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Abstract

:

In this paper, we investigate a large-sized beam tunnel, G-band extended interaction klystron (EIK) with a traveling wave output structure for the development of broad bandwidth EIKs. The high-quality factor F was introduced to estimate the bandwidth characteristics of the cluster cavities, and the optimal cluster cavity structure parameters were obtained based on this factor. The simulation mode of the device was designed by the 3D particle-in-cell (PIC) commercial simulation software. Four cluster cavities with a staggered distribution of frequencies were employed to expand the bunching bandwidth, and two traveling wave modes, 2π−π/10 and 2π−2π/10, were used as the operating modes in the output structure, effectively increasing the output bandwidth. The simulation findings show that the maximum output power is 170 W, the corresponding gain is 37.5 dB, and the 3-dB bandwidth is up to 1.25 GHz. The three-hole coupling structure with a large-sized beam tunnel provides convenience for the fabrication of devices in the G-band, and our study shows a potential method for the realization of a G-band broadband EIK.
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1. Introduction


A vacuum electronic device (VED) includes oscillators [1,2,3] and amplifiers; due to the high output power and broad bandwidth [4,5,6], vacuum electronic amplifiers (VEAs) have been successfully and widely applied for the purposes of radar, satellite communications, security checks, and medical diagnoses [7,8,9]. Traveling-wave tubes (TWTs) and klystrons are the two main kinds of VEAs. TWTs have the broadest bandwidth among the VEAs, and are widely used in many fields. However, with the further increase in operating frequency, especially in the millimetre wave and terahertz bands, the power loss is dramatically enhanced, which results from a longer slow-wave structure and smaller beam tunnel in TWTs, raising the processing difficulty and cost of the device. The inherent advantage of the extended interaction klystron (EIK) is that it can simultaneously possess high output power and high gain. However, compared with TWTs, EIKs are a kind of relatively narrowband device [10,11,12,13].



After decades of development, some achievements have been made in the research of EIKs. Ka-band and G-band EIKs have been successfully produced by CPI Canada; the EIK of the Ka-band can produce 1 kW of continuous output power with the 1-dB bandwidth measured at 500 MHz [14], and the EIK of the G-band can produce 7 W of output power with the 3-dB bandwidth measured at 300 MHz [15]. An EIK designed by the United States Naval Research Laboratory is capable of producing 453 W of power with a gain of 41.6 dB in the Ka-band [16]; they have also produced a G-band EIK with a 7.5 kW power output with a bandwidth of 100 MHz [17]. A W-band EIK produced by the Beijing Vacuum Electronics Research Institute can produce a power output of 5.6 W, and the 3-dB bandwidth is 100 MHz [18].



Although the research surrounding EIKs has made great achievements, the requirement of broader bandwidths limits the further application of EIKs. The bandwidth of an EIK is determined by both the output and bunching bandwidth. Generally, the bunching bandwidth can be expanded by increasing the number of cluster cavities and staggering the tune of each cavity frequency. The output bandwidth can be improved through the adoption of a traveling-wave output circuit, overlapping mode operation, or filter loads in the output circuit [19].



In order to develop a broad bandwidth EIK, we studied a G-band broad bandwidth EIK in this paper that is based on the traveling-wave output structure. A three-hole coupling cavity structure has been proposed and used as the beam-wave interaction structure, and the unique large-sized beam tunnel reduces the difficulty of designing and fabricating an electron-optical system. Meanwhile, the large-sized beam tunnel is capable of transmitting a high operating current, which provides a sound basis for realizing a high output power device. Comparing other works [20,21], the resonant cavity of the device in this paper is of uniform periodic structure, and the thickness of the disk of the three-hole coupling cavity is greater than 0.2 mm; this makes it easier to control the precision in the machining of our structure, as well as making it easier to realize in engineering terms. The high-frequency structure consists of five cavities, and the frequency of each cavity are staggered around the center frequency. The output cavity operates in a traveling-wave mode in order to expand the output bandwidth. With this structure, we have realized a G-band EIK based on the three-coupling hole structure with a broad bandwidth of >1.2 GHz at an output power of >150 W.




2. Design and Simulation of the Beam-Wave Interaction Structure


In this section, the process of the structural design and parameter optimization of the G-band broad bandwidth EIK based on a three-hole coupling cavity structure is described by the simulation software. Figure 1 shows the schematic of the three-hole coupling cavity and disk in the simulation. The fan-shaped coupling holes are located at the edge of the disk and are evenly distributed. The angle and height of the coupling hole can be optimized to obtain an appropriate frequency, bandwidth, and effective characteristic impedance.



2.1. Cluster Cavities Design


Here, the effective characteristic impedance (R/Q)·M2 was adopted to evaluate the ability of beam-wave interaction. R/Q and M are the characteristic impedance and coupling coefficient, respectively, which are expressed as [22]:


   R Q  =     (    ∫  − ∞  ∞      E Z     d z     )  2    2 ω  W s     



(1)






  M =      ∫  − ∞  ∞    E z   e  j  β e  z    d z          ∫  − ∞  ∞      E z     d z        



(2)




where Ez is the axis electric field, and Ws and ω are the total stored energy and radian frequency, respectively. In this work, the TM01-2π mode is set as the operating mode in the cluster cavities. For the cluster cavity, where bandwidth is related to the conductance Ge [19,23], we introduce the high-quality factor F to evaluate the bandwidth characteristics of the cluster cavities, defined as [19]:


  F =  M 2  (  R Q  ) (    G e     G 0    )  G 0   



(3)







Here, Ge/G0 is the normalized beam conductance, calculated from:


     G e     G 0    =  1 8       β e     β q    [ | M (  β e  −  β q  )  | 2  − | M (  β e  +  β q  )  | 2  ]  



(4)







The direct current conductance G0 is expressed as the operating current divided by the operating voltage; the coupling coefficient M(βe − βq) of the fast space-charge wave and the coupling coefficient M(βe + βq) of the slow space-charge waves can be calculated from Equation (2). The wave constant βe and plasma reduction phase constant βq can be calculated from:


   β e  =    ω 0     u 0     



(5)






   β q  =    ω q     u 0     



(6)






   u 0  = c ·   1 −  1    ( 1 +  V  511 k V   )  2       



(7)




where ω0, ωq, u0, and c are the radian frequency, reduced plasma radian frequency, electron velocity, and speed of light, respectively. V is the operating voltage (unit: kV).



For the cluster cavities, we expected to obtain the maximum value of M2(R/Q)(Ge/G0) in order to expand the bunching bandwidth. Therefore, according to previous experience [24], the sensitive geometric parameters d, h, and θ of the cavity were analysed for the influence of M2(R/Q)(Ge/G0); here, d is the thickness of disk and h and θ are the height and angle of the coupling hole, respectively.



As shown in the Figure 2a, the value of M2(R/Q)(Ge/G0) increases and then decreases when the value of d increases, and a maximum value of 7.2 Ω is obtained when the value of d is 0.22 mm. Figure 2b shows the variation trend of M2(R/Q)(Ge/G0) with h. In general, the value of M2(R/Q)(Ge/G0) increases as h increases; however, if a large value of h is used in engineering practice, the lateral thickness of the disk will be too thin and is easily damaged. Here, the value of h was selected as 0.2 mm. In Figure 2c, when the value of θ is 50°, a maximum value M2(R/Q)(Ge/G0) of about 4.5 Ω appears.



Based on the above analysis and a fine-tuning of parameter d to optimize the frequency distribution of each cavity, the finally determined geometric parameters of each cavity are listed in the Table 1. The beam tunnel radius is 0.13 mm, and in the engineering practice, an industrial microscope was used for device alignment. Using the eigenmode simulation of the CST in combination with numerical calculation, the optimal cold cavity parameters were obtained and are listed in the Table 2. f is the cavity frequency and Q0 and Qe are the unloaded and external quality factors. In order to expand the bunching bandwidth, the frequency of the first intermediate cavity was set below the frequency of the input cavity, and the frequency difference was 550 MHz; the frequency of the second intermediate cavity was set above the frequency of the input cavity, leading to a frequency difference of 670 MHz. The frequency of the third intermediate cavity was set above the frequency of the second intermediate cavity, leading to a frequency difference of 360 MHz. The Qe of the input cavity was selected to be the smaller value of 176.




2.2. Traveling Wave Output Structure Design


In this work, the output slow-wave structure, the ten gap, operated at the traveling wave modes of 2π−π/10 and 2π−2π/10. As shown in the Figure 3a and b, the phase of the electric field changes once and twice, respectively. The parameters h and θ were optimized by using CST Microwave Studio to improve the coupling impedance and dispersion, which are essential to the slow-wave structure to evaluate the beam-wave interaction efficiency and bandwidth. Figure 4 shows the variation trend of the coupling impedance and the normalized phase velocity with different coupling hole angles and heights, indicating that when the coupling hole angle θ decreases or the coupling hole height h increases, the coupling impedance will accordingly increase. However, the dispersion curve will become increasingly steep, which is not conducive to the improvement of the bandwidth. After a comprehensive consideration, the values of h and θ were selected to be 0.2 mm and 50°, respectively. Finally, the dispersion curve of the TM01 mode and electron beam are shown in the Figure 5a; the beam voltage is slightly higher than the synchronous voltage of the two operating modes and is more beneficial to the beam-wave interaction.



The output structure set at the end of the traveling-wave output structure consists of a transitional waveguide connected to a standard waveguide. The reflection parameter S11 of the structure was calculated, as shown in the Figure 5b.





3. PIC Simulation Results


The 3D simulation model of the five cavity G-band EIK is shown in the Figure 6. The input cavity and three intermediate cavities are the resonant cavities of the five gaps, and the output structure has ten periods. Considering the power loss of the G-band in engineering practice, the material was set as oxygen-free copper with a conductivity of 2.36 × 107 S/m in the simulation [25], and the operating voltage and current were set to 15.2 kV and 0.3 A, respectively. The beam radius was 0.12 mm with a constant focusing magnetic field of 1 Tesla [24].



The electron phase-space diagram of the beam energy is shown in Figure 7a, which depicts the energy exchange process of the beam-wave interaction. The electron beam is gradually modulated by the input cavity and intermediate cavities, and then a well-modulated electron beam interacts with the high frequency field and releases energy in the output slow-wave structure. Figure 7b shows the final results of the beam-wave interaction. The output power was 170 W with an input power of 30 mW, and the corresponding gain is 37.5 dB; in the long simulation time of 50 ns, the output power is stable, the spectrum of the output signal is pure at a wide frequency range, and it is consistent with the input signal. This indicates that the system is stable and self-oscillations have not occurred.



Figure 8 shows the output power and gain versus the frequency. A maximum output power and gain appeared at the frequency of 219.2 GHz. The 3-dB bandwidth reached 1.25 GHz.




4. Conclusions


In this paper, we investigated a five cavity G-band broad bandwidth EIK with a large-sized beam tunnel based on the three-hole coupling structure. For the cluster cavities, the high-quality factor F has been introduced and analysed, and we have tuned each cavity frequency and distributed it in a stagger around the center frequency. Meanwhile, a traveling-wave slow-wave structure has been used as the output cavity to expand the output bandwidth, and the coupling hole parameters have been analysed for the influence of the coupling impedance and dispersion. Simulation results demonstrate the purity of the output signal spectrum and stability of the system. A maximum output power of 170 W was obtained with the gain of 37.5 dB, and the 3-dB bandwidth was extended to 1.25 GHz. Compare with the traveling-wave tube, the EIK with a traveling-wave output structure shows a great advantage in output power and gain, and has a shorter longitudinal length similar to the device in [26,27]. The output power of the TWTs is about 50 W, but the length of the slow-wave structure is more than 80 mm. Meanwhile, there is a great potential for the improvement of bandwidth in EIKs as demonstrated by our device, and it lays important foundations for the development of a new generation of VEAs.
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Figure 1. Schematic of the three-hole coupling cavity and disk in the simulation. 
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Figure 2. (a–c) M2(R/Q)(Ge/G0) as functions of d, h, and θ, respectively. 
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Figure 3. (a) E-field distribution of the TM01-(2π−π/10) mode. (b) E-field distribution of the TM01-(2π−2π/10) mode. 
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Figure 4. (a) The coupling impedance as a function of coupling hole angle when h is 0.2 mm. (b) The coupling impedance as a function of coupling hole height when θ is 50°. (c) The normalized phase velocity of the coupling hole with different angles when h is 0.2 mm. (d) The normalized phase velocity of the coupling hole with different heights when θ is 50°. 
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Figure 5. (a) The dispersion curve of the TM01 mode and electron beam; the frequency of the intersection is slightly lower than the frequency of the 2π−2π/10 mode. (b) The reflection parameter S11 of the traveling wave output structure; the curve of the segment near 2π−π/10 mode and 2π−2π/10 mode is less than −10 dB. 






Figure 5. (a) The dispersion curve of the TM01 mode and electron beam; the frequency of the intersection is slightly lower than the frequency of the 2π−2π/10 mode. (b) The reflection parameter S11 of the traveling wave output structure; the curve of the segment near 2π−π/10 mode and 2π−2π/10 mode is less than −10 dB.
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Figure 6. 3D PIC simulation model of the complete circuit. 
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Figure 7. (a) The phase-space diagram of the electron beam energy, where it is shown that the electron beam is well-modulated in each cavity. (b) Output power versus time. Inset: frequency spectra of the input and output signals. It is shown that the spectrum is pure, and the frequency of the output signal is exactly the same as that of the input signal. 
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Figure 8. The output power and gain versus the frequency. 
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Table 1. Geometric parameters of each cavity.
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Input Cavity

	
Intermediate Cavity 1

	
Intermediate Cavity 2

	
Intermediate Cavity 3

	
Output Structure






	
h (mm)

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
θ

	
50°

	
50°

	
50°

	
50°

	
50°




	
d (mm)

	
0.216

	
0.22

	
0.217

	
0.219

	
0.2




	
R (mm)

	
0.494

	
0.494

	
0.492

	
0.491

	
0.49




	
T (mm)

	
0.32

	
0.32

	
0.32

	
0.32

	
0.285




	
r (mm)

	
0.13
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Table 2. Cavity parameters.






Table 2. Cavity parameters.












	
	Input Cavity
	Intermediate Cavity 1
	Intermediate Cavity 2
	Intermediate Cavity 3





	f (GHz)
	219.7
	219.15
	220.37
	220.73



	Q0
	750
	421
	433
	418



	Qe
	176
	∞
	∞
	∞



	M2(R/Q)(Ge/G0) (Ω)
	2.2
	7.2
	6.9
	6.9
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