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Abstract

:

The manipulation of the polarization states of the light transmitted through a scattering medium has become an emerging field due to the novel fundamental physics interest and potential applications. Here, the manipulation of the polarization states in the focusing high-resolution optical field (points and vector beams) after passing a scattering medium is theoretically and experimentally demonstrated. The vector transmission matrix (VTM) of a scattering medium is measured with the vector basis of orthogonally circular polarizations by the two-dimensional (2D) holographic grating combined with the four-step phase-shifting method. The incident wavefronts for the creation of desired high-resolution optical fields through a scattering medium are modulated according to the calculation with the VTM of the medium. The theoretical and experimental results show that the constructed high-resolution optical field with spatially variant states of polarization can be realized through frosted glass. These results provide a new way to vectorially manipulate the constructed high-resolution optical field by passing through a scattering medium.
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1. Introduction


As an important parameter of light, the manipulation of the polarization states has attracted a lot of attention. In particular, the technology for manipulating the polarization states of the light transmitted through a scattering medium can be applied to polarization-sensitive optical coherence tomography [1] and various coherent nonlinear microscopy techniques [2]. On the other hand, vector beams have attracted increasing interest due to their spatially inhomogeneous polarization states [3]. The novel properties of a vector beam have found potential applications in optical trapping [4,5], laser cutting [6], high-resolution imaging [7], and optical communication [8]. However, most of these studies do not take into account the phase aberrations and depolarization effects that may be experienced during the propagation of vector beams in a medium with nonuniform index distributions. The phase, amplitude, and polarization information of the incident beams will be disturbed when they propagate through a scattering medium, leading to a great impact on the quality of imaging and the transmission of useful information [9,10]. Numerous techniques have been proposed to overcome the scattering effect and achieve the transmission of light beams through a scattering medium, such as an optical transmission matrix [11,12,13,14,15,16,17,18,19], optical phase conjugation imaging [20,21], and the speckle correlation technique [22,23,24]. Furthermore, these techniques have been applied to light beam subdiffraction focusing [25], deep biological tissue imaging [26], etc. Recently, the vector transmission matrix (VTM) has been proposed to characterize the deterministic relationship of the amplitude, phase, and polarization state between the input light fields and output light fields through a scattering medium [27]. Although, the measurement of VTM of a scattering medium and polarization control in a single focus point by the experimental system has been explored [27,28], the measurement processes of VTM are relatively complicated. The generation of multiple focal spots and vector beams with spatially varying states of polarization after passing through a scattering medium has been theoretically demonstrated [29]. More recently, the generation of vector beams with a scattering medium by one single scalar transmission matrix has been proposed [30]. However, the simultaneous vector manipulation of the states of polarization in both azimuthal and radial directions after passing through a scattering medium needs further exploitation, especially for the input optical field with different orthogonal polarizations such as left- and right-circular polarizations.



In this work, we present a simple and reliable method to manipulate the spatial distribution of polarization state in both azimuthal and radial directions in the focusing high-resolution optical field (points and vector beams) after passing through a scattering medium. In particular, the input optical field with a vector beam by special polarization superposition of orthogonally circular polarizations can provide feasibility to achieving such a vectorial manipulation process. The desired high-resolution optical field with spatially varying states of polarization is experimentally generated through the scattering medium by using the VTM with the vector basis of the orthogonally circular polarizations. The VTM of the scattering medium is measured with the spatial light modulator (SLM) and a 4f optical system without moving the experiment devices, which greatly reduces the phase measurement error of the VTM. In addition, compared to the conventional method for a high-resolution focusing optical field with orthogonally linear polarizations [27,28], the vectorial manipulation of the desired optical field through a scattering medium with the vector basis of left- and right-hand circular polarizations has an advantage in focusing precision and quality compared to that with orthogonally linear polarizations [31,32].




2. Measurement of the Vector Transmission Matrix


According to the concept of the Jones vector, any vector beam can be expressed as a linear combination of the complex amplitudes of two orthogonal polarization components [33]. The input and output vector light field through a scattering medium can be defined as the coherent superposition of two orthogonally circular polarizations:


     E →   i n   =  [     E  i n , l    (  m , n  )       E  i n , r    (  m , n  )     ]    ,     E →   o u t   =  [     E  o u t , l   ( p , q )      E  o u t , r   ( p , q )    ]    



(1)




where Ein (m,n) and Eout (p,q) are, respectively, the Jones vector of the (m,n) point in the input plane and the (p,q) point in the output plane. Ein,l and Ein,r represent the complex amplitudes of the left- and right-hand circular polarizations, respectively. Eout,l and Eout,r are the corresponding complex amplitudes of the left- and right-hand circular polarizations in the output plane, respectively. The relationship between the input and output light fields can be expressed as:


    E →   o u t   =  [     E  o u t , l   ( p , q )      E  o u t , r   ( p , q )    ]  =   ∑  m , n , p , q     [       T  l l    (  m , n , p , q  )       T  l r    (  m , n , p , q  )         T  r l    (  m , n , p , q  )       T  r r    (  m , n , p , q  )       ]   [     E  i n , l    (  m , n  )       E  i n , r    (  m , n  )     ]     



(2)







The VTM of a scattering medium can be defined as T. For highly polarization-sensitive anisotropic scattering media such as ZnO scattering layers, the polarization state of the input field is multiply scattered and perturbed. The components Tll, Tlr, Trl and Trr in the VTM should be considered [28]. On the other hand, for an isotropic scattering medium such as the frosted glass used in this work, the components of the VTM for the isotropic scattering medium usually have the properties of Trl = 0 and Tlr = 0 [34]. Therefore, the VTM can be simplified as:


  T =   ∑  m , n , p , q     [       T  l l    (  m , n , p , q  )     0     0     T  r r    (  m , n , p , q  )       ]     



(3)







The size of the VTM is 2M × 2N and the VTM contains two subscalar transmission matrices (M and N, respectively, represent the total number of elements on the output and input surfaces). The information content of the VTM to be measured is two times that of the scalar transmission matrix.



The experiment system for the measurement of the VTM and the generation of an arbitrary vector beam through the scattering medium is shown in Figure 1. The experiment setup is composed of two parts: (i) the optical-field-manipulating system and (ii) the scattering imaging system. The optical-field-manipulating system consists of the 4f system, a spatial light modulator (SLM), two Fourier lenses (L3 and L4), a spatial filter (F), two λ/4 wave plates, and a Ronchi grating (G). The scattering imaging system consists of the two objective lenses (O1, 10× and O2, 20×, Hengyang Optics, Guangzhou, China) a scattering medium (S, frosted glass of 220 mesh, LBTEK, DW105-220. The glass sheet is polished and sanded to obtain the frosted glass [35]), and an image sensor (CMOS). The core function of the optical field manipulating system is the manipulation of the polarization and phase of the input optical field. The +1 orders of the x-axis and y-axis on the spectrum plane after reflecting by the SLM are extracted by a double-hole filter and are converted into left-hand and right-hand circular polarizations through the λ/4 wave plates close to each hole, and generate the required vector beams through the collinear superposition of the left-hand and right-hand circular polarizations by G [36]. Therefore, the input optical fields with different distributions of polarization and phase are dependent on the loaded holograms on the SLM. Note that the left- and right-hand circularly polarized components are adopted as the input basis vectors to generate a vector beam through a scattering medium. The measurement of the VTM is also divided into two parts with respect to the orthogonal circular polarizations, as demonstrated above. In the imaging system, the input light is focused on the scattering medium S by the objective lens O1; then, the scattered light passing through the scattering medium S is collected by the objective lens O2 and transmitted to the CMOS plane with the speckle intensity map. A CMOS (Daheng Optical MER2-302-56U3M with a pixel size of 3.45 μm) with 2548 × 1536 pixels is adopted to record the intensity map of scattered light in the output plane after passing through the scattering medium, and the 200 × 200 pixels in the center of the CMOS are taken as the effective sampling area for measuring VTM. To calibrate the VTM, the phase-shifting method and a 2D holographic grating are applied.



The input field is modulated by a 2D holographic grating displayed on the SLM with the 2D modulation function as [37]:


  t  (  x , y  )  =  (  1 +  γ 2  cos  (  2 π  f 0  x +  δ 1   (  x , y  )   )  +  γ 2  cos  (  2 π  f 0  y +  δ 2   (  x , y  )   )   )   



(4)




where δ1 (x,y) and δ2 (x,y) are the phase structures carried by the left- and the right-hand circular polarization, respectively. f0 is the spatial carrier frequency, and γ is the modulation depth. The SLM is divided into a central control region and a peripheral reference region [11,12]. The peripheral area is used for the reference signal required for interferometry when measuring VTM. The control area is divided into 1024 independently controllable segments. To improve the ratio of signal to noise of the output field in the CMOS after passing through the scattering medium, the Hadamard basis is adopted by using the four-step phase-shift method to measure the VTM [11,12,27]. When measuring the VTM, the Hadamard basis as the additional phase of the input light field to encode its phase information into 2D holographic grating with the modulating function as:


  t  (  x , y  )  =  (  1 +  γ 2  cos  (  2 π  f 0  x +  δ p   (  x , y  )   )  +  γ 2  cos  (  2 π  f 0  y  )   )   



(5)




where δp (x,y) is the phase of the Hadamard basis. Each column of the Hadamard matrix is used as the input mode, the additional phases 0, π/2, π, and 3π/2 are added sequentially in the input mode according to the four-step phase-shifting method [12], and the corresponding elements of the Tll were calibrated by measuring the corresponding input mode. The components of the VTM Trr can also be measured in the same way; therefore, the full components of VTM of frosted glass can be obtained.



Once the full VTM is known, the arbitrary vector beams with a spatially variant state of polarization can be obtained through the scattering medium. Here, the experiments are further carried out to construct vector beams with spatially variant states of polarization by passing through the scattering medium. The matrix operations between the input and output components of the light field are calculated as:


   [     E  i n , l    (  m , n  )       E  i n , r    (  m , n  )     ]  =   ∑  m , n , p , q       [       T  l l    (  m , n , p , q  )     0     0     T  y y    (  m , n , p , q  )       ]   ∗     [     E  t arg e t , l    (  p , q  )       E  t arg e t , r    (  p , q  )     ]   



(6)




where ‘*’ stands for the conjugate operation. Etarget is a target area of an output optical field. The input light fields Ein,l and Ein,r can be calculated by Equation (6), and the phase information can be extracted as δx and δy. Furthermore, to overcome the scattering effect, the additional phases δx and δy are encoded into a 2D holographic grating in the SLM to modulate the wavefront phase of the left-hand and right-hand circular polarization. Therefore, the modulating function of the 2D holographic grating in the SLM is expressed as:


  t  ( x , y )  =  1 +  γ 2  cos  2 π  f 0  x +  δ 1   ( x , y )  +  δ x   ( x , y )   +  γ 2  cos  2 π  f 0  y +  δ 2   ( x , y )  +  δ y   ( x , y )     



(7)







When the 2D holographic grating is loaded into the SLM, the phases δ1 + δx and δ2 + δy will be imposed into the left-hand and right-hand circular polarizations in the sequent experiment procedure, respectively, and the desired vector beam with a spatially variant state of polarization can be obtained after passing through the scattering medium.




3. Result Analysis


Firstly, the manipulation of the spatially variant states of polarization of the single focusing points through the scattering medium by using the measured VTM is theoretically and experimentally demonstrated. The theoretical and experimental results of the intensity distributions of the focusing spots with a different state of polarization after passing the scattering medium are tested with or without the different polarization analyzers, as shown in Figure 2. Figure 2a–c show the constructed single focusing points with the left-hand circular, right-hand circular, and vertically linear polarizations after passing through the scattering medium. Furthermore, the simultaneous manipulation of multi-focusing-points with different polarization states is realized by using the VTM; the right-hand circular, vertically linear, and left-hand circular polarizations occur at the left, middle, and right points, respectively, as shown in Figure 2d. These results provide a novel way to manipulate the polarization in the high-resolution focusing points.



The high-resolution effect of the optical field through the scattering medium has become a breakthrough technology in the imaging field [38,39]. The high-resolution effect generated due to the higher frequency components of the angular spectrum of the optical field scattered by the scattering medium can be collected in the focusing region [40]. The high-resolution effect of the scattering medium also can contribute to the generation of high-resolution vector beams after passing through a scattering medium.



Besides the manipulation of the polarization in the high-resolution focusing points, the generation of vector beams through a scattering medium can be also realized. A vector beam with spatially variant states of polarization in both radial and azimuthal directions can be described as:


   E →   (  r , φ  )  =  A 0   (  cos  (    2 π l r    r 0    + m φ  )    e →  x  + sin  (    2 π l r    r 0    + m φ  )    e →  y   )     



(8)




where φ is the azimuthal angle in the polar coordinate system, m is the polarization topological charge number, r0 is the radius of the aperture-truncated beam, and l is the radially modulating parameter. Note that the state of polarization described by Equation (8) is a locally linear polarization in the cross-section of the vector beam; thereafter, the state of polarization is examined by a linear polarizer. Without a scattering medium, the vector beams can be generated in the first part of the experiment setup (see Figure 1) with the modulating function of the 2D holographic grating displayed on the SLM as Equation (4). If the vector beams become the desired output field after passing through the scattering medium, then the modulating function of the 2D holographic grating displayed on the SLM should be described as Equation (7) with the δx and δy dependent on the VTM of the scattering medium.



The simulating and experiment results with different topological charge numbers and radially modulating parameters are shown in Figure 3. Note that, hereafter, a scattering VTM with random phase distribution is adopted to simulate a scattering medium for the theoretical calculations [29]. Figure 3a–c show the intensity distributions of the total field and different polarization components for the cases m = 1, 2, 3 and l = 0. The corresponding intensity distributions with m = 0, l = 1 are shown in Figure 3d. A good agreement between the simulation and experiment results for the polarization state distribution of constructed vector beams was observed, as shown in Figure 3. It further proves that the polarization information of the constructed vector light field can be accurately manipulated through a scattering medium.



In addition, the experimental results in this work by the proposed method indicate that the vectorial manipulation of the desired optical field through a scattering medium with the vector basis of left-hand and right-hand circular polarizations has an advantage in focusing precision and quality compared to that with orthogonally linear polarizations (the results with orthogonally linear polarizations are not shown here). Furthermore, the manipulation of the more complex polarization state in both radial and azimuthal directions after passing through the scattering medium is also analyzed and verified. The simulation and experimental results for the intensity distributions of the complex vector beam generated through a scattering medium are shown in Figure 4. Figure 4a,b present the constructed vector beams with states of polarization m = 1, l = −1 and m = −1/2, l = 1 (see Equation (8)), respectively. The states of polarization of the constructed vector beams are examined by a linear polarizer, the experimental results are consistent with the simulation results for the vector beams as shown in Figure 4. Therefore, the results provide evidence that the complex polarization state of a vector beam through a scattering medium can be constructed with the VTM method.



In particular, the high-resolution effect of the scattering medium for the constructed vector beams is described in Figure 5. In Figure 5, the focusing vector beams with m = 1, 2 and 3 are generated and compared by the optical system with and without the scattering medium (see Figure 1 for the experiment procedure). The intensity distributions of the vector beams with m = 1, 2 and 3 focused by a conventional lens with a focal length of 100 mm are shown in Figure 5a, whereas the intensity distributions through the scattering medium (frosted glass of 220 mesh) are presented in Figure 5b, and the zoom of the intensity distributions in the central parts of Figure 5b are described in Figure 5c. The scattered light through the scattering medium (frosted glass of 220 mesh) can achieve a vector focusing effect 10 times more than that of the traditional lens focusing, as shown in Figure 5.




4. Discussion


The interaction of an optical vector field with scattering media, especially the manipulation of the state of polarization of the focusing high-resolution optical field after passing through a scattering medium, is an important and interesting topic. This proposed method using a vector beam with the coherent superposition of orthogonally circular polarizations provides feasibility of achieving the vectorial manipulation of the spatial distribution of polarization state in the focusing high-resolution optical field (points and vector beams) after passing through a scattering medium in both azimuthal and radial directions. Because the orthogonally circular polarizations can be flexibly managed by SLM and 4f optical system, the spatially variant state of polarization of the focusing high-resolution optical field after passing through a scattering medium is purposely manipulated.



In addition, compared to the input vector optical field with the superposition of orthogonally linear polarization, our experiment results indicate that the focusing optical field after passing through a scattering medium with the orthogonally circular polarizations has an advantage in the robustness of the polarization state and field distributions. Figure 6 shows the comparison of the focusing optical field between the input vector beams with orthogonally linear and circular polarizations; the vector optical field constructed by the orthogonally linear polarizations can be expressed as    E →   (  r , φ  )  =  A 0   (  cos  (  2 π l r /  r 0  + m φ  )    e →  x  + sin  (  2 π l r / r + m φ  )    e →  y   )    [37]. Although the memory effect has been observed in the backscattering geometry of light interacting with a random medium [31,32,41], the underlying physics for the difference between the circular and linear polarizations passing through a scattering medium, need to be further exploited.




5. Conclusions


In conclusion, we have demonstrated the manipulation of the polarization states in the high-resolution focusing points and vector beams after passing a scattering medium. The VTM of a scattering medium is measured based on a four-step phase shift method and a 2D holographic grating. The simulation and experiment studies indicate that the constructed high-resolution focusing points and the vector beams with spatially variant states of polarization distribution through a scattering medium can be achieved based on the measured VTM. The experiment results of the intensity and polarization state distribution are in good agreement with that of the simulation. This work extends the vectorial manipulation and application of constructed high-resolution focusing points and vector beams through a scattering medium. Our findings will bring new research perspectives to the technologies related to high-resolution imaging, high-capacity optical communication, and optical manipulation in a scattering environment.
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Figure 1. Schematic of the experimental setup for measuring the complex VTM and the generation of an arbitrary vector beam through a scattering medium where: SLM—spatial light modulator; O1 and O2—objective lenses; G—Ronchi grating; S—scattering medium (frosted glass of 220 mesh); F—spatial filter; L1, L2, L3, and L4—lenses. 
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Figure 2. The intensity distribution of focusing spots with different states of polarization (a) left-hand circular polarization; (b) right-hand circular polarization; (c) vertically linear polarization; (d) three focusing points with left-hand circular, right-hand circular and vertically linear polarization, respectively. Here, the sizes of each plot are 517 × 517 μm2. 
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Figure 3. Simulation and experiment results for the intensity distributions of constructed vector beams through a scattering medium. The parameter values are: (a) m = 1, l = 0; (b) m = 2, l = 0; (c) m = 3, l = 0; (d) m = 0, l = 1. In each case, the total, horizontal, 45° and vertical intensity distributions are in sequence from left to right. The polarization state distributions of the beam are shown in the first plot in each panel. Here, the sizes of each plot in (a–c) are 220 × 220 μm2, and the sizes of each plot in (d) are 414 × 414 μm2. 
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Figure 4. Simulation and experiment results for the intensity distributions of constructed complex vector beam generation through a scattering medium: (a) m = 1, l = −1 (b) m = −1/2, l = 1. The polarization state distributions of the beam are shown in the first plot in each panel. Here, the sizes of each plot are 345 × 345 μm2. 
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Figure 5. (a) The intensity distributions of the vector beams with m = 1, 2, and 3 focused by a conventional lens with a focal length of 100 mm. (b) the intensity distribution of the vector beams with m = 1, 2, and 3 generated by our scattering imaging method. (c) all the plots are 10× magnification of the intensity distributions in central parts of (b). The above plots are recorded when the polarization analyzer is oriented horizontally. The scale bar is 500 μm (in the recording plane). The sizes of each plot in (a,b) are 1725 × 1725 μm2, and the sizes of each plot in (c) are 172.5 × 172.5 μm2. 
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Figure 6. Comparison between the experimental results for the intensity distributions of vector beam constructed using orthogonally linear polarizations and orthogonally circular polarizations: (a) m = 1; (b) m = 2. Here, the sizes of each plot in (a,b) are 220 × 220 μm2. 
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