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A broadband vortex beam generator provides a 
promising solution for various applications. Due to its 
azimuthal phase perturbation, the helical grating is an 
ideal structure to support the orbital angular momentum 
(OAM) mode. Since the space-charge wave of the free-
electron bunch inherently covers a wide frequency 
range, the free-electron-driven devices can be utilized to 
generate broadband radiation. This work presents a 
wideband tunable multi-mode vortex beam 
generatorbased on the Smith-Purcell radiation (SPR) 
from a helical grating. The generated broadband vortex 
radiation presents prominent flexibility in the 
manipulation of frequency, topological charge, and 
radiation direction. The frequency range and the 
topological charge depend on the operating harmonic 
order, operating voltage, and structural parameters. The 
radiation direction varies with the operating frequency 
and covers a wide range in each band. Moreover, the 
proposed principle can be scaled to the terahertz 
frequency band. This work advances the application of 
vortex beam in the millimeter wave-terahertz 
communication system. © 2021 Optical Society of 
America 

http://dx.doi.org/10.1364/OL.99.099999 

Vortex beam has attracted considerable attention in the past decades as it carries an orbital angular momentum (OAM) [1, 2]. It has found numerous applications such as micro-manipulation, communication, and so forth [3, 4]. Due to the unique properties and application prospects, the generation of a vortex beam has become a research hotspot. Generally, there are several approaches. Initially, the spiral phase plate and the hologram plane were used to convert a Gaussian beam into a vortex beam [5, 6]. Recently, vortex beams from the metas urface and antennas are widely explored [7-9]. Although great progress has been made 

through these methods, there remain challenges ahead. For example, a broadband and tunable vortex beam is essential for communication applications. The operating bandwidth of the metasurface is limited owing to the resonant effect. A complex feeding system is required in the antenna array, which will significantly increase the design complexity. Smith-Purcell radiation (SPR) is an encouraging solution to break the limit. When a fast moving electron passes over the periodic grating, SPR can be excited as the induced current varies in free space [10]. SPR is used primarily for generating high-power radiation and has been widely extended in recent years [11-13]. Although the vortex beam from SPR in the helical wire was reported, the characteristics including the multi-mode, the beam-scanning, the bandwidth, and the manipulation of topological charge (TC) are not mentioned [13]. In this paper, SPR carrying an OAM mode from a helical grating is demonstrated, and this phenomenon has not yet been studied in traditional SPR devices. The helical grating can be formed by engraving helical grooves on a metal cylinder [14]. The spoof surface plasmon (SSP) on the helical grating mode carries the vortex beam. Whereas, it is confined to the surface and cannot propagate far away from the grating. When a free electron passes over the helical grating, the vortex beam is excited and radiates into free space due to the SPR effect. The operating frequency and bandwidth can be tuned by changing the electron energy. The TC of the vortex beam is manipulated by both the harmonic order and structural parameters. The chirality of the vortex beam is in line with that of the helical grating. Compared with the conventional vortex beam, this method can produce a tunable vortex beam in a wide frequency band. The method not only provides a convenient way to generate the vortex beam but also advances the research on free-electron-driven devices. The vortex beam generator based on the helical grating is shown in Fig. 1. When the annular free electron moves along the z-direction above the helical grating surface, the vortex beam can be stimulated. The red/blue part represents a positive/negative 
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instantaneous electric field, respectively. Helical grating is a special periodic system, in which the azimuthal phase shifts while the electromagnetic (EM) wave propagates along the z-direction. According to the Floquet’s theorem, the electric field remains invariant with moving a distance md in the z-direction, where d is the period of the grating, m=0,1,2,⋯, which can be written as [15]. 
0( , , ) ( , , ) ( , , ) j zE r z md E r z F r z e βϕ ϕ ϕ −+ = =  (1) When the helical grating rotates 2π along the z-axis, the field also remains unchanged. The function F(r, φ, z) must satisfy: 

 
Fig. 1. Physical schematic model of the vortex beam generator. Inset: structure of helical grating. The width, period, inner and outer radii of the helical grating are a, d, Ri, and Ro, respectively. 
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 (3b) To ensure Eq. (3), it is necessary to ensure v = n, i.e. Fvn(r)≠0, for 
v ≠ n, and Fvn(r)=0, for v≠n. Therefore, the electric field in this system can be expressed as Eq. (4). The phase component ejnφ indicates that the OAM mode can be generated in the system. 
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= =   (4) In this work, the parameters are set as d = 2 mm, a = 1 mm, 

Ri = 1 mm, and Ro = 2 mm. The grating rotates clock-wisely. The gap between the electron and grating is 0.01 mm. The longitudinal wavenumber carried by the free electrons can be expressed as: 
kze=ω/ve, where ve is the velocity of the free electrons. Due to the scattering of the helical grating, kze may be smaller than k0, and it yields: |kze|=|ω⁄ve+2πn⁄d|<k0. Then the SPR dispersion relation can be derived as Eq. 5, 

        =( )( cos )ed n c vλ θ−               (5) where θ is the radiation angle, and c is the speed of light in vacuum. From the previous analysis in Eq. 4, the azimuthal mode index is related to the harmonic order n. For the vortex beam, the TC “l” is used to describe its physical characteristic. Considering the π-mode distribution in the transversal distribution, the relation between l and n can be obtained as  
  l m n= ± ×        (6) 

 Fig. 2. (a) Brillouin diagrams of the helical grating. Shadow regions represent the operating radiation ranges. (b) Radiation spectrum in far-field (red line), and the radiation direction versus the operating frequency (purple line). (c) Electric field and phase distribution at different frequencies. (d) Normalized mode purities at different frequencies. where m is the number of grooves in a helical grating. Mode index 
m×n means the phase changes by 2π×(m×n), when the azimuthal angle changes 2π. The sign ± indicates clockwise/ counterclockwise rotation, respectively, and is consistent with the grating chirality. 

Table 1 Operating bands for different harmonic orders Band Harmonic order Frequency range (GHz) Wavenumber range (π/d) I n = −1 24.45 - 36.30 1.67 - 2.48 II n = −2 48.91 - 72.61 3.35 - 4.96 III n = −3 73.37 - 108.81 5.02 - 7.44 The Brillouin diagram of the helical grating and the dispersion curves of the free electron are shown in Fig. 2(a). There is one helical groove in this grating, and m = 1. The beam energy 10 = keV (ve=0.195c). The corresponding operating frequency range can be obtained via the intersection points between the electron’s dispersion curve and the light cone. The radiation frequency ranges can be divided into three distinct regions according to the harmonic order and are displayed in shadow regions in Figs. 2(a)-(b). The corresponding frequency and wavenumber bands are exhibited in Table 1. The generation of vortex beam is confirmed by the particle-in-cell simulations using commercial software CST Particle Studio [16]. In the simulation model, a Gaussian electron bunch with an annular shape is emitted from the cathode and moves over the structure to excite the SPR. The length and charge of the bunch are 0.6 mm and 1.6×10−19C, respectively. There are 30 and 25 cells per wavelength where near and far from the mode. Such electron bunch can be generated by a photoinjector gun driven by a Laguerre-Gaussian (LG) laser pulse [17]. A 0.8 T longitudinal 
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magnetic field is utilized to compensate for the space-charge effect. The probe is set 10 mm away from the grating surface to detect the radiation intensity, and the result is shown in Fig. 2(b). As n increases, the radiation intensity decreases [18]. Its radiation bands agree well with the theoretical analysis in Table 1. As indicated by Eq. 6, TCs in Band I, II, and III are l = +1, l = +2, and 
l = +3, respectively. The transversal distributions of electric field and phase are shown in Fig. 2(c). The observed area in the x-y plane is 20 mm×20 mm. Generally, mode purity is an important parameter to illustrate the quality of the vortex beam and can be obtained via Eq. (7). 
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=                 (7) where N is the number of sampling points. ψ is the phase distribution. φ represents the azimuthal angle. The calculated data is extracted from a circle with a radius 3Ro in the middle of the grating. The normalized mode purities are 0.87, 0.88, and 0.89 at 30 GHz, 60 GHz, and 90 GHz, respectively, and are shown in Fig. 2(d). Since the grating is an open structure, the SSP carrying the OAM mode is diffracted in the end of the grating. Some parasitic modes appear and have a subtle influence on the mode purity. Despite that, the proposed generator still performs well in generating the desired vortex beams with high mode purity. 

 Fig. 3. (a) Beam-scanning characteristic in Band I. (b) Electric distribution in the y-z plane at 30 GHz. (c) Far-field radiation pattern at 30 GHz.  The theoretical radiation angle versus the operating frequency is also plotted as the purple line in Fig. 2(b). The radiation angle covers a wide range and can realize beam-scanning characteristics versus the operating frequency. The radiation patterns at Band I are shown in Fig. 3(a). For instance, the radiation angle at 30 GHz is 82.4°, and the electric distribution is shown in Fig. 3(b). The observed area in the y-z is 20 mm×80 mm. Moreover, the intensity distribution in the azimuthal distribution is uniform, and the far-field radiation pattern presented in Fig. 3(c) shows omnidirectional radiation. It can be derived from Eqs. (5) and (6), the radiation bands and TC can be tuned by the operating bands. One of the methods is to operate at high electron energy. A relativistic electron bunch that has less space-charge effect is able to reduce the longitudinal magnetic field needed to guide the electron bunch. The Brillouin diagram with voltage 35 kV (ve=0.352c), 45 kV (ve=0.394c) and 100 kV (ve=0.548c) is shown in Fig. 4(a). In this case, a small longitudinal magnetic field of 0.1 T is needed, which will significantly simplify the magnet system. The manipulation can be verified by the simulation, and the results are shown in Figs. 4(d)-

(f). According to the distribution of interaction points in the Brillouin diagram, the TC can be tuned from l = +2 to l = +1 at 90 GHz with the operating voltage increasing from 35 kV to 100 kV. It is worth pointing out that the system can generate SPR at both harmonic orders n = −1st and n = −2nd, and the radiation fields carries hybrid OAM modes. As Fig. 4(e) shows, the normalized mode purities at l = +1 and l = +2 are 0.61 and 0.29. Moreover, it is suggested that the manipulation of the TC can also be achieved by changing d according to Eq. (5). The Brillouin diagram varies with 
d, leading to the change of TC and frequency bands. To demonstrate the concept, different grating periods of d = 1.5 mm, 
d = 2 mm, and d = 2.5 mm are stimulated while the width a = d/2 was kept constant. The related Brillouin diagrams with the operating voltage 100 kV are presented in Figs. 4(b)-(c). The simulation results are shown in Figs. 4(g)-(h). Besides, the rotation direction of the vortex beam reverses, when the helical grating changes its chirality. For instance, the TC of l = −1 is generated by reversing the rotation of the helical grating as shown in Fig. 4(i). In this way, the vortex beam with arbitrary TC can be obtained. 

 

Fig. 4. (a)-(c) Brillouin diagrams with different periods and voltages. (d)–(f) Normalized mode purities at 90 GHz with different voltages. (g)-(h) Normalized mode purities with different periods at 90 GHz. (i) Normalized mode purity by changing the chirality of the helical grating at 90 GHz. Inset: the corresponding electric and phase distribution. In this system, the electric distribution in the angular direction is the π-mode, which provides an extra approach to change the TC according to Eq. 6. For example, the compound gratings with 2, 3 grooves are shown in Fig. 5. In such a system, the azimuthal mode index is an integer multiple of the number of grooves m, and TC multiplies by increasing harmonic order in the compound helical grating. Given the analysis, TCs are l = +2 and l = +3 with the n=−1st harmonic in the double (m = 2) and triple grating (m = 3), respectively. For the double and triple-helical gratings, the parameters are the same as that of the single helical grating to remain in the same radiation frequency ranges and are set as 
d = 2 mm and a = 1 mm. The simulation results in the compound gratings are presented in Figs. 5(a)-(b), which validates the theoretical analysis. 
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 Fig. 5. (a)-(b) Vortex beam generated from the double grating (a), triple grating (b), and the corresponding electric and phase distributions. (c)-(d) SPR from a cylindrical grating with an annular electron beam (c), a helical grating with the excitation of linear beams (d), and the corresponding electric and phase distributions. In ref. 17, the vortex beam can be generated with driving by the LG laser pulse. In such a system, the vortex beam originates from the LG distribution, and the free-electron rotates in the angular direction. The mechanism has fundamental differences compared with the method proposed in this paper, although the structures look similar. The differences are verified by the following steps. Firstly, the helical grating is replaced by a cylindrical grating, and the annular electron beam is preserved. The parameters are the same as the helical grating, and Eq. (5) is also applied. The simulation results are shown in Fig. 5(c). The OAM mode does not exist. Secondly, several pencil beams are employed to replace the annular electron beam. They are uniformly distributed in the angular direction to provide the same phase, and the schematic model is shown in Fig. 5(d). The vortex beam can still be produced in this case. The mode purity increases as the number of pencil beams is increasing. If the annular electron beam is applied in this system, the mode purity will be maximized. In addition, it is easier to produce an annular electron than multi-pencil beams in free-electron-driven devices. From the previous analysis, it can be concluded that, it is the helical grating, rather than the annular electron, that plays a key role in the excitation of the vortex beam. The underlying principle of the helical antenna to generate a vortex beam is also different from that proposed in this paper [8, 9]. In the helical antenna, the relevant parameters for controlling the operating status are the radius and the pitch. The size is comparable with the wavelength, and the current distribution is a traveling wave mode. In our work, the working properties of the vortex beam are mainly determined by the period of the helical grating and irrelevant to the radius. Compared with the flat antenna, this generator also shows strong tunability of TC, and arbitrary TC which can be realized by choosing suitable beam energy. Moreover, the generator has strong robustness. As long as the evanescent wave of the electron is diffracted into free space via the helical grating, the vortex beam can be generated. The principle for producing vortex beam in this work also suits other frequency ranges. As shown in Eq. 5, the operating frequency can be tuned from microwave band to terahertz frequency band by scaling the period and changing the operating voltage. Generally, the higher voltage, the higher frequency, and the wider frequency band can be obtained. In summary, a tunable vortex beam generator based on the SPR induced by free electrons is demonstrated in this paper. A 

wideband vortex beam can be obtained by fast electrons passing over the helical grating. The radiation frequency ranges can be divided into different frequency regions according to the operating harmonic order. The vortex beam presents different TCs and can generate wide-range beam-scanning radiation at each frequency band. Additionally, the TC of the vortex beam can also be manipulated by changing the number of grooves, and the mode chirality is consistent with that of the helical grating. This vortex beam demonstrates high mode purity that is above 0.75 over a wideband range. Moreover, the operating frequency can be tuned by adjusting the structural parameters and the velocity of the free electron. This work not only expands the application of SPR but also proposes a simple and convenient way to generate the vortex beam in a broad frequency range from the microwave to the terahertz band. 
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