Model parameters vs. gas pressure in two different plasma focus devices operated in Argon and Neon
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Abstract
For the plasma focus devices AECS PF-2 operated in Ar and INTI PF in Ne, model parameters of mass and current in the axial phase of plasma focus were found by matching the measured and calculated current waveforms over a range of pressures. The results show a value of fm=
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 over 0.2-1.2 Torr in Ar; and fm=
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over 0.7 -4.1 Torr in Neon. The value of fc=0.7 was fitted for all cases. Combining these results with those published for several other small machines it would appear that, where measured current waveforms are not available for example in designing new machines, a good compromise would be to take a guideline value of fm=0.05 and fc=0.7 for both Argon and Neon.
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1. Introduction

The plasma focus radiative model - Lee Model has been developed for Mather-type plasma focus devices like UNU/ICTP PFF [1, 2]. But in principle, there is no limit to energy storage and electrode configuration, so it has been used for many plasma focus devices. The model has been used for applications such as design optimization of plasma focus devices [3], to estimate the soft x-ray production [4-6] and neutron yields [7] and to find the focus pinch current waveform from a measured discharge current waveform [8].
  The equation of motion and the circuit (current) equation for the axial phase include model parameters fm and fc, where fm is the fraction of mass swept down the tube in the axial direction of the current sheath, fc is the fraction of current flowing in the magnetic piston. 
The model equations for the radial phase include parameters fmr and fcr where fmr describes the effective mass swept into the radial slug. It is found that fmr is typically larger than fm of the axial phase and that fcr is almost the same as the fc in the axial phase [9, 10].
   In this work, we carry out measurements of current waveforms vs pressure for Ar and Ne to find the axial phase model parameters fm, fc vs. the filling gas pressure on two different PF devices: AECS PF-2 in filling gas of Ar and INTI PF in filling gas of Ne. We also compare our results, with experimental results of published data taken from several other machines [4, 11, 12].
2. Experimental set up

The experimental setup used here for both the two devices in this study is shown in figure 1.  The energy, tube, bank and operating parameters are: 
For AECS PF-2: E=2.8 kJ, c=b/a=3.4, a=0.95 cm, b=3.2 cm, z0=16 cm, L0=270 nH, C0=25
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and V0=15 kV.

And for INTI PF: E=2.2 kJ, c=b/a=3.4, a=0.95 cm, b=3.2 cm, z0=16 cm, L0=110 nH, C0=30
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and V0=12 kV.

Where E is the storage energy of capacitor bank; 'a' is the anode radius; 'b' is the cathode radius; z0 is the anode length; L0 is the external inductance; C0 is the capacitance of the bank capacitors; r0 is the stray resistance. 
The experiments were carried out on both devices in varying pressures.
3. Fitting procedures

In this work, we fit the computed and measured current waveforms for each shot to find the axial phase model parameters. 
The code version RADPF5.15d of Lee model written in Visual Basic and supported by Excel window was used accompanying experiments carried out on AECS PF-2 and INTI PF. To run the code, we use the bank, tube and operating parameters for the two devices which are already given above.
 For AECS PF-2 device: we used argon with a filling pressure range of P0=0.12-1.2 Torr. And for the INTI PF device: we used neon with a filling pressure range of P0=0.7-4.1 Torr.
Initially, for fitting, we use the trial model parameters recommended in the code fm=0.07, fc=0.7, fmr=0.26, fcr=0.7. In the fitting process the model parameters are varied in steps starting with fm and fc, so that the rising slope leading to the topping profile, topping profile and peak current and the time of focus are gradually matched between the computed waveforms and the measured waveform. The standard procedure is then to adjust the values of  fmr and fcr so that the slope and depth of the current fit the experimentally observed features. However because the current signals are noisy in the region of the radial phase corresponding to the current dip for these experiments we have not been able to accurately fit the radial phase model parameters fmr and fcr. Despite this we are able to fit the fm and fc to a very satisfactory degree.
We describe in more details the careful fitting of the axial phase. During this fitting, we note that an increase in fc increases the axial speed which increases dynamic resistance, thus lowering the current magnitude on the rising slope. The greater rate of increase of tube inductance flattens out the rising slope. A decrease in fm has almost the same effect. However a change in fc has an additional subtle effect due to the tube inductance. A typical result of the fitting process is shown in figure2.

We repeat the previous procedures for 10 shots for each value of pressure and  for each shot the calculated current waveform was fitted to the measured one as described above. 
4. Results and discussion

Results are shown in Table 1 and figure 3 (for AECS PF-2) and in Table 2 and figure 4 (for INTI PF). It was found that the variation of fm and fc within each pressure was small enough (±20%), so that their variation with pressure became noticeable.

We could quite reasonably interpret the value of fm to be within the range of 
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 over the whole range of pressure 0.2-1.2 Torr in Ar. In other words at one pressure point of operation the value of fitted fm could vary between the values of 0.04-0.06 (see figure3, the average values range of  fm) .
Likewise for the INTI results we would have about the same range of variation of about
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 over the whole range of pressure 0.7-4.1 Torr in neon.
Thus we are able to show that for situations where we do not have a measured current waveform, for argon we may use fm=0.045 and for neon we may use fm=0.04.  This will facilitate numerical experiments when we are running series of numerical experiments with pressure variation. (see figures 3, 4).
In figures 3 and 4 we also include the results of T Y Tou Ph D [11]. There fm of 0.07 was measured for argon in UMDPF1, working at 20kV, 280 kA ignitron-switched plasma focus with zo=16cm, b=4.3 cm and a=1.3cm. In [4] M Liu used magnetic probes to measure fm, fc vs pressure in argon and neon on NIE-SSC-PFF, working at 14 kV, 165 kA with zo=16cm, b=3.2 cm and a=0.95cm. His results are included in  figures 3,4. 
So we can conclude that for both devices, the fm value is small, below 0.1 and generally agrees with the UMDPF1; and that the variation with pressure is not so extensive.

Combining these results with those published for several other small machines (see figure 3 and figure4) it would appear that, where measured current waveforms are not available for example in designing new machines, a good compromise would be to take a guideline value of fm=0.05 and fc=0.7 for both argon and neon. 

The obtained results for the main features of plasma focus vs filling gas pressure (peak and pinch currents, pinch temperature , axial, shock and piston speeds, minimum radius and length of pinch, pinch duration, maximum voltage, maximum ion density, x-ray energy, model parameters, percentage of energy input plasma EINP, end axial time, speed factor SF, current per unit length of the anode radius ID, line radiation energy, end radial time, radial duration, and  accuracy of fm) on AECS PF-2 in Ar  and on INTI PF in Ne are also tabulated in tables 1,2 respectively.
These tables summarize the results of our numerical experiments using the modified code of Lee model on the base of experiments curried out on AECS PF-2 and INTI PF under certain conditions of pressure, voltage and filling gas.
Coming to the detailed tabulations: we note that the speeds (axial, radial shock and radial piston) and temperature all continue to rise as pressure lowers; similarly speed factor (SF) and maximum induced voltage Vmax also increase as pressure is decreased. Pinch length zmax is almost a constant. Minimum pinch radius and pinch duration continue to decrease; the former due to better compression at higher speeds and the latter due to the increased temperature. The number density progressively drops, due to the decreasing starting numbers, despite the increasing compression.

We can also see from the measured and calculated results for AECS PF-2 how the peak current and the axial duration time have been varied with pressure of argon. These conclusions are shown in figures 5 and 6 respectively.    
We also note that soft x-ray yield of AECS PF-2 in argon is found to be negligible for these operating conditions (see table 1).
5. Conclusion

In this work, we have fitted the computed and measured current waveforms using Lee model code RADPF 5.15.d for AECS PF-2 and INTI PF to find the model parameters vs. pressure of filling gases (Ar & Ne). For two devices, we obtained a good fit of all features of the current waveforms from the start to the end of the axial phase. With the present current measurement set-ups the measured radial phase current dip is too noisy to allow accurate fitting. The results show a value of fm=
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 over the whole range of pressure 0.2-1.2 Torr in Ar; and fm=
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over 0.7 -4.1 Torr in Ne. The value of fc=0.7 was fitted for all cases. Combining these results with those published for several other small machines, it would appear that, where measured current waveforms are not available for example in designing new machines, a good compromise would be to take a guideline value of fm=0.05 and fc=0.7 for both argon and neon. 

We have designed another current measurement system based on numerically integrating a dI/dt waveform measured with a Rogowski coil of a few turns. This system has good enough frequency response whilst the numerical integration cleans up the noise. This new system will allow measurements to be made of the radial phase model parameters as well.
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Table captions
Table 1

Calculated results obtained from RADPF 5.15 d of S Lee Model for AECS PF-2 with:
E=2.8 kJ, c=b/a=3.4, a=0.95 cm, b=3.2 cm, z0=16 cm, L0=270 nH, C0=25
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Table 2 

Calculated results obtained   from RADPF 5.15 d of S Lee Model for INTI PF device with: E=2.2 kJ, c=b/a=3.4, a=0.95 cm, b=3.2 cm, z0=16 cm, L0=110 nH, C0=30
[image: image13.wmf]F

m

, r0=12
[image: image14.wmf]m

W

, V0=12 kV. 

Figures captions

Figure 1. Experimental set up for AECS PF-2 and INTI PF devices.
Figure 2. Current fitting of computed current to measured current traces to obtain fitted parameters fm=0.05, fc=0.7, fmr=0.15, fcr=0.7 at p=0.414 Torr.
Figure 3. Comparison of average mass factor fm values obtained from calculated and measured current waveforms fitting using Lee model code on AECS PF-2 with those measured by magnetic probe on NIE-SSC-PF vs. pressure in argon [4]. 
Figure 4. Comparison mass factor fm values obtained from calculated and measured current waveforms fitting using Lee model at INTI PF and measured by magnetic probe at NIE-SSC-PF vs. pressure in neon [4].  

Figure   5. Comparison of measured and calculated peak current values Ipeak vs.  pressure in argon  at AECS PF-2.
Figure 6. Comparison of the measured and calculated axial phase duration vs. pressure in argon  at AECS PF-2.
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[image: image33.wmf]0

1

2

3

4

5

6

7

8

9

10

0

25

50

75

100

125

150

175

2

1

2

1

current , kA

t,

m

s

AECS PF-2 in Ar, p=0.414 Torr

 measured current 

 calculated current 




Figure 2
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Figure 3
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Figure 5
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