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Abstract

:

In this paper, the results of the microfabrication, characterization, and cold-test study of the previously proposed truncated sine-waveguide interaction structure with wideband-matched output couplers for the millimeter-band backward-wave oscillator (BWO) driven by a high-current-density sheet electron beam are presented. Computer-numerical-control (CNC) micromilling was used to fabricate the designed interaction structure. The first sample was microfabricated from an aluminum alloy to test the milling process. The final sample was made from oxygen-free copper. Scanning electron microscopy (SEM) and optical microscopy were used to investigate the morphology of the microfabricated samples, and stylus profilometry was used to estimate the level of the surface roughness. Cold S-parameters were measured in Q- and V-bands (40–70 GHz), using a vector network analyzer (VNA). Using the experimentally measured phase data of the transmitted signal, the dispersion of the fabricated interaction structure was evaluated. The experimentally measured dispersion characteristic is in good agreement with the numerically calculated.
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1. Introduction


Millimeter-band radiation sources have recently received a lot of attention due to prospective uses in various fields, such as security and counter-terrorism (remote non-destructive monitoring), ultra-high-speed information and communication systems, radio astronomy, spectroscopy, and medicine [1,2,3]. The primary sources of high-power coherent wideband millimeter-wave radiation today are still vacuum electronic devices (VEDs). Among major components of a VED, a high-frequency electromagnetic structure is very important to provide a strong interaction between an electromagnetic wave and an electron beam. As operating wavelength shifts towards the millimeter and submillimeter bands, the size of a VED reduces accordingly. Usually, VEDs operating at such frequency bands require structures with a typical size of the order of a hundred microns, tolerance of a few microns, and surface roughness of the order of a hundred nanometers. Therefore, technology development for high-precision microfabrication is of primary importance.



The backward-wave oscillator (BWO) is one of the most widespread VED sources operating at frequencies up to 1 THz [1,4]. Its operation principle can be explained as follows [5]. An electron beam emitted from the cathode accelerated by a DC voltage V0 passes through a periodic slow-wave structure (SWS), as is shown in Figure 1a. In Figure 1b, the dispersion diagram is presented. The dispersion characteristic   ω = ω  β    of the SWS is periodic with period   2  π / p   , where  p  is period of the SWS. In Figure 1b the electron beam dispersion   ω =  v 0  β   is also plotted, where    v 0    is the beam translational velocity. Intense beam-wave interaction takes place at the frequency of synchronism where phase velocity    v  p h     is equal to the beam velocity, i.e.,      ω 0   /   β 0    =  v 0   . For BWO, the synchronism is attained with the backward spatial harmonic for which the group velocity    v g  =   d ω  /  d β     is negative. Thus, the direction of    v  p h     coincides with the beam direction, while the group velocity (and the power transfer) is directed in the opposite direction. Interacting with the wave, the electrons give part of their energy to the wave. This energy is transferred by the wave to the tube output, providing internal feedback, which causes self-excitation. Typically, the BWO is used as a self-excited oscillator. Its main advantage is the capability of broadband frequency tuning by the dc beam voltage, since the radiation frequency is close to the synchronism frequency    ω 0   , see Figure 1b.



The electron beam current is another essential factor that determines the radiation power. Therefore, hollow-cathode electron beam sources based on a pseudospark (PS) discharge have attracted strong interest. PS discharge [6] discovered and developed as an electron beam source in 1977–1978 by Christiansen and Schultheiss (University of Erlangen, Erlangen, Germany) have been used for various important applications [6,7,8,9,10], such as pulsed power switching, extreme-ultraviolet radiation sources, micro-thrusters, material processing, and high-quality electron and ion beam generation for microwave and millimeter-wave sources. There are several advantages to adopt a pseudospark discharge for electron beam formation [7,11]. First, it provides a much higher beam current density as compared to the conventional thermionic cathodes (>108 A/m2). Ion-channel formation allows electron beam propagation in the absence of an external guiding magnetic field, which results in portability and weight reduction. In addition, the pseudospark electron source offers room-temperature operation, instant start-up, and relatively low vacuum requirements.



In [12,13], we presented results of the development, optimization, and experimental investigation of the PS-based hollow-cathode electron source for a millimeter-band BWO. The source produces a 1.25 mm × 0.25 mm rectangular sheet beam with 50–90 A current and 10–30 kV beam voltage. Using the sheet electron beam with a high aspect ratio is a promising strategy for increasing output power due to its enlarged beam cross-sectional area and reduced space charge effect [14].



In [15], we designed and simulated a truncated sine-waveguide (TSW) SWS for this device. Hot-test operation of the BWO was simulated by a 3D particle-in-cell code and 20–70-kW output power and tuning within a 44–54 GHz frequency band was obtained [15]. Using this BWO, we plan to develop a portable, high-power, and voltage-tunable radiation source for non-destructive evaluation applications.



In this article, we present the results of the microfabrication and experimental study of the previously proposed interaction structure. This paper is organized as follows. The design, microfabrication, and results of morphological studies of the TSW SWS are presented in Section 2. The differences in dimensions between microfabricated interaction structure and its numerical model are examined. The modification of the numerical model in order to match the experimentally measured dimensions is illustrated. Cold-test measurements and its comparison with numerically obtained results are presented in Section 3. Conclusions are made in Section 4.




2. Design, Fabrication, and Morphology Studies


Performance of a BWO is influenced by the SWS [5]. The sinusoidally-corrugated waveguide SWS is one of the most promising for operation in millimeter and terahertz band because it has good transmission performance, reduced ohmic loss, and excellent heat-dissipation properties due to its all-metal structure. To further improve the interaction impedance, a TSW SWS was proposed [16]. The TSW SWS is convenient for use with a sheet electron beam because there is no need for machining a small-size beam tunnel [17]. Figure 2 illustrates the design of the TSW SWS circuit proposed in [15]. A 10-pitch regular TSW section, two 12-pitch tapered sections with a gradual reduction in corrugation depth, WR-15 rectangular waveguide sections, and input/output ports in the form of the UG-385/U flange comprise the design. The tapered 12-pitch sections are utilized to reduce reflections and offer a wideband-matched transition to a WR-15 rectangular waveguide. The dimensions of the interaction structure are the following [15]: Waveguide width a = 3.6 mm, waveguide height b = 1.8 mm, corrugation depth hc = 1.435 mm, period d = 1.4 mm, and beam tunnel height ht = 0.55 mm. The sine waveguide is a waveguide having sinusoidally corrugated E-planes, the profiles of which in the H-plane are determined by the formula below (see Figure 2b) [15,16,17,18,19]:


  f  z  = ±  b 2  +    h c  −   b −  h t   2    sin     2 π z  d    .  



(1)







Thus, the only difference from a regular sine waveguide is the truncation of the SWS surface near the beam tunnel, which causes field amplification and increases the interaction impedance [16,17,18].



The basic design principle of the SWS is the following. The waveguide width a primarily determines the operating frequency since the lower cut-off is the same as of the TE01-mode in a rectangular waveguide,    ω c  =   π c  / a   . The SWS period is determined by the operating voltage. For example, if the beam-wave synchronism should be attained with the fundamental backward harmonic in the center of passband, then    β 0  =  π /    2 d       and   d =   π  v 0   /    2  ω 0       , see Figure 1b. The corrugation depth hc influences the bandwidth of the SWS. Increase of the corrugation depth causes an increase in the slow-down factor and a decrease in the bandwidth. Actually, hc is mainly determined by the dimension of mills used for microfabrication.



The proposed interaction structure was fabricated by using CNC micromilling. The DMC 635 V Ecoline (DMG MORI, Nakamura-ku, Nagoya, Japan/Bielefeld, Germany), a 3-axis CNC vertical machining center, was chosen because of its positioning accuracy in the XYZ axes, which is no worse than 6 microns. In order to microfabricate the central part of the SWS, the mills with diameter from 500 down to 300 microns were selected (JJTOOLS Co., Ltd., Seoul, Korea).



The first sample of the SWS was made from the aluminum–magnesium alloy (A 95546/A 95556) to verify and tune the micromilling process [20]. The final sample of the interaction structure was made from the oxygen-free copper. Photos of the fabricated samples are shown in Figure 3. The upper plate served as a cover, while the circuit was solely engraved on the lower plate. While the corrugation section of the final structure was formed using mills with a diameter of 300 micron, the beam channel was made using mills with a diameter of 500 micron. Mills with a diameter of 500 microns were also used to fabricate the straight waveguide segments.



In order to verify the dimensions and surface roughness of the fabricated samples, we used optical inspection microscopy (MX51, Olympus, Tokyo, Japan), scanning electron microscopy (Mira II microscope, Tescan, Brno, Czech Republic), and surface profilometry (Dektak 150, Veeco Inc., Plainview, NY, USA).



The findings of the morphological studies of the interaction structure fabricated of oxygen-free copper are presented in Figure 4. The results of the analysis of the morphological studies by scanning electron and optical microscopy are summarized in Table 1. The dimensions of the fabricated interaction structure are in good agreement with the numerical model except for the corrugation depth and corrugation curvature. This is mainly due to the used mills with a certain diameter of 300 μm. This problem is typical for fabrication of sine-waveguide SWS by micromachining [21].



Figure 5 illustrates the outcomes of the surface roughness investigations. It shows that the surface roughness (root mean square) value is less than 102 nm.



The results of the morphological study demonstrate that the corrugation profile in the microfabricated interaction structure slightly differs from the design. As a result, the previously indicated shape f(z) (1) does not exactly match the corrugation profile. It actually has a form that is comprised of two almost straight lines and a semicircle with an empirically determined corrugation diameter that is nearly equal to the diameter of the mills used. Therefore, the numerical model was modified to match the experimentally measured dimensions. The transformation of the corrugation profile is illustrated in Figure 6. The corrugation depth hc in the microfabricated interaction structure is clearly reduced (see Figure 6, where δ indicates the difference between the corrugation depth in the original numerical model and in the microfabricated sample). As a result, we apply the numerical model with a modified corrugation profile to verify the electromagnetic parameters acquired from the experimental measurements.




3. Cold-Test Studies


The cold-test measurements of the copper-made interaction structure were carried out with the help of an experimental setup (see Figure 7a) based on the vector network analyzer (PNA N5227A, Keysight Technologies, Santa Rosa, USA). In order to connect the interaction structure to the VNA, waveguide to coax adapters (PTC-15VF-01, Ducommun, Santa Ana, USA) and coax cables were used (SC-185-MF-24, Maury Microwave, Ontario, USA). Prior to the experiments, a complete two-port TRL type calibration procedure was performed, utilizing a mechanical calibration kit on waveguide end adapters (V11644A, Keysight Technologies, Santa Rosa, USA). Figure 7b shows the results of the S-parameter cold-test measurement along with a comparison with the results of numerical simulation by using CST Studio Suite. In the numerical model, the material of the circuit is set to copper with an effective conductivity of 2.0 × 107 S/m, taking into consideration the influence of surface roughness. The reflection loss was found to be no worse than 10 dB, whereas the transmission loss ranged from 4 to 6 dB. Fabrication tolerance, local copper surface oxidations, and less-than-ideal connections between measuring flanges and the fabricated structure are all factors that contribute to the minor differences between measurement and simulation. There were no significant associations between small deviations in measurement and simulation data.



In the next step, we retrieved dispersion of the fabricated structure using measured phase data of the transmitted signal. The method of reconstruction is illustrated in Figure 8 (see also [22,23]). First, we plot the dependency of the phase of the transmitted signal versus frequency. Then, we select all the frequency points where we observe the phase jumps from −π to π. The first point of the phase jump has a phase shift on the dispersion plot that is equal to 2π. The phase shift of the second point of the phase jump is 2π − Δ, where   Δ = 2 π / M  , M is the number of the pitches of the interaction structure. The number of pitches in the fabricated structure is 34, which is the sum of the 10 regular pitches and 2 × 12 tapered pitches (see Figure 2a). Consequently, the phase shift of the third point of the phase jump will be 2π – 2 × Δ and accordingly 2π − (n − 1) × Δ for the n-th point. A comparison of the dispersion characteristic retrieved from the experimental data and from the numerical simulation is presented in Figure 9. Table 2 also includes a comprehensive comparison of the dispersion parameters derived from numerical simulations and determined from experimental findings. The differences between experimentally acquired and numerically derived data are calculated as well. The difference was revealed to be less than 0.9%. The last demonstrates the good agreement between experimental observations and numerical modeling.



In addition, the dispersion characteristic for the initial design [15] is plotted in Figure 9; it shows a significant difference with the experimental. In particular, the high-frequency cut-off is ~5 GHz less, which is attributed to deeper corrugation (see Figure 6).




4. Conclusions


The TSW interaction structure for a high-power V-band sheet-beam BWO proposed in [15] was successfully fabricated by CNC micromachining. Morphological studies of the lateral dimensions demonstrated good agreement with the numerical model except for the corrugation depth. The primary reason behind this is the following: the applied mills, namely their diameter, limit the actual acquired resolution of the microfabricated structure, regardless of the fact that the command resolution of the utilized CNC micromilling machine itself is up to 1 μm. The diameter of the employed mills was aptly illustrated (see Figure 5) to be higher than the corrugation curvature in the numerical model. As a result of the constraints of the cutting tools currently in use, the corrugation profile of the interaction structure cannot be microfabricated as the perfect sine. This problem is typical for fabrication of sine-waveguide SWS by micromachining [21]. Therefore, we adjusted the numerical model of the interaction structure in order to match the experimentally measured dimensions. According to measurements of surface roughness, the root mean square value of the roughness is less than 102 nm, which is less than the copper skin depth at V-band frequencies. The cold-test measurement of electromagnetic parameters of the SWS indicates a strong agreement with the numerical simulations. The reflection loss was found to be no worse than 10 dB, whereas the transmission loss varied from 4 to 6 dB. Minor discrepancies between measurement and simulation are caused by fabrication tolerance, local copper surface oxidations, and less-than-ideal connections between measuring flanges and the fabricated structure. Furthermore, the measured data were used to reconstruct the dispersion of the fabricated interaction structure. The experimental results are in good agreement with the numerical simulation.
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Figure 1. Schematic of the proposed BWO (a) and dispersion diagram (b) illustrating beam-wave synchronism. 
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Figure 2. Schematic drawing of the proposed interaction structure: (a) view of the full-scale circuit; (b) an enlarged view of a single period in the regular 10-pitch section. 
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Figure 3. Photos of the fabricated by CNC micromilling samples of the proposed interaction structure: (a) an aluminum-made interaction structure; (b) the final sample of the interaction structure made from oxygen-free copper. 
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Figure 4. Results of the morphology studies: (a) SEM image of the central part of the final sample of the interaction structure; (b) image from the optical inspection microscope of the central part of the fabricated interaction structure. 
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Figure 5. Results of the surface roughness studies of the final sample. 
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Figure 6. An illustration showing how the initial corrugation profile (in blue) changed throughout the micromilling fabrication process. The red color indicates the corrugation profile that has been adjusted following the micromilling operation. A dashed green line represents a simplified version of the corrugation profile, which includes the hemicircle and straight lines. Δ indicates the difference between the corrugation depth in the original numerical model and the corrugation depth in the microfabricated sample of the interaction structure. 
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Figure 7. (a) A photo of the experimental equipment used for cold-test measurements. The numbers denote: 1—Copper-made full-length interaction structure, 2—Coax-to-waveguide adapters, 3—Coaxial cables, 4—vector network analyzer; (b) a comparison of the experimental data (blue) and numerical simulation (red): the solid lines represent the reflection losses, while the dashed lines denote the transmission losses. 
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Figure 8. Illustration of the reconstruction of the dispersion characteristic from the experimentally measured phase data. 
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Figure 9. Comparison of the experimentally measured dispersion characteristic with the numerically simulated for the initial model and the model with modified corrugation profile. 
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Table 1. Dimensional comparison between the original numerical model and the microfabricated sample.






Table 1. Dimensional comparison between the original numerical model and the microfabricated sample.





	Name
	Numerical Model
	Microfabricated Structure





	Beam tunnel height, ht (μm)
	550
	553.49 ± 6.06



	Corrugation depth, hc (μm)
	1435
	1259.6 ± 12.14



	Corrugation curvature (μm)
	is determined by the f(z)
	319.13 ± 8.65



	Period, d (μm)
	1400
	1402.38 ± 3.63
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Table 2. A comparison of the dispersion characteristics obtained from the numerical simulations and reconstructed from the experimental measurements.
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	Point

Number
	Phase Shift (Rad)
	Frequency (GHz)

Simulation Data
	Frequency (GHz)

Experimental Data
	Difference, %





	1
	6.283
	41.724
	41.425
	0.72



	2
	6.098
	42.028
	41.819
	0.50



	3
	5.914
	42.537
	42.419
	0.28



	4
	5.729
	43.222
	43.206
	0.04



	5
	5.544
	44.087
	44.163
	−0.17



	6
	5.359
	45.132
	45.288
	−0.34



	7
	5.174
	46.310
	46.563
	−0.55



	8
	4.990
	47.650
	47.988
	−0.71



	9
	4.805
	49.100
	49.488
	−0.79



	10
	4.620
	50.674
	51.119
	−0.88



	11
	4.435
	52.323
	52.786
	−0.89



	12
	4.250
	54.057
	54.541
	−0.89



	13
	4.066
	55.869
	56.356
	−0.87



	14
	3.881
	57.701
	58.215
	−0.89



	15
	3.696
	59.594
	60.081
	−0.82



	16
	3.511
	61.509
	61.919
	−0.67



	17
	3.326
	63.404
	63.719
	−0.50



	18
	3.142
	65.316
	65.463
	−0.22



	19
	2.957
	67.168
	67.094
	0.11



	20
	2.772
	68.960
	68.613
	0.50



	21
	2.587
	70.677
	
	



	22
	2.402
	72.241
	
	



	23
	2.218
	73.630
	
	



	24
	2.033
	74.831
	
	



	25
	1.848
	75.756
	
	



	26
	1.663
	76.435
	
	



	27
	1.478
	76.842
	
	



	28
	1.294
	77.043
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