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ABSTRACT
Plasma focus device NX-3 operated with various filling gases (Ne, H2 and D2) was used and model parameters of mass and current in the axial and radial phase of plasma focus were found by matching the measured and calculated current waveform over a range of filling gas pressures. The current waveform is one of the best indicators of the performance of a plasma focus device and the results obtained in this study will be useful in studying other plasma parameters. Three anodes designs were used and in the first design A20Z126, we found that Neon gas has a value of fm = 0.042 ± 0.0085, Hydrogen gas has an fm = 0.120 ± 0.012, and Deuterium has a fm = 0.150 ± 0.040. For anode design A26Z126, we found Neon gas has a value of fm = 0.126 ± 0.020, and Hydrogen gas has fm = 0.330 ± 0.073. For the final anode design A40Z70, Neon gas has a value of fm = 0.087 ± 0.015, and Hydrogen gas has an fm = 0.335 ± 0.050. The fmr was generally constant within each anode, filling gas and operational voltage, and the values for fc and fcr were kept constant at 0.7.
1. INTRODUCTION
The plasma focus radiative model – Lee’s model [1] has evolved to its present 6 phase form [2] and used by researchers to simulate the electrical and radiation emission profile of a conventional Mather-type plasma focus devices such as the NX-3 [3]. However, in principle, there are no limits to the electrode configurations, machine parameters, and operating parameters for the Lee’s model – so it could be used for any plasma focus devices [4]. 

The Lee Model has also been used in various applications, e.g.in design optimization of plasma focus devices [5], estimating soft X-ray yield to develop a SXR source for microelectronic lithography [6-8], as a neutron source [9] and in studying various plasma focus phenomena [10].

In this work, we carried out measurements of current waveforms against pressure for these filling gases to find the axial and radial phase model parameters fm, fmr, fc and fcr versus the filling gas [11, 12].These model parameters describe the effective mass swept axially down the tube and radially into the radial slug. The aim is to fit the computed current waveform to the measured current waveform. Once matched, the fitted model parameters assure that the computation proceeds with all physical mechanism accounted for – especially the gross energy and mass balance.

We studied three different electrodes: A20Z126, A26Z126 and A40Z70, with three different filling gases: Ne, H2 and D2.

A similar study was conducted in 2012 with two different plasma focus devices and found the fm of Argon in AECS PF-2 was 0.05 ± 0.01 over 0.2 – 1.2 Torr; and fm of Neon in INTI PF was 0.04 ± 0.01 over 0.7 – 4.1 Torr. The value of fc= 0.7 was fitted for all cases [13]. 
2. MATERIALS AND METHODS
Lee Model Code: RADPFV5.15

The radiative dense plasma focus computation package RADPFV5.15 – Lee Model has been an important tool as it (1) allows for simulation to design optimal plasma focus devices, (2) to estimate the soft x-ray production and neutron yield and (3) to find the focus pinch current waveform from a measured discharge current waveform. The current waveform is the best indicator of performance of plasma focus devices [3, 7-9, 13-14]. The axial and radial phase dynamics and the important energy transfer into the focus pinch are amongst the most significant information that is readily apparent from these current trace.
The exact time profile of the total current waveform is governed by the bank parameters (Lo, Co and ro), the focus tube geometry (a, b and zo) and the operational parameters (Vo and po). The current trace is also dependent on the fraction of mass swept up and the fraction of sheath current and the variance of these fractions through the axial and radial phases. These parameters govern the axial and radial dynamics (fm, fmr, fc and fcr), specifically the axial and radial speeds which in turn affect the profile and size of the discharge current. A table of   these parameters is listed below (See Table 1).




	Lo:
	external or static inductance

	a:
	anode inner radius

	Co:
	capacitance

	b:
	electrode outer radius

	ro:
	circuit resistance

	zo:
	anode length

	Vo:
	charging voltage

	po:
	fill pressure

	fm:
	fraction of mass swept down the tube in the axial direction of the current sheath
	fmr:
	fraction of mass swept into the radial slug



	fc:
	fraction of current flowing in the magnetic piston
	fcr:
	fraction of current flowing into the radial slug


Table 1: Parameters for Lee Model

The discharge current waveform contains information on all the thermodynamic, electrodynamics, dynamic and radiation processes that happen in the different phases of the plasma focus. Thus, this explains the importance attached to matching the computed total current trace to the measured total current trace in the Lee Model Code. 

Experimental Set Up – NX-3

 (
Figure 
1
 The simplified electrode assembly configuration
)[image: ]The NX-3 plasma focus device is powered by a 100μF, 20kJ capacitor bank. It consists of eight low-inductance capacitors (#SM203YW012H produced by Aerovox Corp., USA) connected in parallel. The experimental set up is shown in Figure 1 below. The NX-3 is fired at two operational voltages, 10kV and 14kV for this study and it was found that the total impedance of the system is 63nH. The DPF chamber is vacuum pumped down to less than 10-3 mbar using a turbo molecular pump before filling with the working gas. We fill the chamber with the filling gas by slowly opening a needle valve, setting the desired gas pressure as measured by a vacuum capacitance diaphragm gauge. Before and after a shot was fired, the pressure was recorded to ensure correct pressure measurements and that there was no appreciable leakage

The simplified electrode assembly configuration with the high bandwidth Rogowski Coil is shown in Figure 1. Three different electrodes were used, they are:
1. A20Z126: a = 20mm, b = 56 mm, zo = 126 mm
2. A26Z126: a = 26mm, b = 56mm, zo = 126mm
3. A40Z70: a = 40mm, b = 56mm, zo = 70mm
The diagnostic set up includes a Rogowski Coil, which was used to measure the electric discharge current that drives the physical processes in the NX-3 plasma focus device. These physical processes will then affect the current waveform produced – which is the most important indicator of the performance of a plasma focus device. 

A mixed signal oscilloscope (Yokogawa DLM20054 2.5GS/s 500MHz) was used to capture the current trace from the plasma focus device. The data was then analyzed to fit the Lee Model.

Fitting Procedures

	In this study, we fitted the computed current to the measured current by varying the pressure to find the optimal model parameters against pressure for the three anodes and filling gases (Ne, H2 and D2). However, note that Deuterium gas was only used for anode A20Z126 at 10kV due to experimental constraints.
	
The Lee Model Code RADPFV5.15 used was written in Visual basic using Microsoft Excel. The data points from the experiments carried out on NX-3 were used, and the parameters for the three anodes and filling gases can be found in Table 2 below.

	Bank parameters
	Lo = 47 nH, Co = 100μF, ro = 3 mΩ

	Tube parameters
	A20Z126
a = 20mm,
b = 56 mm, 
zo = 140 mm
	A26Z126
a = 26mm,
b = 56mm, 
zo = 140mm
	A40Z70
a = 40mm,
b = 56mm, 
zo = 84mm

	Operation parameters:

	NeonMW = 20, A = 10, At-Mol = 1

	
	Vo = 10kV,
po = 0.38 – 7.60 Torr

Vo = 14kV,
po = 0.38 – 19.00 Torr
	Vo = 10kV,
po = 0.38 – 2.28 Torr

Vo = 14kV,
po = 1.52  – 3.80 Torr
	Vo = 10kV,
po = 0.38 – 6.08 Torr

Vo = 14kV,
po = 0.38 – 7.60 Torr

	
	HydrogenMW = 2, A = 1, At-Mol = 1

	
	Vo = 10kV,
po = 0.38 – 7.60 Torr

Vo = 14kV,
po = 0.38 – 15.20 Torr
	Vo = 10kV,
po = 2.28 – 5.32 Torr

Vo = 14kV,
po = 3.04 – 6.08 Torr
	Vo = 10kV,
po = 0.38 – 7.60 Torr

Vo = 14kV,
po = 0.38 – 7.60 Torr

	
	DeuteriumMW = 4, A = 1, At-Mol = 1

	
	Vo = 10kV,
po = 0.76 – 4.56 Torr
	Not Experimented
	Not Experimented


Table 2 Summary of parameters used in the Lee Model Code for the study of massf and massfr with 3 anodes and 3 filling gases

We initially configured the Lo and ro as 63nH and 8.9mΩ, but it was adjusted down to 47nH and 3.0mΩ to better fit the computed current waveform to the measured current waveform. It was also found in another study that the value Lo measured using the ‘short-circuit’ test is an over-estimate [14]. We also adjusted the zo to 140mm for A20Z126 and A26Z126, and 84mm for A40Z70 as we included the length from the tip of the anode to the base of the NX-3 chamber. We also included two amendments a time shift and calibration adjusters (multiplier) to align the measured current waveform to the computed waveform more accurately.
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Figure 2 Current trace for NX-3 short circuit test. This experiment was done with Neon gas at 25 mbar.

The Rogowski coil needs to be calibrated for this experiment and we did a short-circuit test to find the calibration factor.  The calibration factor, K1 can be found using the formula:. The actual peak current can be calculated using:



whereand  are known capacitance and voltage,T is the periodic time and is the reversal ratio between voltage peaks of successive cycles in the recorded current trace. The successive cycle current trace can be found in Figure 2 above. The value of K1 = 1.34 x 108kA/Vs was used.



where n is the number of cycles in the signal and V1 to Vn are absolute values of the decreasing amplitude of the consecutive half cycles of the Rogowski coil signal (See Figure 4). 

	The Rogowski coil measures the dI/dt of the plasma in arbitrary units, which needs to be converted to current in kA. To do this, we integrate the dI/dt with respect to time to obtain the Iarb in arbitrary units. This is then multiplied by the calibration factor, K1 to obtain the actual current in kA. A sample of dI/dt (arb. units) against t (s) and I (kA) against t(s) graphs for Neon gas at 14kV in anode A20Z126 at 4.56 Torr are shown in Figure 3 below.
	
	

	



Figure 3 The graph on top shows the dI/dt measured using the Rogowski Coil and the right shows the I in kA after integration and multiplying by the calibration factor, K1.	

With the measured current waveform obtained, we used the Lee Model Code to fit the computed current waveform to the measured current waveform. Figure 4shows the sample fitting of the current waveform.
[image: C:\Users\Student\Desktop\Rasyid's\Fitting 1.png]
Figure 4 Fitting of computed current to the measured current.
3. RESULTS AND DISCUSSION
	Results are divided into three parts to correspond to the three different anodes. Results for anode A20Z126 can be found in Table 3 and Figure 5; results for anode A26Z126 can be found in Table 4 and Figure 6; results for anode A40Z70 can be found in Table 5 and Figure 7. It was found that the variation of fm and fmr was small enough (±25%) for all gases in all 3 anodes within the optimized pressure regions. 

	Filling Gas
	Operational Voltage
	Massf, fm
	Massfr, fmr

	Neon
	10 kV
	0.044 ± 0.008
	0.24 – 0.25

	
	14 kV
	0.040 ± 0.009
	0.23 – 0.25

	Hydrogen
	10 kV
	0.120 ± 0.015
	0.25 – 0.35

	
	14 kV
	0.120 ± 0.008
	0.10 – 0.20

	Deuterium
	10 kV
	0.150 ± 0.040
	0.20 – 0.25


Table 3Summary of results obtained from RADPFV5.15 of Lee Model for NX-3 for anode A20Z126 for the optimized pressure regions.


	Filling Gas
	Operational Voltage
	Massf, fm
	Massfr, fmr

	Neon
	10 kV
	0.134 ± 0.027
	0.11

	
	14 kV
	0.117 ± 0.008
	0.11

	Hydrogen
	10 kV
	0.360 ± 0.050
	0.20 – 0.30

	
	14 kV
	0.300 ± 0.090
	0.300


Table 4Summary of results obtained from RADPFV5.15 of Lee Model for NX-3 for anode A26Z126 for the optimized pressure regions.


	Filling Gas
	Operational Voltage
	Massf, fm
	Massfr, fmr

	Neon
	10 kV
	0.095 ± 0.015
	0.23

	
	14 kV
	0.078 ± 0.014
	0.11

	Hydrogen
	10 kV
	0.300 ± 0.050
	0.80

	
	14 kV
	0.370 ± 0.050
	0.20 – 0.30


Table 5Summary of results obtained from RADPFV5.15 of Lee Model for NX-3 for anode A40Z70 for the optimized pressure regions.

Figure 5 Comparison of mass factor, fm values obtained from calculated and measured current waveforms using Lee Model Code on NX-3 for Anode A20Z126.

Figure 6 Comparison of mass factor, fm values obtained from calculated and measured current waveforms using Lee Model Code on NX-3 for Anode A26Z126.
Figure 7 Comparison of mass factor, fm values obtained from calculated and measured current waveforms using Lee Model Code on NX-3 for Anode A40Z70.

For anode A20Z126 – from the fitting results for the 3 filling gases, we can conclude that the variation of the fm value with pressure is not so extensive. It was found that at high operating pressures for Hydrogen gas, the fmr was very large at 0.800 – 0.900.

However, it is noteworthy that fm for Deuterium gas at low pressures (0.38 Torr) is found to be significantly higher (0.530) compared to fm = 0.150 ± 0.040 found for optimized pressure regions. A similarly higher fm = 0.180 is needed at 0.76 Torr. It is an interesting observation, which allows us to speculate that a higher fm is needed for very low pressures. This may be explained by the presence of impurities in the DPF at low pressures resulting in a higher fm; but more experiments and analysis may be needed to confirm this.

Interesting observations were also made for Neon and Hydrogen gases. It is found that some of the measured current waveforms in low and high pressures cannot be fitted with the 5-phase Lee Model Code as it exhibited an extended dipED in the current (See Figure 8).
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Figure 8 Extended dip ED in current observerable for 
Hydrogen gas at 2.66 Torr, 10kV.

This is significant as NX-3 is primarily a type T1 DPF with a small Lo of 47nH; but it exhibited type T2 DPF, which has a large Lo, characteristics which are found to have an ED beyond the regular dip RD [2]. To fit the ED features in the Lee Model Code, it was suggested by Lee [2] in other studies that we fit it using anomalous resistance functions to extend the 5-phase model to a 6-phase model. Extending the arguments offered in other studies, it appears that NX-3 shows T1 characteristics in the optimized regions; whereas in the less optimized region of operation (too early or too late peak currents), the focus shows type T2 characteristics. This may be explained by the amount of energy pumped into the pinch – in the optimized regions, energy is pumped efficiently into the pinch; hence, less remnant energy is available to drive later-time events such as the ED. In the less optimized regions, energy is not so efficiently pumped into the pinch so that there is more remnant energy, which is available for later-time events such as ‘instabilities’ leading to the observed anomalous resistance. If this explanation is correct then it could likely be applicable to all T1 (low inductance) PF devices. However, further analysis and experiments need to be conducted to study the effects of anomalous resistivity in DPF devices.

For anode A26Z126 – from the fitting results for the 2filling gases, we can conclude that the variation of the fm value with pressure is not so extensive. However, the fm for Hydrogen gas at 14kV is found to vary quite substantially, ~30%. The variation could be due to multiple reasons; one possible reason could be the large variance in plasma parameters in NX-3 after it was repaired due to a faulty electrode in the earlier firing. After the chamber was cleaned, Hydrogen gas was used first to collect data and it may have affected the data sets as a new chamber could be possibly loaded with impurities from the surrounding environment. The data for Neon gas however confirms that the variance in fm is within acceptable range (~6 – 20%) for this anode.
Similar observations were also made for the extended current dip ED in the low and high pressures for this anode and filling gases.

For anode A40Z70 – from the fitting results for the 2 filling gases, we can conclude that variation of the fm value with pressure is not so extensive. The variance in fm and fmr obtained for the last anode is also consistent with the previous 2 anodes. However, we note that the fmr for Hydrogen gas at 10kV was significantly higher (0.80). This is due to the double current peaks observed (See Fig. 9)  at these discharge parameters which results in poor fitting in the Lee Model Code, similar to the extended current dip ED observed earlier. The phenomenon may be due to the large amount of remnant energy available to drive later-time events.

Surprisingly, the extended current dip ED was only observed in Hydrogen gas at 14kV in the low operating pressures. Hence, the need for further analysis and experiments to better understand how the anomalous resistance of NX-3 affects the ED observed in this study. 
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Figure 9 Multiple current peaks observed for A40Z70 fired with Hydrogen gas at 10kV	
	We also note that when the 3 anode designs are viewed in comparison, it is found that the A26Z126 and A40Z70 anode designs were observed to have similar results in fm which is approximately 2 – 3 times the fm found in the A20Z126 anode design. It is a fascinating find as the A26Z126 and A20Z126 anode designs are more similar in dimensions which should provide with similar fm values; but it is found in this study that the slightly wider anode may exhibit plasma characteristics similar to A40Z70 anode design.
4. CONCLUSION
	In this study, we have used Lee Model Code RADPFV5.15 to fit the computed current waveforms to the measured current waveforms for NX-3 to find the model parameters versus the different filling gases (Ne, H2and D2) using 3 different anode designs. For all 3 anode designs, we obtained a good fit for allfeatures at the optimized region of operation. In the first design A20Z126, we found that Neon gas has a value of fm = 0.042 ± 0.0085, Hydrogen gas has an fm = 0.120 ± 0.012, and Deuterium has a fm = 0.150 ± 0.040. For anode design A26Z126, we found Neon gas has a value of fm = 0.126 ± 0.020, and Hydrogen gas has fm = 0.330 ± 0.073. For the final anode design A40Z70, Neon gas has a value of fm = 0.087 ± 0.015, and Hydrogen gas has an fm = 0.335 ± 0.050. The fmr was generally constant within each anode, filling gas and operational voltage, and the values for fc and fcr were kept constant at 0.7.We also found that the current waveforms exhibited an extended dip ED which is beyond the regular dip RD  modeled in the Lee Model Code in less optimized regions of operations (very low and very high pressures). There is scope for more research and analysis to understand how anomalous resistance affects the extended dip ED in NX-3 which is primarily a type T1 plasma focus device but exhibiting type T2 characteristics in less optimized regions of operations.
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dI/dt (arb units)
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I (kA)


Neon Gas at 10 kV	0.3800000000000015	0.76000000000000301	1.1399999999999941	1.52	1.9000000000000001	2.2799999999999998	2.66	3.04	3.42	3.8	4.18	4.5599999999999996	5.3199999999999985	6.08	4.9000000000000113E-2	5.1000000000000004E-2	4.9000000000000113E-2	4.9000000000000113E-2	4.3999999999999997E-2	3.7999999999999999E-2	3.6999999999999998E-2	3.7999999999999999E-2	3.7999999999999999E-2	3.5999999999999997E-2	3.5999999999999997E-2	3.7999999999999999E-2	3.9000000000000014E-2	4.0000000000000022E-2	Neon Gas at 14kV	2.66	3.04	3.42	3.8	4.18	4.5599999999999996	5.3199999999999985	6.08	7.6	11.4	4.8000000000000001E-2	4.0000000000000022E-2	3.6999999999999998E-2	3.5999999999999997E-2	3.500000000000001E-2	3.500000000000001E-2	3.1000000000000052E-2	3.1000000000000052E-2	3.500000000000001E-2	3.7999999999999999E-2	Hydrogen Gas at 10kV	0.76000000000000301	1.1399999999999941	1.52	1.9000000000000001	2.2799999999999998	2.66	3.04	4.18	5.7	7.6	0.13	0.13	0.11	0.11	0.11	0.1	0.12000000000000002	0.11	0.114	0.1	Hydrogen Gas at 14kV	1.1399999999999941	1.52	1.9000000000000001	2.2799999999999998	2.66	3.04	3.42	3.8	4.5599999999999996	5.3199999999999985	6.08	7.6	11.4	15.2	0.12000000000000002	0.12000000000000002	0.12000000000000002	0.125	0.128	0.128	0.128	0.11799999999999998	0.11899999999999998	0.11899999999999998	0.115	0.113	0.112	0.115	Deuterium Gas at 10kV	0.3800000000000015	0.76000000000000301	1.1399999999999941	1.52	1.9000000000000001	2.2799999999999998	3.04	4.5599999999999996	0.53	0.18000000000000024	0.13	0.11	0.11	0.12000000000000002	0.115	0.115	p0, Torr

Model Parameters, fm


Neon Gas at 10kV	0.38000000000000139	0.76000000000000278	1.1399999999999946	1.58	2.2799999999999998	0.114	0.16	0.10700000000000012	0.14000000000000001	0.10500000000000002	Neon Gas at 14kV	1.52	1.9000000000000001	2.2799999999999998	3.04	3.8	0.10900000000000012	0.10900000000000012	0.11899999999999998	0.11899999999999998	0.125	Hydrogen Gas at 10kV	2.2799999999999998	3.04	3.8	4.5599999999999996	5.3199999999999985	0.37000000000000038	0.41000000000000031	0.32000000000000139	0.31000000000000122	0.32000000000000139	Hydrogen Gas at 14kV	3.04	3.8	4.5599999999999996	5.3199999999999985	6.08	0.33000000000000157	0.3900000000000014	0.22	0.22	0.21000000000000021	po, Torr

Model Parameters, fm


Neon Gas at 10kV	0.38000000000000139	0.76000000000000278	1.1399999999999946	1.52	3.04	0.10900000000000012	9.0000000000000024E-2	8.2000000000000003E-2	8.0000000000000043E-2	8.0000000000000043E-2	Neon Gas at 14kV	0.38000000000000139	0.76000000000000278	1.1399999999999946	1.52	2.2799999999999998	3.04	6.08	7.6	9.0000000000000024E-2	8.5000000000000006E-2	9.2000000000000026E-2	9.3000000000000208E-2	6.5000000000000002E-2	6.4000000000000112E-2	8.1000000000000003E-2	8.5000000000000006E-2	Hydrogen Gas at 10kV	0.38000000000000139	0.76000000000000278	1.1399999999999946	1.52	1.9000000000000001	2.66	3.8	0.30000000000000032	0.31000000000000122	0.31000000000000122	0.25	0.25	0.34	0.34	Hydrogen Gas at 14kV	0.38000000000000139	0.76000000000000278	1.1399999999999946	1.52	1.9000000000000001	2.2799999999999998	3.04	4.5599999999999996	0.42000000000000032	0.4	0.3900000000000014	0.37000000000000038	0.35000000000000031	0.32000000000000139	0.32000000000000139	0.32000000000000139	po, Torr

Model Parameters, fm
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