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A circularly polarized vortex beam possesses similar focusing properties as a radially polarized beam. This type of beam is highly valuable for developing optical manufacturing technology, microscopy, and particle manipulation. In this work, a left-hand circularly polarized terahertz (THz) vortex beam (CPTVB) is generated by utilizing a THz quarter wave plate and a spiral phase plate. Focusing properties of its longitudinal component Ez are detailedly discussed on the simulation and experiment. With reducing the F-number of the THz beam and comparing with a transverse component Ex of a general circularly polarized THz beam, the simulation results show that the focal spot size and intensity of its Ez component can reach 87 and 50% of Ex under a same focusing condition. In addition, the experimental results still demonstrate that the left-hand CPTVB can always maintain fine Ez focusing properties in a broad bandwidth, which manifest the feasibility of this class of THz beams.
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INTRODUCTION
As the maturation of terahertz (THz) technology, this kinds of far-infrared sensing and imaging methods have gradually presented powerful application values in many research and industrial fields [1, 2]. Recently, investigations and applications of THz special beams have obviously become a hot spot and attracted growing attention. Taking advantages of their distinctive diffraction characteristics, all kinds of special beams have been successfully applied in THz imaging [3], THz communications [4], electron acceleration [5], and so on. In 2006, Zhan Q. W. theoretically proposed that the longitudinal electric field component of a circularly polarized vortex beam is analogous to that of a radially polarized beam, which possesses a sharper focal spot [6]. In 2016, our report experimentally verified the properties of this kind of optical beam in the THz waveband and pointed out its application prospects in THz microscopy and particle acceleration [7]. In 2017, Minasyan A. et. al designed a space-variant birefringent slab to achieve a circularly polarized THz vortex beam (CPTVB) [8]. In 2019, Sirenko A. A. et. al demonstrated that modified broadband circularly polarized THz vortices can be utilized as a spectroscopic probe of magnetism [9]. In 2021, Sobhani H. theoretically discussed the creation of a THz pulse carrying orbital angular momentum via beating twisted laser pulses in the plasma [10]. Apparently, the generation methods and characteristics of CPTVBs have gained more and more attention. Compared to a radially polarized THz beam, a CPTVB can be more easily produced and modulated by using a THz quarter wave plate (TQWP) and a spiral phase plate (SPP). Therefore, a further study on longitudinal component features of a CPTVB is valuable for improving the performances of current THz systems.
In this paper, we compared focusing properties of the longitudinal component of a CPTVB and the transverse component of a general circularly polarized THz beam on the simulation and experiment. Under different focusing conditions, evolutions of their focal spots are presented and analyzed. Besides, the dispersive characteristics of the longitudinal component of a CPTVB produced by using a TQWP and a SPP are also observed and discussed.
SIMULATION
Firstly, we present and analyze the field distributions of CPTVBs on the simulation. Figure 1 gives the schematic diagram of a CPTVB generated by a TQWP and a SPP. The incident THz wave with a x-linear polarization illuminates a TQWP to possess a circular polarization. Then, the circularly polarized THz beam carries a spiral wave front after passing through a SPP. To generate a strong longitudinal electric field component, a high resistivity silicon (Si) lens is adopted to focus the THz beam. Here, a modified Richards-Wolf integration algorithm is utilized to simulate vector THz field components [11]. In the high-aperture aplanatic focusing system, the focal spot is located at a sufficient distance away from the aperture. Then, vector components of a THz vortex beam in a homogeneous dielectric medium near the focus can be written as
[image: image]
where [image: image] is the cylindrical coordinate on an observation plane, [image: image] is the wave number in the vacuum, λ is the wavelength of the incident THz beam, f is the focal length of the Si lens, θ is the angle between the converging THz beam and the z axis, α is the maximum value of θ. [image: image]can be described as [image: image], which is related to the pupil apodization function of the focusing system. The expression of [image: image] depends on the incident THz polarization. When the incident THz field possesses a circular polarization, [image: image] can be written as
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where m is the topological charge of the SPP, sgn (p) is the sign of the input polarization, [image: image] is the Bessel function of the first kind and [image: image]. In addition,
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[image: Figure 1]FIGURE 1 | Schematic diagram of a circularly polarized THz vortex beam (CPTVB). TQWP: THz quarter wave plate; SPP: spiral phase plate.
In the initial simulation, these parameters are set as [image: image] (corresponding to 0.75 THz), f = 20 mm, α = 26.56°, sgn(p) = 1 (corresponding to a left-hand circular polarization). By using Eqs. 1–4, the polarization components Ex and Ez of a left-hand CPTVB with m = 0 are simulated and presented on the focal plane, as shown in Figures 2A,B and Figures 2E,F. Figures 2A,B give the amplitude and phase distributions of Ex. Figures 2E,F show the amplitude and phase patterns of Ez. When m = 0, the CPTVB is just a general circularly polarized THz beam. Therefore, Ex shows a typical focal spot and its phase nearly exhibits a flat plane near the focal spot. Meanwhile, the Ez component presents a vortex pattern, including a doughnut-shaped amplitude and a spiral phase in a clockwise direction. These phenomena can be easily explained. With a circular polarization, longitudinal components Ez can be simultaneously generated on both X-Z and Y-Z planes and a [image: image] phase difference exists between them, so the interference between them results in the Ez morphology of the CPTVB with m = 0. When the topological charge of the SPP is set as m = −1, a spiral phase modulation is introduced into the THz beam. In this case, the Ex and Ez components are simulated and presented in Figures 2C,D and Figures 2G,H. It can be seen that Ex shows a ring-shaped amplitude and a spiral phase in a counterclockwise direction, as shown in Figures 2C,D. In Figures 2G,H the Ez amplitude exhibits a main focal spot as well as some weak annular side-lobes and the Ez phase is composed of a series of concentric rings. On the interfaces between adjacent ring-shaped phases, there are always a [image: image] phase jump. To understand the features of the Ez component, a normalized left-hand circularly polarized THz beam can be expressed as [6].
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where [image: image] and [image: image] are the unit vectors on radial and azimuthal directions. When a spiral phase modulation with m = −1 is loaded on the THz beam, the original spiral phase term [image: image] is eliminated and the THz field can be expressed as
[image: image]
[image: Figure 2]FIGURE 2 | (A,E) Amplitude and (B,F) phase patterns of Ex and Ez for a left-hand CPTVB with m = 0. (C,G) Amplitude and (D,H) phase distributions of Ex and Ez for a left-hand CPTVB with m = −1. (I) Normalized amplitude profile curves of Ex with m = 0 and Ez with m = −1. These curves are extracted from (A) and (G), respectively.
Then, the THz beam can be considered as a linear superposition of the [image: image] and [image: image] components. When the THz beam is focused, the [image: image] component cannot induce a longitudinal electric field component, so the formation of Ez completely arises from the contribution of the [image: image] component [12]. Therefore, the Ez distribution features of the left-hand CPTVB with m = −1 are very similar to the longitudinal component of a radially polarized THz beam. These simulation results are very consistent with our previous report [7].
In addition, it should be noted that a right-hand circularly polarized THz beam can be also used to generate a sharp real focus of Ez in a similar manner. When a spiral phase modulation with m = 1 is loaded on a THz beam with a right-hand circular polarization, the constructive interference of Ez is fulfilled on the optical axis and a focal spot of Ez is formed. However, Ez suffers from destructive interference when a spiral phase modulation with m = −1 is loaded on a right-hand circularly polarized THz beam. In that case, the Ez component will present a vortex pattern with a topological charge of −2. The related discussions have been reported in our previous work [7].
The most important property of a converging radially polarized beam is that the focal spot size of its Ez component is smaller than that of the Ex component of a general focused beam with a same F-number, which is very valuable for optical microscopy [13] and particle acceleration [5]. Herein, we compare the focal spot sizes of Ez with m = −1 and Ex with m = 0 for left-hand CPTVBs. The amplitude profiles of Ez with m = −1 and Ex with m = 0 are separately extracted along the x axis from Figures 2A,G. Their normalized curves are plotted and compared, as shown in Figure 2I. The full width half maximum (FWHM) Dz and Dx of Ez and Ex are marked by red and blue arrows, which are 0.56 and 0.65 mm, respectively. It clearly manifests that a CPTVB can be utilized to form a smaller focal spot.
To further analyze Ez properties of a CPTVB, the focal length f is varied from 10 to 80 mm and other parameters are fixed in the simulation. The amplitude patterns of Ex with m = 0 and Ez with m = −1 of left-hand CPTVBs are simulated and their amplitude profiles are extracted along the x axis. Figures 3A,B exhibit the amplitude profile distributions of Ex and Ez along different F-numbers. Obviously, their common points are that the focal spot sizes of Ex and Ez monotonically enlarge and their intensities progressively attenuate with increasing the F-number. To more intuitively observe the variation tendencies of their focal spots, the FWHMs Dx and Dz of Ex and Ez are extracted and plotted in Figure 3C. Dx and Dz vary from 0.40 mm and 0.35 mm to 2.28 mm and 2.05 mm with adjusting the F-number from 0.5 to 4. Meanwhile, it is apparent that Dz is always smaller than Dx with different F-numbers. In addition, the ratio of Dz to Dx is also calculated and exhibited in Figure 3E, which alters from 0.87 to 0.90 with changing the F-number from 0.5 to 4. It can be found that the ratio almost remains unchanged with decreasing the F-number from 4 to 1.5 and it sharply reduces when the F-number is less than 1.5. Besides, intensities of Ex and Ez with different F-numbers are also compared and analyzed. Figure 3D gives the variations of the Ex and Ez amplitude peaks at x = 0 with changing the F-number. It should be noted that both Ex and Ez amplitudes are normalized to the Ex amplitude peak. It can be observed that both Ex and Ez amplitudes monotonically enhance with decreasing the F-number and the evolution trend of Ez is more pronounced when the F-number is less than 1.5. The ratio |Ez|/|Ex| of the Ex and Ez amplitudes is also calculated and shown in Figure 3F, which shows that the proportion of Ez is more and more significant with reducing the F-number and can approach 50% with the F-number of 0.5. According to these simulation results, it indicates that a focusing condition with a smaller F-number is essential for acquiring a Ez focal spot with a smaller size and a higher intensity.
[image: Figure 3]FIGURE 3 | Variations of amplitude profiles with different F-numbers for (A) Ex with m = 0 and (B) Ez with m = −1 of left-hand CPTVBs. (C) and (E) give the variation tendencies of the FWHMs Dx and Dz of Ex and Ez and their ratio Dz/Dx with varying the F-number. (D) and (F) exhibit the evolution trends of Ex and Ez amplitude peaks and their ratio |Ez|/|Ex| with adjusting the F-number.
EXPERIMENT
On the experiment, CPTVBs are also achieved and analyzed. A THz focal-plane imaging system is applied to characterize the features of CPTVBs, as shown in Figure 4. A Spectra-Physics femtosecond laser amplifier (800 nm central wavelength, 35 fs pulse duration, 1 W average power, and 1 kHz repetition ratio) is used as the light source. The laser pulse is divided into the pump and probe beams by a half wave plate (HWP) and a polarization beam splitter (PBS) for exciting and detecting the THz wave. After passing through a motorized linear stage, the pump beam with a 990 mW average power is expanded by a concave lens L1 with a 50 mm focal length and is guided to illuminate a <110> ZnTe crystal with a 2 mm thickness. Then, the THz radiation with a linear polarization is generated by the optical rectification effect [14]. An axis-off parabolic mirror (PM) with a 100 mm focal length is utilized to collimate the THz beam. Herein, the diameter of the THz beam is approximately 20 mm. After successively transmitting through a TQWP, a SPP and a Si lens, a converging left-hand CPTVB is formed and is incident into the sensor crystal (SC). On the path of the probe beam, the laser pulse with a 10 mW average power is sequentially expanded and collimated by concave and convex lenses (L2 and L3) with focal lengths of 50 and 150 mm. The diameter of the probe beam roughly reaches 30 mm. A polarizer (P) is used to ensure the probe polarization and the probe beam is reflected onto the SC. In the SC, the two-dimensional THz information is modulated on the probe polarization by the linear electro-optic effect [15]. The probe beam carrying the THz information is reflected by the SC and a 50/50 non-polarizing beam splitter in sequence and is guided into the imaging module of the system, which is constituted of a lens group (L4 and L5), a quarter wave plate (QWP), a Wollaston prism (WP), and a CCD camera with a 4 Hz frame rate. The imaging module is applied to capture the image of the probe beam on the SC. A mechanical chopper is mounted in the pump beam to modulate the output frequency of the THz pulse and is synchronously controlled with the CCD camera. Dynamics subtraction and balanced electro-optic detection methods are adopted to remove the background intensity of the probe beam [16, 17] and a two-dimensional THz image is accurately extracted. By continuously adjusting the time delay between the pump and probe beams, a series of THz temporal images are measured and the Fourier transformation is operated on each pixel to acquire the THz spectral information. To suppress the background noise of the system, 25 frames are averaged at each temporal scan point. In this system, the effective imaging area is 12 mm × 12 mm and the size of a pixel is 57 μm.
[image: Figure 4]FIGURE 4 | Schematic diagram of a THz focal-plane imaging system.
To characterize the different polarization components of the THz beam, the SCs with various crystalline orientations are carefully selected. In the measurement, the probe polarization is always fixed as the horizontal direction. A <110> ZnTe with a 1 mm thickness is chosen to measure the transverse electric field Ex of the THz beam. To maximize the detection efficiency, the angle between the <001> direction of the crystal and the probe polarization is set as 0°. A <100> ZnTe with a 1 mm thickness is selected to acquire the longitudinal electric field Ez of the THz beam. The <010> direction of the crystal is tuned to 45° with respect to the probe polarization to optimize the detection efficiency [7].
To achieve a left-hand circularly polarized THz beam, a quartz TQWP (TYDEX Company, Russia) with a 400 μm central wavelength is applied. A Teflon SPP with a topological charge of −1 and a 400 μm central wavelength is used to impart a spiral phase modulation on the THz beam. Three Si lenses with focal lengths of 20 mm, 30 mm, 50 mm are separately picked up to produce the converging CPTVBs for comparing the features of Ez with different focusing conditions. On the focal plane, the Ex and Ez components of the left-hand CPTVBs are measured and analyzed by using the imaging system.
Figure 5 exhibits the comparison of the Ex and Ez components under different focusing conditions. Figures 5A,D,G give the amplitude distributions of the focal spots with f = 20 mm, 30 mm, 50 mm at 0.75 THz for Ex with m = 0 of left-hand CPTVBs. Figures 5B,E,H show the amplitude patterns of Ez with three different focal lengths at 0.75 THz on the focal plane for left-hand CPTVBs with m = −1. Obviously, the focal spot sizes of Ex and Ez are gradually magnified with increasing f. For clarity, their corresponding amplitude profile curves are extracted along the x axis. The normalized curves of Ex and Ez with f = 20 mm, 30 mm, 50 mm are plotted and compared, as shown in Figures 5C,F,I. When the focal length of the Si lens is 20 mm, the FWHMs Dx and Dz of Ex and Ez are 0.87 and 0.61 mm, respectively. When f is adjusted as 30 mm, Dx and Dz are 1.22 and 1.02 mm. When f is varied as 50 mm, both Dx and Dz are almost equal to 2.32 mm. Simultaneously, the side-lobes of Ez becomes more striking. Experimental results are mainly consistent with the simulation. When a CPTVB is more tightly focused, the Ez component with a smaller focal spot is formed. In addition, the focal spot size of Ez is always less than that of Ex. Some slight deviations between the experimental and simulation results are mainly attributed to the integral effect of the 1 mm-thick SCs [18] and other measurement errors. Besides, the ratios of Dz/Dx and |Ez|/|Ex| are also calculated and exhibited in Figures 5J,K, which presents similar tendencies as the simulation results.
[image: Figure 5]FIGURE 5 | Comparison of the transverse and longitudinal components under different focusing conditions. (A), (D), (G) and (B), (E), (H) separately present the amplitude distributions of the focal spots with focal lengths of 20 mm, 30 mm, 50 mm at 0.75 THz for Ex with m = 0 and Ez with m = −1 of left-hand CPTVBs. (C), (F), (I) give their corresponding normalized amplitude profile curves along the x axis (J) and (K) show the ratios of Dz/Dx and |Ez|/|Ex| with varying the F-number, respectively.
Moreover, the dispersive characteristics of the focal spots with different focal lengths are also checked for Ez with m = −1 of left-hand CPTVBs. From the measurement results of Ez, each spectral amplitude profile curves are extracted along the x axis. Figures 6A–C present the amplitude profile distributions of Ez with f = 20 mm, 30 mm, and 50 mm along different frequencies. In Figures 6A,B, it can be seen that Ez always possesses a clear real focus from 0.5 THz to 1.0 THz. With f = 50 mm, the focal spot gets blurred at frequencies away from 0.75 THz due to the weaker Ez component, as shown in Figure 6C. It manifests that a CPTVB can generate a fine converging Ez component with a broad bandwidth, although the modulation effects of the TQWP and SPP are the most perfect at the central wavelength.
[image: Figure 6]FIGURE 6 | Dispersive characteristics of the focal spots with f = 20 mm (A), 30 mm (B), and 50 mm (C) for the Ez components with m = −1 of left-hand CPTVBs.
CONCLUSION
In conclusion, the focusing properties of the Ez component are analyzed in detail for a converging CPTVB. The simulation and experimental results show that a CPTVB can form a real Ez focus when its topological charge is carefully adjusted. With reducing the F-number, the Ez component can get a sharper focal spot and a higher intensity. Particularly, the focal spot size of Ez is always less than that of the Ex component of a general circularly polarized THz beam with the same F-number. In addition, Ez can remain a fine focusing effect in a broad bandwidth for a CPTVB generated by a TQWP and a SPP. This work provides an effective avenue to produce a longitudinal THz polarization component with a smaller size and a stronger intensity. It can be expected that this class of CPTVBs will exhibit important application values for improving current THz inspection systems.
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