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Abstract

To satisfy the demands for compact, inexpensive terahertz (THz) sources with power of
hundreds of watts, a radial sheet beam THz source which does not require an external magnetic
ﬁeld and is driven by a radial pseudospark discharge plasma electron gun (PSDP-EGUN) is
proposed. Radial design has been used in pseudospark switches, but in this paper the design of a
PSDP-EGUN to drive a radial THz source is presented for the ﬁrst time. Being different from the
latest reported axial quasi-rectangular sheet beam THz sources driven by an axial PSDP-EGUN,
a new design consisting of a circular plate-shaped sheet beam that is directly generated by the
radial PSDP-EGUN is reported. As compared to an axial system, the radial conﬁguration may
result in a larger beam current and a larger beam-wave interaction area together with a higher
potential of THz output power. Theoretical analysis and particle-in-cell simulation have been
employed in the design of the radial sheet beam THz source. Output powers in the kilowatt range
have been observed in the simulation of this 0.22 THz source. Preliminary experimental results
of the radial PSDP-EGUN are also presented.
Keywords: sheet beam, terahertz source, pseudospark discharge
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1. Introduction

possible. In recent years, output powers of tens of watts and
kilowatts (kW) have been obtained in G-band and W-band slow
wave structures driven by PSDP-EGUNs [6–8].
To further increase the output power level of THz sources driven by PSDP-EGUN, a new kind of radial sheet beam
EIO driven by a radial PSDP-EGUN as shown in ﬁgure 1 is
proposed. A radical device is similar to an axial PSDP-EGUN
device except for the rotation of the cylindrical coordinate
system. A circular plate-shaped sheet beam is generated in the
radial discharge process, and a beam-wave interaction structure was designed and constructed to match this circular
electron beam. The main advantages of this radial design are
larger beam-wave interaction area, larger beam current and
weaker space charge effect. In addition, axial symmetric
radial devices of circular geometry are easier to fabricate as
compared to rectangular plate structures used in axial devices.

The development of terahertz (THz) sources is motivated by
many applications, including long range terahertz imaging and
dynamic nuclear polarization enhancement of nuclear magnetic
resonance spectroscopy, both of which require hundreds of watts
of power [1, 2]. THz slow wave devices driven by a pseudospark
discharge plasma electron gun (PSDP-EGUN) can meet this
requirement for output power. In addition, it is an inexpensive
table-top THz source since it needs neither a high magnetic ﬁeld
nor a large accelerator facility [3–5]. That is because a plasma
channel formed in the device can conﬁne the beam and eliminate
the need for an external magnetic ﬁeld. Also, the PSDP-EGUN
is able to generate a much higher beam current density
(∼10 A mm−2) than a thermionic emission cathode, and hence
high output power from PSDP-EGUN driven radiation source is
1009-0630/19/044003+05$33.00
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Figure 2. Contour of normalized E r ﬁeld magnitude of radial TM01

mode in cavities with narrow and wide beam tunnels.

beam tunnel, h is the depth of cavity corrugation, and l is the
operating wavelength. The choice of cavity geometry parameters depends on the numerical calculation of the beam
conductance [13],

Figure 1. Schematic of radial sheet beam THz source driven by

radial PSDP-EGUN.

In fact, radial sheet beam devices have already successfully generated gigawatts (GWs) of power in Ku band relativistic high power microwave source experiments [9] at the
National University of Defense Technology of China. Radial
pseduospark discharge structure has also been used as a
switch in the experiment in [10]. The combination of the
radial beam-wave interaction structure design and the radial
PSDP-EGUN eliminate the requirement of the external
magnetic ﬁeld. In ﬁgure 1, the sheet electron beam is emitted
from an outer cathode to an inner anode. The inward emission
design ensures higher current density and larger impedance
R/Q in the output cavities of radial EIOs, as depicted in [11].
In the following sections, theoretical design and particlein-cell (PIC) simulation of a 0.22 THz radial sheet beam EIO
driven by a PSDP-EGUN are presented. Preliminary experimental results of the radial PSDP-EGUN are also discussed.

Gn =

1 ¶ ∣ M ∣2
be
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where be equals w /ne, w is the resonant frequency of the
cavity, ne is the velocity of the electron beam, and Gn and M
denote normalized beam conductance and coupling coefﬁcient, respectively. The deﬁnition of coupling coefﬁcient M is
as follows,

ò Er (r ) e jb r dr ,
ò E r (r ) d r
e

M=
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where E r (r ) denotes the radial electric ﬁeld in the beam radial
transmission route. Beam conductance theory enables the
analysis of the average energy exchange between the whole
electron beam and the standing electromagnetic (EM) wave.
When an electron beam continuously transmits through a
resonant cavity and interacts with the standing EM wave in
the cavity, some electrons give energy to the standing EM
wave while some electrons get energy from the standing EM
wave due to the different electric ﬁeld oscillation phases
experienced by the drifting electrons. When estimating the net
power exchange between the electrons and the standing EM
wave, a positive value of beam conductance means that the
electron beam acts as a resistor and obtains energy from the
standing EM wave, while a negative value of beam conductance means that the electron beam gives energy to the
standing EM wave in the cavity.
Based on the numerical analysis of the beam conductance
of the 0.22 THz radial cavity, a conclusion is reached that a
multiple gap cavity with a narrow beam tunnel and deep
corrugation operating at the 0 mode of the radial TM01 pattern
can realize the operating voltage of about 20 kV. As shown in
ﬁgure 3, only in a multiple gap cavity with a narrow beam
tunnel and deep corrugations can the beam conductance
maintain a negative value over a relatively large voltage range
around 20 kV, while the sign of the beam conductance in the

2. Theorectial design of beam-wave interation cavity
Measurement [12] of energy distribution of electron beam
generated in the PSDP-EGUN indicates that most of emitted
electrons are within the energy range of 40%–60% of the full
applied potential on the pseudospark device. Therefore, in the
design of the radial 0.22 THz EIO, the central operation
voltage is 20 kV, which is about the half value of the maximum output voltage of the DC power supply available in the
laboratory. To realize this operation voltage, the beam-wave
interaction cavity of the EIO was designed as follows.
The radial TM01 mode is the operating mode in the
cavity, for its radial electric ﬁeld E r appears uniformly at the
center of the beam tunnel, as shown in ﬁgure 2, where radial
variation phase of the E r ﬁeld is 0. Two types of resonant
cavities can achieve the same resonant frequency: a cavity
with a narrow beam tunnel and deep corrugation, and a cavity
with a wide beam tunnel and shallow corrugation. In both
types of cavities, d + 2h » l /2, where d is the width of
2
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Figure 3. Normalized beam conductance in (a) cavities with narrow beam tunnel and (b) cavities with wide beam tunnel.

cavity with a wide beam tunnel and shallow corrugations
changes quickly around 20 kV. Since the beam voltage of the
PSDP-EGUN can vary in experiments, a cavity with a wide
beam tunnel and shallow corrugations is not recommended
for the THz radial EIO.
Figure 4. PIC model of the 0.22 THz radial sheet beam EIO.

3. PIC simulation of 0.22 THz radial sheet beam EIO
As shown in ﬁgure 4, the PIC simulation model of our
designed radial sheet beam 0.22 THz EIO consists of two
extended interaction cavities with a drift section. The number
of gaps in an extended interaction cavity is strongly dependent on the magnitude of operating beam current, as depicted
in [14]. A larger number of gaps lead to the lower starting
oscillation current and the larger beam conductance in the
EIO. However, too many gaps bring about neighboring
modes competition. In our design, the number of gaps is 4.
Compared to a THz EIO driven by a thermionic emission
cathode, a larger beam current value of the PSDP-EGUN
reduces the number of gaps required to start high frequency
oscillation.
A simple tapering collector and a cylindrical output
waveguide were used to couple out the power. This is different from the power extraction design in radial devices in
[9], where a coaxial output structure with a small gap (<0.2λ)
between inner and outer conductors is essential, as shown in
ﬁgure 5. In the THz band, this kind of small gap design
signiﬁcantly increases the difﬁculty of assembly of radial
EIO. In our power extraction design, the radius of the
cylindrical output waveguide is 1.5 mm, and the tapering
angle of collector is π/4. This kind of geometry is easier to
achieve.
The typical pulsed beam voltage and beam current
waveforms of the PSDP-EGUN in the PIC simulation are
shown in ﬁgure 6(a). The beam voltage continuously dropped
from 40 to 0 kV in a time span of 50 ns. The beam current
waveform had a short ﬂat top section of 25 ns and reached a
maximum magnitude of 25 A. The surface loss of copper was
also included in the simulation through the setting of the

Figure 5. Small gap power extraction structure in the reported radial

device.

conductivity of EIO structure to 2.8×107 s m−1, which is
half the value of ideal copper volume conductivity. Even with
this value of conductivity the EIO could still generate power
of 1.1 kW with a half pulse width of 3 ns using the electron
beam waveform mentioned above, as shown in ﬁgure 6(b).
The time frequency analysis of the output electric ﬁeld is
shown in ﬁgure 6(c). A pure spectrum of 0.22 THz was
obtained when the peak output power was generated. The low
frequency oscillation at the end of beam voltage was generated by the transition radiation oscillation of the low energy
beam movement near the collector.
Background plasma has not been considered in the
simulation yet, so the real output power of the device will be
much less than the simulation results. The reported experimental measurement [15] and simulation results [3] indicate
that the pseudospark discharge plasma density is in around
6.5×1019 m−3, and the corresponding plasma frequency of
about 72 GHz, which is apparently lower than 0.22 THz.
Accordingly, the relative permittivity of the background
plasma, e = 1 - ( fp /f )2 , is smaller and close to 1. Therefore, the inﬂuence of background plasma on the resonant
frequency of the EIO is not signiﬁcant. In addition, the criterion for electron beam conﬁnement in plasma is as follows,
3
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Figure 8. Photo of the radial pseudospark discharge experiment

setup.

Figure 6. PIC simulation results of 0.22 THz radial sheet beam EIO.
(a) Pulsed beam current beam voltage in the simulation, (b) output
power in the output waveguide, and (c) time frequency analysis of
the electric ﬁeld in the output waveguide.

Figure 9. Variation of the pseudospark discharge gap breakdown

voltage versus gas pressure.
Figure 7. Electric circuit of the discharge experiment.

the discharge duration, and a charging resistor Rc of 1 MΩ
was connected to the electric source. A discharging current
limiting resistor Rd with series connection to the radial PSDPEGUN was utilized to adjust the discharge current. The photo
of the experimental setup is shown in ﬁgure 8. The radial
PSDP-EGUN was sealed in a circular perspex container. A
Rogowski coil was utilized to measure the current collected
by the circular Faraday cup in the center of the anode. The
external energy storage capacitor was composed of four
ceramic capacitors, and the discharging current limiting
resistor was CuSO4 solution of 150 Ω. The driving voltage of
the PSDP-EGUN was provided by a commercial DC power
source with maximum output voltage of 40 kV and output
current of 60 mA.
The radial distance between the outer cathode and the
inner anode was 10 mm, the cathode diameter was 210 mm,
the width of the discharge tunnel was 2 mm, and the operation
gas was air. With a delicate leak valve, the gas pressure was
varied in a step of 0.1 Pa. The self-breakdown voltage of the

1 - n i / (nb + n eo ) < b 2b, where n i and n eo are the ion and
trapped plasma electron densities in the plasma channel,
respectively, and nb is the beam electron density while b b is
the ratio of electron beam velocity to the speed of light.
Simple calculation concludes that the electron beam in the
above PIC simulation model, whose average voltage, maximum current and geometric width are 20 kV, 50 A and
0.2 mm, respectively, can be conﬁned in the background
plasma when the beam radius is larger than 2 mm.

4. Preliminary experiment of radial sheet beam
PSDP-EGUN
A self-breakdown one gap radial PSDP-EGUN was fabricated
and tested. The electric circuit of the discharge experiment is
shown in ﬁgure 7. An external energy storage capacitor Cext
of 2 nF across the cathode and anode was employed to control
4
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Figure 10. Photograph of radial discharge process (a) and experimental discharge waveform (b) of the radial PSDP-EGUN in operation.

to the quick collapse of the gap voltage. Improved radial
PSDP-EGUN with post acceleration is prepared to enable a
longer duration ﬂat top beam voltage and the generation of a
high current, high energy beam.

radial pseudospark gap is quite sensitive to the gas pressure,
as shown in ﬁgure 9. Within the pseudospark discharge area,
lower gas pressure leads to higher breakdown voltage, since it
lies on the left side of Paschen curve. Some experimental
results at the right side of the Paschen curve are also recorded
as shown in ﬁgure 9.
Under the A–K gap voltage of 27 kV and gas pressure of
5.3 Pa, radial pseudospark discharge was observed, as shown
in ﬁgure 10(a), where the red region represents the discharge
plasma, which was recorded by an ordinary camera. The
cathode voltage was measured with a voltage divider, and the
beam current was monitored with a circular Faraday cup in
the center of the anode. Typical waveform is shown in
ﬁgure 10(b), where the duration of the hollow cathode phase
is only 20 ns at the beam voltage of 18 kV and beam current
of 20 A. Although the average beam current is about 50 A, the
cathode voltage drops quickly when the beam current is larger
than 20 A. This is due to the transformation from the hollow
cathode phase to the conductive phase [16] in the pseudospark discharge. To increase the beam energy after the hollow
cathode phase ends, an improved PSDP-EGUN with post
acceleration is prepared.
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5. Conclusion and discussion
A 0.22 THz radial sheet beam EIO with a simple power
extraction structure has been designed. At the typical beam
voltage and current waveforms of the PSDP-EGUN, 1.1 kW
output power is obtained in the PIC model without background plasma. In the preliminary experiments operated in the
self-breakdown regime, a one gap radial PSDP-EGUN produced an average beam current of 50 A. However, high beam
current was limited to a narrow range of about 10–30 ns due
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