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Abstract- The study of a planar G-band extended interaction 

oscillator (EIO) driven by a pseudospark-sourced sheet electron 

beam is presented.  This enables the advantages of a planar 

interaction circuit combined with the merits of a 

pseudospark-sourced sheet electron beam including large beam 

cross section, high current density and the fact that a 

pseudospark-sourced electron beam does not require the use of an 

external focusing magnetic field. Beam-wave interaction 

simulations for this planar EIO predicted a peak output power of 

2.1 kW at around 0.2 THz. Investigations indicate that this planar 

EIO has a better tube performance with a higher radiation power 

compared with the pseudospark-sourced pencil electron beam 

EIO. 

 
Index Terms— Extended interaction oscillator, sheet electron 

beam, pseudospark-sourced electron beam, sub-terahertz, high 

power radiation. 

 

I. INTRODUCTION 

n the millimeter-wave and terahertz (THz) community, high 

power radiation sources have many potential applications 

including high data rate communications, security threat 

detection, high resolution imaging, and biological spectroscopy 

and biomedical diagnostics [1-2]. Vacuum electron devices 

(VEDs) have been widely studied to realize many of these 

applications operating in the so-called THz gap [3-9]. Among 

various VEDs, the EIO has gained considerable attention as a 

promising THz oscillation source to satisfy some of these 

applications, due to its high gain per unit length and compact 

configuration [4-9]. In the design, we use a 

pseudospark-sourced (PS) electron beam instead of the 

conventional electron beam produced by a thermionic cathode 

to drive the EIO to achieve devices that are more compact. 

There are many advantages regarding the PS electron beam, 

including high beam current density, simple structure for easier 

fabrication, low vacuum requirement and its propagation with 

no need of any external focusing magnetic field [10-15]. The 

PS electron beam has been extensively studied, and widely 

applied to generate millimeter-wave and THz radiation at the 

University of Strathclyde, including a 0.2 THz backward wave 
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oscillator (BWO) with a tested output power of 20 W [14], a 

Ka-band Cherenkov maser with a ~2 kW measured peak power 

[15], and a W-band EIO with a tested peak power of 38 W [5].  

As the generation and propagation of a high current electron 

beam will become more challenging for higher frequency 

VEDs, the advantages of a PS electron beam mentioned above 

become more attractive at higher frequencies. However, the 

output power will be subject to a large reduction as the 

frequency increases, due to the greatly increased loss in the 

copper circuits and the reduced beam power. To alleviate such a 

fall-off in power, a sheet electron beam where the beam is 

extended in one dimension is extremely attractive [16-22]. 

However, despite the attractive properties in sheet beam 

vacuum electronics technology, development of a THz sheet 

beam device with a thermionic cathode is still challenging.  One 

of the key issues is that it is challenging to transport the sheet 

electron beam with conventional focusing approaches, either 

with a permanent magnet or with a solenoid. The pseudospark 

discharge system can address this issue by the ion channel 

generated in the discharge process used to guide the electron 

beam.  

The measured output power of the pseudospark-sourced 

pencil electron beam (PS-PEB) W-band EIO is much less than 

its prediction [5]. Initial analysis demonstrates that it is mainly 

caused by beam current loss in the circuit and large beam 

velocity spread. In this paper, improvements are made to 

alleviate the disadvantageous effects from these two factors. 

We propose to combine the advantages of large beam cross 

section in a sheet electron beam and high beam current density 

in a PS electron beam, aiming to achieve a compact sub-THz 

EIO with high output power. To verify this idea, a G-band 

pseudospark-sourced sheet electron beam (PS-SEB) EIO was 

designed and studied. To see if this EIO has achieved better 

tube performance, a comparison is made between the sheet and 

pencil electron beam EIOs based on the pseudospark discharge. 

The paper is organized as follows: section II gives an 

introduction of the PS-SEB. Section III presents the design of a 

PS-SEB EIO, including the cold cavity analysis and 3D 

beam-wave interaction simulations. Comparisons in tube 

performance between the PS-SEB and PS-PEB EIOs are made 

in section IV. A brief conclusion is given in section V. 

II. INTRODUCTION OF THE PS-SEB 

As shown in Fig. 1(a), the EIO consists of a pseudosaprk 

discharge system and an interaction circuit. The pseudospark 

discharge system is composed of a cathode with a cylindrical 

hollow cavity, several intermediate electrodes, several 

insulators and a planar anode. When the anode is grounded and 
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the hollow cathode is applied with a negative high voltage, the 

pseudospark discharge will occur if the pressure in the system 

is suitably low (typically 6.5–65 Pa). During the pseudospark 

discharge process, electron beams with very high current can be 

produced. A PS electron beam with a current of 240 A was 

measured [11]. The beam current density can reach more than 

108 A/m2 [10, 14]. When the beam propagates through the 

anode and the interaction circuit, its front edge ionizes the 

background gas and generates a plasma channel. The following 

beam electrons will expel part of the plasma electrons while the 

much heavier ions remain fixed. Thus, a positive ion channel is 

formed to focus the PS electron beam. Due to the extremely 

high beam current density, a relatively high beam current can 

still be achieved even while suffering from a high electron 

beam interception. 15% of the PS electron beam (about 36 A) 

has been experimentally measured to propagate through a 

90-mm-long and 3.5-mm-diameter collimator [11]. A beam 

current for a 0.07-mm-diameter micro beam was also measured 

at 20 cm downstream of the anode [14]. 

 
 

Fig. 1 (a) EIO composed of the pseudospark discharge system and the 

interaction circuit. (b) Interaction circuit composed of a resonant slow 

wave structure (SWS) and an output structure. 

   Unlike the more common sheet electron beam produced by a 

thermionic cathode, an external electric field is not required to 

compress the beam’s narrow side in the formation of the 

PS-SEB, a PS-SEB with high current density can be directly 

achieved using a collimator with a rectangular aperture placed 

at the end of the anode. The collimator’s rectangular aperture 
should be located in the same axial center as the anode’s 
cylindrical aperture, but with a smaller cross section size. In a 

sheet electron beam that uses a thermionic cathode, the required 

focusing force provided by the external magnetic field is much 

higher along the narrow side than the wide side, thus greatly 

increasing the focusing difficulty. Such a situation does not 

exist in a PS-SEB. Like the PS-PEB, the PS-SEB is also 

focused by the positive ion channel. 

III. DESIGN AND SIMULATION OF A PS-SEB EIO   

As shown in Fig. 1 (b), the interaction circuit is composed of 

a resonant SWS and an output structure.  The ladder-based 

SWS used in the design consists of a beam tunnel, eleven gaps, 

and two coupling cavities. When a short circuit plane is placed 

at the front and back end of the structure respectively, a 

resonant SWS is formed. The generated electromagnetic (EM) 

wave in the resonant SWS is extracted through an output 

structure. Based on the similar ladder-based SWS [7, 16-17], 

some changes were made to achieve a relatively 

easy-to-fabricate configuration, at the cost of tube 

performances. The beam tunnel directly connects with the 

coupling cavities at its two sides, without slot waveguides [7, 

16] or dumbbell shaped waveguides [17] between the beam 

tunnel and coupling cavities. The resonant SWS connects to the 

standard output waveguide through one coupling waveguide, 

rather than two symmetrical coupling waveguides at its two 

sides [17].  

A. Cold cavity analysis and design of the interaction circuit  

The period d of the SWS can be initially set using the 

synchronous condition of the EIO  

( 1,2,3...)
2e

Nd T N
v
                           (1)  

where T is the period of the EM wave. N is a constant related to 

the operating mode. To achieve an efficient beam-wave  

interaction, the SWS should operate in a resonant status. When 

N equals 1 and 2, it corresponds to the phase difference し=Kzd 

(Kz is the axial propagation constant) of ヾ and 2ヾ, respectively. 
5 21 (1 / 5.11 10 )ev U c     is the velocity of the electron 

beam, decided by the operating voltage U and c is the velocity 

of light in vacuum. As the required power level for the power 

supply is actually low due to the pulse operation mode, a 

compact power supply can be achieved by a step-up pulse 

transformer with capacitors as energy storage components. A 

small U is obviously beneficial, and it can be achieved by 

decreasing d, however it will inevitably increase the fabrication 

difficulty. Thus, a tradeoff should be made. Initially, N was 

chosen as 2, and d was set at 0.48 mm, corresponding to a 

moderate U of 28.5 kV.     

CST Microwave Studio was used to analyze and optimize the 

SWS. The conductivity of the background material is set as 

jCu/3 (jCu=5.8×107 S/m). As shown in Fig. 2(a) (inset), a 

TM11-like mode was chosen as the operating mode of the 

one-period SWS as the longitudinal electric Ez field is the cause 

of the beam-wave interaction. The coupling impedance Kc 

appears to become infinite when the phase difference is ヾ or 2ヾ, 
and it will decrease when moving away from these two points. 

As the oscillation current is inversely proportional to Kc, the 

EIO will become more difficult to oscillate with a decreased Kc. 

Thus, oscillation may only occur around the ヾ or 2ヾ region, 

resulting in an effective oscillating voltage region. As the 
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voltage of a PS electron beam will gradually reduce with the 

discharge time, a wider oscillating voltage region is expected to 

achieve an effective beam-wave interaction over a longer time. 

The one-period SWS is optimized to obtain the following 

aspects. (1) A weak dispersion characteristic (the change rate of 

the phase velocity versus frequency is small) to achieve a wide 

oscillating voltage region. (2) A large Kc to enhance the 

beam-wave interaction. (3) Large beam tunnel to allow more 

electrons to be transported through the circuit. (4) Small 

frequency interval between the operating mode and the closest 

competing mode (TM31-like mode). The coupling impedance 

characteristic and dispersive curve of the optimized SWS are 

respectively demonstrated in Fig. 2(a) and (b). 

 

Fig. 2 Simulation results for the one-period SWS. (a) Coupling 

impedance and (b) dispersion curves. The inset gives the Ez-field 

distribution. 

   A TM110-like 2ヾ resonant mode is chosen as the operating 

mode of the interaction circuit as the 2ヾ mode has the same 

Ez-field direction at each gap. Hence, the modulation of the 

electron beam tends to accumulate, contributing to an enhanced 

beam bunching and thus a higher gain per unit length. Good 

performance is achieved from the optimized interaction circuit, 

including (1) good Ez-field uniformity across both the z-axis 

and x-axis direction, as shown in Fig.3 (a), contributing to the 

high interaction efficiency. (2) A high R/Q of 890 for the 

operating mode, as shown in Fig. 3 (b), contributes to an 

enhanced beam-wave interaction. (3) A high Q0 of 1100 

contributing to fast oscillation. (4) A small Qe of 197.3, which 

is beneficial for extracting high power from the cavity. (5) A 

relatively short circuit length of 5.55mm, which is beneficial 

for the beam propagation and reduces the disadvantageous 

effect from the copper loss. 

 

Fig. 3 Simulation results for the interaction circuit. (a) Ez-field 

magnitude versus z-axis. (b) R/Q for different modes.  

B. Beam-wave interaction simulations and analysis     

    For a simple evaluation of the EIO properties, a CW sheet 

electron beam was used in PIC simulations by CST Particle 

Studio. From the dispersive curve depicted in Fig. 2(b), the 28.5 

kV beam line intersects the operating mode around 2ヾ. As the 
beam-wave interaction is very intensive in the RSWS, a higher 

voltage of 33.5 kV was used in the simulation to ensure most of 

the beam electrons convert their energy to the EM wave, rather 

than absorbing energy from the resonant field.  Based on the 

experimental results regarding the PS electron beams (A >108 

A/m2 beam current density can be achieved), a beam current of 

1.7A is injected into the interaction circuit, already having 

taken into account the loss of electrons due to a high 

 

Fig. 4 CST Particle Studio simulation results. (a) Phase space plots of electrons at the end of the circuit and the inset gives the trajectory of 

electrons. (b) Output voltage signal (inset) and the corresponding frequency spectrum when U is 33.5 kV. (c) Ez-field distribution when U is 

33.5kV (left-top) and 35kV (right-top), and the E-field distribution at the output port (below). (d) Output voltage signal (inset) and the 

corresponding frequency spectrum when U is 35 kV.   

1 1.2 1.4 1.6 1.8 22
0

0.5

1

1.5

2
x 10

4

kzd/ȷ

C
o

u
p

li
n

g
 i
m

p
e
d

a
n

c
e
[O

h
m

]

 

 

The operating mode

(a) (b) 1 1.5 2 2.5 3
190

195

200

205

210

215

kzd /ȷ

F
re

q
u

e
n

c
y
[G

H
z
]

 

 

U=28.5 kV
The operating mode

10 20 30 40 50
0

150

300

450

600

750

900

Mode Number

R
/Q

(a) (b) 0 1 2 3 4 5 5.55

2

4

6

8

10
x 10

9

Z [mm]

M
a
g

(E
z
)

 

 

x=0 mm y=0 mm
x=0.5 mm y=0 mm
x=-0.5 mm y=0 mm

0 100 200 300 400 500 600
-250

-200

-150

-100

Frequency[GHz]

R
e
la

ti
v
e
 M

a
g

n
it

u
d

e
[d

B
]

0 100 200 300 400 500 600
-250

-200

-150

-100

Frequency[GHz]

R
e
la

ti
v
e
 M

a
g

n
it

u
d

e
[d

B
]

(a) (b) 

TE10 mode (c) (d) 

0 20 40 60 80 100
-90
-45

0
45
90

Time [ns]

V
o

lt
a
g

e
 [

V
]

0 20 40 60 80 100
-70

-35
0

35
70

Time [ns]

V
o

lt
a
g

e
 [

V
]

U=33.5 kV 

U=35 kV 

U=35 kV 

U=33.5 kV 

TM110-like 2ヾ mode Non-2ヾ mode 



 

interception rate. In addition, a constant axial magnetic field of 

1.5 T was used in the simulation.  

     When the electron beam is injected into the interaction 

circuit, the EM wave tends to be excited. Electron beam 

modulation, bunching and energy exchange will take place in 

the resonant SWS. The generated EM wave can be extracted 

from the standard output waveguide. As shown in Fig. 4(a), 

obvious beam electron bunching and energy conversion are 

observed, implying effective beam-wave interaction. As shown 

in Fig. 4(b) (inset), a stable time-correlated output signal of 100 

ns duration with 74.1 V, which corresponds to an output power 

of 2.8 kW, is observed at the output port. The oscillation startup 

time Ts (the time required to reach 0.5 V for the output signal) is 

about 5.1 ns. It is expected to be as small as possible to achieve 

a rapid oscillation. It can also be seen that a clean frequency 

spectrum was obtained with an obvious peak at 199.95 GHz, 

which is in good agreement with the achieved frequency in cold 

cavity analysis (200 GHz). Compared with the peak at 199.95 

GHz, the relative magnitude of other peaks in the spectrum is 

much smaller and they are probably caused by the accumulated 

calculation error due to the long simulation duration of 100 ns. 

As shown in Fig. 4(c), a TM110-like 2ヾ mode and a non-2ヾ 

mode were observed in the resonant SWS, when U is in the 

range of 31-34 kV and 35-40 kV respectively. A rectangular 

TE10 mode is achieved at the output port for both cases. From 

Fig. 4(d), a stable output signal and clean frequency spectrum 

are also obtained for the non-2ヾ mode operation. In fact, 

effective beam-wave interaction tends to occur if the oscillation 

condition and synchronous condition are both satisfied.  

As shown in Fig. 5(a), the output power Pout will first rise and 

then fall with an increase of U, while Ts has the opposite 

variation trend. There are some possible reasons. Firstly, the 

beam-wave interaction will be enhanced and the oscillation 

current will reduce when U becomes larger. Secondly, as 

previously analyzed in section II, part A, when U deviates from 

 

Fig. 5 Simulation results considering some actual situations. Pout and 

Ts versus (a) voltage (b) current (c) energy spread and (d) conductivity. 

Inset presents frequency versus voltage. 

the optimum operating voltage, the intersection point between 

the beam line and the dispersive curve will move away from 2ヾ, 

resulting in a rapid decrease of the coupling impedance and 

thus a large reduction of Pout. Thirdly, operating in the non-2ヾ 
mode for U of over 35 kV tends to reduce the electronic 

efficiency. As shown in Fig. 5(a) (inset), the oscillation 

frequency basically stays at around 200 GHz when U is in the 

range of 31-39 kV. When U increases to 40 kV, the oscillation 

frequency will reduce to 192.2 GHz. Such a trend agrees with 

the dispersive characteristics, as shown in Fig. 2 (b).  

    Further simulations were carried out to bring the model 

closer to the actual situation, thus achieving increasingly 

realistic predictions. The influence on beam-wave interaction 

performance from beam current loss corresponding to beam 

interception, energy spread, and copper loss are presented in 

Fig.5 (b), (c) and (d), respectively.  As presented in section II, 

part A, optimization is made in the interaction circuit design to 

reduce the disadvantageous effects from these factors. A more 

realistic beam interception model with RF loss was created and 

simulated. Pout of 406 W is still predicted when the beam 

current, energy spread and background material conductivity 

are set as 1 A, 10% and jCu/10 (0.58×107 S/m), respectively. 

MAGIC-3D was used to verify the above CST Particle 

Studio simulations with a CW sheet electron beam and agrees 

well.  To approximate the PS-SEB, a 1.7 A sheet electron beam 

with a pulsed voltage was used in the MAGIC-3D simulations. 

As shown in Fig. 6(a), the pulsed voltage has a sinusoidal 

decrease with a typical pulse duration Td of 50-100 ns. When a 

sheet electron beam with a maximum voltage value Um of 36 

kV and a Td of 50 ns is injected into the interaction circuit, an 

output pulse with peak power of 2.1 kW and pulse width Tp of 

11 ns is predicted, as shown in Fig. 6(b). The frequency  

 

Fig. 6 MAGIC-3D simulation results. (a) Voltage pulse with different 

Um (36 kV and 40 kV) and different Td (30 ns and 50 ns). (b) Pout 

versus time. (c) Frequency spectrum of the Ez-field observed at the 

output port. 
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spectrum of the Ez-field observed at the output port is pure, as 

shown in Fig. 6(c). 

Um and Td are adjustable by changing the external circuit 

parameters of the pseudospark discharge [14]. When Um is 40 

kV there are two peaks in the Pout versus time curve, as shown 

in Fig. 6(b). This is probably caused by two different resonant 

modes respectively operating in the two regions. When the 

electron beam voltage decreases from 40 to 37 kV, the non-2ヾ 

mode will be formed in the cavity, which corresponds to the 

first region. Similarly, the 2ヾ mode will be generated when the 

electron beam voltage reduces to 36 kV, corresponding to the 

second region.  As the electrons have more intense beam-wave 

interaction with the 2ヾ mode than the non-2ヾ mode, the second 

region has a much higher peak value. As shown in Fig. 6(c), the 

frequency spectrum for Um of 40 kV is not very clean. This 

interaction can be avoided by lowering the electron beam 

voltage. With a higher Td, the electron voltage will decrease 

more slowly. Consequently, the electron voltage will stay in the 

oscillating voltage region over a longer time, resulting in an 

effective beam-wave interaction over a longer time. In a certain 

range, Pout and Tp will become larger when increasing Um or Td.  

A thermal simulation was conducted to estimate the 

temperature distribution of the experimental structure. 

Simulation shows that the maximum temperature is about 

169 °C  assuming an applied voltage of 40 kV, a 34 A beam 

current injected into the beam tunnel, a 95% beam interception, 

a 100 ns pulse width, a 100 Hz pulse repetition frequency and 

the intercepted beam power is uniformly distributed on the 

beam tunnel.  Such a temperature is lower than the copper’s 
heat-resistant temperature. For a higher temperature rise, such 

as caused by a higher pulse repetition or a longer pulse width, 

water or air cooling could be used to decrease the temperature. 

IV. COMPARISONS OF THE PS-SEB AND PS-PEB EIOS 

     The most obvious difference in the interaction circuit of the 

PS-PEB [4] and PS-SEB G-band EIOs is the beam tunnel. The 

PS-SEB EIO has a rectangular beam tunnel with large cross 

section size, while the PS-PEB EIO has a circular cross section. 

Such a change will have an effect on the beam cross section, the 

dispersive characteristics, the coupling impedance, and the 

cavity properties of the resonant SWS, thus affecting the whole 

tube performance.  

Comparisons in the tube performance are made between 

these two EIOs. As shown in table 1, the input parameters used 

in the beam-wave interaction MAGIC-3D simulations for both 

EIOs are the same or similar. Compared with the PS-PEB EIO, 

the PS-SEB EIO has achieved much better tube performance. 

The output power produced by the PS-SEB EIO is nearly eight 

times higher, even when considering a larger copper loss. The 

pulse width of the output signal is nearly 22% larger. The 

planar interaction circuit is compatible with the 2-D planar 

manufacturing technique. The beam tunnel and gaps in the 

PS-SEB EIO can be wire cut from a single copper block in one 

process. The discharge voltage is smaller, which is beneficial 

for achieving a compact voltage supply.  

   The improved performance for the PS-SEB EIO is probably 

caused by the several following factors. Firstly, the beam cross 

section has been increased, which is probably the most 

important factor, the beam cross-sectional area in the PS-SEB 

and PS-PEB EIOs are about 0.34 mm2 and 0.06 mm2, 

respectively. Secondly, a wider voltage oscillating region is 

achieved, 8 kV in the PS-SEB EIO and 7 kV in the other case. 

Thirdly, the gap number has increased from 7 gaps to 11 gaps, 

which tends to result in a higher R/Q and thus a more intense 

interaction. Although the number of gaps has increased, the 

total circuit length in these two EIOs is similar. In addition, the 

beam focusing principle is basically similar in these two kinds 

of PS electron beams, thus leading to a similar beam current 

loss caused by the electron interception. 

Compared with the PS-PEB W-band EIO in reference [5], the 

G-band EIO in this paper also has several improvements. (1) A 

larger beam tunnel cross section, which allows more electrons 

to be propagated through the circuit, 0.5 mm in diameter for the 

W-band EIO and 2×0.25 mm2 in area for the G-band EIO. (2) 

The interaction circuit was optimized to achieve a wider 

operating voltage range (31-39 kV), which is nearly doubled 

compared with that of the W-band EIO. (3) A higher operating 

frequency reduces the interaction length. The total length of the 

interaction circuit is about 5.55 mm, which is nearly halved 

compared with that of the W-band EIO. These improvements 

are beneficial to alleviate the disadvantageous effects fromlarge 

beam current loss and high energy spread, which are two of the 

main factors leading to the W-band EIO experimental results 

being less than the predictions. 

V. CONCLUSION 

To make full use of the advantageous merits of the sheet 

electron beam and PS electron beam, a PS-SEB is proposed and 

utilized to drive a planar G-band EIO, aiming to achieve a 

compact sub-THz radiation source with high radiation power. 

PIC-3D simulations of this EIO exhibit very promising and 

attractive results with a peak radiation power of 2.1 kW at 

approximately 0.2 THz. A comparison shows that significant 

improvements have been obtained especially in the radiation 

power compared with a previously designed PS-PEB EIO. The 

planar interaction circuit is under fabrication, and the designed 

PS-SEB EIO will be built and experimentally tested in the 

future with an aim to achieve a better agreement between the 

simulation and experiment. 

Table 1 Performance comparisons between the PS-SEB and PS-PEB EIOs at G-Band. 

beam 
type 

beam size 

[mm] 
background material 

conductivity 

current density 
[A/cm2] 

Um 

[kV] 
Td  

[ns] 
f  

[GHz] 
Pout  

[kW] 
Tp  

[ns] 
PS-PEB 0.28(diameter) jCu/2 500 40 50 ̚188.8 0.24 9 

PS-SEB 1.36×0.25 jCu/3 500 36 50 203.1 2.13 11 
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