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Abstract

:

Polarization states define a fundamental property in optics. Consequently, polarization state characterization is essential in many areas of both field industrial applications and scientific research. However, a full identification of space-variant Stokes parameters faces great challenges, like multiple power measurements. In this contribution, we present a spatially resolved polarization measurement using artificial birefringent metallic elements, the so-called hollow waveguides. Differently oriented and space-variant hollow waveguide arrays, a stationary analyzer and a CMOS camera form the basis of the experimental setup for one single spatially resolved power measurement. From this power measurement, the Stokes parameters can be calculated in quasi-real-time, with a spatial resolution down to 50 μm in square. The dimensions of the individual hollow waveguides, which are less than or equal to the employed wavelength, determine the spectral range, here in the near infrared around  λ  = 1550 nm. This method allows for the rapid and compact determination of spatially resolved Stokes parameters, which is experimentally confirmed using defined wave plates, as well as an undefined injection-molded polymer substrate.
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1. Introduction


Light, as an electromagnetic wave, exhibits several fundamental properties, such as the scalar quantities intensity and frequency, as well as polarization as a vectorfield quantity [1,2]. The state of polarization—the orientation of the accompanying electric vector—is essential in various fields, including industrial applications, everyday life and scientific research. In industrial applications, for instance in laser material processing, the state of polarization influences the absorption behavior of the material [3,4]. Polarization in everyday life can be observed, e.g., in the use of LCD screens or when visiting a 3D cinema [5,6]. In scientific research, there are diverse application areas significantly influenced by polarization, such as polarization imaging for clinical and biological applications [7,8,9]. While scalar quantities are relatively straightforward to determine, measuring polarization requires increased time and instrumental effort [10]. Determining the state of polarization is possible through multiple measurements of the same signal. The state of polarization can be described by the Stokes vector S, which consists of four individual Stokes parameters (  S 0   to   S 3  ). Each necessary measurement serves to ascertain one of the vector components of S, the Stokes parameters (  S 0   to   S 3  ) [11].



There are numerous techniques to determine the Stokes parameters. One of the most commonly used methods involves a rotating linear retarder followed by a fixed linear polarizer [12]. The signal transmitted through this setup is measured with a photodetector. The transmitted intensity depends on the angle of the rotating linear retarder. The individual Stokes parameters can be calculated from the measured intensity values. To avoid moving parts, the rotating linear retarder can be replaced by photo-elastic modulators [13], liquid crystals [14], or by Pockels cells [15]. Nevertheless, the mentioned measurement methods involve sequential measurements. To perform these measurements simultaneously, the signal to be measured is either divided into multiple beam paths (amplitude division), distributed over a series of analyzers (wavefront division), or measured multiple times with a time-variable analyzer (time division) [16,17]. Another challenge is to not average the state of polarization over the area of interest, but rather to depict the Stokes parameters in a spatially resolved manner. Various approaches are presented in the literature to address these challenges, including the use of aluminum nanowires [18], elliptical polarizers [19], or metastructures [20,21,22].



With this work, we aim to contribute to the spatially resolved measurement of the Stokes parameters. The approach for this work originates from Helfert et al. This group demonstrated, in a theoretical study, the possibility of spatially changing the polarization states using hollow waveguides, which are well-known in microwave technology [23]. A specific research question of this group is to improve the coupling of Terahertz waves to metallic wires [24]. The group initially demonstrated practical experiments using non-spatially resolved hollow waveguides in the visible spectrum [25]. Collaborating with this group, we have transferred and further developed the fabrication to 3D direct laser writing [26]. A specific application that motivates our work is the application of measuring the stress-induced birefringence in bulk polymers demonstrated in this article. The authors are engaged in integrating optical sensor elements into bulk polymers. Understanding stress-induced birefringence is crucial for selectively exciting modes and increasing the sensitivity of the sensors [27].



In this article, we have succeeded in developing a compact spatially resolved polarimeter capable of determining the Stokes parameter in quasi-real-time. Figure 1 serves as a graphical summary providing an overview of the present work. The core of the work is the space-variant polarimeter comprising a hollow waveguide array with four different arranged hollow waveguide regions and a fixed linear polarizer. In conjunction with a CMOS camera, it is possible to perform intensity measurements with spatial resolution through the four different arranged hollow waveguide regions, which are necessary for calculating the Stokes parameters of any polarisation state.



In Figure 1, the four different regions of the hollow waveguide array are schematically depicted in orange, blue, gray and yellow. Just for completeness, it should be mentioned that the hollow waveguide array consists of numerous such regions, known as polarization pixels. Moreover, individual regions consist of more than just one hollow waveguide, as depicted here in a simplified manner. Figure 1 also depicts in the upper part the polarization states before the sample to be measured (PS1), after the sample (PS2), and after the spatial variant polarimeter (PS3). The input polarization state is set as being linearly horizontal polarized by the polarization direction of the laser and a linear polarizer. This is a fixed polarization state, and is not changed during the measurements. Through the sample to be measured, the polarization state changes after the sample depending on the polarization sensitive optical properties of the sample. The spatial variant polarimeter then categorizes the different polarization states into linearly horizontal, linearly vertical, linearly polarized light at an angle of 45°, and circularly polarized light. With the subsequent CMOS camera, the incident intensity values of the four regions are measured and, from this, the Stokes parameters are determined. With this setup, it is possible to measure all types of polarization states.



The advantages of this approach, compared to other methods like rotating quarter wave plates, for measuring the Stokes parameters lies in its spatially compact design; all components of the setup are permanently installed, are not movable, and do not need to be moved [28,29]. Spatially large elements can be fabricated; the order of magnitude of a hollow waveguide array can be in the range of several centimeters, a scale that, for example, is only achievable with a high temporal manufacturing effort with metastructures [30,31].



One disadvantage of this method is that it is always spectrally limited to a single wavelength. For example, metastructures have an advantage here, as they can be partially utilized for a broader spectral range [32]. Another drawback is observed in the size of the waveguides; beyond a certain size, they cannot be further reduced with the chosen manufacturing method. For further size reduction, a switch to a different manufacturing method would be necessary, such as electron beam lithography [33].



Beyond the applications shown later in this work, the use of this spatially resolved polarimeter can be seen in material analysis and laser material processing. The layout of the hollow waveguides can be tailored to specific needs and easily integrated into an optical setup. This allows for applications such as spatially resolved polarimetry, as well as the generation of the spatially resolved polarization states required in laser material processing. To cover an even wider range of applications, a focus of further work is to reduce the size of the hollow waveguides to adapt the spatially resolving polarimeter for wavelengths in the visible range.




2. Design


Hollow waveguides are structures that induce an artificial birefringence through their geometry. Given a waveguide height h and an operating wavelength   λ 0  , the effective refractive index   n  e f f ( x , y )    of propagating modes depends solely on the waveguide apertures   w  ( x , y )   , and can be calculated by Equation (1):


   n  e f f ( x , y )   =   1 −   λ 0 2   4  w  ( x , y )  2       



(1)







The desired phase shift   Δ Φ   is directly related to the effective refractive index   n  e f f ( x , y )   , and can be calculated by Equation (2):


  Δ Φ =  k 0   (  n  e f f ( x )   −  n  e f f ( y )   )  h ,  



(2)




where    k 0  = 2 π /  λ 0   . In the context of this study, the dimensions of the hollow waveguides are defined accordingly, such that only the two fundamental modes TE1,0 and TE0,1 are propagating. The dimension for the waveguide opening   w x   is identical for all hollow waveguides, and is set to   w x   = 1550 nm. The waveguide opening   w y   is adjusted according to the required phase shift, with   w y   = 872 nm for a half-wave plate and   w y   = 1034 nm for a quarter-wave plate. The entire hollow waveguide array has a uniform height of h = 1.9 µm.



The design of the spatially variant polarimeter does not include any moving parts. It consists solely of an inhomogeneous hollow waveguide array, a fixed analyzer, and a CMOS camera to detect the light intensity. To calculate the Stokes parameters, four different intensity measurements need to be conducted, and these are carried out simultaneously. To enable this, the hollow waveguides are arranged into a so-called polarization pixel. Each of these polarization pixels consists of four subpixels. Figure 2 shows a polarization pixel (enclosed in dotted lines) consisting of four subpixels labeled from I to IV. Additionally, each subpixel is marked with a different color (orange, blue, gray, and yellow). Three subpixels consists of half-wave plates with different orientations, while the fourth subpixel is a quarter-wave plate. The transmission axis of the analyzer in the optical setup is set at a fixed angle of  γ  = 45°, and is not changed during the measurements. The hollow waveguide array is also fixed within the setup.



The four intensity values required to calculate the Stokes parameters are determined spatially variant per polarization pixel through the different orientations and phase delays of the four subpixles. The Stokes parameter can be calculated from the spatially variant measured intensity values using Equations (3)–(6):


     S 0     =  I  (  0 ∘  ,  0 ∘  )   +  I  (  90 ∘  ,  0 ∘  )   =  I  S P I   +  I  S P I I I       



(3)






     S 1     =  I  (  0 ∘  ,  0 ∘  )   −  I  (  90 ∘  ,  0 ∘  )   =  I  S P I   −  I  S P I I I       



(4)






     S 2     = 2  I  (  45 ∘  ,  0 ∘  )   −  I  (  0 ∘  ,  0 ∘  )   −  I  (  90 ∘  ,  0 ∘  )   = 2  I  S P I I   −  I  S P I   −  I  S P I I I       



(5)






     S 3     = 2  I  (  45 ∘  ,  90 ∘  )   −  I  (  0 ∘  ,  0 ∘  )   −  I  (  90 ∘  ,  0 ∘  )   = 2  I  S P I V   −  I  S P I   −  I  S P I I I       



(6)







The design presented here enables the complete characterization of an input beam with unknown polarization in less than half of a second for a specific wavelength, here   λ 0   = 1550 nm. To measure the Stokes parameters for another specific wavelength, the lateral dimensions   w  ( x , y )    or the height h of the hollow waveguides must be adjusted according to Equations (1) and (2). From a technological perspective, the fabrication of hollow waveguides for a wavelength of 600 nm is feasible. For measuring the Stokes parameters for different wavelengths, the hollow waveguide arrays can be easily exchanged, comparable, for example, to bandpass filters in a fluorescence microscope. To perform a true spatially resolved polarization measurement, it is necessary to miniaturize the four subpixels. A polarization pixel has a side length of 100 μm in both x and y directions, and a single subpixel has a length of 50 μm in both x and y directions. Such a side length is well achievable with the chosen manufacturing process, consisting of a two-stage fabrication using 3D direct laser writing and micro-electrodeposition. From a manufacturing perspective, a minimal side length of a complete polarization pixel of 20 μm is conceivable. By repetitively arranging the polarization pixels in the x and y directions, it is possible to manufacture a spatially variant polarimeter with a complete size in the centimeter range. The sensitivity of the polarimeter is directly dependent on the bit depth of the CMOS camera. The greater the bit depth, the higher the sensitivity. Table 1 presents all of the conditions required for measuring the intensities and calculating the Stokes parameters.




3. Materials and Methods


3.1. Fabrication of the Hollow Waveguide Array


The fabrication of the spatially variant polarimeter involves a two-stage manufacturing process. First, a negative of the final hollow waveguide array is fabricated using 3D direct laser writing (3D DLW, Nanoscribe GmbH & Co. KG (Eggenstein-Leopoldshafen, Germany), Type Photonic Professional GT2). This involves exposing a positive photoresist (MicroChemicals GmbH (Ulm, Germany), Type AZ 3027) using 3D DLW. Following to exposure and subsequent development, free-standing photoresist pillars are formed on the indium tin oxide (ITO)-coated glass substrate, separated by trenches with a width of 300 nm. In the second stage of fabrication, the trenches are filled with gold using a micro-electrodeposition process (Potentiostat: AMETEK GmbH (Meerbusch, Germany), Type VersaSTAT 4; Hotplate: Carl Roth GmbH & Co. KG (Karlsruhe, Germany), Type MH 20). Due to poor adhesion of gold to an ITO surface, the hollow waveguide array is fixed onto the substrate through a standard lithography step. During the development process of the standard lithography step, the photoresist pillars still present in the gold-coated structure of the hollow waveguides are removed.



A detailed fabrication of the hollow waveguide array is provided by the authors in Ref. [34]. To facilitate a thorough understanding of the fabrication process, reference is made to this publication. The spatially variant polarimeter fabricated here differs from the production described in [34] in one aspect: the hollow waveguides are not horizontally arranged, but are tilted at various angles relative to the horizontal plane. The corresponding angles and related dimensions of the waveguides are presented in Table 1. Figure 3 shows an overview of the fabricated structure (Figure 3, left), as well as a detailed view of the respective subpixels I–IV (Figure 3, right).




3.2. Experimental Setup


The linearly polarized radiation,   λ 0   = 1550 nm, of a fiber-coupled laser diode (Lumics GmbH (Berlin, Germany), Type LU1550M150-1A06F30H) is collimated to a beam diameter of 1.1 mm by means of a collimation unit (Thorlabs GmbH (Bergkirchen, Germany), Type TC06FC-1550). Following to the beam collimation, there is a linear polarizer (LP1), which sets the polarization direction of the beam to linear horizontal polarization. Immediately after the linear polarizer, the sample under test (SUT) is installed. Subsequently, the spatially resolved polarimeter is positioned for the evaluation of the Stokes parameters. This consists of the hollow waveguide array (HWA) described in the previous subsection and a fixed analyzer (LA1). The latter exhibits a rotation angle of 45° with respect to horizontal plane. The output after the HWA and the analyzer is imaged onto a CMOS camera (Edmund Optics GmbH (Mainz, Germany), Type 1460–1600 nm Near-Infrared Camera) using 50× objective (Mitutoyo GmbH (Neuss, Germany), Type M Plan Apo NIR HR 50×) and a tube lens (Thorlabs GmbH (Bergkirchen, Germany), Type TTL200-S8). Figure 4 illustrates the measurement setup in a schematic drawing.




3.3. Evaluation Algorithm


For the evaluation and graphical representation of the Stokes parameters, the intensity distribution detected by the CMOS camera must be normalized and rearranged. For an accurate calculation of the Stokes parameters, it is necessary to incorporate a correction factor for the  λ /4 sub-pixels. This consideration is essential, because the larger area due to   w  λ / 4    >   w  λ / 2    leads to a relatively higher transmitted intensity, making the individual sub-pixels incomparable. To estimate a correction factor, the area of the hollow waveguides in sub-pixels II and IV is determined based on images obtained with a scanning electron microscope, resulting in a 1.18 times larger  λ /4 sub-pixel compared to the  λ /2 sub-pixel. For normalization, the intensity of sub-pixel IV is divided by the correction factor and, finally, all camera pixels are divided by the maximum pixel value. Figure 5 shows the intensity distribution of the camera image after normalization. This figure exemplifies the normalized intensity distribution of the linear horizontally polarized input radiation (top image).



The mean intensity values are calculated from the individual sub-pixels. Using these mean values and applying Equations (3)–(6), the Stokes parameters   S 1   to   S 3   are calculated from the individual polarization pixels. Optimization of the achievable spatial resolution is achieved by using an overlapping pixel arrangement, as depicted in Figure 5(bottom). The first polarization pixel (orange-dashed) represents the individual intensities for calculating the Stokes parameter in the orange region (0; 0). The second polarization pixel (blue-dashed) consists half of the first polarization pixel and half of the polarization pixel adjacent in the x-direction. It overlaps with the first polarization pixel and forms the basis for calculating the Stokes parameters in the blue field (1; 0). This procedure of overlapping polarization pixels is continued row by row and column by column, resulting in a spatially resolved representation of 50 μm for the Stokes parameters. The spatial resolution of the polarimeter, with a fixed magnification of the imaging optics, is directly dependent on the edge length of the individual sub-pixels, and can be further reduced by manufacturing techniques. As described in previous paragraphs, the Stokes parameters can be displayed in quasi-real-time. From reading the camera image to the computation time for evaluation to the presentation of the measurement results, 0.463 s elapses.





4. Results and Discussion


To verify its functionality, the space-variant polarimeter is characterized using a quarter- and a half-wave plate. The samples to be characterized are installed after beam collimation and before entering the spatial variant polarimeter. For characterization, the retardation plates are rotated in 7.5° steps from −45° to 45° for the quarter-wave plate and from 0° to 90° for the half-wave plate.



Figure 6 shows the spatially resolved Stokes parameters as a function of the orientation angle of a quarter-wave plate. The upper three rows represent the calculated spatially resolved Stokes parameters, with each Stokes parameter   S 1   to   S 3   per column and with different orientations of the quarter-wave plate per row. In the bottom row, three plots depict the Stokes parameters   S 1   to   S 3  . The measured values are marked with unfilled circles. Furthermore, the three filled circles represent the measured values depicted in the top upper three rows. In addition to the measured values, the theoretical curve of the Stokes parameters of a quarter-wave plate is plotted. The Stokes parameters depicted in the top row indicate a circular polarization state oriented counterclockwise. This occurs when linear horizontally polarized incident light passes through a quarter-wave plate with maximum phase delay. The middle row shows the Stokes parameters for an angle position of  δ  = −15° of the quarter-wave plate. The maximum phase delay between the two propagating modes decreases, and the state of polarization approaches that of the incident radiation. Consequently, the linear components of polarization at the output increase while the circular component decreases. This results in elliptical polarization oriented counterclockwise. Changing the angle position from  δ  = −15° to  δ  = 15° yields approximately the same magnitudes compared to the previous angle position, but with a small difference. The elliptical polarization changes its rotation direction from counterclockwise to clockwise. There are only slight differences between the Stokes parameters of the angle position −15° and 15°, which can be attributed to a slightly incorrect angle position. For all of the angle position of the quarter-wave plate, the measured Stokes parameters closely match the theoretical curve. The further measured values also exhibit only slight deviations within the measurement range. Overall, all measured values show very good agreement between the actual measured and theoretical trajectories of the Stokes parameters.



Figure 7 shows the spatially resolved Stokes parameters for various angle positions of a half-wave plate. In contrast to a quarter-wave plate, a half-wave plate does not change the polarization state from linear to circular, it maintains a linearly polarized output radiation over the entire angular range. The absence of a circular component corresponds to a value of zero for the Stokes parameter   S 3  , which is clearly visible in the images and in the corresponding diagram of Figure 7. In the first row of Figure 7, the half-wave plate is in its initial state at  δ  = 0°, meaning the linear horizontal input polarization lies exactly along the fast axis of the half-wave plate. The propagating modes experience no phase delay, and the polarization state of the light after the half-wave plate matches the input polarization state. The angle position of the half-wave plate for the measurements in the middle row is  δ  = 30°. Due to the change in angle, the fast axis rotates, and the propagating modes experience a phase delay. The direction of polarization changes from linear horizontally polarized to linearly polarized state at an angle. Further rotation of the half-wave plate to an angle of  δ  = 45° results in a change in the direction of polarization to linear vertically polarized light. Similar to the measurements of the quarter-wave plate, all values measured here are in excellent agreement, and show only slight deviations from the theoretical trajectory.



In the measurements with known phase delays, the functionality of the spatially variant polarimeter could be well demonstrated. As a sample with an unknown spatially variant phase delay, the edge of a 1.3 mm thick polymethylmethacrylate plate (Goodfellow GmbH (Hamburg, Germany), Type ME303018) is examined. The plate is a commercially available product manufactured by injection molding. In the relaxed state, polymers exhibit isotropic material properties. Due to the high pressure during the injection molding process, tensile and shear forces occur in the material, leading to alignment of the polymer chains. This alignment is more pronounced at the material surfaces, as there is a faster cooling of the material. The alignment of the polymer chains results in optical anisotropy [35].



A promising application for the use of injection-molded polymer substrates are integrated photonic elements such as waveguides and optical sensors [36,37]. The optical anisotropy introduced by cooling causes birefringent behavior of the photonic structures, and has influence on the mechanical properties of the substrates. For example, various investigations have shown that the transmission behavior of waveguides is strongly dependent on the polymer orientation. The sensor signals from Bragg gratings written into waveguides are also direction-dependent [38]. Understanding optical anisotropy in injection-molded polmyer substrates can significantly impact the functionality of integrated optical elements.



The measurement results in Figure 8 show that spatially variant measurement of the Stokes parameters is also feasible for a sample with an unknown phase delay. In the outer edge region of the sample, from the sample surface (x = 100 µm) to x = 350 µm a change in the Stokes parameters can be measured. Beyond x = 350 µm, the optical anisotropy decreases. The high optical anisotropy of the material can arise from flow conditions or uneven cooling during injection molding. Flow-induced alignment of the molecule chains occurs along the flow direction, and they solidify at different rates due to uneven cooling. The formation of anisotropic regions during cooling is also known from the literature, and is described, for example, in Refs. [39,40]. A comparative measurement of the same sample is shown in the lower part of Figure 8 using a commercially available polarimeter (Ilis GmbH (Germany, Erlangen), Type StrainScope Flex). Both spatially resolved measurements demonstrate the optically anisotropic behavior at the edge of the sample very well, and are highly comparable.




5. Conclusions


In this contribution, we have investigated the application possibilities of hollow waveguides as a spatially resolved polarimeter. We have demonstrated that the polarimeter enables simultaneous spatially resolved measurement of the Stokes parameters in quasi-real-time, with   Δ t   = 0.463 s. To achieve simultaneous measurement of the Stokes parameters, the dimensions and orientation of the hollow waveguides are divided into so-called polarization pixels, each with a width of 100   μ m   in square. Coupled with a fixed linear polarization analyzer and a CMOS camera, spatially resolved measurement is possible. The functionality of the spatially resolved polarimeter was demonstrated using elements with defined phase delay (quarter- and half-wave plates) for a wavelength of  λ  = 1550 nm of the optical radiation. To test its application on a sample with unknown phase delay, the edge region of an injection-molded polymethylmethacrylate plate was examined. The results obtained were comparable to those acquired with a polarimeter for industrial purposes. The approach presented in the article demonstrates the feasibility of constructing a spatially resolved polarimeter using hollow waveguides. The setup does not contain any moving components, and the readout speed is limited only by the processing speed of the image acquisition software (version number V3).
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Figure 1. Graphical summary for illustrating the concept of the research. The figure shows the measurement, setup as well as the polarization states at selected points as an example. 
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Figure 2. (top) Schematic illustration of a polarization pixel (enclosed in dotted lines) consisting of four subpixels numbered from I to IV and marked in different colors. Additionally indicated or drawn is the angle  α  as the orientation of the hollow waveguides and the angle  γ , as well as the position of the transmission axis of the analyzer as green dashed lines. (bottom) The schematic drawing shows a single hollow waveguide element in a side view (left) and a top view (right). 






Figure 2. (top) Schematic illustration of a polarization pixel (enclosed in dotted lines) consisting of four subpixels numbered from I to IV and marked in different colors. Additionally indicated or drawn is the angle  α  as the orientation of the hollow waveguides and the angle  γ , as well as the position of the transmission axis of the analyzer as green dashed lines. (bottom) The schematic drawing shows a single hollow waveguide element in a side view (left) and a top view (right).



[image: Photonics 11 00397 g002]







[image: Photonics 11 00397 g003] 





Figure 3. SEM image of the hollow waveguide array. The left side shows an overview image of several polarization pixels. A single polarization pixel is highlighted by a dashed frame. The right side illustrates a detailed representation of the four different sub-pixels. Comparable to Figure 2, all sub-pixels are additionally indicated. 
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Figure 4. Schematic drawing of the experimental setup. 
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Figure 5. Intensity distribution of the linear horizontal polarized incident radiation after transmission through the spatial variant polarimeter, captured with the CMOS camera and subsequently normalized to the highest intensity value. The excerpt depicted in the lower image shows the overlapping polarization pixels, as described in the text. 
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Figure 6. Spatially resolved Stokes parameters depending on the angular position of a quarter-wave plate. 
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Figure 7. Spatially resolved Stokes parameters depending on the angular position of a half-wave plate. 
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Figure 8. Top: The figure shows the spatially resolved Stokes parameters of a polymethylmethacrylate plate. Bottom: Comparative polarimetry measurement of the same location on the polymethylmethacrylate plate. 
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Table 1. List of parameters for the individual subpixles SPI - SPIV.
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