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ABSTRACT 

 

 

 

 

Radial dynamics and plasma focus pinch were influenced in slow 

compression mode by optically thick plasma due to radiation self-absorption. In this 

study, the role of radiation self-absorption in Mather type dense plasma focus (DPF) 

device was investigated. The impact of opacity in slow compression phase and the 

behaviour of optically thick plasma towards radiation emission were explored. The 

numerical modelling of self-absorption effect on radiation dynamics, focusing, 

cooling, collapse and influence of self-absorption on the radiation emission was 

performed. Lee Model was used for numerical simulation. The model was developed 

incorporating the various energy balances including thermodynamics, kinematics, 

radiation dynamics and was capable of yielding the plasma structure and trajectories. 

The snowplow model describes the axial rundown phase and slug model in radial 

phase of pinch. Numerical simulations were performed for the absorption of 

radiation within dense and optically thick plasma. It was found that a steady state 

pinch with constant radius was only possible at the Pease–Braginskii (PB) current of 

1.2 to 1.6 MA for hydrogen and deuterium DPF. For lower and higher values of 

input current as compared to PB current, the pinch expands and collapses 

respectively. This current was reduced for heavier gases like Neon (Ne), Argon (Ar), 

Krypton (Kr) and Xenon (Xe) due to the emission of significant amount of line 

radiation. For Ne, Ar, Kr and Xe gases with different DPF configurations more 

severe radiative collapse was observed as compared without the self-absorption 

factor. It was found that for Ar with no self-absorption, the pinch boundary collapsed 

in only a few nanoseconds to the radius of 0.1 mm set as cut-off in the model.  The 

pinch does not attain the cut-off radius with self-absorption. In the case of Ne, there 

was no radiative collapse with self-absorption factor but radiative collapse occurs 

without self-absorption. A severe radiative collapse was also observed in both cases 

of Kr and Xe. It was inferred that the pinch radius collapses less when self-

absorption was taken into account. The plasma opacity reduces the amount of 

radiation loss. Thus, self-absorption phenomenon was significant during the slow 

compression phase and needs to be considered in the design of a new DPF device. 
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ABSTRAK 

 

 

 

 

Dinamik jejarian dan jepitan plasma fokus dipengaruhi dalam mod mampatan 

perlahan oleh plasma tebal secara optik  disebabkan oleh swaserapan sinaran. Dalam 

kajian ini, peranan swaserapan sinaran di dalam peranti plasma fokus padat (DPF) 

jenis Mather diselidiki. Kesan kelegapan di dalam fasa mampatan perlahan dan 

tingkah laku plasma tebal secara optik terhadap pancaran sinaran diterokai. 

Permodelan berangka kesan swaserapan sinaran terhadap dinamik sinaran, 

pemfokusan, penyejukan, runtuhan dan pengaruh swaserapan terhadap pancaran 

sinaran dijalankan.  Model Lee digunapakai untuk permodelan berangka. Model 

dibangunkan dengan menggabungkan pelbagai keseimbangan tenaga termasuk 

termodinamik, kinematik, dinamik sinaran dan mampu menghasilkan struktur 

plasma dan trajektori. Model bajak salji menghuraikan fasa paksi urutan acara dan 

model pasak di dalam fasa jejari jepitan. Simulasi berangka dijalankan untuk 

penyerapan sinaran di dalam plasma padat dan tebal secara optik. Jepitan keadaan 

mantap dengan jejari malar didapati hanya boleh dilakukan pada arus Pease-

Braginskii iaitu 1.2 hingga 1.6 MA untuk DPF di dalam gas hidrogen dan deuterium. 

Pada arus yang lebih tinggi dan rendah daripada arus Pease-Braginskii, jepitan 

mengembang dan runtuh. Arus ini dikurangkan untuk gas yang lebih berat seperti 

Neon (Ne), Argon (Ar), Kripton (Kr) and Xenon (Xe) disebabkan oleh pelepasan 

sejumlah besar sinaran garis. Bagi gas Ne, Ar, Kr and Xe dengan konfigurasi mesin 

yang berbeza runtuhan sinaran lebih teruk diperhatikan tanpa faktor swaserapan. 

Sempadan jepitan runtuh dalam beberapa nanosaat kepada set jejari 0.1 mm sebagai 

pemutus di dalam model bagi gas Ar tanpa swaserapan. Jepitan tidak mencapai jejari 

pemutus dengan swaserapan. Runtuhan tidak berlaku dengan swaserapan tetapi 

berlaku apabila tiada swaserapan bagi gas Ne. Runtuhan sinaran yang lebih teruk 

turut diperhatikan bagi kedua-dua gas Kr dan Xe. Disimpulkan bahawa runtuhan 

sinaran jepitan berkurangan apabila swaserapan diambilkira. Kelegapan plasma 

mengurangkan amaun kehilangan sinaran. Oleh itu, fenomena swaserapan adalah 

penting semasa fasa mampatan perlahan dan perlu dipertimbangkan semasa 

merekabentuk peranti plasma fokus padat yang baru. 



vii 

TABLE OF CONTENTS 

CHAPTER TITLE PAGE 

 DECLARATION  ii 

 DEDICATION iii 

 ACKNOWLEDGEMENT iv 

 ABSTRACT v 

 TABLE OF CONTENTS vii 

 LIST OF TABLES xii 

 LIST OF FIGURES xiv 

 LIST OF ABBREVIATIONS xvii 

 LIST OF SYMBOLS xviii 

 LIST OF APPENDICES xxii 

1 INTRODUCTION 1 

1.1 Overview 1 

1.2 Background of Research 2 

1.3 Problem Statement 5 

1.4 Objectives of Research 6 

1.5 Scope of Research 6 

1.6 Significance of the Research 7 

1.7 Thesis Organization 8 

2 LITERATURE REVIEW OF PLASMA FOCUS 10 

2.1 Introduction 10 

2.2 History of Research in Pinch Dynamics 10 



viii 

2.3 Various Plasma Focus Models and Dynamics  

 of Plasma 12 

2.4 X-Rays 18 

 2.4.1 X-ray Emission 18 

 2.4.1.1 Bremsstrahlung Radiation 19 

 2.4.1.2 Recombination Radiation 20 

 2.4.1.3 Line Radiation 21 

2.5 X-ray Emission from Plasma Focus 22 

2.6 Diagnostic Techniques 24 

3 PLASMA GENERATION AND PLASMA FOCUS  

 DEVICES 28 

3.1 Introduction 28 

3.2 Plasma Generation Methods 28 

 3.2.1 Townsend Discharge 31 

 3.2.2 Glow Discharge 31 

 3.2.3 Arc Discharge 32 

 3.2.4 Corona Discharge 32 

 3.2.5 Dielectric Barrier Discharge 32 

 3.2.6 Pulsed DC Discharges 33  

3.3 Plasma parameters 34 

3.4 Pinch 35 

3.5 Properties of Typical Plasma Focus 36 

 3.5.1 Dimensions and Lifetime of the Plasma Focus  

  Pinch 36  

 3.5.2  Density 37 

 3.5.3  Electric and Magnetic Fields 37 

 3.5.4 X-Ray Emission with Electron Temperature  

  of Electron Beams 37 

 3.5.5 Temperature and Distribution Function of Ions 38 

 3.5.6 Plasma Focus Device: Structure and Working 

  Principle 39 

3.6 Plasma Focus Devices 40 

3.7 Overview of Plasma Focus Dynamics 43 



ix 

 3.7.1 Axial Phase 43 

 3.7.2 Radial Phase 45 

 3.7.2.1 Inward Shock Phase 45 

 3.7.2.2 Radial Reflected Shock Phase 46 

 3.7.2.3 Slow Compression (Quiescent) or  

  Pinch Phase 48 

 3.7.2.4 Expanded Column Axial Phase 49 

3.8 Instabilities and Turbulence 50 

 3.8.1 Rayleigh-Taylor Instability 52 

 3.8.2 The Sausage Instability 53 

 3.8.3 The Kink Instability 54 

 3.8.4 Micro instabilities and Turbulence 56 

4 PLASMA FOCUS MODEL 58 

4.1 Introduction 58 

4.2 Numerical model 59 

 4.2.1 Equivalent Circuit Analysis of Plasma Focus 

   Device 59 

 4.2.1.1 Plasma Resistivity 61 

 4.2.1.2 Spitzer Resistivity 62 

 4.2.1.3 Anomalous Resistivity 63 

 4.2.1.4 Plasma Resistance 63 

 4.2.1.5 Axial Phase 64 

 4.2.1.6 Radial Phase 66 

 4.2.2 Shock Wave Analysis 69 

 4.2.2.1 Equations for 1-D shock wave. 69 

 4.2.2.2 Parameters of 1-D shock wave 71 

 4.2.2.3 Variation of Piston Pressure & Ambient  

  Gas Pressure in 1-D Shock Wave 73 

 4.2.3 Two Dimensional Representation of Shock  

  Wave in Cylindrical Form 74 

4.3 Thermo-Dynamical Behaviour of Plasma 78 

 4.3.1 Thermo Dynamical Attributes of Plasma Gas 78 

 4.3.2 Effective Specific Heat Ratio of Plasma Gas 81 

 4.3.3 Plasma Gas & Thermodynamic Balance 83 



x 

4.4 Plasma Energies and Temperature within Plasma 

 Focus 84 

 4.4.1 Driving Parameter Description 84 

 4.4.2 Energy Transfer into Plasma and Plasma Tube 86 

 4.4.3 Energy Transport Mechanisms 89 

4.5 Plasma Characteristics in Plasma Focus 92 

 4.5.1 Axial phase 92 

 4.5.2 Inward Shock Characteristics in Radial Phase 93 

 4.5.2.1 Shock Wave Behaviour Estimation 93 

 4.5.2.2 Derivation of Thermodynamic Equation 94 

 4.5.2.3 Major Controlling Plasma Parameters 96 

 4.5.3 Reflected Shock Phase Expression 98 

 4.5.4 Expression of Slow Compression 99 

 4.5.5 Influence of Gas Characteristics on Plasma  

  Dynamics 100 

4.6 Numerical Calculating Method 101 

4.7 Radiation Modelling 103 

 4.7.1 Collisional Effect 104 

 4.7.2 Radiation Self-Absorption 106 

 4.7.3 Critical Radius 108 

 4.7.4 Method of Numerical Experiments 111 

5 RESULTS AND DISCUSSION 114 

5.1 Introduction 114 

5.2 Numerical Study 114 

5.3 Numerical Experiments for NX2 Plasma Focus  

 Machine 116 

 5.3.1 Argon Filled NX2 Plasma Focus 116 

 5.3.2 Neon Filled NX2 Plasma Focus 127 

 5.3.3 Krypton Filled NX2 Plasma Focus 137 

 5.3.4 Xenon Filled NX2 Plasma Focus 138 

5.4 Numerical Experiments for UNU/ICTP Plasma Focus  

 Machine 139 

 5.4.1 Argon Filled UNU/ICTP Plasma Focus 139 

 5.4.2 Neon Filled UNU/ICTP Plasma Focus 148 



xi 

 5.4.3 Krypton Filled UNU/ICTP Plasma Focus 157 

 5.4.4 Xenon Filled UNU/ICTP Plasma Focus 158 

6 CONCLUSION 159 

REFERENCES 163 

Appendices A- C 174

   

   

   

   

  



xii 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

 4.1 Thermodynamic properties of the plasma gas in plasma 

 slug/column 80 

5.1 Configuration parameters used for numerical experiments 

 in NX2 machine with heavy noble gases 116 

5.2 Results for various parameters for NX2 plasma focus with 

 argon as filled gas with self-absorption mechanism enabled 117 

5.3 Results for various parameters for NX2 plasma focus with 

 argon as filled gas with self-absorption mechanism disabled 118 

5.4 Results for various parameters for NX2 plasma focus with 

 neon as filled gas with self-absorption mechanism enabled 128 

5.5 Results for various parameters for NX2 plasma focus with  

 neon as filled gas with self-absorption mechanism disabled 129 

5.6 Results for various parameters for NX2 plasma focus with  

 krypton as filled gas with self-absorption mechanism disabled 137 

5.7 Results for various parameters for NX2 plasma focus with 

 krypton as filled gas with self-absorption mechanism enabled 137 

5.8 Results for various parameters for NX2 plasma focus with 

 xenon as filled gas with self-absorption mechanism enabled 138 

5.9 Results for various parameters for NX2 plasma focus with 

 xenon as filled gas with self-absorption mechanism disabled 138 

5.10 Configuration parameters used for numerical experiments  

 with UNU/ICTP machine with heavy noble gases 139 

5.11 Results for various parameters for UNU plasma focus with 

 argon as filled gas with self-absorption mechanism disabled 140 

5.12 Results for various parameters for UNU plasma focus with 

 argon as filled gas with self-absorption mechanism enabled 140 

5.13 Results for various parameters for UNU plasma focus with 

 neon as filled gas with self-absorption mechanism enabled 148 



xiii 

5.14 Results for various parameters for UNU plasma focus with 

 neon as filled gas with self-absorption mechanism disabled 149 

5.15 Results for various parameters for UNU plasma focus with 

 krypton as filled gas with self-absorption mechanism disabled 157 

5.16 Results for various parameters for UNU plasma focus with 

 krypton as filled gas with self-absorption mechanism enabled 157 

5.17 Results for various parameters for UNU plasma focus with 

 xenon as filled gas with self-absorption mechanism disabled 158 

5.18 Results for various parameters for UNU plasma focus with 

 xenon as filled gas with self-absorption mechanism enabled 158 



xiv 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

3.1   The voltage variation with current for various dc discharges 31 

3.2  Various plasma domains in n-kT diagram. 35 

3.3  Scheme of a plasma focus device 39 

3.4  Geometries of the electrode in mather-type and filippov-type 

 plasma focus 41 

3.5  Axial phase of plasma dynamics 44 

3.6  Radial inward shock phase of plasma dynamics 45 

3.7 Radial reflected shock phase of plasma dynamics 47 

3.8  Slow Compression Phase of Plasma Dynamics 48 

3.9  Plasma Column Equilibrium 50 

3.10  Sausage Instability 53 

3.11  Kink Instability 55  

4.1 Circuit Diagram of Plasma Focus 60 

4.2   Shock wave induced by a fast piston with (a) constant pressure  

 and ambient parameters (b) changing pressure and constant  

 ambient parameters and (c) changing pressure and changing  

 ambient parameters 71 

4.3  Equivalent geometry for the cylindrical compression 75 

4.4  Calculated specific heat ratio of neon and argon gases 

 (excitation effect not included) 83 

4.5  Block diagram of energy transport in plasma focus 90 

4.6  Flow Chart for Numerical Experiments 110 

4.7  Block Diagram of the hierarchy of the numerical Experiments 113 

5.1 Pinch current in Ar filled NX2 plasma focus working at  

 pressure range of 0.5 - 2.5 torr 119 

5.2 Line radiation in Ar filled NX2 plasma focus working at  



xv 

 pressure range of 0.5 - 2.5 torr 121 

5.3 Pinch duration in Ar filled NX2 plasma focus working at  

 pressure range of 0.5 - 2.5 torr 122 

5.4 Pinch temperature in Ar filled NX2 plasma focus working at 

 pressure range of 0.5 - 2.5 torr 123 

5.5 Minimum radius in Ar filled NX2 plasma focus working at 

 pressure range of 0.5 - 4.5 torr 124 

5.6 Ion density in Ar filled NX2 plasma focus working at  

 pressure range of 0.5 - 4.5 torr 125 

5.7 Time dependence of radial piston in NX2 plasma focus  

 working in Ar at pressure range of 0.5 - 2.5 torr 127 

5.8 Maximum induced voltage in neon filled NX2 plasma focus 

 working at pressure range of 1.0 – 5.8 torr 130 

5.9 Line radiation in neon filled NX2 plasma focus working 

 at pressure range of 1.0 - 5.8 torr 131 

5.10 Pinch duration in neon filled NX2 plasma focus working 

 at pressure range of 1.0 - 5.8 torr 132 

5.11 Minimum radius in neon filled NX2 plasma focus working at 

 pressure range of 1.0 - 5.8 torr 133 

5.12 Input energy in neon filled NX2 plasma focus working at 

 pressure range of 1.0 - 5.8 torr 134 

5.13 Ion density in a neon filled NX2 plasma focus working at 

 pressure range of 1.0 - 5.8 torr 135 

5.14 Time dependence of radial piston in NX2 plasma focus working 

 in neon at pressure range of 1.0 - 5.8 torr 136 

5.15 Maximum induced voltage in Ar filled UNU/ICTP plasma 

 focus working at pressure range of 0.1 - 1.8 torr 142 

5.16 Line radiation in Ar filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 1.8 torr 142 

5.17 Pinch duration in Ar filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 1.8 torr 143 

5.18 Minimum pinch radius in Ar filled UNU/ICTP plasma focus  

 working at pressure range of 0.1 - 1.8 torr 144 

5.19 Input energy in Ar filled UNU/ICTP plasma focus working  

 at pressure range of 0.1 - 1.8 torr 145 

5.20 Ion density in Ar filled UNU/ICTP plasma focus working at 

 pressure range of 0.1 - 1.8 torr 146 

5.21 Time dependence of radial piston in UNU/ICTP plasma focus 

 working in Ar at pressure range of 0.1 - 1.8 torr 147 

5.22 Maximum induced voltage in neon filled UNU/ICTP plasma  



xvi 

 focus working at pressure range of 0.1 - 2.4 torr 150 

5.23 Line radiation in neon filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 2.4 torr 151 

5.24 Input energy in neon filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 2.4 torr 152 

5.25 Ion density in neon filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 2.4 torr 153 

5.26 Pinch duration in neon filled UNU/ICTP plasma focus working  

 at pressure range of 0.1 - 2.4 torr 154 

5.27 Minimum radius in neon filled UNU/ICTP plasma focus working 

 at pressure range of 0.1 - 2.4 torr 155 

5.28 Time dependence of radial piston in a UNU/ICTP working 

 in neon gas at pressure range of 0.1 - 2.4 torr 156 



xvii 

LIST OF ABBREVIATIONS 

1-D  One Dimensional  

2-D  Two Dimensional 

DBD  Dielectric-barrier discharge 

DPF   Dense Plasma Focus 

GUI    Graphic User Interface 

MHD  Magneto Hydrodynamic 

PF  Plasma Focus 

SPE  Snow Plow Energy Model 

SPM  Snow Plow Model 

UNU/ICTP PFF   United Nation University / International Centre for 

Theoretical Physics Plasma Fusion Facility 

UV  Ultra violet 



xviii 

LIST OF SYMBOLS 

A  Atomic Weight 

a  Anode Radius 

z   Fraction of  Plasma that Ionized to the z
th

 Ionized State. 

B  Magnetic Field 

b  Cathode Radius  

c  Ratio of Cathode to Anode Radius 

cs   Sound Speed  

Co  Capacitor Bank for Energy Storage 

D  Departure Coefficient 

dQ  External Input Energy 

Ei   Initial Energy of Excited Electron 

Ef   Final Energy of Excited Electron 

Ek    Kinetic Energy of Plasma Sheath 

Ez   Average Excitation Energy per z
th

 Ionized Atom  

EINP  Energy Input into Plasma 

EI   Energy Stored in the Tube Inductance 

Ei   Ionization Energy 

Ex  Excitation Energy 

  Spitzer Plasma Resistance 

  Normalized Axial Position 

  Specific Heat Ratio 

   Shock Density Ratio 

fm   Axial Mass Factors 

fc   Axial Current Factors  



xix 

fmr   Radial Mass Factors 

fcr   Radial Current Factors  

Fz1  Axial Force on Plasma Sheath 

Fz2  Radial Force on Plasma Sheath  

h  Focus Enthalpy 

h  Plank’s Constant 

hL   Leakage Resistance in the Plasma Tube 

  Normalised Current 

I  Discharge Current 

I P  Pinch Current 

Imax  Peak Discharge Current 

IPB  Pease-Braginskii Current 

Iz    Total Energy Required to Raise One Ion from its Unionized 

   State to its z
th

 Ionized State 

J  Current Density  

j×B    driving Magnetic force 

kB  Boltzman Constant 

keV  kilo electron volt 

KP  Normalised Magnetic Piston Position 

Ks  Normalised Shock Front Position 

lν  Mean Free-Path 

Lo  Fixed Circuit Inductance  

Lp   Changing Plasma Tube Inductance 

Le  Plasma Inductance Spark Gap Inductance 

Lo  External (stray) Inductance 

M  Molecular Weight 

M   Photonic Excitation Number  

mi   Mass of Atom or Ion.  

n  Number Density of Ions and Electrons 

ni  Ion Density (in the code) 

Ni   Density of the Ions  

Ne  Electron Density 



xx 

N  Line Density  

  Mass Density 

o   ambient gas density 

PK  Kinetic Pressure 

PB  Magnetic Pressure 

Pp   Piston Pressure 

P  Rate of Radiation Loss  

PJ  Rate of Joule heating 

P  Pressure 

Pmax  Maximum Pressure 

P(x,t)   The pressure distribution 

Pl  Line Radiation Power Density 

Q  Total Electric Charge 

rmin  Minimum Pinch Radius 

qo  Speed of the Shocked Gas 

q   Speed of the ambient gas 

Qrad  Radiation energy 

Qs   Radiation loss per unit length  

Rs  Particle Position 

RC  Integration Time Constant 

rp  Slug external radius 

rs  Slug internal radius  

r   Boundary Radius of Curvature 

rc   Critical radius  

Ro  Circuit Resistance  

Ro  Universal gas constant 

Rp   Plasma Resistance  

T  Shock Temperature  

tp-s   Transmission Time 

ta  Characteristic Axial Run Down Time 

τ  Confinement time 



xxi 

  Normalised Time 

T  Plasma Temperature 

Te  Electron temperature 

 µo  Permeability of Free Space 

Vo  Capacitor Voltage 

VSlug   Volume of Plasma Slug 

V  Plasma Volume 

U   Internal Energy 

iTv   The Thermal Velocity of Ion 

sv   The Shock Front Speed 

ωg   Statistical weight of the ground state of the ion 

W   Total de-excitation rate could be  

We   Collisional de-excitation rate 

YX  X-ray yield 

Z  Atomic Number 

z  Instantaneous Current Sheath Position 

Zeff   Effective (average) charge number of one ion  

zo  Length of anode 

zr  Radial Compression Length 

Zi   Effective Charge  



xxii 

 LIST OF APPENDICES 

APPENDIX    TITLE     PAGE 

A Numerical Experiments with Krypton Filled     

 NX2 Plasma Focus 174 

 Numerical Experiments with Xenon Filled 

 NX2 Plasma Focus 177 

 Numerical Experiments with Krypton Filled  

 UNU/ICTP Plasma Focus 181 

 Numerical Experiments with Xenon Filled     

 UNU/ICTP Plasma Focus 184 

B List of Publication and Conferences    188 

C Program Code Listing used for the Numerical Experiments 189 

 



CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Since the discovery of the plasma focus in early 1960’s, it was studied as a 

fusion device. The research was much focused on improvising the neutron generation 

while using deuterium as the working gas, intense x-rays production by the 

admixture of argon or other heavy noble gases with deuterium plasma. In fusion 

research area, the main concentration of earlier researches in plasma focus was to 

achieve thermonuclear fusion in a controlled manner. However, there is a growing 

interest in experimental area of research on X-ray bursts emitting out of plasma focus 

devices. Later this research was directed to study the powerful electrical discharges. 

In discharges driven by high power, the magnetic confinement and the Joule heating 

is achieved by the electro dynamical forces. To obtain fusion grade plasma, fusion 

devices have been scaled up to very large sizes. Hence there are still a lot of 

elementary principles and processes that are not intelligible so far. Therefore to have 

a better understanding there is a need to scale down the experiments so that 

important principles and mechanism of plasma physics and technology can be 

studied. 

Strongly ionized plasma is broadly used in the scientific investigations and 

industrial applications. Therefore plasma focus is a potential source of radiations for 
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soft x-ray, hard x-ray, electron, ion beams and fusion neutron. The plasma concepts 

and phenomena involved in the focused pinch are too complex to be understood by 

real experiments due to very short time of their occurrence. It is an appropriate 

approach to simulate the plasma formation on the basis of theoretical models to study 

the mechanisms involved in the process and to monitor their effects. Thus numerical 

experiments through computational models complement the experimental work. This 

provides the opportunity to get a better understanding of the concepts regarding 

plasma within plasma focus for research purpose.  

1.2 Background of Research 

Z-pinch was introduced in late 1950’s to distinguish the self-constriction due 

to axial current from the compression by the azimuthal (along ) direction. The basis 

behind the idea was heating deuterium-tritium mixture adiabatically in a Z-pinch and 

sustaining this system in equilibrium state to cause a fusion reaction for energy 

release. However, this approach couldn’t get much attraction due to instabilities in 

the Z-pinches. Hence, this area of research eventually was not continued until early 

1980’s. Mather (1965) explained the creation of plasma focus by high-density 

deuterium also hot and dense plasma in a compressed non-cylindrical z-pinch was 

reported independently in early 1960’s by Filippov et al. (1962).  

 Z-pinches regained importance when development of pulsed power 

technology grew in 1980’s. Many aspects of the radiative collapse model were 

interpreted. Plasma points and bright spots appear to be related, and insight in plasma 

points could become useful in understanding bright spots. It should be emphasized 

that the plasma point is, by its very nature a dynamic phenomenon with constantly 

changing parameters. For example, during its development the temperature of the 

plasma point changes from tens to several kilo electron volts. The size and density of 

the plasma point also change significantly, e. g., from 1 mm to less than 10 pm and 
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from 10
19

/cm
3
 to 10

23
/cm

3
. Moreover, the plasma point must have spatial gradients in 

temperature and density that cannot always be resolved experimentally (Vikhrev et 

al. 1982). The x-ray spectrum contains information about the plasma in the plasma 

point (Koshelev et al. 1994). 

It is also known that many complex and rich phenomena are occurring within 

plasma focus (Ali, 1990, Lee et al. 2009a, Rosenbluth et al. 1954). A plasma focus 

not only emits copious amount of soft X-rays but also acts as a ready source of hot 

dense plasma and fusion especially when operated with high-Z gases (Lee, 1984, Lee 

et al. 2009). This distinct feature enables plasma focus to be a prime candidate for 

many applications such as x-ray lithography (Dubrovsky et al. 2001, Rafique et al. 

2010). 

Lee et al. (2008) and Lee and Saw (2008b) has reported numerical 

experimentation and found out that below a certain value of optimum inductance,  

total current increases progressively while pinch current and neutron yield of plasma 

focus decrease.  

 A more global scaling law was developed than already available laws (Lee 

and Saw, 2008, Saw and Lee, 2010). A mid-range point is obtained from data to 

calibrate neutron generation process. Numerical experiments using Lee Model code 

have been carried out in order to study the plasma focus and in general fast electrical 

discharge.  

The plasma focus device has been widely investigated as neutron generator 

(Conrads, 1990, Hagerman and Mather, 1958), with its probability to play important 

role in nuclear fusion. Vikhrev and Korolev (2007) depicted in their report that when 

deuterium is present in Z-pinch, these dense and high temperature bunches can 

become a source of strong neutron radiation. It was also researched not only for basic 
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plasma studies, but also for other important applications (Bernard et al. 1977). 

Conception, design, construction and study of devices and diagnostics suitable for 

each application have been made on basis of developed criteria (Milanese and Team, 

2006). 

Gribkov et al. (2002) have reported reasonable soft X-ray yield from the 

regimes such as hot spots, plasma pinch, and plasma compression by a “heavy shell” 

by using the pure argon and mixtures of argon with deuterium or krypton as 

operating gas. 

In the past, many attempts have been made for intensifying the x-ray 

production by varying different experimental parameters e.g. bank energy 

(Burkhalter et al. 1992), discharge current, electrode dimensions (Bhuyan et al. 

2004, Zakaullah et al. 2002), electrode configuration (Al-Hawat et al. 2011), 

insulator material and shape (Zakaullah et al. 2002), gas constituents and pressure at 

which operating gas is filled (Darestani Farahani et al. 2011). Therefore, the research 

to gain an optimum yield of soft x-ray from the dense plasma focus machines 

working with capacitor banks of an ample range of storage energies has been an 

active area to study plasma focus research leading to the variety of potential 

applications. It is a complicated and lengthy process to achieve the values of 

appropriate parameters for the optimized maximum yield experimentally. For that 

reason, there is a need to work out some efficient and quick procedure to accomplish 

this task that can be attained by using a reasonably reliable model for plasma focus 

and a numerically simulated program based on that model to estimate the x-ray 

output from plasma focus device. Nevertheless, it is also desired that these computed 

yields should be verified against the equivalent measured yields. In such scenario if 

the computed observations are substantiated by measured values then it is realistic 

enough to accept the obtained plasma properties by computation process equivalent 

to the measured values.  Hence, a reliable numerical model not only acts as a tool to 

calculate the radiation outputs, but also suggests the diagnostics for number of 

combined plasma properties regarding plasma focus. 
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To represent the physical concepts and phenomena within plasma focus 

during the pinching of plasma, its radiative properties are essentially important for 

simulation of the radiation dynamic.  Such simulation enables the researchers to 

illustrate the physical picture of real time microscopic concepts that must be 

reasonably as close to real scenario as possible to acquire a better understanding. 

The major development in this field, in last two decades, opened the new 

ways to explore a lot of complex and sophisticated aspects of physical phenomena 

with the help of numerical experiments which were not possible by real experiments. 

The constraints involved to perform such experiments for the radiative aspect of 

plasma were both from the very short time  intervals  of those mechanisms as well as 

the complexities of real time modification of various plasma parameters that is 

comfortably achieved through a numerical experiment. 

On the basis of above overview, it was found that there is not a greater insight 

of dynamical behaviour of plasma during the slow compression phase regarding its 

radiation self-absorption aspect within Plasma Focus Devices. 

1.3 Problem Statement 

Despite of extensive research to increase the X-ray yield and its applications 

there is nominal study in the area of plasma radial dynamics regarding its self-

absorption aspect. Since this effect may influence the X-ray yield as well as other 

important parameters that play vital role at the time of designing a new plasma focus 

device hence it seems reasonable to develop some correlation for this parameter with 

other parameters which is unavailable so far. This current study comprises the 

analysis of the plasma radial dynamics within plasma focus devices to look into the 
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phenomenon of radiation self-absorption and its influence on various parameters in a 

Mather type dense plasma focus. The problem addressed in this research is stated as: 

“How opacity of plasma pinch and radiation self-absorption of emitted 

radiation influenced the plasma dynamics in slow compression phase and what is its 

effect on the focus pinch. What is the correlation of self-absorption parameter with 

the radius of the focused pinch and hence with the other radiation emission 

parameter.” 

1.4 Objectives of Research 

The objectives of this study are as follows. 

 To analyse the radiative collapse effects on pinch dynamics considering 

dense hot plasma column while it becomes opaque for emitting radiation 

during the slow compression phase in a Plasma focus.  

 To utilize the Lee Model for studying the effect of characteristic X-rays 

emission on reduction of current while a high Z operating gas is used.  

 To correlate the radiation self-absorption effect with parameters of the focus 

with the emission parameters to identify the suitable conditions for enhanced 

emission of radiation. 

1.5 Scope of Research  

This study covered Numerical Experimentation on configured Dense Plasma 

Focus (DPF) machines. This current project comprises the study of plasma dynamics 
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on theoretical basis and numerical experiments. Modelling of role of self-absorption 

in radiation yield during slow compression mode from a plasma focus operated in 

neon and argon was also included in the scope. This study contains description of 

plasma focus mechanism, Pinch Effect (radiation emission mechanism and its 

contributions to the radiation yield). Role of Self-Absorption in radiation yield in 

dense plasma focus has been observed. Numerical experiments has been conducted 

to study the effects of self-absorption by comparing the results obtained in 

hypothetical case in which numerical experiments in which self-absorption term has 

been excluded.  

1.6 Significance of the Research  

The plasma focus has been widely studied for the purpose of conception, 

design, construction and physics of various phenomena operating in the devices and 

appropriate diagnostics techniques required for each application. However, without 

incorporating the concepts of self-absorption it is not possible to get realistic design 

and is hard to probe into the physical phenomena of radial dynamics i.e. radiation 

cooling. This study contributes the understanding of concept of self-absorption by 

demonstrating the numerical experiments and unfolding the uncovered aspects of this 

phenomenon. 

The model has been used for various applications, for example, in designing 

cascade plasma focus device, in calculating amount of soft x-ray output to develop a 

soft X-ray source for lithographic applications in microelectronics. It is also recently 

utilised in uncovering a pinch current limitation effect, throwing new light on 

neutron scaling laws and as a simulated experimental technique to compute focus 

pinch current from a measured discharge current waveform. This study will add to 

the parameters in consideration which are yet to be explored. 
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It acts as an X-rays source and charged particles as well as emits neutrons 

(using deuterium gas). An on-going research depicts the demonstration of potential 

applications such as soft X-ray source for microelectronics of next-generation. 

Surface micromachining, lithography, pulsed X-ray and neutron source for medical 

and security inspection applications and materials modification, among others. In 

addition to that, these devices have applications in simulating nuclear explosions for 

the purpose of testing electronic equipment. These devices also act as intense neutron 

source of small dimension contactless inspection and discovery of nuclear materials 

such as uranium and plutonium. A potential application of plasma focus research is 

focus fusion in which researchers are interested and involved actively.  

1.7 Thesis Organization 

This thesis is arranged in six chapters as following:  

Chapter 1: The introductory description is covered in the first chapter with 

the introduction of the thesis, brief history of the plasma focus research providing the 

background followed by the problem statement, objectives of the research, scope of 

the research and its contribution to the current research.  

Chapter 2: The review of pinch dynamics and various models used in plasma 

focus research are discussed comprehensively in this chapter regarding the literature 

review.  

Chapter 3: The theoretical aspects of plasma generation and Plasma Focus 

devices are covered in this chapter including sheath evolution, pinch formation and 

microscopic concepts of instabilities. 

http://www.plasma-universe.com/index.php?title=X-ray&action=edit
http://www.plasma-universe.com/index.php?title=Microelectronics&action=edit
http://www.plasma-universe.com/index.php?title=Neutron&action=edit
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Chapter 4: The computational model used in numerical experiments along 

with the proposed modification in the existing model is presented in this chapter. In 

addition, this chapter presents the procedures employed for numerical experiments in 

detail. 

Chapter 5: The chapter is devoted for the presentation of results of the 

numerical experiments in graphical and tabulated form and depict an elaborated 

discussion by interpreting the obtained data. 

Chapter 6: This chapter concludes the research findings. It acts as a summary 

of the whole thesis. In addition to that it also suggests some aspects to be considered 

for future investigations in this area of research of the plasma focus devices. 

 

 



REFERENCES 

A. Bernard, J. P. G., A. Jolas, J. P. Le Breton and J. de Mascureau. (1979). IAEA-

CN37/U-3-4.  Proc. 7th Int. Conf. on Plasma Phys. and Contr. Fus. Res., 

1979. 159. 

A. Esaulov, V. Makhin, B. S. Bauer, R. Siemon, V. Sotnikov, I. Paraschiv, R. 

Presura, B. L. Freeman, E. C. Hagen, L. Ziegler, I. Lindemuth and Sheehey, 

P. (2003). 2D MHD Computer Modeling of Dense Plasma Focus 

Accelerators. 14th IEEE Int. Pulsed Power Conf., 2003. Dallas, TX, USA. 

Akel, M., Al-Hawat, S., Saw, S. H. and Lee, S. (2010). Numerical Experiments on 

Oxygen Soft X-Ray Emissions from Low Energy Plasma Focus using Lee 

Model. Journal of Fusion Energy. 29(3), 223-231. 

Al-Hawat, S., Akel, M. and Lee, S. (2011). Numerical Experiments on Neon Soft X-

Ray Optimization of AESC-PF2 Plasma Focus Device. Journal of Fusion 

Energy. 30(6), 494-502. 

Ali, J. (1990). Development and Studies of a Small Plasma Focus. Ph.D., Universiti 

Teknologi Malaysia. 

Bazdenkov, S. V. and Vikhrev, V. V. (1975). Three-Fluid MHD Model for the 

Current Shell in a Z Pinch. Sov J Plasma Phys. 1(3), 250-253. 

Beckner, E. H., Clothiaux, E. J. and Smith, D. R. (1969). Dominant Source of Soft X 

Radiation from Coaxial Discharge Tubes. Physics of Fluids. 12(1), 253-254. 

Behler, K. and Bruhns, H. (1987). Three-Fluid Magnetohydrodynamical Simulation 

of Plasma Focus Discharges. Physics of Fluids. 30(12), 3767-3776. 

Bellan, P. M. (2004). Fundamentals of Plasma Physics. Pasadena, California. 

Bernard, A., Bruzzone, H., Choi, P., Chuaqui, H., Gribkov, V., Herrera, J., K.Hirano, 

Krejci, A., Lee, S., Luo, C., Mezzetti, F., Sadowski, M., H. Schmidt, Ware, 

K., Wong, C. S. and Zoita, V. (1993). International Centre for Dense 

Magnetised Plasmas: A Proposal, Prepared on the Request of Unesco.  



164 

Bernard, A., Cloth, P., Conrads, H., Coudeville, A., Gourlan, G., Jolas, A., 

Maisonnier, C. and Rager, J. P. (1977). The Dense Plasma Focus -- A High 

Intensity Neutron Source. Nuclear Instruments and Methods. 145(1), 191-

218. 

Bernard, A., Coudeville, A., Jolas, A., Launspach, J. and de Mascureau, J. (1975). 

Experimental Studies of the Plasma Focus and Evidence for Nonthermal 

Processes. Physics of Fluids. 18(2), 180-194. 

Bhuyan, H., Mohanty, S. R., Neog, N. K., Bujarbarua, S. and Rout, R. K. (2004). 

Comparative Study of Soft X-Ray Emission Characteristics in a Low Energy 

Dense Plasma Focus Device. Journal of Applied Physics. 95(6), 2975-2981. 

Bittencourt, J. A. (1986). Fundamentals of Plasma Physics, Oxford, NewYork, 

Toronto, Sydney, Frankfurt:  Pergamon Press. 

Bing, S. (2000). Comparative Study of Dynamics and X-Ray Emission of Several 

Plasma Focus Devices. PhD, Nanyang Technological University. 

Bogolyubov, E. P., Bochkov, V. D., Veretennikov, V. A., Vekhoreva, L. T., 

Gribkov, V. A., Dubrovskii, A. V., Ivanov, Y. P., Isakov, A. I., Krokhin, O. 

N., P. Lee , Lee, S., Nikulin, V. Y., Serban, A., Silin, P. V., Feng, X. and 

Zhang, G. X. (1998). A Powerful Soft X-Ray Source for X-Ray Lithography 

Based on Plasma Focusing. Physica Scripta. 57(4), 488. 

Borowiecki, M., Ivanova-Stanik, I., Karpiński, L., Stępniewski, W., Paduch, M., 

Tomaszewski, K., Sadowski, M., Szydłowski, A., Kubeš, P. and Kravárik, J. 

(2006). Status of a Mega-Joule Scale Plasma-Focus Experiments. 

Nukleonika. 51(1), 79-84. 

Bostick, W. H., Nardi, V. and Prior, W. (1972). X-Ray Fine Structure of Dense 

Plasma in a Co-Axial Accelerator. J. Plasma Phys. 8(1), 7-20. 

Bostick, W. H., Grunberger, L., Nardi, V. and Prior, W. (1970). Vorticity and 

Neutrons in the Plasma Focus. Journal Name: pp 495-502 of Proceedings of 

the Fifth Symposium on Thermophysical Properties. /Bonilla, C. F. (Ed.). 

New York American Society of Mechanical Engineers (1970).; Other 

Information: From 5. Symposium on Thermophysical Properties; Boston, 

Mass. (Sep-Oct 1970). See CONF-700901. Orig. Receipt Date: 31-DEC-71. 

Medium: X. 

Bostick, W. H., Grunberger, L. and Prior, W. (1974). Observation of 10
8 

Gauss 

Fields and Production of 14 MeV DT Neutrons in a Deuterium Plasma.  5th 



165 

Conf. on Plasma Physics and Controlled Nuclear Fusion Research, 1974. 

Tokyo. IAEA. 

Bostick, W. H., Nardi, V. and Prior, W. (1973). Sit/Compton Lab. 6th Europ. Conf. 

on Plasma Physics and Controlled Nuclear Fusion, 1973. Moscow. 395-398. 

Braginskii, S. I. (1958). Transport Phenomena in a Completely Ionized Two-

Temperature Plasma. Soviet Physics JETP. 6, 358-369. 

Burkhalter, P. G., Mehlman, G., Newman, D. A., Krishnan, M. and Prasad, R. R. 

(1992). Quantitative X-Ray Emission from a DPF Device. Review of 

Scientific Instruments. 63(10), 5052-5055. 

Chen, F. F. (1984). Introduction to Plasma Physics and Controlled Fusion: Plasma 

Physics:  Springer. 

Chittenden, J. P., A, J. P. and Haines, M. G. (1989). Further Investigations of 

Radiative Collapse in a Z-Pinch. Plasma Physics and Controlled Fusion. 

31(11), 1813. 

Choi, P., Aliaga-Rossel, R., and, C. D.-Z. and Deeney, C. (1993). Dynamics of Hot 

Spots Formation in a Dense Plasma Focus Optical and X-Ray Observations.  

3rd International Conference on Dense Z-Pinches, 1993. London. 228. 

Choi, P., Wong, C. S. and Herold, H. (1989). Studies of the Spatial and Temporal 

Evolution of a Dense Plasma Focus in the X-Ray Region. Laser and Particle 

Beams. 7A(04), 763-772. 

Chow, S. P., Lee, S. and Tana, B. C. (1972). Current Sheath Studies in a Co-Axial 

Plasma Focus Gun. Journal of Plasma Physics. 8(1). 

Conrads, H. (1990). Dense Plasma Focus as a Neutron Source for Fusion Research. 

Nuclear Science and Engineering. 106(3), 299-307. 

Conrads, H. and Schmidt, M. (2000). Plasma Generation and Plasma Sources. 

Plasma Sources Science and Technology. 9(4), 441-454. 

Cousins, S. W. and Ware, A. A. (1951). Pinch Effect Oscillations in a High Current 

Toroidal Ring Discharge. Proceedings of the Physical Society. Section B. 

64(2), 159. 

Darestani Farahani, N., Abbasi Davani, F. and Shahbazi Rad, Z. (2011). X-Ray 

Measurement and Enhancement of SBUPF1 Plasma Focus Device in 

Different Ar Pressures and Operating Voltages. Journal of Fusion Energy. 

30(6), 466-472. 



166 

Dubrovsky, A. V., Gribkov, V. A., Ivanov, Y. P., Lee, P., Lee, S., Liu, M. and 

Samarin, V. A. (2001). 0.2-kJ and 2-kJ High Rep Rate Dense Plasma Foci: 

Their Design, Technology, and Applications. Nukleonika. 46(SUPPL.1). 

Duston, D. and Duderstadt, J. J. (1978). Ionization and Radiation Dynamics of 

Dense MHD Plasmas. Journal of Applied Physics. 49(8), 4388-4395. 

Favre, M. and et al. (1992). X-Ray Emission in a Small Plasma Focus Operating 

with H2 -Ar Mixtures. Plasma Sources Science and Technology. 1(2), 122. 

Feugeas, J. N. (1989). The Influence of the Insulator Surface in the Plasma Focus 

Behavior. Journal of Applied Physics. 66(8), 3467-3471. 

Filippov, N. V., Filippova, T. I. and Vinogradov, V. P. (1962). Dense High-

Temperature Plasma in a Non-Cylindrical Z-Pinch Compression. Nucl. 

Fusion, Suppl., Medium: X; Size: Pages: 577-87. 

Filippov, N. V. (1991).  Intern. Meeting "Recent Progress in Plasma Focus 

Research and Applications", 1991. Hoboken. 

Francis, G. (1956). The Glow Discharge at Low Pressure, Berlin Springer. 

Gates, D. C. (1978).  Energy Storage, Compression and Switching, 1978. N. Y. 

Plenum Press, 329. 

Gribkov, V. A. and Krokhin, O. N. (1980). A Laser Micropinch with Combined 

Plasma Heating. Fiz. Inst. Akad. Nauk SSSR. Moscow. 

Gribkov, V. A., Srivastava, A., Keat, P. L. C., Kudryashov, V. and Sing, L. (2002). 

Operation of NX2 Dense Plasma Focus Device with Argon Filling as a 

Possible Radiation Source for Micro-Machining. Plasma Science, IEEE 

Transactions on. 30(3), 1331-1338. 

Gullickson, R. L. and Barlett, R. H. (1975). X-Ray Analysis for Electron Beam 

Enhancement in the Plasma Focus Device. In: PICKLES, W., BARRETT, 

C., NEWKIRK, J. & RUUD, C. (eds.) Advances in X-Ray Analysis. (184-

196). Springer US. 

Hagerman, D. C. and Mather, J. W. (1958). Neutron Production in a High-Power 

Pinch Apparatus. Nature. 181(4604), 226-228. 

Haines, M. G. (1997). Dense Z-Pinches. Astrophysics and Space Science. 256(1), 1-

12. 

Herold, H., Jerzykiewicz, A., Sadowski, M. and Schmidt, H. (1989). Comparative 

Analysis of Large Plasma Focus Experiments Performed at IPF, Stuttgart, 

and IPJ, Świerk. Nuclear Fusion. 29(8), 1255. 



167 

Herold, H., Kaeppeler, H. J., Schmidt, H., Shakhatre, M., Wong, C. S., Deeney, C. 

and Choi, P. (1988). CN-50/C-4-5-3.  12th Intern. Conf. on Plasma Phys. and 

Controlled Nucl.Fusion Res., 1988. Nice. 

Hirano, K., Nakajima, H., Kaneko, I., Yamamoto, T. and Shimoda, K. (1990). A 

Method for Measuring Electron Energy Distribution in a Plasma Focus. J. 

Appl. Phys. 29, 1182-1188. 

Ivanov, V. D., Kochetov, V. A., Moiseeva, M. P., Palkin, A. A., Svirskii, E. B., 

Terentiev, A. R., Filippov, N. V., Filippova, T. I., Gribkov, A. V., 

Dubrovskii, A. V., Isakov, A. I., Korzhavin, V. M., Krokhin, O. N., Nikulin, 

V. Y. and Semenov, O. G. (1980).  8th Int. Conf on Plasma Phys. and 

Controlled  Nuclear Fusion Research, 1980. Brussels. IAEA, 175. 

Kerr, D. E. (1956). Physics of Fully Ionized Gases. Journal of the American 

Chemical Society. 78(19), 5133-5134. 

Khattak, N. A. D. (2007). Plasmafocus.Net [Online]. Available: 

http://www.plasmafocus.net/IPFS/modelpackage/File3Appendix.pdf  

[Accessed 7 October 2009]. 

Kobata, T. S. (1984). Correlation between Plasma Current and Neutron Yield in a 

Minimum Size Filippov-Type Plasma Focus. Plasma Physics and Controlled 

Fusion. 26(3), 575. 

Kogelschatz, U., Eliasson, B. and Egli, W. (1997). Dielectric-Barrier Discharges. 

Principle and Applications. J. Phys. IV France. 07(C4), C4-47-C4-66. 

Kolesnikov, Y. A. (1968). Development of Discharges in the Noncylindrical Z 

Pinch. Zh. Tekh. Fiz.,. 38, 833-42. 

Koshelev, K. N. and Pereira, N. R. (1991). Plasma Points and Radiative Collapse in 

Vacuum Sparks. Journal of Applied Physics. 69(10), R21-R44. 

Kubes, P., Klir, D., Kravarik, J., Rezac, K., Paduch, M., Pisarczyk, T., Scholz, M., 

Chodukowski, T., Bienkowska, B., Ivanova-Stanik, I., Karpinski, L., 

Sadowski, M. J., Tomaszewski, K. and Zielinska, E. (2012). Energy 

Transformations in Column of Plasma-Focus Discharges with Megaampere 

Currents. Plasma Science, IEEE Transactions on. 40(2), 481-486. 

Kurchatov, I. V. (1956). The Possibility of Producing Thermonuclear Reactions in a 

Gaseous Discharge. Atomic Energy. 1(3), 359-366. 

http://www.plasmafocus.net/IPFS/modelpackage/File3Appendix.pdf


168 

Kuriki, K. F., M. J., Morgan, P. D., Peacock, N. J. (1975). Experiments on 

Turbulence in Plasma Focus.  Third Topical Conference, September 9-12 

1975. Oxon, England. Oxford, Pergamon Press, 395-399. 

Kwek, K. H., Tou, T. Y. and Lee, S. (1990). Current Sheath Structure of the Plasma 

Focus in the Run-Down Phase. Plasma Science, IEEE Transactions. 18(5), 

826-830. 

Kyōji Nishikawa, M. W. (1990). Basic Theory with Fusion Applications, Berlin:  

Springer. 

Lawson, J. D. (1957). Some Criteria for a Power Producing Thermonuclear Reactor. 

Proceedings of the Physical Society. Section B. 70(1), 6. 

Lee, S. (1983a). Energy Balance and the Radius of Electromagnetically Pinched 

Plasma Columns. Plasma Physics. 25(5), 571-576. 

Lee, S. (1983b). Radius Ratio of Argon Pinches. Australia J. Phys. 36, 891-895. 

Lee, S. (1984). S. LEE, B. C. T., C.S. WONG AND A.C. CHEW, ed. Tropical 

College on Appl. Physics.: Laser and Plasma Technology, 1984. Singapore. 

World Scientific, 3-24. 

Lee, S. (1991). A Sequential Plasma Focus. Plasma Science, IEEE Transactions. 

19(5), 912-919. 

Lee S, Lee P, Zhang G, Feng X, Gribkov V, Liu M, Serban A and T, W. (1998). 

High Rep Rate High Performance Plasma Focus as a Powerful Radiation 

Source. IEEE Trans on Plasma Sci. 4(26), 1119-1126. 

Lee, S. (1998a). Scaling of the Plasma Focus – Viewpoint from Dynamics. 

International Plasma Focus Symposium  Kudowa, Poland. 

Lee, S. (1998b). Twelve Years of UNU/ICTP PFF- A Review.  Satellite Meeting of 

the  International Meeting on Frontiers of Physics, 1998. Kuala Lumpur, 

Malaysia. 

Lee, S. (2009a). Diagnostics and Insights from Current Waveform and Modelling of 

Plasma Focus. 

Lee, S. (2009b). Neutron Yield Saturation in Plasma Focus: A Fundamental Cause. 

Applied Physics Letters. 95. 

Lee, S. (2012). Radiative Dense Plasma Focus Computation Package (2012): Radpf. 

[Online]. Universal Plasma Focus Laboratory Facility at Centre for Plasma 

Research. Available: 



169 

http://www.plasmafocus.net/IPFS/modelpackage/File1RADPF.htm 

[Accessed 21 July, 2012]. 

Lee, S., Saw, S. H., Lee, P. C. K., Rawat, R. S. and Schmidt, H. (2008). Computing 

Plasma Focus Pinch Current from Total Current Measurement. Applied 

Physics Letters. 92(11), 111501(1-3). 

Majumdar, A. and Hippler, R. (2007). Development of Dielectric Barrier Discharge 

Plasma Processing Apparatus for Mass Spectrometry and Thin Film 

Deposition. Review of Scientific Instruments. 78(7), 075103-5. 

Maxon, S. and Eddleman, J. (1978). Two-Dimensional Magnetohydrodynamic 

Calculations of the Plasma Focus. Physics of Fluids. 21(10), 1856-1865. 

Miyamoto, K. (2000). Fundamentals of Plasma Physics and Controlled Fusion. 

Unversity of Tokyo. 

N. J. Peacock, and, M. G. H. and Morgan, P. D. (1974). IAEA-CN-28/D-3.  Fifth 

IAEA Conf. on Plasma Physics and Controlled Nuclear Fusion Research, 

1974. Tokyo. 

Pătran, A. C. (2002). Electron and Medium Energy X-Ray Emission from a Dense 

Plasma Focus. Doctor of Philosophy, Nanyang Technological University. 

Rafique, M., Lee, P., Patran, A., Rawat, R. and Lee, S. (2010). Radiation Emission 

Correlated with the Evolution of Current Sheath from a Deuterium Plasma 

Focus. Journal of Fusion Energy. 29(3), 295-304. 

S. Bing, M. H. Liu , Rawat, R. S. and Lee, S. (2000). X-Ray Emission Properties of 

Neon and Argon Plasmas in Conventional and Gas-Puff Plasma Focus 

Devices.  Regional Meeting on Plasma Research in 21st Century, 7-12 May 

2000. Bangkok, Thailand. 

S. Lee, C.S. Wong, T.Y. Tou, Jalil b Ali and Chew, A. C. (1985). Laser and Plasma 

Technology. S. LEE, B. C. T., C.S WONG AND A.C. CHEW, ed. 1984 

Tropical College, 1985. Singapor. Appl. Phys: World Scientific, 387-420  

Saw, S. H., Lee, P. C. K., Rawat, R. S. and Lee, S. (2009). Optimizing UNU/ICTP 

PFF Plasma Focus for Neon Soft X-Ray Operation. IEEE Transactions on 

Plasma Science. 37(7 PART 2), 1276-1282. 

Serban, A. (1995). Anode Geometry and Focus Characteristics. PhD., Nanyang 

Technological University. 

http://www.plasmafocus.net/IPFS/modelpackage/File1RADPF.htm


170 

Tarife, x00F, o-Saldivia, A., Pavez, C., Moreno, J. and Soto, L. (2011). Dynamics 

and Density Measurements in a Small Plasma Focus of Tens-of-Joules-

Emitting Neutrons. Plasma Science, IEEE Transactions. 39(2), 756-760. 

Wong, D., Lee, P., Zhang, T., Patran, A., Tan, T. L., Rawat, R. S. and Lee, S. (2007). 

An Improved Radiative Plasma Focus Model Calibrated for Neon-Filled 

NX2 Using a Tapered Anode. Plasma Sources Science and Technology. 

16(1), 116-123. 

Zhang, G. (1999). Plasma Soft X-Ray Source for Microelectronic Lithography. Ph.D. 

Thesis PhD Thesis, Nanyang Technological University. 

Lee, S. and Saw, S. (2012). Current-Step Technique to Enhance Plasma Focus 

Compression and Neutron Yield. Journal of Fusion Energy. 1-8. 

Lee, S., Saw, S., Abdou, A. and Torreblanca, H. (2011). Characterizing Plasma 

Focus Devices—Role of the Static Inductance—Instability Phase Fitted by 

Anomalous Resistances. Journal of Fusion Energy. 30(4), 277-282. 

M. Favre, S. L., S. P. Moo and C. S. Wong, (1992).  Plasma Sources Science 

Technology. 1, 122   

M. H. Liu. (1997). Soft X-Rays from Compact Plasma Focus. Ph.D. Thesis, Nanyang 

Technological University.  

M. H. Liu and Lee, S. (1998). SXR Radiation Modeling for Neon Plasma Focus.  

ICPP&25th EPS Conf. On Contr. Fusion and Plasma Physics. Praha. 

Miyamoto, K. (2000). RE: Fundamentals of Plasma Physics and Controlled Fusion. 

University of Tokyo 

Mohanty, S. R., Neog, N. K., Bhuyan, H., Rout, R. K., Rawat, R. S. and Lee, P. 

(2007). Effect of Anode Designs on Ion Emission Characteristics of a Plasma 

Focus Device. Japanese Journal of Applied Physics, Part 1: Regular Papers 

and Short Notes and Review Papers. 46(5 A), 3039-3044. 

Neff, W., Eberle, J., Holz, R., Lebert, R. and Richter, F. (1989). The Plasma Focus 

as Soft X-Ray Source for Microscopy and Lithography.  1989 Intl Congress 

on Optical Science and Engineering, 1989. International Society for Optics 

and Photonics, 13-20. 

Peacock, N. J., Hobby, M. G. and Morgan, P. D. (1971).  4th Int. Conf. on Plasma 

Phys. and Nuclear Fusion Research, 1971. Madison. 537. 



171 

Pease, R. S. (1957). Equilibrium Characteristics of a Pinched Gas Discharge Cooled 

by Bremsstrahlung Radiation. Proceedings of the Physical Society. Section B. 

70(1), 11. 

Potter, D. (1978). Formation of High Density Z-Pinches. Nuclear Fusion. 18(6), 

813-823. 

Potter, D. E. (1971). Numerical Studies of the Plasma Focus. Physics of Fluids. 

14(9), 1911-1924. 

R. Presura and Zoita, V. (1993).  6th Int. Conf. on X-ray and Inner-Shell Processes, 

1993. Debrecen. 104  

R.S. Rawat. (1993). Laser Shadowgraphic Studies on Dense Plasma Focus and 

Plasma Processing. Ph.D Thesis, University of Delhi. 

Rout, R. K. and Shayam, A. (1989).  Plasma Phys. and Contr. Fusion. 31, 877. 

S.Lee (1983). An Energy Consistent Snowplow Model for Pinch Design. Journal of 

Physics D: Applied Physics 16(12), 2463-2469. 

Scholz, M., Stepniewski, W., Bienkowska, B., Ivanova-Stanik, I., Miklaszewski, R., 

Paduch, M., Sadowski, M. J. and Tomaszewski, K. (2006). Progress in 

Numerical Modeling of Plasma-Focus Discharge. 2006. Opole-Turawa. 57-

63. 

Seng, L. L. (2009). Lee’s Radiative Plasma Focus Model - an Improved 

Implementation with Auto-Tuning of Model Parameters. Master of Life 

Sciences (Applied Physics), Nanyang Technological University. 

Shearer, J. (1976). Contraction of Z Pinches Actuated by Radiation Losses. Phys. 

Fluids. 19(9), 1426. 

Silva, P., Soto, L., Moreno, J., Sylvester, G., Zambra, M., Altamirano, L., Bruzzone, 

H., Clausse, A. and Moreno, C. (2002). A Plasma Focus Driven by a 

Capacitor Bank of Tens of Joules. Review of Scientific Instruments. 73(7), 

2583-2587. 

Sing, L. and Serban, A. (1996). Dimensions and Lifetime of the Plasma Focus Pinch. 

Plasma Science, IEEE Transactions on. 24(3), 1101-1105. 

Stepniewski, W. (2004). MHD Numerical Modelling of the Plasma Focus 

Phenomena. Vacuum. 76(1), 51-55. 

Tou, T. Y. (1986). Pinch Radius Ratio of the Plasma Focus. Ph.D. Thesis, 

University of Malaya, Malaysia,. 



172 

V. P. Dyachenko and Imshennik, V. S. (1969). Plasma Focus and the Neutron 

Emission Mechanism in a Z-Pinch. Soviet Physics, JETP. 29. 

V. Tang, M. L. A., B. Rusnak. (2009). Dense Plasma Focus Z-Pinches for High 

Gradient Particle Acceleration.  36th International Conference on Plasma 

Science, 2009. San Diego, CA, United States. 

V. Zoita, R. Presura, and, F. G. and Dumitrescu-Zoita, C. (1993).  20th IEEE 

International Conference on Plasma Sciene., 1993. Vancouver. 584  

Yamada, Y., Kitagawa, Y. and Yokoyama, M. (1985). High-Energy Deuteron Beam 

Generated by a Plasma Focus Device. Journal of Applied Physics. 58(1), 

188-192. 

Koshelev, K. N., Sidel'nikov, Y. V., Decker, G., Kies, V., Malzig, M., Rowekamp, 

P., Rozmej, F., Schulz, A. and Kunze, H. I. (1994). X-Ray Spectroscopic 

Diagnostics of Non Stationary and Optically Dense High-Temperature Micro 

Pinch Plasma in the Fast Plasma Focus Discharge. Optics and Spectroscopy 

(English Translation of Optika I Spektroskopiya). 76(2), 198-202. 

Lee, S. (1984). Plasma Focus Model Yielding Trajectory and Structure In: 

MCNAMARA, E. B. (ed.) Radiation in Plasmas. Singapore: World 

Scientific Publishing Co. 

Lee, S., Lee, P., Saw, S. H. and Rawat, R. S. (2008). Numerical Experiments on 

Plasma Focus Pinch Current Limitation. Plasma Physics and Controlled 

Fusion. 50(6). 

Lee, S., Rawat, R. S., Lee, P. and Saw, S. H. (2009a). Soft X-Ray Yield from NX2 

Plasma Focus. Journal of Applied Physics. 106(2). 

Lee, S. and Saw, S. H. (2008a). Neutron Scaling Laws from Numerical Experiments. 

Journal of Fusion Energy. 27(4), 292-295. 

Lee, S. and Saw, S. H. (2008b). Pinch Current Limitation Effect in Plasma Focus. 

Applied Physics Letters. 92(2). 

Lee, S., Saw, S. H., Lee, P. and Rawat, R. S. (2009b). Numerical Experiments on 

Plasma Focus Neon Soft X-Ray Scaling. Plasma Physics and Controlled 

Fusion. 51(10). 

M. Rosenbluth, R. Garwin and A.Rosenbluth (1954). Infinite Conductivity Theory of 

the Pinch. Controlled Thermonuclear Processes. Los Alamos Scientific 

Laboratory. 



173 

Mather, J. W. (1965). Formation of a High-Density Deuterium Plasma Focus. 

Physics of Fluids. 8(2), 366-377. 

Rafique, M. S., Lee, P., Patran, A., Rawat, R. S. and Lee, S. (2010). Radiation 

Emission Correlated with the Evolution of Current Sheath from a Deuterium 

Plasma Focus. Journal of Fusion Energy. 29(3), 295-304. 

Saw, S. H. and Lee, S. (2010). Scaling Laws for Plasma Focus Machines from 

Numerical Experiments. Energy and Power Engineering. 

Vikhrev, V., Ivanov, V. V. and Koshelev, K. N. (1982). Formation and Evolution of 

the Micropinch Region in a Vacuum Spark. Sov. J. Plasma Phys. 8, 688-692. 

Vikhrev, V. V. and Korolev, V. D. (2007). Neutron Generation from Z-Pinches. 

Plasma Physics Reports. 33(5), 356-380. 

Zakaullah, M., Alamgir, K., Shafiq, M., Hassan, S. M., Sharif, M., Hussain, S. and 

Waheed, A. (2002). Characteristics of X-Rays from a Plasma Focus Operated 

with Neon Gas. Plasma Sources Science and Technology. 11(4), 377. 

 Zakaullah, M.,MHD Alamgir, K., Shafiq, M., Sharif, M. and Waheed, A. (2002). 

Scope of Plasma Focus with Argon as a Soft X-Ray Source. Plasma Science, 

IEEE Transactions. 30(6), 2089-2094. 

 




