            	E (GPa)
            	67.6
            	90.3
            	82
            	410
          

          
            	ρ (g/cm3)
            	2.21
            	2.53
            	2.51
            	3.09
          

          
            	
              ν
            
            	0.17
            	0.24
            	0.21
            	0.14
          

        

        

        The reflecting mirror must be displaced with respect to the actuation of the actuator. In addition, the deformation displacements must be deformable beyond the total required displacement analyzed in section 2.1. As a result, the reflecting mirror material is selected as the ULE which is the smallest in Young’s modulus and suitable for the reflecting mirror.

      

      
        2.3 Finite Element Analysis
        In order to confirm whether the reflecting mirror can be deformed more than the standard which already derived in section 2.1, the deformable mirror to be developed in modeled in a simplified form composed of the reflecting mirror and the actuator, and the finite element analysis is performed. The model shape including the design element is shown in Fig. 3, and the elastic modulus of the actuator is 50 GPa assuming that the piezoelectric ceramic actuator will be used.

        
          
          

          Fig. 3 
				
          

          
            Finite element analysis model
          
          

          

        

        In the finite element analysis, 9 actuators were placed under the reflecting mirror. Among them, only the central actuator was driven. The bottom parts of the actuators were analyzed under fixed conditions and the damping of the ceramic can be neglected because it was very low. Also, the part fixed by bonding was assumed to be 1 mm in diameter. In order to confirm whether deformation exceeding the standard occurs, deformation of the reflecting mirror according to the generated force of the actuator is checked and summarized as shown in Table 3.

        
          Table 3 
				
          

          
            Deformation displacements of the deformable mirror
          
          

        

        
          
            
              	Force
(N)
              	Mirror deformation
(μm)
              	Actuator deformation
(μm)
            

          
          
            	90
            	1.3
            	2.1
          

          
            	120
            	1.7
            	2.8
          

          
            	240
            	3.4
            	5.7
          

          
            	360
            	5.2
            	8.6
          

        

        

        Based on the finite element analysis, it was confirmed that the actuator should generate a force of 240 N or more in order to satisfy the deformation standard of the reflecting mirror.	Accordingly, the actuator was determined as PK4JMP1 (Thorlabs) by comparing the specifications of the actuators that can be purchased. This actuator has a maximum displacement of 8.8 μm at 150 V and a blocking force of 360 N at 150 V. The size of this actuator is 3.4 × 4.8 × 10.0 mm.

      

    

    

  
    
      3. Development of the Deformable Mirror
      
        3.1 Design
        The deformable mirror designed by using the previously determined reflecting mirror and actuator is shown in Fig. 4. There is a spacer for fixing the reflecting mirror, and the reflecting mirror is pressed with a gasket. The base is designed to have sufficient rigidity, and actuators are bonded to the reflecting mirror and base.	Each actuator is arranged at 5 mm distance and all the actuators are located inside the barrel. The actuator receives driving signals from the outside, thus each cable of the actuator is connected to an interface board inside the housing to receive an external signal.

        
          
          

          Fig. 4 
				
          

          
            Configuration of the deformable mirror
          
          

          

        

      

      
        3.2 Equipment Setup
        The deformable mirror consists of control software, actuator controller and deformable mirror prototype as shown in Fig. 5. The control software was developed in this study so that the driving signal can be input to the deformable mirror and the amount of change can be confirmed immediately. The actuator controller, purchased from Thorlabs, supplies voltage up to 150 V at a speed of 50 - 60 Hz to each actuator through the interface board so that the deformable mirror can be deformed. With this configuration, the surface of the deformable mirror can be deformed, and the amount of the deformation can be confirmed by using an interferometer.

        
          
          

          Fig. 5 
				
          

          
            Equipment setup
          
          

          

        

      

    

    

  
    
      4. Simulation and Measurement
      The influence function is the shape of the reflecting mirror surface when a unit voltage is applied to the actuator. Since the reconstructed wavefront is made up of a linear combination of each influence function, the influence function is a measure of how well the deformable mirror can correct the wavefront error.9-10 In this section, the influence function is derived from the finite element analysis data of the deformable mirror designed and fabricated in section 3, and the influence is analyzed to establish the Gaussian model to confirm the fitting ability.

      
        4.1 Analysis of the Influence Function
        The surface phase data values of the reflecting mirror plane derived from the finite element analysis are shown in Fig. 6(a).	when 1 μm deformation is generated on the surface of the deformable mirror, the deformation around the center of the actuator is expressed as shown in Fig 6(a).

        
          
          

          Fig. 6 
				
          

          
            Analysis of the influence function from finite element analysis
          
          

          

        

        The surface phase data values derived from the finite element analysis can be represented by the cross-section profiles as shown in Fig. 6(b). According to the cross-section profiles, the coupling coefficient in each direction can be calculated. The deformable mirror has a coupling coefficient of 13.6% in the x-direction, 16.2% in the y-direction and 21.0% in the diagonal direction. The coupling coefficient can be changed the Gaussian model by linear fitting method as eq. (3).
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        In eq. (3), ω represents the coupling coefficient, d represents the actuator spacing, and α represents the Gaussian coefficient. The result of the analysis of the influence function is that each coefficient of eq. (3) is approximated by ω = 0.17, α = 2.

      

      
        4.2 Analysis of Zernike Polynomial and Gaussian Model
        A Zernike polynomial is a set of polynomials defined on a unit circle. Each polynomial is expressed as the product of a radial polynomial and a circumferential trigonometric function. The radial polynomial represents how the representation changes from the center of the circular aperture to the edge. It is normalized as a special case of the Jacobi polynomial and is orthogonal on a unit circle. In this study, Zernike polynomials using the orthogonalization Noll’s method were used.11,12

        The performance analysis of the Zernike polynomial from the 4th to 11th terms of the polynomial was conducted using the design parameters of the deformable mirror prototype. The result is the same as the Zernike column in Fig. 7. In addition, the performance analysis is performed using the Gaussian model of the influence function derived in section 4.1. The result is the same as the Gaussian column in Fig. 7. When we compare the two indicators, we ca n see that they are almost similar from the 4th to 11th terms. This means that the correction performance is close to 1.

        
          
          

          Fig. 7 
				
          

          
            Three-dimensional shape of Zernike polynomial and Gaussian influence function
          
          

          

        

      

      
        4.3 Measurement
        Using the ZYGO interferometer, the deformation of the deformable mirror prototype was measure as shown in Fig. 8.	After the deformation, it is confirmed that the shape is deformed based on the center of the deformable mirror. Before deformation, the surface was 0.859 λ (P-V), 0.207 λ (RMS), but after deformation it was confirmed to be 2.954 λ (P-V), 0.591 λ (RMS).

        
          
          

          Fig. 8 
				
          

          
            Interferometer images before/after deformation of the deformable mirror
          
          

          

        

      

    

    

  
    
      5. Conclusion
      In this study, we developed a single continuous deformable mirror that can be applied to adaptive optical imaging system and beam transmission system and analyzed the influence function by deformation. The conclusion is summarized as follows.

      (1) The required deformation displacement of the deformable mirror was derived from the major parameters of the atmosphere and the large telescope. The required deformation displacement is ±1.64 μm.

      (2) Using the deformable mirror prototype, control software and actuator controller, deformation was measured.

      (3) The best-fit Gaussian model was derived through the analysis of the influence function. The derived Gaussian model can implement the Zernike mode from 4th to 11th order.

    

    

  
    
      NOMENCLATURE
      
        
          	
          	
        

        
          	
            r0 : 
          
          	
            Fried coherence length
          
        

        
          	
            σ2 : 
          
          	
            Wavefront distortion
          
        

        
          	
            λ : 
          
          	
            Wave length
          
        

        
          	
            ζ : 
          
          	
            Angle with zenith
          
        

        
          	
            E : 
          
          	
            Young’s modulus
          
        

        
          	
            ρ : 
          
          	
            Material density
          
        

        
          	
            v : 
          
          	
            Poisson’s ratio
          
        

        
          	
            I(r) : 
          
          	
            Gaussian influence function (Gaussian IF)
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