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Argentina Nano Focus Machine is a small plasma focus machine used as an intense neutron source. 

To understand the working of its plasma dynamics, the Lee model code is used. The results obtained 

from the Lee code agree reasonably well with the experimental data in terms of the peak current, 

radial start time and the pinch duration. Additionally, this code also produces information such as 

the optimum neutron yield (6.2x104), maximum ion beam energy (1.2 J) and the dependence of these 

yields and various speeds on operating pressure. The resultant data is reliable and all the input that 

is required is just one experimental current waveform together with the actual machine and 

operating parameters. 
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I. INTRODUCTION 

 
Our world has a limited amount of fossil fuel but has an ever 

increasing appetite for electrical power, thus the need to find 

an environmentally friendly and practically inexhaustible 

source of power is of extreme importance. Many alternatives 

sources of energy (renewable sources) are currently being 

explored and developed and one of them is controlled nuclear 

fusion. To improve the data-base of nuclear fusion devices, 

dense plasma focus (DPF) machines have been constructed in 

many countries including the United States, Russia, Britain, 

India, Pakistan, China, Argentina, Singapore, Malaysia etc. A 

Dense Plasma Focus (DPF) machine is a device that produces 

a transient, dense and high temperature plasma that releases 

radiation and experiences nuclear fusion when it operates in 

deuterium gas or Deuterium Tritium (D-T) mixture.  

To help in the designing, building and operating of the DPF 

machines for the optimum radiations, the need for numerical 

experiments is of importance. Lee code has been successfully 

developed to fulfil this need, in particular for “Mather type” 

DPF devices (Mather, 1960). The code has been widely used 

in designing several machines including the “United Nations 

University/International Centre for Theoretical Physics 

Plasma Fusion Facility (UNU/ICTP PFF), KSU PF, NX2 and 

NX3 and have been adapted for the Filippov-type plasma 

focus DENA” (Lee, 2014). 

According to a research article by Lee and Saw (2010), “the 

current waveform should be investigated in detail as it reveals 

all the information about the plasma properties which 

includes its speed and trajectories, electrical and magnetic 

fields, and compression and radiative properties that occur in 

the axial and radial phases and sub-phases of the device”.  

The objective of this paper is to show that using only one 

experimental current waveform together with the actual 

machine and operating parameters, the Argentina Nano focus 

machine could be numerically modelled to enable the study 

of its plasma dynamics. This demonstrates that the code is a 

useful tool to complement the actual experiment by revealing 

the dynamics of the axial and radial trajectories through the 

measured current waveform. The code is also used to study 
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the variation of ion beam energy and neutron yield as 

functions of pressure. The resultant data is reliable and all the 

input that is required is just a measured current waveform.  

 To appreciate the value of the ability of the code to study ion 

beam characteristics and neutron yield in plasma focus 

devices, it is useful to note that a summary has been made of 

what has been achieved in similar simulation work (Lim et 

al., 2016), and another particularly on the use of 

computations to add to the database of plasma focus in 

respect to thermonuclear and beam-target fusion (Saw et al., 

2015). Those summaries reviewed the work starting from 

Potter’s (Potter, 1971) ground-breaking 

magnetohydrodynamics (MHD) studies demonstrating 

qualitative agreement with experimentally measured 

deuterium-deuterium (D-D) neutron yield although his 

thermonuclear mechanism was at odds with the “neutron 

yield anisotropy measured in plasma focus discharges”. 

Moreno (Moreno et al., 2000) and Gonzalez (González et al., 

2009a) achieved agreement between their computed neutron 

yield and measured neutron yield by fine-tuning their axial 

and radial mass swept-up factors. Such an approach has no 

predictive value. They over-estimated the radial shock speed, 

temperature and thermalised fusion cross-sections by a 

factors of 2, 4 and 1000, respectively (Lee et al., 2009). 

Gonzalez (González et al., 2009b) also used Von Karman 

approximations to fit the measured neutron yield versus 

pressure curve of the seven machines they examined using a 

thermonuclear mechanism. None of these work mention 

testing any other results of modelling against measured 

experiment results. Schmidt (Schmidt et al., 2014) used a 

fully kinetic self-consistent simulation to obtain detail 

distributions of dynamics, electric fields, and plasma 

properties to estimate the ion beam and neutron yield. The 

kinetic code requires massive computing power and they 

managed only 26 ns, so they had to stitch their results onto 

6.6 µs of two dimensional (2-D) fluid simulation.  Out of this 

work they obtained a range of neutron yields 1.4 – 2.2 x 1011 

which agrees with the measured yield of a 1.5 x 1011 for the 2 

MA Gemini DPF at 3.6 Torr deuterium.  Although the 

measured yields span a range of pressures from 2.4 – 5.4 

Torr, they were able to compare only at one pressure point. 

Together with neutron yield they also obtained 

characteristics of the ion beam showing that the main 

mechanism for neutron yield is beam-plasma target. 

However, the fully kinetic simulation method is not readily 

available to use for any plasma focus because of the immense 

computing power required to follow the plasma evolution for 

even a few nanoseconds. We are not able to find any other 

reliable computations of neutron yield or ion beams in the 

literature. Hence our method, requiring only laptop 

computing power offers a unique tool to complement any 

plasma focus laboratory. 

 

II. MATERIALS AND METHOD 

 
In this paper, the Lee model code is used. This code couples 

the “electrical circuit with plasma focus dynamics, 

thermodynamics, and radiation. It is energy- charge and 

mass-consistent” (Lee & Saw, 2010). The current waveform 

of the Lee code is computed through 5 phases. The axial phase 

uses a snow-plow model with two coupled equations, one for 

motion and the other for the electrical circuit. The radial 

inward shock phase uses a slug-model with 4 coupled 

equations for the: 1) shock front position; 2) piston position; 

3) slug elongation; and 4) circuit. The radially outward 

moving reflected shock phase also uses similar 4 coupled 

equations whilst in the pinch phase the boundary of the pinch 

is defined by the magnetic piston whose motion is Joule heat 

and radiation-coupled and the piston motion is coupled to the 

circuit equation. Pinch elongation is continued and radiation 

and Joule heat dissipated in the plasma resistance are 

appropriately computed with the help of Bennett balance to 

compute the plasma temperature. Plasma self-absorption of 

radiation is included in this phase. The pinch phase requires 

3 coupled equations and another 7 auxiliary equations. The 

details of this code including its “physics is explained in the 

article entitled Plasma Focus Radiative Model: Review of the 

Lee Model code” (Lee, 2014). 

It is observed that over any series of shots with all 

controllable parameters kept the same, there is considerable 

variation from shot to shot in radiation yields for example 

10% variation in neutron yield is quite typical. This variation 

may be attributed to the variation of the mass swept-up and 

drive current factors in axial and radial phases. After all it is 

unlikely that all the complex mechanisms responsible for 

these four factors remain constant for all the shots. By fitting 

the mass factors and current factors for each shot we are able 
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to account for the net effect of all variations in each and thus 

model each shot with reasonable accuracy. Thus from just a 

measured current waveform, the dynamics, energetics and 

radiation yields are predicted. Numerous comparisons of the 

predicted dynamics and neutron and soft x-ray yields based 

on just the measured current waveforms have been made 

with satisfactory agreement (Lee & Saw, 2017). 

Moreover, in the case where no measured currents are 

available, typical values of the mass swept-up and current 

factors may be used for any given machine over a wide range 

of gases. Thus for any plasma focus machine, the code may 

give reasonable indicative picture of the dynamics, energetics 

and radiation yield (Hawat et al., 2012).  

To use this code, the general fitting technique is explained 

in the paper “Numerical Experimentation to obtain the 

Scaling Laws of Mather type Dense Plasma Focus machines 

working in Argon gas” (Singh et al., 2020). This technique 

can either use a measured current (or current derivative) 

signal which could either by published or measured signal 

(without data file) or a measured signal using digital 

oscilloscope where data file is available. For published 

(measured) signals without data files, the signal is digitised 

using open source digital software called “Engauge” (Engauge 

Digitizer, 2017). 

For this research paper, we use the current derivative 

waveform published in the article about neutron yield from 

the Argentinian sub-kJ Nano focus” (Milanese et al., 2013).  

 This Nano focus device uses a brass Mather type anode of 

length 18 mm long, 7.5 mm in radius. The cathode was 

arranged with an inner radius of 2.1cm. This device has a 

static inductance of 74 nH (Pouzo et al., 2003). It was 

powered via a spark gap switch by a 1.1 µF capacitor which 

was charged to 16 kV. The current derivative waveform for 

this machine was obtained from the research paper when it 

was operated at 2 mbar (1.5 Torr) deuterium gas to measure 

its neutron yield. 

The current derivative dI/dt waveform from the published 

article (Milanese et al., 2013) was digitised. To derive the 

measured current waveform, the obtained digital data of 

dI/dt was numerically integrated relative to time, thus giving 

the measured current. The 5 phase code (RADPF5.15, 2020) 

was then configured as the Argentina Nano focus by entering 

into the control panel the values of the parameters of bank, 

tube and operation. The current waveform flowing in the 

discharge circuit calculated from the code was than fitted to 

the measured waveform by adjusting the model parameters, 

these being the mass factor of the axial phase fm, the 

corresponding current factor fc, and the appropriate factors 

for the radial phases fmr and fcr. This fitting procedure was 

performed systematically, one phase at a time until the 

waveform produced in the computation matches the 

measured waveform. 

 

 

Figure 1. The computed current versus the measured current 

illustrated at 5 fitting points. This fit is for the Argentina 

Nano focus at 16kV, 1.5 Torr in deuterium gas.  

 
Figure 1 shows the fitting between the measured current 

curve and the current curve computed from the Lee 5 phase 

code. The good fitting assures that the Lee codes has been 

configured to simulate the actual Argentina Nano focus 

including known mechanisms such as inclination, geometry 

and porosity of the current sheet and speculated even 

unknown effects including unspecifiable edge effects. All 

these effects are accounted for in the code in one sweep by the 

resultant mass sweeping (fm and fmr) and effective current 

fractions (fc and fcr). 

 

III. RESULT AND DISCUSSION 

 
The maximum computed current is found to be 55 kA 

(compared to 62 kA as reported (Milanese et al., 2003).  It 

reveals that this particular shot (shot #572) has a radial start 

time at 0.408 µs with a pinch duration of 0.049 µs. It has a 

speed factor (Lee & Serban, 1996) of 60 (kA/cm) /Torr0.5 and 
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neutron yield of 5.73 × 104 n/shot. The Lee model code 

computed the neutron yield using a phenomenological beam-

target neutron generating mechanism as described in an 

article by Gribkov et al. (2007). 

M Milanese (Milanese et al., 2003) article stated that at 1.5 

Torr (2 mbar) pressure, a thin and very sharp dip lasting 

around 50 ns occurs when the current derivative curve goes 

to zero (around 400 ns). The Lee code computed current 

waveform shows that this matches to the radial start time 

(occurring at 0.41 µs) until the end of the pinch duration (50 

ns). Figure 1 shows this occurrence when the two waveforms 

are plotted together. 

Using the machine parameters together with the fitted mass 

and current factors, the Argentina Nano Focus is now 

numerically modelled in the range of pressures from 0.5 Torr 

to 2.0 Torr to study the relationship between operation 

pressure, pinch length and the peak speeds in the axial and 

radial phases. This range was chosen because the maximum 

neutron yield occurs in this duration as will be shown in 

Figure 8. The results obtained from this study are shown in 

Figures 2-6. It should be noted, that the numerical 

experimental data (represented by the blue dots) is compared 

with the best fit line obtained from the excel trend line 

(represented by the black dots). 𝑅2 shows the relationship 

between the axis as well as the statistical measure of how 

close the data is to the fitted regression line. 

 

 

Figure 2. The computed peak axial speed versus pressure at 

capacitor charge of 16 kV for the Argentina Nano Focus 

operated in deuterium 

 

From the results, it is noted that the axial speed  Va  shows 

a pressure dependence of 𝑃0
−0.36 (Figure 2). 

The peak radial shock speed Vs  (Figure 3) and the peak 

piston speed Vp  (Figure 4) are also observed to reduce with 

pressure with a rate of 𝑃0
−0.44 . As these two radial speeds 

decrease with pressure, the time required for the radial 

reflected shock to start and the pinch duration increase (Lee 

& Serban, 1996). Figure 5 shows pinch duration versus 

pressure  with dependence of 𝑃0
0.46. 

 

Figure 3. The computed radial inward shock speed versus 

pressure operating at 16 kV in deuterium for the Argentina 

Nano Focus machine 

 

Figure 4. The computed radial inward piston speed versus 

pressure operating at 16 kV in deuterium for the Argentina 

Nano Focus machine 

 

Figure 5. The pinch duration versus pressure operating at 16 

kV in deuterium for the Argentina Nano Focus machine 

 
An analysis of ion beam (simulated from a range of 0.5 to 

4.5 Torr is shown in Figure 6). It reveals that the ion number 
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per shot increases with the pressure P0 at the rate of   𝑃0
0.74  . 

It should be noted, that the ion beam leaves the pinch along 

its axis. It is assumed to be a narrow beam. This beam starts 

with the same radius as the pinch and is assumed to have only 

a small divergence. The small divergence is maintained until 

the beam reaches the slower axially moving post-pinch shock 

wave (Akel et al., 2014). The plot of number of beam ions 

versus pressure is shown in Figure 7.  

 

 

Figure 6. The yield of ions per shot versus pressure 

operating at 16 kV in deuterium for the Argentina Nano 

Focus machine. The ion number is the number of deuterium 

ions in the beam 

 

 

Figure 7. The ion beam energy versus pressure operating at 

16 kV in deuterium for the Argentina Nano Focus machine 

 
Ion beam energy (in J) is equal to the ion energy times the 

number of ions. The variation of ion beam energy with 

pressure is shown in Figure 8, where the maximum ion beam 

energy occurs at 2 Torr with the beam energy of 1.22 J. 

Since the Argentina Nano Focus machine is working in 

deuterium, the maximum neutron yield is important. From 

the numerical experiment as shown in Figure 8, the optimum 

neutron yield obtained is 6.2 × 104 n/shot at 1.1 Torr with the 

energy input into plasma at 7.0 %. The published paper 

(Milanese et al., 2003) does not give a neutron yield. 

 

 

Figure 8. The neutron yield versus pressure operating at 16 

kV in deuterium for the Argentina Nano Focus machine 

 
From Figure 7, the ion beam energy is optimum at 2 Torr 

whereas from Figure 8 the optimum neutron yield is at 1.1 

Torr. From Figure 7, the number of beam ions keeps 

increasing with pressure. Thus, although the yield should 

depend on the number of beam ions as well as the plasma 

density, there is also a dependence on fusion cross-section 

which increases more strongly with beam ion energy (energy 

of the ion) than ion beam energy (energy of the beam) in the 

range of ion energy of 10 to 100 keV which is the range of 

relevance in these plasma focus experiments. The computed 

optimum pressure of 1.1 Torr is the result of the interplay of 

mainly these two factors on the fusion yield. These factors are 

the number of beam ions and target ions (generally the higher 

the pressure the more these numbers) and the ion energy 

(generally the lower the pressure the higher the ion energy). 

The ion energy in particular has a great effect on the D-D 

fusion cross-section. 

 

IV. CONCLUSION 

 
It is shown that using only one experimental current 

waveform together with the actual machine and operating 

parameters, the Argentina Nano focus machine could be 

numerically modelled using Lee code to enable the study of 

its plasma dynamics which includes the axial, radial, piston 

speeds as well the pinch duration, pinch temperature, the 

number of ions produced and its beam energy. The computed 

results agree reasonably with the measured in terms of the 

peak current, the radial phase start time and the duration of 

the pinch phase. The code is a useful tool to complement the 

actual experiment by revealing the dynamics of the axial and 

radial trajectories through the measured current waveform. 
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The code is also used to study the variation of ion beam 

energy and neutron yield as functions of pressure. The 

optimum pressures obtained from the numerical 

experiments for ion beam energy is at 2 Torr with a yield of 

1.22 J and for neutron is at 1.1 Torr with a yield of 6.2 × 104 

n/shot. 
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