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Abstract,
The short-circuit test of the dense plasma focus is described as an RLC electric circuit. The circuit has been completely analyzed to find the static impedance of the external circuit for the machine.  High pressure shots of more than 30 mbar were also performed on the KSU DPF machine to determine the error in computed static inductance and resistance when these high pressure shots were assumed to be short-circuit equivalent. The test was performed using various gases over a wide range of molecular or atomic mass, starting from hydrogen as the lightest gas until argon.  Snow-plow model was used to compare the experimental results, and to predict the current sheet speed in the high pressure regime. It was found that the error in inductance and resistance decreases with the increase of gas molecular mass at the same pressure. The heavy gases like neon and argon were found to give the most accurate results with error less than 6% at 60 mbar. It was found also that increasing gas pressure over 30 mbar using heavy gases like Ar or Ne gives no effective improvement of the computed static impedance.  Snow- plow model with damped current waveform was used to calculate the axial position and axial velocity of the current sheet in the high pressure regime, it shows that the average speed in the heavy gases like argon is 0.8
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Introduction,
The static parameters for the DPF capacitor bank are very important to determine the behavior of the machine and the current waveform supplied to the machine. Hence it affects the neutron yield and x-ray emission of the machine [1],[2]. Moreover, plasma focus machines, Mather-type have been recently divided into two types according to the static inductance for the machine [3]. 
The most reliable method to determine the DPF static parameters Co, Lo, and Ro is the short-circuit (SC) test. For simplicity the parameters are determined by approximate formulas [4].
Although SC test is the most reliable test it can be technically difficult so it may be preferred to perform a high pressure (HP) test to get approximate values for L​o and Ro.  The assumption is that at high pressures the current sheet hardly moves and most of the discharge current goes through diffusive ohmic regime rather than electromagnetic regime. However it is recommended to perform the SC test at least once after initial set up to obtain exact values for the static parameters of the machine.

In the first part of this paper the SC test is treated as exact RLC circuit fig(1) [5],[6]. The differential equation of natural transient response was solved to find exact values for Lo, and Ro from the measured current waveform. The results were applied to KSU-DPF machine to determine the static resistance and inductance, and also to find the Rogowski coil calibration factor.
In the second part the HP test was performed. Although the high pressure slows down the current sheet, there is still some motion which adds an inductance to the circuit thus causing an over-estimate to the static inductance [1]. The data obtained from these HP tests enabled us to determine the size of the error made in these HP tests when compared to the SC measurements.
Short circuit analysis:
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The natural response for an RLC circuit is indicated in fig(2)  ???, the capacitor is charged to the required voltage 
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 then switched on to the circuit. The 
time-varying current is 
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The Kirchhoff law describing the voltage on the circuit components
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[image: image6.wmf]By differentiating the equation,



[image: image7.wmf]2

2

1

0                                       

                                        

(2)

o

ooo

R

dIdI

I

dtLdtLC

++=



[image: image8.wmf]And the charactristic equation:
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In plasma focus machines 
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and the circuit goes in underdamping response fig (2).
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where  is the time corresponding to the 

first peak.

Combine equation (8), and (11) to deduce

 the static inductance

t



[image: image22.wmf]2

2

2

(12)

1

4(1)

o

o

T

L

C

p

c

=

+



[image: image23.wmf]From equation (10) we can determine the 

current peaks values at the corresponing

 times .

m

t



[image: image24.wmf]n+1

n

I

And also the revesal damping ratio  

I

f

=



[image: image25.wmf]Therefore,                              

                                        

                  (13)

n

fe

ap

w

-

=



[image: image26.wmf]Using equation(13), and substitute in (5

) to obtain the static resistance
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The DPF device

The KSU-DPFs is a Mather type geometry composed of three main parts, 

the capacitor bank comprises an Aerovox capacitor 12.5 uF capacitance with rated voltage 20 kV and stored energy 2.5 kJ. The capacitor is charged by a General Atomics power supply with rated voltage 30 kV. The capacitor is connected to the electrodes through a TDI1-200k/25H, 10 ns jitter, Thyratron.

The device anode is a semi-hollow copper rod with 100 mm length and outer diameter 15 mm. The anode is surrounded by six cathode rods, these rods are placed symmetrically around the anode at a diameter of 58 mm. The launching end of the anode is separated from the cathode by an insulator sleeve of Pyrex tube 68 mm length and 1.6 mm wall thickness. Both cathode and anode are contained in a stainless steel chamber with two glass windows.
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The current is measured by a Rogowski coil in the  
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 mode, and then integrated numerically to obtain the current. A Northstar high voltage probe HV5 60/100 kV DC/AC 80 MHz is used to measure the voltage waveform across the tube.
Rogowski Coil Considerations
One of the problems during the current measurements with rogowski coil is the base shift of the numerically integrated signal which expresses the current. This baseshift is a stray offset of dI/dt signal fig(3). It is suggested to come from the electromagnetic waves and power lines [7], but our experience is that  this offset could come from grounding problems or non-symmetrical topology effects with the mounting of the coil so that the coil not only monitors the current threading it but also the current as it passes outside but close to the coil [ ref: Measurement and Processing of Fast Pulsed Discharge Current in Plasma Focus Machines

S Lee, S H Saw, R S Rawat, P Lee, R Verma, A.Talebitaher, S M Hassan, A E Abdou, Mohamed Ismail, Amgad Mohamed, H Torreblanca, Sh Al Hawat, M Akel, P L Chong, F Roy, A Singh, D Wong and K Devi-submitted to J Phys D appl Phys]
.  The problem was solved by 3 numerical methods which almost give the same results in most cases. The first one is to use high pass filters on the original dI/dt signal. Origin program was used to perform such processing. The second is to take the peaks of the curve as an envelope to the signal, and fit the positive peaks and negative peaks separately, then take the average of the 2 fitted functions and subtract from the original waveform.  The third method is to capture the first microseconds before the signal rise, and the final few microseconds. Then interpolating the
The space in between the two signals. The interpolated line is almost representing the baseshift hence it is subtracted from the original current waveform to obtain the compensated current without the baseline shift.
Experimental Work:
High pressure regime:
The high pressure test was performed under pressure range 30 - 60 mbar. The capacitor is charged to 17 KV. The working gases were Argon , neon, helium, deuterium, hydrogen.
The current waveform was measured and analyzed using RLC model. The resulting values for the inductance and resistance incorporate contributions due to the motion of the current sheet.

This motion has a dependence on the pressure and gas molecular weight. By studying the results in the various gases this extraneous contribution may be more readily understood and eliminated.
Theoretical Model:
The snow plough model was used to simulate the motion of the current sheet during the axial phase motion and to calculate the inductance induced during the current sheet motion. Assuming one dimensional model, with a planar current sheet perpendicular to the axis of the electrodes. This approximation is nearly true at high pressure [8][9][10]. The change of momentum equation due to the force from (JxB).
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[image: image33.wmf] is the normalized current waveform.
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And the axial speed,
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The current was treated as sinusoidal modified by a damping function, this current is matched to the experimental current by changing the frequency and amplitude, so we can find the values of the electrical parameters fig (4), these calculations is similar to the previous SC analysis. Therefore the axial position and axial speed can be calculated as a function of time,
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[image: image39.wmf] and the Velocity,
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Therefore, the tube inductance due to the motion of current sheet can be determined as a function of the position.
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The model was applied to the data of [9],[10],[11]. They approximated the current waveform as a sinusoidal 
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with no damping. With fitted damping, our model showed more precise matching to their experimental data in axial position and axial speed calculation.
RESULTS:

SC result:
The equations (1.12), (1.14), and  (1.15) are applied to the short-circuit current signal from the KSU-DPF machine fig(2).
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Then the rogowski calibration factor = 
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 High Pressure results
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In the HP test the current waveform was analyzed using RLC circuit. Fig (5). The results show inductance and resistance dropping as the pressure increased. This is because the contribution to inductance and resistance due to motion is greater in the light gases whereas it is almost negligible in the heavy gases.
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The error in L and R added to the electric circuit model was calculated as a function of  the molecular mass of the used gas. Fig(6) indicated the error found to be inversely proportional to the molecular mass.
Theoretical model results:
The model was used to draw the position, speed and acceleration in the high pressure regime. Fig (7) shows the program output for the 2 current models used. The solid lines show the damped current model and the dotted lines show the sinusoidal current model during the first half cycle of the current waveform. It shows difference in position of about 28% and in speed of  17%.
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Table -1 indicates the tube inductance, the position, and the speed in various cases. The average speed was calculated for each gas on the range of the worked pressure. The speed ranges from 0.79 
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 in argon to 1.60 
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in hydrogen. 
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Observations
A tiny pinch has been noticed in hydrogen at 30 mbar during the second half of the first cycle at 7.6μs, where the first cycle period is 4.25μs. this means that it takes only 3.35μs for the second half current sheet to reach the top of the axial phase. The dynamics of the second half cycle had been carefully studied [12]. After the current peaks and starts to drop towards zero, the tube voltage drops to zero. As the voltage drops to zero the plasma current (which is still above zero) DECOUPLES from the capacitor bank by forming a closed loop with the front end of the loop being the original current sheet and the back end being near the starting insulating end. The current of the next half cycle then starts flowing from z=0 in the reversed direction. This new and growing current sheet then pushes the decoupled current loop down the axial direction[12]. Moreover after the first CS had swept through the tube the effective pressure in the tube had been reduced. Therefore the second CS moved into reduced pressure and hence moved faster than the first CS even though the current amplitude is lower, thus allowing, in our case in hydrogen, the second half cycle to drive a radial phase pinch when the first half cycle could not.
Conclusions:

At the high pressure regime the KSU-DPF is operating at a low speed regime and low shock wave speed; in such regime the coupling of energy provided to the plasma is predominantly through diffusive electrical discharge rather than electromagnetic piston-like.

The average speed of the CS is proportional to  
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The L and R error is proportional also to 
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 is the worked gas density.
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Fig(3): Rogowski coil signal integration,  with and without compensation





Table1- average axial position and axial speed values at different pressures


Gas�
Pressure


(mbar)�
tube


inductance


Lp (nH)�
Z


(cm)�
V


(cm/� EMBED Equation.DSMT4  ���s)�
Average velocity


(cm/� EMBED Equation.DSMT4  ���s)�
�
Argon�
60�
7.36�
2.83�
0.70�
0.79�
�
�
50�
8.95�
3.44�
0.84�
�
�
�
40�
8.7�
3.35�
0.82�
�
�
�
30�
8.56�
3.30�
0.80�
�
�
Neon�
60�
9.32�
3.58�
0.87�
0.9625�
�
�
50�
9.91�
3.81�
0.93�
�
�
�
40�
9.85�
3.79�
0.92�
�
�
�
30�
12.22�
4.70�
1.13�
�
�
Helium�
60�
12.20�
4.70�
1.13�
1.25�
�
�
50�
13.5�
5.17�
1.24�
�
�
�
40�
13.25�
5.20�
1.26�
�
�
�
30�
15.0�
5.70�
1.37�
�
�
Deuterium�
60�
13.39�
5.15�
1.23�
1.318�
�
�
50�
14.22�
5.47�
1.31�
�
�
�
40�
14.48�
5.57�
1.33�
�
�
�
30�
15.19�
5.84�
1.40�
�
�
Hydrogen�
60�
16.7�
6.43�
1.52�
1.601�
�
�
50�
17.09�
6.58�
1.55�
�
�
�
40�
17.7�
6.80�
1.60�
�
�
�
30�
19.18�
7.38�
1.732�
�
�
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Fig(5): the calculated resistance and inductance from the RLC model versus pressure
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Fig(4): the simulated current and the experimental current  for deuterium at 40 mbar
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Fig(1): the equivalent circuit for the short circuit test
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Fig(2): KSU-PDF short-circuit current waveform from rogowski coil
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Fig(6): Inductance and Resistance error versus the molecular weight of the used gas (at 60 mbar)
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Fig(7): Snow plough model using MathCAD dynamic sheet. Solid lines indicate the damped current model; the dotted lines indicate the sinusoidal current model. Data for neon at 40 mbar, 17 kV
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