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Abstract—A backward wave oscillator (BWO) based on a 

double staggered grating (DSG) slow wave structure (SWS) is 
investigated as a high-power wideband THz source, driven by a 
sheet electron beam emitting from a pseudospark plasma cathode. 
Firstly, the DSG SWS is optimized in simulation to have a suitable 
dispersion characteristic. Then, the BWO with a wideband output 
structure consisting of a tapered section of DSG and an L-shaped 
connector is modelled under the operating voltage of 24-38 kV and 
the current density of 2-5×107A/m2 (beam current of 1.5-3.8 A). A 
maximum power of 3.9 kW is obtained, and a wide bandwidth of 
over 38 GHz (343-381 GHz) is achieved. The impact of fabricating 
errors of the SWS on the performance of the BWO is analyzed in 
simulation. The effects of the plasma in the interaction space on 
the BWO performance are also analyzed, showing that the plasma 
causes an increase in the oscillation frequency by 1.0%-1.2%. 

Index Terms—THz, backward wave oscillator (BWO), 
pseudospark cathode, sheet electron beam, wideband radiation.  

I. INTRODUCTION 
VER recent years, considerable efforts have been put into 
developing THz sources for a variety of practical 

applications such as medical imaging [1], non-destructive 
imaging for quality control [2], security screening [3], 
communications with high data rate [4], plasma diagnostics [5], 
and electron paramagnetic resonance (EPR) system [6]. Driven 
by the demand of the market, there is a fast progress on THz 
sources, including the solid-state electronic devices, vacuum 
electron devices (VEDs), quantum cascade lasers (QCLs) and 
so on [7]. Solid-state electronic sources can deliver significant 
power at lower frequencies (below 100 GHz) but not at higher 
frequencies. On the other hand, QCLs are only capable of 
generating power in the frequency range of over 1 THz. In the 
frequency band of 0.1-1 THz, only VEDs, such as gyrotrons [8], 
free electron lasers (FELs) [9], backward wave oscillators 
(BWOs) [10], are capable of providing significant power.  

Among the various VEDs, the BWO has the advantage of 
wide tunability of frequency [11]. The Russian corporation 
ISTOK have developed a series of cutting-edge BWO products, 
including some with power of 1-10 mW in the band 258-375 
GHz, and some high-frequency (1.4 THz) products with power 
of up to 2 mW [12], using multirow interdigital or digit comb 
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slow wave structure (SWS) [13]. Several types of clinotrons (a 
variant of BWO) developed by Institute of Radio Physics and 
Electronics of the National Academy of Sciences (IRE NAS) in 
Ukraine demonstrate output power of 0.01-0.1 W in the band 
272-334 GHz [14], using Lamellar grating SWS [15]. A 
combined effort by Stanford Linear Accelerator Center (SLAC), 
Beijing Vacuum Electronics Research Institute (BVERI) and 
Lancaster University is in progress to develop a double 
corrugated waveguide (DCW) BWO aiming at over 1 W 
continuous wave (CW) at 0.346 THz [16]. More recently, a 
novel folded waveguide (FWG) two-mode band-edge oscillator 
developed by BVERI delivers maximal output power of 1.51 W 
at 308.8GHz in BWO mode at a duty cycle of 65% [17]. Double 
staggered grating (DSG) SWS has also been used in the THz 
BWOs by Lancaster University [18] and the Institute of 
Electronics, Chinese Academy of Sciences [19].  Among these 
SWSs used in the BWOs, the DSG is competitive owing to 
several advantages. It can be relatively easily manufactured due 
to its 2-D planar structure[20], while fabrication of interdigital 
SWS encounters difficulties in the THz regime [21], and the 
THz DCW SWS must be manufactured using LIGA (German 
acronym for Lithography, Electroplating, and Molding) [16]. 
Also, the DSG SWS has relatively wider intrinsic frequency 
bandwidth, especially compared with the FWG. Besides, it has 
attractive features such as ease of assembly, mechanical 
robustness [19], robust thermal cooling capability, and 
capability to support a sheet electron beam [18]. Therefore, the 
DSG is an ideal SWS to be used in the THz BWOs. 

The output power of the existing THz BWOs is relatively low 
due to a limited current density associated with thin electron 
beams. Also, the availability of THz BWOs is greatly restricted 
by high cost, large size due to magnetic focusing systems and 
high vacuum requirement. Therefore, we are proposing to 
tackle these challenges by developing a low-cost and compact 
high-power DSG THz BWO driven by a high-current 
psedudospark-sourced sheet electron beam.   

The pseudospark plasma cathode has been developed in our 
groups to be used in VEDs to achieve high power THz radiation 
as compact and low-cost sources [22], due to its extraordinary 
features as follows. Firstly, the electron beam generated by 
pseudospark discharge is characterised by a very high current 
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density of the order of 108 A/m2 [23], which is much higher than 
that of conventional cathodes (usually 106 A/m2 [11]). Secondly, 
the electron beam can form an ion channel while propagating 
through the thin gas chamber, leading to self-focus and 
eliminating the necessity of the magnetic focusing system [23], 
thus reducing the size. Thirdly, the formation of the electron 
beam is based on the repeated gas discharge in the hollow 
cathode, which will greatly extend the life of the cathode. 
Furthermore, the relatively lower vacuum requirement also 
simplifies the fabrication process.  

In this paper, we have presented a wideband THz BWO 
based on a DSG SWS driven by a psedudospark-sourced sheet 
electron beam. The wide bandwidth is achieved by introducing 
a unique output structure in the proposed BWO. Meanwhile, the 
sheet electron beam is used to further increase the beam current 
density, hence achieving high power.  

II. PSEUDOSPARK ELECTRON SOURCE 
Fig. 1 shows a typical multi-gap pseudospark discharge setup 

consisting of a hollow cathode (HC) and an anode, which are 
separated by one or more insulators. The pseudospark discharge 
requires that the pressure in the HC is as low as 50–500 mTorr 
so that the discharge is at the left-hand side of the Paschen curve 
[24]. When a high-voltage pulse is applied to the HC, the 
pseudospark discharge will occur, and an electron beam with 
the current density of up to 108 A/m2 will be extracted through 
a hollow hole on the anode. As the beam travels, its front edge 
ionizes the background gas into plasma, and the following 
electrons expel part of the plasma electrons, forming an ion-
channel, which confines the beam and eliminates the need for 
the magnetic focusing system [23]. By changing the parameters 
of the electric circuit powering the system, one can adjust the 
pulse duration of the electron beam, which is usually in the 
range of a few nanoseconds to a few hundred nanoseconds [23].  

A series of efforts have been put by our groups in developing 
VEDs driven by pseudospark-sourced electron beam to cover 
the millimetre-wave and THz bands, including a Ka-band 
Cherenkov maser [25], W-band and G-band extended 
interaction oscillators (EIOs) [26-27], and a G-band BWO [23].  

III. ANALYSIS ON DISPERSION CHARACTERISTICS  
 The SWS is a core part of the BWO, supporting the 

transmission of a slow electromagnetic wave in synchronism 
with the electron beam. In our design, the DSG SWS as shown 

in Fig. 2 is used [28]. Fig. 2 (a) shows the overall structure of 
the DSG SWS that consists of two rows of staggered gratings 
facing each other, and the space surrounded by metal in a unit 
is presented. Fig. 2(b) and Fig. 2(c) show the schematic of a 
DSG unit with the dimensional parameters labelled. The model 
of the DSG SWS is built and optimized in CST microwave 
studio. We use oxygen free copper (OFC) as the building 
material due to its high conductivity and good machinability, 
modelled by a lossy metal with a conductivity of 1.17×107 S/m 
(σCu/5, σCu is the OFC conductivity at low frequencies), which 
is a reasonable estimate for the OFC conductivity in sub-THz 
range [29]. The obtained optimized dimensional parameters are 
shown in Table I.  The dispersion characteristics of the DSG 
SWS are shown in Fig. 3. The intersection between the 
dispersion curves of mode 1 and the slow space-charge wave 
denotes the synchronism between them, where oscillation 
occurs. The dispersion of the slow space-charge wave for a 32-
kV electron beam is given in Fig. 3 as an example, which 
intersects the backward wave harmonic of mode 1 at 379 GHz, 
meaning the predicted working frequency is 379 GHz. 

IV. OUTPUT SIGNAL SIMULATION 

A. Design of DSG BWO with a Wideband Output Structure 
Using the optimized DSG SWS in section III, we have 

designed the complete structure of the BWO, as shown in Fig. 
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Fig. 1.  Multi-gap pseudospark discharge setup. 
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Fig. 2.  DSG SWS in the BWO: (a) complete structure of DSG SWS; (b)-(c): 
cross-sectional/longitudinal view of a DSG unit with dimensional parameters. 
  TABLE I 

DIMENSIONAL PARAMETERS OF DSG SWS 
Parameters Value/mm Description 

w 0.54 Width 
th 0.14 Height of beam tunnel 

p 0.20 Period 
gh 0.15 Height of grating 
gt 0.09 Thickness of grating 

 
 

 
Fig. 3.  Dispersion characteristics of modes 1 and 2 in the DSG SWS with 
beam modes of a 32-kV electron beam. 
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4. The emission area of the sheet electron beam has a 
rectangular shape (0.54×0.14 mm2). The number of the units of 
SWS is optimized to 24 in simulation to obtain a stable and 
high-power signal. Fig. 4 also shows an output structure 
consisting of a tapered section of DSG and an L-shaped 
connector, which provides a smooth transition between the 
SWS and the output port, guiding the signal out with minimal 
reflection in the adjusting voltage range, so that the DSG BWO 
can work in a wide frequency band. The details of the wide-
band output structure are shown in Fig. 5.   

The tapered section of DSG is shown in the pink dashed 
rectangle in Fig. 5(a), which provides a smooth transition 
between the normal DSG SWS and the L-shaped connector. 
The grating height decreases towards L-shaped connector in an 
arithmetic sequence as follows, 

𝑔𝑔ℎ0 = 𝑔𝑔ℎ,                                        (1) 
𝑔𝑔ℎ𝑛𝑛 = 𝑔𝑔ℎ𝑛𝑛−1 − 𝑑𝑑𝑔𝑔,  (n=1-9),                     (2) 

where ghn (n=1-9) are the grating heights as shown in Fig. 5(a), 
gh is the grating height of the normal DSG, dg is the common 
difference (optimized to 0.011 mm). Also, the grooves between 
the gratings are getting shallower as they approach the 
waveguide, which are equivalent to gradually increasing 
protrusion from the groove bottom in an arithmetic sequence, 

𝑏𝑏ℎ𝑛𝑛 = 𝑛𝑛 ∙ 𝑑𝑑𝑏𝑏,  (n=1-8),                         (3) 
where bhn (n=1-8) are the heights of the protrusion from the 
bottom in the grooves as shown in Fig. 5(a), db is the common 
difference, which is optimized as 0.005 mm in simulation. 

The L-shaped connector is shown in Fig. 5(b), which is 
essentially a rectangular waveguide consisting of a straight part, 
a quarter-circle part, and another straight part. A pair of ridges 

are introduced on the top and bottom inner surfaces of the 
waveguide extending from the straight part of the waveguide 
through the quarter-circle part to the other straight part, as 
shown in the bottom subfigure of the Fig. 5(b). For each ridge, 
a pair of slopes are introduced on both ends to form a smooth 
transition. The cross-section of the ridge waveguide is shown in 
the top-left subfigure in Fig. 5(b), whose width and height are: 
w=0.54 mm (equal to the width of DSG SWS), wh=0.356 mm, 
respectively;  and the width and the height of the ridge are: 
rw=0.1 mm, rh=0.09 mm, respectively. 

This output structure between the SWS and the output port 
can effectively reduce the reflection at the output port [30], 
which is crucial for a wideband operation. The simulation 
shows that without the output structure, the BWO would be 
working in several separate narrow bands. 

B. Analysis at a Single Frequency 
The particle-in-cell (PIC) simulation for the DSG BWO is 

conducted in CST particle studio. Fig. 6 shows the simulation 
results for the 32-kV electron beam with a current density of 
3×107A/m2 (beam current of 2.27 A). The phase-space plot of 
the energy of the electrons is shown in Fig. 6(a), in which we 
can clearly observe the bunching effect during the process of 
the beam-wave interaction. Fig. 6(b) shows the port mode of the 
obtained signal at the output port, which is a TE10 mode. The 
time-domain and frequency-domain signals are shown in Fig. 
6(c) and Fig. 6(d), respectively. Fig. 6(c) shows fast build-up of 
stable oscillation. Using the amplitude for calculation, we find 
that the output power is 1.8 kW, the corresponding electronic 
efficiency being 2.5%. Fig. 6(d) shows that the signal frequency 
is 366.2 GHz, i.e., 3.4% lower than the predicted result (379 
GHz). This discrepancy is attributed to the downshift of the 
dispersion curve due to the presence of the electron beam [31].  
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Fig. 4.  Structure of the DSG BWO with a wideband output structure. 
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Fig. 5.  Wide-band output structure: (a) taper of DSG; (b) L-shaped 
connector using ridge waveguide. 
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Fig. 6.  Simulation results of the DSG BWO. (a) Phase space plot of the energy 
of the electrons; (b) port mode at the output port; (c) time-domain output 
signal; (d) frequency-domain output signal. 
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C. Study Over a Wide Band 
The DSG BWO over a range of voltage has been analyzed to 

examine its wideband operation. Also, it is necessary to study 
its performance over a range of current densities of the electron 
beam, as it could be lower than 108A/m2. Therefore, we have 
adjusted the operating voltage from 24 to 38 kV, for current 
densities of 2-5×107A/m2 (beam current of 1.5-3.8 A) in the 
simulation, and obtained the results as shown in Fig. 7.  

Fig. 7(a) shows the output power in the operating voltage 
range, which increases as the current density of the electron 
beam grows. The maximum power is 3.9 kW at 38 kV when the 
beam current density is 5×107 A/m2 (beam current of 3.8 A), 
and the minimum power is 569 W at 36 kV when the beam 
current density is 2×107A/m2. It shows that a high level of 
power is achieved in the voltage range of 24-38 kV when the 
current density is above 2×107A/m2, which is the threshold 
current density in the DSG BWO.  When the current density is 
below this threshold value, the BWO can only oscillate in a few 
discrete narrow bands.  This indicates that the pseudospark-
sourced sheet electron beam is necessary for producing such a 
high current density. It is also observed that there are two output 
power dips at the operating voltage of 30kV and 36kV, 
respectively.  This is caused by a slight mismatch between the 
SWS and the output system. It is found that there was no power 
output around these two voltages when a simple output 
structure was adopted in the preliminary design of the BWO. 

Fig. 7(b) shows the oscillation frequency of the DSG BWO 
in the operating voltage range for different current densities of 
the electron beam. The frequency increases as the operating 

voltage increases but decreases as the current density grows. 
The minimum frequency is less than 343 GHz at 24 kV while 
the maximum frequency is over 381 GHz at 38 kV, showing 
that a bandwidth of over 38 GHz is achieved. The increase of 
frequency with the growth of voltage can be explained with the 
Brillouin diagram in Fig. 3. As the voltage grows, the average 
velocity of the electrons also grows, meaning that the slope of 
the modes of the electron beam increases, and consequently the 
intersection point between the beam mode and the SWS mode 
is higher. The decrease of frequency with the growth of the 
beam current density can be explained as follows. When the 
current density in the electron beam is higher, the plasma 
frequency is also higher, meaning that the dispersion curve of 
the slow space-charge wave in Fig. 3 will shift downwards. 
Therefore, its intersection point with the dispersion curve of 
mode 1 will also shift downwards. 

V. ANALYSIS ON FABRICATING ERROR 
When manufacturing the parts of the DSG BWO, fabricating 

errors will occur, among which the errors of the grating height 
and the grating thickness influence the BWO performance more. 
Therefore, their influences are studied in simulation, for a beam 
with voltage of 32 kV and current density of 3×107A/m2 (beam 
current of 2.27 A). Firstly, the performance of the DSG BWO 
considering the error of the grating height is investigated. 
Considering the original height of 0.15 mm, the simulation is 
conducted for values ranging from 0.11 mm to 0.19 mm, 
obtaining the results as shown in Fig. 8. There is variation of 
power when the grating height changes, but the power remains 
over 1 kW in the entire range, showing that a significant level 
of power is maintained. Therefore, the robustness of the DSG 
BWO concerning the grating height is verified. The oscillation 
frequency decreases monotonically from 378 GHz at 0.11 mm 
to 358 GHz at 0.19 mm as the grating height increases.  

Tolerance study on the grating thickness is conducted as well. 
The performance of the DSG BWO with grating thickness 
ranging from 0.06 mm to 0.12 mm is simulated, as shown in 
Fig. 9.  When the grating thickness changes, the power ranges 
from 1.77 kW to 1.98 kW, meaning a significant level of power 
is maintained. Therefore, the robustness of the DSG BWO 
concerning the grating thickness is verified. As the grating 
thickness increases from 0.06 mm to 0.12 mm and the 
oscillation frequency increases from 364 GHz to over 371 GHz.  

 

 
Fig. 7.  Simulation results of DSG BWO in the voltage range of 24-38 kV and 
the current density range of 2-5×107A/m2 (beam current of 1.5-3.8 A): (a) 
output power; (b) frequency. 

 
Fig. 8.  Output power and frequency considering the error of the grating height. 
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In summary, the results show that the DSG BWO is tolerant 
to the error of the grating height and thickness concerning 
power, but the oscillation frequency shifts. It is preferred to 
achieve a tolerance of 0.005 mm (5 μm) so that the conformity 
of the oscillation frequency in each unit of the SWS is 
guaranteed to avoid beat frequency. It is favourable to use the 
fabrication techniques such as LIGA and precision computer 
numerical control (CNC) machining. 

VI. IMPACTS OF PLASMA IN INTERACTION SPACE 
When the DSG BWO is in operation, the sheet electron beam 

is extracted from the pseudospark cathode and travels in an ion 
channel in the beam tunnel, meaning that the interaction space 
is filled with low-pressure plasma, which could affect the 
performance of the DSG BWO. 

The relative permittivity of the ideal vacuum is 1, but it will 
change when the plasma is present. Using the Drude dispersion 
model, the ions in a plasma are assumed to be stationary while 
the electrons move freely, as the ion mass is much greater than 
the electron mass. Damping occurs due to elastic collisions 
between the moving electrons and the stationary ions, which 
can be described with the collision frequency νc. Considering a 
specific plasma frequency ωp, the corresponding relative 
permittivity is given as, 

ε𝑟𝑟(𝜔𝜔) = 1 − 𝜔𝜔𝑝𝑝
2

𝜔𝜔(𝜔𝜔−𝑖𝑖𝜈𝜈𝑐𝑐)
                           (4) 

where the plasma frequency is determined by, 

𝜔𝜔𝑝𝑝 = �𝑛𝑛𝑒𝑒𝑒𝑒2

𝜀𝜀0𝑚𝑚𝑒𝑒
                               (5) 

and the collision frequency is given by the parameters of the gas 
in the pseudospark discharge, which in this case is Argon with 
a pressure of 60 Pa at room temperature. As shown in (4), the 
relative complex permittivity is a function of the frequency. The 
calculated real and imaginary part of the permittivity of the 
plasma is shown in Fig. 10. It shows that the plasma reduces the 
real part of the relative permittivity (0.94-0.97 in the band 300-
400 GHz) compared to that in vacuum; the plasma increases the 
imaginary part of the relative permittivity (2-6×10-5 in the band 
300-400 GHz), indicating a slight attenuation. Fig. 10 also 
shows that the influence of the plasma is greater in the low-
frequency regime, but decreases in the high-frequency regime.  

As CST particle studio does not allow PIC simulation for the 
DSG BWO with plasma, we simulate the dispersion 

characteristics of the DSG SWS filled with plasma in CST 
microwave studio, obtaining the results as shown in Fig. 11. It 
shows that the dispersion curve shifts upward a little, attributed 
to the reduction of the relative permittivity by plasma. Also, Fig. 
11 includes the dispersion curves of the slow space-charge 
waves for electron beams with voltages from 24 kV to 36 kV. 
It is noticeable that the intersection points between the beam 
modes and mode 1 in the SWS filled with plasma are higher 
than those in the vacuum SWS, meaning that the filled plasma 
causes an increase in the oscillation frequency. As shown in 
Table II, an increase of the oscillation frequency by 3.6-4.7 
GHz (1.0%-1.2%) occurs due to the presence of the plasma.  

VII. CONCLUSION 
In this paper, we have investigated a THz DSG BWO driven 

by a pseudospark-sourced sheet electron beam in simulation.  
The DSG SWS was optimized to exhibit a favourable 
dispersion characteristic. A wideband output structure 
consisting of a taper of DSG and an L-shaped connector was 
designed to provide a smooth transition between the SWS and 
the output port. 

TABLE II 
INCREASE OF OSCILLATION FREQUENCIES OF DSG BWO DUE TO PLASMA 
Beam 

voltage 
/kV 

Oscillation 
frequency in 

vacuum SWS /GHz 

Oscillation 
frequency in SWS 
with plasma /GHz 

Frequency 
increase 

/GHz 

Percentage 
of increase 

24 351.7 355.3 3.6 1.0% 
28 366.8 370.7 3.9 1.1% 
32 379.2 383.6 4.4 1.2% 
36 389.9 394.6 4.7 1.2% 
 

 

 
Fig. 11.  Dispersion characteristics of the DSG SWS filled with plasma and 
beam modes at various voltages. 

 
Fig. 9.  Output power and frequency considering the error of grating thickness. 
  

 
Fig. 10.  Relative permittivity of plasma in the interaction space over the 
band 300-400 GHz. 
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Under the operating voltage of 24- 38 kV and current density 
of 2-5×107A/m2 (beam current of 1.5-3.8 A), a high level of 
output  power up to 3.9 kW (at 38 kV and 5×107A/m2) over a 
bandwidth of over 38 GHz (343-381 GHz) is achieved in the 
proposed BWO. The effects of the fabrication errors of the 
height and thickness of the grating were assessed to show the 
robustness of this DSG BWO. And it is preferred to achieve a 
fabrication tolerance of no more than 5 μm to guarantee the 
conformity of the oscillation frequency in different SWS units. 
The study on the effects of the plasma in the interaction space 
shows that the presence of plasma brings a reduction in the real 
part of the relative permittivity, and consequently the oscillation 
frequency increases by 1.0%-1.2%. 
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