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Pulsed Current Measurements in Plasma Focus Machines

Abstract

The electric current drives all processes in the plasma focus. Thus all processes in the focus affect the current waveform which is the most important indicator of performance. This underlies the importance of properly measuring and interpreting the current waveform. The measurement of pulsed current by the Rogowski coil method is described. The current transformer with a large number of turns and a sub-1 Ohm terminator has good short-time response, necessary for the sharp current dip region when dI/dt exceeds 2x1011 A/s. However the signal is noisy the current dip. Several methods to extract the current dip from the noise is discussed and examples of fast Fourier transform using low pass filters are shown. The conclusion I that shorter time scale information is also lost in the filtering.  The dI/dt coil with a few turns terminated by 50-Ohm is also described. Integrating the 1 Gsa/s digital waveform does remove the high frequency noise components, yet the extracted waveform shows sharp angular features indicative of the retention of short-time features. This makes the dI/dt coil superior to the current transformer. A 7-turn coil is tested against the Lee Model code and found to be suitable to measure the plasma focus current. 
Keywords: Pulsed Current Measurements, Plasma Focus, Rogowski coil, Lee Model code
1. Introduction

The plasma focus device features a large pulsed current which flows through a gas in a sheet of current accelerating down a coaxial tube at highly supersonic speeds, before compressing radially into a hot dense plasma ‘pinch’ with temperatures exceeding a million °C. The electric current is supplied by switching a large, high voltage capacitor. Recently, a 30 F, 15 kV, 3 kJ UNU-ICTP type plasma focus (Lee, 1988; Lee et al, 1998; Lee & Serban, 1998; Saw et al, 2009; Saw et al, 2010; Liu et al, 1998) has been institutionalized at INTI International University and is designated as INTI PF. In the INTI PF the current typically rises to 150 kA in 3 μs, with a peak rate of rise of current exceeding 5x1010 A/s. During the compression or pinch phase, energy is extracted from the capacitor circuit to pulse heat the plasma pinch with a time scale of 0.1 μs. The loss of energy from the electrical circuit results in a current drop (called ‘dip’) typically of 30 kA in 0.2 μs resulting in an even greater current change peaking above 20x1010 A/s. 
The electro-mechanical arrangement is as shown in Figure I. 
From experience it is known that the current trace of the focus is one of the best indicators of gross performance. The axial and radial phase dynamics and the crucial energy transfer into the focus pinch are among the important information that is quickly apparent from the current trace.
The exact time profile of the total current trace is governed by the capacitor bank parameters, by the focus tube geometry and the operational parameters of voltage and pressure. It also depends on the fraction of mass swept-up and the fraction of sheath current through the axial and radial phases (Chow et al, 1972; Oppenlaender et al, 1977; Tou et al, 1989; Rishi et al, 2009). These parameters determine the axial and radial dynamics, specifically the axial and radial speeds which in turn affect the profile and magnitudes of the discharge current.  The detailed profile of the discharge current during the pinch phase also reflects the Joule heating and radiative yields. At the end of the pinch phase the total current profile also reflects the sudden transition of the current flow from a constricted pinch to a large column flow.

Thus the discharge current powers all dynamic, electrodynamic, thermodynamic and radiation processes in the various phases of the plasma focus. Conversely all the dynamic, electrodynamic, thermodynamic and radiation processes in the various phases of the plasma focus affect the discharge current. It is then no exaggeration to say that the discharge current waveform contains information on all the dynamic, electrodynamic, thermodynamic and radiation processes that occur in the various phases of the plasma focus. (Lee et al ,2008c, 2008d; Lee, 2009; Lee et al, 2009a, 2009b). This explains the importance of accurately measuring the current waveform which can then be matched to the computed current trace in order to connect any modeling to the actual physical situation. 
2. Measurement of large pulsed currents in the Plasma Focus

A common and effective way to measure pulsed electrical current is by the use of a  coil in toroidal geometry. Such a system is generally called a Rogowski coil (Huddlestone and Leonard, 1965; Grives, 1964; Cooper, 1963). There are two typical configurations for this coil: one with output proportional to current I; and the other with output proportional to the rate of change of current dI/dt. (which we call Idot).Figure II shows a schematic of the coil with its terminating resistance. 
Figure III shows the circuit diagram of the current coil with its inductance represented by Lc, the coil resistance represented by rc and the terminating resistance represented by rt. The coil current Ic, driven by the induced voltage V generates a voltage Vm measured across the terminating resistance rt where Vm=Ic x rt. The voltage V is induced by the pulsed current I and V=kdI/dt where k is a constant dependant on the geometry of the coil and the coupling of the coil to the current I.
The circuit equation of the current measuring systems of Figure III is:
Lc(dIc/dt) + Ic(rt+rc)= kdI/dt


(1)
The current coil is typically operated in one of the following two modes, in one mode the circuit parameters are adjusted so that the LHS of equation (1) is solely dependent on Idot; in the other mode is solely dependent on I.
3. Two modes of operation of the Rogowski Coil

(a)  Current transformer mode

Condition:           Lc (dIc /dt) >> Ic (rt+rc)


(2)
       
          
    (dIc /dt)>> Ic (rt+rc)/ Lc
To express this condition into operational terms we put dIc/dt as Ic / where Ic is a typical coil current value and  is the characteristic time of change of current. 
Then the condition to operate the Rogowski coil in this current transformer mode is: 

 << Lc /(rt+rc)



(3) 

And in this mode, condition (2) applied to equation (1) gives

Lc (dIc/dt) = kdI/dt




So that 
     Ic ~I




(4)
and the measured voltage Vm=Ic rt  is directly proportional to I, the large plasma focus current being measured.
(b) Idot  (dI/dt)  mode

Condition:           Lc (d Ic /dt) << Ic (rt+rc)


(5)

       
           
    (d Ic /dt)<< Ic (rt+rc)/ Lc
Thus:
 >> Lc /(rt+rc)



(6) 

to operate in this Idot mode.

And in this mode, condition (5) applied to equation (1) gives

Ic (rt+rc )= kdI/dt



(7)

So that 
     Ic~dI/dt




(8)
and the measured voltage Vm=Ic rt  is directly proportional to dI/dt, the rate of change of the large plasma focus current I which is being measured.
4. The INTI PF current measurement systems
We note that:

Inductance of toroidal winding:  L=0r N2r2/D   H   

where 0 =permeability of free space=4πx10-7 H/m

r =relative permeability

N= number of turns

r= mean radius of a turn in m

D= large diameter of coil

The INTI PF uses two current measurement systems. 
(a) The first is a current transformer SRC with the following parameters:

N=1000, r=5x10^-3 m, D=0.25m;  hence  Lc =120H; 

rt = 0.2Ω; and rc is assumed to be negligible

Thus time of change condition (Eq 3) for this coil is:   time scale <<600 s.
If we take the 2% point for the limit then the frequency response of the coil will be sufficient for time scales below 12s.
This implies that this current coil system is good for short time scale measurements even in the ns range and also good for longer time scale measurements up to some 12 s risetime. 

Figure IV shows a current waveform taken with the INTI PF SRC.
The peak current of the plasma focus discharge for the conditions of this particular shot is known to be 150 kA occurring at about the time 3 μs. The burst of oscillatory waveform at time zero lasting for half a microsecond and the other burst starting just after time 3 μs indicates a resonant condition of the current coil system. It is suspected that the second burst of electrical ‘noise’ may hide a substantial dip which unfortunately cannot be clearly seen due to the large accompanying noise.
To extract the current dip from the noisy signal, several methods had been tried including manual averaging, sequential differentiation and integration and reversed sequence, bandwidth limitation and fast Fourier transform (FFT) filtering using software such as used in Origin Software package. From these attempts it became clear that there is a distinct current dip, a distortion of the current trace away from the otherwise near damped sinusoidal behaviour of the current waveform. 
Figure V shows the effect of FFT filtering. There are 3 traces. The first is filtered with a low pass frequency of 10 MHz which outputs a signal still with a large ‘noise’ component (see thin dark trace of Figure V). The second trace, broad hatched trace, shows the result of FFT filtering at a low pass frequency of 5 MHz. This filtering is already sufficient to reduce all the noise oscillations. It is thus not necessary or advantageous to go lower in lowpass frequency. Thus the FFT filtering at 5 MHz lowpass is sufficient to suppress the noise. However from the smoothness of the current dip it is clear that the filtering has also degraded the signal content by removing the fast risetime components of the signal.
(b) The second current measurement system is an Idot coil of the following parameters:
N=7,  r=3.5x10^-3 m, D=0.06 m; hence  Lc=10 nH 

rt = 50 Ω; and we assume rc is negligible

Thus the time of change condition (Eq 3) for this coil is:   time scale >>0.2 ns.
If we take the 2% point for the limit then the frequency response of the coil will be sufficient for time scales above 10ns. The 10% distortion point would be 2 ns.
This implies that this current coil system is good for time scale measurements above 10ns. However even in the 2 ns range, features are observable, although with some 10% distortion.

The Idot signal is typically collected by a DSO in a digital file at a sample rate of 1 Gsa/s. This data is then numerically integrated using a scheme such as:
In+1=In+(I/t)(tn+1-tn)

Alternatively the Idot signal could be integrated electronically using a RC integrator circuit. However the RC integrator would introduce additional distortion into the final signal.

Figure VI shows an Idot (dI/dt) waveform taken with the INTI PF 7-turn Idot coil.
Figure VII shows the current waveform numerically integrated from the Idot waveform (see the darker line). For comparison the FTT filtered (5 MHz low bandpass) current waveform duplicated from Figure V is also shown in the Figure (the broader hatched trace). 

There is good agreement in the waveform of the current measured by the SRC system and the Idot system. The more angular (less smooth) appearance of the current measured from Idot indicates the better frequency response of the measurement using this system.
5. The Lee Model code as the ultimate test for current measurement systems

A final test of the performance of the current measurement systems used in the INTI Plasma Focus is to test it against the Lee Model code (Lee 1984, Lee 1991, Lee 2010, Liu 1996, Bing 2000, Siahpoush et 2005, Akel et al 2009) which incorporates within it the circuit equations coupled to the dynamic equations. Hence the model is charge, energy and mass consistent. This model has been tested against all the well-published plasma focus machines for which current waveforms are available (Lee and Saw, 2008a, 2008b; Lee, 2008; Lee et al, 2009; Lee, 2010). The experience gained with the application of this model code to the various machines is that the computed current waveforms fit the measured current waveforms very well. A corollary is that properly measured plasma focus current waveforms are very well fitted by the Lee Model code using typical physically realistic parameters. Thus a measured plasma focus current waveform that is well fitted by the Lee Model code is a well-measured current waveform. Another corollary is that if a measured current waveform from a plasma focus machine cannot be fitted by the Lee Model code the indication is that the measured current waveform has not been properly measured or the measuring current system is not adequate or has malfunctioned, for any of many possible reasons, for that particular shot.
For example we show a current waveform which was taken with an Idot coil system connected to a DSO under poor grounding or shielding conditions. The DSO output shows a large time-varying baseline shift which distorts the output waveform significantly so that no fit to the Lee Mode code could be made. This is shown in Figure VIII (see the thin black line). In this respect further work shows that if the base line shift exceeds 5 kA over a period of 1 microsecond (this is easily measured by looking at the baseline displacement before the start of the plasma focus discharge) then the measured current is not reliable. In the same Figure is shown the current waveform from an Idot coil of 100 turns (which has a poor response time). Neither current waveform can be fitted by the computed current waveform (dark line) no matter how the model parameters are adjusted. 
6. Testing the 7-turn INTI PF Idot coil against the Lee Model code 
The 7-turn coil is tested against the Lee Model code by comparing its integrated current waveform against the computed current waveform. The result is shown in Figure IX. For this particular fitting we use the latest version of the Lee Model code which includes a phase between the pinch phase and the large column phase. This is the pinch breakup phase and in the latest version of the Lee Model code this phase is simulated using anomalous resistance (Ran) terms (to be published).
From Figure IX it is seen that the computed current waveform (dashed line) fits the measured waveform (from the 7-turn Idot coil) very well up to the end of fit, which covers all regions of interest of the plasma focus.

This shows that the 7-turn Idot current coil used in the INTI PF has an output with sufficiently good response to correctly measure the plasma focus current waveform.
Conclusion

Current measurement in the plasma focus using a coil is discussed. The current transformer with output FFT filtered is compared to a 7-turn Idot (dI/dt) coil. The latter is found to be superior in terms of frequency response and is generally agreed to be used in collaborative research projects among several research laboratories. In work related to the above it was found that the Lee Model code could be used as the ultimate test of the suitability of the current measurement systems used in plasma focus machines.
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Figure I. Showing the plasma focus with representative current sheet positions in the axial phase and the radial phase. The plasma focus acts in the following way: a capacitor bank C0 discharges a large current into the coaxial tube. The current flows in a current sheath CS which is driven by the JxB force, axially down the tube. At the end of the axial phase the CS implodes radially, forming an elongating pinch. The static resistance r0 of the discharge circuit is not shown.
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Figure II. The Rogowski coil with a sufficiently small terminating resistance to give an output  proportional to current I. The large pulsed current to be measured  flows through the major circumference of the coil and is completely surrounded by the minor circles of the toroidal coil.
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                     Figure III.  Circuit diagram of the Rogowski coil
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Figure IV.  Typical INTI PF current waveform measured by SRC coil measurement system
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Figure V. Effect of FFT filtering at different low pass (LP) frequencies on the current     waveform shown in 
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Figure VI. A typical output from the INTI PF 7-turn Idot coil. Vertical scale is dI/dt in arbitrary units
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Figure VII. Comparing the current waveform integrated from the 7-turn Idot coil with the current waveform taken from the SRC and FTT filtered at low pass of 5 MHz 
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Figure VIII. Current waveform from an incorrectly designed Idot coil (100 turns) represented by a dashed line, and current waveform from a defective coil (thin line) compared to current waveform computed from the Lee Model code.  The waveform computed from the code could not be made to fit either incorrect current waveform.
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Figure IX.  Fitting the measured current waveform by the Lee Model code using realistic physical parameters of: 110nH, 30 μF, 13 mΩ, 3.2 cm, 0.95 cm, 16 cm, model parameters of 0.029, 0.7, 0.29 and 0.7 at operating parameters of 12 kV, 1.75 Torr neon. 
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