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Abstract. The hollow electrode Z-pinch (HEZP) is expressed as a new shape of Z-pinch devices in which one of
the electrodes is ring-shaped. The periodic time of the discharge current is 35 μs with a total system inductance
of 288 nH, total system resistance of 14 m�, and 34% deposited energy for a charging voltage of 8 kV. The pinch
effect appears in the shape of a sharp spike in the signal of the discharge voltage and dip in the signal of discharge
current, which leads to an increase in the plasma inductance at the pinch time. The plasma current density, which
is measured using miniature Rogowski coil for 8 kV charging voltage and 1 torr pressure, has a maximum value
of 12.1 kA/cm2 near the axis of the discharge tube and decreases toward the wall. The helium gas pressure in the
range of 1–2 torr expresses the situation of the maximum current density. The pinch time increases by increasing
the gas pressure and also by decreasing the charging voltage leading to a decrement of the peak discharge current
and hence the magnetic field is also decreased. A delay time of at least 4.1 μs is found to be required to form the
pinch for the implemented set-up of anode–cathode dimensions and interdistance. The calculated sheath velocity
is in the range of 1.2–6 cm/μs which is directly proportional to the charging voltage and inversely proportional to
the gas pressure.
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1. Introduction

Z-pinch devices are classified and strongly discussed
by Haines in 2011 [1]. The plasma is magnetically con-
fined in the radial direction where the discharge current
Jz passes in the axial direction and induces azimuthal
magnetic field Bθ , creating Lorentz force (Jz × Bθ )r
in the inward radial direction [1]. The induced magnetic
field resulting from the plasma current is associated with
the Lorentz force J × B that is responsible for the pinch
effect [2].

Z-pinches are considered as efficient sources of X-
rays [3–5]. The pinch could be formed by applying a
large potential to a wire connecting two electrodes so
that the wire is vapourised and ionised and then the pinch
is created [6]. Conical arrays are used to control the
plasma implosion direction to produce the X-rays [7].
A 100 kJ Z-pinch device with 4 MA discharge current

was used with short rise time and plasma temperature
of 55 eV to produce maximum X-ray yield [8].

The plasma current density can be evaluated by
using the magnetic probe depending on the space and
time variation of the magnetic field [9]. A miniature
Rogowski coil has been used to measure the plasma
current density [10] and the results showed that the
plasma current density decreases with radial distance
[9,11]. Many forms of linear Z-pinch devices have
been constructed like a linear Z-pinch with two hol-
low electrodes, where the pinch time and its radius were
evaluated and the current density was determined from
the magnetic field as a function of time, radius, and the
velocity of the imploding plasma layer [12]. Decreas-
ing the gas pressure shifts the pinch towards to the
peak of the discharge current and it also increases the
pinch current which flows through the plasma column
[13].

http://crossmark.crossref.org/dialog/?doi=10.1007/s12043-018-1594-1&domain=pdf


22 Page 2 of 8 Pramana – J. Phys. (2018) 91:22

Gas inlet

Miniature probe

10cm

Power
supply

Capacitor 
bank

Anode ring

Cathode plate

Pressurized
switch10kΩ

Current-return
rods

Vaccum
system

10cm

8.2cm

Pyrex tube

Insulators

To positive 
capacitor plate

6cm 

8.4cm 

Plasma current

Probes insertion

Figure 1. Schematic diagram of the HEZP device and electric circuit.

The results showed that the pinch time and pinch
duration decrease with increasing voltage [14]. By
decreasing the gas pressure, the current sheath moves
faster so that the pinch time is reduced [13,15]. The
same effect of the high pressure and heavier gas molec-
ular weight on the pinch duration and the sheath velocity
is observed in many experiments [16–19] and are also
obtained theoretically by Lee’s model [20,21]

In the present experiment, the pinch effect will be
studied in a new Z-pinch construction using hollow
electrode to allow sheath expansion in the axial direc-
tion. The discharge current and voltage will be measured
using Rogowski coil and potential divider respectively.
A miniature Rogowski coil will be used to measure the
plasma current density and the pinch time under differ-
ent charging voltages and helium gas pressures.

2. Experimental set-up

The discharge chamber of the HEZP is described in [21].
Figure 1 shows a schematic diagram of the HEZP device
and the electric circuit. It consists of two cylindrical
Pyrex tubes of 10 cm diameter, 10 cm length, and two
copper electrodes. The upper electrode is hollow, of 6 cm
diameter, and is fixed between the lower discharge tube
and the higher expansion tube. The discharge occurs first
in the lower tube, and then it is propelled towards the
upper one which is considered as the expansion tube.
The lower electrode is an 8.4 cm diameter plate cath-
ode. The two electrodes are separated by 8.2 cm. Eight
isolated copper rods were used as current-return rods
to reduce the total inductance of the circuit. These rods
are connected to the anode and surround the lower tube.
The discharge occurs by discharging 108 μF condenser

bank with a maximum stored energy of 5.4 kJ. Helium
gas was used in this study at different pressures up to 10
torr.

Rogowski coil is one of the main diagnostic tools that
is used in most of the pinch experiments [22,23]. It is
used in the present work to measure the main discharge
current and the plasma current density. The first coil is
used outside the chamber to measure the total discharge
current. The second coil is the miniature Rogowski coil
which works as a probe to measure plasma current which
passes inside the chamber. The coil is allowed to move
in the radial direction so that plasma current density can
be measured in different radial distances from the axis
centre to the wall.

The outer Rogowski coil which is used to measure the
discharge current, has 120 turns, 3.25 cm major radius,
and a single turn radius of 0.35 cm. The circuit integrator
has a resistance of 100 k� and a capacitance of 10 nF.
The bandwidth limits of the coil are 1 × 103 kHz and
2.8 × 109 Hz, which satisfy the integrator condition for
the experiment in the case of discharge current of 35 μs
periodic time. On the other hand, the miniature coil has
100 turns, a major radius of 0.53 cm, and a single turn
radius of 0.1 cm, and so the bandwidth limits are 1.67×
104 kHz and 2.6 × 108 Hz which are also suitable for
the experiment.

3. Plasma sheath dynamics in HEZP

In the HEZP device, the axial discharge current, Jz , will
induce azimuthal magnetic field, Bθ , so that Lorentz
force Fr will be generated in the radial direction and
confines the plasma sheath [24,25]. The upper electrode
is a hollow one and so it allows the plasma to be expelled
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Figure 2. Schematic diagram of the plasma shape in the
HEZP device.

vertically. Lorentz force confines the plasma sheath in
the radial direction and allows for the sheath expansion
towards the upper hollow electrode [1,21,26].

When applying a sufficient electric potential, dis-
charge occurs and cylindrical sheath of plasma is created
between the lower plate and the upper hollow elec-
trodes, as shown in figure 2. An azimuthal magnetic field
Bθ will be induced so that the generated Lorentz force
will confine the plasma towards the axis of the cham-
ber and form the pinch and could be expelled vertically
towards the expansion chamber, throw the hollow elec-
trode [14,27] as an electromagnetic propulsion [28,29].
The confined plasma sheath which is formed at the
lower chamber forms a plasma column which could be
propelled towards the upper chamber. A dip is clearly
appeared in the discharge current signal accompanied
by a sharp spike in the voltage signal [14].

4. Experimental results

4.1 Discharge current and voltage

Figure 3 shows a simple waveform of the discharge
current and discharge voltage signals. The discharge
current Idis is measured using Rogowski coils with inte-
grator circuit while a calibrated potential divider is used
for measuring the discharge voltage.

The discharge current reaches a maximum value at
about 7 μs. The figure shows a voltage spike and dis-
charge current dips at about 5.0 μs to 5.25 μs which
means that a pinch is created. The peak of the discharge
current can be calculated theoretically by using the
relation

Figure 3. A sample of the pinch effect appearing in the signal
waveform of both the discharge current and discharge voltage
for 8 kV charging voltage.

Figure 4. The discharge current and the energy as a function
of the charging voltage.

Itheo = 2πCchVch

τ
, (1)

whereCch = 108 μF is the capacitance of the condenser
bank, Vch is the charging voltage, and τ = 35 μs is the
periodic time of the discharge current. Figure 4 shows
the relation between both the calculated and experimen-
tal discharge current vs. the charging voltage at P = 1
torr. This figure shows also the relation between both
the total stored energy ET of the main condenser bank,
which is equal to 1

2CchV 2
ch, and the deposited energy Ed

which is obtained by integrating the discharge power
Pdis according to the relation

Ed =
∫

Pdisdt =
∫

IdisVdis dt. (2)

The maximum calculated power is 260 MW while
the deposited energy is 1.27 kJ which is about 34%
of the total stored energy for 8 kV charging voltage.
The difference between the total storage energy and the
deposited energy is exhausted by the circuit resistance
and ionisation of neutral particles of the gas. The total
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circuit inductance can be calculated from the resonance
condition in the R–L–C circuit as

LT = τ 2

4π2Cch
. (3)

The calculated value of total LT is 288 nH. The total cir-
cuit resistance RT is calculated from the instantaneous
current I (t) flowing through the circuit which is given
by [30]

I (t) = I0 sin(ωt) exp(−RTt/2LT). (4)

At the peak current Ip sin(ωt) = 1 so that

ln
Ip
I0

= − RT

2LT
t (5)

so that the total circuit resistance RT can be calculated
from the relation between ln Ip and the discharge time.
The total circuit resistance is 14 m� at 8 kV charging
voltage and P = 1 torr. This value indicates that the
total circuit resistance is small compared to the circuit
impedance.

4.2 Plasma current density

A miniature Rogowski coil has been used to measure
the plasma current density. It is inserted radially inside
the plasma bulk and connected to an integrator circuit.
The output signal had been calibrated so that the current
density J is given as a function of the output voltage
Vout according to the equation

J (A.cm−2) = Const. × Vout(V),

Const. = 5.74 × 104(�−1 cm−2). (6)

Figures 5a–5c show the signal waveforms for plasma
current at different helium gas pressures. We assume that
the plasma current is perpendicular to the surface of the
major area of Rogowski coil plane. The decrease in the
discharge current at the pinch point is referred to as a
compression of the plasma sheath in which the magnetic
pressure exceeds the kinetic pressure of the ionised gas,
which finally leads to a compression which increases
the plasma inductance and reduces the discharge cur-
rent [14]. In the absence of further diagnostic tools, the
hypothesis for interpreting the experimental results is
that, the kinetic pressure and magnetic pressure are the
main reasons for plasma dynamics and pinch formation.

Figure 5 indicates that the plasma current density is
the highest for intermediate pressure (figure 5b) and that
a multipinch can take place for lower pressures (fig-
ure 5a). The experimental measurements indicate that a
current filamentation may occur, but the recorded sig-
nals recommended a multipinching process. The peak

Figure 5. The variation of plasma current signals at the axis
for (a) 0.25 torr, (b) 2 torr, and (c) 10 torr.

maximum of the plasma current synchronises the time
of the pinch at the discharge current dip. This time
increases with the increase in gas pressure due to the
heavier sheath.

Figure 6 shows that the plasma current density
increases with increase in the charging voltage due
to higher peak discharge current which increases the
ionisation inside the chamber. Increasing the charging
voltage mainly enhances the current delivery and this in
turn increases the magnetic field and hence characteris-
tic parameters like plasma current density increases. For
a charging voltage of 6 kV or less, the plasma current
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Figure 6. The plasma current density as a function of the
charging voltage for helium gas pressure of 1 torr.

Figure 7. The plasma current density as a function of helium
gas pressure for V = 8 kV.

density at the axis of the discharge tube is low compared
to that at the wall which can be attributed to the weak
confinement.

Figure 7 shows the variation of plasma current density,
measured at the axis and near the wall as a function of
helium gas pressure. The figure shows that the plasma
current density at the axis of the discharge tube is higher
than that near the wall which is similar to that in figure 6.
It also shows that the plasma current density near the
wall has a maximum value of about 7.8 kA/cm2 for 2
torr pressure while at the axis, the plasma current density
has a maximum value of about 12.1 kA/cm2 for 1 torr
pressure.

One can differentiate between two parts in this fig-
ure around a critical pressure synchronously with the
maximum plasma current. On the left-hand side, the
plasma current density decreases by decreasing the gas

Figure 8. The variation of pinch time with charging voltage
at the wall for P = 1 torr.

pressure. This can be attributed to the fact that most of
the plasma sheath can be propelled axially towards the
expansion chamber through the ring electrode. Also, for
lower pressure, better confinement occurs with shorter
pinch radius. This will increase the plasma sheath speed
and reduce the current due to the higher dynamic resis-
tance, i.e. increase the inductance which takes place for
higher confinement with the narrower pinch area [31].

At the right-hand side of this curve, the plasma cur-
rent density decreases by increasing the gas pressure.
For high pressure, the confinement is more difficult; the
higher kinetic pressure increases the pinch radius so that
the area through which the current passes is wide and the
current density is low. The propulsion in the axial direc-
tion is reduced as well due to the weaker confinement.
This behaviour is similar to the trend of the neutron yield
variation with the gas pressure [2,32] in which beyond
a certain value of the gas pressure, increase or decrease
of the pressure does not allow the pinch to occur at the
same time of discharge current peak [32].

4.3 Pinch time

The pinch time (tp) is defined as the time of the pinch
formation which starts from the gas breakdown [32]. It
is considered as the time of dip appearing in the cur-
rent trace or the minimum value in the derivative trace
[14,33,34]. Figure 8 shows that the pinch time decreases
by increasing the applied voltage at a constant pressure
of 1 torr and the same trend was observed in previous
researches [14,35,36]. At higher charging voltages, the
discharge current is higher and so the pinch effect occurs
faster, and the pinch reaches to the maximum resist of
kinetic pressure faster, hence the pinch created and anni-
hilated in a shorter time than that of a low charging
voltage.
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Figure 9. Relation between the pinch time and
(1/charging voltage)2.

Figure 9 shows that the pinch time is inversely
proportional to the square of the charging voltage. The
fitting of this relation is given in the form of a linear equa-
tion, tp = Const.× (1/V 2)+ td, where td = 4.1 μs and
is considered to be the minimum time required to create
the sheath before moving and creating the pinch what-
ever is the value of the charging voltage [34]. The value
of td indicates that, whatever is the value of the applied
charging voltage, a time of at least 4.1 μs is required for
the pinch to occur for the implemented set-up of anode–
cathode dimensions and interdistance. This is the time
needed for gas ionisation and magnetic compression
inward to the axis of the chamber [14]. The breakdown
phase always occurs before the sheath motion in the
radial direction. The breakdown consumes a fraction of
the discharge time to create the plasma sheath [37–39].

Going back to figure 5, one can see that the pinch time
is shorter for lower gas pressures [32]. It is also shown
that the lower pressures allow a multipinch generation.
Figure 10 shows that the pinch time, which is measured
near the wall, increases with increase in gas pressure
for 8 kV charging voltage. The heavy sheath which is
formed in the case of higher pressures reduces the sheath
velocity and increases the time required for the pinch
creation. Also, increasing the gas pressure exhausts part
of the energy to ionise the neutral atoms of the gas,
leaving the heavy sheath with less energy to be used in
confinement.

4.4 Plasma sheath velocity

The values of tp and td can be used to calculate the
average radial plasma sheath velocity. This velocity is
given by dividing the electrode radius by �t = (tp −
td) which is the real time of motion [34]. Figure 11
shows that the radial velocity increases by increasing the

Figure 10. The variation of the pinch time with gas pressure
at the wall for 8 kV charging voltage.

Figure 11. The radial velocity as a function of charging volt-
age when the helium gas pressure is 1 torr.

Figure 12. The radial velocity as a function of gas pressure
for 8 kV charging voltage.
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charging voltage as a result of increase in the discharge
current and hence the magnetic pressure. The relation is
almost exponential and the radial velocity is in the range
between 1.3 and 6 cm/μs for charging voltages of 5 kV
and 10 kV respectively.

Using the same method used previously for
velocity calculations, the radial velocity can be obtained
as a function of helium gas pressure. Figure 10 shows
that the curve intercepts with the vertical axis when
pinch time = 4.1 μs which is the same as in figure 9. It
is observed in figure 12 that the radial velocity decreases
by increasing the gas pressure because the mass of the
plasma sheath is heavier and the pinch needs longer time
to occur. The velocity for 8 kV charging voltage and 1
torr pressure is about 2.9 cm/μs.

5. Conclusion

The hollow electrode Z-pinch (HEZP) is a new design
of linear pinch devices in which the hollow electrode
was used to allow for plasma sheath propulsion due to
the confinement process. The pinch effect appeared as a
dip in the discharge current and a spike in the discharge
voltage. The deposited energy was about 34% of the
total stored energy for 8 kV charging voltage.

A miniature Rogowski coil connected with integrator
circuit was used to measure the plasma current density
at the axis and the wall. The peak plasma current density
increases by increasing the charging voltage which leads
to an increase in the peak discharge current and hence
the magnetic field is also increased. The current den-
sity is maximum for gas pressures between 1 torr and
2 torr. The heavy sheath for higher pressures reduces
the confinement, increases the pinch time, and reduces
the sheath velocity. On the other hand, reducing the gas
pressure to values less than 1 torr gives more chance for
plasma to be propelled towards the expansion chamber
before annihilation, reduces the pinch time due to the
light sheath of high velocity. Also, a multipinch effect
was detected in the case of lower pressures rather than
higher pressures.

It was shown that a delay time of at least 4.1 μs was
required to form the pinch for the implemented set-up of
anode–cathode dimensions and interdistance. The cal-
culated sheath velocity is directly proportional to the
charging voltage and inversely proportional to the gas
pressure. The sheath velocity was found to be in the
range between 1.3 and 6 cm/μs while the average veloc-
ity for 1 torr pressure and 8 kV charging voltage is about
2.9 cm/μs.

Future study includes experimental investigation of
the plasma behaviour in the HEZP for different chamber
dimensions of different electrode materials and cathode

shape which affects electromagnetic propulsion through
the hollow anode. Also, measurements of the axial
plasma sheath velocity as well as the magnetic field dis-
tributions in different radial and axial distances will be
included.
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