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In this paper, a cold cathode based sheet-beam plasma cathode electron gun is reported with achieved
sheet-beam current density ~1 kA/cm? from pseudospark based argon plasma for pulse length of
~200 ns in a single shot experiment. For the qualitative assessment of the sheet-beam, an arrangement
of three isolated metallic-sheets is proposed. The actual shape and size of the sheet-electron-beam
are obtained through a non-conventional method by proposing a dielectric charging technique and
scanning electron microscope based imaging. As distinct from the earlier developed sheet beam
sources, the generated sheet-beam has been propagated more than 190 mm distance in a drift space
region maintaining sheet structure without assistance of any external magnetic field. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4906592]

. INTRODUCTION

The pseudospark discharge is a cold cathode discharge
and is recognized as a class of discharge capable of producing
round shaped electron beams with the highest combined
current density and brightness than that of any other known
type of electron sources.'* However, such round shaped
electron beams have their own limitations especially in high
frequency microwave sources due to space charge effect.’ The
sheet-electron-beam has advantages in terms of reduced space
charge field over round shaped beam® and can lead to effective
conversion of its energy to RF. Also, the sheet-electron-beams
have long generated impact in vacuum electronic devices.’

There are some researches for the sheet-electron-beam
generation and its propagation with moderate beam current
densities.®® However, the transportation of the sheet-electron-
beam in uniform axial magnetic field is still challenging in
most microwave devices.'®!! It is well-known that a sheet
beam is not stable while propagating through a uniform
magnetic field due to the ExB velocity shear effect. A
diocotron instability results in beam kinks, vortices, and
eventual filamentation,'"'? which are the key indicators, and a
uniform magnetic field may not be suitable to focus the sheet-
beams. The diocotron instability is convective and it requires
a finite length of propagation before becoming unacceptably
pronounced.'®'% The lower range for diocotron instability
growth length is estimated as

Lg>v, (U_cz’

Wp
where . represents the electron cyclotron frequency, w,
represents the electron plasma frequency, and v, represents
the electron velocity. In order to avoid diocotron instability,
periodic focusing fields, such as periodic cusped magnetic
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fields and wiggler magnetic fields, have been studied.'? Still
such arrangements are complex and involve many fabrication
difficulties.

This instability can also be suppressed by reducing the
space charge effect during the sheet-beam propagation.'?
Such effects for cylindrical electron beam propagating in
ion channel regime of beam generated plasma, where the
space charge neutralization factor is greater than the critical
neutralization factor, have been mostly studied.'>"”

In this paper, we report first time a sheet-beam plasma
cathode electron (SPCE)-gun based on pseudospark discharge
for the generation of high current density sheet-electron-
beam and its successful propagation without any assistance
of external magnetic field, maintaining its sheet structure,
inside the plasma filled drift space region. The developed
gun consists of a trigger unit, a discharge unit, and hollow
cathode-anode assemblies. The discharge in the gun is an
axially symmetric self-sustained transient low pressure gas
discharge. In the hollow cathode cavity, the plasma is a
copious source of electrons, which has been used to generate
the high current density sheet-electron-beam. Together with
the delayed voltage breakdown and a fast current rise, we
have achieved an intense sheet-electron-beam. The beam
current density is diagnosed using three metallic isolated
sheet arrangement whereas the beam size measurement is
achieved by proposing a non-conventional dielectric charging
and scanning electron microscope (SEM) based imaging
technique.

Il. EXPERIMENTAL SETUP
A. Vacuum system and SPCE-gun

The schematic view of the experimental setup for the
developed SPCE-gun is shown in Fig. 1. The SPCE-gun
consists of hollow cathode-anode geometries of typical sizes
60 mm diameter and 50 mm length. These hollow cavities

©2015 AIP Publishing LLC
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FIG. 1. The schematic view of the experimental setup.

have been isolated by ceramic disc in efficient manner to
make arrangement leak tight. There are sheet form apertures
in inverted cup structures with dimensions 7 mm X 1 mm
of equal sizes on cathode and anode surfaces which are
separated by 3 mm distance and facing each other. To provide
seed-electrons inside the SPCE-gun, a trigger unit has been
developed. In the trigger unit, a ferroelectric cathode has been
used as an electron emission source. The used cathode in
the trigger system works on the field emission based electron
generation, and ~10°-10'° electrons are produced in ~300 ns
time for the applied voltage of —1——3 kV. The amount of the
seed-electrons is controlled by varying the applied potential.

The hollow anode assembly has been connected with
the drift space region for the sheet-beam characterization
which is a circular glass tube (see Fig. 1). Before creating
plasma discharge, the developed SPCE-gun along with the
drift tube assembly has been evacuated up to base pressure

~107° Torr with the help of turbo molecular pump (Pfeiffer
Model TC 400) and rotary pump (Pfeiffer Model Duo 5M).
The chamber is flushed couple of times with argon gas in
controlled manner with the help of mass flow meter through
connecting gas lines. The chamber has been evacuated again
up to the base pressure and has been monitored by the pressure
gauge (Pfeiffer Model D-35614). The argon gas pressure has
been maintained below the self-breakdown condition required
for this gas at fixed inter-electrode gap against an applied
voltage. With the appropriate discharge power supply (up
to =25 kV), connected in series with 1 MQ resistor and
in parallel with 200 nF capacitor, the plasma discharge has
been produced inside the hollow cathode using seed-electrons
generated by the trigger source. The discharge in the SPCE-
gun has been studied for various ranges of applied voltages
and corresponding operating pressures. These are typically
between 5-20 kV and 250-65 mTorr, respectively.

FIG. 2. Schematic view of the three metallic-sheets.
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B. Sheet-beam diagnostic methods

The generated sheet-electron-beam has been propagated
inside the drift space region where it has been detected
and characterized using two different diagnostic methods.
In the first method, a simple technique has been developed
as focusing and defocusing point estimations inside the
drift space region. The technique comprises of three aligned
rectangular stainless steel metallic-sheets (S1, S2, and S3
with corresponding areas 20 mm?, 242 mm?, and 450 mm?,
respectively) (see Fig. 2), which are mounted on Teflon
base and are connected to the axial motion feedthrough.
These sheets are facing anode aperture and are separated by
0.25 mm for their isolation. The rectangular metallic sheets are
connected with insulated ports and wires passing through three
calibrated current transformers (CTs) (Model 110, Pearson
Current Monitor). The currents corresponding to the sheet-
electron-beam, collected by the three rectangular sheets, have
been measured using oscilloscope (Tektronix DPO 4054).

Another diagnostic technique based on dielectric charg-
ing and the SEM based imaging has been developed. The
technique is able to provide the exact shape and size
estimations of the sheet-electron-beam. In this technique, a
dielectric surface of 1 um SiO, layer is grown thermally on
a rectangular sample of silicon substrate (28 mm X 20 mm),
which has been mounted separately on a Teflon base and
connected to the axial motion feedthrough inside the drift
space region (see Fig. 1). The substrate is facing always anode
aperture. The samples before and after the sheet-electron
bombardment have been analyzed using SEM based imaging
technique (JEOL, JSM 6390LV).

lll. RESULTS AND DISCUSSION

A typical V-I characteristic of the developed SPCE-gun
at applied voltage 20 kV and working argon pressure 10 Pa is
shown in Fig. 3. This figure also shows dI/dV curve that has
been obtained from the V-I characteristic and clearly depicts
two distinct phases of the electron beam currents occurring at
two different times during the discharge. In the hollow cathode
phase, the obtained beam current is ~35 A with beam energy
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FIG. 3. V-I characteristics of the developed SPCE-gun at 20 kV applied
voltage and Ar gas pressure 10 Pa. The total beam current profile is the sum
of currents collected by all the three metallic-sheets S1, S2, and S3.
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~15 keV whereas in conducting phase, these are ~483 A and
~3.9 keV, respectively.

These current phases are part of the plasma discharge. In
fact, the applied potential between the hollow cathode-anode
geometries increases due to the presence of energetic seed-
electrons and the working pressure that has been kept below
the self-breakdown potential. These seed-electrons lead to the
collisions and ionization with the gas atom, and this process
results into the formation of plasma inside the hollow cathode.
During the hollow cathode discharge, the electrons get trapped
in the large dynamic sheath fields inside the hollow cavity
and make oscillations.'® The electrons lose their maximum
energy in ionization and excitations and finally diffuse through
the aperture during the hollow cathode phase.'® The electron
density increases during the hollow cathode phase which later
forms the conductive phase of the beam.

The energetic component of the sheet-electron-beam is
formed during the hollow-cathode phase whereas the low
energy beam component is formed when the applied voltages
get collapsed due to conductive channel formation between the
hollow cathode-anode and are responsible for these distinct
phases observation in the beam generation (see Fig. 3).
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FIG. 4. Sheet beam analysis on the innermost sheet (S1: 20 mm?); (a) current

density for z = 190 mm at different applied gap voltages and (b) percentage
current density for applied voltage 17 kV at different drift space locations.
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For the efficient sheet-beam generation from the devel-
oped source, the trigger position [ (i.e., distance between
cathode aperture and trigger surface) has also been optimized
at different non-self-breakdown pressures of argon gas by
keeping the other parameters constant. The optimized f is
found to be 8 mm and 10 mm for the applied voltages 17 kV
and 20 kV, respectively. For the estimation of the focusing
and defocusing points of the beam, the beam current density
has been estimated on the innermost sheet S1 (20 mm?) at the
optimized trigger positions. Fig. 4(a) shows the beam current
density at z= 190 mm (i.e., the distance from the cathode
aperture) and at different applied gap voltages in the drift
space region whereas Fig. 4(b) shows the percentage current
density on the innermost collector sheet with respect to the
total sheet-beam current density at different locations keeping
applied gap voltage ~17 kV.

Figure 4(a) clearly shows the increasing trend of the beam
current density with the increase in the applied voltage. As
the applied voltage increases, the discharge current increases, '
which subsequently results in to the higher beam current den-
sity at higher applied voltages. This is due to the fact that
at the higher applied voltages, the positive accelerating field
penetrates to the larger extent and creates more and more
ionization. This figure further illustrates that the sheet-electron-
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FIG. 5. SEM image of dielectric collector (a) at z = 90 mm, 17 kV (beam
size 6.11 mm x 0.866 mm) and (b) at z = 143 mm, 17 kV (beam size 7.93 mm
x 1.02 mm).
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beam current density ~1 kA/cm? has been achieved from this
developed SPCE-gun for its maximum applied gap voltage
~20KkV (seeFig.4(a)). The percentage current density variation
on the innermost sheet, as shown in Fig. 4(b), clearly gives the
sheet-beam focusing points inside the drift space region. This
figure also says that more than 80% of the total beam current
density is concentrated on the inner most sheet S1 and also
depicts that at z= 120 mm the beam is more focused than that
z =73 mm. This has helped in identifying the focusing and
defocusing locations inside the drift space region. Since there
is no external applied magnetic field, this observation further
confirms the space-charge neutralization effect when the sheet-
electron-beam travels in the ion channel regime on the beam
envelop leading to focus the sheet-beam.

The bombardment of the electron-beam on the dielectric
surface (i.e., Si0,) leads to accumulate the beam electrons. The
SEM based images have confirmed the electron-beam in the
sheet form. The SEM images of such samples are shown in
Figs. 5(a) and 5(b) for fixed applied voltage at two different
locations whereas Figs. 6(a) and 6(b) show such images for two
different applied voltages at fixed location. These sheet-beam
images also clearly depict the deviations in the size of the beam
relative to the originating aperture size (7 mm X 1 mm). The
found maximum deviation in the sheet-beam is ~22% along the
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FIG. 6. SEM image of dielectric collector (a) at z = 190 mm, 10 kV (beam
size 10.12 mm X 1.65 mm) and (b) at z = 190 mm, 20 kV (beam size 8.18 mm
X 0.84 mm).
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longer side and along the shorter side it is ~19% while propa-
gating 190 mm distance inside the drift space region. These
results have also been utilized for the comparative analysis of
the beam size under same operating conditions as explained in
Figs. 4(a) and 4(b).

The images shown in Figs. 5(a) and 5(b) confirm that
the percentage current density on the innermost sheet at the
fixed applied voltage 17 kV is more at z=90 mm than that of
z =143 mm (i.e., due to reduced beam area), and the same has
been clearly depicted in Fig. 4(b). Moreover, Figs. 6(a) and
6(b) confirm the similar behavior of the beam compression
(i.e., again due to reduced beam area) with respect to higher
applied voltages as shown in Fig. 4(a). Consequently, a
good agreement between two diagnostic methods has been
achieved.

IV. CONCLUSIONS

A sheet-electron-beam with current density ~1 kA/cm?
has been successfully generated by developing a trigger based
SPCE-gun. The sheet-beam has been propagated more than
190 mm in the drift space region without any assistance of
external magnetic field inside the hollow cathode region of the
gun. The sheet-beam has been analyzed using three metallic
sheet arrangement, and the same has been correlated with the
dielectric charging technique. A good agreement is obtained
between two analyses. The maximum deviation obtained from
the SEM imaging in the sheet-beam is ~22% along the longer
side while along the shorter side it is ~19% during its 190 mm
propagation inside the drift space region.
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