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Abstract- Pseudospark (PS) sourced beams have unique
features of high-current density and self-focusing by the ion
channel. This paper presents the characteristics of the PS-sourced
beam from PIC simulations, as well as the potential of the PS-
sourced beam for driving a THz extended interaction oscillator
(EIO) operating at 350 GHz.

I.  INTRODUCTION

Pseudospark (PS) discharges are low-pressure gas discharges
in the range of 50 mTorr to 500 mTorr. They were first studied
by J. Christiansen in 1978 [1]. A hollow-cavity structure is
normally used as the cathode of the PS discharge experiments.
The breakdown phase is rapid on a nanosecond scale, and the
discharge current can reach tens of kiloamperes with a rise
time of a few nanoseconds. This makes the PS discharge an
excellent electron beam source. A centered hole on the anode
can be used to extract the electrons created during the
discharge process for different applications. The -current

density can be over 100 times higher than a thermionic cathode.

It was also found experimentally that the PS-sourced beam
can be transported a long distance without the need for an
external guiding magnetic field. Both the high-current density
and the beam propagation features are attractive in terahertz
(THz) wave generation. In THz electronic devices, one of the
biggest challenges is the generation and transportation of the
electron beam with high current density due to the small
dimensions of the interaction circuit (its beam tunnel is even
smaller) [2]. Besides the generation of the THz wave, the PS-
sourced beam can be used in other applications such as
material treatment, lithography, X-ray generation and plasma
jet [3-6].

Many experiments have been carried out to study the
discharge mechanism in the last few decades, including the
diagnostics of the discharge voltage and current, measurement
of the electron beam current using a Faraday cup, plasma
density measured using a Langmuir probe, and electron beam
profile using a phosphor scintillator. However, the PS
discharge is a fast dynamic process (nanosecond scale), and
there is limited space for the probes inside the discharge cavity.
It is challenging to capture all the dynamic behavior from the
experimental measurements during the discharge process.

The numerical simulations are an effective method to
understand the temporal and spatial evolution of the discharge
process. A hybrid fluid particle and Monte Carlo model was
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used to study the evolution of the ignition of the PS discharge,
where a local field approximation was used to describe the
momentum balance [7]. Particle-in-cell (PIC) simulation was
also used to get a more accurate simulation, including the
impact of the dimensions of the discharge cavity and the
pressure of the background gas on the discharge current [8-10].

For the THz electron devices, the beam quality represented
by the average beam energy, beam current, as well as energy
spread is important for the beam wave interaction. For example,
the previous simulations of a W-band EIO showed that the
oscillation was not able to grow if the energy spread was over
30%. It is useful to study the characteristics of the PS-sourced
beam and to study its limits in the application of the THz
electronic devices.

II. PIC SIMULATIONS OF THE PS DISCHARGE

Simulation of the PS-discharge was carried out using the 2D
PIC code XOOPIC [11]. The following physics processes were
included: (1) the elastic and ionizing collisions between the
electrons and the background gas; (2) Particle re-combination
to avoid the explosive increase of the particle numbers; (3) The

<

Qt ICoIIector

Cathode Insulator

Fig. 1 2-D schematic view of the PS simulation model.

field emission and secondary electron models; (4) A simplified
external circuit model.

The schematic drawing of the discharge cavity used in the
simulations is shown in Fig. 1, the simulations show different
beam qualities are achieved at the different discharge stages
[12]. The Townsend discharge (pre-breakdown) stage has the
largest beam energy, which is close to the charging voltage at
the anode. The energy spread is about 10%. The hollow-
cathode discharge stage has the balanced performance of the
beam energy spread (20%) and the beam energy swept from
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70% - 30% of the charging voltage. The super-dense glow
discharge stage has the largest beam current. However the
beam energy is low, and the energy spread is about 40%,
which is not suitable for the beam-wave interaction for the THz
electronic devices.

When the electron beam transports through the gas
background, the beam front will ionize the background gas to
create ions and electrons. The ionized electrons are expelled by
the beam electrons to leave the ions. The ion channel can
compensate the space charge force from the electron beam, and
can stably transport the beam under suitable conditions. Fig. 2
shows the beam propagation at different ion channel densities.
The focusing effect of the ion channel is equivalent to a
constant axial magnetic field. At a fixed-density ion channel n;,
if the electron beam has a small beam current, equivalently a
small beam density n;, much smaller than n;, the electron
beam will be over-focused, as shown in Fig. 2(a) with n,/n; =
0.2. If the beam density is close to the ion density, the electron
beam can propagate with a smaller ripple, as shown in Fig. 2(b)
with n,/n; = 1.0. However, if the beam current is too large,
the ion channel is not able to provide sufficient focusing, as

Fig. 2 PIC simulation results of electron beam with different currents

shown in Fig. 2(c) with n,/n; =3.0 . The electrons will
defocus rapidly, resulting in greater beam losses.

A more in-depth study of the beam transportation in the ion
channel is under investigation, including the impact of the
dimensions of the beam tunnel, the energy spread of the
injected electron beam, as well as different current-density
profiles of the electron beam.

III. THE EIO STRUCTURE

The extended interaction oscillator (EIO) has the advantages
of high gain per unit length, high electronic efficiency, and a
compact structure, which is a good match with the short-pulse
duration of the PS-generated beam [13, 14]. An EIO
interaction circuit operating at 350 GHz was designed and
manufactured. The PIC simulation of the EIO showed a 50 W
output power can be achieved taking into consideration a 20%
beam energy spread, 10% of the OHFC conductivity (5.8E6
S/m) for the machined structure, and the tolerance from the
wire cutting of the interaction circuit. Fig. 3(a) and Fig. 3(b)
show the manufactured EIO structure and the cold
measurement results using a vector network analyzer (VNA).
The operating mode had a resonance frequency of 350.7 GHz,
which is very close to the design value. The quality factor of
the EIO in the measurement was 215. This matches with the
simulation results with 10.3% of the OHFC conductivity.
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Fig. 3 (a) 2-D view of the manufactured periodic structure (b) the VNA
measurement result of the 350 GHz EIO.

IV. DISCUSSION AND FUTURE WORK

PS-sourced beam has the advantages of larger beam current
density and the self-focusing property. It is attractive for the
application of high-power THz wave generation.

The drawbacks of the PS-sourced beam are the short pulse
duration, and the large energy spread, compared with the
thermionic electron beam source. The short pulse duration can
be solved by operating the PS-discharge at a high repetition
rate, which requires a stable discharge condition, especially a
fast recovery and keeping a stable pressure of the background
gas. The solution of the large energy spread is to post-
accelerate the electron beam generated in the super-dense glow
discharge stage, which will result in a more complicated power
supply configuration.

ACKNOWLEDGMENT

This work was supported by the UK Engineering and
Physical Sciences Research Council (EPSRC) under Grant
EP/S00968X/1 and EP/S009582/1.

REFERENCES

[1] J. Christiansen and C. Schultheiss, "Production of high current
particle beams by low pressure spark discharges," Zeitschrift fiir
Physik A Atoms and Nuclei, journal article vol. 290, no. 1, pp. 35-
41, 1979, doi: 10.1007/bf01408477.

[2] G. Burt ef al., "A Millimeter-Wave Klystron Upconverter With a
Higher Order Mode Output Cavity," IEEE Trans. Electron Devices,
vol. 64, mno. 9, pp. 3857-3862, Sept. 2017, doi:
10.1109/TED.2017.2724581.

[3] S. Tricot, C. Boulmer-Leborgne, M. Nistor, E. Millon, and J.

Perriére, "Dynamics of a pulsed-electron beam induced plasma:
application to the growth of zinc oxide thin films," Journal of
Physics D: Applied Physics, vol. 41, no. 17, p. 175205, 2008/08/12
2008, doi: 10.1088/0022-3727/41/17/175205.



Simulations of pseudospark discharge and its generated beam to drive a THz EIO

[4] D. Bowes et al., "X-ray emission as a diagnostic from pseudospark-
sourced electron beams," Nuclear Instruments & Methods in
Physics Research Section B-Beam Interactions with Materials and
Atoms,  vol. 335, pp. 74-77, Sept. 2014, doi:
10.1016/j.nimb.2014.06.008.

[5] C. S. Wong, H. J. Woo, and S. L. Yap, "A low energy tunable
pulsed X-ray source based on the pseudospark electron beam,"
Laser and Particle Beams, vol. 25, no. 3, pp. 497-502, Sept. 2007,
doi: 10.1017/50263034607000614.

[6] W. He et al., "Generation of broadband terahertz radiation using a
backward wave oscillator and pseudospark-sourced electron beam,"
Appl. Phys. Lett., vol. 107, no. 13, p. 133501, 2015/09/28 2015, doi:
10.1063/1.4932099.

[7] J. Boeuf and L. C. Pitchford, "Pseudospark discharges via computer
simulation," IEEE Trans. Plasma Sci., vol. 19, no. 2, pp. 286-296,
1991, doi: 10.1109/27.106826.

[8] S. O. Cetiner, P. Stoltz, P. Messmer, and J. L. Cambier,
"Dependence of electron peak current on hollow cathode
dimensions and seed electron energy in a pseudospark discharge," J.
Appl. Phys., vol. 103, no. 2, p. 023304, 2008/01/15 2008, doi:
10.1063/1.2832507.

[9] Varun and U. N. Pal, "PIC Simulation to Analyze Peak Electron
Current Generation in a Triggered Pseudospark Discharge-Based
Plasma Cathode Electron Source," IEEE Trans. Electron Devices,
vol. 65, no. 4, pp- 1542-1549, 2018, doi:
10.1109/TED.2018.2808175.

[10] X. Cao, J. Hu, R. Zhang, W. Huo, Y. Fu, and W. Zhao,
"Dependence of pre-breakdown time on ionization processes in a
pseudospark discharge," AIP Advances, vol. 7, no. 11, p. 115005,
2017/11/01 2017, doi: 10.1063/1.5003242.

[11] J. P. Verboncoeur, A. B. Langdon, and N. T. Gladd, "An object-
oriented electromagnetic PIC code," Computer Physics
Communications, vol. 87, no. 1, pp. 199-211, 1995/05/02/ 1995, doi:
10.1016/0010-4655(94)00173-Y.

[12] L. Zhang, W. He, X. Chen, J. Zhang, and A. W. Cross,
"Characteristics of Pseudospark Discharge in Particle-in-Cell
Simulations," IEEE Trans. Electron Devices, vol. 68, no. 6, pp.
3003-3009, 2021, doi: 10.1109/TED.2021.3073877.

[13] G. X. Shu et al, "Experimental demonstration of a terahertz
extended interaction oscillator driven by a pseudospark-sourced
sheet electron beam," Appl. Phys. Lett., vol. 112, no. 3, p. 033504,
2018/01/15 2018, doi: 10.1063/1.5011102.

[14] J. Xie et al., "Study of a 0.35 THz Extended Interaction Oscillator
Driven by a Pseudospark-Sourced Sheet Electron Beam," [EEE
Trans. Electron Devices, vol. 67, no. 2, pp. 652-658, 2020, doi:
10.1109/TED.2019.2957760.



	Abstract-
	I. INTRODUCTION
	II. PIC SIMULATIONS OF THE PS DISCHARGE
	III. THE EIO STRUCTURE
	IV. DISCUSSION AND FUTURE WORK
	ACKNOWLEDGMENT
	REFERENCES



