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Abstract

:

Almost all of the beams under propagation are believed to suffer severe distortion when the source coherence deteriorates, due to the optical diffraction. This implies that low-coherence beams have poor self-healing ability, but were found to be robust against the turbulence, distortion, scattering, etc. In this letter, we first prove numerically that partially coherent Airy beams (PCABs), generated via Fourier processing, have better self-healing ability than that of conventional fully coherent Airy beams. Moreover, as the source coherence deteriorates and the propagation distance increases, the self-healing ability is found to increase. We believe that such PCABs may find Airy beam-related applications in adverse environments, such as particle trapping in biological tissues.






Keywords:


Airy beam; partially coherent beam; self-healing; Fourier processing












1. Introduction


Optical coherence, an intrinsic property of light beams, determines the interference effect. With the establishment of optical coherence theory [1], particularly regarding the sufficient and necessary conditions for customizing genuine partially coherent beams (PCBs) [2,3], there is a wealth of literature on the generation, propagation, and applications of such beams [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. The van Critter–Zernike theorem and mode superposition principle are widely used to produce PCBs with prescribed properties. PCBs propagating in free space, turbulent atmospheres/oceans/tissues, and nonlinear media, or scattered by a diffuser have been studied in depth [4,5,6,7,8,9,10,11,12]. The results demonstrate that optical coherence determines the behavior of PCBs and renders them robust against turbulence, nonlinearity, and scattering. Based on the inherent characteristics and unique advantages of PCBs, they have found applications in optical communication, particle trapping, super-resolution images, and speckle-free images [13,14,15,16,17]. In particular, our group recently proposed an encryption technique based on optical coherence [18]. Optical information can be decrypted from the degree of coherence (DOC) of the PCB using the matched key. The DOC, as a second-order statistical parameter, cannot be accessed by the human eye or any camera. Hence, this optical coherence encryption technique is highly secure. Furthermore, we proposed a far-field optical imaging technique wherein the DOC was treated as an information carrier [19,20]. The results demonstrated that it can be immune to obstacles and turbulence.



Self-healing refers to the capacity of a beam obstructed by an opaque object to reconstruct itself after traveling a certain distance. This remarkable property enables a beam to negotiate adverse environments, such as scattering and medium inhomogeneity. Self-healing has sparked numerous related studies on fully and partially coherent beams [21,22,23,24,25,26,27,28,29,30,31]. Researchers have employed wave optics, geometric optics, energy flow, and other theories to fully explain the self-healing phenomenon [29,30,31]. Such a property would allow the application of fully and partially coherent beams in light microscopes, ghost imaging, optical communication, optical imaging, among others [20,32,33,34]. Airy beams were first predicted as diffraction-free beams and observed by Siviloglou et al. in 2007 [35,36]. They possess self-healing attributes that can be described by Babinet’s principle. In contrast to other diffraction-free beams, Airy beams exhibit self-accelerating properties, which can be interpreted using the principle of equivalence [37]. Consequently, Airy beams have attracted much attention in different areas, from fundamental science to real-world applications. Numerous studies have focused on the customization, propagation, and light–matter interaction of Airy beams, and they have found applications in super-resolution imaging, plasma channel generation, optical communications, and particle trapping [38,39,40,41,42,43,44,45,46,47,48]. Airy beams are not square integrable; hence, we must introduce an exponential aperture function to realize such beams in the laboratory. The truncated Airy beams maintain their shapes invariantly only for a certain distance, and their self-healing ability undoubtedly deteriorates. Moreover, it is well known that, as the source coherence deteriorates, a beam with finite energy readily suffers from shape distortion during propagation, owing to optical diffraction. This prompts a natural question: is it possible that a partially coherent Airy beam (PCAB) has a higher self-healing ability than that of a fully coherent one? If it is possible, this would prompt Airy beams to find more applications, especially in the adverse environments.



In this study, we explore the self-healing properties of PCABs generated via Fourier processing. It is found that the self-healing ability can be improved through Fourier processing and that the self-healing ability is further enhanced as the source coherence deteriorates.




2. Theory


First, we briefly introduce the generation of a PCAB via Fourier processing. This beam differs from the conventional PCAB. For the former, the DOC has an Airy-like profile, whereas for the latter, the DOC normally has a Gaussian distribution [40,42]. In the protocol presented in [40], Liu et al. used a modified 4f optical system to realize Fourier processing, as shown in the left part of Figure 1.



This system consisted of two identical thin lenses and a phase screen located in the spatial frequency plane. The front focal plane of the first lens and rear focal plane of the second lens were treated as the incident and source planes, respectively. The incident source for this optical system was a Gaussian Schell-model beam characterized by the following cross-spectral density function in the space–frequency domain.


  W    r 1  ,  r 2    = exp   −    r 1 2  +  r 2 2    4  ω 0 2      exp   −        r 1  −  r 2     2    2  δ 0 2      ,  



(1)




where    ω 0    and    δ 0    denote the transverse beam and coherence widths, respectively.    r i  =    r  ⊥ i   ,  r  ∥ i     ,   i = 1 , 2  , is an arbitrary position vector in the incident plane. The adopted function for the phase screen is:


  P  v  = exp   − i k       a  v ⊥     3  +     a  v ∥     3      ,  



(2)




where   k =   2 π  / λ    denotes the wavenumber,  λ  is the wavelength, and a is a constant in unit of m−2/3.   v =    v ⊥  ,  v ∥      is an arbitrary position vector in the space–frequency plane. After Fourier processing, the Gaussian Schell-model beam becomes a PCAB in the source plane. Further details can be found in [40]. We now consider an opaque obstacle along the propagation path, as shown in the right part of Figure 1. We assume that the distances from the source plane to the obstacle plane and from the obstacle plane to the receiver plane are D and Z, respectively. The propagation evolution of PCBs can be studied using the Huygens–Fresnel integral principle. To clearly describe the entire self-healing process, we divided it into three steps. The first step is a PCAB propagating from the source plane to the front surface of the obstacle. With the aid of the Huygens–Fresnel integral principle, it is described by:


     W D     ξ 1  ,  ξ 2    =  1   λ 2   D 2    exp   −   i k   2 D      ξ 1 2  −  ξ 2 2                  ×   ∬   W 0     ρ 1  ,  ρ 2       exp   −   i k   2 D      ρ 1 2  −  ρ 2 2    +   i k  D     ρ 1  ·  ξ 1  −  ρ 2  ·  ξ 2       d 2   ρ 1   d 2   ρ 2  ,    



(3)




where    ρ i  =    ρ  ⊥ i   ,  ρ  ∥ i       and    ξ i  =    ξ  ⊥ i   ,  ξ  ∥ i     ,   i = 1 , 2   are arbitrary position vectors in the source and obstacle planes, respectively. In the second step, the arriving beam is obstructed by an opaque obstacle, and the following equation is used to describe it:


   W D  ′    ξ 1  ,  ξ 2    = τ    ξ 1     τ *     ξ 2     W D     ξ 1  ,  ξ 2    ,  



(4)




where   τ  ξ    denotes the transmittance function of the obstacle. In the last step, the obstructed beam propagates further to the receiver plane. It is expressed as:


     W Z     η 1  ,  η 2    =  1   λ 2   Z 2    exp   −   i k   2 Z      η 1 2  −  η 2 2                  ×   ∬   W D  ′    ξ 1  ,  ξ 2       exp   −   i k   2 Z      ξ 1 2  −  ξ 2 2    +   i k  Z     ξ 1  ·  η 1  −  ξ 2  ·  η 2       d 2   ξ 1   d 2   ξ 2  .    



(5)




where    η i  =    η  ⊥ i   ,  η  ∥ i     ,   i = 1 , 2   is an arbitrary position vector in the receiver plane. If the obstacle is located in the source plane, that is D = 0 m, only the last two steps need to be performed. As suggested in [40], we can employ the complex screen method [49] to numerically simulate the entire process and achieve the intensity of the PCAB in the receiver plane.



When the intensity of the PCAB with or without the obstacle is achieved, we can use the similarity degree parameter to quantitatively describe the self-healing ability of the beam. The similarity degree is given in [22] by:


  S =         ∬   I  w t    η   I  o b    η   d 2  η       2      ∬       I  w t    η     2   d 2  η   ∬       I  o b    η     2   d 2  η         .  



(6)







The similarity degree, S, falls within the interval [0, 1].    I  w t    η    and    I  o b    η    represent the intensity of the beams with and without the obstacle, respectively. The larger the S value, the better the self-healing ability. In the following numerical simulation, we choose the inverted Gaussian function as an obstacle for simplicity:


  τ  ξ  = 1 − exp   −    ξ 2     σ 0 2      ,  



(7)




where    σ 0    characterizes the transverse width of the obstacle. The relevant parameters are given as   λ = 532    nm   ,   f = 150    mm   ,   a = 450    m    − 2  / 3     ,    ω 0  = 1    mm   , and    σ 0  = 5    mm   . Other parameters are discussed below.




3. Numerical Results


In this section, we use the above equations to explore the self-healing properties of PCABs obstructed by opaque obstacles. We consider two situations: in the first, the obstacle is located in the source plane, and in the second, the obstacle is located in the propagation path. The former is more common in the literature, and the latter has more practical significance.



	Case 1: 

	
The Obstacle Is Located in the Source Plane







To visualize the entire process of the self-healing of PCABs, we show the intensity profiles of an obstructed beam at different distances during propagation. The results are shown in Figure 2, and the source coherence width is given by    δ 0  = 1 mm  . Figure 2a shows that the main peak of the PCAB is blocked by an opaque obstacle. The energy of the side lobes of the beam gradually flows toward the main peak with increasing propagation distance, as shown in Figure 2b,c. When the beam propagates further, the Airy pattern recovers well, as shown in Figure 2d,f. To investigate the effect of the source coherence on the self-healing of PCABs, we display the intensity profiles of the obstructed beam with different coherence widths    δ 0    in the receiver plane Z = 160 m. It is worth noting that in the case of    δ 0  = ∞  , shown in Figure 3a, the PCAB reduces to a conventional fully coherent Airy beam, as described in [40]. It is found that for the conventional fully coherent Airy beam, although the main peak recovers, the side lobes are deformed (there is a large dark area near the main peak). It is evident that, as the source coherence decreases, the main peak and side lobes gradually recover. Hence, we can infer that the self-healing ability of PCABs is better than that of conventional fully coherent Airy beams, and it is improved by decreasing the source coherence.



To quantitatively describe the self-healing ability of a PCAB, we use the similarity degree, defined by Equation (6), to investigate the effect of the source coherence and propagation distance Z on the self-healing property of the beam. We plot the similarity degree as a function of the coherence width    δ 0    for different distances. The results are shown in Figure 4. The different colors, explained in the top-left corner, denote different propagation distances. As the source coherence deteriorates (   δ 0    decreases from left to right in the plots), the similarity degree S increases, which implies that the obstructed PCAB gradually recovers. In particular, after    δ 0  = 1    mm   , the similarity degree S increases rapidly, and reaches 0.904 when    δ 0  = 0.25    mm    for the Z = 20 m curve. As described by coherence theory [1], if the coherence area is much larger than the beam spot area (   δ 0 2  ≫  ω 0 2   ), the partially coherent beam can be treated as a fully coherent beam. Hence, for    δ 0 2  ≫  ω 0 2   , the similarity degree S value remains almost invariant at approximately 0.235. The similarity degree S ranges from 0.235 to 0.904 when we reduce the source coherence of a (quasi-) fully coherent Airy beam to that of a low-coherence Airy beam. This proves that the self-healing ability of the PCAB is effectively improved as the source coherence decreases, and that such a PCAB has a much better self-healing ability than the conventional fully coherent Airy beam. Furthermore, as shown by the left straight line (at    δ 0  = 3.88    mm   ) and annotation, the similarity degree S ranges from 0.144 to 0.235 when the propagation distance varies from Z = 5 to 20 m. This demonstrates that the self-healing ability of the beams increases with the propagation distance. This is also achieved in [22].



	Case 2: 

	
The Obstacle Is Located in the Propagation Path at D = 10 m







Next, we explore the self-healing property of the PCAB when the obstacle is located in the propagation path at D = 10 m. This case has more practical significance, such as a bird flying across the optical path of outdoor optical communication. First, we explore the intensity evolution of the obstructed propagating PCAB. The results shown in Figure 5 are almost the same as those in Figure 2. As the propagation distance increases, the blocked main peak of the beam gradually recovers and tends to stabilize. Furthermore, we focus on the effect of the source coherence on the self-healing ability of the beam, and the relevant results are displayed in Figure 6. The achieved results are almost the same as those in Case 1. For the conventional fully coherent Airy beam (see Figure 6a), although its main peak recovers, the side lobes are still highly deformed. We found that the entire PCAB recovers well as the source coherence deteriorates.



Finally, we quantitatively describe the self-healing ability of the PCAB obstructed by an opaque obstacle at D = 10 m. The similarity degree curves are plotted in Figure 7 as a function of the coherence width    δ 0    for different propagation distances Z. Each curve illustrates that the self-healing ability of the beam increases as the source coherence decreases. Taking the Z = 10 m case as an example, the (quasi-) fully coherent Airy beam has a similarity degree of S = 0.154, and the low-coherence Airy beam with    δ 0  = 0.2    mm    has a similarity degree of S = 0.895. The self-healing ability of such a PCAB is significantly larger than that of the conventional fully coherent Airy beam, even with an obstacle in the propagation path. Likewise, for a fixed source coherence, the self-healing ability of the beam can be further enhanced with the propagation distance.




4. Conclusions


In conclusion, we explored the self-healing properties of a PCAB proposed in [40]. We found that the self-healing ability of such a beam was much better than that of a conventional fully coherent Airy beam. Furthermore, its self-healing ability was enhanced as the source coherence deteriorated, in contrast to the conventional belief that a beam with lower coherence easily undergoes shape deformation and becomes less self-healable. The reason behind this is that the degree of coherence of such an Airy beam has an Airy-like profile, which causes it to propagates for a longer distance without distortion, i.e., better anti-diffraction ability [40]. The self-healing ability of the beam could be further improved by increasing the propagation distance. The above conclusions are valid for obstacles located in the source plane or propagation path. Finally, it is worth noting that our beam is partially coherent, and it is well known that a partially coherent beam is robust against turbulence, scattering, etc. Hence, we believe that our results provide constructive suggestions for the application of Airy beams in adverse environments.
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Figure 1. Schematic diagram for the generation of a PCAB via Fourier processing and study of its self-healing property. The system comprises two identical lenses with the focal length f, a phase screen, and one obstacle. All relevant planes and axes are indicated. 
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Figure 2. Density plots of the intensity distributions of a PCAB at the different propagation distances (a) Z = 0 m, (b) Z = 40 m, (c) Z = 80 m, (d) Z = 120 m, and (e) Z = 160 m during propagation. The beam is obstructed by an opaque obstacle in the source plane. The source coherence width is given by    δ 0  = 1    mm   . 
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Figure 3. Density plots of the intensity distributions of (a) a conventional fully coherent Airy beam and (b–e) PCAB with different source coherence widths. The beam is obstructed by an opaque ob-stacle in the source plane, and the receiver plane is at Z = 160 m. 
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Figure 4. Similarity degree S of the PCAB as a function of the coherence width    δ 0   , for the different propagation distances. The different colors represent the different propagation distances. 
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Figure 5. Density plots of the intensity distributions of a PCAB at the different propagation distances Z during propagation (a–e). The beam is obstructed by an opaque obstacle in the source plane. The source coherence width is    δ 0  = 1    mm   . 
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Figure 6. Density plots of the intensity distributions of (a) the fully coherent Airy beam and (b–e) PCABs for different source coherence widths. The beam is obstructed by an opaque obstacle in the source plane, and the receiver plane is at Z = 160 m. 






Figure 6. Density plots of the intensity distributions of (a) the fully coherent Airy beam and (b–e) PCABs for different source coherence widths. The beam is obstructed by an opaque obstacle in the source plane, and the receiver plane is at Z = 160 m.



[image: Photonics 10 00143 g006]







[image: Photonics 10 00143 g007 550] 





Figure 7. Similarity degree of the PCAB as a function of the coherence width    δ 0   , for different prop-agation distances. The different colors represent the different propagation distances. 
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