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Abstract:



Liquid crystal (LC) is a promising candidate for terahertz (THz) devices. Recently, LC has been introduced to generate THz vortex beams. However, the efficiency is intensely dependent on the incident wavelength, and the transformed THz vortex beam is usually mixed with the residual component. Thus, a separating process is indispensable. Here, we introduce a gradient blazed phase, and propose a THz LC forked polarization grating that can simultaneously generate and separate pure THz vortices with opposite circular polarization. The specific LC gradient-rotation directors are implemented by a photoalignment technique. The generated THz vortex beams are characterized with a THz imaging system, verifying features of polarization controllability. This work may pave a practical road towards generating, separating and polarizing THz vortex beams, and may prompt applications in THz communications, sensing and imaging.






Keywords:


liquid crystals; patterned photoalignment; terahertz imaging; optical vortices; Pancharatnam-Berry phase








1. Introduction


Vortex beams, which feature a spiral wavefront, have gained considerable interest in recent years [1,2]. In contrast to the spin angular momentum (SAM) related to circular polarization, a vortex beam carries orbital angular momentum (OAM) [3]. OAM is quantized as mℏ per photon, where m is the topological charge, indicating how many twists the light performs in one wavelength. OAM adds another degree of freedom in the manipulation of light. The OAM-induced torque and abundant eigenstates lead to numerous applications, such as optical tweezers [4], optical communications [5,6], quantum entanglement [7], and informatics [8,9]. Beyond the optical band, the concept of the vortex beam has also been extended to much broader spectra; the terahertz (THz) range.



THz waves, typically defined as electromagnetic waves in the frequency range of 0.1~10 THz, are very promising for versatile applications in security screening, material characterization, and nondestructive inspection [10,11]. In particular, THz vortex beams are attractive for applications in sensing, wireless communication, and manipulation of a quantum condensate [12,13]. Several methods, including spiral phase plates [14,15], computer-generated holograms [16,17], metasurfaces [18], and Pancharatnam-Berry phase optical elements (PBOEs) [19,20] have been implemented to generate THz vortex beams; however, they are either fixed without tunability and switchability, or suffer from low efficiency. Liquid crystal (LC) is an excellent candidate for THz devices [21,22,23,24,25,26,27,28]. Recently, we demonstrated a THz q-plate by introducing a large-birefringence LC to generate THz vortex beams [29]. However, the efficiency was intensely dependent on the incident wavelength, and the generated vortex beams were usually impure, in mixed states with unconverted beam components. Thus, an additional separating process is indispensable, making the setup more complicated and untalented.



In this work, we introduce a gradient blazed phase into the vortex phase, and propose a THz LC element named forked polarization grating (FPG) [30,31]. The specifically designed LC directors with gradient rotation are implemented using photoalignment technology. The generated THz vortex beams are characterized with a THz imaging system. The resultant THz vortex beams with opposite circular polarization and m can be directly and simultaneously separated from undesirable beam components. Thus, a high mode purity can be obtained, and the polarization controllability feature can also be verified. This work provides a practical strategy for generating, separating and polarizing THz vortex beams, and promotes applications in numerous THz fields.




2. Principles and Experiments


2.1. Principles


Here, we introduce a blazed phase into common spiral phase, and the integrated phase profile obeys the following equation in the x-y plane:
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(1)







The first term on the right-hand side describes a spiral phase, where m denotes the topological charge and [image: ] exhibits the local azimuthal angle in the x-y plane. The second term describes the introduced blazed phase, where Λ is the pitch. The calculated phase distributions of a spiral phase, a blazed phase and their integration with m = 1 and Λ ≈ 1.2 mm are shown in Figure 1a–c, respectively. It can be seen that the integrated phase is fork-like, with a space-variant change.


Figure 1. The calculated phase distribution of (a) a spiral phase; (b) a blazed phase; and (c) their integration with m = 1 and Λ ≈ 1.2 mm.
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Such forked phase profiles can be accomplished by PB phase, resulting from an LC wave plate with space-variant axis orientation (α) following:
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(2)







The LC wave plates with such gradient-rotation directors is denoted LC FPG. The diffraction property can be theoretically analyzed through Jones matrix calculation [32]. The Jones matrix for such an FPG is given by:
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(3)




where I is the identity matrix, [image: ] is the normalized retardation (i.e., half of the phase retardation Γ), Δn is the LC birefringence, d is the cell gap and λ is the free-space wavelength. Consider a circularly polarized beam; it can be described as [image: ], corresponding to left (+) and right (–) circular polarization states. After passing through such an LC FPG, the emerging wave can be expressed as:
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The far-field electric field of the nth diffraction order is:
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Therefore, the diffraction efficiency [image: ]. We obtain
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where [image: ] is the fraction of the input power in each [image: ] spin eigenstate, and [image: ] is the normalized input wave function. It can be seen that the FPG has only three diffraction orders: ±1st orders are always circularly polarized and orthogonal to each other with OAM of opposite m; and 0th order is a Gaussian mode with the same polarization as the input beam. The intensity distribution among these three orders depends on the phase retardation and the incident polarization.




2.2. Experiments


A digital micro-mirror device-based dynamic micro-lithography setup is utilized to perform a multi-step partly-overlapping exposure (see details in Ref. [33]) in the LC cell placed at the image plane of the system. The quasi-continuous gradient-rotation director distribution corresponding to the designed LC FPG is transferred to the photoalignment layers. After the LC material NJU-LDn-4 (with a birefringence greater than 0.3 in the range of 0.5~2.5 THz [34]) is infiltrated, the LC FPG sample is obtained.



The stick in Figure 2a schematically shows the local director orientation of an LC FPG corresponding to Figure 1c. LC directors vary continuously and periodically, which can be further proved by the photo under crossed polarizers, as shown in Figure 2b. The dark domains indicate regions with LC directors approximately parallel to the polarizer or analyzer, while the bright domains correspond to regions with LC directors around 45° with respect to the polarizer/analyzer. The brightness changes continuously, consistent with the calculated director distribution.


Figure 2. (a) The scheme of the director distribution of an LC FPG with m = 1 and Λ ≈ 1.2 mm; (b) corresponding photo under crossed polarizers; the scale bar is 1 mm.
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To characterize the performance of the THz LC FPG, a THz digital holographic imaging system [35] is utilized, as schematically depicted in Figure 3. A linearly polarized THz beam with 3 mm diameter is excited and collimated to pass through a 1 THz quarter-wave plate (TQWP), which is used to control the incident polarization, and then illuminates on the center of the LC FPG sample. By employing a half-wave plate (HWP) and a polarizer (P) to adjust the probe polarization in the path of the probe beam, we can measure different polarization components of the emerging THz waves. The probe beam is reflected onto the ZnTe crystal (i.e., detecting crystal) by a 50/50 non-polarization beam splitter (BS). In the detection crystal, the probe polarization is modulated by the THz field to carry two-dimensional THz information, due to a linear electro-optic effect. The reflected probe beam is sent into the imaging module of the system, which consists of a QWP, a Wollaston prism (PBS), two lenses (L1 and L2), and a CCD camera with a 4 Hz frame rate for measuring the variation in the probe polarization, which is synchronous with the THz beam pumping. The imaging module can capture the image of the probe beam and extract the two-dimensional THz information by using dynamic subtraction and balanced electro-optic detection techniques [36,37]. A series of THz images in the time domain is acquired, and subsequently, the amplitude and phase information of each spectral component can be extracted by implementing Fast Fourier transformation.


Figure 3. The scheme of the THz digital holographic imaging system.
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3. Results and Discussion


By adjusting the polarization of the probe beam, we can detect two orthogonal linearly polarized components of the output THz beam. When the incident polarization is horizontal, the incident beam diffracts into three orders. According to the analysis above, the ±1st orders are left/right circularly polarized (LCP/RCP) vortex beams with m = ∓1, and the 0th order is a Gaussian beam. The intensity pattern of the detected vertically polarized components of the diffracted beams at 1 THz is shown in Figure 4a. The two donut-like profiles correspond to the ±1st orders. The absence of the 0th order verifies that it has the same polarization as the input beam (i.e., horizontal polarization). The ±1st orders are vortex beams with opposite twist directions of helical phase, and are diffracted in two symmetric directions. Therefore, the detected phase distributions for these two orders are opposite spiral phases integrated with opposite tilt phases, forming two mirror-inverted fork-like patterns, as shown in Figure 4b. When we adjust the TQWP to make the incident THz wave LCP, only RCP −1st order with m = +1 and the 0th order exist. The measured intensity pattern for vertical component at 1 THz is shown in Figure 4c. On the other hand, for RCP THz beam, only LCP +1st order with m = −1 and the 0th order are revealed in Figure 4d.


Figure 4. (a) Intensity and (b) phase distribution of the detected vertically polarized components of the diffracted beams at 1 THz for horizontally polarized incident; the measured intensity pattern for vertical polarization component for (c) LCP and (d) RCP incident THz beam.
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The THz LC FPG can generate THz vortex beams with opposite circular polarization and topological charges, which are directly separated from the undesirable 0th order. Due to the inherent diffraction property of the fork grating, the generated THz vortex beams are pure. Via tuning the incident polarization, a switch between ±1st orders can be realized. In addition, the absorption coefficients κo and κe of the LC NJU-LDn-4 are 0.05 and 0.03, respectively, in the range of 0.5~2.5 THz [34]. We take the average value of absorption coefficient as 0.04 for such a continuously space-variant director distribution, and the calculated absorption loss at 1 THz is approximately 34% of the total input. The phase retardation of the LC layer is about 0.5π for 1 THz, which limits the diffraction efficiency (~40% of the total output). This can be improved by increasing the thickness of the LC layer and optimizing the birefringence of the LC material for a larger phase retardation. Compared to other THz devices such as those based on low-loss THz polymers, the tunability of LC makes it possible to realize electro-optical switching and achieve maximum efficiency at different frequencies. Few-layer porous graphene films can be used as high-transparent electrodes [27,29] to drive such LC devices.




4. Materials and Methods


Photoalignment is suitable for the high-resolution multi-domain LC alignment [38]. Here, a polarization-sensitive medium sulfonic azo dye SD1 (Dai-Nippon Ink and Chemicals, Tokyo, Japan) is used as the photoalignment agent. SD1 molecules tend to reorient their absorption oscillators perpendicular to the polarization direction when illuminated by a linearly polarized UV and then consequently guide the LC orientations [39].



Fused silica glass substrates (1.5 × 2 cm2, 0.8 mm thickness) are oxygen-plasma cleaned and then spin-coated with a 0.3% solution of SD1 in dimethylformamide. Two SD1-coated substrates are assembled together and sealed with epoxy glue to form an empty cell. The cell gap is controlled by 250 μm-thick Mylar films.




5. Conclusions


We fabricate a THz LC FPG by photopatterning a large birefringent LC into specific gradient-rotation directors, and further characterize it with a THz imaging system. The FPG can simultaneously generate and separate pure THz vortices with opposite circular polarization and opposite m. The polarization controllability of the THz vortex beam is also demonstrated. This work supplies a compact and practical method for THz vortex beam generation, and may facilitate various THz applications including THz imaging, sensing and communication.
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