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Abstract

®

CrossMark

Coaxial plasma guns are a type of plasma source that produces plasma which propagates
radially and axially controlled by the shape of the ground electrode, which has attracted much
interest in several applications. In this work, a 120° opening angle of CPG nozzle is used as a
plasma gun configuration that operates at the energy of 150 J. The ionization of polyethylene
insulator between the electrodes of the gun produces a cloud of hydrogen and carbon plasma.
The triple Langmuir probe and Faraday cup are used to measure plasma density and plasma
temperature. These methods are used to measure the on-axis and off-axis plasma divergence of
the coaxial plasma gun. The peak values of ion densities measured at a distance of 25 mm on-
axis from the plasma gun are (1.6+0.5) X 10 m~2 and (2.8+0.6) x 10 m~* for hydrogen and
carbon plasma respectively and the peak temperature is 3.02+0.5 eV. The mean propagation
velocity of plasma is calculated using the transit times of plasma at different distances from the
plasma gun and is found to be 4.54+0.25 cm/us and 1.81+£0.18 cm/us for hydrogen and carbon
plasma respectively. The Debye radius is obtained from the measured experimental data that
satisfies the thin sheath approximation. The shot-to-shot stability of plasma parameters
facilitates the use of plasma guns in laboratory experiments. These types of plasma sources can
be used in many applications like plasma opening switches, plasma devices, and as plasma sources.

Keywords: coaxial plasma source, triple Langmuir probe, Faraday cup, plasma density, plasma

temperature

(Some figures may appear in colour only in the online journal)

1. Introduction

Coaxial plasma guns (CPG) are the ion sources in the plasma
opening switches that generate the plasma using the insulator’s
surface breakdown. These CPGs come under the erosional
type of plasma generators in which material enters the
regime of ionization and acceleration, resulting in the evapo-
ration of insulators [1, 2] or electrode material [3, 4]. These
CPGs have the advantage of obtaining high-energy plasmas
eliminating the pulsed gas vents that require the accurate
operation of electromagnetic valves involved in gas supply

1009-0630/24/045402+7$33.00

lines [5] and laser-produced plasma systems [6] without
compromising the requirements of plasma source parame-
ters. The requirements include (i) minimization of back-
ground plasma perturbations, (ii) reduction in the interfer-
ence due to high voltage breakdown on insulators, (iii)
plasma cloud formation in the background plasma for the
reproduction of space conditions [2], (iv) reproducibility,
i.e., production of same plasma parameters for the shot to
shot and (v) long life span to be used for laboratory experi-
ments and in many applications. The insulators used in
CPGs include polyethylene [2], plexiglas [7], etc. The CPGs
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that meet the above requirements and are simple in construc-
tion are usually made of coaxial cables with an insulator as
low-density polyethylene (LDPE) and provide high-voltage
insulation between the electrodes. In this work, the CPG is
made using RG-218 coaxial cable with polyethylene (PE)
insulation.

2. Experimental setup

Figure 1(a) shows the electrical schematic of experimental
setup of the capacitor discharge circuit for firing the plasma
gun, and figure 1(b) shows the schematic of the plasma gun
used in experiments. The electrical circuit consists of a
capacitor 1 uF, 25 kV, a triggered spark gap (SG) switch
[8, 9], and a resistance of 20 kQ parallel to the CPG. The
coaxial cable has an inner copper conductor with a diameter
of 4.95 mm, a PE insulator thickness of 6.16 mm, and the
gun nozzle used is 120° opening angle. The acceleration gap
between the inner conductor and outer CPG nozzle is 7.5 mm.
The plasma is ejected and accelerated with the self-gener-
ated Lorentz force, i.e., JXB force from the electrodes,
where J is the current density, and B is the magnetic field
produced due to the current. The experiments are carried out
in vacuum chamber evacuated to 4x10~* mbar. The plasma
chamber used in the experiments has diameter of 250 mm
and height 220 mm. The parameters that are more important
for the characterization of CPGs are plasma density (n;),
temperature (7. ), and plasma velocity. These parameters are
measured using the triple Langmuir probe and Faraday cup
methods discussed in sections 3 and 4, respectively.

3. Theory of triple Langmuir probe

For the characterization of a plasma gun, a triple Langmuir
probe (TLP) was used against the plasma source for measur-
ing plasma density (7;) and temperature (7. ). This measure-
ment method directly exhibits the plasma parameters using
the microsecond intrinsic response time of the probe and
avoids the difficulties of obtaining the /-V curve by the fast
sweeping of bias voltage. The probe electrodes have differ-
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Figure 1. (a) Schematic of firing circuit. (b) CPG (not to the scale).

ent profiles, including cylindrical, spherical, and planar [10].
Using various combinations of electrode profiles for probe
design gives the asymmetric arrangement [11, 12], and using
of same electrode profiles gives the symmetric arrangement
[13]. In the present experimental study, the probe is designed
with cylindrical electrodes with a symmetric arrangement. A
cylindrical probe is a piece of wire that should have a high
melting point and mechanical strength. The materials
reported in the literature for probe design are tantalum,
molybdenum, graphite, and tungsten [14]. In the symmetric
arrangement, the two adjacent probes are negatively DC-
biased, and the third probe is in floating mode. The voltage
signal across the biased probes is proportional to the density
(m), and the voltage signal between the high potential probe
and the floating probe is proportional to the temperature
(T.). The ion saturation current (/) is obtained for the strong
negatively biased potential that gives ion density (n;), and
the potential in which the current drawn is zero, known as
floating potential and indicates the electron temperature (7).
Depending on the electrical circuit connections, the TLP can
be operated in (i) current and (ii) voltage mode [15]. The
voltage mode TLP requires two DC power supplies, and the
current mode TLP requires a single DC power supply, reduc-
ing the complexity of biasing the circuit and directly display-
ing the T, and n;. The theoretical considerations of the Lang-
muir probe are: (i) the plasma is in Maxwellian distribution,
(i) the probe dimension (7) is much larger than Debye length
(4Aq), and (iii) the surface area of the probe must be small to
minimize the perturbations due to plasma [16—18].

Figure 2(a) shows the electrical circuit of the current
mode operation of TLP, which is used in the present experi-
mental work. The plasma from the CPG hits the TLP in
which two probe tips are biased at some potential. The
potential attracts the unlike charges and repels the like-
charged particles. These particles form a thin sheath on the
surface of the probe tips. As per the theoretical considera-
tions of the Langmuir probe, r > A, defines the surface area
of the probe exposed to plasma as the measuring area of the
probe. When the charge particles are collected on the probe,
the current flows through the circuit, and the ion current
density is assumed to remain constant at all probe potentials;
using the following equation, one may determine the plasma
temperature [19, 20] as
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Figure 2. (a) Electrical schematic of TLP, and (b) experimental
setup of the biasing circuit (left) and probe installed in a vacuum
chamber (right).
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where k7. is the electron temperature in eV, e is the charge
of an electron, and V3, is the voltage measured between
positively biased probe T, and floating probe T;. The
temperature measurement is independent of the type of ions
in the plasma. The bias voltage across the probes T, and T,
must be sufficiently high so that more ions are collected at
the probe to get the ion saturation current such that
kT, < eV, [21] is satisfied. Using the values of I, = % (Ris
the resistance connected between probes T, and T,) and kT,
the plasma density can be estimated using the equation [16, 19]

: 2

m; )045 IS

n = exp(O.S)(kT A
e p

where m; is the mass of the ion and A, = 2nrl is the surface
area of the tungsten probe exposed to plasma, r and [ are the
radius and length of the tungsten probe.

3.1. TLP design and installation

The TLP was designed in-house using three pieces of 480 um
diameter tungsten wire and a length of 10 mm exposure to
plasma. These are connected to Teflon wires on other sides
for signal collection and biasing the TLP. The tungsten wires
are made rigid inside the Teflon rod of 20 mm diameter and
length of 35 mm with 2.8 mm spacing between them. The
whole assembly of TLP is passed through a plastic pipe and
shielded with metal foil till the Teflon wires are connected to
the three BNC feed-throughs inside the vacuum chamber.
The RG58 coaxial cables connect the biasing circuit and the
TLP. The biasing circuit used in the experiments is a capaci-
tor-based circuit. The electrical schematic circuit of TLP is
shown in figure 2(a), and the experimental setup is shown in
figure 2(b). The capacitance C is | mF, 140 V rated charged
using the stabilized power supply, and the circuit’s series
resistance, R, is 0.38 Q. Electromagnetic noises during the
discharge are more likely to affect these circuits, so the bias-
ing circuit is covered with aluminium foil and is installed in
a metal box. When the TLP is unbiased, there will be no
current flowing in the biased path, and when the TLP is
biased, probe T, will have a potential less than T, and due
to the flow of ions, the current /; passes through the resistor
R. The potential drop across R is measured using the oscillo-
scope with which the I, can be calculated. During the
measurements, the oscilloscope is isolated from the metal
box such that high voltage ground is isolated from the oscil-
loscope.

4. Theory of Faraday cup

Faraday cups (FCs) are charge collector devices that collect
the charged particles in a vacuum and are used to give the

time histories of the particles when kept against the plasma
source. Optimized design of FC is a challenging task for
specific applications, even if it is simple in construction and
a reliable technique for measuring beam current and the
plasma density of the source [22, 23]. Different types of FC
designs are reported in the literature depending on the appli-
cation [24, 25]. Care must be taken in designing the FC
because the back-scattered and secondary emission elec-
trons (SEE) are emitted from the surface of the collector
when the charged particles impact electrodes, and these
secondary electrons may escape from the FC aperture for
high-energy plasma sources. The escape of electrons results
in the underestimation of beam current for negative ions or
electrons and the overestimation of beam current for posi-
tively charged particles [22]. The reduction in the loss proba-
bility of secondary capture electrons is made by optimizing
the dimensions of FC and using low Z material can be
considered while designing the FC [26, 27]. The schematic
of the electrical circuit of FC is shown in figure 3. The ion
density using FC can be estimated by equation

Irc
AFCviZE ’

(€)

Nipc =

where Iy = ‘%C
resistance R;, Vrc is the voltage measured by oscilloscope
across R,, Arc is the input hole area, v; is the velocity of ions
obtained using plasma transit times, Z is the charge state of

respective ion and e is charge of the electron.

is the current flowing through terminating

4.1. Faraday cup design

The Faraday cup consists of two electrodes arranged concen-
trically and isolated electrically by a Kepton insulator,
shown in figure 3. The inner electrode (collector) is 4.8 mm
in diameter, the insulator is 0.1 mm thick, and the metal
casing is 20 mm in diameter and 25 mm in length. The elec-
trodes are made of brass. The collector is negatively biased
using a capacitor-based circuit through 5 MQ resistance and
the capacitor (C) is charged using stabilized power supply.
Geometrically low aperture-to-length ratio, i.e., the deep cup-
shaped electrode arrangement, minimizes the loss of
secondary electrons emitted from the collector when ions
impact the inner electrode.
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Figure 3. Electrical circuit of biasing circuit of FC.
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4.2. Simulations of the Faraday cup

To assess the performance of the FC, numerical simulations
have been performed using CST Particle Studio. The 3D
CST model of the FC is shown in figure 4. The loss proba-
bility using the SE emission model is simulated. When FC is
negatively biased, the potential is maximum at the surface of
the metal casing and has the minimum value at the center
along the axis of the beam. To know the loss probability of
SE electrons, particle tracking simulations were run at differ-
ent energies and by sweeping the voltage from 0 to 250 V.
The collector surface is selected as the circular source. The
emitted electrons are taken as N, = 10200 for every simu-
lation run and emission energy E.. From the aperture, some
of the electrons are diverted to the collector due to the pres-
ence of an electric field called captured electrons N, and
the remaining electrons have high energy to overcome the
potential barrier, which escapes from the aperture, and these
electrons are denoted by Nesey = Nemit — Neap. The loss proba-
bility of SEE is given by the equation (4)

N, escp

. 4
N, emit ( )

’y =
The trajectories of electrons are shown in figure 5(a), and
the loss probability of electrons as a function of E. and bias
voltage (Viis) as y(Ee, Viis) 18 shown in figure 5(b). These
simulations show the points from where the electron escape
is maximum, and the electron trajectories can be determined.
The parameter by which the performance of FC can be
decided is the minimum energy E,;, that the electron can
escape from the aperture. Considering the columbic interac-
tion, the SEE electrons have maximum energy given by
equation [28]

Insulator
Thickness-0.1mm

Input Hole
22 mm

meni;
max — B

( + ) Eioncosz¢7
ne +m;

®)
where m. and m; are the mass of the electron and the ion,
respectively, Ej,, is the energy of the ion, and ¢ is the angle
between incident ions and trajectory of ejected electrons.
From equation (5), if the ions incident on the collector and
the emitted electrons that are moving with an angle, ¢ = 180°,
i.e., opposite to ions, then these electrons may have the
maximum energy, and their velocity is entirely in the axial
direction. Only these electrons have maximum chances to
escape from an aperture that has energy E,, .

5. Results and discussion

Figure 1(a) shows the CPG firing circuit, and the voltage
applied across the insulator produces the plasma, which initi-
ates the temperature and density of the plasma. The vacuum
chamber is evacuated to a pressure of 4x10~* mbar. The
capacitor 1 uF is charged to 17 kV and discharged through a
spark-gap switch that ejects plasma through CPG. The
ionization of the insulator surface, creation of ions and elec-
trons, henceforth temperature and density depend on the
discharge voltage pulse. The discharge current is monitored
using the current monitor shown in figure 6(a), which has
a peak current of 8 kA with a quarter cycle time period of
2 us.

5.1. lon density and temperature measurements

The ion saturation signals are measured using the biasing
circuits of TLP and FC shown in figures 2(a) and 3, respec-
tively. The bias voltages for TLP and FC are —40 V and —150
V, respectively, and these voltages are found experimentally
such that the saturation in the output is observed. These diag-
nostics were biased using a 1 mF polarized capacitor during
the discharge process and biasing voltage is constant during
total measurements. Figure 6(b) shows that the density
waveforms measured at a distance of 50 mm from the
plasma gun axially, have two peaks that appeared with some
delay which indicates the ionization of polyethylene
[(C,H,),] insulator has the hydrogen (H*) and carbon (C*,
C+*) ions in the plasma as per the spectroscopic and charge

Casing
Coliector 920 mm
i Brass
Brass 1 mm
Figure 4. 3D CST model of FC.
(a) (b) 100
10200
5000 —_—
5200 >
p—— o0 0
= - T 50 |
EE ol o = 7
g a -
3000 g
200
w W o
0 0

£ 3
15 28 &
0 >
9 =
10 © 3
&3
8¢
5 € 8§
Sw
S a
2 o
o »2
50 100 150 200 250
B bias(v)

Figure 5. (a) SEE trajectories at 10 eV, (b) loss probability of SEEs.

4



Plasma Sci. Technol. 26 (2024) 045402

S Kanchi et al

(@) 10
]
&
E~ 5}
=
o —
-4 0
o
4 ‘ : ;

(b) x41018 ¢, ¢ lon density using TLP
3., 3 H* Plasma o ~ lon density using FC
® 2 Plasrria
e a r

]
£ E 1}
5
2 o 1 I v
(l:) ; 1.5 T;mperalur; using TLP
® |
=0
® 505
v E
$
w2
E
] ‘ ‘ ; "
ot
0 5 10 15 20
Time (ps)

Figure 6. Experimental waveforms. (a) CPG discharge current,
(b) ion density signals using TLP and FC, and (c) temperature
measured using TLP at a distance of 50 mm.

collector studies in references [29, 30]. The parameters
considered for calculation of density of hydrogen and carbon
plasma respectively using TLP and FC are given in table 1.
The peak density values of hydrogen and carbon ions at a
distance of 25 mm from the plasma gun axially are
(1.6+0.5)x10" m= and (2.8+£0.6)x10Y m™3, respectively,
and as the plasma propagates, the density dropped with an
increase in the distance from the CPG. At 50 mm, the densi-

Table 1. Parameters of TLP and FC for calculation of density.

ties of the hydrogen and carbon ions decreased to (3.57+3.22)x
10" m= and (5.65+£5.20)x10"® m=3, respectively. The
plasma exhaust mean velocity is calculated from the plasma
transit times at different distances. The mean velocities of
hydrogen and carbon ions measured using transit times of
plasma from 25 mm to 50 mm are (4.54+0.25) cm/us and (1.
81+0.18) cm/us, respectively.

The temperature trace is directly proportional to the volt-
age signal of the floating probe of the TLP biasing circuit.
The T, amplitude is based on the number of energetic elec-
trons hitting the floating probe and will vanish after the
plasma is completed. The temperature signal is independent
of the ions that hit the floating probe tip. The electromag-
netic noises are less prominent on TLP measurements at
lower magnitudes of discharge voltages [20]. Figure 6(c)
shows the electron temperature waveform measured using
TLP, which rises rapidly during the beginning of the pulse
because the most energetic electrons emerge from the CPG
region [18].

5.2. Radial and axial variations of n; and T,

For the characterization and to study the divergence of CPG,
the FC and TLP are placed at different locations, as shown in
figure 7. The diagnostics were placed on-axis axially and off-
axis radially to study the CPG plasma parameters. The radial
and axial directions are denoted as per plasma motion in the
chamber. Figures 8(a) and (b) shows the n; and 7. peak
values as a function of the on-axis distances. As the diagnos-
tic location is moved far away from the gun axially, the
temperature and density decrease as expected due to rapid
expansion of plasma and the recombination of ion-electron

Axial

Parameter Value
Mass of hydrogen ion 1.67x107% kg
Mass of carbon ion 20%x1077 kg

Charge state of hydrogen ion (2) 1

Charge state of carbon ion (2) 2

e 1.602x10°" C
Ay 15.07 mm?
Ac 3.14 mm?> Figure 7. a, b, ¢, d are the .on-axis_ locations and e, f, g, h are the off-
axis locations of plasma diagnostics.
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Figure 8. Axial (on-axis) variations of (a) n; and (b) T..
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pairs [31]. The peak density values of hydrogen and carbon
ions that occurred at different distances are represented in
figure 8(a), and the carbon ion density is higher than the
hydrogen ions density. These results indicate the propaga-
tion of plasma at longer distances. The off-axis measure-
ments of plasma parameters are determined by placing the
plasma diagnostics at locations e, f, g, and h, as shown in
figure 7. The locations e and g are +10 mm and —10 mm,
respectively, and f and h are +20 mm and —20 mm, respec-
tively, at a distance of 25 mm from the gun axially denoted
by 0 on the x-axis in figure 9(a). The n; and T, decrease on
both sides of off-axis measurements as shown in figures 9(a)
and (b). These measurements are more important in main-
taining the dependable values of n; and T, as plasma propa-
gates along the on-axis and may contribute to the optimum
thrust of plasma. These studies play a significant role in
deciding the plasma bridge length in the operation of plasma
opening switch experiments.

The Debye radius (4,4) of plasma is an essential parame-
ter in plasma science and is the minimum radius required to
satisfy the charge neutrality condition [32]. The values of #;
and 7. obtained from experimental data are used to deter-
mine the Debye radius of the plasma and obtained using the

formula
Ad = (60]{7-‘e )]/2 k]

n,e?

(6)

where k is the Boltzmann constant, €, is the permittivity of
free space, T. is the electron temperature, n; is the charged
particle number density, and e is the electron charge. Table 2
gives the data obtained at 17 kV charging voltage and at
position ‘a’ in figure 7. The factor /A4, is calculated to be
approximately ~526, which shows that the Debye radius is
much smaller than the probe radius. This indicates that the
dimensions employed to fabricate TLP satisfy the thin sheath
approximation. So, the surface area of the probe used to

expose the plasma can be considered as measurement region
of the plasma parameters.

6. Conclusion

The plasma density and temperature are the essential plasma
characteristics to be studied for CPGs. In this work, the
plasma parameters are measured using the triple Langmuir
probe and Faraday cup methods. The TLP gives the traces of
plasma density and temperature; the Faraday cup only
provides information about plasma density. The voltage
applied across the two electrodes with polyethylene as the
insulator ionizes and produces the hydrogen plasma and
carbon plasma, and these plasmas do not interact with each
other as they appear at different times. These two ions are
observed as the peaks appearing in the density profiles veri-
fied by TLP and FC. The maximum density and temperature
that occur at 25 mm on-axis measurements from CPG and
decrease as the plasma propagates, and values are (1.6+0.5)x
10" m=3 and (2.8+0.6)x10' m~ for hydrogen and carbon
ions, and the temperature is (3.02+0.5) eV. The mean veloc-
ities measured using plasma transit times are (4.54+0.25)
cm/us and (1.81+0.18) cm/us for hydrogen and carbon ions,
respectively. The variation of plasma parameters radially and
axially was studied, and hence these measurements afforded
an overall view of how CPG plasma expands and the plasma
parameters vary with time and distance, which could facili-
tate further experiments on CPGs. The experiments shows
high reproducibility of plasma parameters from shot to shot.
CPG method of plasma generation is a low-cost method and
also has control over the density and velocity by varying the
insulator length and charging voltage and the temperature by
increasing the energy. These parameter studies play a criti-
cal role in knowing the plasma bridge length on the cathode
electrode of plasma opening switches, and these switches
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Figure 9. Radial (off-axis) variations of (a) n; and (b) 7. from the gun.
Table 2. Estimation of Debye radius using 7; and T..
Plasma density using TLP, Pl Debye radius, Radius of TLP prob
n; (m™3 asma temperature, Ay (um) adius o probe,
Voltage (kV) (m™) T. (V) r (o) A
Hydrogen plasma Carbon plasma Hydrogen plasma Carbon plasma
17 1.6x10% 2.8x10" 3.02 0.91 0.68 0.48 526.82
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can operate for a higher range of currents depending on the
optimized parameters of the plasma source.
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