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A B S T R A C T   

Plasma focus devices have been investigated as a pulsed radiation source. Different studies have shown that the 
shape of the anode affects strongly the plasma dynamic and X-ray emission that takes place in plasma focus 
devices. In the present work, a hybrid-type plasma focus device (6 μF, 16 ± 1 kV), named PF-2kJ, is operated at 
various pressures of hydrogen gas with five cylindrical anodes of the same lengths but different in shapes, 
without cathode bars. The effect of cathode bars on various electric parameters is studied for the anode that has 
the maximum X-ray emission. The electrical signals of Rogowski coil (current derivative), voltage divider 
(voltage at the anode), and photomultiplier tubes (X-rays) were analyzed for all the anodes. Inductance and the 
voltage at the time of the pinch were derived from the measured voltage and current derivative signals. The X-ray 
dose measurements were performed using thermoluminescent dosimeters (TLD-100). The PF-2kJ performance is 
not the best while using the cathode bars. Our results show that by changing the anode shape just over the 
insulator sleeve the plasma focus devices can be switched between close energies stored in the capacitor bank.   

Introduction 

Plasma focus devices produce a pulsed plasma discharge of a dura
tion of a hundred nanoseconds to few microseconds depending on the 
particular characteristics of the pulsed generator (capacitance, induc
tance, stored energy) [1,2]. The gas discharge takes place in a co-axial 
electrode geometry, in which the central electrode is kept partially 
covered by an insulator. During the first phase of plasma focus 
discharge, a plasma current sheet forms over the insulator surface. 
Under the action of the Lorentz force, the plasma current sheet runs over 
the effective length of the anode. At the open end of the anode, the 
plasma current sheet constricts by the self-generated magnetic field, 
compresses neutral gas ahead, and ionizes it. Such compression gener
ates shock waves. At the axis of the anode, the shock waves reflect and 
slow down the compression. An equilibrium between compression and 
reflected shock waves produces a plasma column known as, pinch [1–3]. 
The model of compressing and reflected shock waves was given by S. Lee 
[4], which has to be verified experimentally. The above-mentioned 
plasma dynamics are observed in the electrical signals that will be 
shown and discussed in the result and discussion section of the present 
work. The duration of the pinch can be a few nanoseconds to tens of 

nanosecond depending on the pulse generator, with an electron tem
perature of the order of 0.5–1 keV and a density at the plasma focus axis 
of the order of 1019 cm− 3, independent of the energy of the device [2]. 

Various types of radiation; X-rays (low and high-energy) [5–9,3], 
neutrons (~MeV) [10–13,3], ions [14–17,3], relativistic electrons [18], 
UHF electromagnetic radiation [19–21] are emitted from the plasma 
focus devices. It is reported that at the time of compression and pinch 
formation electromagnetic fields and various types of instabilities 
generate the accelerated charged particles. Electrons move toward the 
anode and produce hard X-rays via bremsstrahlung on interacting with 
anode material. Ions move away from the anode. In the case of deute
rium as working gas, the deuteron beams interact with background 
plasma/neutral deuterium gas and produce fast neutrons via beam- 
target nuclear fusion mechanism [22]. A fraction of thermonuclear 
neutrons is also reported [23–24]. It has been reported that the plasma 
electron density and temperature at the time of the pinch, the axial and 
radial speed of the plasma current sheet are similar in the plasma focus 
devices operated in a vast energy range; MJ to mJ [2]. Various schemes 
have been proposed to improve the performance of plasma focus devices 
concerning radiation emission [25,26]. Different anode geometries: 
oval-shaped anode, converging top anode, stepped anode have been 
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tested and it was reported that the converging top anode had a better 
performance [27]. The stepped anode was used to enhance the axial 
speed of the plasma current sheet, and the soft X-rays and neutron 
production were found axial-speed-dependent [28]. Apart from the 
change in the anode geometry, plasma focus devices have been operated 
with and without cathode bars [29]. In this work, the experiments are 
realized mainly without cathode bars. However, to verify the effect of 
cathode bars on X-ray emission, an electrode assembly including cath
ode bars is also used. Studies on the effects of insulator sleeve materials 
and lengths on plasma focus device performance are available in the 
literature [30–32]. In the present work, a 1.2kJ hybrid-type plasma 
focus, PF-2kJ (8 μF, 17 kV), is adopted to be work with 867 J (6 μF, 17 
kV) by keeping the changes minimal in the PF-2kJ basic designs. 

In the present study, five anodes of equal length and different shapes 
are used. The electrical signals; current derivative at the cathode, the 

voltage at the anode, and the X-rays in the axial direction were recorded. 
The plasma inductance and the voltage at the time of the pinch were 
derived from the voltage and current derivative signals using the 
methodology as described in references [33,34]. Various parameters 
such as rate of change of current at the time of pinch (dI/dt), voltage 
divider signals at the time of pinch (VDR), plasma voltage at the time of 
pinch (Vp), inductance at the time of pinch (Lp), the maximum current 
(Imax), the current at the time of the pinch (Ip), and the sum of the area 
under the curves of the X-rays pulses (AUC) were compared at each 
anode. At first, all five anodes were used without cathode bars. Later, 
twelve stainless steel cathode bars were introduced with the anode 
which yields the maximum X-ray emission. It is worth mentioning here 
that originally the size of the electrodes for the PF-2kJ was designed and 
built to be operated with a capacitor bank of 8 capacitors (1μF each), 17 
kV (1.2kJ) [16]. Due to practical reasons, it was necessary to work with 
only 6 capacitors reducing the total capacitance to 6 μF to operate at 17 
kV (867 J). Thus, the anodes were redesigned to fit with the generator 
without any other change, only the dimensions and shape of the anode 
over the insulator sleeve. On the one hand, the scope of the present work 
is to study how the plasma dynamics and behavior affect the radiation 
emission (X-ray) in a plasma focus discharge at different electrode ge
ometries. For this purpose, it is studied different electrode configura
tions (different anode shapes, electrode assembly with and without 
cathode rods) at the same operational condition of the plasma focus 
device, PF-2kJ. From the electrical signals of the PF-2kJ discharge 
(voltage at the anode and current derivative) the current at the pinching 
time, plasma voltage evolution, and plasma contribution to the induc
tance are obtained and X-ray emission at different electrode configura
tions are compared. On the other hand, from the point of view of the 
applications of pulsed radiation emitted from plasma focus devices, it is 
desirable to accumulate large total doses in a short time, i. e. in few 
discharges. Such is the case of the applications in the study of pulsed 
radiation effects on biological samples, where the biological life material 
requires specific temporal and environmental conditions. Our labora
tory has started research on this last topic [35]. The results presented 
here also could be of interest for other pulsed plasma and pulsed radi
ation research for example laser-produced plasma community. 

Experimental setup 

The main role of the cathode bars is to provide a return for the 
current in the conventional electrode configuration of the plasma focus 
device. In the case in which the radius of the cathode plate is greater 
than the radial expansion of the plasma current sheet during the first 
quarter of the period of the discharge, the plasma current sheet returns 
the current directly to the cathode plate, without cathode rods. Such is 
the case of the PF-2kJ used in these experiments and the cathode bars 
can be removed. 

In Fig. 1, a schematic of the PF-2kJ with the mount of different di
agnostics is shown. The anode (made of stainless steel) is a central 

Fig. 1. Schematic of the PF-2kJ with the mount of different diagnostics. RC: 
Rogowski coil, VDR: voltage divider, SG: spark-gap, HVPS: high-voltage power 
supply, PMT: photomultiplier tube. 

Fig. 2. Photographs of the anodes A1, A2, A3, A4, and A5.  
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electrode partially covered by an alumina insulator. The insulator length 
was ~37.4 mm. A capacitor bank of a total capacitance 6 μF was con
nected to one of the electrodes of the spark-gap (SG). The other electrode 
of the SG was connected to the anode of the PF-2kJ. A Rogowski coil 
(RC) was mounted around the cathode, a voltage divider (VDR) was 
mounted at the anode, and a photomultiplier tube (PMT) in combination 
with a scintillator (BC-408) was placed ~140 cm from the top of the 
anode in the axial direction. 

Five cylindrical anodes that are used in the present work are shown 
in Fig. 2. All of the anodes had an equal length of ~80 mm but had 
different shapes. The anode A1 has a 25 mm diameter and converging 
top with a 10 mm inner diameter. The anode A2 has a diameter of 25 
mm up to 2 mm above the insulator sleeve, then has a flat step with a 
diameter of 16 mm. The anode A3 has a diameter 25 mm up to the 
insulator sleeve, then has an angular step with a 16 mm diameter. The 
top of the A3 has a converging shape with a 10 mm inner diameter. The 
anode A4 has two steps. Until the insulator sleeve, the A4 has a 25 mm 
diameter, then with an angular step changes the diameter to 18 mm and 
a further step changes the diameter to 16 mm. At the top of the A4, the 
converging part has a 10 mm inner diameter. The anode A5 has a 
diameter 25 mm up to 3 mm above the insulator, then an angular step 
that changes the diameter to 12 mm. The open end of the A5 is 
converging with an inner diameter of 8 mm. The effective lengths of all 
the anodes are ~23 mm. In plasma focus devices electrons impinge upon 
the bottom of the anode and produce X-ray via bremsstrahlung. The 
bremsstrahlung X-ray emission increases with high atomic number 
target material for electrons. It is reported that the X-ray doses increase 
while inserting a lead piece inside the hollow anode [35], and the 
neutron yield increases by placing a conical tip in the centre of the anode 
end [36]. In the present work, all the anodes were kept hollow at the 
same depth ~37 mm so that a lead piece (working gas is hydrogen) can 
be inserted in the anode that yields the best performance. 

At first, experiments were performed at various hydrogen gas pres
sures at each anode without cathode bars. Twenty discharges were shot 
at each anode-pressure combination. For example anode A1, pressure 5 
mbar 20 discharges, 6 mbar 20 discharges, 7 mbar 20 discharges, 8 mbar 
20 discharges, and so on; anode A2, pressure 5 mbar 20 discharges, 6 
mbar 20 discharges, 7 mbar 20 discharges, and so on. All the analysis 
was performed with twenty discharges for each anode-pressure combi
nation. Only the pressures at which pinch appeared are considered. The 
electrical signals such as; the voltage at the anode, the rate of change of 
current at the cathode, and the hard X-rays signals in the axial direction 
were captured at each pressure. Besides, dose measurements were per
formed in the axial direction using thermoluminescent dosimeters, TLD- 
100 at the anode which shows the maximum sum of the area under the 
curves of X-ray signals. The PF devices emit low (<10 keV) and high- 
energy X-rays (hundreds of keV), with a larger amount of low-energy 

X-rays [35]. Thus, for dose measurements, a vacuum window of ~0.8 
mm high-density polyethylene plastic was prepared, over which the 
dosimeter array was kept at a distance ~7 cm from the open end of the 
anode (the plastic vacuum window will transmit X-rays of energies 
higher than 5 keV, thus in the obtained dose, X-rays in the energy range 
5–10 keV contribute mainly, the negligible contribution of high-energy 
X-rays in doses is reported in the reference [35]). In a recent study, it is 
found that the Mather type plasma focus devices perform better while 
using the cathode bars [29]. To verify that we choose the anode that 
yields the maximum X-ray emission to work with cathode bars. It is 
worth to mention here that the PF-2kJ is a hybrid type (closer to Mather 
type) plasma focus device. Fig. 3 illustrates the electrode configuration 
with cathode bars. 

Fig. 4. Typical electrical signals. (a) Voltage at the anode, (b) current deriva
tive at the cathode, (c) current (d) plasma inductance, (e) plasma voltage. The 
signals (a), (b) were recorded and (c), (e) were derived from the recor
ded signals. 

Fig. 3. Electrode configuration with cathode bars. The anode A3 is used in this 
configuration. 
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Results and discussion 

Electrical signals, plasma voltage, and plasma inductance. 

The temporal evolution of the voltage at the anode (VDR) and the 
total current derivative dI/dt of the discharges were measured directly 
for all the pressures and different anodes studied. After, the current was 
obtained by integrating dI/dt signals numerically, and then the plasma 
inductance and the plasma voltage were derived from the signals VDR 
and dI/dt using the methodology as described in references [33,34]. It 
has been shown in references [3,34], the temporal evolution of the 
plasma inductance and plasma voltage gives information on the plasma 
behavior and plasma dynamics. In Fig. 4 typical signals of the (a) voltage 
at the anode (VDR) and the (b) dI/dt at the cathode at a pressure of 7 
mbar of hydrogen gas are presented. The (c) current was obtained by 
integrating dI/dt signals numerically. The (d) plasma inductance and the 
(e) plasma voltage were derived from the signals (a) and (b). The 
description of Fig. 4 is as follows. The VDR signal falls rapidly at the 
beginning that indicates the gas breakdown. Later, the dI/dt reaches its 
maximum value that indicates closing the electrical circuit between the 
anode and cathode. Afterward, the resistive components will have a 
negligible influence on current flow, instead, the circuit will be induc
tive mainly as mentioned in reference [34]. During the time difference 

tb, (as shown in Fig. 4) the anode and cathode are connected electrically, 
and a plasma current sheet (PCS) forms over the insulator. The time tb is 
considered during which the inductance varies slowly or stay constant in 
the inductance curve (Fig. 4(d)). Under the action of Lorentz force, the 
PCS runs over the effective length of the anode, which is known as the 
axial rundown phase, as shown by tar in Fig. 4. At the open end of the 
anode, a self-constricting Lorentz force acts on the PCS and the PCS 
compresses and ionizes the neutral gas ahead of it, which generates 
radial shock waves. On reaching the axis of the anode, the shock waves 
reflect that slows the compression and a plasma column forms known as 
the pinch. The compression and pinch times are shown by tc and tp in 
Fig. 4(a) and (b). 

In the following, the variation in the above-mentioned electrical 
parameters with pressure is presented. 

The voltage and current derivative at the time of the pinch 

Fig. 5 shows the pressure dependence of the dI/dt and recorded 
voltage (VDR) at the time of the pinch (here the pressures at which the 
pinch appeared are presented). The standard deviations are large, and a 
conclusive peak is visible only for the anode A4, but the average values 
of the dI/dt and VDR signals at the time of the pinch are not the highest 
among all the anodes. For practical uses, pressure needs to be identified 

Fig. 5. Variation in the current derivative and voltage values (at the time of pinch) with pressures at different anodes.  
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at which the dI/dt and VDR signals show the highest amplitude of 
pinching action, which is taken care of by comparing the highest average 
values of the dI/dt and VDR signals among all the anodes. The VDR 
signals show the highest values (at the time of the pinch, tp as shown in 
Fig. 4) at 8–9 mbar (anode A1), 10 mbar (anode A2), 15 mbar (anode 
A3), 10 mbar (anode A4), and 21–22 mbar (anode A5). The pressures at 
which the dI/dt signals acquire minimum values (at the time of the 
pinch, tp, shown in Fig. 4) are 9–10 mbar (anode A1), 10 mbar (anode 
A2), 14–15 mbar (anode A3), 10 mbar (anode A4), and 22 mbar (anode 
A5). The dI/dt values at tp are multiplied by (− 1) for picture purposes. 

Interestingly, the pressure range for the minimum values of the dI/dt 
and the maximum values of VDR signals at the time of the pinch, tp, 
changes upon changing the anode. The pressure range to obtain the 
optimized pinch conditions relies on the effective length of the anode 
[1,2], which is the same for all the anodes in the present case. If the 
effective length is too large, the PCS will arrive at the open end of the 
anode at later times than the maximum current, therefore, the pinching 
action takes place at a later time then the maximum current. If the 
effective length is too short the PCS will arrive too early at the open end 
of the anode. The PCS arrival time at the open of the anode must coin
cide with the maximum current to have optimized pinch conditions. 
Such coincidence is required so that the maximum transfer of inductive 
energy to the pinch can take place. The A2 and A3 have similar shapes 
except, 1) the A2 has a diameter 25 mm until ~2 mm above the 

insulator, in the case of the A3, the diameter of the anode was kept 25 
mm until the insulator end. 2) The anode A2 has a flat top, but A3 has a 
converging top. At this moment it is not clear why the dI/dt and VDR 
signals at the pinching time, tp, show peaks at different pressures in the 
case of the A2 and A3. 

The anode A5 that has the smallest diameter at the position of the 
effective length, shows the highest value of the VDR and dI/dt signals at 
the time of the pinch, tp, at 22 mbar of pressure. The current that flows in 
the circuit depends on the total capacitance, applied voltage, and 
inductance and does not depend on the anode shape. However, the 
current density will depend on the anode’s surface area over which the 
current flows, which is the lowest in the case of the A5 and maximum in 
the case of the A1. Therefore, the current density at A1 will be lower 
than A5. Higher current density will have a larger Lorentz force in the 
case of the A5 that will cause higher axial speed at lower pressures. With 
such considerations we hypothesize that in the case of the A5, at the 
pressures lower than 15 mbar, the PCS axial speed will be larger so that 
at the time the PCS reaches the open end of the A5, it continues in the 
axial direction without compressing. That could be the reason that the 
optimized pinch conditions were not observed at the pressures lower 
than 15 mbar in the case of the A5. A future scope exists to prove our 
hypothesis using shadowgraphy images at lower pressures, which can 
record images of the moving PCS in the axial direction. The maximum 
value of the VDR signal at the time of the pinch, tp, is obtained for the 

Fig. 6. Variation in the maximum current and the current at the time of the pinch with pressure.  
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anode A3, whereas, the minimum dI/dt values at the pinching time, tp, 
are similar for the anodes A2 (10 mbar) and A3 (14 mbar). 

The maximum and pinch currents 

Fig. 6 shows the pressure dependence of the maximum current (IMax) 
and pinch current (IP) for the anodes A1, A2, A3, A4, and A5. Generally 
speaking, the IMax increases and IP decreases with pressure, except for 
the anodes A3 and A5, with a small change in magnitude (10 kA dif
ference). The variations in the IMax and IP are smaller in the case of the 
A3. At higher pressure, more neutrals will be available that will produce 
a larger number of ions and electrons, which will contribute to the 
maximum current. In the case of the anode A5, the IMax rises until 19 
mbar, and then fall after 21 mbar. At much larger pressures the electron 
mean free path will be lower and there is a possibility that the collisions 
take place before the electrons gain sufficient energy to ionize neutrals. 
Therefore, the IMax will fall at such pressures. 

The pinch inductance and pinch voltage 

Fig. 7 shows the pressure dependence of the inductance at the time of 
the pinch (LP) and the pinch voltage (VP). The LP increases with pressure 
for the anodes A1, A2, A4, and shows maximum values at 15 and 22 

mbar for the anodes A3 and A5 respectively. The VP shows maximum 
values at 8–10 mbar (A1), 10 mbar (A2), 15 mbar (A3), 10 mbar (A4), 
22 mbar (A5). The decrement in the pinch current at the anodes A1, A2, 

Fig. 7. Pressure dependence of the inductance at the time of the pinch and pinch voltage for the anodes A1, A2, A3, A4, and A5.  

Fig. 8. Variation in the sum of the area under the curves of the X-ray pulses 
with pressure at different anode shapes. The anode A3 shows the 
maximum sum. 
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A4, and A5 can be explained based on the fact that the inductance at that 
time increases with pressure for those anodes. The maximum value of VP 
appears for the anode A3. 

Sum of the area under the curves of the X-rays signals and dose 
measurements 

In Fig. 8 the sum of the area under the curves (AUC) of photo
multiplier tube signals (twenty shots) is presented. It is worth 
mentioning here that the sum of the AUC is considered so that it can be 
compared with the accumulated doses in the same number of X-ray 
pulses. The maximum sum appears at 15 mbar for the anode A3. With 
the above-mentioned information, dose measurements were performed 
using the anode A3. A lead piece was inserted inside the hollow anode to 
increase X-rays emission [35]. Twenty discharges (in the condition of 
lead inserted inside the anode A3) in the pressure range 8–20 mbar were 
shot and the AUC of photomultiplier tube signals were estimated at each 
pressure. Fig. 9 shows the variation in the sum of the AUC with pressure. 
The insertion of lead has changed the pressure range at which the sum of 
the AUC is maximum, which is 10–12 mbar. The possible reason could 
be the presence of lead impurities that will contribute to slowing down 

the compression (additional material to be compressed) at larger pres
sures. Therefore, reduces the pressure to obtain an optimized pinching 
action. 

Afterward, an array of six TLD-100 dosimeters was placed over a 
plastic vacuum window at ~7 cm from the top of the anode. Twenty 
pulses of X-rays were used to irradiate the dosimeters in the pressure 
range 8–18 mbar. Fig. 10 shows the obtained doses. The maximum doses 
were obtained in the pressure range 11–12 mbar, which coincides with 
the pressure range of the maximum sum of the AUC. Such dose char
acterization intended to use the PF-2kJ as a pulsed X-ray source to 
irradiate the different cancer cell lines in vitro. 

It has been reported for a Mather type plasma focus device that it 
performs better in the co-axial electrode assembly [29]. In the following, 
the results of the co-axial electrode geometry (Fig. 3) using the anode 
A3, are presented. The anode A3 is chosen because it yielded the 
maximum X-ray emission. 

PF-2kJ with co-axial electrode geometry 

In Fig. 11, the electrical signals are shown in the cases of with and 
without the mount of the cathode bars (with the anode A3). The voltage, 
current derivative, and the estimated voltage at the time of the pinch 
show larger magnitudes in the case without the mount of the cathode 
bars. Besides, the inductance (d) during the radial compression presents 
a higher slope (higher derivative) that is a signature of a higher 
compression velocity for the configuration without cathode rods. In the 
following the pressure dependence of various electrical signals, 
measured and derived, is presented. 

In Fig. 12, the pressure dependence of various electrical parameters 
that were obtained using co-axial electrode geometry (anode A3 was 
used) i.e. with the mount of 12 cathode bars (black filled circles), is 
shown and compared with the case without the mount of the cathode 
bars (blue stars). The voltage at the time of the pinch, dI/dt at the time of 
the pinch, estimated pinch voltage (Vp), and the sum of the AUC of X-ray 
signals have lower values in the case of co-axial electrode geometry. The 
dose measurements yielded ~60 mSv for 40 pulses of X-rays while using 
the co-axial electrodes. It is important to mention that the pinch and X- 
rays repetition was lower in the case of the co-axial electrode assembly. 
A total of 76 discharges were shot to get 40 X-rays pulses. In the case of 
without cathode bars, the X-rays repetition was about 100%. The PF-2kJ 
is a hybrid plasma focus device (closer to the Mather type). The plasma 
focus device that was used in reference [29] was a Mather type. Because 
of such geometrical differences, the PF-2kJ shows different behavior in 
comparison to the plasma focus device used in reference [29]. 

Conclusions 

Different electrodes configuration (different anode shapes, electrode 
assemblies with and without cathode rods) at the same operational 
condition of the plasma focus device, PF-2kJ, were used and it was 
studied how the plasma dynamics and behavior affect the radiation 
emission (X-ray) under such electrode configurations. Electrical signals 
of the PF-2kJ discharge (voltage at the anode and total current deriva
tive) were measured, and thus, the current at the pinching time, plasma 
voltage evolution, and plasma contribution to the inductance were ob
tained and X-ray emission at different electrode configurations were 
compared. 

The following conclusions are drawn from the above-mentioned 
work.  

– The pressure at which the sum of the area under the curves of the X- 
ray signals was maximum, does not coincide with the maximum 
magnitude of the current derivative and voltage signals at the time of 
the pinch for the anodes A1, A2, A4, and A5. Such conditions were 
met for the anode A3. 

Fig. 9. Sum of the area under the curves of twenty X-rays pulses at various 
pressures (lead inserted inside the anode). 

Fig. 10. Doses were obtained for twenty pulses of X-rays at various pressures.  
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– The converging top anode (A3) yielded the maximum X-rays 
emission.  

– The pressure range of the maximum dose coincides with the pressure 
range of the maximum sum of the area under the curves of the X-ray 
pulses.  

– Observations of pinch and X-rays emission were found less 
frequently in the case of cathode bars are used in the present study.  

– The voltage, current derivative, and the estimated voltage at the time 
of the pinch show a larger magnitude in the case without the mount 
of the cathode bars. In addition, the inductance during the radial 
compression presents a higher slope (higher derivative) that is a 
signature of a higher compression velocity for the configuration 
without cathode rods. 

– Our results show that the plasma focus devices can be switched be
tween close energies of the capacitor bank without changing the 
basic geometries such as-cathode plate and insulator sleeve, except 
changing the shape of the anode above the insulator sleeve. In the 
present work, the same geometrical and electrical parameters that 
were designed for 8 μF and 17 kV (1.2kJ) are used for 6 μF, 17 kV 
(867 J).  

– The maximum X-ray emission conditions in plasma focus devices 
could be changed with the number of discharges. Therefore, a timely 
maintenance of the device is required to maintain such conditions. 
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(a) voltage at the anode, (b) current derivative at cathode, (c) current (d) plasma inductance, (e) plasma voltage. The signals (a), (b) were recorded and (c)–(e) were 
derived from the recorded signals. The voltage and current derivative signals in the case of without cathode bars show larger magnitudes. 
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