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ABSTRACT

This study presents the computed ion beam properties (flux, fluence, and energy) of argon, neon, and nitrogen gases with pressure
variation in the spherical plasma focus device, KPU200 SPF. Numerical experiments are performed using the Lee code (version:
RADPFV5.16FIB) with the gases in the pressure range of 0.10 - 19 Torr. The electrode geometry has been obtained by applying the
‘equivalent straightened electrode’ technique. The computed results for each of the gases show that the ion beam properties increase
with the increase in pressure until reach a peak value and then start to reduce with further pressure increase. The peak ion beam flux
(ions m2 1), fluence (ions.m?), and energy (J) from heavier argon pinch plasma are found as 5.31 x 10%" at 2 Torr, 8.93 x 10 at 3.5
Torr, and 3.46 x 10* at 3 Torr, respectively which are the utmost values from neon and nitrogen gases. Significant correlations of pinch
radius and duration, effective charge number, and induced voltage with these ion beam properties are noticed and discussed in this
paper. The obtained results of this study are compared with those of the NX2 plasma focus device that makes the consistency of the

present research work.
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1 Introduction

A dense plasma focus (DPF) device produces super-dense
(~1016 - 1019 cm®), super-hot (~1 keV) plasma by self-
generated electromagnetic compression [1]. It is a non-
radioactive powerful source of ion beam (~0.01 - 100 MeV),
electron beam (~0.01 - 1 MeV), pulsed fusion neutron (~2.45 -
14 MeV), soft (0.1 - 10 keV), and hard (~10 - 1000 keV) X-rays
[2]-[3]. The first models of DPF are invented in the 1960s by
Mather in the USA [4] and Filippov in USSR [5]-[6]. The
operation principles of these two types are the same but differ in
the aspect ratio (ratio of anode length to its radius) of their
electrode geometry. A spherical plasma focus (SPF) having two
concentric spherical electrodes (anode and cathode) is a special
combination of the Mather and Filippov type of device.

A plasma focus is enclosed within a chamber, consisting of
two co-axial electrodes separated by an insulator, powered by a
high voltage capacitor bank. The filling gas starts to discharge
across the electrodes due to the breakdown voltage and produces
a plasma sheath (PS) over the surface of the insulator. This PS is
then liftoff and accelerated by the axial Lorentz force (LF) across
the coaxial electrodes. When it reaches at anode end, the radial
LF pushes the PS towards the anode top forming a high-
temperature, high-dense, very thin, and small shape plasma
column known as pinch. This dense and hot plasma into the
pinch column during its stagnation in front of the anode top is the
source of radiation. Finally, it is collapsed by un-stabilities
forming the voltage works to accelerate the electron and ion
beam in opposite directions. The emitted high-energy ion and
electron beams from pinch plasma in a DPF have been used in
different fields such as nano-material and device fabrication [7],
thin film deposition [8], surface modification [9], thermal surface
treatment [10], ion-assisted coating [11], ion implication, and
production of short-lived radioisotopes [12] including plasma
processing. Many efforts have been made in experimental studies
of applications of fast ion and electron beams from various DPF
devices [13]. Most of the experiments in ion beam detection were

performed with deuterium to investigate neutron production and
deuteron acceleration during plasma focus discharge. The energy
transfer mechanism from magnetized plasma to ions and
electrons is unclear till today [14]. Therefore, ion beam
characterization is not only very important for understanding the
production mechanism of high-energy ions but also plays an
important role in optimizing, upgrading, and modifying DPF
devices for their specific application in different fields [15]-[17].

The Lee code [18]-[20] is one of the famous tools for
numerical modeling and experiments [21] of a plasma focus for
computing ion beam properties (flux, fluence, density, and
energy) [22]-[23]. lon beam characteristics have been studied in
Mather and Flippov type devices using this code. The KPU200
is a spherical plasma focus device which is designed mainly for
neutron production [24]-[25]. The electrode (anode & cathode)
geometry, static inductance, operating voltage, and pressure
change of different gases were studied for neutron and ion
production [26]-[27], X-ray emissions (continuum and line
radiations) [28]-[30] in this device. So far, no one has computed
ion beam properties in this device.

In this paper, | study some characteristics such as peak
discharge current (lpea), pinch current (Ipincn) and radius (rp),
effective charge number, ion accelerating induced voltage taken
as diode voltage which are directly used to calculate ion beam
properties with pressure change in various gases including
nitrogen (N2), neon (Ne), and argon (Ar) from the spherical
plasma focus device KPU200 SPF using the Lee code.

In section 2, | present a brief description of the operation
including the calculating equations of ion beam flux, fluence, and
energy in the Lee code, and the method of numerical experiments
is given in section 3. In section 4, the results and discussions are
presented and finally, conclusions are given in section 4.

2 The Lee Code

Around all of the main phases of discharge in a DPF can be
simulated using the five-phase Lee code [31]. The plasma focus
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dynamics, thermodynamics, and radiations are coupled with the
electrical circuit by this code. The effects of gas ionization,
discharge by shock-wave heating in radial phase just before the
formation of stable pinch, plasma heating in pinch column due to
the ohmic for Spitzer and anomalous resistivity, and micro-
instability development are included in the code. It shows the
consistency of mass, energy, charge, and momentum. This code
can be used in the experimental interpretation and design of a
plasma focus [1]. It couples the radiations (bremsstrahlung, line,
and recombination) with the dynamics of plasma pinch
compression. In the code, the transition from volumetric to
surface emission, self-absorption in plasma, fusion neutron
production by beam-target as well as thermonuclear methods are
also considered.

The discharge current waveform getting from a DPF
operation can be considered a significant indicator of realistic
simulation and analyze all of the gross properties of a plasma
focus. Using the Lee code, the important information (axial and
radial phase dynamics and radiations) of a device can be traced
quickly from the current flow through the plasma sheath [19].
However, when the computed discharge current waveform is
fitted with the measured one, the computed outputs of the code
provide the following realistic data: the dynamics and energy in
each phase, the geometry of pinch column, densities and
temperatures, radiations, neutron yields, and ion beam.

Therefore, to simulate a specific DPF device by this code,
the measured discharge current waveform of the device is to be
picked out either from the published article or from a laboratory
experiment.

2.1 The lon Beam Flux, Fluence, and Energy Equations

To study the properties of the emitted ion beam from the
pinch plasma in a DPF, the ion beam flux equation has been
derived and inserted into the Lee code [19], [32]-[33]. At the time
of simulation, the flux of the ion beam is estimated in the code
with the following equation [22]:

Flux (ionsm=2s71)
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Here, f, is the fraction of pinch inductive energy (PIE)
converted into the beam kinetic energy (BKE) and it is equivalent
to an ion beam energy of (3 - 6) % Eo (operating energy of plasma
focus). To study the pinch dimensional-temporal relationships
and the neutron yield data [22]-[23], the value of f, has been
estimated as 0.14 [23], M is the ion mass number, Z.( is the
number of effective charge of ion in the pinch, b is the cathode
radius, the pinch radius, the pinch current are to be known. The
ion accelerating voltage is taken as diode voltage U = 3Vax,
which is obtained from data fitting, where Vmax is the maximum
induced voltage of the pre-pinch radial phase. For the case of
strong radiative collapse, it generates an additional induced
voltage and, in such cases, U = V;;.« [22]-[23].

The ion fluence is defined as the number of ions per unit
cross-section of the pinch column. Since the beam emits from the
focus pinch with slight divergence, fluence is the best way to
characterize the ion beam. It is calculated as the flux multiplied
by the pulse duration of the ion beam (z). From considering
approximate scaling [23]: T = 107z, where, z, is the pinch
column length. Thus:

Fluenc (ions m™2)
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lon beam energy (E) is estimated by using the following
equation:

E(J]) = ZessU X Number of ion in beam 3

The code computes the values of Ze, rp, pinch duration,
lyinch, @and U along with the ion beam flux followed by ion beam
fluence and energy.

3 Method used in Numerical Experiments

In this work, 1 use the Spherical Plasma Focus, KPU200 SPF
for the numerical studies of the ion beam flux, fluence, and
energy in various gases including N2, Ne, and Ar with pressure
variation. The electrode geometry has been obtained by applying
the ‘equivalent straightened electrode’ technique to this SPF
device [24]-[25], [34]. The Lee code is configured to conduct the
numerical experiments using the following standard parameters
of this device [34]-[35]:

1. Bank parameters: Static inductance (Lo) = 36 nH, Bank
capacitance (Co) = 432 WF, and short-circuited resistance of
the discharge circuit (ro) = 1.2 mQ.

2. Tube parameters: Cathode radius (b) = 15 cm, Anode radius
(a) = 8 cm and Anode length (zo) = 21.3 cm.

3. Operating parameters: Bank charging voltage (Vo) = 25 kV,
Deuterium-Tritium (D-T) gas: (MW =5, A =1 and At-1 mol-
2 = 2) and Operating pressure (Po) = appropriate range of
pressure (Torr) in each gas.

4. Model parameters: Mass swept-up factor (fr) = 0.0635 and
plasma current factor (f;) = 0.7 in the axial phase, Mass
swept-up factor (fnr) = 0.14 and plasma current factor (fe;) =
0.7 in the radial phase.

These model parameters have been obtained by fitting the
computed current trace with the measured one at 14.3 Torr D-T
in KPU200 SPF [33]-[34]. Though, this set of model parameters
is expected to vary slightly within a wide range of gases, even in
a pressure range for a given gas [36]-[37] these are kept constant
in our present numerical experiments for different gases in the
pressure range of 0.1 —19 Torr.

4 Results and Discussion
4.1 lon beam Flux for Various Gases

The high-energy ions from plasma focus are applied for a
different type of material processing. The operating pressure of
Ar, Ne, and N gases are varied and the corresponding flux,
fluence, and energy of outgoing ion beam from pinch plasma in
terms of lpeak, lpinch, Zefr, Ip, @and U are obtained using the Egs (1),
(2), and (3) through the code. As an example, Table 1 presents
the ion beam properties for Ar. This table shows that the peak
discharge current (~1962 kA) at maximum pinch current (~773
kA) is found at 3.5 Torr whilst the Ar plasma goes to its 16th
ionized state (Zer = 16) at 0.2 Torr. Also, | notice that the 7,
gradually reduces with decreasing pressure up to 3.5 Torr and
then gets its minimum value of 3.2 mm at 3.0 Torr. This reduced
value remains unchanged up to 0.6 Torr after that it starts to
increase again with pressure reduction.
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Table 1 Change in ion beam properties with pressure variation of Ar plasma in KPU200 SPF.

Po(Torr)  lpeak (KA)  lpinch (KA)  Zetr  rp(x103 m) U (kV) Flux (x10%" ions m?s?)  Fluence (x10%° ions.m?) E (x10*J)
10 1961.80 612.88 8.00 13.10 89.65 0.38 157 0.97
9 1943.30 650.79 8.00 11.55 98.20 0.56 2.15 1.13
8 1922.18 690.51 8.21 9.88 109.13 0.86 2.52 1.11
7 1897.70 720.48 8.48 8.53 122.66 1.22 3.28 1.25
6 1868.77 744.57 8.78 7.06 141.47 1.86 4.62 1.44
5 1833.65 762.26 9.10 5.55 170.97 3.03 6.82 1.65
4 1789.46 772.40 9.46 4.14 369.57 4.06 8.26 2.50
35 1762.43 772.99 9.66 3.53 558.07 4.71 8.93 3.03
3 1730.73 772.47 9.84 3.20 766.56 4.97 8.9 3.46
25 1692.62 766.59 9.91 3.20 661.90 5.25 8.78 2.97
2 1644.81 753.80 9.94 3.20 601.67 5.31 8.23 2.54
15 1578.03 731.04 9.94 3.20 678.63 4.71 6.43 2.24
1 1476.97 691.70 9.97 3.20 779.51 3.93 4.55 1.82
0.7 1384.71 653.73 10.39 3.20 629.59 3.82 3.97 1.34
0.2 1072.58 519.25 16.00 9.54 320.93 2.19 0.16 0.38
0.1 920.02 453.78 16.00 10.9 301.53 1.25 0.082 0.24

The diode voltage reaches its maximum value of 779.51 kV
at 1.0 Torr. The flux curve of ions (m2 s?) for Ar, Ne, and N,
gases with pressure change is shown in Fig. 1.

The flux curve of Ar ions gradually increases with an
increase in pressure to the maximum value of 5.31 x 1027 at 2
Torr and then reduces with further pressure increase.

The Ne curve has a value of 0.54 x 1027 at 1 Torr, rises
sharply to a peak value of 4.78 x 1027 at 2.5 Torr, and then drops
gradually. The N2 curve shows the same trend with a lower peak
flux value of 1.67 x 1027 at 4 Torr. During flux calculation, the
pinch radii at the corresponding optimum pressure of Ar, Ne, and
N2 are found to be 3.2 mm, 4.69 mm, and 8.81 mm, respectively.
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Fig. 1 Change in ion beam flux with pressure variation for Ar,
Ne, and N in KPU200 SPF.

This lowest value of pinch radii in Ar and Ne plasmas due
to radiative collapse, produce the highest flux of ion beam
compared to N gas.

4.2 lon Beam Fluence for Various Gases

The fluence in ions/m? for the various gases with pressure
change is shown in Fig. 2. The curve shapes and the changing
trend of fluence with pressure variation for various gases are

comparable to the flux curves discussed in section 4.1. The peak
values of the fluence are obtained as 8.93 x1020 at 3.5 Torr Ar,
6.44 x 1020 at 2.5 Torr Ne, and 2.97 x1020 at 4 Torr N.. Noted,
the optimum pressure and hence r,, for Ne and N, are similar to
that for flux calculation.
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Fig. 2 Change in ion beam fluence with variation for Ar, Ne,
and Nz in KPU200 SPF.

At the optimum pressure, the pinch radius of Ar is found to
be 3.53 mm which is quietly smaller than that of other gases.
Also, the duration of the pinch (ion beam pulse duration) of Ar,
Ne, and N, are computed as 190 ns, 144 ns, and 135 ns,
respectively at their corresponding optimum pressure. Fluence
is the flux multiplied by the estimated ion beam pulse duration.
These two factors (the largest pulse duration and smallest pinch
radius) enhance the fluence of Ar compared to Ne and Na.

4.3 lon Beam Energy for Various Gases

The ion beam energy rises with the increase in pressure until
it reaches a high value and then reduces with further pressure
increases as shown in Fig. 3.

In our present studies, the number of ions per shot and ion
current along with ion beam energy is found in Ar plasma 2.86 x
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1016 and 252 kA with peak 3.46 x 104 J at 3 Torr, in Ne plasma
6.6 x 1016 and 430 kA with peak 1.83x 104 J at 8.5 Torr, and in
N2 plasma 9.14 x 1016 and 393 kA with peak 1.21 x 104 J at 6
Torr. Also, both of the Zeff and U(kV) are found as Ar(9.84 &
767), Ne(8 & 217), and N2(5.74 & 144). That means the high
atomic gases show a higher effective charge number and diode
voltage than those of lighter gases. These are the reasons for
greater ion beam energy for heavier gasses (reflection of Eg. (3)).

The computed results getting from the present study in
KPU200 SPF are compared with those of NX2 [23] at similar
pressures of Ar, Ne, and N gases and are given in Table 2. The
NX2 is a Mather type DPF device with operating energy of 2.7
kJ whilst its KPU200 SPF is 135 kJ. Due to this higher operating
energy of this device, the lpeax and consequent lpinch are almost 4-
times higher for each of the gases. The variation trend of pinch
properties such as zp, rp, Vimax, Zefr, and T with gas are very similar
in both devices.

4.0
3.5
3.0
2.5
2.0
15
1.0
0.5

0.0 T T T
0 5 10 15 20
Pressure (Torr)

lon beam energy (x10%J)

Fig. 3 Change in ion beam energy with variation for Ar, Ne,
and Nz in KPU200 SPF.

Table 2 Comparison of ion beam characteristics in NX2 [23] and KPU200 SPF.

DPF device NX2 KPU200 NX2 KPU200 NX2 KPU200
Operating gas Ar Ne Ne N2 N2
Po(Torr) 2 4 4 2 2
Ipeak(KA) 406 1644.81 406 1644.76 395 1561.53
Ipinch(KA) 209 753.8 208 745.83 215 755.59
zp(cm) 3.4 14.58 2.8 12.29 2.8 11.77
ro(cm) 0.08 0.32 0.14 0.66 0.24 1.12
Vmax (KV) 152 601.67 34 262.09 29 200.96
Zeft 11 9.94 8 8 6.4 7
(ns) 30 154.87 25.2 144.07 25.6 141.48
lon flux (x10%7 ions/m?ss) 14 5.23 6.6 2.33 3.2 0.72
lon fluence (x10%° ions/m?) 4.3 8.23 1.7 3.36 0.8 1.02
lon beam energy (J) 207 25400 143 15700 13 9100

The obtained pinch radii in KPU200 SPF for different gases
are very higher than those in NX2. According to Eg. (1), r, hasa
strong effect (inversely proportional) on ion flux and this is
because it in NX2 is higher than in the present SPF device for
each gas whilst ion fluence is higher in KPU200 SPF because of
its large pinch duration. The ion beam energy in this device is
much higher due to its greater induced voltage than that of NX2.
It is also observed that the variation trend of ion beam properties
with change in pressure of these gases in both devices is very
similar in nature. Finally, it is to be concluded that the obtained
numerical results from my present studies are consistent that
increasing the validation of this research work.

5 Conclusion

The electrode geometry of the spherical plasma focus
device, KPU200 SPF has been obtained by applying the
‘equivalent straightened electrode’ technique to configure the
Lee code. | use this code to characterize the ion beam flux (ions
m2s1), fluence (ions/m?), and energy (J) for Ar, Ne, and N pinch
plasmas with pressure variation in the DPF device. The
computed results for each used gas indicate that all of these ion
beam properties increase with the increase in pressure until
reaching a peak value and then decrease with further pressure
increase. The pinch radius of N, (8.81 mm) is about two times
higher than that for Ar (3.2 mm) and Ne (4.69 mm). The lower
values of pinch radii in Ar and Ne pinch plasmas cause radiative
collapse and produce a higher ion beam flux in Ar(5.31 x 1027)

and Ne(4.78 x 1027 at 2.5 Torr) than N (1.67 x 1027 at 4 Torr).
The pulse duration of Ar, Ne, and N are found as 190 ns, 144
ns, and 135 ns, respectively, and the consequent peak fluences
are found as 8.93 x1020, 6.44 x1020, and 2.97 x1020,
respectively. The Ar beam energy (3.46 x 104 J) is greater than
Ne (0.83x 104 J) and N; (1.21 x 104 J) because of its higher
values of the effective charge (9.84) and induced voltage (767
kV) generated by the collapse of pinch plasma.

The obtained results getting from this study in KPU200 SPF
are compared with those of NX2 at similar pressures of Ar, Ne,
and N2. The variation trend of ion beam properties with change
in pressure of these gases in both devices is very similar in nature
which increases the validation of the results.
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