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Abstract

:

We propose a new type of a wavefront aberration sensor, that is, a Zernike matched multichannel diffractive optical filter, which performs consistent filtering of phase distributions corresponding to Zernike polynomials. The sensitivity of the new sensor is theoretically estimated. Based on the theory, we develop recommendations for its application. Test wavefronts formed using a spatial light modulator are experimentally investigated. The applicability of the new sensor for the fine-tuning of a laser collimator is assessed.
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1. Introduction


The problem of studying the deviation of a wavefront from the desired shape is one of the most significant in optics. There exist many well-known methods for solving this problem, and new techniques are being constantly developed. The most common and versatile among them is interferometry [1,2], which has unsurpassed accuracy and allows one to directly obtain a pattern of wavefront deviations at very large apertures. The accuracy of interferometers, especially heterodyne ones, exceeds λ/100. The disadvantages of interferometry are well known and include the complexity of decoding interferograms, the sensitivity of the measuring equipment to vibrations, and the need for the physical presence of a reference wavefront. At the initial stages of the development of optical production, the schlieren (or shadow) method was used to control spherical surfaces [3]; however, shadow patterns are difficult to quantify, and schlieren systems, like interferometers, must have high rigidity and be vibration-proof. The Hartmann method [4], which appeared later, differs from the previous techniques by the fact that the wavefront deviations are calculated from a set of subapertures, with some steps covering the full size of the region to be studied. Wavefront deviations are calculated using ray tracing data, with the rays passing through subapertures. A further development of the Hartmann method was a Shack–Hartmann wavefront sensor [5,6,7]. In this version of the sensor, the data on the wavefront deviations are transferred to the photodetector plane by installing a lens raster. Each lens forms a subaperture, for which an average wavefront deviation is calculated. Information about the wavefront phase within the subaperture is contained in the coordinates of the focused light spot. The main advantage of both the Hartmann method and the Shack–Hartmann wavefront sensor consists of the fact that there is no need to use a reference wavefront in calculations. However, these techniques are not exempt from disadvantages, such as sensitivity to vibrations and the initially discrete nature of the measurements. In this case, data on a part of the surface of the wavefront are inevitably lost. Many Shack–Hartman sensors currently being manufactured have no more than 103 subapertures, which does not satisfy the requirements of many tasks. A new approach to the formation of microlens arrays based on mesoscale square cubic dielectric particles [8] was proposed, which will significantly increase the dimension of the lens raster.



One of the tools for describing wavefronts, in addition to the deviation patterns, is the decomposition of aberrations over various bases. The most famous decomposition bases include Zernike polynomials [9], as well as Seidel aberrations. Note that the generally accepted representation of wavefront aberrations [10,11,12], including in the individual optical system of the human eye, is a series of Zernike polynomials [7,13,14,15,16]. Aberrational representations are more efficient [17] in terms of data volumes and also allow one to make use of the wavefront features that are important for solving specific problems. The direct measurement of aberration coefficients is possible only for some types of aberrations. The calculation of the Zernike aberration coefficients [18,19,20,21] on the basis of a two-dimensional array of measured values of the wavefront deviations in each of the subapertures is provided in the data processing programs supplied with Shack–Hartmann sensors, as well as with ophthalmic aberrometers. However, it should be noted that due to the rather rough discretization of wavefront data, the calculation of high-order aberrations is difficult.



The active employment of Zernike polynomials for the representation of wave aberrations is stimulating the development of new sensors, including for the direct measurements of expansion coefficients by the Zernike basis. In this work, we propose a new sensor for measuring aberration coefficients based on a special multichannel diffractive optical element [22,23,24]. The developed sensor provides a sensitivity to wavefront deviations no worse than λ/20, is resistant to vibrations, and does not require the use of reference optical elements.



Diffractive optical elements for the integral calculation of the expansion coefficients of the amplitude–phase distributions of light fields over various bases [25,26,27,28], including the basis of Zernike functions [29,30,31], have been developed and used in fiber-optic sensors [32,33,34], for measuring the angular momentum of laser beams [35,36,37], for optical communication using mode and polarization (de)multiplexing [38,39,40,41,42,43,44], and in testing problems [45,46]. These elements make it possible to simultaneously obtain the values of the decomposition coefficients in the given elements of the photodetector matrix. In contrast to the Shack–Hartman sensor, in which the calculation of aberration coefficients requires the mathematical processing of a two-dimensional data array, the values of the aberration coefficients in multichannel diffractive optical sensors are proportional to the intensities of the diffraction maxima located at the photodetector matrix points with constant coordinates. Thus, the entire area of the tested beam is simultaneously involved in the formation of the values of each coefficient, while in Shack–Hartman sensors and especially in Hartman sensors, information about part of the wavefront area is not involved in the measurements and remains unknown. It should also be noted that the calibration function of the proposed sensor is substantially nonlinear, which leads to a decrease in the dynamic range of the aberrations being measured. However, this is quite enough for most practically significant cases of certification of optical systems; for example, it is believed that the average aberration should not exceed λ/10 for budget imaging systems and λ/100 for high-end systems.




2. Theoretical Background


The circular Zernike polynomials correspond to a complete set of orthogonal functions in polar coordinates (r, φ) in a circle of radius r0 [13]:


   Z n m  ( r , ϕ ) =  A n   R n m  ( r )  {      cos ( m ϕ )       sin ( m ϕ )      }   



(1)




where    A n  =      (  n + 1  )   / π      and    R n m   ( r )    are the radial Zernike polynomials:


   R n m  ( r ) =   ∑  p = 0   ( n − m ) / 2      ( − 1 )  p  ( n − p ) !    [  p !  (    n + m  2  − p  )  !  (    n − m  2  − p  )  !  ]    − 1      (   r   r 0     )    n − 2 p      



(2)







The expansion coefficients for the wavefront in the Zernike orthogonal functions (1) allow one to determine the deviations (aberrations) from the ideal wavefront [13,14,15,16,18,45,46].



Consider an aberrated wavefront in the form of a field:


  g ( r , ϕ ) = exp  [  i ψ ( r , ϕ )  ]   



(3)




whose phase is a superposition of Zernike functions:


  ψ ( r , ϕ ) = 2 π α   ∑  n , m     b  n m    Z n m  ( r , ϕ )    



(4)




where bnm are coefficients of the superposition.



The expansion coefficients of field (3) in basis (1) are calculated as follows:


   c  p q   =    ∫ 0   r 0        ∫ 0  2 π    g ( r , ϕ )  Z p q  ( r , ϕ )   r   d r   d ϕ        



(5)







We represent field (3) as the following expansion:


    g ( r , ϕ ) = exp  [  i ψ ( r , ϕ )  ]  = 1 + i ψ ( r , ϕ ) −  1 2   ψ 2  ( r , ϕ ) −  i 6   ψ 3  ( r , ϕ ) + … =     = 1 + i 2 π α   ∑  n , m     b  n m    Z n m  ( r , ϕ )   − 2   (  π α  )  2    [    ∑  n , m     b  n m    Z n m  ( r , ϕ )    ]  2  + …    



(6)







For small aberrations (i.e., the value of α), expression (6) can be significantly simplified:


  g ( r , ϕ )  ≈  α → 0   1 + i 2 π α   ∑  n , m     b  n m    Z n m  ( r , ϕ )    



(7)







Thus, if the aberrations are small enough to leave only the first two terms in expansion (6), then the field can be considered as a superposition of the functions themselves. In this case, the expansion coefficients of field (5) will be proportional to the coefficients in superposition (4):


     c  p q    ≈  α → 0      ∫ 0   r 0        ∫ 0  2 π     (  1 + i 2 π α   ∑  n , m     b  n m    Z n m  ( r , ϕ )    )   Z p q  ( r , ϕ )   r   d r   d ϕ       =     =  A p  + i 2 π α ⋅  δ  p q , n m     ∑  n , m     b  n m     =  A p  + i 2 π α  b  p q   ,    



(8)




where    A p    is the normalization constant, and    δ  p q , n m     is the Kronecker delta.



In this case, the type and magnitude of the aberrations can be detected using a multichannel filter matched with the Zernike functions [29,31,47]. Degtyarev et al. [47] showed that relation (7) can be used up to α = 0.3.



Physically, this corresponds to an average path difference between an ideal wavefront and a wavefront with an aberration coefficient of 0.3λ. For the visualization of the expansion coefficients, it is convenient to use a single index rather than a double one. Table 1 shows the correspondence of the Zernike functions (1) to a single index l.



It should be noted that the task of detecting small aberrations is topical, because the point scattering function (PSF) in this case slightly differs from the Airy pattern (diffraction spot) in the absence of aberrations (see Table 2).



Table 2 shows the phase distribution (wavefront) and PSF patterns in the presence of various aberrations corresponding to Zernike polynomials with different values of α. One can see that at α = 0.4, the intensity distributions in the focal plane of the lens (PSF) look approximately the same regardless of the aberration type and differ little from the diffraction spot. This fact makes it possible to establish the applicability criterion for a multichannel filter, matched with the Zernike functions, during the measurement process. The first column of Table 2 shows the distribution of the coefficients at α = 0.4; the correspondence of the index l to the decomposition coefficients (5) is shown in Table 1. It follows from Table 2 that only at α ≤ 0.4 (which corresponds to an average aberration coefficient of ≤0.4λ) can we detect (recognize) with confidence the aberration structure.



Approximations (7) and (8) become invalid with increasing α, and as the field expands in the Zernike basis, other coefficients will appear, except for those present in superposition (4).



Knowing this fact, we can determine to some extent how significant the level of aberration is. However, this can be done by measuring a sufficiently large number of factors. Given the need to do this using a single multi-channel diffractive sensor, it is desirable to optimize the number of necessary coefficients.



Note that the basis of the Zernike functions with trigonometric functions on angle (1) is not invariant to rotation, which is inconvenient in practical applications. Another representation of the Zernike functions is also well known:


   Z  n , m   ( r , ϕ ) =  B n   R n m  ( r ) exp  (  i m ϕ  )   



(9)




where    B n  =  A n    at m = 0 and    B n  =  A n  / 2   at m ≠ 0.



Obviously, functions (1) can be represented via a superposition of functions (9) and vice versa. Compared to (1), representation (9) is more convenient due to its in invariance to rotation. The Zernike basis in form (9) cannot be used in superposition (4); however, it can be conveniently used for the expansion of the optical field [31].



Basis (9) implies positive and negative values of the index m. The correspondence of a single index l to the pair indices (n, m) is shown in Table 3.



Below, we will consider some examples. For the convenience of further analysis, we write out explicit expressions for several Zernike polynomials (Table 4).



(1) Defocusing    Z 2 0  ( r , ϕ )  


  g ( r , ϕ ) = exp  [  i 2 π α  Z 2 0  ( r , ϕ )  ]  = exp  [  i 2 π α  A 2   (  2  r 2  − 1  )   ]   



(10)







Taking into account expansion (6), field (10) can be represented as:


    exp  [  i 2 π α  Z 2 0  ( r , ϕ )  ]  = 1 + i π α  Z  2 , 0   ( r , ϕ ) −   (  π α  A 2   )  2   (  4  r 4  − 4  r 2  + 1  )  + … =     =  D 0  + i α  D 1   Z  2 , 0   ( r , ϕ ) −  α 2   D 2   Z  4 , 0   ( r , ϕ ) + …       ,    



(11)




where    D j    are the reduced constants.



It can be seen from expression (11) that for large values of the parameter α, when the field (10) is expanded in the Zernike basis, in addition to coefficients with indices (0, 0) (l = 0) and (2, 0) (l = 4), there will appear a coefficient with the index (4, 0) (I = 12), as well as higher-order coefficients (see Figure 1).



Figure 1 shows the results from calculating the expansion coefficients of field (10) in basis (9) at different values of the parameter α. As can be seen, at small values of α, the coefficient (2, 0) (l = 4) is the largest (Figure 1a). With increasing α, the weight of the coefficient (4, 0) (l = 12), as well as that of the coefficient (6, 0) (l = 24), increases (Figure 1b). At a high level of defocusing, the weight of the coefficient (8, 0) (l = 40) is significantly enhanced (Figure 1c). Thus, the appearance of energy in high-order aberrations corresponds to a large level of available low-order aberration, and this effect can be detected by the optical expansion of the analyzed wavefront in the Zernike basis.



(2) Astigmatism    Z 2 2  ( r , ϕ )  


  g ( r , ϕ ) = exp  [  i 2 π α  Z 2 2  ( r , ϕ )  ]  = exp  [  i 2 π α  A 2   r 2  cos 2 ϕ  ]   



(12)







Taking into account expansion (6), field (12) can be represented as:


    exp  [  i 2 π α  Z 2 2  ( r , ϕ )  ]  = 1 + i π α  Z  2 , ± 2   ( r , ϕ ) − 2   (  π α  A 2   )  2   r 4   (  1 + cos 4 ϕ  )  + … =     =  D 0  + i α  D 1   Z  2 , ± 2   ( r , ϕ ) −  α 2   [   D 2   Z  2 , 0   ( r , ϕ ) +  D 3   Z  4 , 0   ( r , ϕ ) +  D 4   Z  4 , ± 4   ( r , ϕ )  ]  + …       .    



(13)







The presence of    r 4  cos 4 ϕ   in (13) leads to the appearance of    Z  4 , ± 4   ( r , ϕ )  , with    r 4    resulting in the defocusing of various orders, in particular,    r 4  =  (   R 4 0  ( r ) + 3  R 2 0  ( r ) + 2  )  / 6  .



Thus, expression (13) shows that for large values of the parameter α, in addition to coefficients with the indices (0, 0) (l = 0) and (2, ±2) (l = 3, 5), there will appear coefficients with the indices (2, 0) (l = 4), (4, 0) (l = 12), and (4, ±4) (l = 10, 14), as well as higher-order coefficients (see Figure 2).



As can be seen from the simulation, for small values of α, the coefficients (0, 0) (l = 0) and (2, ±2) (l = 3, 5) predicted in (13) are the largest (Figure 2a). With increasing α, the coefficients (2, 0) (l = 4) and (4, ±4) (l = 10, 14) become more significant (Figure 2b). It should be noted that with a high level of astigmatism, the field energy is distributed over a large number of coefficients, with defocusing (2, 0) (l = 4) being the most noticeable (Figure 2c).



(3) Coma    Z 3 1  ( r , ϕ )  


  g ( r , ϕ ) = exp  [  i 2 π α  Z 3 1  ( r , ϕ )  ]  = exp  [  i 2 π α  A 3   (  3  r 3  − 2 r  )  cos ϕ  ]   



(14)







Field (14) can be represented as:


    exp  [  i 2 π α  Z 3 1  ( r , ϕ )  ]  =     = 1 + i π α  Z  3 , ± 1   ( r , ϕ ) −   (  π α  A 3   )  2   (  9  r 6  − 6  r 4  + 4  r 2   )   (  1 + cos 2 ϕ  )  + … =     =  D 0  + i α  D 1   Z  3 , ± 1   ( r , ϕ ) −     −    α 2   [   D 2   Z  6 , 0   ( r , ϕ ) +  D 3   Z  6 , ± 2   ( r , ϕ ) +  D 4   Z  2 , ± 2   ( r , ϕ ) +  D 5   Z  4 , ± 2   ( r , ϕ )  ]  + …       .    



(15)







Expression (15) is quite complex, but one can clearly see that aberrations with even n = 2, 4, 6 and m = ±2 additionally appear. Obviously, if we also take the cubic term into account, then additional odd aberrations with m = ±3 should appear.



As can be seen from the simulation, for small values of α, the coefficients (0, 0) (l = 0) and (3, ±1) (l = 7, 8) predicted in (15) are the largest (Figure 3a). With increasing α, the coefficients (6, 0) (l = 24), (6, ±2) (l = 23, 25), and (2, ±2) (l = 3, 5) also predicted in (15) become significant (Figure 3b). At a high coma level, the field energy is distributed over a large number of coefficients (Figure 3c). As expected, aberrations with higher angular multiplicity also appear in this case, namely (5, ±3) (l = 16, 19) and (7, ±3) (l = 30, 33). However, the coefficient (6, 0) (l = 24), corresponding to high-order defocusing, becomes the most noticeable (Figure 3c).



(4) Coma (trefoil)    Z 3 3  ( r , ϕ )  


  g ( r , ϕ ) = exp  [  i 2 π α  Z 3 3  ( r , ϕ )  ]  = exp  [  i 2 π α  A 3   r 3  cos 3 ϕ  ]   



(16)







Field (16) can be represented as:


    exp  [  i 2 π α  Z 3 3  ( r , ϕ )  ]  =     = 1 + i π α  Z  3 , ± 3   ( r , ϕ ) −   (  π α  A 3   )  2   r 6   (  1 + cos 6 ϕ  )  + … =     =  D 0  + i α  D 1   Z  3 , ± 3   ( r , ϕ ) −     −    α 2   [   D 2   Z  2 , 0   ( r , ϕ ) +  D 3   Z  4 , 0   ( r , ϕ ) +  D 4   Z  6 , 0   ( r , ϕ ) +  D 5   Z  6 , ± 6   ( r , ϕ )  ]  + …       .    



(17)







The presence of    r 6  cos 6 ϕ   in (17) leads to the appearance of    Z  6 , ± 6   ( r , ϕ )  , i.e., a multiple increase in the angular dependence. The dependence    r 6    can be described by the superposition    R 6 0  ( r )  ,    R 4 0  ( r )  ,    R 2 0  ( r )   (i.e., defocusing of various orders). In addition, aberrations with the same angular dependence m = 3 but with a higher degree of radial polynomials (n > 3), may appear. The simulation confirms the theoretical analysis: for small values of α, the coefficients (0, 0) (l = 0) and (3, ±3) (l = 6, 9) are the largest (Figure 4a). With increasing α, the coefficients (5, ±3) (l = 16, 19) and (6, ±6) (l = 21, 27) increase, and the weight of the coefficients associated with defocusing (2, 0) (l = 4) also grows (Figure 3b). At a high level of aberrations, there also appear aberrations with a higher multiplicity (Figure 3c).



(5) Defocusing (quatrefoil)    Z 4 4  ( r , ϕ )  


  g ( r , ϕ ) = exp  [  i 2 π α  Z 4 4  ( r , ϕ )  ]  = exp  [  i 2 π α  A 4   r 4  cos 4 ϕ  ]   



(18)







Field (16) can be represented as:


    exp  [  i 2 π α  Z 4 4  ( r , ϕ )  ]  = 1 + i π α  Z  4 , ± 4   ( r , ϕ ) −     −   (  π α  A 4   )  2   r 8   (  1 + cos 8 ϕ  )  + … =  D 0  + i α  D 1   Z  4 , ± 4   ( r , ϕ ) −     −  α 2   [   D 2   Z  2 , 0   ( r , ϕ ) +  D 3   Z  4 , 0   ( r , ϕ ) +       +    D 4   Z  6 , 0   ( r , ϕ ) +  D 5   Z  8 , 0   ( r , ϕ ) +  D 6   Z  8 , ± 8   ( r , ϕ )  ]  + …       .    



(19)







Expression (19) is obtained similarly to the previous example.



The simulation results are shown in Figure 5: for small values of α, the coefficients (0, 0) (l = 0), (2, 0) (l = 4), and (4, ±4) (l = 10, 14) are the largest (Figure 5a). With increasing α, the coefficients (6, ±4) (l = 22, 26) and (8, ±8) (l = 36, 44) increase, and the weight of the coefficients (2, 0) (l = 4) associated with defocusing also grows (Figure 5b). At a large aberration level, aberrations with the same angular dependence but a higher degree of radial polynomials (6, ±4) (l = 22, 26) and (8, ±4) (l = 38, 42) become more significant and the effect of defocusing (2, 0) (l = 4), (4, 0) (l = 12), and (6, 0) (l = 24) is enhanced (Figure 5c).



The above examples allow us to identify the main trends associated with an increase in the level of aberrations. If the initial aberration has an angular dependence on the order of m, then aberrations appear with a multiple angular dependence of 2m, 3m. In addition, as a rule, there appears defocusing of various orders. The detection of defocusing is associated with an increase in the PSF area, which is always observed with an increase in the aberration level (see Table 2).



(6) Superposition    Z 3 1  ( r , ϕ ) +  Z 4 2  ( r , ϕ )  


  g ( r , ϕ ) = exp  {  i 2 π α  [   A 3   (  3  r 3  − 2 r  )  cos ϕ +  A 4   (  4  r 4  − 3  r 2   )  cos 2 ϕ  ]   }   



(20)







A theoretical analysis of expression (20) is rather difficult; therefore, we consider only the results of the numerical simulation shown in Figure 6.



For small values of α, the expected coefficients (0, 0) (l = 0), (3, ±1) (l = 7, 8), and (4, ±2) (l = 11, 13), as well as the additional defocusing (6, 0) (l = 24), are the largest (Figure 6a). With an increase in α, the weight of the coefficients (2, 0) (l = 4) and (6, 0) (l = 24) corresponding to defocusing increases (Figure 6b), which is explained by an increase in the PSF area.



The further enhancement of aberration leads to an almost uniform distribution of field energy over all coefficients, which should serve as a signal of a high level of wavefront distortion in measurements. In this case, other methods, including neural networks, need to be used to recognize and compensate for aberrations [48,49,50].




3. Experiments on Detection of Various Wavefront Aberrations Using a Zernike Filter


Figure 7a shows the optical scheme used in the experiment. The output from a solid-state laser (λ = 532 nm) was collimated using a system consisting of a pinhole (PH) with a hole diameter of 40 μm and a spherical lens (L1) (f1 = 250 mm). In this case, the lens (L1) was mounted on a linear translation stage and could be moved along the beam propagation axis with a step of 10 μm, which was done for subsequent experiments on measuring the defocusing of the collimated initial beam using our wavefront analyzers. Then, the expanded laser beam passed through a HOLOEYE LC 2012 transmissive spatial light modulator (SLM1) with a 1024 × 768 pixel resolution and a pixel size of 36 μm, which was used to form a wavefront with a required set of aberrations. Lenses (L2) (f2 = 150 mm), L3 (f3 = 150 mm), and a diaphragm (D) were used together to ensure the spatial filtering of the aberration-distorted beam formed by the first modulator. A HOLOEYE PLUTO VIS reflective spatial light modulator (SLM2) with a 1920 × 1080 pixel resolution and a pixel size of 8 μm was used to implement a phase mask of a multi-order analyzing diffractive optical element (DOE), which served to decompose the studied light field in terms of the Zernike polynomial basis. The laser beam reflected from the reflective light modulator using a beam splitter (BS)—a 4-f optical system of lenses L4 and L5 (f4 = 150 mm, f5 = 150 mm)—and a mirror (M) was directed to lens L6 (f6 = 350 mm), which focused it on the matrix of a ToupCam UCMOS08000KPB camera with a 3264 × 2448 pixel resolution and a pixel size of 1.67 μm. Part of the scheme—including the light modulator SLM2, lens L6, and video camera—is, in fact, a sensor. Other elements of the optical system are designed to simulate the studied beam and match the light modulator operating in a reflective regime with the rest of the system. The described optical system, in addition to checking the operability of the wavefront sensor, is used to calibrate the sensor by forming the studied beams with different aberrations and different α values using a controlled light modulator SLM1. In the industrial version of the sensor, the light modulator SLM2 will be replaced by a classical transmissive phase DOE made of a transparent material. This version of the sensor is easier to manufacture than the Shack–Hartman sensor and does not require vibration isolation. In the process of the measurements, the intensity patterns were stable both in the coordinates and in the measured intensity, although the optical system was not vibration-proof.



The phase mask of a 25-order analyzing DOE—which decomposes the incident light field in terms of the basis of Zernike functions (9) with numbers (n, m) = {(0, 0), (1, 1), (2, 0), (2, 2), (3, 1), (3, 3), (4, 0), (4, 2), (4, 4), (5, 1), (5, 3), (5, 5), (6, 0), (6, 2), (6, 4), (6, 6), (7, 1), (7, 3), (7, 5), (7, 7), (8, 0), (8, 2), (8, 4), (8, 6), (8, 8)}—is shown in Figure 7b. Although the complete basis (9) implies positive and negative values of the index m, taking into account a certain duplication of information in complex conjugate coefficients (with ±m), we used basis (9) only with positive m index values to reduce the number of diffraction orders (channels).



Figure 8 shows the experimental and numerical (using the Fourier transform) intensity distributions formed in the focal plane of lens L6 when the modulator SLM2 is illuminated by a laser beam with an aberrationless plane wavefront. The absence of any light peaks in the formed diffraction orders is clearly seen, which confirms the absence of aberrations in the illuminating beam.



The results of detecting various aberrations (including their combinations) using the developed multi-order analyzing diffraction sensors are demonstrated below. Figure 9 shows the experimentally obtained intensity distributions using a multichannel filter for various aberrations at α = 0.4. It can be seen that the theoretical analysis qualitatively agrees with the simulation. The intensities measured at the centers of diffraction orders can later serve as gauge parameters for studying wavefronts with previously unknown aberrations.



Figure 10 and Figure 11 show the experimentally obtained intensity distributions for various aberrations at α = 0.6 and 1, respectively. One can see the emergence of correlation peaks in diffraction orders corresponding to additional theoretically predicted aberrations. In all cases, the presence of defocusing (2, 0) is clearly visible.



It is convenient to evaluate the value of α in the wavefront under study and, accordingly, the applicability of the sensor according to the intensity distribution in the zero diffraction order corresponding to the PSF of the beam in question. Using the numerical simulation (see Table 2), we showed that for α ≤ 0.4, corresponding to the range of the sensor’s applicability, the PSF is close to the Airy pattern of a diffraction-limited system. With α > 0.4, the size of the PSF begins to increase due to the appearance of additional petals and rings, and the intensity in the center decreases (see Figure 10 and especially Figure 11). This serves as a criterion for exceeding the level of aberrations acceptable for the sensor.



Thus, we have experimentally confirmed that at α ≤ 0.4, the aberration structure can be confidently detected (recognized); however, with a further increase in α, recognition becomes problematic.




4. Experiments on the Collimator Fine-Tuning


One of the most important applications of the developed technique—the analysis of wavefront aberrations—is the testing and accurate adjustment of various optical components, for example, collimators. Figure 12 shows the intensity distributions obtained in the focal plane of lens L6 at various displacements of lens L1 forming the collimator along the beam propagation axis. One can see that when the lens is displaced from the initial plane z = 0, which corresponds to an ideal position of the lens (i.e., the position at which a laser beam with a plane wavefront is formed behind the lens) at the center of the diffraction order responsible for the Zernike polynomial with numbers (n, m) equal to (2, 0) (i.e., defocusing aberrations), an intensity peak appears. The intensity of this peak increases equally with the distance from the original plane z = 0 in both directions. Calculations show that for the used lens with a focal length of 250 mm and the illuminating beam with a diameter of about 5.4 mm, the deviation of the wavefront from the plane at the edge of the lens aperture at z = 0.5 mm is about λ/20. Thus, we can conclude that the sensitivity of the proposed sensor to local deviations of the wavefront is no worse than λ/20.




5. Conclusions


We studied, theoretically and experimentally, a new wavefront sensor based on a multi-channel element of computer optics. The established limit for measuring average wavefront aberrations is in the order of 0.4λ. For this range, the calibration function is independent of the values of the average wavefront aberration, and the calibration is performed once. In the process of adjusting the laser collimator, the wavefront deviation was recorded, which is maximum at the aperture edges and estimated to be no more than λ/20. The average aberration over the entire beam is much less. This sensitivity of the sensor allows one to detect defocusing of less than 0.5 mm for a laser radiation collimator with a relative aperture of about 1:50. Thus, in terms of sensitivity to aberrations, the proposed sensor is quite competitive with the Shack–Hartman sensor, but the proposed sensor does not require vibration isolation. The main advantage of the proposed sensor is that, unlike the Shack–Hartman sensor, where the aberration coefficients are calculated by mathematically processing a two-dimensional data array, the values of the coefficients in multichannel DOE sensors are directly proportional to the light intensities measured in individual pixels of the photodetector matrix with fixed coordinates. The entire area of the tested beam is simultaneously involved in the formation of the values of each coefficient, which reduces errors.







Author Contributions


S.N.K.: Analysis of results, modeling and comparative analysis of experimental and theoretical results, review and editing. S.V.K.: Formulation of the problem, conceptualization, review and editing, design of the optical scheme. A.P.P.: Creation and assembly of the optical setup, implementation of the optical experiment. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Russian Foundation for Basic Research (Grant No. 18-29-20045-mk; experimental research) and by the Ministry of Science and Higher Education of the Russian Federation within the State Assignment of the Federal Scientific Research Center “Crystallography and Photonics” of the Russian Academy of Sciences (Agreement No. 007-GZ/Ch3363/26; theoretical calculations).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



David, F. Buscher Practical Optical Interferometry; Cambridge University Press: Cambridge, UK, 2015. [Google Scholar] [CrossRef]

	



Malacara, D. Optical Shop Testing; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007; ISBN 978-0-471-48404-2. [Google Scholar]

	



Vasil’ev, L.A. Schlieren Methods; Israel Program For Scientific Translations: New York, NY, USA; Jerusalem, Israel; London, UK, 1971. [Google Scholar]

	



Hartmann, J. Bemerkungen über den Bau und die Justierung von Spektrographen. Z. Für Instrum. 1900, 20, 47. [Google Scholar]

	



Artzner, G. Microlens arrays for Shack-Hartmann wavefront sensors. Opt. Eng. 1992, 31, 1311–1322. [Google Scholar] [CrossRef]

	



Platt, B.C.; Shack, R. History and principles of Shack-Hartmann wavefront sensing. J. Refract. Surg. 2001, 17, S573–S577. [Google Scholar] [CrossRef] [PubMed]

	



Hongbin, Y.; Guangya, Z.; Siong, C.F.; Feiwen, L.; Shouhua, W.A. Tunable Shack-Hartmann wavefront sensor based on a liquid-filled microlens array. J. Micromech. Microeng. 2008, 18, 105017. [Google Scholar] [CrossRef]

	



Minin, I.; Minin, O. Diffractive Optics and Nanophotonics. Resolution Below the Diffraction Limit; Springer International Publishing: Cham, Switzerland, 2015. [Google Scholar] [CrossRef]

	



Zernike, F. Beugungstheorie des schneidenver-fahrens und seiner verbesserten form, der phasenkontrastmethode. Physica 1934, 1, 689–704. [Google Scholar] [CrossRef]

	



Nijboer, B.R.A. The diffraction theory of optical aberrations: Part I: General discussion of the geometrical aberrations. Physica 1943, 10, 679–692. [Google Scholar] [CrossRef]

	



Nijboer, B.R.A. The diffraction theory of optical aberrations: Part II: Diffraction pattern in the presence of small aberrations. Physica 1947, 13, 605–620. [Google Scholar] [CrossRef]

	



Nienhuis, K.; Nijboer, B.R.A. The diffraction theory of optical aberrations: Part III: General formulae for small aberrations; experimental verification of the theoretical results. Physica 1949, 14, 590–604. [Google Scholar] [CrossRef]

	



Born, M.; Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light, 7th ed.; Cambridge University Press: Cambridge, UK, 1999. [Google Scholar]

	



Roddier, N. Atmospheric wavefront simulation using Zernike polynomials. Opt. Eng. 1990, 29, 1174–1180. [Google Scholar] [CrossRef]

	



Neil, M.A.A.; Booth, M.J.; Wilson, T. New modal wave-front sensor: A theoretical analysis. J. Opt. Soc. Am. A 2000, 17, 1098–1107. [Google Scholar] [CrossRef]

	



Thibos, L.N.; Applegate, R.A.; Schwiegerling, J.T.; Webb, R. Standards for reporting the optical aberrations of eyes. J. Refract. Surg. 2002, 18, S652–S660. [Google Scholar] [CrossRef] [PubMed]

	



Evans, C.J.; Parks, R.E.; Sullivan, P.J.; Taylor, J.S. Visualization of surface figure by the use of Zernike polynomials. Appl. Opt. 1995, 34, 7815–7819. [Google Scholar] [CrossRef] [PubMed]

	



Methods for Reporting Optical Aberrations of Eyes, ANSI Z80.28; American National Standards Institute, Inc.: New York, NY, USA, 2004.

	



Lombardo, M.; Lombardo, G. Wave aberration of human eyes and new descriptors of image optical quality and visual performance. J. Cataract. Refr. Surg. 2010, 36, 313–331. [Google Scholar] [CrossRef]

	



Khorin, P.A.; Khonina, S.N.; Karsakov, A.V.; Branchevskiy, S.L. Analysis of corneal aberration of the human eye. Comput. Opt. 2016, 40, 810–817. [Google Scholar] [CrossRef]

	



Martins, A.C.; Vohnsen, B. Measuring ocular aberrations sequentially using a digital micromirror device. Micromachines 2019, 10, 117. [Google Scholar] [CrossRef]

	



Soifer, V.A. Methods for Computer Design of Diffractive Optical Elements; John Wiley & Sons, Inc.: New York, NY, USA, 2002. [Google Scholar]

	



Soifer, V.A. Computer Design of Diffractive Optics; Cambridge International Science Publishing Limited & Woodhead Publishing Ltd.: Cambridge, UK, 2013; ISBN 978-1-84569-635-1. [Google Scholar]

	



Picart, P. New Techniques in Digital Holography; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Golub, M.A.; Karpeev, S.V.; Krivoshlykov, S.G.; Prokhorov, A.M.; Sisakyan, I.N.; Soifer, V.A. Spatial filter investigation of the distribution of power between transverse modes in a fiber waveguide. Sov. J. Quantum Electron. 1984, 14, 1255–1256. [Google Scholar] [CrossRef]

	



Golub, M.A.; Karpeev, S.V.; Kazanskii, N.L.; Mirzov, A.V.; Sisakyan, I.N.; Soifer, V.A.; Uvarov, G.V. Spatial phase filters matched to transverse modes. Sov. J. Quantum Electron. 1988, 18, 392–393. [Google Scholar] [CrossRef]

	



Almazov, A.A.; Khonina, S.N.; Kotlyar, V.V. Using phase diffraction optical elements to shape and select laser beams consisting of a superposition of an arbitrary number of angular harmonics. J. Opt. Technol. 2005, 72, 391–399. [Google Scholar] [CrossRef]

	



Khonina, S.N.; Ustinov, A.V. Binary multi-order diffraction optical elements with variable fill factor for the formation and detection of optical vortices of arbitrary order. Appl. Opt. 2019, 58, 8227–8236. [Google Scholar] [CrossRef]

	



Ha, Y.; Zhao, D.; Wang, Y.; Kotlyar, V.V.; Khonina, S.N.; Soifer, V.A. Diffractive optical element for Zernike decomposition. Proc. SPIE 1998, 3557, 191–197. [Google Scholar] [CrossRef]

	



Booth, M.J. Direct measurement of Zernike aberration modes with a modal wavefront sensor. Proc. SPIE 2003, 5162, 79–90. [Google Scholar] [CrossRef]

	



Porfirev, A.P.; Khonina, S.N. Experimental investigation of multi-order diffractive optical elements matched with two types of Zernike functions. Proc. SPIE 2016, 9807, 98070E. [Google Scholar] [CrossRef]

	



Garitchev, V.P.; Go1ub, M.A.; Karpeev, S.V.; Krivoshlykov, S.G.; Petrov, N.I.; Sissakian, I.N.; Soifer, V.A.; Haubenreisser, W.; Jahn, J.-U.; Willsch, R. Experimental investigation of mode coupling in a multimode graded-index fiber, caused by periodic microbends using computer-generated spatial filters. Opt. Commun. 1985, 55, 403–405. [Google Scholar] [CrossRef]

	



Karpeev, S.V.; Pavelyev, V.S.; Khonina, S.N.; Kazanskiy, N.L. High-effective fiber sensors based on transversal mode selection. Proc. SPIE 2005, 5854, 163–169. [Google Scholar] [CrossRef]

	



Karpeev, S.V.; Pavelyev, V.S.; Khonina, S.N.; Kazanskiy, N.L.; Gavrilov, A.V.; Eropolov, V.A. Fibre sensors based on transverse mode selection. J. Mod. Opt. 2007, 54, 833–844. [Google Scholar] [CrossRef]

	



Khonina, S.N.; Kotlyar, V.V.; Soifer, V.A.; Paakkonen, P.; Simonen, J.; Turunen, J. An analysis of the angular momentum of a light field in terms of angular harmonics. J. Mod. Opt. 2001, 48, 1543–1557. [Google Scholar] [CrossRef]

	



Moreno, I.; Davis, J.A.; Pascoguin, B.M.L.; Mitry, M.J.; Cottrell, D.M. Vortex sensing diffraction gratings. Opt. Lett. 2009, 34, 2927–2929. [Google Scholar] [CrossRef]

	



Lei, T.; Zhang, M.; Li, Y.; Jia, P.; Liu, G.N.; Xu, X.; Li, Z.; Min, C.; Lin, J.; Yu, C.; et al. Massive individual orbital angular momentum channels for multiplexing enabled by Dammann gratings. Light Sci. Appl. 2015, 4, e257. [Google Scholar] [CrossRef]

	



Karpeev, S.V.; Pavelyev, V.S.; Soifer, V.A.; Khonina, S.N.; Duparre, M.; Luedge, B.; Turunen, J. Transverse mode multiplexing by diffractive optical elements. Proc. SPIE 2005, 5854, 1–12. [Google Scholar] [CrossRef]

	



Moreno, I.; Davis, J.A.; Ruiz, I.; Cottrell, D.M. Decomposition of radially and azimuthally polarized beams using a circular-polarization and vortex-sensing diffraction grating. Opt. Express 2010, 18, 7173–7183. [Google Scholar] [CrossRef]

	



García-Martínez, P.; Sánchez-López, M.M.; Davis, J.A.; Cottrell, D.M.; Sand, D.; Moreno, I. Generation of Bessel beam arrays through Dammann gratings. Appl. Opt. 2012, 51, 1375–1381. [Google Scholar] [CrossRef]

	



Lyubopytov, V.S.; Tlyavlin, A.Z.; Sultanov, A.K.; Bagmanov, V.K.; Khonina, S.N.; Karpeev, S.V.; Kazanskiy, N.L. Mathematical model of completely optical system for detection of mode propagation parameters in an optical fiber with few-mode operation for adaptive compensation of mode coupling. Comput. Opt. 2013, 37, 352–359. [Google Scholar] [CrossRef]

	



Ni, B.; Guo, L.; Yue, C.; Tang, Z. A novel measuring method for arbitrary optical vortex by three spiral spectra. Phys. Lett. A 2017, 381, 817–820. [Google Scholar] [CrossRef]

	



Khonina, S.N.; Karpeev, S.V.; Paranin, V.D. A technique for simultaneous detection of individual vortex states of Laguerre-Gaussian beams transmitted through an aqueous suspension of microparticles. Opt. Laser Eng. 2018, 105, 68–74. [Google Scholar] [CrossRef]

	



Abderrahmen, T.; Park, K.-H.; Zghal, M.; Ooi, B.S.; Alouini, M.-S. Communicating using spatial mode multiplexing: Potentials, challenges, and perspectives. IEEE Commun. Surv. Tutor. 2019, 21, 3175–3203. [Google Scholar] [CrossRef]

	



Wilby, M.J.; Keller, C.U.; Haert, S.; Korkiakoski, V.; Snik, F.; Pietrow, A.G.M. Designing and testing the coronagraphic Modal Wavefront Sensor: A fast non-common path error sensor for high-contrast imaging. Proc. SPIE 2016, 9909, 990921. [Google Scholar] [CrossRef]

	



Lyu, H.; Huang, Y.; Sheng, B.; Ni, Z. Absolute optical flatness testing by surface shape reconstruction using Zernike polynomials. Opt. Eng. 2018, 57, 094103. [Google Scholar] [CrossRef]

	



Degtyarev, S.A.; Porfirev, A.P.; Khonina, S.N. Zernike basis-matched multi-order diffractive optical elements for wavefront weak aberrations analysis. Proc. SPIE 2017, 10337, 103370Q. [Google Scholar] [CrossRef]

	



Guo, H.; Korablinova, N.; Ren, Q.; Bille, J. Wavefront reconstruction with artificial neural networks. Opt. Express 2006, 14, 6456–6462. [Google Scholar] [CrossRef]

	



Paine, S.W.; Fienup, J.R. Machine learning for improved image-based wavefront sensing. Opt. Lett. 2018, 43, 1235–1238. [Google Scholar] [CrossRef]

	



Nishizaki, Y.; Valdivia, M.; Horisaki, R.; Kitaguchi, K.; Saito, M.; Tanida, J.; Vera, E. Deep learning wavefront sensing. Opt. Express 2019, 27, 240–251. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 20 03850 g001 550] 





Figure 1. Wavefront expansion coefficients with defocusing    Z 2 0  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 2. Wavefront expansion coefficients with astigmatism    Z 2 2  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 3. Wavefront expansion coefficients with coma    Z 3 1  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 4. Wavefront expansion coefficients with coma (trefoil)    Z 3 3  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 5. Wavefront expansion coefficients with coma (quatrefoil)    Z 4 4  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 6. Wavefront expansion coefficients with aberration superposition    Z 3 1  ( r , ϕ ) +  Z 4 2  ( r , ϕ )   of various levels: (a) α = 0.4, (b) α = 0.6, and (c) α = 1. 
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Figure 7. Detection of wavefront aberrations using a multi-channel analyzing diffractive optical element (DOE). (a) Schematic of the experimental setup: Laser is a solid-state laser (λ = 532 nm); PH is a pinhole (hole size of 40 μm); L1, L2, L3, L4, L5, and L6 are spherical lenses (f1 = 250 mm, f2 = 150 mm, f3 = 150 mm, f4 = 150 mm, f5 = 150 mm, and f6 = 350 mm); SLM1 is a transmissive spatial light modulator (HOLOEYE LC 2012); SLM2 is a reflective spatial light modulator (HOLOEYE PLUTO VIS); D is an aperture; BS is a beam splitter; M is a mirror; and Cam is a ToupCam UCMOS08000KPB video camera. (b) Phase mask of a 25-order analyzing DOE, which displays the incident light field in terms of the Zernike polynomials. 
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Figure 8. (a) Numerically and (b) experimentally obtained intensity distributions formed in the focal plane of lens L6 when SLM2 is illuminated by a laser beam with a plane wavefront. In the images of numerically obtained distributions, the zero diffraction order is cut out. 
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Figure 9. Experimentally obtained intensity distributions at α = 0.4 for (a)    Z 2 2  ( r , ϕ )   {(0, 0), (2, 0), (2, 2)}; (b)    Z 3 3  ( r , ϕ )   {(0, 0), (2, 0), (3, 3)}; (c)    Z 4 4  ( r , ϕ )   {(0, 0), (2, 0), (4, 4)}; and (d)    Z 3 1  ( r , ϕ ) +  Z 4 2  ( r , ϕ )   {(0, 0), (2, 0), (3, 1), (4, 2)}. 
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Figure 10. Experimentally obtained intensity distributions at α = 0.6 for (a)    Z 3 1  ( r , ϕ )   {(0, 0), (2, 0), (2, 2), (3, 1), (4, 0), (6, 0)}; and (b)    Z 3 3  ( r , ϕ )   {(0, 0), (2, 0), (3, 3), (5, 3)}. 
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Figure 11. Experimentally obtained intensity distributions at α = 1 for (a)    Z 3 3  ( r , ϕ )   (0, 0), (2, 0), (5, 3), (6, 0), (7, 3); and (b)    Z 4 4  ( r , ϕ )   (0, 0), (2, 0), (6, 0), (6, 4), (8, 4). 
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Figure 12. Intensity distributions obtained in the focal plane of lens L6 at different displacements of lens L1 forming the collimator. The dotted circles highlight the diffraction order corresponding to defocusing (Zernike polynomial    Z 2 0   ). 
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Table 1. Correspondence of the Zernike functions (1) to a single index l.
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	l
	0
	1
	2
	3
	4



	    Z n m  ( r , ϕ )   
	    R 0 0  ( r )   
	    R 1 1  ( r ) cos ϕ   
	    R 1 1  ( r ) sin ϕ   
	    R 2 2  ( r ) cos 2 ϕ   
	    R 2 0  ( r )   



	l
	5
	6
	7
	8
	9



	    Z n m  ( r , ϕ )   
	    R 2 2  ( r ) sin 2 ϕ   
	    R 3 3  ( r ) cos 3 ϕ   
	    R 3 1  ( r ) cos ϕ   
	    R 3 1  ( r ) sin ϕ   
	    R 3 3  ( r ) sin 3 ϕ   



	l
	10
	11
	12
	13
	14



	    Z n m  ( r , ϕ )   
	    R 4 4  ( r ) cos 4 ϕ   
	    R 4 2  ( r ) cos 2 ϕ   
	    R 4 0  ( r )   
	    R 4 2  ( r ) sin 2 ϕ   
	    R 4 4  ( r ) sin 4 ϕ   
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Table 2. The type of phase (wavefront) and point scattering function (PSF) in the presence of various aberrations corresponding to Zernike polynomials.
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Expansion Coefficients

	
Input Phase and PSF (Intensity)




	
α = 0.4

	
α = 0.6

	
α = 1






	
   ψ ( r , ϕ ) = 0.8 π  R 2 0  ( r )   

 [image: Sensors 20 03850 i001]

	
 [image: Sensors 20 03850 i002]
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   ψ ( r , ϕ ) = 0.8 π  R 2 2  ( r ) cos 2 ϕ   
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   ψ ( r , ϕ ) = 0.8 π  R 3 1  ( r ) cos ϕ   

 [image: Sensors 20 03850 i009]
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   ψ ( r , ϕ ) = 0.8 π  R 3 3  ( r ) cos 3 ϕ   
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   ψ ( r , ϕ ) = 0.8 π  R 4 0  ( r )   
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   ψ ( r , ϕ ) = 0.8 π  R 4 2  ( r ) cos 2 ϕ   
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   ψ ( r , ϕ ) = 0.8 π  R 4 4  ( r ) cos 4 ϕ   

 [image: Sensors 20 03850 i025]

	
 [image: Sensors 20 03850 i026]

	
 [image: Sensors 20 03850 i027]

	
 [image: Sensors 20 03850 i028]




	
   ψ ( r , ϕ ) = 0.8 π  [   R 3 1  ( r ) cos ϕ +  R 4 2  ( r ) cos 2 ϕ  ]    
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Table 3. Correspondence of the considered Zernike functions (9) to a single index l.
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	l
	0
	1
	2
	3
	4
	5
	6
	7
	8



	(n, m)
	(0, 0)
	(1, 1)
	(1, −1)
	(2, 2)
	(2, 0)
	(2, −2)
	(3, 3)
	(3, 1)
	(3, −1)



	l
	9
	10
	11
	12
	13
	14
	15
	16
	17



	(n, m)
	(3, −3)
	(4, 4)
	(4, 2)
	(4, 0)
	(4, −2)
	(4, −4)
	(5, 5)
	(5, 3)
	(5, 1)



	l
	18
	19
	20
	21
	22
	23
	24
	25
	26



	(n, m)
	(5, −1)
	(5, −3)
	(5, −5)
	(6, 6)
	(6, 4)
	(6, 2)
	(6, 0)
	(6, −2)
	(6, −4)



	l
	27
	28
	29
	30
	31
	32
	33
	34
	35



	(n, m)
	(6, −6)
	(7, 7)
	(7, 5)
	(7, 3)
	(7, 1)
	(7, −1)
	(7, −3)
	(7, −5)
	(7, −7)



	l
	36
	37
	38
	39
	40
	41
	42
	43
	44



	(n, m)
	(8, 8)
	(8, 6)
	(8, 4)
	(8, 2)
	(8, 0)
	(8, −2)
	(8, −4)
	(8, −6)
	(8, −8)
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Table 4. Explicit expressions for some Zernike polynomials.






Table 4. Explicit expressions for some Zernike polynomials.





	(n, m)
	     R n m  ( r )    
	(n, m)
	     R n m  ( r )    





	(0, 0)
	1
	(4, 0)
	   6  r 4  − 6  r 2  + 1   



	(1, 1)
	  r  
	(4, 2)
	   4  r 4  − 3  r 2    



	(2, 0)
	   2  r 2  − 1   
	(4, 4)
	    r 4    



	(2, 2)
	    r 2    
	(5, 1)
	   10  r 5  − 12  r 3  + 3 r   



	(3, 1)
	   3  r 3  − 2 r   
	(5, 3)
	   5  r 5  − 4  r 3    



	(3, 3)
	    r 3    
	(5,5)
	    r 5    
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