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The Plasma Focus Device has been studed sincel960. It is an excellent device for
studying plasma dynamics and thermodynamics as well as being a rich source for a variety of
plasma phenomena including soft x-ray production and plasma nuclear fusion. Plasma focus
is a device that generates and accelerates plasma along Z-direction with Lorentz force. It
produces a high-density (n>10"" cm™) and high temperature plasma with a short life time of

less than 100 ns during “focussing”. This “focussing” process can be an intense source of

neutron, X-ray radiation, ions beam, electron beam, and plasma jet.

In this research, a 3 kJ plasma focus device was built and modified with an attempt to
produce a consistent ion beam and plasma jet for surface modification and coating of
materials. The properties of the plasma from the plasma focus were studied. Several
diagnostic tools such as high voltage probe, Rogowski coil, magnetic probe, electric probe
were used for characterisation. Results from these measurements are compared with a
numerical model. It was found that the discharge current of the plasma is 136.77 kA and the
speed of the plasma sheath can reach up to 6 cm/pus under 0.5 mbar of pressure. Average
speed of the plasma jet was also estimated to be 0.6 cm/us. Based on these results many
reported publications, several areas of modification method are explored. Thorough
experiments were carried out to study the effects of Argon and Nitrogen plasma on materials
such as glass, Titanium, Aluminum and steel. The major contribution to surface modification

process 1s possibly from a heating effect as well as a bombardment of ions or plasma jet.
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CHAPTER 1

INTRODUCTION
1.1 Background

In 1983, the development of a simple plasma focus device for
developing countries with simple diagnostics had been discussed at the International
Center for Theoretical Physics (ICTP) [1]. The plasma focus is an excellent device for
studying plasma dynamics and thermodynamics as well as being a rich source for a
variety of plasma phenomena including soft x-ray production and plasma nuclear
fusion.

The plasma focus device is a cylindrical coaxial tube, which has outer
electrodes surrounding an inner electrode pointing in the Z-axis direction. A glass
insulator is used to insulate between the inner and the outer electrode. The discharge
1s triggering through by a spark gap switch.

In 1998-1999, the work on the plasma focus began by a collaboration
between Plasma Research Laboratory, University of Malaya, Malaysia and the Plasma
Group, Department of Physics, Faculty of Sicence, Chulalongkorn University. At a
later stage, the collaboration was extended to Asian African Association for Plasma
Training (AAAPT), This research work is partially supported by UNESCO under a
postgraduate student exchange programme.

The plasma focus device has several diagnostic tools which are high
voltage probe, Rogowski coil, magnetic probe, ion probe etc. The high voltage probe
is used to measure the voltage across inner and outers electrode. Rogowski coil is

used for the measurement of the input current of the plasma focus device. The speed
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of the plasma sheath generated by the plasma focus can be measured by a magnetic
probe. An electric probe is used for measuring the characteristic of the ion beam and

the plasma jet.

It is believed that the plasma focus can generate plasma and ions [2].
The ions produced are of high energy such that it can be used for modifying material
surface. Several methods of material surface processing are deposition, ion implanta-
tion, sputtering, coating and bombardment. An example is described by Hong-Xia
Zhang et al. [3]. He claimed that a diamond film can be grown on a steel substrate
with AI-N interlayer by using high power plasma streams. Chhaya R. Kant et al have
also deposited carbon film on glass, silicon and quartz substrates [4]. He used argon
ion from a plasma focus to bombard graphite targets. Another interesting example is
from B.B. Nayak et al. They coated carbon nitride on a graphite substrate, again, by
using a plasma focus [5]. In this case, graphite electrodes were used in conjunction
with nitrogen gas. H Kelly et al [6], as well as R. Gupta [7] et al. have also attempted
to coat of TiN on the surface of a metallic substrate. They placed titanium inserts at
the end of the inner electrode (anode) and generated nitrogen ions from nitrogen gas.
TiN was formed when the nitrogen ions hit the electrode. In addition, Z. Werner et al.
investigated and presented a principle of operation of high-intensity pulsed ion plasma
beam [8]. He discussed in some detail the concept of magnetic insulation and method

of high-density plasma generation which are interesting and related to this work.

Furthermore, A. Lepone et al. discussed the role of the nitrogen ion
beam from a small plasma focus for thermal processing of an austenitic stainless steel
substrate [9]. Bin and other use pulse-ion high energy density of plasma from a small

plasma focus on ceramic surface [10]. From this literature survey, one can see that a



plasma focus can be used as a tool for material surface coating and modification.
Therefore, it is interesting to explore further possibility of such application.

In particular, for the plasma focus application, attention has been paid
on the use of the ion beam generated from the plasma focus for ion implantation
process, thermal surface treatment, and ion-assisted coatings on samples located in
front of the coaxial electrodes of the device. In one application, a thin film of TiN was
coated at room temperature by a plasma focus [11]. Other applications such as,
deposition of graphitic, fullerenes and diamond like carbon on different substrates [4],

deposition of Cu" on polymer at low pressures [12] have been reported.
1.2 Objectives

In this research, the plasma focus device was built and modified with
an attempt to produce a consistent ion beam and plasma jet for surface modification
and coating of materials. The plasma jet was studied by electric probes operated in ion
saturated region while the ion beam was detected by a biased electric probe. An
average ion beam energy and the speed of the plasma jet can be estimated from these
measurements.

The dynamics of the plasma focus discharge was studied also.
Rogowski coil and several magnetic probes were used to measure the total current and
the speed of the plasma sheath. Results from these measurements are compared with a
numerical model.

In the last part of the research, several areas of modification method
based on previously reported work are explored. An attempt were made to coat copper
on insulating substrate. The direct nitriding of Titanium by using the plasma focus

was also tested. Treated samples were characterised by Scanning Electron Microscope
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(SEM) and Energy Dispersive X-Ray Diffraction (EDX) in order to analyse the

deposition qualitatively and quantitatively.

1.3 Thesis Layout

This thesis is divided in to five chapters. In this first chapter, the back-
ground and the motivation of the research are given. In Chapter 2, the four dynamic
phases of the plasma focus device are described. The components required for the
plasma focus are discussed in details. Diagnostic techniques used for studying the
characteristics of the plasma focus are explained which include a high voltage probe,
Rogkowski coil, magnetic probe, and electric probe. Simulation model of the plasma
focus dynamics is tested and described in chapter 3. This simulation leads to interest-
ing comparison of results between the model and experiment.

Chapter 4 shows all experimental results with regard to material
surface modification. Physical properties of plasma from the plasma focus are used
and explored. Conclusion and discussion of results, both the characteristic of the
plasma focus and the changes of material surface are presented in Chapter 5. Further

works are also suggested, in this chapter.



CHAPTER 2

PLASMA FOCUS DEVICE

In this chapter, the UNU/ICTP (United Nation University /
International Center for Theoretical Physics) plasma focus is discussed in detail. The
plasma focus system is made up of many sub-systems [13, 14]. Each sub-system has
its own function for the operation of the plasma focus. The dynamics of the plasma

produced by the plasma focus are also discussed later in this chapter.

e

Anode Cathode

| Glass Insulator

Mylar

} Perspex

Figure 2.1: A picture showing UNU/ICTP Plasma Focus.
2.1 Plasma Focus Sub-Systems
The UNU/ICTP plasma focus is a small 3 kJ plasma focus which

operates at 15 kV (Figure 2.1). It consists of five sub-systems: charge storage,

triggering unit and spark gap switch, vacuum pump and a pressure gauge, and plasma
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focus tube. An overview of the plasma focus sub-systems is shown as a block diagram

in Figure 2.2.
High Voltage Charger
20 kV, 100mA
Storage Capacitor
15 kV, 30uF
Triggering Unit Spark Gap Switch
Rogowski Coil High Voltage Probe
Vacuum Pump Gas
Electric Probe Plasma Focus Tube Magnetic Probe
Oscilloscope

Figure 2.2: A diagram showing an overview of the plasma focus sub-system.

2.1.1 The Storage Capacitor

A special high voltage 30uF 15 kV capacitor is used (APPENDIX D,
Figure D1). The capacitor is used to store charges until the potential reaches 12.5 kV

when it is discharged and transfer all its electrical energy to the plasma.

2.1.2 The Charging Unit

The charging unit or the charger is used for charging the capacitor

through a high voltage resistor (100 kQ and 100 W). The charger has a maximum
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charging voltage of 20 kV. A variac is used for varying the input voltage for a high

voltage neon transformer. The neon transformer is used to step up the voltage to 15
kV. A high voltage bridge rectifier changes AC to DC as shown in Figure D2 of
Appendix D [15]. The bridge-rectifier is made of many 1N4007 diodes (a 1N4007 can
tolerate a maximum voltage of about 300 V). Fifty diodes are linked in series and
placed in an insulating Perspex holder filled with transformer oil. Four sets of diode
chain are used to make a full wave bridge rectifier. The full wave bridge rectifier is
used because its efficiency is much better than the half wave rectifier. The charger
circuit is shown in Figure 2.3. A magnetic dump switch is used to short the capacitor

to the ground via 100 kQ resistor in case of accidents.

HV Transformer Dump Switch
100k 100W
~220V %J % % Q}Wﬂ( Gap
variac Capac1tor Bank

Figure 2.3: A diagram showing the charger circuit.

2.1.3 Triggering Units and Spark Gap Switch

The spark gap switch used in this system (Figure D3 in Appendix D) is
a swinging cascade type which operates in atmospheric air. It is controlled by a
triggering unit. It is ' made up of three plates with gaps set at fixed distances. The ratio
of the distance between the first and the second plates to the distance between the
second and the third plate is 3:2. The first plate is connected to the capacitor. The
second plate or the trigger plate is connected to two 50 Q resistors in parallel, a
coaxial cable capacitor and a TV-transformer then to the high voltage triggering unit.

The resistors and the capacitor are used to avoid high voltage feedback when the



8

focus is firing. The third plate or the discharge plate is connected to twenty coaxial

cables, which are connected to the anode of the focus tube.

The switching of the spark gap is controlled by a trigger unit. In this set
up, an electronic trigger is used. The electronic trigger has two stages; a low voltage
SCR unit and a high voltage SCR unit. First, the low voltage SCR unit creates a sharp
rising pulse with a peak voltage of ~22 V. This pulse is used to trigger a high voltage
SCR unit to give a sharp rising pulse of 800 V. This pulse is then fed through a TV-
Transformer which steps up the voltage to 17 times the original voltage. It is
connected so that its put is a negative 13.6 kV pulse with 1 us rise time for the center

plate of the spark gap. The circuit of the trigger system is shown in Figure 2.4.

e o

‘-\\ SCR Unit Af, LR0%F
- = | é‘ %], 50Q 50Q
Trigger unit = = 9\/1\\71\/% V\Q

=

100 kE2 =
Charger WW__[‘I ) |j PF tube

SOMF:I: 3:2
Spark gap switch

Figure 2.4: A diagram of the spark gap switch used in relation to other sub-system.

2.1.4 Vacuum Pump and Pressure Gauge

Since the operating pressure regime of the plasma focus is not at too
low a pressure, the use of a rotary pump is sufficient to produce reasonable vacuum
for the chamber of this size. The rotary pump is used to evacuate the plasma tube to a
minimum pressure of 107 torr or 10~ torr (about 0.01333 mbar or 0.0013 mbar [16]).

In this project, the operating pressure of between 0.5 mbar to 10 mbar is required.



For vacuum measurement, a standard mechanical pressure gauge is
used to display the operating pressure. It is selected as it is more robust and most
suitable under this operating condition. This is shown in Figure D4 in Appendix D.

The range of pressure that it can measure is between 0.5 mbar to 25 mbar.

2.1.5 Plasma Focus Tube

The plasma focus tube is an important part of a plasma focus device. It
has a copper anode at the center. The anode are surrounded by six copper rods each
with a length of 16 cm acting as the cathode. In this project, three different anodes are
used. A short hollow anode and a short solid anodes, both 16 cm in length, and a long
19 cm hollow anode. Each anode has different functions which will be discussed later
in this thesis. The three anodes are the same diameter at 1.9 cm. The cathode rods are

arranged in a circle of 6.4 cm diameter.

2.2 Plasma Focus Dynamics

Plasma focus process begins when a charged capacitor bank at a
voltage V, discharges to the plasma focus tube [13, 17]. The high voltage causes a
breakdown, initially, on the surface of the glass insulator at the base of the anode. A

current sheath (plasma sheath) is formed symmetrically along the electrode axis. It
lifts off from the glass insulator and is then propelled by J x B force or usually known

as Lorentz force. Here, J is the current density and B is the self-induced magnetic
field. This phase is called “breakdown or surface discharge phase” [13] as shown in

Figure 2.5a.

Next phase starts when the current sheath lift-off completeds and the

current flows radially outward from the inner of anode to the outer cathodes. As this
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happens, it builds up a thicker current sheath. When the current sheath is moving out
with speed, it will form a shock front in front of the current sheath. The current sheath
sweeps up all the charged particles it encounted leaving behind a vacuum immersed in
the magnetic field of the current sheath. Between the shock front and the current
sheath, the gas is shock heated to a highly ionized state and a plasma slug is formed.
Ahead of the shock front, the ambient gas is assumed to be undisturbed. The Jx B
force pushes the current sheath towards the end of the inner electrode along the Z-

direction. This phase is call the axial acceleration phase (Figure 2.5b).

When the current sheath reaches the end of the anode, the radial phase

starts. During the radial phase the current sheath slides along the surface of the anode

in the radial direction by the JxB force. The current sheath collapses radially as
shown in Figure 2.5c. At the end of the radial phase, a dense plasma column is formed
on the axis of the focus tube just off the face of the anode. During this dense plasma
phase, soft X-ray and other types of radiations can be emitted from the plasma. This
final phase is the focusing phase (Figure 2.5d).
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Figure 2.5: Diagrams showing four phases of plasma focus formation: (a) Break down

phase, (b) Axial phase, (c) Radial phase and (d) Focusing phase.
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2.3 Plasma Jet and Ion Beam

Many researches in the past presented results from experiments which
are related to the ion beam and the plasma produced from the plasma focus after the
focusing phase. Recently Kazuto Takao and others has done some study on the
characteristic of the ion beam produced from a plasma focus [18]. Hétor Kelly et al.
used the Faraday cup to detect the nitrogen 1on beam generated from a plasma focus
device. The plasma focus was operated with pressure at 0.4 torr. The energy of the ion

beam was calculated to be about 50 keV.

Z. Werner et al. had done further review of the principles of operation
of high intensity pulsed ion and plasma beams [§], E. Yakov et al. presented the
energy of the ion beam generated in a plasma opening switch [19]. L.Jakubowski et
al. [20] and M. Scholz et al. [21] have observed particle beams and plasma sheath
imploding at the end of the anode respectively. The work done at the University of
Malaya reported the energy of the ion beam from Argon plasma to be from 200 keV

to 400keV [22].

10 em —|
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oA SN
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Figure 2.6: Pictures of pure neon plasma by a fast framing camera: (a, b) obtained
during the radial pinching phase and (c, d) during the pinch destruction

[23].
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The image shown in Figure 2.6 are obtained by V.I.Krauz et al. [23].
These framing images confirm the after event from the focusing. One can see that
after the focusing there is a plasma cloud after the breaking up of the plane column by

instabilities.

From the literature and the picture above, we believed that after the
focusing the high energy ion beam will be formed and then follow by a plasma jet.

This hypothesis is shown in Figure 2.7.

| Plasma Jet
— lon__»
+
e T —
4+
+
—

Figure 2.7: A diagram showing a model of ion beam and plasma jet generation by the

plasma focus.

Since the plasma jet is much more massive than the ion beam, the
velocity of the ion should be much more than that of the plasma jet. In this work, one
of the objective is to understand the property of the plasma jet as it may be the

dominating source of material surface modification process.

2.4 Plasma Diagnostics

In this project, in order to understand the properties of the small
plasma focus, several diagnostic techniques have been used. These include high

voltage probe, Rogowski coil [13, 24], magnetic probe [25], and electric probe or ion
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probe [24, 26]. These probes are used as tools to measure electrical properties,

dynamics, and ion beam. In this section, the details of these probes are discussed.

2.4.1 High Voltage Probe

The voltage measured across the anode and the cathode during the
discharge can give a good indication of the focusing process. The high voltage probe
is designed to measure this voltage. It is essentially a potential divider. It is mounted
across the anode and the cathode at the outer back wall of the discharge tube. This
divider essentially consists of 10 pieces of 510 Q and 1 piece of 51 Q resistors as
shown in Figure 2.8. The signal is measured across the 51 Q resistor, which is equal
to the characteristic impedance of a coaxial cable. The cable is terminated with a
matched load of 51 Q. The signal is recorded via a fast oscilloscope (Tektronik TDS
3034). Essentially the voltage is divided down one hundred times with the high
voltage probe. A 10 times attenuator is used to further reduce the signal to a
manageable level for the oscilloscope. Figure 2.9 shows the connection of the high

voltage probe with respect to the plasma focus device.
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Figure 2.8: A diagram showing the high voltage probe and its equivalent circuit.

High Voltage Probe

Figure 2.9: A diagram showing the position of the high voltage probe.
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2.4.2 Rogowski Coil

During the plasma focus discharge, a very high current is expected to
pass through the system in a very short time. The range of the current is between 150
kA to 200 kA. The current can be measured by using a Rogowski coil. The Rogowski
coil is essentially a multi-turn solenoid made from copper wire and bent into the shape
of a torus as shown in Figure 2.10. The coil is mounted around the anode as shown in
Figure 2.11. It is used to indirectly measure the main discharge current by mean of

magnetic induction. The signal produced is again measured by the fast oscilloscope.

Anode

510 QQ
LAk
Oscilloscope|: 51Q %?51 Q%

I

X10 Attenuator
Rogowski Coil

Figure 2.10: A diagram showing the Rogowski coil and its equivalent circuit.

- _

=
=

Figure 2.11: A diagram shows the placement of the Rogowski coil with respect to the

plasma focus.
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The sensitivity of the coil can be calibrated by using a lightly damp
sinusoidal L-C-R discharge circuit [13] as shown in Figure 2.12. A typical signal

recorded from a plasma focus discharge is shown in Figure 2.13.

1

Figure 2.12: A diagram showing the LCR discharge circuit.

10 V/div

Voltage (V)

Time (uS)

Figure 2.13: Signal from Rogowski coil of a nitrogen plasma at a pressure 3 mbar.

From the equivalent circuit of a Rogkowski coil, it can be shown that
the first peak of the discharge current, I,, can be determined from the following

expression:
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~ nC,V,(1+1)

I, T

2.1)

) 1 v, v, Vv
Where f =reversal ratio of the current = —(—* +—+—2)
ViV, Vg

C, = capacitance of the capacitor.
V, = the initial charging voltage
T =the periodic time of the current waveform

By knowing the calculated I, and the amplitude of the first peak of the
current waveform, V,, measured from the oscilloscope, the calibration factor or the

sensitivity of the coil can be defined as:

K oZs (2.2)

2.4.3 Magnetic Probe

The magnetic probe is a similar diagnostic device as the Rogkowski
coil [16, 17]. Both work on the same principle of magnetic induction. In this case, a
small coil is used. The coil has a thirty turns of copper wire with a diameter of 0.1
mm. The small coil is made and placed into a small glass tube. The glass tube is
inserted between the anode and cathode through the top plate of the chamber. The coil
is oriented in such a way that it is orthogonal to the magnetic field for maximum

current induction.

The magnetic probe is also connected to a simple integration network

shown in Figure 2.14, together with a 51 Q resistor in order to integrate the charge
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induced. The resistor is required as it is used for terminating the end of the

transmission line leading from the probe.

Glass Tube

Oscilloscope

+H
— 1 BNC socket
Integrator

Figure 2.14: A diagram showing a magnetic probe and an integrating circuit.

In this research, the magnetic probe is adapted and used for measuring
current sheath velocities. By having a number of coils at a known fixed distance apart
(As ), one can deduce the velocity of a moving current sheath by a time of flight (At )
method. As the current sheath is passing the coil there will be a rise in signal. This
rising of signal marks the time of the current sheath passing through the coil, therefore
with two coil at As apart the velocity v is;

Lbs

= (2.3)

A\

A typical signal from the magnetic probe is shown in Figure 2.15
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Figure 2.15: A graph showing a signal of the magnetic field detected by the magnetic
probe during the plasma focus discharge with 3 mbar of Nitrogen gas.

2.4.4 The Electric Probe

One of the fundamental techniques for measuring the properties of
plasma is by using electric probes. This technique was developed by Langmuir in

1924. The electric probe is sometime known as Langmuir probe [13].

An electric probe is a small-insulated wire inserted in the plasma focus
tube for detecting electrons or ions of plasma jets. The probe is attached to the power
supply capable of biasing at various voltages, positive or negative relative to the
plasma (the circuit is shown in Figure 2.16), and the current collected by the probe
then provides information about the condition of the plasma. Due to the difference in
potential between the probe and the plasma (V,), charge can flow around the probe

circuit thus constituting the probe current Ip.
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Figure 2.16: A diagram showing an electric probe and its circuit

For the characteristic of electric probe, the variation of I, with V, is

related to the plasma parameters such as the electron temperature and electron

density. A general the probe characteristics is shown in Figure 2.17

Figure 2.17: A graph showing a relationship between current and voltage which

indicates general characteristic of the electric probe
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In region AB in Figure 2.17, the probe potential is sufficiently negative
where only the ions can reach the probe surface. Next, by start at point B the number
of electrons increases and found to be able to reach the probe surface thus reduce the
value of I,, until reaching the point C. Between point C and point D, the electrons
reach the surface of the probe, hence linearly increasing the electron current. At point
C the probe potential is switch over to positive because the number of ions and
electron reach the probe is equal, thus Ip become zero. At point D, the plasma
potential is exactly balanced by the probe potential. In region DE the probe surface is
effect by thermal motion only. In region EF, the electrons are accelerated when
traversing through to the probe. The energies of these accelerated electrons may not

be enough to induce secondary ionization through collision, until V,, is increased.

In this thesis two mode of operation of electric probe were studies. In
the first mode, a solid coaxial cable diameter with 0.48 cm is put in a small glass tube
(0.5 cm) as shown in Figure 2.18. The probe is connected directly to a coaxial cable

and to the fast oscilloscope via a bias circuit.

In the second mode, only the bare center conducting wire of a coaxial
cable is used. It is put in a plasma focus tube with an insulating cover as shown in
Figure 2.19. The center conducting wire is connected directly of to a BNC plug
supported by the plastic plate. A 50Q terminator is connected between BNC plug and

the oscilloscope.

In this project, both model are used. The positions of the probes are
adjusted in order to measure the velocity of ion beam or the plasma jet by the time of

flight technique.
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Figure 2.18: A diagram showing an electric probe (Type I).
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Figure 2.19: A diagram showing an electric probe (Type II).



CHAPTER 3

EXPERIMENT AND RESULT

In this chapter, experiments and results from the plasma focus are
described. A 3 kJ plasma focus device (UNU/ICTP PFF) as described in Chapter 2
was built. The diagnostics described were used in a series of experiment to determine
characteristics of the plasma focus. A simulation of the axial phase has also been
attempted. The detail is stressed on the axial phase, as it is believed to be the crucial
phase for material processing investigation. The main characteristics of the plasma
focus are voltage, current, velocity of plasma sheath, and velocity of the plasma jet. A

summary of the scope of experiments 1s shown in Figure 3.1.

Experiment
[ l |
Nitrogen Argon
L.H.A. S.S.A. S.H.A. L.H.A.
Voltage Voltage Voltage Voltage
| | | |
Current Current Current Current
|
Velocity of Plasma Jet
Simulation

Velocity of the Plasma Sheath

L.A.=Long Hollow Anode: S.S.A= Short Solid Anode: S.H.A= Short Hollow Anode

Figure 3.1: A schematic showing overview of experiments carried out in this research.
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In a normal operating condition, the plasma focus is operated when the
30 pF capacitor bank is charged to 12.5 kV. The discharge energy can be estimated to
be about 2.2 kJ per shot. Argon or Nitrogen are used as the filling gas. When the focus
is fired the data from the high voltage probe, the Rogowski coil, magnetic probe, five
channels PIN-diode and electric probe (ion probe) are recorded simultaneously. The
oscilloscope used has four channels therefore a combination of measurement is
decided before each shot. Normally the signal from the high voltage is used as the

trigger signal.

3.1 Voltage and Current Signal Measurement
The voltage and current signal measurements are two basic and

fundamental measurements for the plasma focus characteristics.

3.1.1 Voltage Measurement

One can use the voltage characteristics to show the four phases of the
plasma focus as described in Chapter 2. A typical voltage signal measured by the high

voltage probe is shown in Figure 3.2.

From the voltage signal in Figure 3.2, Peak A indicates the breakdown
phase where plasma is beginning to form. The voltage measured from the
oscilloscope is 7.28 'V which means the actual voltage is 7.28 x 1000 = 7.28 kV. Peak
B shows the dense plasma phase. At this time the plasma is at a highest density. The
voltage of this peak is 11.87 V x 1000 V = 11.87 kV. Between peak A and peak B the
time for axial phase and radial phase is measured to be 3.544 ps. Since we know that

the length of the anode is 16 cm, which is the length for the plasma sheath to travel
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before focusing, We can deduce the average speed of the plasma sheath to be

16cm/3.544 pus =4.514 cm/ps.
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Figure 3.2 : A graph showing a typical voltage signal measured from the plasma focus

operating with 0.5 mbar filling gas pressure. The signal has a high voltage

peak which indicates the focusing phase.

3.1.2 Current Measurement

In order to find out the value of the peak current of the plasma focus
one needs to recalibrate the scale of the oscilloscope. A current factor K must be
calculated. A current signal at high operating pressure is used in order to conform to
the calculation. By measuring the current signal at a high pressure, a sinusoidal

current signal is registered.
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Figure 3.3 : A graph showing a typical current signal detected by the Rogowski coil
from the plasma focus with 7 mbar of argon gas and a charging voltage
of 12.5 kV.

From Equation 2.1 in Chapter 2,

£ GV + )
—= Tolac 1)

and,

-
Vi

For  T;=12.1psand T, = 12.35 us (from Figure 3.3),
Co =30 pF,
Vo=12.5kV,
Vi=218V,V,=164V,V3=82V, V=58V,
we have,

L 12.1+12.35

T =12.28 ps
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f21(16.4 N 8.2 +5'8):0.653
3 21.8 164 8.2

~mx30 x107° x12.5x10° x (1 +0.653)

° 12.28 x10°°
=158.602 kA

I

therefore,

N\ 158.602 x10°
21.8
=7.275 KA/ V

The maximum current for the plasma focus signal showing in Figure 3.3 is

136.77 kA, where the maximum current V; is 18.8 V.

3.1.3 Variation of Voltage and Current Signal Under Different Pressure.

In this section, it is interesting to investigate the changes of voltage and
current signals under different operating pressures. An optimum focusing condition
can be determined from this experiment. It is important to know these conditions as
these will aid the determination of the deposition or material surface modification

processes. Which will be discussed in Chapter 5.

The results in Figure 3.4 show sets of voltage and current signals
measured from the plasma focus operating under different pressures; 0.5, 1.0, 1.5, 2.0,
2.5 and 3.0 mbar; of argon gas. The time difference between peak A and peak B is
measured (Figure 3.2). For the voltage signals, there are differences in the time
measured for the current sheath to move to the end of the anode. Since the length of
the anode is fixed at 16 cm, we can see that the average velocities of the plasma

sheath at different pressure changes. If the pressure is high then the average velocities
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is lower. This result is expected. It is also interesting to note that the focus peak is

weaker as the pressure is higher. The results are summarized in Table 3.1.
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Figure 3.4: A series of graphs showing voltage and current signals from the plasma

focus operated with argon and short hollow anode for pressure between

0.5 mbar to 2.5 mbar



29

Pressure | Time average (peak A to Average Voltage in
( mbar) peak B (Figure 3.2)) velocity focusing peak
(us) (cm/ps) V)
0.5 3.4136 4.69 11.8637
1 3.9520 4.05 10.4789
1.5 4.3416 ) 3.2812
2.0 4.8000 3.33 0.6000

Table 3.1: A table showing the variation of average velocity and the peak focusing

voltage at different pressures.

Form Table 3.1 we can see that for the operating pressure between 0.5

mbar to 2 mbar the plasma is focused and the focusing voltage is higher for the high

pressure and gradually decreasing as the pressure decreases. The relationship of the

peak voltage and the pressure is shown in Figure 3.5. At a pressure greater than 2

mbar we are unable to obtain the focusing peak signal. The time for focusing from the

beginning of the discharge (time between peak A and peak B) increases when higher

pressure. Because of the increase in time, the average velocity of the plasma sheath is

inversely proportional to the pressure. The result is shown in Figure 3.6.
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Figure 3.5: A graph showing a relationship between pressure and the peak focusing

5.00

voltage for the plasma focus operated with argon gas and short hollow

anode.

450 |
4.00 |
3.50 1
2 300 1 -0.2233x
5 y=5.1656¢
2 250 5
2 200 4 R =0.9888
” 150 4
1.00 |
0.50 1
0.00 ‘ : : ‘ \
0 0.5 1 pressure (mber) 15 2 2.5

Figure 3.6: A graph showing a relationship between pressure and the velocity for the

plasma focus operated with argon gas and short hollow anode.
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3.1.4 Measurement of Voltage and Current Signal of Different Plasma.

In this experiment, different filling gases are used in order to generate
different plasmas. Argon gas and Nitrogen gas are used as test gases. The same
experimental procedure as described in previous section was used to measure the
current and voltage signal. A comparison of voltage and current signal from nitrogen
gas and argon gas is shown in Figure 3.4 and Figure 3.7 respectively. Table 3.2 and

Table 3.3 also show a comparison data of the two.

Pressure Peak focusing signal
(mbar) Argon gas Nitrogen gas
signal V-peak (V) signal V-peak (V)
0.5 focus 11.8637 focus 7.725
1 focus 10.4789 focus 7.520
1.5 focus WA | focus 5.231
2 focus 0.6000 focus 4.800
2.5 Non-focus - focus 0.800
3 Non-focus - Non-focus -

Table 3.2: A table showing a comparison of the peak voltage between Argon and

Nitrogen gas.
Pressure | Time average (peak A to Average velocity (cm/us)
( mbar) peak B figure 4.2) (us)
Ar Nz Ar N2
0.5 3.1136 3.1960 4.69 5.01
1 3.9520 3.4552 4.05 4.63
1.5 4.3416 3.8392 3.69 4.17
2.0 4.8000 4.1904 3.33 3.82
2.5 - 4.5664 - 3.50

Argon and Nitrogen gas.

Table 3.3: A table showing the variation of average velocity at different pressures for
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Figure 3.7: A series of graphs showing voltage and current signals from the plasma

focus operated with Nitrogen and short solid anode for pressure between

0.5 mbar to 3.0 mbar.
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Measurement of voltage and current signal were also made for a
special case of longer anode, with a length of 19 cm. The objective of this experiment
is to see whether the anode configuration will have an effect on the focusing process.
For some surface modification of material, one may not need the focusing process,
therefore it is interesting to explore all possibilities and ways to suppress the focusing

in a lower pressure regime.

Result of a longer anode length with argon as a filling gas is shown in

Figure 3.8. A comparison of the peak voltage is also shown in Table 3.4.

Pressure Peak Focusing signal
(mbar) Long anode Short anode
signal V-peak(V) signal V-peak(V)

0.5 focus 6.88 focus 11.8637
1 focus 6.19 focus 10.4789

1.5 focus 3.519 focus 3.2812
2 Non-focus - focus 0.6000

2.5 Non-focus - Non-focus -
3 Non-focus - Non-focus -

Table 3.4: A table showing a comparison of peak voltage for long anode (19 cm) and

short anode (16 cm).
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Figure 3.8: A series of graphs showing voltage and current signals from the plasma
focus operated with Argon and long hollow anode for pressure between

0.5 mbar to 2.5 mbar.

3.2 Simulation Model

The simulation model for the axial phase of a plasma focus uses 1-
dimensional Slug Model. We assume that the current sheath acts as a piston and
moving along z-axis between the anode and cathodes as shown in Figure 3.9. If the
current sheath is moving at a great speed then there will be an associated shock front

in front of the current.
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Figure 3.9: A diagram showing a slug model used for numerical modeling of axial
phase.

Where p1 = density of ambient gas,

po = density of plasma slug,

a = radius of anode,
b = radius of around cathode,
z = shock front position,

B = magnetic field,

u = permeability.

3.2.1 Equation of Motion

An equation of motion for the current sheath in axial phase can be
written as the rate of change of momentum which equates to the Lornetz Force. The

equation of motion is shown in equation 3.1.

i{pln(bz _ az){ﬂ%ﬂ _ j'B_zzmdr (3.1)
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Where
= Py : mass ratio,
Pi

plrc(b2 - az) : mass in slug,
I'-1dz

_ : speed of piston,
( T dt) p P
dz : shock speed,

dt

B2
— : magnetic pressure,
2p,
b 2 L\
Iz—andr : JxB Lorentz Force.
2 <K

From the equation of motion (Equation 3.1), the acceleration of the

piston (current sheath) is,

K, ln(b/a) I 2 _ dz p
d’z  4n’p | b*—a \I'-1 dt
7

de>

(3.2)

The rate of ‘change of current per unit time can be written from an
equivalent circuit equation of a discharging plasma focus using Kirchoff’s law as

shown in Figure 3.10.
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Figure 3.10: An equivalent circuit diagram of a small plasma focus.

From this equivalent circuit, the circuit equation of the axial phase can

be written from the sum of voltages around a close circuit loop;

det
d 0
a[(L0 +LpI)] + I(r, +rp) =\ -

C

(o]

Where L, is the plasma inductance which can be expressed as:

p, I'=1. b
L =— In(—)z .
P 2n T (a)

By assuming,
{ L +L1 I
LI A LDI> T, )
we can get an expression for the rate of change of current to be,

n, I'—1 b, dz
V - — -2 (——)In(H)I—
( r ) (a) "

0 T;" 1 b (3-3)
u -
| +7° - - 1 _
¢ 2TE( I ) n(a)Z

By coupling the circuit equation (Equation 3.3) and the equation of
motion (Equation 3.2) together and using normalisation method, the equations can be

written as,
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dg
2.2 2
ol —(—
dzc — ( drt ) (3 4)
dt’ C ’
d 1 - j dt—1B a6
and, & dr (3.5)
dt 1+ B¢
Where the normalization factors are;
C:i:’r:’t—alzia
Zy ty I,
and,
Zo : length of anode,
t, = (L,C,) : discharge characteristic time,
CO 113 4 £499
I, =V, 1 : “short circuit” current.
0
Using a scaling parameters as:
o= :— : time parameter, (3.6)
where,
t, =(L,Cy) - discharge characteristic time,
2 2 2 2
t, = 4n (" ~a’) (F 1) PiZo - dynamic characteristic time,
b 1943
Mo In()
a
Z, .
T : characteristic speed,

: inductance ratio, (3.7)
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where,
u, '=1. b
L =———In(—)z,. 3.8
a 2 T F ( a )ZO ( )
The density of an ambient gas can be calculated by,
P & hdl

L (3.9)
M

where,

n = mole,

J
k = Boltzman constant (1.3806x 102 K ),

T = temperature (K),

p1 = density of ambient gas,

R, = Gas constant (8.3144  J ).
mole- K

For the first simulation model, we estimated B, o and set dt with a
suitable time interval value. From a current measurement of the plasma focus the time

period t, can be measured. The time period of current signal is'12.28 us.

From to =1 and to =+ (LoCo) s

2n
we can calculate,

2 2
t T
Ly=—2

Co 4nC,

-6
_{12.28-10 =127.33 nH.

" 4n2.30.10°6
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Then using Equation 3.8 and assuming r-1 ~1,2a=0.95cm, b=3.2 cm, z,=16 cm

[ _1.256637-107° ln( 3.2 )16.10_2
! 2-m 0.95

=2.1077.121-16-1072
=38.72 nH.

Therefore, from Equation 3.7

L, 38
p=ra - 38T 50009,

L, 127.33nH

By using B=0.30409 for the simulation, and allowing the current

signal goes to zero at the end of anode. o can be estimated to be equal to 0.452174.

Figure 3.11 shows the results from the simulation.

156 ———
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1 4
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w 0.5
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T

Figure 3.11: A graph showing current, axial position and axial velocity results of axial

phase with respect to time from the numerical computation.
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P(torr) P, Vo(kV) To(kA) Zo(cm)
3.75 0.002770739 12.0 176.9303 9.7319
0 12.5 184.3024 10.1374
13.0 191.6745 10.54289

13.5 199.0466 10.94839

14.0 206.4187 11.35388

3 0.002216591 12.0 176.9303 10.88059
12.5 184.3024 11.33395

13.0 191.6745 11.78731

13.5 199.0466 12.24067

14.0 206.4187 12.69403

225 0.001662443 12.0 176.9303 12.56383
12% 184.3024 13.08732

13.0 191.6745 13.61081

13.5 199.0466 14.13431

14.0 206.4187 14.6578

1.5 0.001108296 12.0 176.9303 15.38748
12.5 184.3024 16.02863

13.0 191.6745 16.66978

13.5 199.0466 17.31092

14.0 206.4187 17.95207

0.75 0.000554148 12.0 176.9303 21.76119
12.5 184.3024 22.66791

13.0 191.6745 23.57462

13.5 199.0466 24.48134

14.0 206.4187 25.38805

Table 3.5: A table showing the results from the numerical simulation.

Table 3.5 shows the condition of the currents and voltages used for
experimental conditions in order to allow the current sheath to arrive at the end of the

anode at the same time as the current goes to zero.
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In the simulation — ! =1 is used. By using the time when the

= 0.09 is obtained. This values is used for the calculation of

focusing occur, the

o and B which are found to be 0.4445 and 0.0274 respectively. It was found that the
pressure when the current signal goes to zero at the same time when the plasma sheath

reaches the end of anode is 5.5 mbar. The simulation is shown in Figure 3.12.

1.6 e —
Current Axial position Axial velocity Voltage
1 .
2
g“ 0.5
)
%]
o
‘—1'\ O T T T T T —
0.5 1 15 2 2.5 3 315
-0.5 —

Figure 3.12: A graph showing current, axial position and axial velocity results of axial
phase with respect to time from the numerical computation where o is

0.4445and B is 0.0274 after the fitting from experiment result.

3.3 Measurement of Instantaneous Velocity of Plasma Sheath

As described in Section 2.4.3, an instantaneous velocity of the plasma
or current can be measured by using double magnetic coils or the magnetic probe. The

change of this quantity with time or position will gives us an insight to the

acceleration of the plasma sheath which is the result of the I xB force.
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In this measurement, the magnetic probe was placed through the top
plate of the plasma focus between the anode and cathodes as shown in Figure 3.13.
The depth of the coil was measured each time. This determines the position of the
instantaneous velocity measured. The magnetic coil was inserted in an insulating glass
tube. The magnetic probe was placed carefully in order to ensure the correct
orientation of the coil. The plane of the magnetic coil must be perpendicular to the

magnetic field for maximum signal.

[{Jw
i

Figure 3.13: A diagram showing the position of a magnetic probe, which is placed in

between the anode and cathode of the plasma focus.
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Gas Nitrogen Argon
Velocity 1-2 2-3 1-2 2-3
Pressure (cm/ps) (cm/ps) (cm/ps) (cm/ps)
(mbar)
0.5 6.855 6.084 6.380 4.079
1.0 5.905 5.220 5.405 3.868
1.5 5.287 4.034 4.174 3.010
2 4.032 3.444 3.959 2.833
2.5 3.096 2.983 3.170 2.466
3 1.789 1.787 2.391 1.645

Table 3.6: A table showing velocities of Nitrogen and Argon plasma for the short
hollow anode.1-2 is the velocity of 1st probe to 2nd probe and 2-3 is the

velocity of 2nd probe to 3rd probe.

Cathode
rd
3 probe
Anode o
1* probe

Figure 3.14: A diagram showing positions of magnetic probe in the plasma focus
tube.

The 1% probe detects the magnetic field from the plasma sheath before
2™ probe and 3 ™ probe. By the time difference and the different in position, the
velocity can be determined.

The distance between 1st probe and 2nd probe is 0.92 cm. The distance

between 2nd probe and 3rd probe is 0.72 cm. The positions of the three probes are



45

shown in Figure 3.14. Table 3.6 shows the velocities of the plasma sheath by using

three magnetic probes. The signals of the three probes are shown in Figure 3.15.
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0.05

0.00
-0.05 +

1st Probe

|

-0.10

-2.0x10°
0.10 -

0.05

N OxlO

T T
4.0x10° 6.0x10° 8.0x10° 1.0x10”

0.00
-0.05
-0.10

2nd Probe

0.1)0x10°
0.05

P4 0x10

6. 0x10 8.0x10° 1.0x10°

0.00 -
-0.05 4

+
*
’,

3rd Probe

=
+

0.10
2.0x10°

08 0x10

4.0x10° 6.0x10"‘ 8.0x10° 1.0x10”

Time (s)

Figure 3.15: Graphs showing signals from magnetic probe placed at three different

positions in the plasma focus for Nitrogen plasma at a pressure of 1.5

mbar.

The relationship between In(v) is linear with pressure. This is shown in

Figure 3.16 and Figure 3.17.
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Figure 3.16: A plot showing a relationship between pressure and in stantaneous

velocity of Nitrogen plasma sheath.
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Figure 3.17: A plot showing a relationship between pressure and instantaneous

velocity of Argon plasma sheath.
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Figure 3.18: Graphs showing a comparison of results from different plasma focus

devices operated with argon gas [27].

Figure 3.18 shows results from the plasma focus used in this
experiment in comparison with a similar plasma focus device in University of

Malaya. Both results are in good agreement with the axial phase simulation.

3.4 Measurement of Plasma Jet Velocity

The plasma jet experiment was carried in the Plasma Laboratory,
University of Malaya, Malaysia. The system used in this experiment is a similar
system to the 3.3 kJ UNU/ICTP plasma focus device. The anode and the cathodes are
of the same length at 16 cm long. Nitrogen gas was used in this experiment. The
experiment is separated into two parts. In the first part, a single probe as described in

Section 2.4.4 was used to measure ions or plasma. In the second part, multiple probes
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measurement was carried out, where the chamber was extended with an additional 3
ports chamber. A two stage rotary pump was used in order to achieve the desire

vacuum in this larger chamber. The charging voltage used through out the experiment

was 12.5kV.

In measuring the plasma jet, both focusing and non-focusing cases
were studied. These can be achieved by varying the operating pressure. The pressures
used for the experiment were 1 mbar and 2 mbar for the focusing case and 3 mbar, 4
mbar, 5 mbar, 6 mbar, 7 mbar, 8§ mbar, and 9 mbar for the non focusing case. Before
each experiment can be carried out, it is important to find a correct operating bias
voltage of the electric probe. A good signal to noise must be achieved in order to

identify the real plasma jet or ion signal.

3.4.1 Finding Correct Bias Voltage for Electric Probe

This series of experiments were carried out with an aim to find out a
suitable biasing voltage for the electric probe in order to get a good signal to noise
ratio. A single electric probe was used to measure the ions from the plasma jet. The
probe was connected to a bias circuit as shown in Figure AS in Appendix A. It was
placed at 8.5 cm from the end of anode through the top plate of the plasma focus
(Figure-3.19). Nitrogen gas-was used in-this test.-The test was carried out under two

pressure regimes, 1 mbar and 3 mbar for focusing and non-focusing purpose.

Bias voltage of -10V, -20V, -50V, -100V, -150V, -200V, -250V, -

300V had been tested. From the test, a bias voltage at -200 V gave an optimum signal.
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Figure 3.19: A diagram showing the position of an electric probe at distance X from

the tip of the anode.

3.4.2 Determination of Plasma Jet Velocity

Once the probe’s bias voltage was determined, the probe was then used
in an experiment to measure the velocity of the plasma jet. For a non-focusing
experiment, a pressure of 3 mbar was used. The probe was placed at different
positions for spatial measurement. Figure 3.19 shows the arrangement of the probes.
However, with this. set up. the results obtained were not suitable for velocity

determination. The result is shown in Figure 3.20.

It is interesting to see that, with this method the calculated velocity of
the plasma jet behave as expected. As the traveling distance increases the average
velocity of the plasma jet decreases. An obvious cause for this is the collision of the
traveling atomic particle with the ambient particles in the chamber. The relationship

of the average velocity and the travelled distance is shown in Figure 3.20.
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Figure 3.20: A graph showing a relationship between average velocity of the plasma

jet and the distance of the probe away from the tip of the anode.

In the next step, the simulation explained in Section 3.2 was used to
estimate the time reference when the plasma jet is expelled from the tip of the anode
by varying the pressure. The reference point is set such that when the current reaches

zero the plasma sheath also reaches the end of the anode.

In the section 3.2 the condition for Nitrogen (A=7 and Z=28) plasma is
at a pressure of 3.75 torr for a capcitance of 30 pF and the anode length of 16 cm

operating with 12.5 kV charging voltage.

For a better measurement of the plasma jet velocity, two single probes
of the second model (Section 2.4.4) were used at the same time. The arrangement is

shown in Figure 3.21(b). The detection area of these probes is 2 cm long.
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Figure 3.21: Diagrams showing different electric probe set up (a) with one electric

probe and (b) with two electric probes.

Distance of the probes was adjusted to measure signal at different
positions. The first probe was placed at 11 cm away from the end of the anode.
Another probe was placed at 27 cm. The pressure used was the same as the simulation

result. The experimental set up is shown in Figure 3.22. The charging voltage used

was 12.5 kV.
| D E Fl _

———— T ;
—— 16 cm
———

v Iem :

i____ 27cm [ |3 . E

=_,

Figure 3.22: A diagram showing the placement of two electric probes. One electric
probe is 11 cm away the other electric probe is 27 cm away from the tip

of the anode.
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It is interesting to note that, the probe break down when a bias of —150
V was used. Therefore a bias of -130 V and -120 V were used instead. Example of the
signals is shown in Figure 3.23.

The result is a negative pulse changing with time. We can see clearly
that the signal rises at 1.0x10” s and rises again at 2.0x10” s. This second rise in
signal may be contributed by the plasma jet. The experiment was repeated, except that
this time the signal is detected without bias. The result is shown in Figure 3.24.

This time we obtained a positive pulse. It is suspected that the region

labeled may be the peak caused by the detected plasma jet.

Intensitv (V)

-0.1  —

Tyme wec)

-Z»III.OE-OS 0.0E‘+00 l.OE‘»OS 2.0E‘-05 3.0E‘-05 4.0E‘-05
Figure 3.23: A graph showing the signal from the first electric probe when operated
with -130 V bias voltage.
Since the signal is large, with the above configuration, as shown in
Figure 3.23 and Figure 3.24, and the time that the peak started is close to the focusing
time, it is necessary to move the probe out to a larger distance in order to be able to
distinguish the plasma jet clearly. The set up is shown in Figure 3.25.

From many results, the best signals were obtained when the electric

probes were not biased. With this set up, we used the electric probes to measure the
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presence and the speed of the plasma jet. A similar technique of time of flight as the

experiment to determine the speed of the plasma sheath was used to determined the

speed of the plasma jet, both in focusing and non-focusing mode.

Intensity
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Figure 3.24: A graph showing the signal from the first electric probe when operated

without bias voltage.

L] Al

L 27 cm 4’ 10cm }7 19cm —

Figure 3.25: A diagram showing the placement of two electric probes. One electric

probe is 27 cm away the other electric probe is 37 cm away from the tip

of the anode.
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3.4.3 The Velocity of Focused Plasma Jet

The velocities of the plasma jet are estimated with time of flight (TOF)
method from the two electric probes. The first probe and second probe was placed at
27 cm and 37 cm from the end of the anode respectively. Both electric probes were
connected to a x1 attenuator which matched the coaxial cable. A typical measured

signal is shown in Figure 3.26.

In general, two groups of signals were observed. The first group
happened immediately after the focus and the second group happened at a later time.
This means that the signal from the second group may be contributed by slower
moving particles. The experiments were repeated for seven different pressures from 1

mbar to 7 mbar.

At 1 mbar and 2 mbar, usually both groups of signal appear, but in
some case only the second group appear. After analyzing the data, it is probable that
the group one only appears when the plasma focused. Therefore it is lead to believe
that the focusing process of the plasma causes ejection of energetically charged
particles. Thus the plasma focus, when focusing, can produce ion beam. This confirms
the finding from many literatures mentioned in previous chapter. The first peak
observed in the group one signals by probe 1 and probe 2 are labeled peak 1a and 1b
in Figure 3.26. A comparative result of the average velocity of the ion and the plasma
jet is shown in Table 3.7. We can see that the plasma jet has a speed of 100 times

slower than the ions.
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Figure 3.26: Graphs showing the signal obtained from the first and second electric probe

where (a) is the overall signal, (b) is group an enlargement of the first

group of signals and (c) is the enlargement of the second group of signals.
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Pressure(mbar) Average velocity of Average velocity of
group 1 (cm/us) group 2 (cm/ps)
1 46.74 0.3578
2 36.70 0.2576

Table 3.7: A table showing average velocities of group 1 (signals from peak la and

peak 1b) and group 2 (signals from peak 2a and peak 2b)

3.4.4 The Velocity of Non-Focused Plasma Jet

For the measurement of the plasma jet in a non-focused mode, a
similar experimental set up as previous section was used. This time the operating
pressure was set at a higher pressure of 3 mbar, 4 mbar, 5 mbar, 6 mbar, and 7 mbar,
where the plasma will not focused. The velocities of the plasma jet are estimated with

the time of flight technique. A typical signal is shown in Figure 3.27.

In this case, groups of plasma jet can be seen clearly in all the
pressures. The velocity of the plasma jet at different pressures are shown in Figure
3.28.-We can see that the velocity of the plasma jet decreases as the pressure

increases. This is expected.
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Figure 3.27: A graph showing a signal of the plasma jet when the plasma focus is
operated with pressure of 7 mbar.

In order to study spatial effect on the velocity, the number of probe was
increased. Two. initial probes were at the same distance as previous. Another two
probes were added to the port E an F. The signals of all the probes are shown in
Figure 3.29. It can be seen that the average velocity of the plasma jet decreases as it
gets further away from the anode. The average velocity seems to decrease

exponentially with pressure and decreases more than 300% within 10 cm.
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Figure 3.28: Graphs showing signal of three electric probes where the first probe is
placed at 11 cm and the second probe is at 26 cm and the third probe at

37 cm away from the tip of the anode
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Figure 3.29: A graph showing a relationship between the velocity of the plasma jet

and changes in pressure.



CHAPTER 4

MATERIAL SURFACE MODIFICATION

As described in Chapter 1, many attempts have been made in using
plasma focus device for material surface modification purpose. In this chapter,
various experiments on material surface modification are explored. The experimental
conditions used are similar to the condition described in Chapter 3 for various cases
including, the focused, non-focused mode and the plasma jet. In general, for each
firing of the plasma focus the wvoltage signal is recorded. The pressure for the
operating gas is between 0.5 mbar to 2.5-mbar for Nitrogen gas and 0.5 mbar to 2.0

mbar for Argon gas. For the non-focusing mode, the pressure used is more than 3

mbar.

Different types of materials were investigated under this modification
process which can be classified as insulating substrate and conducting substrate such
as thin aluminum plate, titanium plate and steel plate. The changes in the surface
properties which are of interest are the change in hardness, coating of new material

and damage caused by the plasma.

4.1 Surface Coating on Insulating Substrate

In the Plasma Research Group, Physics Department, Faculty of
Science, Chulalongkorn University, there are many projects related to this work
which have been carried out. During the period of my research I had an opportunity to

take part in some of these projects.
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One of the works done in 2000 [12] is using a plasma focus to coat

metal on insulating substrate, in that case copper and glass respectively. In this
experiment Argon gas was used. The operating pressure was set to 0.5 mbar as this
pressure would provide the strongest focus as shown in Section 3.1. The sample was
glued on the top plate at 12.5 cm in front of the anode as shown in Figure 4.1. At least

twenty shots were fired.

q’Jr
|

sample

Figure 4.1: A diagram showing the position of sample investigated
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Figure 4.2: Pictures showing copper coating on glass insulator when placed at 12.5
cm away from the tip of the anode and firing with Argon at a pressure of

0.5 mbar [12].
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Figure 4.3: A picture of the surface of the glass substrate coated by copper taken by

SEM [12].

The copper coating on the glass surface is shown in Figure 4.2. A sign
of damage from the focusing process is very apparent. Figure 4.3 shows a

magnification of the coating surface from a Scanning Electron Microscope (SEM).
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The surface is bombarded by ions from the focus as well as there may be heating

effect due to the shock wave generated by the plasma focus.

4.2 Surface Damage by Focusing Effect

To study more into the damaged, a thick Aluminum plate was placed at
2 cm in font of the anode. The operating pressure was 1 mbar. Ten shots were fired.

The treated sample is shown in Figure 4.4.

Figure 4.4: A picture showing the damage caused by the bombardment of plasma on
the surface of the Aluminum plate which was placed at 2 cm away from

the tip of the anode in Argon gas.

Figure 4.5: A picture showing the surface of the aluminum sheet enlarged at x1000 by

SEM.
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Figure 4.5 shows a x100 magnification by SEM of the thick aluminum

sheet. We can see that the damage trail has a resemblance to liquid droplet. This is a
good evidence of heating and ‘flushing’ effect causes by the focus on the metal
surface. There is little evidence of ions bombarding. It is suspected that, at this close
range to the anode the current sheath flushes through the surface as well as heating the

plate.

Further experiment to support the heating effect of the plasma was
carried out. A larger piece of aluminum plate with a diameter of 7.5 cm was used. The
plate was placed at 7.5 em away from the anode. An operating pressure was set at 0.5

mbar allowing for maximum focusing. Fifty shots were fired under this condition.

From Figure 4.6, the damages can be divided into three zones. First
zone is the most heavily damaged where the surface of the plate is roughest. It is
suspected that the ions bombardment may be the cause. In the second zone, there are
sign of color change which resemble that of metal being under intense heated. This
region may be caused by the heat of the hot plasma or hot gas. Further out to the third
zone there is no observable effect. This shows anisotropy of the moving plasma. The

plasma or ions produced has a good directionality.
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Figure 4.6: A picture showing the three-zone effect caused by the focusing of the
plasma on the surface of Aluminum. In the first zone, the surface is
bombarded by ions. In the second zone, the plasma heats the surface.

There is no effect in the third zone.

4.3 Study of Titanium Nitride Deposition

In my research, a special attention has been paid to the study of
Titanium Nitride (TiN). The plasma focus was configured such that the Titanium
piece is glued to the top plate allowing the direct bombardment of plasma and ions

from the focus.

In this experiment, an attempt has been made to modify the surface of
Titanium directly with Nitrogen plasma from the plasma focus. The set up of the
experiment is shown in Figure 4.8. The sample is separated by a masking Mylar into
two areas. Each area represents different operating conditions as shown in Table 4.1.
The size of the Titanium plate is Icm x 1 cm. For area 1, the sample was placed at
13.5 cm away from the anode. Ten shots were fired. A record of firing condition is

shown in Table 4.1.
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Shot-no Signal Pressure Charging voltage
1 No-focusing 1.5 mbar 13.0kV
2 No-focusing 1.5 mbar 13.0kV
3 No-focusing 2.0 mbar 13.0 kV
4 Focusing 0.5 mbar 13.0kV
5 Focusing 0.5 mbar 13.0kV
6 Focusing 0.5 mbar 13.0kV
7 Focusing 1.0 mbar 13.0 kV
8 Focusing 0.5 mbar 13.0kV
9 Focusing 0.5 mbar 13.0kV
10 Focusing 0.5 mbar 13.0kV
11 Focusing 0.5 mbar 13.0kV
12 Focusing 0.5 mbar 13.0kV
13 focusing 0.5 mbar 13.0kV

Table 4.1: A table showing the experimental conditions for the Ti-plate.

Mylar

Figure 4.7: A diagram and a picture showing the two zones allocated on a Ti-plate.
Zone one shows an evidence of copper coating where zone two shows

damage effect by ion.
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Figure 4.8: A diagram showing the position of the Ti-plate.

It can be seen that in this area there are some traces of copper. The
copper is coated on the surface as shown in Figure 4.7. Since the anode is made from
a copper rod, it is speculated that the copper may have only come from the anode.
This speculation is backed by the damaged observed at the tip of the anode where

there is a sign of corrosion.

For the second area, the Titanium Plate was placed at 13 cm away from
the anode. Fifty shots were fired under an operating pressure of 0.5 mbar for an
optimum focusing shot. The charging voltage was set at 13 kV for all shots. There
was focusing in every shot. The surface of the Ti plate was scanned by Scanning
Electron Microscope and Energy Dispersive X-ray Diffraction (EDX) for elemental

trace identification. The results are shown in Figure 4.9 and Figure 4.10 respectively.
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Figure 4.9: An enlarged (x350) picture of the surface of the Titanium plate in zone

two taken by SEM.

Operator - boonlass
Chont : nane

Job : Job number &
(BHSAO2 08.5T)

1000—

A Su i | | B
1GI8 % ¥ | c

/ ca
o—b | L. : | e~ Cu

Energy (keV)

Figure 4.10: A graph showing the result from EDX analysis of the surface of the

Titanium plate in zone two giving its composition.
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Since Titanium is a much harder metal than aluminum, we can see that

the damage caused by the plasma focus is less, but some evidence of change can still
be observed. This change is possibly caused by the bombardment of the plasma or
energetic ions. In the same time, EDX result shows and confirms a clear trace of

copper on the surface of the Titanium plate.

In a similar experiment, another Titanium plate was placed at 17 cm in
front of the anode. In this experiment the firing of the plasma focus was separated into
two stages. The first stage is where 20 shots were fired with the first ten shots at 2
mbar operating pressure and the subsequent ten shots were at 1.5 mbar. After the first
ten shots, the sample was taken out for observation. There was no observable change
on the surface of the Titanium plate. After the twentieth shots, the sample was
observed again. A clear yellow color can be observed on the surface of the plate. This
yellow coating may be Titanium Nitride. This yellow color can be seen on the sample

in Figure 4.11. A SEM picture of this is shown in Figure 4.12.

After firing the focus in the second stage using 1 mbar operating
pressure for twenty shots, a sign of heavily damaged surface appeared. This is
observable by eye. This damaged is shown in Figure 4.11. Since all the shots in this
stage produced strong focusing, the particle beam produced by the focus may cause
this damage to the surface. It is unlikely that Titanium Nitride can be coated in the

focusing mode as the damaged caused by the focus is quite severe in every shots.
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Figure 4.11: A picture showing the surface of the Ti-plate bombarded by ions.
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Figure 4.12: A picture taken from SEM of the gold area of the Ti-plate at which was

placed 17 cm away from the tip of the anode when firing.
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Therefore, it is obvious that for a successful coating we must use the

plasma focus in a non-focusing mode or alternatively move the sample to a further
distance. In the next experiment, the Titanium plate was placed at 31 cm away from
the end of the anode. The operating pressure was set to be at 0.5 mbar and the
charging voltage of 13 kV. Ten shot were fired and all shot focused. A desired color

change was observed. This is shown in Figure 4.13.

Figure 4.13: A picture showing the position for the hardness test on the Ti-plate after

treated with the plasma focus.

Figure 4.14 shows an image of the sample from a microscope with
X10/0.22 magnifying power. Unfortunately the result from EDX did not show the
trace of nitride. Therefore a hardness test was performed in order to support the

change of the surface property.
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Table 4 ? A table showing the result of the hardness test (by WILSON 500 Model

B534-T) on the Ti-plate after plasma focus treatment

We can see from the table that there are slight changes in hardness

when comparing the hardness measured between the treated surfaces (1,2 and 3) and

original surfaces (4 and 5). These results are by no means conclusive. Further tests are

71
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required to confirm this result. This experiment gives a positive indication of the

possibility of nitriding and the hardness change for Titanium.

4.4 Modification of Steel Surface

In this section, a similar experiment to previous section has been
carried out with steel. A similar objective was set for coating steel substrate with its
nitride under direct firing of the plasma focus. The objective of this experiment is to
see whether the treatment from the plasma focus can be used to change the surface of

steel to have a desired property [28].

In this first test, a steel plate was placed at 13 cm from the end of the
anode. The plasma focus was fired under an operating pressure of 0.5 mbar for sixty
shots. The color change of the steel surface can be observed. Again it is suspected that
this change may be caused by the high energy ions from the focusing process other

the heating of the steel by the plasma jet. The color change is shown in Figure 4.15.

Figure 4.15: A picture of a steel plate taken before and after the firing of the plasma
focus [28].
The hardness test was also performed on the sample. The result from a
Rockwell (Scale B) hardness test on the sample surface is shown in Table 4.3. The
surface of the sample was also observed with SEM and the composition was tested

with EDX. The result are shown in Figure 4.16 and Figure 4.17.



Sample Hardness Rockwell Scale B (HRB)
Before 71.86+1.070
After 68.62+0.741

Table 4.3: A table showing the result of the hardness test (by Rock well scale B

(HRB)) on the steel plate after plasma focus treatment [28].
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Figure 4.16: An enlarged (x1,000) picture of the surface of the steel plate after the

bombardment of the plasma focus taken by SEM [28].
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Figure 4.17: A graph showing the result from EDX of the steel plate showing a clear

trace of copper [28].
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On the surface, it can be seen from SEM that there is a coating layer.

This coating layer is in a form of close packed droplets. EDX shows that there are
traces of copper. The copper is expected as previously discussed. There are no traces
of nitride. From the hardness test result, it seems that the sample became softer. A
possible explanation for this is the coating of the surface. If the surface is coated with
copper then it is possible that, when the hardness probe is pressed on the sample, this
coated surface absorb the force of the probe causing the measurement to read softer.
In the second experiment, another steel sample was tested. It was placed at 11 cm

from the end of anode, and operated under 1 mbar pressure. Fifty shots were fired.

Figure 4.18: A picture of a steel plate taken before and after the firing of the plasma

focus [28].

A similar result is shown in Figure 4.18. There are some copper coated
area and some area with color changes. As discussed before this ‘copper coated is
expected due to the corrosion of the anode. The color change of the surface is more
likely caused by the heating of the plasma. They yielded similar result as the previous
experiment. SEM image is shown in Figure 4.19. For the EDX there were no trace of
nitride observed. This is shown in Figure 4.20. In order to obtain proper nitride for
steel, one must study deeper into the chemical process of steel nitride formation.

Specific nitriding steel must be used for a successful nitriding.
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Figure 4.19 : An enlarged (x15,000) picture of the surface of the steel plate after the

bombardment of the plasma focus taken by SEM [28].
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Figure 4.20: A graph showing the result from EDX of the steel plate showing a clear

trace of copper [28].
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In summary, an overview of plasma focus effects on material surfaces

were observed. When the plasma is operating in a focusing mode, it is more likely to

cause some degree of damage to the surface which depends upon the type of material.

On the other hand this mode of operation is the most effective to surface coating

where the coating material can be placed at the tip of the anode. An appropriate

plasma focus configuration must be used for optimum coating on the material
otherwise the damaging effect can cause an undesirable result to the coating process.

For the non-focusing mode, the damage on the material surface is far

less. Only the heating effect on the material surface is observed.



CHAPTER 5

CONCLUSION AND DISCUSSION

5.1General Conclusion

The mechanism and operating conditions of the plasma focus device
have been studied experimentally. Several diagnostic techniques have been used to
measure the characteristic of the plasma and the plasma focus, such as voltage and
current signal measurements, plasma sheath velocity measurement, plasma jet

velocity.

It was found that the optimum operating pressure for the plasma focus
device is in the range of 0.5 mbar to 9 mbar. The charging voltage is 12.5 kV. From
the voltage signal measurement (Figure 3.2) the breakdown peak voltage is 7.28 kV.
There is a reduction of voltage by 42%. This may be caused by the inefficiency in the

discharging process through the spark gap switch.

The average speed of the plasma sheath can be estimated from the
voltage signal at a pressure of 0.5 mbar to be 4.514 e¢m/us and deceases when the
pressure increases as shown in Section 3.1. The voltage signal for the short anode
shows good focusing signal for Nitrogen gas when the pressure range is between 0.5
mbar to 2.5 mbar and with the range between 0.5 mbar to 2.0 mbar for Argon gas.
The long anode produces good focusing peak when Nitrogen gas pressure is between

0.5 mbar to 1.5 mbar and 0.5 mbar to 1.5 mbar for Argon gas.



78

For the current measurement, the maximum current measured during
the discharge is 136.77 kA where the current/voltage conversion factor K is 7.275 for
the set up. From a series of experiments, it is obvious that the voltage and current flow

in plasma also depend on the gas fill in the plasma focus tube.

It was also found that average speed of the plasma sheath in Nitrogen
is faster than that in the Argon gas. This can be explained by the different in the
molecular weight of the gases. Argon has a molecular weight of 40 while Nitrogen

has a molecular weight of 14 [16].

From the plasma focus dynamics simulation, the characteristics of the
plasma focus can be deduced. The measured velocity and the calculated velocity are
found to be in good agreement. This confirms a certain degree of accuracy to the Slug
model used for axial phase calculation. The characteristics of the plasma focus is

shown in Table 5.1 below.

Type characteristic result
Inducticity (Lo) 127.33 nH
Capacity 30uF
Discharge characteristic time (t,) 1.9545 ps
K-factor 7.275 kA/V
Maximum current 136.77 kKA
Range center of anode to cathode(b.) 3.2 cm.
Radius of anode(a ) 0.95cm.
Length of anode (Zo) 16.0 cm.
Resistance of plasma focus (ro ) 0.012Q
Mass factor (MASSF) 0.045
Current factor (CURRF) 0.7
Mass flow current (MASSFR) 0.16
Voltage input (Vo) 13kV
Moleclular weight of Nitrogen gas 14

Table 5.1:The characteristic of plasma focus use in experiment.
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The average velocities of current sheath at pressure ranging from 0.5

mbar to 3 mbar of Nitrogen gas is between 6.855 cm/us to 1.789 cm/us. The average
velocity for Argon gas in same pressure range is between 6.380 cm/ps to 1.645 cm/us.

The velocities of the plasma sheath from the simulation is within the error bar of the

measured velocity.

In the studies of the plasma jet, it was found that the plasma focus
device can produce plasma jet in two cases. The first case is when the plasma focus is
operated in a focusing mode and the second case is when it is operated in a non-
focusing mode. When there is a focus, then there is more ions emission which are
suspected to have more energy than that of the plasma jet. This can be seen from the
signal in Section 3.5. The average velocities of the plasma jet are found to be between
0.4268 cm/us and 0.0365 cm/us. The velocity of the plasma jet behaves in a similar
way as the velocity of the plasma sheath. As the ambient pressure increases the

velocity decreases.

5.2 Conclusion for Material Surface Modification

Different types of materials were investigated under the plasma focus
modification process, which are  insulating and ' conducting substrates. The
modification process is based on the used of the plasma jets, high energy ions, high
energy electrons and the metallic vapor released by the axial rundown phase or the
electron bombardment to the anode. The modification process was found to modify
the material surface in two ways. Firstly, the process can produce a coating of the
metallic vapor on both insulating and conducting substrate. Secondly, the process can

also cause an undesirable damage to the surface of both type of substrate. The
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conditions which dictate the coating or the damaging process are the position of the
substrate with respect to the anode and the focusing of the plasma. As seen from the
experiment in Chapter 4, the damage can be caused when the plasma is strongly
focused and that the substrate is placed near the anode where the focus occurs. The
focusing process can be controlled by adjusting to an appropriate pressure as

described in Chapter 3.

On the other hand, the coating process works well when there is a
focus also, since the metallic vapor depends, predominantly, on the high energy
electron bombardment. Therefore, in order to obtain a good coating, a correct
substrate position is essential. It was found that the position of substrate must be a
good distance away from the focusing point and possibly at an angle away from the
axis of the anode. A reasonable coating of copper was observed with glass substrate.

Some copper was also observed on conducting samples.

If the substrate is at a longer distance away, it is likely that the surface
is affected by the plasma jets are the high energy ions. It was found that the plasma
jets or the ions can, at this time, contribute very little to the surface modification. With
is set up, the energy of the plasma jet a ion required to cause the change on the surface
of some materials tested may not be enough, therefore only heating effect was
observed in the experiment with Ti and steel plates. No trace of nitriding can be
detected. With the hardness test, there are some changes which can be observed on
both, Ti plate and the steel plate. For the Ti plate, the hardness reading increases, but
this is still inconclusive that the hardness is caused by the nitride. On the other hand,

for the steel plate, the hardness is less. This is clearly due to the layer of copper which
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is coated on the surface. The evidence of copper coating was clearly observed by the

EDX.

One can conclude that the plasma focus can be used to modify material
surface. The quality of the coating and the extent of the damage can be controlled by
the set up and then operating condition of the plasma focus. It is interesting to make
further study of these conditions in order to obtain a reliable method of surface

modification.

5.3 Suggestion and Future Work

With the time given, this research work yield an extensive study of the
UNU/ICTP plasma focus system and its operation and also a preliminary study of
how to modify the plasma focus for material surface modification purpose. It is
interesting to further study other possible configuration for surface modification by
using the plasma jet and the ions produce from the plasma focus. In order to make use
of the ions, the plasma focus must be operated under a lower pressure. This will

increase the mean free path of both the plasma jet and the ions.

Better diagnostics technique should be developed. in order to detect the
ions or the plasma jet. An ultra fast picture of the surface modification by the plasma

should be taken in order to provide more information about the process.
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APPENDIX A

CIRCUIT ATTENUATOR

A1l Attenuator X10

A
. = 4| Oscill
Probe 51 Q% §51 Qi scilloscope
Figure Al: Attenuator x 10
A2 Attenuator X1
Probe | | § 510 + | Oscilloscope
Figure A2: Attenuator x 1
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Figure A3: Bias circuit used in the Lab at University of Malaya, Malaysia.
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Figure A4: Bias circuit used in the Lab at Chulalongkorn University.
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Figure AS: Circuit of an integrator.
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APPENDIX B

PIN-DIODE BPX-65

B1 Parameters of Pin diode (BPX-65)

Effective detection area 1 mm?
Intrinsic Si wafer thickness (estimated) ~ 10 um
Dead layer thickness (estimated) ~ 5 um
Rise time (typical) 0.5 ns

Each diode is contained inside a TO-18 casing with a glass window.
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APPENDIX C

HARDNESS TEST

C1 Vickers Hardness Test [29]

It is the standard method for measuring the hardness of metals,
particularly those with extremely hard surfaces: the surface is subjected to a standard
pressure for a standard length of time by means of a pyramid-shaped diamond. The
diagonal of the resulting indention is measured under a microscope and the Vickers

Hardness value read from a conversion table

Vickers hardness is a measure of the hardness of a material, calculated
from the size of an impression produced under load by a pyramid-shaped diamond
indenter. Devised in the 1920s by engineers at Vickers, Ltd., in the United Kingdom,
the diamond pyramid hardness test, as it also became known, permitted the
establishment of a continuous scale of comparable numbers that accurately reflected

the wide range of hardness found in steels.

The indenter employed in the Vickers test is a square-based pyramid
whose opposite sides meet at the apex at an angle of 136°. The diamond is pressed
into the surface of the material at-loads ranging up to-approximately 120 kilograms-
force, and the size of the impression (usually no more than 0.5 mm) is measured with
the aid of a calibrated microscope. The Vickers number (HV) is calculated using the

following formula:

HV = 1.854(F/D2),
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with F being the applied load (measured in kilograms-force) and D2 the area of the
indentation (measured in square millimeters). The applied load is usually specified

when HV is cited.

The Vickers test is reliable for measuring the hardness of metals, and
also used on ceramic materials. The Vickers testing method is similar to the Brinell
test. Rather than using the Brinell's steel ball type indenter, and have to calculate the
hemispherical area of impression, the Vickers machine uses a penetrator that is square
in shape, but tipped on one corner so it has the appearance of a playing card
"diamond". The Vickers indenter is a 136 degrees square-based diamond cone, the
diamond material of the indenter has an advantage over other indenters because it
does not deform over time. The impression left by the Vickers penetrator is a dark
square on a light background. The Vickers impression is more easily "read" for area
size than the circular impression of the Brinell method. Like the Brinell test, the
Vickers number is determined by dividing the load by the surface area of the
indentation (H = P/A). The load varies from 1 to 120 kilograms. To perform the
Vickers test, the specimen is‘placed on an anvil that has a screw threaded base. The
anvil is turned raising it by the screw threads until it is close to the point of the
indenter.- With ‘start lever activated, the load is slowly applied to-the indenter. The
load is released and the anvil with the specimen is lowered. The operation of applying

and removing the load is controlled automatically.

Several loadings give practically identical hardness numbers on
uniform material, which is much better than the arbitrary changing of scale with the

other hardness machines. A filar microscope is swung over the specimen to measure
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the square indentation to a tolerance of plus or minus 1/1000 of a millimeter.
Measurements taken across the diagonals to determine the area, are averaged. The
correct Vickers designation is the number followed "HV" (Hardness Vickers). The
advantages of the Vickers hardness test are that extremely accurate readings can be
taken, and just one type of indenter is used for all types of metals and surface
treatments. Although thoroughly adaptable and very precise for testing the softest and
hardest of materials, under varying loads, the Vickers machine is a floor standing unit

that is rather more expensive than the Brinell or Rockwell machines.

T . |OPERATING
| POSITION

»

Figure C1 Model of Vicker Hardness.
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APPENDIX D

PLASMA FOCUS COMPONENTS

Capacitor Bank

Figure D1: The capacitor bank.

—>— Direction

I e
o Diode 1IN 4007
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Figure D2: Bridge Rectifier.
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Plate Charge Plate Trigger

Plate Discharge

Plasma Focus Tube

Pressure Gage

igh Voltage Probe

Figure D4: A picture showing pressure gauge, plasma focus tube and high voltage
probe.
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