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Abstract

:

The applications of terahertz (THz) devices in communication, imaging, and plasma diagnostic are limited by the lack of high-power, miniature, and low-cost THz sources. To develop high-power THz source, the high-harmonic traveling wave tube (HHTWT) is introduced, which is based on the theory that electron beam modulated by electromagnetic (EM) waves can generate high harmonic signals. The principal analysis and simulation results prove that amplifying high harmonic signal is a promising method to realize high-power THz source. For further improvement of power and bandwidth, two novel dual-beam schemes for high-power 346 GHz TWTs are proposed. The first TWT is comprised of two cascaded slow wave structures (SWSs), among which one SWS can generate a THz signal by importing a millimeter-wave signal and the other one can amplify THz signal of interest. The simulation results show that the output power exceeds 400 mW from 340 GHz to 348 GHz when the input power is 200 mW from 85 GHz to 87 GHz. The peak power of 1100 mW is predicted at 346 GHz. The second TWT is implemented by connecting a pre-amplification section to the input port of the HHTWT. The power of 600 mW is achieved from 338 GHz to 350 GHz. The 3-dB bandwidth is 16.5 GHz. In brief, two novel schemes have advantages in peak power and bandwidth, respectively. These two dual-beam integrated schemes, constituted respectively by two TWTs, also feature rugged structure, reliable performance, and low costs, and can be considered as promising high-power THz sources.
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1. Introduction


Terahertz (THz) devices are widely used in high data-rate communication systems, plasma diagnostic, hazardous material detection, medical imaging, etc. However, the development of THz technology faces some challenges, such as lack of THz sources with high power, miniaturization, and low cost. Semiconductor THz sources and vacuum electronic THz sources are two common ones. Although semiconductor THz sources can produce high-power output up to milliwatt, they are usually troubled by over-high upfront cost. As a compromise, vacuum electronic devices (VEDs) may deliver higher output power with lower cost [1,2,3,4,5,6,7]. In 2004, a kind of compact THz free electron laser device was introduced by Stuart R A, with 1 kW pulsed power from 0.3 THz to 3 THz [8]. In 2010, Khanh Nguyen developed a high-gain multi-beam traveling wave tube (TWT) whose operating frequency range varies from 200 GHz to 250 GHz [9]. In 2011, Istok proposed a series of Backward-wave oscillators (BWOs) in which the grating line is utilized as slow wave structure (SWS). These devices can deliver several milliwatts output power at 1.4 THz [10]. In 2012, Paoloni et al. presented a cascade backward-wave amplifier operating at 1 THz [11]. From 2012 to 2016, Tucek et al. discussed a series of vacuum electronic amplifiers including one 100 mW 670 GHz prototype device driven by a novel solid-state source [12], a compact, microfabricated vacuum electronic amplifier with 39.4 mW of maximum output power from 0.835 THz to 0.875 THz [13], and a 29 mW 1.03 THz vacuum electronic with 20 dB of saturated gain and 5 GHz of instantaneous bandwidth [14]. In 2018, a folded waveguide (FWG) TWT is fabricated by Armstrong et al., with over 300 mW power in 231.5–235 GHz [15]. In 2020, Pan Pan et al. proposed a G-band continuous wave TWT. Saturated power of 20 W is generated from 217 GHz to 219.4 GHz [16].



For the development of nuclear fusion energy, the understanding of a critical plasma phenomenon as transport of the plasma is necessary. The collective Thompson scattering at THz frequency has been proven to be an adequate technology to map anomalous density fluctuation of electrons in the plasma, without perturbing its plasma behavior. The optically pumped far-infrared (FIR) laser is a practical radiation source for this technology and applied in the National Spherical Torus Experiment (NSTX) [17]. However, the features of the high price, large volume, and relatively low power restrict its mapping region. To extend the dimension of the plasma diagnostic, the BWOs operating at 346 GHz can be promising devices due to low cost, large output power, easy assembly, and compact volume. C. Paoloni et al. designed a 0.4 W double corrugated waveguide (DCW) BWO and a 1 W double-staggered grating (DSG) BWO [18]. J. Feng et al. designed a Grooved Single Grating (GSG) structure for 346 GHz BWO. The GSG circuit was fabricated by UV-lithographie galvanoformung abformung (LIGA) microelectromechanical technologies [19].



It should be noted that the BWO is strict about power source because BWO requires very suitable power source to maintain frequency stable. Phase noise of THz signal generation, which caused by power supply voltage ripple, should be reduced to ensure low bit-error rate in THz communication [20]. To reduce requirement of high-performance power source and obtain pure frequency spectrum of output power, we developed a kind of THz source, named high-harmonic TWT (HHTWT) [6,21]. Based on HHTWT, one new HHTWT and two novel types of THz sources operating at 346 GHz are proposed in this paper to improve the output power. The HHTWT can generate the THz band electromagnetic (EM) wave by amplifying the E-band signal. Compared with conventional THz signal sources, the application of high-power E-band signal source in HHTWT can input considerable signal into SWS. It can avoid input signal being interfered with and even drown out noise, which is caused by electron gun and discordance of SWS fabrication.



One of the novel THz sources, named cascaded enhanced HHTWT (CE-HHTWT), outputs the THz power by amplifying the signal, which is generated by HHTWT. The other one, named Pre-amplified HHTWT (PA-HHTWT), amplifies the THz band EM wave by inputting a relatively high power of fundamental wave into HHTWT.



This paper is organized as follows: HHTWT and two novel types of THz sources are introduced in Section 2, Section 3, and Section 4. Each section contains the operating principle, SWS design methodology, and simulation results. The analysis and design works are accomplished by CST particle studio. Section 5 is a summary of this paper.




2. HHTWT


2.1. Operating Principle of HHTWT


A HHTWT operating at 346 GHz is introduced firstly, which utilizes FWG as SWS. FWG is a promising type of SWS with wide bandwidth and high power. Compared with other conventional SWSs such as helix, FWG is of easy fabrication and assembling. Within it, the wave transmission path can be folded back upon itself multiple times, with a beam tunnel passing through its center. Energy exchange is achieved by synchronizing both the longitudinal energy flow speed and the electron beam velocity.



The schematic of the HHTWT SWS is shown in Figure 1. Port 1 and 4 are input and output ports, respectively. Attenuators are applied to match two severed ports (Port 2 and 3). The electron beam is sent from the electron gun into the tunnel. The SWS consists of three sections: Modulation section, drift tube, and radiation section. The modulation section operates at E band. The radiation section operates at THz band, corresponding to the fourth harmonic of input signal. There is also a drift tube between the modulation section and radiation section, where the EM wave is cutoff and only electron beam can pass.



In the modulation section, the velocity of electron beam is modulated by the E-band input signal. When the electron beam traverses the drift tube, the velocity modulation is transformed into longitudinal density modulation. If the cutoff frequency of the radiation section is 300 GHz, the fundamental wave and lower-order harmonic waves can be cut off in the radiation section, and then only high-frequency EM waves are excited and amplified by the high-order harmonic beam current. Hence, when inputting a signal at 86.5 GHz, we can get a 346 GHz output signal.



Compared with conventional FWG TWT, HHTWT is featured by adopting two high frequency structures operating in two different bands. The power of conventional THz band FWG TWT is restricted due to the high loss. It leads to low gain and overlong SWS. Generally, the low input power of THz source could exacerbate the deleterious effects. The introduction of modulation section could modulate the electron beam efficiently. It is also instructive to mitigate the demand for a THz high-power signal source, by using a millimeter-wave high-power source.




2.2. SWS Design Methodology of HHTWT


2.2.1. SWS Design


Two sections of the HHTWT, i.e., the modulation section and the radiation section, have different operating bands. The modulation section works at E band, and the radiation section operates at THz band. The dispersion curve and interaction impedance are obtained by 3D EM simulation. For the modulation section, the phase shift at the center frequency is set to   1.41 π  , which ensures enough bandwidth. Then, interaction impedance should be set as high as possible. For the radiation section, the operating voltage should be the same with that in modulation section. The dispersion curve should also be flat to broaden bandwidth. Hence, the phase shift at the center frequency is set to   1.49 π  . Figure 2 shows the dispersion curve, associated electron beam line, and interaction impedance of the modulation and the radiation sections, respectively. The structural parameters of the HHTWT are shown in Table 1, in which a, b, h, p, and r are the width of the broad edge of the waveguide, the length of the narrow side of the waveguide, the height of the straight rectangular waveguide, the axial period length, and the radius of the electron beam channel, respectively. Between the modulation section and the radiation section, the drift tube is adopted to decrease the risk of self-oscillation and realize the transition from velocity modulation to density modulation. The length determination of two sections and drift tube are discussed later.




2.2.2. The SWS Length Determination


The following simulation results are obtained by CST Particle Studio. The operating voltage and current are set to 18.4 kV and 10 mA in Particle in Cell (PIC) simulation, respectively. With frequency increased, transmission loss caused by skin effect becomes significantly high. The surface roughness, determined by different manufacture technology, also has significant effect on the transmission loss [21,22]. The precision computer numerical control (CNC) lathe and electric discharge machining (EDM) are main and mature processing methods and widely applied in the fabrication of THz band and E-band SWS [22,23]. By referencing experimental cases in [22,23] and summarizing our engineering experience in [21], the effective conductivities of sections operating at E band and THz band are set as 3.5 × 107 S/m and 1 × 107 S/m, respectively.



Due to low input power, the length of the modulation section should be long enough to ensure deep electron beam modulation. Hence, we construct 100 periods of modulation SWS, and determine the length of modulation section depending on the bunch state of electron beam. The frequency of input signal is 86.5 GHz, and the input power is 200 mW.



The phase space of beam electron in the modulation section is shown in Figure 3. It shows the amplification process is at linear state before 38 mm. Hence, the length of modulation section is set as 38 mm.



In order to determine the length of the drift tube, a series of current monitors are placed every other millimeter on the drift tube. Figure 4 plots the Fourier transform of the electron current signal at the end of the drift tube. Fundamental component and other three high harmonic components are also shown in it. However, only the fourth harmonic wave can be excited and amplified because the fundamental wave and other lower-order harmonic waves are cut off in the radiation section. In general, the length of the drift tube is controlled at the position where the fourth harmonic current is the largest. Figure 5 depicts the relative amplitude of the fourth harmonic current curve versus the length of the drift tube. The length of the drift tube is determined as 12 mm. Figure 6 shows the phase space graph of the electron beam at the end of the drift tube. It depicts that the electron beam is modulated by EM wave and stay in the linear state. The energy is still stored in the electron beam.



The length of the radiation section is chosen where output power reaches saturation point. Figure 7 shows the power versus the length of the HHTWT at 346 GHz. Hence, the length of the radiation section is 34 mm. The phase space graph of electron beam at the end of radiation section is shown as Figure 8.



Figure 8 shows the fourth harmonic is excited. Compared with Figure 6, the velocity of central cluster decreased significantly in Figure 8. It means the electron beam transfers a lot of energy to the EM wave, during the beam wave interaction in the radiation section. For convenience of reference, the parameters of HHTWT are summarized in Table 2.





2.3. The Simulation Results


The output power of the HHTWT is shown in Figure 9. It can deliver about 300 mW at 346 GHz. As illustrated in Figure 10, the spectrum of the output power is concentrated at 346 GHz. Figure 11 plots the output power from 340 to 348 GHz. When 200-mW signal is input from 85 to 87 GHz, over 100-mW power can be delivered with the 8-GHz bandwidth.





3. Cascaded Enhanced HHTWT


3.1. Operating Principle of CE-HHTWT


In order to amplify the power of HHTWT, a novel structure is proposed on the basis of HHTWT, named cascaded enhanced HHTWT. It is featured by introduction of another electron beam that forms dual-beam THz band CE-HHTWT.



CE-HHTWT is demonstrated in Figure 12. Connecting an amplification section to the output port of the HHTWT forms dual-beam THz band CE-HHTWT. The THz signal enters the amplification section from the radiation section. Beam-wave interaction occurs between a new electron beam and input signal of amplification section. Compared with the HHTWT, the efficiency and the output power of dual-beam CE-HHTWT is improved.




3.2. SWS Design Methodology of CE-HHTWT


As shown in Figure 12, the amplification section operates at THz band. To simplify design and fabrication, the amplification utilizes the radiation section with the same structural parameters as SWS does. The parameters of two electron beams in CE-HHTWT are the same with those in HHTWT.



The length of the amplification section is chosen where the output power reaches saturation point. Figure 13 shows the power curve versus the length of the amplification section at 346 GHz. Hence, the length of the amplification section is 34 mm. The parameters of CE-HHTWT are summarized in Table 3.




3.3. The Simulation Results


The output power of the CE-HHTWT is shown in Figure 14. The input signal is 200 mW at 86.5 GHz. Furthermore, a signal of 1100 mW is obtained at 346 GHz.



Figure 15 is the Fourier transform of signal at end of the amplification section. The spectrum of the output signal is concentrated at the frequency of 346 GHz.



Figure 16 shows the gain property and bandwidth property of CE-HHTWT. At 346 GHz, the output power is saturated when the input power is 200 mW. Figure 16b shows that more than 400 mW output power could be achieved from 340 to 348 GHz. The maximum power is 1100 mW at 346 GHz. The 3-dB bandwidth of CE-HHTWT is 5 GHz.





4. Pre-Amplified HHTWT


4.1. Operating Principle of PA-HHTWT


The PA-HHTWT is presented in Figure 17. A pre-amplification section is connected to the input port of a HHTWT, which constitute the other new TWT. Fundamental signal is amplified by an electron beam firstly. Then, as an input signal, the amplified fundamental signal interacts with a new electron beam to generate the THz signal in the HHTWT.



In comparison with HHTWT and PA-HHTWT, the electron beam is deeply modulated. Hence, it can improve the output power.




4.2. SWS Design Methodology of PA-HHTWT


For the PA-HHTWT, the pre-amplification section plays a role in amplifying the fundamental wave to several-watts level. The pre-amplification section utilizes the same structural parameters with modulation section. The length of pre-amplification section is set as 51 mm. The power versus axial length curve and the output signal are shown in Figure 18 and Figure 19, respectively. The input power is set at 200 mW and then 4.5-W output power is obtained.



The length of the modulation section is chosen to make the energy modulate the beam as deeply as possible, rather than amplify the EM wave. Figure 20 depicts the input and output signal of the modulation section at 86.5 GHz. When the length of the modulation section is 20.48 mm, the output power is barely higher than the input power, because the energy of electron beam is almost not changed within the modulation process. The behavior mentioned above is also validated in Figure 21. The electron beam is modulated more deeply than HHTWT and CE-HHTWT. Meanwhile, there is no obvious nonlinear characteristic.



The method to determine the length of the drift tube and the radiation section is similar to that in the HHTWT and CE-HHTWT. Eventually, the length of the drift tube and the radiation section are chosen at 4 mm and 10.2 mm, respectively. For convenience, the parameters of PA-HHTWT are shown in Table 4.




4.3. The Simulation Results


The output power of PA-HHTWT at 346 GHz is shown in Figure 22. The output power is 970 mW. The spectrum of output signal is shown in Figure 23.



Figure 24a demonstrates the gain property of PA-HHTWT. The 200-mW input power can drive the device to saturated state. The output power of PA-HHTWT is over 600 mW in 338–350 GHz with 200-mW driven power from 84.5 GHz to 87.5 GHz, as shown in Figure 24b. The 3-dB bandwidth of PA-HHTWT is 16.5 GHz.





5. Conclusions


To develop high-power THz sources, HHTWT operating at 346 GHz is introduced and analyzed in this paper. It can output THz signal by amplifying the fourth harmonic component of E-band RF signal. The simulation results demonstrate that amplifying the fourth harmonic signal is a promising way to obtain high-power THz signal. Furthermore, two power-enhanced schemes, CE-HHTWT and PA-HHTWT, are proposed in this paper. CE-HHTWT yields the THz power by amplifying the signal generated by HHTWT. PA-HHTWT amplifies THz band EM wave by importing high power-level fundamental wave into HHTWT. The operating principle and design methodology of two schemes are also described in this paper, including high frequency characteristics and length determination of each sections. To validate working principle which relies upon Pierce’s linear theory, the simulation results are predicted by CST. Driven by two 18.4 kV,10 mW electron beams, CE-HHTWT can generate over 400 mW power in 340–348 GHz by inputting signal of 200 mW from 85 GHz to 87 GHz. The peak power is 1100 mW at 346 GHz. The output power of PA-HHTWT is over 600 mW in 338–350 GHz. The 3 dB bandwidth reaches 16.5 GHz. The simulation results show that CE-HHTWT and PA-HHTWT have advantages in peak power and wide bandwidth, respectively. Compared with conventional THz sources driven by high-power solid-state power amplifier, these two schemes, both constituted by two TWTs, have superiorities in structural strength and costs.



In future study, CE-HHTWT and PA-HHTWT SWSs can be fabricated by using high-precision CNC milling. Periodic permanent magnet (PPM) and dual-beam electron gun will be adopted in electron optical system. To validate the feasibility of design, the insertion loss, output power, bandwidth, and phase noise characters will be tested. Thus, the schemes of CE-HHTWT and PA-HHTWT are hopeful approaches to realize practical high-power THz sources for plasma diagnostic, communication, and radar.
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Figure 1. The slow wave structure (SWS) of high-harmonic traveling wave tube (HHTWT). 
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Figure 2. High frequency characteristics of the modulation and the radiation section. (a) The modulation section; (b) the radiation section. 
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Figure 3. The phase space graph of the electron beam in the modulation section. 
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Figure 4. The Fourier transform of the electronic current signal. 
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Figure 5. The graph of amplitude of the fourth harmonic. 
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Figure 6. The phase space graph of electron beam at the end of drift tube. 
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Figure 7. Power curve of the HHTWT at 346 GHz. 
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Figure 8. The phase space graph of the electron beam at the end of the radiation section. 
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Figure 9. The output signal of the HHTWT at 346 GHz. 
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Figure 10. The Fourier transform of output signal at 346 GHz. 
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Figure 11. Output power of HHTWT. 
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Figure 12. The SWS of the dual-beam CE-HHTWT. 
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Figure 13. Power curve of the amplification section. 
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Figure 14. The output signal of the CE-HHTWT at 346 GHz. 






Figure 14. The output signal of the CE-HHTWT at 346 GHz.



[image: Electronics 10 00195 g014]







[image: Electronics 10 00195 g015 550] 





Figure 15. The Fourier transform of output signal. 
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Figure 16. Gain property (a) and bandwidth property (b) of CE-HHTWT. 
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Figure 17. The SWS of dual beam PA-HHTWT. 
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Figure 18. Power curve of the pre-amplification section. 
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Figure 19. Output signal of pre-amplification section. 
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Figure 20. Input (red) and output (black) power of the modulation section at 86.5 GHz. 
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Figure 21. The phase space graph of electron beam in modulation section of PA-HHTWT. 
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Figure 22. The output signal of the PA-HHTWT at 346 GHz. 
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Figure 23. The Fourier transform of output signal. 






Figure 23. The Fourier transform of output signal.
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Figure 24. Gain property (a) and bandwidth property (b) of PA-HHTWT. 
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Table 1. Structural parameters of the HHTWT.






Table 1. Structural parameters of the HHTWT.





	Parameters
	Modulation Section
	Radiation Section
	Drift Tube





	a
	2 mm
	0.5 mm
	/



	b
	0.32 mm
	0.085 mm
	/



	p
	0.64 mm
	0.17 mm
	/



	h
	0.51 mm
	0.2 mm
	/



	r
	0.08 mm
	0.08 mm
	0.08 mm
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Table 2. Parameters of the HHTWT.






Table 2. Parameters of the HHTWT.





	Parameters
	Values





	Beam voltage
	18.4 kV



	Beam current
	10 mA



	Beam radius
	0.04 mm



	Length of modulation section
	38 mm



	Length of drift tube
	12 mm



	Length of radiation section
	34 mm
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Table 3. Parameters of the CE-HHTWT.






Table 3. Parameters of the CE-HHTWT.





	Parameters
	Values





	Beam voltage of beam 1 and 2
	18.4 kV



	Beam current of beam 1 and 2
	10 mA



	Beam radius
	0.04 mm



	Length of modulation section
	38 mm



	Length of drift tube
	12 mm



	Length of radiation section
	34 mm



	Length of amplification section
	34 mm
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Table 4. Parameters of the PA-HHTWT.






Table 4. Parameters of the PA-HHTWT.





	Parameters
	Values





	Beam voltage of beam 1 and 2
	18.4 kV



	Beam current of beam 1 and 2
	10 mA



	Beam radius
	0.04 mm



	Length of pre-amplification section
	51 mm



	Length of modulation section
	20.5 mm



	Length of drift tube
	4 mm



	Length of radiation section
	10.2 mm
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