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The aim of the research is to examine the dependence of plasma pinch properties and radiation emissions on the atomic number of
the operating gas within the dense plasma focus device (NX2) when using hydrogen and argon gases. Simulation was performed
with Lee’s code on an NX2 dense plasma focus at a constant gas pressure value (P, =0.5torr). The results showed that the
minimum radius of the plasma focus in the case of the hydrogen plasma pinch was 0.30 cm and in the case of the argon plasma
pinch 0.17 cm, and this affected the value of the radiation emission as it was 7.8 x 10 ] and 117] for the hydrogen and argon
pinch, respectively. The energy of the ion beam released by the breakdown of the plasma pinch was found as E =23.8] in the

state of hydrogen and E, = 105] in the state of argon.

1. Introduction

Since the discovery of the phenomenon of dense plasma focus
in the 1960s by the scientists Mather and Fillipov [1, 2] and
their design of two types of dense plasma focus devices were
known by their names, a large number of researches and
studies have been conducted that have dealt with this unique
phenomenon from various aspects such as plasma focus
dynamics, particle emission, and X-ray emission. The study
of the dynamics of the plasma focus covered the formation
and acceleration of the plasma layer inside the device [3] and
the factors affecting such as the sheath current [4], pinch cur-
rent [5], length of the insulator used to separate the anode and
the cathode, the type of gas used within the device [6, 7], the
parameters of the capacitor bank [8] and electrode engineer-
ing, and ion beam properties produced in dense plasma focus
devices using various gases [9]. Due to the collapse of the
plasma pinch after a short period of time (several ns) of its
formation and emitting ions and electrons in opposite direc-
tions, many studies have been conducted that dealt with the
possibility of benefiting from the emitted particle beams such
as lithography [10, 11] and short-lived radioisotope produc-

tion [12-15] thin film deposition [16, 17]. The soft X-ray
emission from dense plasma focus is according to two mecha-
nisms: linear radiation and continuum radiation (recombina-
tion and Bremsstrahlung radiation) [18-20]. The hard X-rays
are also produced by the collisions of electron beams resulting
from the collapse of the plasma pinch with the anode [21-23].

Lee’s code is one of the most important programs used to
simulate the phenomenon of plasma focus because of its
important features, as it couples electrical circuit parameters
with the dynamics and thermodynamics of the plasma focus
and radiation, enabling a realistic simulation of all gross focus
properties. The basic model is described in [24, 25]. This code
has been used in many plasma focus devices such as the
United Nations University/International Centre for Theoreti-
cal Physics Plasma Focus Facility (UNU/ICTP PFF) NX2
device and NX1 device.

In the practical applications mentioned above, the plasma
pinch is the source of ion beams, where the characteristics of
these beams (number of ions, flux, and energy) are related to
the specifications of the device used and also depend on the
type of gas used, and this has been discussed in a previous
study [9]. In this study, we studied the effect of the difference
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in atomic number on the narrowing of the pinch (the ratio of
the radius of the pinch to the radius of the anode) by perform-
ing a series of numerical experiments using Lee’s code accord-
ing to the following method.

2. Brief Description of the Methodology

Two gases with diverging atomic number values were chosen
(hydrogen 1 and argon 18). A large number of numerical
experiments were carried out using Lee’s code on a dense
plasma focus device, and the following is a brief description
of them.

2.1. NX2 Dense Plasma Focus Device Description. It is a com-
pact plasma focus (CPF) device that works with a group of
capacitors arranged in parallel to decrease the stray (static)
inductance L, in the external circuit down to as low as 15
nH, where a group of 12 capacitors are used. This device
operates at up to 16 Hz repetition rate and produces a peak
current of 400kA at 11.5kV. Due to the higher frequency
of the firing of NX2, the stainless steel electrode needs to be
cooled by circulating water to avoid excessive heating [26].

2.2. Lee Code Description. The code couples the electrical
circuit with plasma focus (PF) dynamics, thermodynamics,
and radiation. It has been used in the design and interpreta-
tion of Mather-type PF experiments and as a complementary
facility to provide diagnostic reference numbers in all gases.
Information computed includes axial and radial dynamics,
soft X-ray emission characteristics, and yield for various
applications including microelectronic lithography and opti-
mization of machines. Plasma focus neutron yield calcula-
tions, current and neutron yield limitations, deterioration
of neutron scaling (neutron saturation), radiative collapse,
speed-enhanced plasma focus, current-stepped plasma focus,
and extraction of diagnostic and anomalous resistance data
from current signals have been studied using the code, which
also produces reference numbers for fluence, flux, and energy
of deuteron beams and ion beams for all gases [27].

3. Results and Discussion

The total discharge current path is the most important indica-
tor of the overall performance of the plasma focus. It operates
(energy rendering) for all dynamic, thermodynamic, electro-
dynamic, and radiative emission processes in the different
stages of the plasma focus evolution. The wave function of
the total discharge current path contains information on all
previous processes. The general shape of the current path is
governed by the capacitor bank, tube, and operating parame-
ters. Therefore, the first step when studying the plasma focus
is to study the discharge current starting from the moment
of discharging the capacitor bank. This is what we did, where
we found the wave function of the discharge current when
using the hydrogen and argon gases.

Lee code version RADPFV6.1b [28] was used to simulate
an NX2 dense plasma focus device with the following param-
eters [29].

The basic device parameters were preserved, and the gas
pressure value was fixed to the value Py = 0.5 torr at which
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the highest value of the total current (I, ) was achieved,
assuming that at this value of current the largest possible
amount of energy stored in the capacitor bank was trans-
ferred to the pinching phase.

The results were as follows.

3.1. Hydrogen Gas. The waveform of the discharge current
was taken from the moment of closing the switch to the
end of the capacitor bank discharge as shown in Figure 1
where the highest value of the discharge current is I
199 kA.

According to Lee’s code and the waveform of the dis-
charge current, the radial phase starts at T, ;,/start = 0-377 ¢
sand ends at T, g;,/eng = 0-446 ps, meaning that it lasts about
T adial = 0.069 ns and that the hydrogen plasma pinch time
» = 9.7 ns and that the number of ions within the pinch

peak =

pinc

is 7,=0.4x10%m™ and the maximum temperature is
T pax = 21.73 X 10° K.

The simulation showed that the minimum pinch radius is

7min = 0.30 cm and the ratio of the pinch plasma radius to the

min —
anode radius is .. /a = 0.158.

3.2. Argon Gas. By following the same procedure as in the
case of hydrogen gas, the waveform of the discharge current

is shown in Figure 2.
The highest value of the discharge current is I, = 362

peak —
KA.
The radial phase begins at T’ gi/start = 0-829 ps and ends
at T, gialjend = 0-974 ps, that is, it lasts about T4, = 0.144 us

and the hydrogen plasma pinch time T, = 17.3 ns and the

number of ions within the pinch is 7, =1.9 x 10> m™® and

the maximum temperature is T, =4.49x 10°K. We
observed that the minimum pinch radius is r,;, =0.17 cm
and the ratio of the pinch plasma radius to the anode radius
is rin/a =0.091.

By making a comparison between the value of the mini-
mum pinch radius in the case of hydrogen, r_;, =0.30 cm,
and argon, r.; =0.17 cm, we note the lower value of r_;
in the case of argon, which can be explained by the energy
gain/loss in the case of argon plasma during the compression
phase, and from Lee’s code, we found the values of energy
gain (Joule heating) and energy loss (radiation) shown in
Table 1.

It is clear from Table 2 that the energy loss due to the
radiation in the hydrogen plasma is very small, and thus, it
is not a reason to reduce the plasma pinch radius.

From the results of the numerical simulation, we note
that both the pinching time and the ratio of pinch plasma
radius to the anode radius (r,,;,/a) in the case of argon gas
were greater than those in hydrogen gas and thus a greater
number of ions are trapped within the pinch (argonn, =1.9
x 102 m™ > hydrogenn, = 0.4 x 10> m™3); this increases
the energy of the resulting ion beam. The simulation showed
that the energy of the hydrogen ion beam released upon
breakdown of the formed plasma pinch was E_ =23.8],
which constituted 0.9% of the operating energy, while in
the case of argon E, = 105 J and 3.8% of the operating energy.
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F1GURE 2: The waveform of the discharge current when argon gas was used.
TaBLE 1: NX2 dense plasma focus device parameters.
Bank Static inductance Capacity Stray resistance
ank parameters Ly=20nH C, =28 uF ro=2.2m0
Cathode radius Anode radius Anode length
Tube parameters _ _ N
b=41cm a=19cm zy=5cm
o i . Voltage Pressure
peration parameters V, = 14kV P, = 0.5 torr
Model parameters fin=0.08 f.=07 fme=02 fa=07




TaBLE 2: Values of energy gain (Joule heating) and energy loss
(radiation) in hydrogen and argon plasma.

Q_{Joule} (in]) Q_{radiation} (in J)
+4.85x 1073} -7.8x 10t7%
-11.0

Hydrogen plasma pinch
Argon plasma pinch +2.8

By comparing these results with the results of the
research [9], the energy of the ion beam was changed due
to two factors, both the pinch’s voltage and the number of
effective charge, while in our study we focused on the effect
of constriction of the pinch on the energy of ion beam as it
was found that the lower constriction value (argon) increased
the value of the ion beam energy because a greater number of
ions are trapped inside the pinch.

4. Conclusions

This research evidenced the importance of the value of the
atomic number of gas used in the dense plasma focus device
on the formation of the plasma pinch during the compres-
sion phase. The study showed that in the case of the gas with
a high atomic number (argon) the pinch narrowing was
min/@ = 0.091 while in the case of the gas with a low atomic
number (hydrogen) it was r,;,/a=0.158, and thus, in the
case of the argon plasma there was a greater transfer of
energy to the plasma, thus increasing the radiation and as a
result the energy value of the ion beam, resulting from the
breakdown of the pinch increased later, as the energy of the
argon ion beam was E | = 105 ] while the energy of the hydro-
gen ion beam was E, =23.8].

Data Availability

Data are available upon authors’ request; contact alaa.
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