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Abstract

:

A virtual cathode oscillator or vircator is a vacuum tube for producing high-power microwaves (HPM). The efficiency of the vircator has been a difficult task for decades. The main reasons for low efficiency are intense relativistic electron beam (IREB) loss and few or no interactions between IREB and HPM. In this case, forming multiple virtual cathodes may be beneficial in overcoming these constraints. By reusing the axially propagating leaked electrons (LE), we could confine them and form multiple virtual cathodes (VCs). This article discussed the characteristics of newly formed VCs based on simulation results. The formation time of new VCs was discovered to be highly dependent on the reflector position and the density of LE approaching their surfaces. Furthermore, multiple VC formation in the waveguide region does not affect conventional VCs’ position or forming time. The emission mode of the generated HPM was TM01 with single and multiple VCs and remained unaffected. The formation of multiple VCs positively influenced the axial and radial electric fields. When compared to a single VC, the axial and radial electric field increased 25.5 and 18 times with multiple VCs. The findings suggested that forming multiple VCs could be a future hope for achieving high vircator efficiency.
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1. Introduction


Microwaves have become an essential component of modern life [1]. When a microwave’s peak power approaches 100 MW or beyond, it is referred to as high-power microwave (HPM) [2]. HPMs are used in various existing tasks in science and technology. Many HPM devices are associated with contemporary scientific fields, such as ion acceleration, plasma heating, and thermonuclear fusion. In addition to pure fundamental science, HPM sources are of great commercial interest for radars, communications, power beaming, and other space applications [3,4,5,6]. In recent years, HPM has given rise as a new technology that enables new applications and breakthroughs in existing ones [6]. Armed services, communication, satellite tracking, linear colliders, accelerators, friction heating, astronomy, and medicine are a few key sectors where microwave radiation has a significant impact [7,8,9]. Microwaves have numerous medical applications [9,10,11,12,13]. Due to the increasing applications of HPM, humans are exposed to these radiations regularly. As a result, the biological effects of these radiations have become an important topic of active research [14,15,16,17,18]. Nearly every day, the popularity of HPM grows, and organizations are looking for more efficient HPM sources. As a result, improving the efficiency of HPM sources is an important and active area of research.



Multiple HPM sources are available to fulfill the demand, with the virtual cathode oscillator (vircator or VCO) emerging as the preferred class of oscillator for producing HPM [19]. Vircators are a relatively simple method for extracting electromagnetic energy from intense relativistic electron beams (IREBs) and generating microwaves capable of providing high-power radiation up to a peak power reaching gigawatt levels, or for amplification of powerful microwave signals. Furthermore, VCO can function without an external magnetic field. It is also simple to construct and fully comprehend because it only has three primary components: cathode, anode, and virtual cathode (VC) [20].



Despite the fact that a VCO has many advantages, it is less efficient. In experiments, the conversion of IREB energy to electromagnetic radiation energy remained lower than 20% [20,21,22]. As a result, the improvement of VCO efficiency has remained an ongoing and open research area.



Many scientists are constantly working on this topic; various changes to standard VCO models have been aimed at increasing their microwave power and efficiency by employing effective methods [23,24,25,26,27,28,29,30,31,32]. It is critical to improve the production of HPMs in VCO by using different reflectors, resonators, and other electrodes, which positively affect microwave power, efficiency, mode conversion, and frequencies. To improve efficiency, Molchanov et al. simulated an axial vircator with three-cavity resonators [33]. A multistage axial VCO with multiple reflectors inside the waveguide was studied numerically and achieved 21% efficiency [34]. To increase the carrier modulation frequency and power, we should try to increase the IREB density in the VC region. In this regard, Alexander et al. proposed a coaxial conical electrode in the VCO to focus the IREB at the conventional VC (here: VC-1) region, and the kinetics of these electrons were numerically studied [35]. The results show that the frequency transitioned to a greater value, and the output power increased as well [35]. Implementing a longitudinal magnetic field is the most common technique for facilitating IREB movement in a straight direction in the downstream region of a waveguide [24,36]. Although this technique was found to be effective in this regard, the power and efficiency results show that the presence of an additional outer axial magnetic field in the waveguide region reduces VCO efficiency [24]. This occurs because the electrons’ holding time in VC-1 increased, lowering the peak power.



We assume the following key points of low efficiency here: the formation of a single VC that fails to confine all the transmitted IREB and causes electron loss in the form of leaking electrons (LE), and low or no interactions between electromagnetic radiations and IREB inside the device, as shown in Figure 1a. In this context, the formation of multiple VCs is the best alternative, as shown in Figure 1b. The emergence of multiple VCs in the downstream region provides substantial advantages over traditional VCO, which are as follows: The LE was reused and the IREB loss was significantly reduced, the interaction between the electromagnetic wave and the IREB was increased, as well as the power and frequency [30,37,38,39]. Previously, we successfully formed the second and third virtual cathodes (VC-2 and VC-3), also known as multiple VCs [40,41]. Previous research has not looked into the specific characteristics of multiple VCs. Additionally, the kinetic energy, formation time of each VC, radial and axial electric fields at each position, and microwave emission mode were not studied in our earlier experiments.



In this work, we extended our previous model [41], and investigated the characteristics of VC-2 and VC-3 and their influence on the VCO by using a three-dimensional (3D) particle-in-cell simulation code (PICSC). We investigated the IREB particle kinetic energy (KE) and formation time of VC-2 and VC-3. Furthermore, we examined the effects of changing multiple VCs’ positions on the axial electric field (AEF) and radial electric field (REF). The profiles of vector electric and vector magnetic fields from the simulation were used to investigate the emission mode of an axial VCO with single VC-1, two VCs, and three or multiple VCs. Finally, we presented the experimental results obtained by adjusting the multiple VCs to their best positions. The positions of several VCs were found to be related to the amplitude of AEF and REF. Additionally, both single and multiple VCs were found to have no effect on the emission mode.




2. Methodology


A 3D PICSC was used in the MAGIC software to simulate the positions of effects of multiple VCs. The IREB and device parameters were used similarly to our previous study [40]. The cathode diameter was 90 mm, and the anode was semitransparent foil with a diameter of 200 mm. The waveguide was 250 mm long with an inner diameter similar to anode foil. The LE was reused at two insulator reflectors’ surfaces as a wall charge. The first reflector (R-1) had a hole with a diameter of 40 mm, while the second reflector (R-2) was completely blocked. The reflectors were kept at a 10 mm thickness. First, the position of R-1 was moved from 60 mm to 180 mm with a step size of 20 mm using anode foil as a reference. After securing the R-1 in its optimal position of 100 mm, the R-2 was installed and moved away from the R-1 by 20 mm to 80 mm in 10 mm steps. The characteristics of multiple VCs were investigated at each reflector position. In a simulation, the IREB was released from the cathode using the explosive command. The Chundoong, whose parameters were previously explained [14,29,40,42], was used for experiments illustrated in Figure 2.




3. Results


3.1. Phase Space of IREB and Formation of Multiple VCs


Figure 3 shows the device structure in simulation and IREB profiles in the real VCO space with a single VC and with multiple VCs. At 0 ns (before beam emission), 2 ns (after beam emission), and 35 ns, the IREB behavior in real schematic space was recorded as shown in Figure 3a–c, respectively. In 3D PICSC, it is observed that the single VC does not cut off the IREB and that most of the electrons propagate along the waveguide and are lost at the conducting wall, resulting in electron loss in the form of LE. The LE was confined inside the interaction region when two reflectors R-1 and R-2 were located in the downstream region of the waveguide, as shown in Figure 3c,d before and after beam emission, respectively.



When the flowing IREB current exceeds the limiting current of the VCO device, the VC-1 is formed [2,38,43,44]. When the VC is formed, the KE of the electrons after passing through the anode foil drops to zero, which helps to identify the position of VC in simulation. In one of our earlier experiments, we used an experiment to determine the position of conventional VC [29]. The results of the experiment and the simulation were in good agreement. The simulation’s results can be trusted to support the validity of VCs. Simulated data are also used in other studies to locate the VC [35,39,44,45]. Figure 4 shows the results of the formation time and position of single and multiple VCs from the simulation. Figure 4a shows the KE of the IREB when only a single VC is formed. The position of VC-1 is almost 10 mm similar to the spacing kept between the anode and cathode. The findings show good agreement with the previous ones [29,42,44]. The formation time of the VCs was recorded when the KE of the electrons decreased to zero in the waveguide region. Figure 4c shows the formation time of VC-2 by changing the position of the first reflector R-1. When the position of R-1 was changed to 60 mm, 80 mm, 100 mm, 120 mm, and 140 mm, the formation time of the VC-2 was found to be 7 ns, 10.2 ns, 12.5 ns, 14 ns, and 15 ns, respectively. However, the VC-2 was not formed at distances 160 mm and 180 mm due to the lower LE density at the reflector surface. Figure 4d shows the formation time of VC-3 by changing the position of the second reflector R-2. It is observed that when the position of R-2 changed as 20 mm, 30 mm, 40 mm, 50 mm, and 60 mm, the VC-3 was formed at 12 ns, 13 ns, 15 ns, 15.1 ns, and 15.5 ns, respectively. Similarly, the VC-3 was not formed at 70 mm and 80 mm due to the low density of LE.




3.2. Influence of the Multiple VCs on the Axial and Radial Electric Fields


Figure 5 depicts the results of an investigation into the effect of multiple VCs on the AEF and REF in the 3D PICSC. The AEF and REF distribution of conventional VCO was shown in Figure S3. As it is seen in Figure 5a, the maximum AEF with a single VC-1 was 0.41 MW/V in a traditional axial VCO. When VC-2 was formed, the amplitude grew massively. The AEF amplitude was 3.2 MV/m, 3.7 MV/m, 4 MV/m, 3.73 MV/m, 2.1 MV/m, 0.5 MV/m, and 0.45 MV/m when the R-1 position was changed to 60 mm, 80 mm, 100 mm, 120 mm, and 140 mm, 160 mm, and 180 mm, respectively. At the best position of R-1, 100 mm, the AEF reaches its maximum value of 4 MV/m. Similarly, the REF also increased as 0.4 MV/m, 0.42 MV/m, 0.5 MV/m, 0.39 MV/m, 0.29 MV/m, 0.103 MV/m, and 0.101 MV/m, according to the respective positions of R-1. The REF reaches its maximum value of 0.5 MW/m at the prime location of R-1, which is also 100 mm, as shown in Figure 5b.



For further research into the effect of three or multiple VCs of AEF and REF, R-1 was fixed to its optimal conditions (R-1 fixed at 100 mm); only R-2 was moveable, and results are shown in Figure 5c,d. It is noted that the multiple VCs increased the amplitude of the AEF and REF even more. Figure 5c shows the AEF by changing the R-2 position. When the R-2 position was changed to 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, and 80 mm, the AEF amplitude was 8.2 MV/m, 8.4 MV/m, 10.2 MV/m, 7.8 MV/m, 4.9 MV/m, 4.103 MV/m, and 4.101 MV/m, respectively. The AEF reaches its maximum value of 10.2 MV/m at the ideal position of R-2, which was 40 mm. Figure 5d depicts the REF as the R-2 position changes. The AEF amplitude was 1.45 MV/m, 1.5 MV/m, 1.8 MV/m, 1.2 MV/m, 1.17 MV/m, 0.5 MV/m, and 0.49 MV/m when the R-2 position was changed to 20 mm, 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, and 80 mm, respectively. At the ideal position of R-2, which was 40 mm, the REF reaches its maximum value of 1.8 MV/m. Compared to a single VC, the AEF increased fourfold, and the REF increased fivefold with multiple VCs. The qualitative analysis of the microwave power, and quantitative analysis for frequency were also estimated in the simulation, and findings are given in the Supplementary Materials Figures S1 and S2.




3.3. Estimation of the Emission Mode with Single and Multiple-VCs


The electric vector field (VEF) and magnetic vector field (VMF) profiles were used to determine the HPM emission mode with a single VC and multiple VCs. The intensity and direction of the vector fields observed in the simulation are depicted in Figure 6. Three-dimensional PICSC was used to obtain vector field profiles at the waveguide end. Figure 6a–c depicts the VEF profiles, while (d–f) depicts the VMF profiles. The arrow length indicates the intensity, while the arrowhead indicates the direction of the VEF and VMF. Figure 6a depicts the VEF obtained when a single VC is formed without reflectors. Figure 6b shows the VEF with two VCs when the first reflector (R-1) was installed at the optimal position of 100 mm from the anode. Figure 6c shows the VEF when three or multiple VCs are formed, and both reflectors R-1 (100 mm away from anode) and R-2 (40 mm away from R-1) were optimally positioned inside the waveguide region. Respectively, Figure 6d–f shows the VMF with a single VC, two VCs, and three or multiple VCs. Due to the axial vibration of VCs in the axial VCO, the dominant mode was found to be TM, from which particularly TM01 dominant. The proposed work’s results were found to be in agreement with earlier findings obtained through experiments and 3D PICS [38,40,42,44]. Furthermore, the emission mode of the HPM remained almost unchanged with the formation of multiple VCs with reflectors.




3.4. Output Power and Efficiency Comparison of Axial VCO with Single-VC and Multiple-VCs


Figure 7 depicts the results of the experiment. Figure 7a shows a schematic of a modified waveguide with two reflectors installed, and Figure 7b shows photographs of the waveguide before and after introducing additional insulating reflectors (R-1 and R-2) inside the waveguide downstream area. Figure 7c shows the measured average microwave real signal obtained in the experiment. It is observed that the amplitude of the HPM was significantly increased with multiple VCs when compared with a single VC. Figure 7d shows the diode voltage waveform reaching a maximum of 343 kV. Figure 7e is the diode current waveform obtained during the experiment with a maximum value of 10.52 kA. Figure 7f compares microwave power with a single VC to microwave power with multiple VCs, which is the average of five HPM pulses when both reflectors are installed in their ideal positions (R-1 at 100 mm from the anode, and R-2 is 40 mm from the first reflector). The microwave power obtained with a conventional single VC was 175 MW, which was significantly increased to a maximum of 1020 MW with multiple VCs. Figure 7g depicts the device efficiency, nearly 5%, with a single VC; however, it improved to almost 28% with multiple VCs.





4. Discussion


The VCO or vircator is a vacuum tube used to generate HPM. The formation of multiple VCs in axial VCO might be a future hope to obtain high efficiency from this device. In the simulation, up to 10 VCs were successfully formed in a recent study [39]. Even though the simulation shows progress, the devices’ complex structures remained challenging to implement in real experiments. This work gives the advantage of forming multiple VCs by a simple structure, adding two insulator reflectors downstream of the region of the waveguide. The reusing of the LE significantly decreased the loss of IREB, and also played a vital role to strengthen the interaction region [45,46].



The output power and frequency are dependent on the geometrical vircator components [2,42,47,48,49]. The amount of IREB particles (electrons) that can make it through to the waveguide region largely depends on the anode’s transparency. A higher HPM output and less electron loss at the anode are caused by higher anode transmission ratios, according to studies [50]. When the density of IREB in the interaction region increased, the output power of HPM increased and the frequency shifted [38,41].



A multistage axial VCO with multiple reflectors inside the waveguide was numerically studied recently and found to be 21% efficient [34]. Increasing the IREB density in the VC region is critical to increasing the carrier modulation frequency and power. A longitudinal magnetic field is the most traditional procedure for facilitating IREB movement in a straight direction to avoid electron loss. However, subsequent research discovered that supplying an outer external magnetic field reduces the peak power of the HPM, resulting in a decrease in device efficiency [24,51]. The simulation shows that the electrons’ phase space momentum and KE were reduced to zero in the downstream region (Figure 3), which corresponds to the positions of newly formed VCs. When the LE was reflected in the interaction region by forming multiple VCs, it increased the amplitude of the AEF and REF, as shown in Figure 4. The increased amplitude of AEF and REF leads to the enhancement of the output power of HPM, which is observed in the experiment and compared with conventional VCO (Figure 7). Reducing the LE loss without applying a magnetic field in this study might be useful and there is future hope to design high-efficiency VCOs.




5. Conclusions


The VCO is an excellent device for generating HPM. For decades, improving the vircator’s efficiency has been a difficult task. The primary causes of low efficiency are IREB loss and a lack of interrelationships between IREB and microwaves. In this case, forming multiple virtual cathodes could help overcome these constraints. By forming multiple VCs, we could confine the LE in the interaction region [41]. In this work, we examined the characteristics and boundaries of multiple VCs, the KE particle of IREB, the formation time of each VC, and their influence on the electric field and emission mode of HPM. The results indicate that multiple VCs do not influence traditional VCs’ position and formation time. The formation time and position depending on the position of the reflectors. The multiple VCs greatly influenced the amplitude of AEF and REF. Multiple VCs increased the AEF by 25.5 times and REF by 18 times compared to a single VC. Furthermore, the HPM emission mode with single and multiple VCs was noticed as TM01 and remained unchanged. The experiments also demonstrate that multiple VCs massively increase the microwave output power and improves the device efficiency from 5% to 28%. The findings suggested that forming multiple VCs could be a future hope for achieving high VCO efficiency.
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Figure 1. The axial vircator is depicted schematically with single and multiple VCs. (a) The conventional axial vircator, when a single VC fails to confine all the beam electrons and electrons propagate to the downstream region indicated by LE. There were few or no beam-wave interactions in the downstream region, and the microwave remained unchanged. (b) On the other hand, multiple VCs in the downstream region positively influenced the microwave when it interacted with the charge of multiple VCs in the downstream region, and an amplified power of the microwave was extracted. Furthermore, no axial LE was discovered following the formation of multiple VCs. 
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Figure 2. (a) Photographs of the “Chundoong” pulsed high-power microwave generator. This device is divided into three major components, which are depicted separately as (b) the Marx bank for generating high voltage pulses, (c) the pulse forming line, and (d) the vacuum diode region. 
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Figure 3. The behavior of IREB particles in real schematic space. (a) A traditional axial VCO structure devoid of reflectors, (b,c) shows the device after IREB emission at 2 and 35 ns simulation times, respectively. (d) The device structure with two reflectors, and (e,f) show the IREB behavior in the modified VCO structure at 2 ns and 35 ns simulation times. 
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Figure 4. The simulation results, where (a,b) show the IREB particle KE with a single VC and multiple VCs, respectively. The position of VC is where the KE of electrons drops to zero. Multiple VCs exhibit no axial loss of electrons in the form of LE. The (c,d) show the formation time of the traditional (VC-1), which is 1.41 ns, and the second VC-2 by adding and changing the position of the first reflector R-1, and the formation time of VC-3 by adding and changing the position of the second reflector R-2, respectively. The results show that the position of multiple VCs highly depends on the position of reflectors. 
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Figure 5. The effect of multiple VCs on the electric field, where (a,b) indicates the amplitude of the AEF and REF by changing the position of R-1 and forming VC-2. Similarly, (c,d) shows the maximum amplitude of AEF and REF with three or multiple VCs by changing the position of R-2. 
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Figure 6. The vector field profiles were obtained at the waveguide end by using 3D PICSC. The (a–c) shows the VEF and (d–f) shows the VMF profiles with a single VC, two VCs, and three or multiple VCs, without reflectors, with one reflector, and with two reflectors, respectively. The dominant mode was found to be TM01 and remained almost unchanged with multiple VCs’ formations. 
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Figure 7. The experimental results and comparison of single and multiple VCs. (a) The experimental arrangement with two reflectors. (b) Photographs of the waveguide without and with reflectors inside. (b) The real microwave signal with single VC and with multiple VCs, (c) diode voltage with maximum of 343 kV, (d) diode current 10.52 kA, (e) microwave power, and (f) efficiency of the VCO with a single VC and with multiple VCs. 
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