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The development and characterization study of a multi-gap pseudospark discharge based plasma cathode (PD-PCE) has
been carried out for the generation of high density, energetic and short pulsed electron beams, suitable for potential
applications in EUV/Soft X-ray, and surface modification studies. The investigations of multi-gap PD-PCE sources with
different gas pressures, applied voltages (20-35 kV), and electrode aperture sizes (2—6 mm) for the generation of required
short pulse electron beams have been carried out. The proposed analysis has helped in the design and development of
multi-gap (4-gap) PD-PCE sources having uniform sequence of electrode apertures diameters (4 mm). The developed
PD-PCE source has shown the capability of repeatable generation of high pulsed electron beam current of ~1.4 kA
with current density of ~ 1.1 x10* A/em? at 35 kV applied voltage with 4 mm electrode aperture. The developed PD-
PCE source also generated and propagated the required high density and energetic pulsed electron beam by controlling
the geometrical and operating parameters. The investigations and findings of the present work would be useful for the
optimisation of the design and development of multi-gap PD-PCE sources required for the efficient generation of EUV/
soft X-ray radiation. © Anita Publications. All rights reserved.
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1 Introduction

Pseudospark discharge (PD) is recognized as a special kind of low pressure gas discharge that can
only produce electron beams with higher current density (~10* A/cm?) as well as high brightness (~ 1012
Am 2 rad?) [1-2]. In addition, pseudospark discharge also offers the unique characteristics of electron
beams such as, fast current rise (up to 10'? A/s), high power density (~10° W/cm?) and low emittance (~15
mm-mrad) [1-2]. These typical features of the generated electron beams from pseudospark discharge based
plasma cathode electron sources makes the door open for the pulsed power applications [1,2]. The unique
configuration and geometry of PD based devices has the ability to generate combined high density and high
brightness e-beams most suitable for the potential applications in the emerging areas of microwave and THz
radiation generation, extreme ultraviolet (EUV) sources, intense X-ray sources, electron beam lithography
and surface modifications [1-3]. In addition, the PD based devices have applications in the other potential
areas as well [4-5].
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Pseudospark discharge is low pressure (1-80 Pa), self-sustained and transient nature of gas discharge
happening in the left side (with respect to minimum) of Paschen’s curve [1]. The special geometry of PD
consists of hollow cathode (HC) with on-axis centered hole on one side while hollow and/or planer anode on
the other side [2]. For the configuration having only one HC and anode electrodes is known as single gap PD.
The other configuration, a multi-gap PD consists of stacked floating electrodes between the HC and anode to
facilitate the operation in the high voltage conditions for the generation of energetic electron beam [6]. The
generated electron beam during the breakdown process in the PD-PCE source can propagate without using
any external magnetic field because of the formation of ion channel [2].

The development and characterization of a 4-gap PD-PCE source for the generation of high density
and high energetic electron beam for the pulsed power application has been presented in this paper. The
developed source has the ability to produce high energetic pulsed e-beam suitable for the microwave/THz
and EUV/Soft X-ray radiations and also facilitated the generation of high current electron beam which
can be used in the surface modification of various materials. The energetic and high current e-beam has
been generated by controlling the operating parameter by keeping the same geometrical parameters. The
description of a 4-Gap PD-PCE source along with characterization setup is described in section 2. The results
and discussion are presented in section 3 and conclusion is given in section 4.

2 Experimental set-up and characterization

The schematic for the characterization of a multi-gap (4-Gap) pseudospark discharge based plasma
cathode electron (PD-PCE) source for the generation of high density and energetic e-beam is shown in the
Fig 1. The PD-PCE source consists of anode and cylindrical hollow cathode (HC) with central hole of 4 mm
diameter. The 4-gap arrangement has been made by using three floating electrodes of 3 mm thick and isolated
by insulating material Perspex. The anode, the intermediate floating electrode and the HC have on-axis hole
of 4 mm diameter.

The external storage capacitors (C,q) are connected across the gap of the PD-PCE. The hollow
cathode cavity is powered (0-35 kV) by a negative high voltage supply (Technix make-CCR80kV-600J)
while anode is grounded in such a way that the intermediate electrodes act as floating electrodes. The valves
V1,V2, V3 and V4 are used to maintain vacuum and filling of required gases at desired pressures into the
PD-PCE chamber.
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Fig 1. Schematic of PD-PCE source along with the experimental measurement arrangement.
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The voltage at the HC was measured through the high voltage probe (North Star, PVM-1 DIFF) and
total current was measured using current transformers (CT — Pearson 150 and 110). The voltage and current
waveforms were recorded using digital phosphor oscilloscope (Tektronix DPO4054). Care has been taken for
the measurement of short pulsed, high density and energetic electron beams. The schematic of the complete
measurement setup is also shown in the Fig 1.

3 Result and Discussion

The characterization of the e-beam generations has been performed in a multi-gap (4-gap) PD-PCE
source. The source was operated in self-breakdown mode such that no extra seed electrons were introduced
into the hollow-cathode (HC) cavity, and the discharge was initiated by the presence of electrons resulting
from the phenomena such as ultraviolet radiation or cosmic rays. After evacuating the PD-PCE source in
a pressure range of about 10~ mbar, the external storage capacitors were charged to a value of -5 kV to
-35 kV depending on the desired operating conditions. In order to validate the operating region of the PD-
PCE source, the breakdown characteristics of the source were analyzed and plotted on the Paschen’s curve,
which describes the voltage required to initiate a discharge as a function of gas pressure and gap distance.
The observed breakdown characteristics of the source were located on the left side of the Paschen’s curve,
confirming that the PD-PCE source operates in the pseudospark region, as per the Paschen’s curve validation
[1]. This information is important for the development of electron beam sources for various applications such
as material processing, particle acceleration, and plasma devices.
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Fig 2. Breakdown voltages against the varied gas pressures for 72 nF external storage capacitor (Ceg).

The pseudospark discharge is characterized by three complex phases namely; pre-breakdown phase,
hollow cathode phase and conductive phase [ |,6-8]. The initiation of discharge inside the hollow cathode (HC)
cavity is carried out by the self-breakdown process and termed as pre-breakdown phase of the pseudospark
discharge. The ignition of discharge leads to the formation of plasma by achieving the avalanche condition
inside the HC cavity. The energetic electron beam is extracted from the plasma due to special distribution of
the potential profile into the PD-PCE source. The generation of the energetic electron beam is achieved in
the hollow cathode phase of the PD-PCE Source. However, the high current e-beam can be generated in the
conductive phase. The three phases of pseudospark discharge have been characterized in the developed PD-
PCE source and presented in the Fig 3. The discharge current of ~ 129 A in hollow cathode phase and ~123
A in conductive phase has been observed. Electron beam current of 52.4 A in hollow cathode phase and 50 A
in conductive phase were measured through the CTs and recorded in the oscilloscope. The characteristic of
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such e-beam is preferred in the area where high energetic e-beam is required like, generation of microwave
and THz radiation, EUV/ Soft X-ray radiation, etc.
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Fig 3. V-I characteristics of developed PD-PCE source for the generation of electron beam at 250 pF for 25 kV
charging voltage.
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Fig 4. V-I characteristics of developed PD-PCE source for the generation of electron beam at 18 nF for 25 kV
charging voltage.

It is found that the external storage capacitance plays significant role for the hollow cathode phase
generation. On increasing the capacitance value, the phases of the PD-PCE source starts separating into
the hollow cathode phase and the conductive phase. For the capacitance value of 2 nF to 18 nF, the PD-
PCE source acts as the generator of high current electron beam purely in the conductive phase. The V-1
characteristics of 4-Gap PD-PCE source has been presented in the Fig 4 in which the conductive phase is

observed for 18 nF external storage capacitance. Such characteristics of generated high current e-beam are
suitable for the surface modification applications.

To further analyze the PD-PCE source, the beam current characteristics were measured, and the
influence of various combinations of external storage capacitors in the parallel of the discharge gap was
examined. It was observed that the voltage-current (V-I) characteristics during the breakdown process varied
depending on the capacitance of the external storage capacitors. Higher capacitance values, such as 36 nF, led
to an early breakdown compared to lower capacitance values, like 7.2 nF, as shown in Fig 5.
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The maximum electron beam current of 1.1 kA at 35 kV applied voltage could be collected from
the PD-PCE source within the range of 7.2 nF to 36 nF external storage capacitor, while a discharge current
of 2.8 kA was measured. The measured electron beam current density varied from 2.2x10* A/cm? to 1.1x10*
A/em? during the experimental investigation for external storage capacitors ranging from 7.2 nF to 72 nF.

Additionally, energy spreads ranging from 840 eV to approximately 9 keV were observed for the peak
electron beam currents.
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Fig 5. V-1 characteristics of 4-gap PD-PCE source at 35 kV breakdown voltage.

The experimental investigations demonstrate the generation and measurement of electron beams
of both high energy with low peak current and low energy with high peak current from the same PD-PCE
source. Such electron beams are very much suitable for potential and growing applications in EUV/Soft X-ray,
microwave and surface modification studies [1-3]. For the condition of 25 kV charging voltage of 150 pF to 18
nF capacitance, the achieved parameters of the generated electron beam are presented in the Table 1.

Table 1. Energy and current of generated pulsed electron beam at different external storage capacitors across the gap of
the 4-gap PD-PCE source at ~25 kV discharge voltage.

Max. . Beam current in Energy of electron
. Beam current in
Discharge

External storage . .
HC phase (A) conductive phase  beam during the HC

capacitance (Cqy)

current (A) (A) phase (keV)
150 pF ~112.2 ~41 - ~19.6
250 pF ~125 ~49.6 ~46.5 ~16.9
500 pF ~ 184 ~ 60 ~735 ~14
2 nF ~452 - ~ 183 -
18 nF ~ 1304 - ~534 -

The discharge process in the multi-gap PD-PCE source is closely related to the distribution of the
electric field within the system. In order to further characterize the discharge process, PIC (Particle-in-Cell)
simulations were performed using 2-D axis-symmetric OOPIC Pro simulation code [11,12]. When a voltage
is applied to the anode, the electric field is uniformly distributed across the gaps. However, the potential lines
near the cathode aperture undergo changes due to the unique geometry of the electrode configurations. The

simulations were carried out for applied voltages ranging from 10 kV to 35 kV, which correspond to the range
of voltages used in the experiments.
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The potential lines within the PD-PCE source play a crucial role in the breakdown process and in
shaping the electrons to form an electron beam, which depends on the applied voltage [11]. The equipotential
lines are essential for controlling the beam properties, such as its size and shape. As the applied voltage
increases, the equipotential lines become closer to each other, resulting in a tighter confinement of the electron
beam. This effect is observed in the simulation results, where the electron beam becomes more focused as the
applied voltage is increased from 10 kV to 30 kV.

Figure 6 illustrates the distribution of electrons inside the HC cavity and the confined electrons
for the formation of the electron beam at an applied voltage of 30 kV. The plasma electrons within the
HC cavity and the electrons propagated from the multi-gap electrodes are confined along the equipotential
lines that have penetrated through the system. The strength of this potential penetration is dependent on the
applied voltage and is distributed in a manner similar to the capacitor voltage divider rule. Specifically, for
applied voltages of 10 kV, 20 kV, and 30 kV, the plasma electrons are confined by the 8 kV, 16 kV, and 27 kV
equipotential lines, respectively, while the electron beam is shaped by 8.5 kV, 17 kV, and 28 kV equipotential
lines, respectively.

It is worth noting that the PIC simulations provide valuable insight into the behavior of the PD-PCE
source and its underlying physics, which can be used for optimising its performance and design.
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Fig 6. Distribution of electrons and formation of e-beam along with the potential line profile for the application
of 30 kV.

4 Conclusion

Characterization of an experimental multi-gap (4-Gap) PD-PCE source for high density and energetic
e-beam generation has been presented. The experimental study has been carried out for the characterization
and generation of electron beam from the multi-gap (4-gap) PD-PCE source for a wide range of operating
parameters, such as, breakdown voltages: —5 kV to —35 kV, gas pressures: 5 Pa to 70 Pa and external circuit
capacitors: 200 pF to 72 nF. The complex phases of pseudospark discharge have been presented in which the
external storage capacitance has played significant role for deciding the phases. Higher capacitance values
led the separation of hollow cathode phase for the generation of high energetic e-beam and conductive phase
for generation of high current density e-beam. The developed PD-PCE source has shown the capability to
generate repeatedly the high pulsed electron beam current of ~1.4 kA with current density of ~ 1.1x10* A/
cm? at applied 35 kV voltage. The PIC simulation has indicated that the focusing of electrons in the electron
beam increases at higher applied voltage. The plasma region inside the HC cavity and formation of e-beam
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has also been presented that depends on the density of the equipotential lines. The investigations are expected
to provide a promising solution for the development of multi-gap PD-PCE source which would be suitable
for the potential and growing applications in the EUV/Soft X-ray, microwave, and surface modifications.
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