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Optical manipulation of micro-particles with nondiffracting and self-accelerating beams has been successfully applied in many research fields such as chemicophysics, material sciences and biomedicine. Such operation mainly focuses on the particle transport and control in the beam propagation direction. However, the conventional optical microscopy is specifically designed for obtaining the sample information located in the lateral plane, which is perpendicular to the optical axis of the detecting objective lens, making the real-time observation of particle dynamics in axial plane a challenge. In this work, we propose and demonstrate a technique which integrates a special beam optical tweezer with a direct axial plane imaging system. Here, particles are transported in aqueous solution along a parabolic trajectory by a designed nonparaxial Weber self-accelerating beam, and the particle motion dynamics both in lateral and axial plane are monitored in real-time by the axial plane imaging technique.
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1 INTRODUCTION
Self-accelerating beams have attracted great interest since the first demonstration in 2007 [1, 2]. As exact solutions of the paraxial wave equation, Airy beams propagate along parabolic trajectories and remain invariant intensity profiles. By virtue of the remarkable features of non-diffracting, self-accelerating, and self-healing [3, 4], applications of Airy beams have been developed in many research fields, such as particle manipulation [5–8], optical microscopy [9–11], plasmons [12–14] and material processing [15, 16]. However, Airy beams are destructive when bending to large angles due to the paraxial limit. Against this drawback, nonparaxial self-accelerating beams, such as Mathieu beams and Weber beams, have been proposed and demonstrated theoretically and experimentally [17–22]. Such novel beams are found as exact solutions of the Helmholtz equation in different coordinate systems without the paraxial approximation. Therefore, compared to Airy beams, they can bend to larger angles and maintain the non-diffracting and self-healing capabilities as well.
With the development of optical field modulation technique, introducing novel beams into optical tweezers is convenient to achieve. For example, Baumgartl J et al. used Airy beam to guide particles vertically along a parabolic trajectory [5]. Zhang Z et al. experimentally demonstrated stable trapping of multiple particles using an array of optical bottle beams by employing multiple Airy beams [23]. Schley R et al. steered particles to much steeper angles in absorbing media with loss-proof accelerating beams [24]. However, there are challenges in observing the axial dynamics of trapping behavior in the light propagation direction. Most the conventional optical microscopes equipped for optical tweezers can only observe the particle motion occurred in the lateral plane (perpendicular to the optical axis) [25, 26]. The acquisition of axial plane (parallel to the optical axis) information usually relies on setting another objective orthogonally [24] or axial scanning [27, 28]. The former restricts the sample mounting strategy and the numerical aperture (NA) of objectives. The latter needs to extract a certain axial plane from the three-dimensional (3D) bulk reconstructed by stacking a series of lateral frames, limiting the image speed and resulting in data redundancy. It’s worth mentioning that a novel technique termed axial plane optical microscopy (APOM) has been developed to directly image the axial cross-section of samples without scanning [29]. This technique employed a 45°-tilted mirror to convert the axial plane information into a lateral plane and then re-image onto a camera. This innovative approach has been successfully applied in single-molecule super-resolution microscopy [30, 31].
In this work, we introduce the nonparaxial Weber beam into the optical tweezer system for particle manipulation. To observe the trapping dynamics, the APOM technique is assembled in the special beam optical tweezer system, directly observing both the particle motion along the parabolic trajectory in axial plane and the “focus/defocus” status in lateral plane. The proposed system integrates the special beam generation module based on spatial light modulator (SLM) and the APOM technique together. It allows real-time observation of trapping behavior in lateral and axial planes simultaneously. Due to the large field of view and real-time capability in nature, this technique is suitable for investigating special beams with axial particularities such as non-diffracting and self-accelerating, and has potential applications in biomedicine and biophysics.
2 METHODS
2.1 Optical Setup
The optical setup of the Weber beam optical tweezer system equipped with APOM was shown in Figure 1A. In the optical tweezer part, a laser beam with the wavelength of 532 nm (MW-GL-532A/3000 mW-16020122, Changchun Laser Optoelectronics Technology Co., Ltd., China) was expanded and collimated by a pair of achromatic lenses L1 (f = 50 mm) and L2 (f = 100 mm). After matching the polarization by a polarizer P, the horizontal polarized light beam was guided by a 96°-triangle reflector (96°-TR) onto a SLM (PLUTO-VIS-016, HoloEye Inc., Germany, 1920 pixels × 1080 pixels, pixel size: 8.0 µm, frame rate: 60 Hz) and then back to the original optical path. Instead of normal incidence, the 96°-TR allowed the small angle (= 6°) incidence modality of SLM to be used for enhancing the light efficiency while maintaining the compact experimental configuration. Here, the SLM was located in the focal plane of L3 (f = 200 mm). The pre-designed masks (Figure 1C) were loaded on the SLM for beam modulation. After focusing by L3, the SLM-modulated special beam was generated in the focal region of L3. Then, a tube lens (L4, f = 200 mm) and an objective (Obj1, 100×, NA = 1.4, oil immersion, Nikon Corp., Japan) were used to shrink the special beam in the focal region of Obj1 for particle trapping and transporting.
[image: Figure 1]FIGURE 1 | Schematic diagram of the Weber beam optical tweezer system equipped with APOM. (A) Optical setup; (B) enlarged view of the area marked with red dotted rectangle in (A); (C) phase mask loaded on the SLM. L: lens, M: mirror, P: polarizer, 96°-TR: 96°-triangle reflector, BS: beam splitter, Obj: objective, LED: light emitting diode, F: filter, CCD: Charge coupled device, 45°-TM: 45°-tilted mirror.
In the optical microscopy part, a light emitting diode (LED) with a central wavelength of 488 nm was used for wide-field illumination. The signal with sample information was collected by Obj1 and reflected by a beam splitter (BS1, 50:50), then relayed to another beam splitter (BS2, 50:50) by a 4f-system consisting of L5 (f = 200 mm) and L6 (f = 200 mm). Before BS2, a short-pass optical filter F with a cut-off wavelength of 500 nm was used to distinguish the trapping laser and imaging light. With BS2, the signal was split into two parts of transmission and reflection. The transmitted part directly formed a lateral plane image on a charge-coupled device (CCD1, DMK23G445, The Imaging Source Inc., Germany, 1280 pixels × 960 pixels, pixel size: 3.75 µm, frame rate: 30 fps) through a condenser (L7, f = 75 mm). The reflected part went through an identical objective lens Obj2 and then formed an intermediate image of the sample in the focal region of Obj2. A custom-made 45°-tilted mirror (45°-TM) was placed in front of Obj2 for converting the axial plane image into the lateral plane, and then a part of the signal light was re-collected by Obj2. After transmitting through BS2, the returned light finally formed an axial plane image of the sample on another CCD camera (CCD2, DMK23U445, The Imaging Source Inc., Germany, 1280 pixels × 960 pixels, pixel size: 3.75 µm, frame rate: 30 fps) through a condenser (L8, f = 75 mm).
The 45°-TM was made by coating a thin layer of silver on the surface of a right-angle prism with a straight and sharp edge. According to the principle of reflection, a ray can be rotated 90° when it comes to a mirror at an incident angle of 45°. Likewise, the 45°-TM can rotate an axial plane image to lateral plane. The reflection details of the 45°-TM were shown in Figure 1B. After reflecting, the light rays were divided into three parts, marked with different colors of gray, blue and magenta respectively. The gray part represented rays blocked by the 45°-TM. The blue part was reflected by the 45°-TM to directions which cannot be collected by Obj2. Whereas rays indicated in magenta were reflected back by the 45°-TM and collected by Obj2 to perform axial plane imaging.
2.2 Generation of Weber Self-Accelerating Beams
Comparing with the Airy beam, Weber beam is an exact solution of the Helmholtz equation in parabolic coordinates without the paraxial approximation, so it can travel longer distance and bend to larger angle while preserving all the unique characteristics of the Airy beam. Therefore, in this paper, we designed and selected the proper Weber beam for particle transporting along parabolic trajectory in axial space.
To investigate the propagation characteristics of Weber beams, we followed the similar procedures as our previous work [32], loading the predesigned masks on an SLM. The Fourier spectrum [image: image] associated with Weber beams can be expressed as:
[image: image]
where, [image: image] and [image: image] are the spatial frequencies in x and y directions, respectively. λ is the wavelength in the medium. [image: image] is the wave number. γ is related to the separation constant. Considering the paraxial approximation, we assumed [image: image] and [image: image], so the Eq. 1 can be derived as:
[image: image]
which is the typical Fourier spectrum of Airy beams, indicating that Airy beams are the paraxial approximation of Weber beams.
In simulation, the Fourier spectrum was produced according to Eq. 1. The lateral light fields were calculated by the angular spectrum theory of diffraction [33], and the axial cross-sections of Weber beams were formed by reconstruction. In experiment, the pre-designed mask according to Eq. 1 was loaded on the SLM. A flat mirror was placed in the sample position, and it was controlled by a one-dimensional translation stage to acquire a series of lateral plane images of the generated Weber beam on CCD1 by axial scanning. Then, the axial cross-section of the beam was extracted from the 3D light field rendered by stacking up these lateral plane images.
3 RESULTS AND ANALYSIS
3.1 Simulated and Experimental Results of Weber Self-Accelerating Beams
To investigate the propagation characteristics of Weber beams, simulations and the counterpart experiments were carried out. The corresponding results were shown in Figure 2. In simulation, the size of Weber beams can be adjusted flexibly by changing the value of γ in Eq. 1. Given λ = 532 nm, the central lateral and axial cross-sections of Weber beams were calculated by the beam propagation method based on the angular spectrum theory of diffraction [33]. The simulated results were shown in Figures 2C,D and Figures 2E,F when the value of γ was taken as 300 and 800, respectively, suggesting that a larger γ resulted in a larger main lobe size, longer propagation distance and smaller curvature.
[image: Figure 2]FIGURE 2 | Modulation of Weber beams. (A,B) Phase masks of Weber beams with γ = 300 and 800, respectively; (C–F) simulated results of the lateral and axial cross-sections of Weber beams, (C) and (D) correspond to γ = 300, (E) and (F) correspond to γ = 800; (G–J) experimental results of the lateral and axial cross-sections of Weber beams corresponding to (C–F), respectively. Scale bar: 2 µm.
The use of SLM also made the beam size modulation easy to implement in experiment. The phase patterns of masks loaded on SLM were shown in Figures 2A,B with the value of γ as 300 and 800, respectively. After sending a Gaussian beam to the SLM with these pre-designed masks, Weber beams were generated by the Fourier transformation of a convex lens L3, and then presented in the focal region of Obj1 with a strong focusing form suitable for particle trapping. When a flat mirror was set in the focal plane of Obj1, the central lateral cross-sections of Weber beams were imaged by CCD1, as shown in Figure 2G (γ = 300) and Figure 2I (γ = 800). The corresponding axial cross-sections were obtained from 300 lateral frames captured by scanning the flat mirror along axial direction. The experimental results were shown in Figure 2H (γ = 300) and Figure 2J (γ = 800), indicating the effect of γ on the characteristic of Weber beams was that the larger γ is, the larger main lobe size is, and the longer propagation distance is, but the smaller curvature of the parabolic trajectory is. It was consistent with the conclusion suggested by the simulated results.
Moreover, taking γ = 300 as an example to compare the experimental and simulated results, the side lobes in experiment (Figure 2G) were less than in simulation (Figure 2C), and the propagation distance in experiment (Figure 2H) was shorter than in simulation (Figure 2D). This was caused by the aperture limitation of experimental elements and the very low initial incident laser intensity of about 2 µW we set for beam measurement. Nevertheless, as the white dashed curves shown in Figures 2D,H the experimental and simulated beams still shared the same parabolic trajectory. And the case of γ = 800 gave the same phenomenon.
3.2 Experimental Results of Particle Transporting and Imaging
Based on the above investigation of Weber beams both in simulation and experiment, it is expected to transport particle in the axial space along a curved trajectory with Weber beams, and the dynamics can be monitored in real-time by the presented system shown in Figure 1A. This system has intrinsic large field of view in axial plane, which is greater than 70 µm × 70 µm in this work. In order to get a long transporting distance in optical manipulation experiment, we set a large value of γ = 3600 to produce a mask pattern according to Eq. 1 and then loaded it on the SLM. Comparing to the beam measurement mentioned above, the beam intensity for particle trapping was set to a much higher value of about 20 mW to guarantee the stability of optical trap.
The experimental observation results of transporting a polystyrene bead of 5 µm in diameter along a parabolic trajectory of the Weber beam were shown in Figure 3. The lateral (x-y) plane and the corresponding axial (x-z) plane information of the transporting dynamics were captured by CCD1 and CCD2 simultaneously, displayed as screenshots at different time in Figures 3A–E and Figures 3F–J, respectively. As can be seen from Figures 3A–E, the trapped particle underwent a process of “defocus-focus-defocus” accompanied by the displacement up and down along x direction. Obviously, these lateral images obtained by CCD1 were not enough to give an intuitive description of the particle motion. However, as shown in Figures 3F–J, the axial plane images obtained by CCD2 visually displayed that the trapped particle moved along a curved trajectory in x-z plane and stayed in focus throughout the whole journey of about 35 µm.
[image: Figure 3]FIGURE 3 | Experimental observation results of particle transporting dynamics along the Weber beam trajectory. (A–E) The lateral (x-y) plane images of a trapped particle at different time; (F–J) the axial (x-z) plane images corresponding to (A–E). Particles: polystyrene beads of 5 µm in diameter. Scale bar: 10 µm.
The whole experimental system was set in horizontal alignment; the used sample was aqueous solution containing polystyrene beads; there was enough axial space for implementing the particle transportation; the target bead was stably trapped in lateral dimension and transported along parabolic trajectory of the designed Weber beam. In view of above conditions, the primary forces acting on the target bead were shown in Figure 4A, including the gravity, floatage, scattering force, lateral gradient force and axial gradient force. Among them, the lateral gradient force and scattering force played dominant roles in the particle manipulation. The former performed a 2D trap in lateral dimension and bounded the particle to the main lobe area of the Weber beam, and the latter pushed the particle moving along the beam propagation trajectory.
[image: Figure 4]FIGURE 4 | Quantification of the particle motion. (A) Schematic diagram of the primary forces acting on the particle. G: gravity, F: floatage, LG: lateral gradient force, AG: axial gradient force, S: scattering force; (B) velocities of the particle at different axial positions.
From the axial plane real-time monitoring results directly captured by CCD2, the motion of the trapped particle can be quantified conveniently. We measured the velocities of the particle at different z positions. As shown in Figure 4B, the results indicated that the particle moved faster in the middle region of the transporting path than on either side. It was because the maximum scattering force and quite small axial gradient force of the Weber beam occurred in this region. Moreover, the particle moved faster in the latter half of its motion path than in the first half. This difference was mainly caused by the gravity. As shown in Figure 4A, the gravity component along beam trajectory was in opposite direction of the scattering force in the first half, so as to impede the particle movement. The case of the latter half was on the contrary.
4 CONCLUSION
In this work, we proposed an integrated system which combined the SLM-based special beam generation module, optical manipulation technique and axial plane optical microscopy together, achieving particle transporting along parabolic trajectory of the designed Weber self-accelerating beam with the real-time observation in lateral and axial planes, simultaneously. This method solves the problem that the axial capture dynamics cannot be directly observed in traditional optical tweezers. Because there is only a single objective for both beam generation and signal detection, this system has no particular geometric requirement for sample preparation, and the objectives with high NA are allowed to be used for improving the resolution. In addition, this technique can be further developed to perform particle tracking, because arbitrary plane information of samples can be acquired by translating and rotating the tilted mirror. In a word, by virtue of the flexible light modulation based on the use of SLM, the direct axial plane imaging with the intrinsic large field of view, and good compatibility with other technologies, we believe the proposed technique will become a useful tool for studying a variety of novel beams, and find applications in fields of chemicophysics and biomedicine.
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