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Abstract 

This thesis describes the theoretical and experimental investigations of the x-ray 

radiation properties and the plasma dynamics in the plasma focus device. The purpose of 

the research is to optunite the x-ray radiation behavior of the plasma focus and to seek 

the conditions For generathg shorter wavelength x-rays with argon gas. 

The characteristics of neon and argon plasmas are investigated in detail based on 

the corona model. The results show that much h~gher temperature and energy are 

required to generate x-ray radiative argon plasma. This explains why it is much easier to 

obtain soft x-rays from the neon plasma focus. 

An improved plasma focus model is proposed with emphasis on detailed analysis 

of energy transfer processes and thermodynamic processes. Agreement between the 

experiment results and the computations for neon and argon is noted. 

The model is furthermore extended to describe the gas-puff plasma Focus. 

Modifications are made based on the measured gas pressure profile and assumed gas 

composition. Applying the modified model to the gas-puff focus of Guntna University 

reveals that the gas-puff scheme is more efficient to heat the plasma and to generate x- 

rays. And it also results in a more stable plasma column. By comparing with published 

results, agreement is obtained in the major points regarding plasma dynamics, plasma 

column stability and appearance, plasma temperature, and x-ray radiation properties. 

Experiments are mainly carried out with the repetitive plasma focus machine 

(known as NX) in National Institute of Education, hTanyang Technological University 

Singapre, under various charging voltage and gas pressure with a series of anode lengths. 

A Rogowski current derivative coil, a resistive voltage divider, and a PCD x-ray detector 
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are installed to measure the current derivative, tube voltage and x-ray signal. All these 

detectors have been carefully calibrated to give quantitative information. A fast Four- 

channel data acquisition system has been set up to record the fast data flow from the 

high-repetitive rate machine. 

X-ray radiation properties from the plasma focus with neon have been invesugated 

in detail. The optimized working region is located by scanning the working conditions. 

The x-ray yield in this region is - 12 Joule/shot with the peak power in the GW order. 

The correlation between x-ray yield with various operating parameters such as repetition 

rate and reproducibility is studied. 

The dynamics of the plasma focus is studied with the recorded current and voltage 

signal. The correlations of discharge current, focusing time, tube inductance, axial speed 

and detail features of x-ray radiation are invesagated. 

Efforts of generating argon x-rays in NX2 are made under varies experimental 

conditions. However, in argon the NX2 device does not focus in the expected high 

voltage, low pressure working region. The experiments are then carried out in the 

UNU/IClT plasma focus to study the mechanism for argon x-rays. The characteristic 

Ar lines are recognized from the measured signal. The neon experiments are also carried 

out with this machine for comparison. The results show the optimized working pressure 

for neon x-ray is much higher than for argon. This confinns the theoretical conclusions 

that much higher energy and temperature are required to generate x-ray from argon 

plasma. 
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Chapter l 

INTRODUCTION 

Plasmafoclls devices are now widely studied as an effective x-ray source. The research 

topic ofthis thesis is the plasma dynamics and x-ray radiation properties ofthe plasma 

focus. In this chapter, the scope of research is proposed a@er the introduction ofthe 

research background. Following that literature reviews are given on the dynamics of 

plasmafoclls and its application as an x-ray source. 

1.1. Research Background 

1.1.1. X-rays and plasma x-rays 

X-rays are an indispensable part of modem technology. Its uses in hospitals and 

industries are of fundamental importance. In research, its applications span all of the 

fundamental sciences as well as materials technology, engineering and medicine. Recent 

technological advances relying on x-ray investgation include semiconductor materials 

and devices, magnetic storage media, micromachining and miniature sensors, 

tomography, microscopy, lithography and hgh efficiency analytical methods e.g. using x- 
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CHAPTER 1 ~NTRO~UCTION (V251 

ray diffraction and absorption. Detailed discussions on the uses of x-rays have been 

made by several authors [l]. 

Plasma x-rays were originally studied in vacuum sparks [2-41 for specttoscopic 

research. More recently, plasma devices originally developed for nuclear fusion research 

have been used to study a wide range of spectra, intensities, and temporal proiiles. This 

has led to many new applications. 

1.1.2. X-rays from plasma focus 

The Plasma Focus is an extremely efficient device for compressing and heating 

plasmas in a pulsed mode. It is superior to the conventional 2-pinch in that it uses a pre- 

pinch phase to allow the capacitor current to reach a peak value before the pinch occurs. 

Thus the plasma focus, using only a conventional capacitor, is able to produce a plasma 

of high density and temperature, superior to even the super-fast pinch, which requires an 

additional pulsed line to shape the capacitor discharge. Thus in a simple, cost-effective 

manner, the focus produces plasma electron density N,> ION un~' and temperature T, > l  

keV. The radiation spectrum in the x-ray region ranges from below 1 keVup to 500 keV. 

Emission times range from a few to a few hundred nanoseconds [5]. 

Responding to the needs of modem technological advances, the plasma focus is 

being used to study many applications ranging from x-ray microscopy [6-91 and 

lithography [IO-l21 using radiation from 1 A to beyond 200 A; to research on plasma 

physics and spectroscopy [13-151 for the development of a soft x-ray laser [16,17]. 

The x-ray emission from DPF (Dense Plasma Focus) is characterized by high 

intensity and a wide spectral range. The predominant spectral range that is actually 

radiated can be controlled by using a specific gas at a specific temperahue. The pinched 

plasma is column-like and, viewed end-on appears like a point. Because of these distinct 

characteristics DPFs are suitable to be used as a pulsed point source for some special 
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CHAPTER 1 INTRODUCTlON (3125) 

applications such as microscopy, x-ray lithography, and x-ray micro-machine etc. One of 

the promising applications is x-ray lithography. 

1.1.3. Plasma focus x-rays for lithoaraphy 

X-ray lithography is a promising candidate for NGL (next generation lithography). 

The present generation uses W as the source for lithography. However because of 

diffraction effects, the technology is fast approaching its ultimate limit of around 0.16 

micron. The industry cannot afford such a limit because the density of features must 

steadily increase [l81 to meet the increasing memory and speed requirements of DRAM 

(dynamic random access memory) and SRAM (static RAM). To lithographically transfer 

features smaller than 0.1 6 micron we need to go on to the next generation of lithography 

using shorter wavelengths. Plasma soft x-ray is a strong contender to be the source for 

NGL. Our interest is in the development of the plasma focus for this purpose. 

The use of soft x-rays (- 10 A wavelength) for lithography has two other 

advantages besides lowering the diffraction limit. X-ray proximity lithography can be 

used at larger gaps (10 - 50 pm) whilst retaining a very hlgh resolution. Particles such as 

skin flakes are transparent to x-rays at this wavelength range. 

To develop x-ray lithography for industrial applications, a bright soft x-ray source 

has become important. The two main approaches being pursued for such sources are: (1) 

the mult-beam synchrotron orbital radiation source (SOR) and, (2) single-beam point 

sources of various types. Point sources are generally less complex and much cheaper than 

the SOR source. However, issues of SXR flux and exposure field uniformity are cridcal 

for point sources if they are to match the performance of the SOR source. Point sources 

which have been investigated include laser-plasmas and 2-pinch devices. Our interest is 

mainly in the plasma focus because the plasma focus is cost-effective and easy to 

maintain. 
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Based on previous works [24-281, improve a plasma focus model to simulate the 

behavior of the plasma focus; 

Modify the model to describe a gas-puff plasma focus to reveal the difference and 

advantage of the heating mechanism in gas-puff focus; 

Diagnostic methods for quantitatively measuring x-ray yield from plasma focus; 

Dependence of the x-ray emission on operating parameters (worlung gas, its %g 

pressure, charging voltage and hdng repetition, etc.) and regimes; 

Using the information from x-ray emission to reveal relevant plasma phenomena; 

Comparison of dynamic characteristics among neon, argon and deuterium plasmas 

and mixed plasmas with energetic shell collapsing onto a puffed neon column, by 

using the help of the plasma focus model. 

This thesis has been organized as follows: 

In Chapter 1 (Introduction), the scope of research is proposed. Following that is a 

general desuiption of the plasma focus device and a literature review on the dynamics of 

plasma focus and its application as an x-ray source. 

In chapter 2 (Characteristics of Neon and Argon Plasmas), the propemes of neon 

and argon plasmas are calculated by Corona model. Based on the calculation and 

reported x-ray emission data from those plasmas, the required energies and working 

parameters of the x-ray radiative plasma in plasma focus are derived out. Finally the x-ray 

emission propemes from neon and argon plasmas are calculated and discussed. 

In Chapter 3 (Dynamic Processes and Model of Plasma Focus), an energy 

consistent plasma focus model is proposed on the basis of the discussion on various 

aspects of the plasma focus. In this chapter, hrst a simplified plasma focus dynamic 
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scheme is described. Then the equivalent circuit and circuit equations are proposed. 

Following that are discussions on shock waves which drive the plasma focus dynamics, 

and the thermodynamic properties of the plasma gas. The energy transfer processes in 

the plasma focus tube are deduced by analyzing the processes and electrical 

characteristics. Based on the discussion, equations of the model are derived. And its 

modifications on gas-puff plasma machine are also discussed. Finally simulation results 

with NX2 and gas-puff Gunma plasma focus are presented. 

Chapter 4 @X2 Plasma Focus Machine and Diagnostic Tools) describes in detail 

the NX2 plasma focus facility we have been working with, including its composition, 

structure, technical constitution and performance of each component. After that a 

description on the diagnostics tools is given. The data acquisition & processing systems 

are also described. The calibrations on system parameters and effiuenues of detectors 

have been conducted. 

Chapter 5 (Experiment Results and Discussion) presents the experimental results 

such as the x-ray yield optimization and plasma dynamics. Discussion on optimizing x- 

ray yield, plasma focus dynamics and parameter correlation are presented. X-ray 

generation from argon is carried out with both NX2 and another s m d  plasma focus 

device, the UNU/ICTP PFF. 

Chapter 6 (Conclusions and Suggested Future Work) contains the summary of the 

results, the conclusions and suggested future research work. 

In the Appendix, the technical parameters of related plasma focus machines and 

working gases are summarized. The symbols and equations of the plasma focus model 

are also given here. 
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1.2. Plasma Focus Device: Structure and Dynamics 

1.2.1. Structure and workina principle 

The plasma focus was discovered independently by Mather (USA) [29] and 

Filippov (USSR) [30] in the early Sixties. The devices invesagated by these two pioneers 

had sipficantly different aspect ratios. fig. 1-2 illustrates the electrode geometries of the 

Mather-type and Filippov-type plasma focus. The Filippov machine was developed as a 

modification of the straight 2-pinch to "hide" the insulator zone from the pinch region 

and prevent restrikes caused by radiation from the hot plasma. The Mather-type device 

was modified from the coaxial plasma gun operated at &her iill pressure. 

cathode 

anode 
: insulator 

capacitor switch 
bank 

cathode 

FILIPPOV 
I I DESIGN 

L capacitor bJ h* 

Fig 1-2. Schematic drawings of Mather and Filippov-type Dense Plasma Focus devices 

The plasma focus quickly became well known as both a source of fusnon neutrons 

and a source of x-rays (Mather 1965 [31]). Many plasma focus devices have since been 

bullt, with stored bank energy ranging from 1 k! to 1 M!. There is a scaling law relating 

the stored energy to the physical sizes of the device [25]. The early work on the plasma 

focus has shown that in this device a hot (-1 keV) and dense (-1019cm~3) plasma is 
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created with a lifetime - 50 ns. Again there is a scahg law relating the lifetime of the 

focussed plasma to the anode radius [25]. Considerable interest was directed on this 

device because of the htgh m (n: number density, r: energy confined time) value of the 

plasma and the readily detected bursts of fusion neutrons when operated in deuterium. It 

is known that the plasma focus is a very complex and rich source of phenomena 

[23,28,32-361. Besides being a ready source of hot dense plasma and fusion neutrons, the 

focus also emits copious amounts of soft x-rays, especially when operated with high Z 

gases. This distinctive feature sets the plasma focus apart from other devices as a prime 

candidate for the application of x-ray lithography. 

The operating principle of the DPF is simple: the energy stored electrically in a 

capacitor bank is rapidly transferred to the electrodes by means of a fast switch. In both 

geometries the current discharge initiates along the surface of the insulator in a coaxial 

electrode region (1 in Fig. 1-2). By the Lorentz force action the conducting plasma sheath 

accelerates From position 1 through position 2 to position 3. In 4 the sheath reaches the 

axis of symrnetty of the electrodes. 

To optimize the machine one chooses the dimensions of the electrodes (length and 

diameters) and the operational pressure in relationship with the characteristics of the 

energy source so that the current is maximum when the sheath reaches the axis. At this 

instant a filament of hot and dense plasma (pinch) is formed in front of the inner 

electrode (usually the anode). After a very short time due to instabilities the plasma 

column breaks up and decays. Details of the time scale and other plasma parameters will 

be given in the following sections. 

The obvious differences between the Mather and Filippov configurations lie in the 

electrode dimensions and the aspect ratio (diameter/length) of the inner electrode. The 

Filippov-type device has a large aspect ratio, usually greater than 5 with the inner 
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electtode diameter of 50 - 200 cm. The Mather-type device has a small aspect ratio of 

typically below 0.25, with an inner electtode diameter of 2 - 22 cm. The electrodes ate 

usually made of copper or stainless steel. The anode may be a solid cylinder or a 

cylindrical tube in order to avoid excessive hard x-ray emission due to electron 

bombardment. The cathode is in the form of a squirrel cage consisting of 6 - 24 rods 

arranged eccentrically around the anode or cylinder shape. The insulator may be made of 

Pyrex, glass, crystal or ceramic. 

Similarities between these devices are in (l) the dynamics of the current sheath, (2) 

the scaling laws [37-421 for neutron emission and (3) the emission of energetic ion and 

electron beams, X- rays, microwaves etc. 

OUTER ELECTRODE INNER ELECTRODE 

Fig. 1-3 Gus puff plasma focus device (Gunma type) [45] 

A modification to the ttadidonal plasma focus is the gas puff plasma focus, which 

has been proposed to ensure the fast compression always takes place at the maximum 

curtent region whatever the working gas is. In this modification, a small hole in the inner 

electrode is udlized to provide a gas puA during the discharge. Then the final compressed 
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gas is the puffed gas while only the initial 6Ued gas dominates the axial phase, so that this 

kind of device can easily work well with different gases. 

One example of such machines is illustrated in Fig. 1-3, which has been 

constructed in Gunrna University of Japan. This machine is usually operated with 5 torr 

H, or D, base and the working gas is puffed into chamber through a 5-mm hole with 3- 

aan plenum pressure. Intense x-rays have been obtained from Ne and Ar gas [43-47. 

Out interest in this project work is on the Mather-type plasma focus device. We 

carry out experimental measutements on out Mather-type device and compare the results 

with simulation using a dynamic model. The simulation is then extended to the Gunma 

Gas Puff Focus and the simulation results are then compared to the Gunma 

measurements. In this way we have a good comparison between the tradidonal plasma 

focus and the gas puff focus, both experimentally as well as through computer 

simulation. 

The plasma focus dynamics is divided into three distinct phases: the breakdown 

phase, the axial acceleration phase (or axial rundown phase) and the radial phase (or 

r a d d  collapse phase). 

1.2.2. Breakdown Phase 

When the high voltage pulse is applied between the electrodes of the DPF device 

6Ued with the working gas under an appropriate pressure (usually several mbar hydrogen, 

deuterium, neon, argon or mixture of them), an azimuthally symmetric electrical 

discharge will be initiated. This discharge is preceded by an electrical breakdown phase 

that generates an initial plasma coni3guration through which the discharge current can 

flow. According to Paschen's law [48] the values of the static breakdown voltage in any 

DPF operating with 1 - 10 mbar deuterium are lower than 1 kV (for DC voltage), which 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



is one order of magnitude smaller than the usual (10 - 60 kV) capacitor bank voltage. 

Therefore the breakdown is always a k h l y  over-voltage phenomenon. 

The development of the high cuuent discharge in a DPF depends substantially on 

the initial gas conditions [49,50], the parameters of the electrodes [51,52] and insulator 

[49,50,53,54], the polarity and the initial rate of current rise. For optimized conditions a 

sliding discharge will develop along the insulator. Additional to the primary slidmg 

discharge, filamentary radial discharges are often observed especially when the pressure is 

above the optimum [55]. Conditions indicative of an optimum breakdown include 

axisymmeuy, correct insulator material (571 and electrode-insulator configuration, 

including the use of a knife-edge cathode (521. 

In order to describe the breakdown phase, different computational models have 

been developed including l -D  model [58] 2-D model [59,60] and 2-D 3-fluid [61] MHD 

models. 

Once the breakdown has completed, current flows axisymmemcally from the 

anode to the cathode across the insulator surface, and within a time of 100-300ns, due to 

the Lorentz force, the current sheet lifts off, s e h g  the stage for the axial rundown 

phase. 

1.2.3. Axial Rundown Phase 

The next stage of the evolution of plasma focus is known as the axial rundown 

phase. In tlus phase, a magnetically driven plasma sheath accelerates along the z-axis 

towards the open end of the electrodes (see Fig. 1-3). This phase is ended when the 

current sheath arrives at the anode top. 

The formation of the hot and dense plasma @inch) is affected by the axial phase in 

the following two aspects: 
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[l] The a.&l phase should end at or near the time of the hrst maximum of the discharge 

cunent; 

121 The structure and the (r, 4 prohle of the plasma sheath should have certain 

characteristics for a good focusing effect. 

The hrst condition is to ensure the optimization of the energy transfer the power 

capadtor bank to the pinch plasma. The duration of the axial phase is usually 1 - 4 p, 

which is usually the T/4 time of the discharge circuit. The second condition includes 

requirements of axial symmetry, smooth (r, z) proiiles and a thin, uniform current sheath 

structure. 

Usually the discharge current is very large (hundreds M to -MA) and the working 

gas pressure is rather low (several mbar). Consequently the sheath pushed by the jxB 

force moves very fast against a stationary neutral gas at supersonic speeds. The mean free 

paths for both ion-atom charge exchange and elastic collisions are very small, hence a 

shock is formed in front of current the sheath. The sheath has a complex structure with a 

compressed and hot neutral layer followed by an ionizing region - a plasma region 

carrylng the current at its trailing edge. And a nearly vacuum regon is left behind the 

sheath. The complete structure of the sheath is determined by the pattern of the driving 

current. It is important to make a uniform current pattern so that the plasma structure 

will also be uniform. An azimuthally filamented pattern will produce a iilamentary 

structured sheath [55,62,63]. 

In experiment, magnetic probe can be used to detect the magnetic piston; optical 

and spectroscopic diagnostic techniques including Schlieren, shadow and interferometdc 

arrangements, image converter cameras are usually employed to make direct observation 

for the axial rundown phase. 
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The axial sheath velocities were measured to range from 1.7 to 15 cm/ps 164,651. It 

was found that large fractions (typically 70%) of the current going into the device flow 

behind the current sheath [66,67l. The thickness of the plasma sheath structure is about 1 

- 3 un [68]. Due to the l / r  dependence of the magnetic field within the inter-electrode 

region, the current sheath profiles are curved (r,d functions. The current sheath, 

maintaining its axisymmetric character, acquires a parabolic shape 1691 being thinner in 

the region near the central electrode PO]. 

The snowplow model P1,72] is proposed to describe the dynamics of the axial 

rundown phase. The model has been proven to predict reasonably well the current 

sheath velocity and duration of the phase [24-28.73-761, and also the sheath profile by its 

2-D version FA. The fitting of experimental data to the model requires the introduction 

of a so called "sweeping efficiency" or mass loss factor interpreted as an incomplete 

sweeping of the filling gas and a current factor to take into account the current shedding 

effect. Several other computational models like 2-D 2 fluid time dependent [59], l-D 3 

fluid time dependent [61] and 2-D 3 fluid time dependent P81 MHD codes have been 

also developed. 

At the end of the axial rundown phase, the inner end of the current sheath reaches 

the anode top and sweeps around the top. The outer end of the current sheath continues 

going up along the tube, sweeping and accumulating plasmas in the axial direction. Only 

a small fraction of the plasma at the end of the axial phase will conmbute to the hnal 

focus. 

1.2.4. Radial Phase 

At the end of the axial rundown phase, the current sheath radially sweeps around 

the end of the inner electrode (anode) by the radial inward jxB force. The plasma will 

form a column at the axis and Finally collapse. The period of the radial phase is 
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approximate 50 - 200 ns, depending on the DPF machine characteristics (mainly the 

anode radius). This process is similar to 2-pinch phenomenon, but the pinching effect 

occurs much more rapidly, with enhanced compression and plasma heating, because the 

whole process occurs at large current. 

The radial phase plays the most important role in the plasma focus evolution 

because this process leads to the plasma compression and hnal formation of the hot & 

dense plasma column. ?his plasma column is heated by the extremely high energy 

density, leading to emission of intense radiation, high-energy particles as well as copious 

nuclear fusion products, albeit in a burst of very short duration. 

The radial phase could be divided into four sub-phases: (1) compression phase, (2) 

quiescent phase, (3) unstable phase and (4) decay phase P9]. 

(1) Compression Phase 

The compression phase begins with the sweeping of the current sheath around the 

end of the inner electrode. The sheath then collapses radially with azimuthal symmetry 

with a non-cylindrical, funnel-shaped profile. The compression phase ends when the 

plasma column reaches the minimum radius and plasma density is at its maximum (n, - 
l O I 9  cm-'). 

The shock heating by the jxB force is the principal heating mechanism for the 

plasma before the shock front of the current sheath meets at the z-axis. Therefore, the 

electrons with temperature of about 100 eV are colder compared to the ions whose 

temperature is around 300 eV depending on the speed of gas [go]. After the 

transformation of plasma structure to plasma column, Joule heating becomes the main 

heating mechanism [56]. This plasma column will be compressed adiabatically [SO] 

Further to form the h a 1  focus. Peacock et al. [$l] observed the onset of the Rayleigh- 

Taylor instability about 30 ns before the end of this phase. ?his type of instability is 
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Fig. 14  Plasma compression process captured 
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iinal plasma column. 
instabilities. [4q 

Towards the end of this phase the magnetic field starts diffusing into the plasma 

column. Very quickly it will be completely diffused leading to an anomalous hlgh plasma 

resistance. Also, the inductance of the system is increased [83] because the small radius of 

the conducting plasma column. 

The sharp voltage spike and the current dip are typical features of a focusing where 

the large increase of the plasma column impedance (both inductance and resistance) has 

occurred. The hgh  Gequency oscillations at the beginning of the signal and also during 

the focus phase are due to the transmission line connecdng the capacitor bank to the 

electrodes [84]. Final electron temperature will be around 1 - 2 keV when typically 

deuterium is used. Maximum electron density and electron (ion) temperature can be 

measured by spectroscopy [85], interferometry [79], laser scattering [56] and other 

methods. 

The Bennett equilibrium is often assumed to be valid in the pinch phase, according 

to which the final temperature should depend only on the current I and the line density 

N : T - f /N. Then the lower the line density, the hlgher the temperature. 

Simple computational physical models have been constructed for the radial phase 

based on the snowplow equation. But this model gves a zero-radius column when 
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applied to calculate the radial compression. Attempts have been made to overcome this 

problem by devising a retarding kinetic pressure term. Other attempts use criteria for the 

minimum radius such as the Larmor radius. 

However, Lee [86] had shown that these methods are not energy-consistent and 

therefore should be replaced by an energy balance model that provides the correct end- 

point for the implosion trajectory, thus giving the correct quasi-equilibrium radius. 

Combining the conventional snowplow model with an energy-balance criterion enables a 

complete energy-consistent trajectory to be obtained [871. Also, the computed pinch 

length and minimum radius are in agreement with the experimental values. 

An improvement to the snowplow model is the slug model with a radial magnetic 

piston driving a separated radially imploding shock wave. This model treats the plasma- 

focus pinch as an elongating pinch and is described in reference [24-281. In chapter 3 of 

this thesis, we will set up a model based on these ideas. 

(2) Quiescent Phase 

The plasma column b e p s  to expand after it is compressed to the minimum 

radius. Then the quiescent phase S-. 

During this phase of expansion that occum both in radial axial direction, the radial 

expansion is hindered by the conhning magnetic pressure. But due to the "fountain"-like 

geometry of the current sbeath, the rate of the axial expansion is unhindered resulting in 

the enhanced acceleration of the axial shock front. 

The sharp change in plasma inductance (staxted in the compression phase) induces 

electric field in the plasma column. This electric field will accelerate the ions and the 

electrons in opposite direction. The relative drift velocity between the electrons and ions 

will increase and approach the increasing electron thermal velocity. This is the condition 
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for the onset of the micro-instabilities such as the electron cyclotron and various forms 

of beam-plasma instability. 

At the end of the quiescent phase, the m=O instability develops rapidly due to 

increasing electron temperature. The plasma column will be compressed again. 

Based on the observations, one can define the pinch Lifetime tp as the time between 

the hest compression and the instant when the m=O instability occurs [36]. Compared to 

radial Alfvkn transit time of the pinch column, tp is many times larger, the reason may be 

attributed to strong axial flow, two-dimensional curvature of the cutrent flow, BxVB 

drift or the influence of self generated axial magnetic fields. 

The length of the pinch column as well as the minimum radius scale to the radius 

of the central electrode 188-901. 

(3) Unstable Phase 

The unstable phase is the richest stage of the plasma focus evolution in associated 

phenomena like soft and hard x-ray emission, fast deuterons and electrons and D-D 

reaction products (neutrons, protons) if operated in deuterium. 

An induced electric field is enhanced locally due to growing m=O instabilities. 

Therefore, electrons are accelerated towards the inner electrode and ions in opposite 

direction. Plasma density increases again up to 10'~/cm'. 

A fairly large amount of impurities is injected into the plasma column due to the 

bombardment of accelerated nmaway electi-ons on the anode. The explosion proceeds 

sequentially along the plasma column. This breaking up corresponds to the second 

density gradient in the interferometric holograms [51]. This density gradient moves away 

from the anode slower (20 cm/ps) than the ionization front. 
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This disruption of the plasma column continues until the whole plasma column 

has been broken up completely. The plasma density drops. The calculated electron drift 

velocity from the current density is about 2x107 m/s, which is definitely greater than the 

electron thermal velocity of 6x10' m/s estimated from the electron temperature. The 

condition for the onset of microinstabilities is met. This gives also rise to strong plasma 

heating. As indicated by the large amount of measured Bremsstrahlung radiation the 

electron temperatures increases up to 4 - 5 keV. 

(4) Decay Phase 

The last phase of the radial collapse and also the last stage of the plasma focus 

dynamics is the decay phase. The plasma density drops below 2x10'~ W'. 

During the decay phase a large, hot and thin plasma cloud is formed due to the 

complete brealung up of the plasma column. This plasma cloud emits a large amount of 

Bremsstrahlung radiation. The soft x-ray emission rises sharply during the pinch decay. It 

reaches a hrst peak shortly after the pinch break-up and continues at a high, almost 

constant level for over 300 ns [91]. The neutron pulse (when operated in deuterium) 

which started from the beginning of the unstable phase reaches its peak during this 

phase. 
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1.3. X-ray Radiation from Plasma Focus 

1 .31  Classification of X-rav sources 

X-rays are mainly produced in two types of process: acceleration of charged 

particles (usually electrons) and change of an atomic or ionic energy level. 

Examples of the hrst type are synchrotron radiation (from relativistic charged 

particles caused to travel in curved paths by magnetic fields) and Bremsstrahlung (from 

electrons decelerated by collisions with heavy nuclei). These normally give continuous 

spectra, although it is possible to obtain quasi-monochromatic lines from insertion 

devices (e.g. undulators in synchrotron sources). 

The second type of process, which occurs when electrons bombard a low atomic 

number target or when plasma is formed from a low atomic number material, gives 

discrete line spectra. N h l y  ionized plasmas can be made to behave as x-ray lasers. 

Other processes 1921 such as transition radiation (which occurs when a particle 

crosses an interface between two materials) and chameling radiation (which occurs when 

a partide moves along chamek formed by planes in a crystal) can give dse to x-rays, but 

as yet no sources using them have been built. 

Generally, x-ray sources can be divided into four main groups, ie.: (1) Solid-target 

sources, (2) Synchrotron radiation, (3) Plasmas and, (4) x-ray lasers. A comparison of 

different sources concerning theit applications on x-ray lithography is given in Ref. 1931. 

1.5.2. Develo~ment of the Dlasrna focus x-ray source 

The plasma focus has been originally developed as a fusion device. For a long 

period after its discovery, most of the studies on plasma focus were done in hydrogen or 

its isotopes [94-971. X-ray emission of plasma focus was studied in relation to the 
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neutron emission with the aim of finding the production mechanisms [98,99]. Soft x-ray 

studies were concerned mainly with the effect of impurities (coming fIom the electrodes 

or present in the working gas) on the overall device performance when using both 

deuterium and heavier gases (e.g., helium, neon [100]). Later on, heavier gases were 

added to the base hydrogen-isotope working gas, or metal inserts were attached to the 

end of the central electrode of the plasma focus device for the following studies: 

Use x-ray spectroscopic techniques to determine the plasma parameters [loll; 

Produce highly charged ions of heavier elements and study their radiation properties 

(determine transition energy levels and ionization energes) [102,103]; 

Reveal plasma features such as the bright plasma spots [104]; 

Control the overall plasma behavior during the pinch phase [105,106]; 

Increases the (soft) x-ray yield 1107-1091 

The potential as an intense (soft) x-ray source [l 10.1 1 l ]  has been the motivation 

for intensive studies during the last decade. The extremely hlgh energy density in the hot 

spots, as well as radiative collapse have been the subjects of studies in heavy gases [112- 

1161. The problem is no longer that of reducing the radiation losses fIom deuterium 

plasmas, but that of increasing the total x-ray yield or the x-ray emission in certain 

regons of the spectrum. 

The energy source for the heating mechanisms is the electromagnetic energy stored 

in the surrounding magnetic field after being transferred from the capacitor bank. In the 

case of pure Bremsstrahlung emission, the effect of radiation cooling on the dynamics of 

the plasma compression and conhnement can he negligible. However, radiation losses 

would become dominant in the plasma focus energy balance in the case of discharges 

produced in low-to-medium Z gases or mixtures of hydrogen and high Z gases. Using 
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medium Z gases (neon or argon), the intensity of electromagnetic radiation would easily 

be of the order of a few percent of the total energy of the capacitor bank [109], or more 

[113]. At such k h  levels of energy losses, the radiation has a strong influence on the 

plasma dynamics. The pinch compression produced by the driving current can be 

relatively unimpeded until very high densities are reached. Finally, the process of radiative 

collapse can be obtained [l 12,1171. 

1.3.3. Characteristics of plasma focus x-ray source 

The focused plasma, with electron temperature of a few hundred eV to a few keV 

and electron density of the order of 10j9 cm~3 (lOZ5 m?, is a copious source of x-rays. In 

the plasma, the main processes that emit x-rays are the Bremsstrahlung (free-free 

transition), the recombination (free-bound transition), and the de-excitation (bound- 

bound transition). The first two processes give rise to the continuum of the x-ray 

spectrum while the third process produces the characteristic line radiation of the plasma. 

For the plasma at a temperature of T, ( e y ,  the peak of its continuum 

(Bremsstrahlung) occurs at the wavelength of 

Hence for a plasma at T, = 1 keV, its x-ray continuum is expected to peak at h, = 

6.2 A, which is in the soft x-ray region. 

On the other hand, for k h - Z  focus plasma, the characteristic line emission also 

falls in the soft x-ray region. For example, for k h l y  ionized argon and neon plasma at 

sufficiently high temperature, the wavelengths of K, lines are 4.2 A and 12.132 A 

respectively (also refer to appendix B). 
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Besides making the plasma focus an intense x-ray source that is useFul in many 

applications such as microlithography and x-ray microscopy, the x-ray emitted also 

provides a convenient means for studying the plasma properties. 

The radiation spectrum of the plasma focus in the x-ray region covers a wide range 

from below 1 keV up to over 500 keV in a time span ranging from few nanoseconds to 

few hundred nanoseconds. The x-ray yield energy represents a significant fraction of the 

electromagnetic energy stored in the DPF driver. 

The electromagnetic radiative processes of the plasma focus are: quasi-equilibrium 

thermal radiation from macroscopic plasma structures and radiation due to electron 

beams interacting with non-plasma targets (i.e. electrodes) and/or with periodic electron 

density structures [I l l ] .  The thermal x-rays are caused by the Bremsstddung, the 

recombination and the line emission. The cause of dominant hard x-ray emission is 

usually attributed to the non-thermal high energy electron beams striking the anode 

surface. 

A power law spectrum (G,/& - E ~ 4  with a = 2 - 4, E in keV and N, the 

hard x-ray flux in photons per cm3 exists in the range 100 - 500 keV in the plasma 

focus. Time-resolved measurements [l181 showed that it is the result of the time 

integration over spectra produced by quasi-monochromatic electron beams with average 

energies changmg over a ten nanoseconds time scale. 

Hard x-ray emission was correlated with the neutron production when deuterium 

was used as the working gas: the total neutron yield is large when the hard x-ray emission 

is large [l 191. 

The emission of soft x-rays from the plasma focus can be studied with various 

diagnostic techniques, including: 
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[ l]  Pinhole cameras (with one or multiple pinholes and appropriate iilters) for 

recording the time-integrated spatial/spectral dismbution of the x-ray emitting 

region; 

[2] Microchannel plates used in conjunction with pinhole cameras for time-resolved 

spatial distribution of soft x-rays; 

[3] Semiconductor detectors with appropriate filters for space-integrated 

temporal/spatial distribution of the soft x-ray emission; 

[4] Crystal x-ray spectrographs for space-resolved line spectrum analysis; 

[5] X-ray streak photography for temporal distribution of the x-rays in one space 

dimension (radial or axial); 

[6] X-ray films, x-ray resists and x-ray pulse calorimeters for absolute soft x-ray yield 

measurements. 

The x-ray emitiing source in the plasma focus is situated on the electrode axis at 

the open end of the electrode in the vicinity of the inner electrode top. The time- 

integrated images show that it has a roughly cylindrical shape. Its dimensions are from 

below 1 mm to over 10 mm in diameter (approximately proportional to anode radius), 

with an axial length from few millimeters to few centimeters. Spectral filtering of the x- 

ray image revealed a h e  structure presenting intensely radiating small macroscopic 

entities (called by various authors "hot spots" [120], "plasma beads" [121], "bright spots" 

or "micropinches" 11221) as well as filaments inside and along the axis of the pinch [123]. 

It has been reported that the x-ray "hot spot" has a typical dimension of about 100 

pm and occurs within 5 ns of the first compression (the focus formation) during the 

period of the stable phase of the pinch [124,125]. Hence the "hot spots" are not the 

manifestation of the m=O instabilities which disrupt the pinch column. 
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A detailed gray level analyses of x-ray images [l261 indicated the presence of helical 

structures of high emissivity at the center of these images which helps in explammg the 

production of axial magnetic field and the relaxation of the pinch in the plasma. focus. 

For a low energy deuterium tilled plasma focus device the soft x-ray emission 

extends over a time interval of about 60 - 70 ns and features three peaks: the 6rst is 

emitted by the dense pinched plasma column at the end of the compression phase; the 

second by the unstable plasma column and the third (corresponding to the disruption 

phase) is due to emission from the face of the inner electrode [127l. 

The temporal and spatial characteristics of the x-ray emission were investigated in a 

3 kJ DPF operated in hydrogen with an argon admixture [128]. It is reported that the two 

main periods in the soft X-ray emission corresponhg to two successive compressions 

in the focus. 

Zoita et al. [l291 studied the influence of the radiation processes on the plasma 

evolution during the pinch and post-pinch phases in experiments with neon-seeded 

deuterium discharges carried out on a 28 kJ / 60 kV device. They reported dramatic 

changes in the radiation characteristics of the discharge as well as in the pinch 

conhguration. High aspect ratio (length/diameter )) 10) pinches (HARP) emitting large 

amounts of soft x-rays accompanied by efficient emission of neutrons (and hard x-rays) 

in the absence of macroscopic instabilities were produced. This c o n b e d  the physical 

picture obtained from experiments performed with a lower energy plasma focus device 

[130]. They also concluded that the line radiation as well as the main continuum radiation 

in the spectral range of 3 - 4 keV are emitted mainly from the intense bright spots having 

dimensions of about 50 p. Similar ideas were reported by Presura et al. [l311 from their 

investigation of the spectral characteristics of the soft x-ray emission of a plasma focus 

device operating in deuterium with various additions of argon and argon- krypton. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



The x-ray emission characteristics depend strongly on the plasma Focus device 

operating rigunes and parameters (e.g. gas filhng composition and pressure, stored 

energy, discharge current, driver impedance, electrode material, shape, prohle and 

con6guration, polarity of the inner electrode, etc.). Amongst them, the composition of 

the gas and the filhng pressure have the strongest influence. When deuterium is used, the 

working pressure for the %hest x-ray yield does not coincide with the neutron 

opdmized output pressure [132,133]. 

For an x-ray optimized plasma focus device, the scaling law of the x-ray output Y, 

as a function of the peak discharge current 1,- and the pinch radius r can be written 

empirically as [134]: 

This dependence similar to the scaling law found for z-pinches indicates a better 

operation at %her voltages for a given stored energy. 

However, the exact mechanisms by which %h intensity x-ray are emitted in 

plasma focus are still controversial and more theoretical and experimental works are 

requited in order to opdmize the x-ray production For practical applications. 
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Chapter 2 

CHARACTERISTICS OF NEON AND ARGON PLASMAS 

For a given density and temperature, plasma equilibrium models can be used to 

calculate the plasma states and emission spectra with the knowledge of the rates of 

transition and relatedparameters. In this chapter, the corona model is chosen from the 

three possible equilibrium models to calculate the plasma properties in plasma focus. 

Based on the calculated corona neon and argon plasma states and reported x-ray 

emission data from those plasmas, the required energies and working parameters of 

the x-ray radiative plasma in plasma focus m e  derived. Finally the x-ray emission 

properties from corona neon and argon plasmas are calculated. From the results the 

optimization parameters for x-ray radiative neon and argon plasmas me  obtained. 

2.e Simplified Plasma Equilibrium Model for Plasma Focus 

2.1.1. General considerations of ~lasma equilibrium model 

Generally it is hardly possible to get the detailed accurate knowledge of the states 

of the plasma. Approximate estimations, by the calculations based on simplified plasma 

models, may be carried out. The most tractable plasma models are those in which the 
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electron density is either very htgh or very low, which can be described by local 

thermodynamic eqwhbrium (LTE) and the corona equilibrium respectively. In x-ray 

radiative plasmas neither condition is generally satisfied, but in some cases reasonably 

accurate results may be obtained by assuming that one of these equilibrium types is valid. 

In general, an intermediate model, e.g., collisional-radiative equilibrium should be used. 

For the plasmas generated in the plasma focus, the applicability of these models 

can be tested using some approximate limitations of electron density N,. 

(A) Local Thermodynamic Equilibrium 

An approximate lower limit on N, (m-3) for LTE to apply is [135], 

112 3 
NFi" > m,,) X,, (2-1) 

where K - 10'" 1020 and X,, is the highest ionization potential of any of the ions 

present. Thus, for T,, - 300 eV and X,, - 1360 eV (of neon), the lower limit on N, is - 
4x1 0z9. For our machine, with the htghest N, of about 1025 m-', this model is obviously 

not applicable. Similar conclusion could also be obtained with argon (T,, - 2 keV, X, 

- 5100 eV, then N<"'i"- 6X1032.). 

(B) Corona Equilibrium 

A similar argument may be used to estimate the electron density New above 

which the corona model is not applicable; for hydrogenic ions of charge p one analysis 

gives, for levels with principal quantum number n<=6 [136], 

For our machine the typical value is Ncmax - 2X1OZ4. Our electron density in the 

h a 1  compressed plasma column is just above this limit. So the corona model is at least a 

better model to use than the LTE model. 
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CHAPTER 2 CHARACTERISTICS OF NEON AND ARGON PLASMAS (W21 

(C) Collisional-Radiative Equilibrium 

The collisional-radiative (CR) model [l37 was developed to fill the gap of several 

orders of magnitude in electron density where neither the LTE model nor the corona 

equilibrium is valid. This is a modification of the corona model which takes into account 

collisional transitions as well as radiative decay from higher bound levels, and three body 

as well as radiative recornhination. The main difficulty with this model is its 

complication, need of computer time, etc. 

In the calculations of following sections, the corona model has been applied as an 

approximation for simulating the neon and argon plasma in the plasma focus. This could 

give sufficiently accurate simulation results. 

2.1.2. Corona model 11361 

In a low density plasma (corona plasma) most of the ions will be in their ground 

states, and so it is assumed that collisional excitation from ground state is balanced by 

radiative decay from the upper level to all lower levels, this giving, 

where N, is the concentration of ions in 7th ionic state (m-?, N,, is the concentmtion of 

ions in excited state n of N, (m-?, N, is the electron density (m-? and 
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where X, is the excitation energy from m to n excited state; g,, and g, are the statistical 

weights at quantum state m and n, f,, is the oscillator strength; C,, is the collisional 

excitation coefficient from ground state to nth state: 

C,,, = 1.6 X 10-" 

where T,, is the electron temperature (elr); <g> is the Gaunt factor: 

1 ( for  atoms) 

0.2 ( fo r  ions) 

The ionization is via collisions which, in equilibrium, is balanced by radiative 

recombination. The rates of both these processes are proportional to electron density. 

The state populations of ions of charge @l and rare related by, 

where is the number of electrons of outer shell and X, is the ionization potential of zth 

ion. Using this equation, the fiaction of ionization states at different temperatute can be 

calculated. 

2.1.3. Calculate ionization states 

Generally, from one of the three simplified equilibrium models mentioned above, 

a recursive equation of steady ratio between consecutive ions can be written as, 

where N,, iV-+t are the number densihes of ions of charge 7 and @l (;=O corresponds 

to the neutxal denslty). For corona plasma, $ is expressed in Eq. (2-7). Note that No 
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denotes the ambient number density of the working gas for the rest of the thesis. For 

each ionization state the above equation can be rewritten as, 

Using this equation the total ionic and atomic number density is, 

Then the fraction of neutral atoms is No INi = 1/S, 
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From the figure we see the hydrogen atom is fully ionized at very low temperature; 

the neon atom becomes fully ionized around 600-700 eV; and the temperature for argon 

is much higher - nearly 10 keV. 

From Fig. 2-1, 2-2 and 2-3, we can see another important feature that in the 

temperature ranges 40 - 200 eVand 0.3 -1.4 kevrespectively, the neon and argon ions 

are in ls2 close shell respectively. Therefore, the yield from x-ray line emissions is low in 

these temperature ranges respectively from neon or argon. 

Estimate the workina parameters of neon and araon plasmas in plasma focus 2.2.2. 

Based on the calculation in last section, we can estimate the energies required for 

heating neon or argon to certain temperatures. The energies inputted into one ion in the 

plasma include its thermal energy, ionization & excitation energies and other energies 

such as emission loss and interaction potential between particles. Assuming ion and 

electron temperatures are same, then, 

where E, is the average energy required to raise one neutral atom to the current ionic 

state; E, is the average excitation energy per ion at this temperature. For simplicity we 

only consider the lirst two terms, which are the main parts of the plasma energy in 

plasma focus. 

The average ionization energy required for heating one neutral atom to a certain 

plasma state can be expressed by, 

where I, is the ionization energy required to raise one neutral atom to zth ionized state. 
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where E, is the radial on-axis kinetic energy of one ion and E, is the average internal 

energy in this ion which is expressed in Eq. (2-14). 

For neon, the appropriate temperature range for x-ray output is 200 - 500 eV. By 

the calculation shown in Fig. 2-4 and Eq. (2-14), the corresponded average energy 

inputted into one neon ion E ,  (thermal + ionization energy) is - 7 keV for 300 eV 

plasma. Substitute this data into Eq. (2-16), the corresponded radial on-axis speeds are 

calculated to be 18.3 cm/ps. 

Similarly, the suitable temperature range for argon x-ray is 1.4 - 5 keV. From Fig. 

2-4 and Eq. (2-14) the corresponded ion energy range is - 43 keV for 1.4 keV argon 

plasma. Then by Eq. (2-16) the radial on-axis speeds of argon is estimated to be - 32 

cm/ps. These speeds are much hlgher than the speeds of the neon. It implies that it is 

more difficult to get argon x-ray from plasma focus. 

Errors may exist in above computations from the terms omitted in the calculation, 

which include the energy inputted by joule heating, excitation, and emission loss etc as 

well as the validity of E, = E, which is only valid in I D  constant shock wave. In 

addition, the gas-puff scheme also modities this relation. 

For developing a x-ray optimized plasma apparatus, the following two questions 

must be considered: 

The parameters of the plasma that is going to be employed to generate x-ray; 

The parameters of the plasma machine to generate the above plasma 

The discussions in this section result in a primary understanding of the fitst 

question and give a suggestion for the h a 1  plasma dynamic state in plasma focus. 
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2.3. X-ray Emission Properties of Argon and Neon Plasmas 

2.3.1. General x-ray emission process from ~lasmas 

Plasma consists of a collection of electrons and ions. It is formed when matter is 

brought to a Qhly ionized state. This process of ionization is caused by raising the 

temperature to a very %h level (e.g. 50 eV - 2 keV). Such %h temperatures exist 

naturally in stellar atmospheres and can be produced on earth in nuclear explosions or, in 

a more controlled way by, e.g., pinch devices, tokamaks, sparks and pulsed laser beam 

focused on to a solid or in a gas. 

At a temperature T,, the peak of the blackbody emission spectrum is at a 

wavelength, 

h,, (A')= 2500/T,, (2-17) 

which is known as the Wien displacement law. For the given temperature (above) range, 

h,, - 50 - 2.5 A, i.e., in the x-ray range. The integrated emitted power P (W.m-9 is 

and, typically, useful plasmas have dimensions of - 10 - 100 microns (typical size of the 

localized rnicropinchs), gving emitted powers of - 10'- 10lOW (the %her temperature 

plasmas are smaller). Thus plasmas can be very intense x-ray emitters. 

The above estimation gives us a conceptual idea of emission from plasmas 

although generally laboratory plasmas may not be considered as blackbody which is the 

strongest emitting source compared to any other source. 

Processes in the plasma which give rise to continuum emission include 

Bremsstrahlung, from the coulomb interactions between electrons and ions, and 

recombination radiation, which is emitted by an initially free electron as it loses energy 

on recombination with an ion. If an already bound electron loses energy by f a h g  to a 
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lower ionic energy state then a line spectrum is obtained. The relative strengths of the 

continuum and line emissions depend on how the plasma was formed; typically, for 

plasma formed Gom a high-Z material continuum emission dominates, while for a low-Z 

material line emission can be stronger. 

The calculation of the power emitted by processes within the plasma depends on 

assumptions made about the state of the 

plasma. The emission processes can be 

classified as: free) 

h? (free - bound) 

[l] Bound-bound transitions 

When an electron bound in an ion h? (bound -bound) 

makes a transition to another bound state 

of lower energy, a photon with well- 
. Ei 

Fig. 2-5 Bound-bound, free-bound and 
defined energy is emitted (Fig. 2-5). The free-free transitions 

spectral line shape depends on the spontaneous lifetime of the upper state (natural 

broadening), the velocity distribution of the emitiing ions (Doppler broadening), 

perturbations caused by collisions (collisional broadening) and by the influence of 

electric and magnetic fields (Stark and Zeeman effects). The emitted radiation may also 

interact with other pamdes in the plasma (e.g., it may be absorbed) which can distort the 

line profile. Thus the line profile can give much information about the state of the 

plasma 

Prior to emission the bound electron has to be excited to a k h e r  energy state, 

which can take place either by absorption of photons or by collisions with other 

particles, primarily electrons. At very high temperatures the material will be totally 

ionized so that bound-bound radiation no longer occurs, 
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[2] Free-bound transitions 

A free electron can be captured into a bound state of an ion, thereby reducing the 

ionic charge by unity. Any excess energy of the electron may be emitted as a photon, 

giving free-bound or recombination radiation (Fig. 2-5). The emission spectrum is a 

continuum for each bound state with a low-frequency cut-off, the recombination limits, 

corresponding to the minimum energy needed to remove the electron from the bound 

state. The shape of the spectrum depends on the free-electron energy distribution and on 

the energy-dependent capture cross section into the bound state. 

A process that competes with this radiative recombination is three-body 

recombination. This occurs when two flee electrons simultaneously collide with an ion, 

one being captured and the other carrying away the excess energy. No radiation is 

emitted, and so this process, which becomes more probable at hgher densibies, should in 

principle be minimized in a plasma to be used as a continuum x-ray source. However, 

because high electron densities are necessary in x-ray sources, this is not possible in 

practice. Another process which does not result in radiation is dielecmc recombination. 

[3] Free-free transitions 

When a free electron collides with another particle it is decelerated, i.e., it loses 

energy and makes a transition to a lower energy £ree state. The excess energy, with a 

continuum spectrum, is emitted as free-free radiation, i.e., Bremsstrahlung. 

In highly ionized hgh-Z plasma Bremsstrahlung can be a dominant radiation 

process, with a spectral emission coefficient per unit wavelength peaking at about 

6200/T,,, (A). The emission decreases rapidly with decreasing wavelength. 
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[4] Cyclotron Radiation 

In a plasma with a strong magnetic field, such as used to form a pinch plasma, 

there is another type of emission called cyclotron radiation. The power emitted as 

cydotron radiation is (for a plasma in which the ions are hydrogenic) [l] 

The ratio of the powers emitted as Bremsstrahlung to that emitted as cydotron 

radiadon is (for a plasma in which the ions are H-like) 

where Z is the charge on the ions and E,= 13.6 eV is the ionization energy of the 

ground state of hydrogen. For pinch plasmas this shows that, for Pc to be comparable to 

P,, magnetic flux densities of at least - 100 Tesla are required, which is clearly not 

possible. Thus the cyclotron radiation is negligible and will not be considered. 

[5] Other Radiation Processes 

There are many other processes which could give rise to radiation fIom plasmas, 

but they can safely be ignored except under very special circumstances. They will not be 

discussed in detail here and will not, like cyclotron radiadon, be considered hereafter. 

2.3.2. X-rav power density from plasmas 

As qualitatively described in last section, the main x-ray emissions in plasma focus 

are Bremsstrahlung, radiative recombination and de-excitation (he radiation), denoted 

by P,, P, and P, respectively. These various types of emission are described more 

quantitatively as following. Most of the formulae will be given directly without the details 

of derivation, which can be referred to references [142-1441. 
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The emission spectrum of the plasma is determined by the combined effects of the 

processes discussed above. If the rates of all these processes were known, in principle the 

spectrum could be predicted. 

Power density of Bremsstrahlung (Pb,,), recombination (P,,) and line radiation (P4,) 

as Function of photon energy (h) or frequency (v) are listed below (P*,, and P,, in unit 

of W.m-'.Hz-', P,.in W.m-3): 

P*, = 87r 2 1 Y 
g f f N , N , z 2 E ,  

3& 

z 2  [-g] 
= 6 . 3 7 ~ 1 0 - ~ ~ ~ , ~ ~  - 

J E e  

32(aa0 Y v2 [-F] 
P,," = 87r2 - 3&n3 g f i N e N z z 4 E H [ ~ )  r  

z 4  [-%l 
= 1 . 7 3 x l 0 ~ ~ ' ~ ~ N ,  ) y 2 e  

n  T," 

4," = hvNz,,Anm (2-23) 

where&,,, is the statistical weight at quantum state m and n, A,, is expressed in Eq. (2-4); 

f,, the oscillator strength. 

The corresponding power densities of the three kinds of emission can be 

obtained by integrate over the emission band (all in unit of W .m-'), 

Bremssttahlung: 5 = ( P * , " ~ v  = 1.69 X 10'' N , & c ( N , z ~ )  (2-24) 

Ne Recombination: P, = (p7,"dv = 5.5 X 10-37 - z ( N z z 4 )  J E .  

2," Line Radiation: 4 = C P~," = 3 . 9 5 ~ 1 0 . ~ ~  -N ,N,  
v Te Y 
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CHAPTER 2 CHARACTERISTICS OF NEON AND ARGON PLASMAS (1 71221 

In above expressions, N, and N, are the electron and ion number densities (m-]); 

N- is the number density of .@I ionic ions; Z,  is the atomic number. a, and Z g  are 

dehned in Eq. (2.12) and (2-13), respectively. These parameters can be worked out for 

each given T, and N, using a plasma equilibrium model (e.g. corona model in last 

section). So the emission intensity is a function of T, and N, 

The total radiation density Pmd is the sum of these three terms, 

The radiation yield is, 

where V) and 5 are the volume and the lifeiime of the x-ray radiative plasma (assumed to 

be homogeneous), respectively. 

2.3.3. X-rav emission intensities from neon plasma 

For the high-Z focus plasma, the characteristic emission occurs in the soft x-ray 

region. Fig. B-l in the appendix gives a neon spec- resultmg from a plasma focus 

operating at a temperature of -500 eV, from which we can see the main x-ray emissions 

are the 1s-np and is2-lsnp lines from H-like and He-like neon ions. And the Lya (IJ-2p) 

and Hea (12-1~2~) lines take up most of the x-ray emission energy. 

Using Eq.(2-23) and the corona equilibrium model (Eq. (2-3), Eq. (2-4) & Eq. (2- 

5) ) we can calculate the intensity of line radiation as, 
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CHAPTER 2 CHARACTERISTICS OF NEON AND ARGON PMSMAS (1802) 

A" l The ratio of - is equal to unity for the resonance lines. C,, is obtained by 
C A", 
m<n 

Eq.(2-5). Then we may write the radmtion power for Lya line to be, 

where N, is the ion density, a, and Zd are defined in Eq. (2.12) and (2-13). From this 

equation we can see that the radiation power is propomonal to the density squared, and 

its dependence on temperature is mainly determined by a, and T,, in the equation (Zd 

changes slowly compared to a, and T,,). This dependence is in same format with all the 

h e  radiation. 

Following the same procedure we obtain, 
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CHAPTER 3 DYNAMICS AND MODELOF PLASMA FOCUS (1152) 

Chapter 3 

DYNAMICS AND MODEL OF PLASMA FOCUS 

Plasma focus is a complex system with sophisticated physics phenomena andprocesses. 

In this chapter, the behaviors of the plasma and the plasma focus are discussedfrom 

various aspects, including the electrical characteristics of plasma focus, shock wave in 

plasma focus, the thermo@namic properties of the plasma, and the energy t rmfer  

processes in plasma focus. In the meantime, a consistent physics model of the plasma 

focus is constructed by setting up the equations for these properties and processes. 

Mod8calions are also made on the model to describe the gas-puff plasma focus 

machine. Finally simulations with both NX2 and a gas-puflplasma focus are carried 

out. 

3 . .  Introduction 

3.1.1. Simplified evolution Drocess in plasma focus 

As has been reviewed IU chapter 1, the dynamics process in the plasma focus is 

usually divided into breakdown phase, axial rundown phase and radial phase, where the 

radial phase contains compression, quiescent, unstable and decay subphases. 
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(a) Axial Phase. 

Plasma sheath is formed and moves 

axially upward, conduct discharge 

current and collect gas: 

Start at: z = 0; End at: z = zo 

Sheath Position: z 

(b) Radial Inward Shock Phase: 

. Plasma Slug is formed and 

compresses radially inward until the 

shock front meet at center: 

. Start at: rp = rr = a, zt = 0; 

End at: r~ = 0 

. Plasma Slug Height zr 

Outer radius r, (Magnetic Piston) 

Inner radius r, (Shock front) 

(c) Radial Reflected Shock Phase: 

. Plasma Column continue compress 

to a narrow column region and result 

in hot 8 dense plasma : 

. Start at: rr = 0; End at: r, = r, 

Dense region radius r, (Reflect 

shock front) 

Piston position r, 

(d) Slow Comoression Phase: 

. Quasi-stable Plasma Column slow 

compressed by radial piston: 

Plasma Column Height Zr 

Plasma Column radius r, 

I fa\ Axial Phase I 

Plasma d2rp41 

l 
(b) Radial Inward Shock Phase l 

ReRactsd 
Shock Fmnt 

(to cathode) 

1 (c) Reflected Shock Phase 1 

(d) Slow Compression Phase 

Fig. 3-1 Simplified processes in plasma focus 
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The related evolution process (axial rundown phase to radial compression phase) 

could be simplified as shown in Fig. 3-1, which has been summarized based on the work 

by Lee et a1 [25,26,28,75,86]. These processes are treated as fow phases in modeling: 

axial phase, radial inward shock phase (radial phase), radial reflected shock phase (reflect 

phase), and radial slow compression phase (slow compression phase). The features of 

these phases are: 

I:1] The axial phase begins after the breakdown. In this phase, the up-moving (Fg. 3- 

l(a)) plasma layer is simplkfied as a flat annular conductive sheath connecting anode 

to cathode. It sweeps from the anode bottom to the top, and accumulates a fraction 

f;,, of all the encountered mass. The axial position of the sheath is z. 

The axial phase begins from z=0 and ends with z = z,, where z, is the anode length. 

Therefore, the mass of the plasma sheath at z is ji, =zx@'-a2) (the symbols are 

dehned in Table 3-1). 

[2] The radial phase is divided into t h e e  sub-phases: radial inward shock phase, radial 

reflected shock phase and slow compression phase. 

In the radial inward shock phase, the plasma is treated as a slug with outer radius rp 

(piston position), inner radius r, (shock front) and height Q. The slug is compressed 

radially inward by the radial magnetic piston. And a fractionf, of the gas in the path 

is collected into the slug. The inward shock phase begms with rp = r, = a, and ends 

when the shock front meets at the axis center at r, = 0. 

[3] When the shock front arrives at the center axis, the particles in the slug ~ a n s f e r  most 

of their kinetic energy E, into plasma internal energy by collisions. This would 

significantly increase the temperature and density at the center. This process is called 

the reflected shock phase. 
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In this phase, the plasma is considered as two parts: the center part is the relatively 

stationary hot and dense plasma column; the outer part is the fast compressing 

plasma slug with lower ternperamre and density. The boundary that separates the hot, 

dense center column with the outer plasma slug is dehned as the reflected shock 

front. And the position of the reflected shock front r, is inaeasing with a certain 

speed dr,/dt. The reflected phase ends when all particles join the center plasma 

column, i.e. reflected shock front and magnetic piston meet at a certain radius: r, = rj,. 

[4] After the reflected shock phase is the slow compression phase. In this phase, the 

plasma column will continue compressing until it is disassembled by the instabilities. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



CHAPTER 3 DYNAMICS AND MODEL OF PLASM FOCUS (51521 

3.1.2. Svmbols and notations used in the modelinq 

The symbols and notations used in discussions are listed in Table 3-1. 

Table 3-1. Symbols and Notations in  the Model 

1. Plasma Focus: Working Parameters 

I a I Anode radius, 1 Fig. 3-l(a) 1 
b 

20 

m, 

no 

1 Lo I Inductance of the discharge circuit I Fig. 3-2 1 

Energy bank capacitance 

Resistance of the discharge circuit 

Cathode radius 

Anode heighl: 

Atom mass of the filling gas 

Atom number density of the filling gas 
- 

Fig. 3-2 

Fig. 3-2 

l 2. Plasma: Geometry I 

Fig. 3-1 (a) 

Fig. 3-1 (a) 

vo 

1 r,, r,, r, I radius of radial piston, inward front & reflect front I Fig. 3-1 1 
l z 1 Plasma sheath position in axial phase 1 Fig. 3-l(a) I 

Initial charge voltage Fig. 3-2 

4 

l I I Discharge current 

CH 

I fc I current factor. 

3. Plasma: Electrical Parameters 

Plasma slug (column) height on the anode top in radial phase 

Electrical chi~rge flown into tube. CH = r ~ d t  

1 1 Current flow lthrough plasma. I, = f,l 1 53.2.2 1 

Fig. 3-1 

1 LP 1 Inductance of the plasma tube 1 53.2.3 1 
1 R~ 1 plasma resistances 1 53.2.4 1 
1 V 
L 

Tube voltage Fig. 3-2 
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Ionization energy 

Kinetic energy 

Table 3-1 (Continued) 

4. Plasma: Energies 

Internal energy 

ElNP 

Qjouie 

Qmd 

Er 

Piston pressure by the 1x6 force 

Axial Lorentz forces in axial and radial phase 

Energy into plasma (by piston work) 

Joule heating energy 

Energy loss by radiation 

Energy stored in tube inductance 

Fig. 3-9 

Fig. 3-9 

Fig. 3-9 

Fig. 3-9 

Fig. 3-9 

Fig. 3-9 

Fig. 3-9 

Eq. (3-31) 

Fa Radial Lorentz force for compressing in radial phase Eq. (3-7) 
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3.2. Electrical Properties and Circuit Equations 

3.2.1. Equivalent circuit equations 

In the discharge process, the plasma focus can be considered as equivalent 

electtical components. The equivalent electtical circuit of the plasma focus is drawn 

schematically in Fig. 3-2 [28,145]. The discharge loop is deemed as a standard LCR 

circuit. As shown in the figue, C, is the energy bank. and I$ are the circuit and the 

plasma resistance, respectively. The circuit inductance comprises of the hxed circuit 

inductance E, and the changing plasma tube inductance b. hL is the leakage resistance in 

the plasma tube, which represents rhe current leakage along the insulator surface. 

Fig. 3-2 Equivalent circuit structure of the plasma focus 

In experiment, the energy bank is initially charged to a high voltage V,. According 

to Kitchhoff s law, the equation of this circuit can be written as, 

and the tube voltage (voltage across point 1 and 2) is, 
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In exzeriment, the discharge current I is measured as a characteristic of the plasma 

focus by means of the Rogowski coil (will be described in $4.2.2). Fig. 3-3 illustrates 

typical current traces measured in NX2 machine. The three traces in the figure are 

induced by diffexent plasma mbe load. 

-50 - 1 
4 . 5  0 0.3 1 I d  2 2.5 

T I ~  (sec) X 104 

Fig. 3 3  Typical discharge current traces in NX2 with 5 cm stainless steel anode 

and 8 kV charging voltage. l - short circuit; 2 - high pressure tilling (24 

mbar Neon); 3 -discharge with focus (1.5 mbar Neon). 

The hrst trace was measured in short circuit test, in which point 1 and 2 in Fig. 3-2 

are short-circuited so that % and Lp equal 0 and the discharge current is biggest. The 

second trace was measured with high-pressure gas W g .  Therefore the mass load is 

heavy and the current sheet only moves a short distance into the axial phase. The 

resultant electric load I$ and Lp are small. The third case is a typical "focused" current 

trace, which is featured by the sharp drop on current trace. The current drop is induced 

by the sharp increase of L, and I$ in the radial phase in which the plasma is compressed 

to a small column 
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For the simplified plasma geometry described in s3.1.1, we can derive the electrical 

parameters of the plasma tube and the citcuit equations in each phase. 

3.2.2. Axial ~haSe 

k 2 b 4  
In axial phase, the configuations 

of the plasma tube and plas~na sheath 

ate simplified as shown in Fig. 3-4. The 

conductor of the current is composed of 

the conductive cylinder (elecbcodes) and 

the plasma sheath at position z 

(measured from the bottom of the 

anode). This electrical system is 

considered as a standard cylindrical 

coaxial conductmg tube with1 height 5 
Fig. 3 4  Plasma configuration in axial phase 

outer radius b and inner radius: a .  

The induced magnetic field between anode and cathode is, 

where 4 = fJ is the current flown through the plasma,f; is named as current sheddmg 

current. 

The resultantjxB force on the plasma sheath is axially upward to anode top, 

This is the magnetic piston to drive the plasma sheath going up to the top of the 

anode. 
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The tube inductance is, 

Substitute this expression into the general circuit equation Eq. (3-l), we can get the 

circuit equations for the axial phase, 

3.2.3. Radial phase 

As shown in Fig. 3-5, in radial 

phase, the cutrent flows though 

anode (radius a, heght G),), plasma 

slug (radius 5, heght .$, plasma 

sheath (5 + b at position .$ and 

back to cathode (radius b). The 

Plasma 
sheath Ic 

induced magnetic field can also he 
Fig. 3-5 Radial phase configuration 

expressed by Eq. (3-3). 

The jxB force on the plasma slug is radially inward, 

z' dp  
F,, = 11, X- d2 ZI P -  

O 2mp 271 r, 

This is the magnetic piston to compress the plasma slug. And the force on the 

plasma sheath which connect slug top to cathode is axially upward, 

" P  F,, = J I ,  X - d r  =--h - 
' P  

2 m  ""(t 27r ) 
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The total plasma inductance is composed by two parts: the conductive qlinder of 

the electrodes with height 5 and the plasma slug with height %and outer radius 5, 

By this expression and Eq. (3-1) we can also get the circuit equation for radial 

phase as, 

3.2.4. Plasma resistance 

The plasma resistance c:an be expressed as Spitzer form electdc resistivity, 

where 1nG = 29.27 + 1.5 X hTeV - 0.5ln[(l+ zeti)x N , ] .  T,, is the plasma temperature 

expressed in eV, N, is the ion density in the plasma, Z#is the effective ionic charge. 

Therefore, the resistance of the plasma slug in radial phase is, 

where r, is the inner radius of the plasma slug. Here we assume the current is uniformly 

flowing in the slug although it should has concentration on slug surface because of 

surface effect (the thickness of the surface effect is estimated to h 6 - E). 
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3.3. Shock Wave and Shock Wave Equations 

The motion of the plasma in the plasma focus is driven by the strong magnetic 

piston with htghly supersonic speed. Therefore, the strong shock wave scheme is 

employed here to desclibe the plasma dynamics. 

3.3.1. Equations for I D  shock wave 11411 

Assume a piston is moving with a very fast speed 5 (5 >> C, - speed of sound) in a 

long tube, a shock wave will be formed as shown in Fig. 3-6. The shocked gas and the 

ambient gas are separated by a fast moving shock front. The speed of the shock front v, 

is higher than up, because the shock front is continuously collecting new ambient gas into 

the shocked gas region. The shocked gas and the piston are moving with a steady speed 

V), and the pressure at the piston is P,, 

For the ID configuration shown in Fig. 3-6, the shock-jump equations across the 

shock front can be setup in the shock-fixed coordinates (q, and g are the shocked and 

ambient gas speeds in the shock-fixed coordinates): 

Mass: P040 = m  (3.13) 

Momentum: poqi + PO = m2 + P  (3-14) 

Energy in unit mass: paqa [ -qo + h. ) = m [ -4 + h ) PI. 

where p, and PO are the gas density and pressure of the ambient gas, q, = v, - v, is the 

relative speed of the ambient gas to the shock front, h, is the enthalphy per unit mass. 

The symbols without subscript represent the corresponding parameters of all shocked 

gas (not only the shocked gas adjacent to the shock front ). 

Another two equations describe the shocked gas are: 
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Eq. (3-20) and (3-21) are very important in describing the plasma behavior in 

plasma focus. The former equation revealed the fact that the plasma dynamics is 

determined by the piston pressure, mass density, as well as the thermodynamic state of 

the plasma itself. The latter equation describe the plasma temperature, which is the basis 

for calculating other parameters. Fig. 3-7 shows the calculated relationship between 

shock speed and shock temperature for several gases. 

In this steady ID shock wave, the piston is moving with up, the shock ftont is 

moving with v, and continously collecang ambinet gas into the shocked region. In a short 

time dt, the recruited gas is, 

where Sp is the piston area. Then the work done by the piston into per unit mass (that is 

also the energy level difference between shocked and unshocked gas) is, 

1 
On the other hand, the kinetic energy of the shocked gas equals -v:. Therefore, 

2 

exact half of the work done by the piston is converted into the kinetic energy, and the 

other half is transferred into the internal energy to heat the gas. In chapter 2, we had 

employed this relationship to estimate the h a 1  plasma speed. 

3.3.3. I D  shock wave with chanaina  ist ton pressure or chanqinq ambient qas 

pressure 

If the piston pressure is changing, Pp = Pp(), then the parameters in the shocked 

gas region also change with time and location as in Fig. 3-6@). The pressure, density and 

temperature of the shocked gas should be written as P(x,,f), p(x,,5), and T(x,,5). 
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Assume the signal of the changing P, propagates in the shocked gas region with a 

speed c, (sound speed in the gas), then the transmission time from piston to shock hont 

is, 

f P - ~ ,  = (5 - X 3  )/c3 (3-24) 

where the sound speed c, in the gas can be calculated as [28], 

If the time scale of 5 ,  is comparable with the changmg speed of P, the effect of 

changing piston must be taken into account for calculation. The pressure dismbution 

P(x,,Z) in the shocked gas can be simplified to be, 

Other parameters can be calculated by assuming local thermal equilibrium. 

If the ambient gas density and pressure have a distribution, P,, = P,@) and p, = 

p,(x). The ID equations are still valid within the thin gas layers dose to the shock front 

(for both sides). 

Generally speaking, it takes time for the shocked gas to reach new equilibrium with 

the new ambient parameters (for example, r = pip, ). If the time for new equilibrium is 

much smaller than the changing of the ambient parameters, we can still use the constant 

ambient environment equations to make calculation. If not, a certain dismbution in the 

shocked region will be induced by the ambient gas distribution. 
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3.3.4. Shock wave for 2D cvlindrical confiquration 

In the plasma focus model described in $3.1, a radially implosive plasma slug is 

formed above the anode in the radial phase. This slug is driven by the radial inward 

magnetic piston. The outer radius 5 of the slug is the position of the piston, the inner 

radius r, is the position of the shock front. The plasma gas inside the slug is compressed 

and heated by the shock wave. Its temperature and density is much higher than ambient 

gas. The motion of the plasma slug can be described by the cylindrical geometry 2D 

shock wave equations. 

The con£iguration of the 2 0  cylindrical geometry shock wave and its equivalent 

1D schem is illustrated in Fig. 3-8. In the figure, the radial compression of the cylindrical 

gas is equivalent to the ID compression in a triangle. Because of the geometry limitation, 

the state of the shodced gas in the cylindrical slug changes from time to time even if the 

piston pressure is constant. 

Fig. 3-8 Equivalent geometry for the cylindrical compression 
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CHAPTER 3 DYNAMICS AND MODEL OF PLASMA FOCUS 118/521 

In this configuration, the shock jump equations are only valid to the gas crest 

nearest to the shock front. Therefore, Eq. (3-19) - (3-21) can only describe the shocked 

gas nearest to the shock front. 

Here we discuss the dynamics of the slug by ass- the piston is moving with 

constant speed and the thermal state of the shocked gas keep unchanged. In the 

configuration shown in Fig. 3-8, if the piston moves AT, the corresponding volume 

change of the slug is, 

Because the shocked gas is assumed not compressed (unchanged thermal state), a 

displacement of shock front r, is required to make room for such a volume change, 

But the moving of shock front also collects ambient gas into the shocked region. 

The volume increase by this factor should be, 

where Tis the compression ratio (Eq. (3-19)) of the shock wave, Ag is expressed in Eq. 

(3-28). 

From Eq. (3-28) and (3-29), the shock front speed is, 
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If the slug is very thin (I, - 13, this conclusion become the same as the ID results 

P (From Eq. (3-13) we can get v, = q, = -q  = r(v, -V,,) ). It implies that the state 
PO 

plasma slug can be simulated by the ID equations when it is not near the central axis. 

But when the slug is compressed close to the axis (5 -+ 0) or the slug is thick (r, 

>>rJ, we can see £tom Eq. (3-30) that the shocked gas is being accelerated. Therefore a 

pressure grahent (lower pressure at smaller r) must exist in the shocked region to drive 

the acceleration. Moreover, if we consider this fast process adiabatic, lower density and 

temperature are also expected at smaller r. Then the precondition of Eq. (3-27) - Eq. (3- 

30) is no more valid. 

In conclusion, in the cylindrical configuation, the motion of the plasma can be 

described by ID shock wave equations when the slug is not thick or far from axis. 

However, when the plasma slug is compressed to the axis, a gradient is established along 

the rdial direction. This gradient will effect the plasma behavior at small radius. The 

calculation by I D  equations may have swficant  errors. 
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3.4. Plasma as Thermodynamic Gas 

In the scheme described in last several sections, the plasma slug (see Fig. 3-8) is 

finally developed into the hot and dense plasma column. In this section we discuss the 

thermodynamic properties of the plasmas confined in the slug or final column. 

3.4.1. Thermodvnamic properties of plasma qas 

The plasma in the slug or column can be considered as thermodynamic gases. The 

force that drives the compression is the magnetic piston, whose pressure is, 

With the supersonic compressing, the shock front - both the inner and upper sides 

of the slug are continuously collecting new gases. The total number of the collected 

atoms (ions) is, 

At the same time, particles in this plasma gas also increases by the ionization, 

Ne = N,, Z ,  (3-33) 

And a portion (l-f;,,) of the collected gases is leaked during the compressing 

process. The number of leaked particle is, 

N,,, = ~,,o x 0 - fm2 1 (3-34) 

There are similar sources and sinks for the energy of the plasma gas. We name 

EINP as the total energy that transferred into the plasma (will be discussed in next 

section). This energy is used to heat, lame and push the plasma. The relevant energy 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



sinks are the thermal energy, ionization energy E, radiation energy loss Q, plasma 

kinetic energy E, (as mentioned in 03.3.2), and energy loss along with the particle loss. 

Table 3-2. Thermodynamic properties of the plasma gas in  plasma sluglcolumn 

1 froperties I Formats 8 Expressions 1 

l 1 Gas collected by shock front: l 

Gas Pressure Pressure of the magnetic piston: P, = 

1 Ionization & recombination: N ,  = N ,  X Zef l 

Particle SourcelSink 

(N,: ions in the slug) 

Particle leakage during compression: NlEak = Nimo X (1 - f,,) ~ 
h, N ; ~ ~  = m, ((r; - r:)% - 21 ri 2 dt 

I dr l 

Energy SourcelSink 

Piston work: 

Joule heating: 471 r, dt 

3 
Thermal energy: E,,,,, = ; kT 

2. 

Ionization & excitation: E, = N i m  X z(aiEi)]  
2=1 

Radiation: Q,, = I(P, + 4 + P, )dt 

2 
1 

Kinetic energy: Ek = - m i N Z o n ( ~ )  
2 

Energy loss along with the particle leakage (E,) 

The characteristics of the plasma gas in the slug are summadzed in table 3-2. In 

this table, m, is the mass of atom or ion. a, is the fraction of the plasma which is ionized 

to the @I ionized state. Zef/ = C ( z a z )  is the effective (average) charge number of one 

ion. I, is the total energy required to raise one ion kom its unionized state to its $I 
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CHAPTER 3 DYNAMICS AND MODEL OF PLASMA FOCUS (22/52) 

ionized state and E, is the average excitation energy per 4th ionized ion. The ionization 

potentials are known quantities whilst the excitation energies are temperature dependent 

and can be computed Gom the tabulated values of atomic and ionic energy levels and the 

statistical weights of these levels, once a suitably converging summation scheme is 

adopted. 

In chapter 2 we employed the Corona model to calculate ionization states a<. The 

calculation results have also been used to calculate the related plasma ionization energies. 

3.4.2. Effective specific heat ratio of plasma qas 

The ionization and excitation processes play an important role in the energy 

balance in the plasma gas. This effect can be described by the effective specific heat ratio 

y. In ideal gas, the difference between C, and Cp is caused by the extla work done by gas 

expanding. In plasma gases, this difference ratio becomes smaller because the 

ionization/excitation energies are quite big compared to the extla work. By taking the 

ionization effect into y calculation, the effective specific heat ratio y can account for the 

energy and particle changes by ionization, and can be related directly to plasma 

temperature. Lee has proposed a simplified method to compute the values of y as 

function of temperature [146,147]. According to a theory based on energy balance [86], 

the radius ratio rp/r, of constant-cutrent plasma pinch depends on the value of the 

effective specific ratio y of the pinched plasma. 

Here we improve the calculation by taking into ionization effect on the basis of the 

corona plasma equilibrium, which has been calculated in chapter 2. 

The enthalpy of the plasma can be written as, 
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On the other hand, the value of y may be dehned in terms of the enthalpy by, 

Combine these two equations we may compute the value of y by, 

Y 5 l ( 2 ( a , I z ) + 2 ( a z ~ , ) )  
y - l  2+kT(1+Z,) ,=, 1=1 

By omitting the excitation energies E, (which are much smaller that ionization 

energies), this equation can be approximately rewritten as, 

5 L=-+ 
2 (aJz 1 5 E, 

y - l  2 G&J=5+E-(GQ 

Based on this equation and the calculation results in chapter 2 (Fig. 2-3 & 2-4), the 

s p e d c  heat ratio y of neon and argon gases has been calculated. The results are shown 

in Fig. 3-9. As shown in the figure, y is almost same with ideal gas at very low or very 

high temperatures because there is no ionization process. However, it becomes smaller in 

the intermediate region where the ionization takes place. 
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3.5. Energies and Temperature of the Plasma in Plasma Focus 

3.5.1. Mechanisms of enerav transfer into plasma and plasma tube 

In the plasma focus system, all the energy comes from the electric energy stored 

initially in the energy bank. It equals, 

In experiment, the power input into the whole plasma system is (tube voltage V is 

expressed as Eq. (3-2)), 

dIP P,,, = I,V = I,L, - + 1; R, + 
dt [ %) 

1 
As the energy stored in the tube inductance is L,I;, the power transferred into 

plasma is, 

The hrst term in this equation is induced apparently by the joule heating which 

heats the plasma ditectly. Then the second term is the power contributing to the 

dynamics of the system (lunetic energy, and also the thermal energy, ionization energy 

1 dL, 
etc.). The term -- can be seen as a "dynamic resistance" of the plasma [86]. 

2 dt 

Therefore, the total energy that has been transferred into plasma is, 

EINP = ( 11; R, +- :%h 
0 

Substitute the inductance expression Eq. (3-5) and (3-9) into this equation, we can 

get EINP to be, 
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b a5 
Axial Phase: EINP, = J I ~  RP + -h - - dt 

a ' [ c [ ~ ) d t )  

Radial Phase: EINP2 = jl:[Rp + -&{:l 5 - ~ 5 i  (3-46) 
120 dt 4n  r, dt 

where t, is the initial time of the radial phase. 

O n  the other hand, we calculate the work done by the magnetic piston. In axial 

phase, the force on plasma sheath is expressed in Eq. (3-4), which is axially in z direction. 

Then the work done by the a.& magnetic piston F,, is, 

Similarly, by Eq. (3-7) and (3-8) we get the work done by F,, and F ,  in the radial 

phase, 

Compare Eq. (3-44) with Eq. (3-47) and (3-48) we can find tha.t the second term of 

EINP in Eq. (3-44) is just the half of the work done by the magnetic piston, while the 

other half is stored in the tube inductance. Therefore, there are two mechanisms for 

energy coupling into plasma: joule heating and magnetic piston. 

In radial phase, the magnetic piston pushes the plasma in both axial and radial 

directions. We are only interested in the radial direction because the radial compressing 

will &ally develop the plasma slug into the x-ray radiative plasma column. Compare Eq. 

(3-46) with (3-48), the radial work (work done by F,]) is considered to be the energy into 

the plasma slug, 
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z dv P .I P R,, - - - -Idt 
120 4n P, dt 

This expression is identical with that derived by Lee [86]. 

3.5.2. Drivina Darameter 122,901 

The concept of the driving parameter was proposed by Lee [%2,90] to describe the 

intensity of the driving force in plasma focus. It was found that the driving S is nearly 

constant at 90 kA/(crn-t~rr)'/~ for opdmized operation of deuterium over a wide range 

of machines, from small one (3kJ) to big machine (300 kJ [go]. The driving parameter is 

dehned as, 

This parameter has been observed experimentally to be a measure of speed, which 

has an optimum value for each gas of operation. It can also be remarked as a measure of 

the drive magnetic pressure (see Eq. (3-31)) per unit density or the drive magnetic energy 

pexunit mass. Thus any model based on either the snowplow or slug model will have the 

driven speeds primarily dependent on this factor S. It is a valuable ;parameter to quickly 

estimate the plasma state or the required working condition in plasma focus, as well as 

any other electromagnetic driven plasma system. 

In chapter 2, we discussed the relationship between the plasma temperature and 

the required heating energy. In accordance to the discussions, we deduce here the drive 

parameter in the viewpoint of energy input. We start from Eq. (3-43) by assuming the 

discharge current keeps constant in radial phase and omitting the e:nergy input by joule 

heating, then the energy in radial phase plasma can be estimated to be, 
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where h2, is the plasma slug inductance which is the second term in Eq. (3-9). 

The energy in the plasma slug can be considered as a certain portion of EINP, (the 

other part is stored in the plasma sheath). O n  the other hand, the mass in the column is 

measured by Thus the energy per unit mass in the final plasma column can be 

expressed by, 

~ 1 2 z  In(') 
E ~ P I , " s  47t P I I 2  2 - const X - const2 X 7 = const2 X S (3-52) 

mass p m 2 z ,  P 

where r,, is the h a 1  column radius, in(b/r;,J is a slower variable compared to d and is 

considered as a constant. 

From Eq. (3-52) we can see that the drive parameter can be directly correlated to 

the energy density in the final plasma column. Therefore, to increase the energy density 

(and consequently the plasma temperature), one can increase the current or decrease the 

anode radius and gas pressure. 

In chapter 2, we have deduced that the temperature and energy density required to 

generate argon x-ray is much higher than that for neon. Therefore, 

X -- 
SW,on 'neon ) nnem 

where n is the atom number density. This equation indicates that for a certain machine 

(that the current I and anode radius a are Gxed), the filling gas pressure for argon 

(proportional to n,,J should be smaller than for neon to reach the energy density for 

generating x-ray, because the required energy density for argon (S,,,?) is much &her 

than for neon. However, a lower number density also means lower x-ray yield. 
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3.5.3. Enerqv transfer process 

The energy balance in the plasma focus is very important in any analysis of its 

behavior. Based on the discussions in previous sections, the energy transfer process has 

been summarized in Fig. 3-10, 

As drawn in Fig. 3-10, the energy goes into plasma focus tube by three ways: 

inductive impedance, piston work and joule heating. The inductive impedance represents 

the change of the energy stored in L) by the change of the discharge current. The piston 

work is the main path to transfer energy into the plasma focus tube. According to the 

discussion in last section, half of the piston work is used to increase Lp by pushing the 

conductive plasma sheath, consequently increases the energy stored jm L,. The other half 

converts into plasma energy. The joule heating is induced by the plasma resistance % and 

the current flow through it. It directly heats the plasma. 

The energy stored in the tube inductance, E,, is determined by both the inductance 

and the current. It must be noticed that this energy is not dissipative - if the current is 

dropping, it will act as an energy source to output energy. 

EmP, the energy into plasma, is composed by two parts: the joule heating and half 

of the piston work. With EINP be transferred into plasma, the plasma energy exists in 4 

forms as discussed in $3.4.1: kinetic energy E,, Internal energy U, ionization & excitation 

energy E;& Ex, and radiation energyQm, 

Once we get all the values of these energies in the plasma, the plasma temperature 

can be calculated £rom its internal energy U by, 

We will use this equation and Eq. (3-25) to evaluate the plasma temperature. 
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3.6. Equations and Expressions of the Plasma and Plasma Focus 

The states and behaviors of the plasma and plasma focus machine can be 

described by a group of consistent equations. These equations and parameter expressions 

could be derived based on the scheme and process described in previous sections. 

3.6.1. Axial phase 

In the axial phase, all the swept gas ate assumed to be concentrated at the 

wavefront at position z (with taking into account a mass swept-up factorfJ. The ions in 

the plasma sheath is, 

N,, = $m,noz(b' -a2)  

Then the mass of the plasma sheath is, 

mass, = mi xNionl = a(b2 -a2)fmnozm, (3-56) 

where no is the atom density of the 6lled gas in the plasma focus; m, is the mass of the ion 

or atom. 

The momentum change of the plasma sheath in the coordinate z is: 

Put the expression of the jxB force F,, on plasma sheath (Eq. (3-4)) and Eq. (3-56) 

into (3-57) we get, 

or be simplified as, 
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dt ' mass, 

From Eq. (3-59) and the axial phase circuit equation Eq. (3-6), we can get the basic 

parameters I(5) and ~ ( 5 ) .  Furthennore, we can calculate plasma parameters. 

3.6.2. Radial inward shock phase 

[l] Shock wave equations 

In radial inward shock phase, the plasma slug is driven by the radial magnetic 

piston. The shock-jump equations are still valid for the gas near to the shock front 

although the shock wave is in a 2D cylindtical geomeq. The shock front speed can be 

related to the pressure according to Eq. (3-20). Taking the piston-shock front 

transmission time (tpJ effect (Eq. (3-26) into Eq. (3-31), the pressure at shock front is, 

Combined with Eq. (3-20), we can get the plasma dynamics equation as (we can 

see the driving parameter is actually the driving force account for plasma dynamics), 

Since the compression is open at upper end, we expect an axial shock propagating 

upward in the ?-direction. Furthermore, we may assume that the pressure driving the 

radial shock is the same as that driving the axial shock. Thus, the length of the plasma 

slug 5 increases during the compression. We may write: 

dz.f 2 dr, - 
p 

dt y + l d t  
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[2] Thermodynamic equation 

Based on Eq. (3-40), we can derive the thermodynamic equation of the plasma gas 

in the plasma slug. 

The volume of the the plasma slug is V = x(ri - r: )zf . Then the volume change 

of a &ed mass in the plasma slug is, 

But the increments d q  and dr, also introduce new gas into the plasma slug. And 

this new gas will take up some volume in the plasma slug @ere dr, < 0 and d q  >0), 

where l- = (y +l)& - 1) is the compression ratio of the shock wave. Therefore, the 

actual volume change of the onginal gas is, 

Put this equation and the expression of pressure (Eq. (3-31)) into Eq. (3-40) we 

can get, 

where dQ = -Q",,, - Ei - E3 is the energy increased other than piston work. 

Similarlv, . bv . taking into account the transmission time of piston to shcok front, the 

thermodynamic equation becomes, 
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2 P r -  
1 rP , 4 4  -1) rp d~ 

dr, - y + l  z, dt pY1; z, dt 
-- --l (3-67) 
d f  

This equation is suitable for the plasma gas in the slug in radial inward shock and 

reflect shock phase. It also can be applied to describe the dense plasma column in the 

reflected and slow compression phase. 

[3] Expressions of plasma parameters 

Based on the discussion in previous sections, the expressions of the plasma 

parameters can by summarized as following: 

Ions in plasma slug. 

Volume of plasma slug: vs,ug E 4; - r: b, (3-69) 

Energy into plasma: 

Ion density: ' i  = N,, / hq 

Electlon density: " r i r c m n  = Za8 X ni 

Tube voltage: 
CH v = v, dI 

R,I-L,- (3-73) 
C" dt 

L 
Internal energy temperature: T, = m X U 

5N,, 1 + 2, 

2m; Y-1 , , 2  
Shock Speed Temperature: 

T,  = -1 k, l+Z,  (y+1y S 
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3.6.3. Reflected shock equation 

In reflected phase, the reflected shock front (the boundary of the collision) travels 

outwards with a fraction of the on-axis incident shock speed [25]. Here we set this 

fraction as fw - 0.3 empitically and the reflected shock speed is, 

The corresponded axial elagation equation becomes, 

At the same time, piston is allowed to move towards the axis by assuming a 

"virtual" forward shock front moving with the on-axis speed of the incident shock. And 

the thermodynamic equation &. (3-67)) is s d  suitable to describe the plasma gas in the 

plasma slug (the gases between piston and reflect front), except r, is replaced by r, in the 

equation. 

Assume there is no mass leakage at piston, and the axial shock front is collecting 

gas, the ion number in the plasma slug is, 

Here N,,,, is the ion number in the plasma slug at the end of radial inward shock 

phase and is the piston radius at that time. Then the ions in the center region is, 

Other plasma parameters can be calculated by referring Eq. (3-69) - (3-75), which 

are still valid in this phase. 
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By the end of reflected phase, 5 = r, all particles are compressed into the center 

plasma column. From this time on, the ion number in the column is, 

3.6.4. Slow compression equation 

Assuming that the diffusion of magnetic field into the plasma is not significant in 

this radiative phase (- 20 ns), so the plasma is still assumed to be confined by a thin 

magnetic piston. The plasma gas confined in this piston can still be seemed as a 

thermodynamic gas. We can use Eq. (3-67) for this phase by setting r,= 0, dy/dt = 0, 

Eq. (3-77) can be also used to describe the axial elongation in this phase. And the 

ion number in the plasma column is expressed in Eq. (3-80). 

The radial phase circuit equation (Eq. (3-10)) is valid throughout the whole radial 

phase. Combined with all radial phase equations and expressions, the plasma parameters 

can be calculated. 

3.6.5. Dependence of the plasma dynamics on qas properties 

In radial phase, the dynamics of the plasma is mainly determined by Eq. (3-61) and 

(3-67). For diffaent working gas, the plasma dynamics is different because of their 

different mass density (at same pressure). Another important factor that effects the 

dynamics is the energy sink in the plasma, which mainly includes the ionization and 

emission processes. This mechanism is temperature dependent and implies that the 

dynamics is different for different gases even the mass density is identical. 
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In the shock front dynamics equation (Eq. (3-61)), the gas type dependent 

parameter is the specific heat ratio y. As discussed in $3.4.2, y becomes smaller when 

ionization/excitation process takes place. Therefore, the shock front speed dr,/dr is 

smaller in ionization temperature if other parameters are same. 

Another effect is the piston-shock front transmission time S., (Eq. (3-24)) which is 

inversely proportional to the square root of temperature. When the plasma slug 

approaches the axis, the piston pressure increases rapidly. Thus the pressure at shock 

front is always smaller than at the piston (by Eq. (3-26)). Therefore, the shock front 

moves more slowly for the low temperature plasma such as neon and argon, because 

more energy is required for ionization and more particles (electrons) can be ionized from 

one atom. 

In Eq. (3-67), the piston speed is drp/d! directly related to the shock front speed 

drJd! - then the two factors discussed above have same effects on piston speed. 

However, in this equation the energy loss dQ by emission and ionization accelerates the 

piston (the inward drp/d! has a negative s i p )  - the reason for this is that the colder 

thermodynamics gas between the piston and shock front is easier to be compressed. This 

mechanism begms to affect the dynamics when the shock front is close to the axis 

(5>>rJ and dominates the plasma column dynamics in slow compression phase. 

In conclusion, the ionization and radiation processes slow down the compression 

speed in most of the radial inward shock phase. And this factor speeds up the 

compression in the final slow compression phase. 
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3.7. Simulation With NX2 Plasma Focus Machine 

3.7.1. Numerical calculatinq method 

All the equations and expressions derived in previous sections for the plasma are 

summarized in appendix C. Based on these equations, the behavior of the plasma focus 

could be numerically computed. 

To compute these equations and expressions, a simple linear approximate 

integration method [75,148] is employed to calculate all variables by small time steps. The 

parameter values at a series time points t l ,  Q, t3 . . . with a increment At are calculated 

according to the equations. 

For the variables in the differential equations (i.e. I, r, 5, r,), their value at time 

tis related to the previous value at time t-At as (e.g. for l), 

where At is the time increment for calculation, dI/dt(t-At) is calculated by the circuit 

equation and the parameter values in the equation are taken as the value at previous time 

point #-At. In such way we can get the values of the discharge current and the plasma 

dimension parameters. 

The other plasma parameters (such as G,, T,,  EINP, etc.) are therefore calculated 

by these solved values accordingly. 

In calculation, the time increments At for each phase are set as, 

1 0 - ~  sec (Axial Phase) 

2 X 10-" sec (Radial Phase) 
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The initial conditions of the equations are taken based on the model physics and 

the equations. For axial phase, the initial conditions are, 

The axial phase ends when z=z,, i.e. the plasma sheath reaches the anode top rim. 

Then the radial phase starts with, 

r = r, = a and zf = 0 (3-84) 

Other parameters such as I, dI/dt etc. are succeeded fiom the values of axial phase. 

The reflected shock begins when r,=O and inherits all parameters from radial phase. 

Similarly, the slow compression phase starts when r,=rp and inherits parameters fiom 

reflected shock phase. 

3.7.2. Results for NX2 plasma focus machine 

We have applied the model to simulate the performance of the NX2 plasma focus 

machine and another gas-puff plasma focus machine (Gunma Machine) [43-471. The 

technical parameters of these two machines are listed in appendix A. 

The simulation parameters for NX2 are set to be, 

Figure 3-11 and 3-12 illustrate a typical result set of the simulation with 2.0 mbar 

neon and 11.0 kV charging voltage. Fig. 3-ll(a) is the calculated overall current trace. 

Fig. 3-1 1 @) and (c) are the calculated plasma dimensions, plasma temperature and ion 

density in radial phase. The calculation was proceeded until a h a 1  lmm plasma column is 

formed in the slow compression phase. 
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Fig. 3-12 shows the evolution of the plasma parameters in the radial inward shock 

phase, which is the most important phase to heat the plasma and to control the overall 

dynamics in forming the final plasma column. 

The calculation shows the duration for each phase is: 

Axial Phase: 1.05 psec 

Radial Inward Shock Phase: 0.14 psec 

Radial Reflected Shock Phase: 0.02 psec 

Radial Slow Compression Phase: 0.01 psec 

In both Fig. 3-1 1 and 3-1 2, we can see the plasma parametem (temperature, speeds, 

and density) are changing slowly in the first half part of the inward shock phase. It 

implies that the plasma slug is driven by I D  shock wave and the piston does not change 

too much. However, when the slug becomes thicker and closer to the center, the 

cylindrical geometry affects its dynamics - the temperature, density and speeds increase 

rapidly. By the end of this phase, the final temperature of the plasma is -200 eV and ion 

density -10"/cm3. Another interesting phenomena is that in the f is t  half of this phase, 

the ion density is slowly decreasing while the particle density maintains almost constant 

because of the ionization effect 

In the radial inward shock phase, the total input energy (EINP) is -90 Joule. In 

this energy, almost half of this energy is consumed to accelerate the plasma slug @metic 

energy). And about l0  Joules is spent in ionization. The remaining energy is used to heat 

the plasma. The inward shock speed is steadily increasing in the inward shock phase from 

-10 cm/ps to a final on-axis speed of -24 cm/ps. 
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kequency response better than 100 kHz. The 5 distribution c w e s  are measured at 

different axial position with the distances to the anode top of 3mm, 8mm, 13mm, 18mm 

and 23mm respectively. These pressure prohles are almost gaussian in distribution. And 

the magnitude shghtly decreases along the anode axis. 

In operation, the working gas in the axial phase and the beginning of the radial 

phase is the embedded gas (hydrogen). Hence the mass inertia and ionization energy is 

low so that the plasma is easier to be heated and accelerated by the magnetic piston. With 

the plasma slug going to the axis, the gas density becomes higher and the neon or argon 

component increases. Then the preheated hydrogen will transfer its energy to the 

working gas (neon or argon). Thus the shock speed will slow down. 

In simulation of the radial phase, two factors must be carefully considered - the 

gas pressure and gas composition. 

By considering both the measured data and the computation continuity, the gas 

pressure prohle is considered as shown in Fg. 3-16. The measured pressure is induced by 

the mixture of embedded and puffed gas. We simply assumed a linear constitution as 

shown in the w e ,  i.e. the component of the embedded gas (H,) and the puffed gas 

(Ne) are 100% at anode rim and axis respectively. And this constitution changes linearly 

kom the anode rim to the axis. 

The gas pressure P($ above the anode top can be expressed by the gas molecule 

density n($ as, 

where P, = 5 torr is the embedded pressure of hydrogen gas. P, = 3.5 ton and k = 0.025 

are obtained by fitting Eq. (1) to the measured data. Thus the atom densities of the 

embedded and puffed gases are, 
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3.8.2. Equation modifications 

In the plasma slug, both embedded and puffed gases exist in the ionized state. To 

proces:s the behavior of this mixed plasma, we must know the ion number and 

constitution in the slug. As described in the model, the plasma slug is collecting the 

ambient gas while it is compressed to the axis. At the same time, there is also a gas 

leakage. Here we simply treat the leakage effect by assuming the gas is collected with a 

constant ratioLJ2 gn2<l). Therefore the ions in the plasma slug are (modified from Eq. 

(3-68)),, 

2 3 * f  Hydrogen ions: N H  = h (G. - r;)- - 2zfcr  - dt (3-89) 
I dt drs dt 1 

* f Neon ions: N ,  = nfm2 in, (r, )X - 2z r, - dt (3-90) 
dt drs 1 

where 1: is the position of the shock front; no and n, are expressed in Eq. (3-87) and (3- 

88). 

The equations and expressions in the model must be mo&ed to describe this 

mixed plasma gas. We replace all the related parameters with the weighted average values. 

For example, the specific heat ratio of the mixed plasma gas is calculated as, 

In this equation, y, and y,, are the specific ratios for hydrogen and neon atom 

respectively. Similar expressions could be setup for Z* E, and average atom mass mi etc. 

With these expressions be replaced in the equations, it is possible to calculate the 

dynamics and properties of the mixed plasma gas. 
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3.8.3. Simulation results for Gunma machine 

'Ihe parameters for simulate the gas puff machine (Gunma Machine) are listed the 

appendix A. The simulation parameters are set to be, 

The simulation results ate shown in Fig. 3-17 and 3-18. In Fig. 3-17, the general 

features of the results are quite similar with non-puff machine, except the neon ion 

density keeps increasing in the inward shock phase. This is due to the distribution of the 

ambient gas density, which sgmficantly affects the plasma dynamics in the inward shock 

phase. 

The detailed features in the rahal inward shock phase are illustrated in Fig. 3-18. 

Unlike the results for NX2 (Fig. 3-12), the radial inward speeds decrease in the beginning 

of this ]phase (Fig.3-18(d)). The reason for this is that the shock wave is firstly sehlp in a 

smaller mass density environment with high speed, the shock is slowed down when it 

goes in110 the b h e r  density region. The direct consequence of this phenomena can be 

seen in Fig. 3-18@) - the kinetic energy only takes up one quarter of the total input 

energy whilst this value is -1 / 2  for thr norl-puff machine, so that more energy has been 

transferred into the plasma internal energy. By this meaning we can conclude that the 

gas-puff makes the plasma heating more efficient. On the other hand, this speed slow 

down is beneficial for the stability of the find compression as a higher speed collision 

may induce more instabilities. This phenomena has been experimental observed and 

reported that the gas-puff may give a more stable final plasma column [43,44]. 

Tlle final plasma temperature in this phase is above 300 eV, which may give x-ray 

radiation. The experiment with this machme also shows that the x-ray is generated before 

the plasma column dls~pt ion (also can be seen in Fig. 1-4) when using neon puff, whilst 

the x-ray from argon puff is generated at the disruption [46, 1381. 
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In the reflected shock phase, the core temperature jumps to -430 eV Fig. 3-17(c)) 

and continues going up to a final temperature of -580 eV. The x-ray yield of Gunma 

machin.e with neon is - 200 Joules [l381 which is about one order %her than NX2. 

Therefore we assume a 10'w-order emission loss from the reflected phase and carry on 

the calculation u n d  the plasma column is 1 mm in diameter. 

When using argon, much %her temperature is required to generate the x-ray. 

Similar with the non-puff machine, the argon gas density must be decreased to achieve 

the hgher temperature. This is done by adjusting the delay time between the gas puffing 

controlling signal and the main discharge to modify the gas distribution profile. 

In Gunma machine, the appearance of the plasma column is typically divided into 

two categories: fikmentary- and spot-like depending on the delay time. When delay time 

is less than 6 ms, no x-ray is generated. When the delay time is between 6 and 7 ms, a 

fiiamentary plasma column is formed (good stability). When delay time is longer than 7 

ms, a series of spots w e d  roughly along the electrode axis are observed (worse 

stability) [46]. 

These phenomena are actually induced by the different gas distributions on the top 

of the anode. If the delay time is too small, then too much gas is puffed into the chamber 

so that the plasma temperature to too low to generate x-ray. If the delay time is too big, 

then less; gas is puffed into the chamber, then the plasma radial speed is too big so that 

the stability is poorer than the moderate speed by moderate gas puffing delay time. 
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(Chapter 4 

NX2 PLASMA FOCUS MACHINE AND DIAGNOSTIC TOOLS 

NX2 plasma focus machine is designed and constructed ay a powerhl soft x-ray source 

for demor~strating its potential ability as a lithography source. In this chapter, the 

technical structures of the NX2 machine and each component are described in detail. 

To evaluate and optimize its performance, a measurement system and relevant data 

acquirition & processing program have been setup. The electrical parameters of the 

machine are obtained by short circuit experiment. 

4.1. Technical Considerations in System Construction 

NX2 is a high repetitive rate plasma focus machine which has been designed and 

developed as a high power soh x-ray source for lithography. The requirements for a soft 

x-ray lithography source may be expressed as [22]: 

Point source - dimension less than 1 mm (focussed plasma viewed end-on); 

X-ray emissions in the wavelength range 0.8 - 1.4 nm (soft x-rays from neon 

plasma); 
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Average soft x-ray power of 1 kW at source over 457 delivered over a prolonged 

burst. 

The last requirement indicates what is needed from industrial wafer thtoughout 

considerations. For a resist mlth 100 m~/crn' sensitivity exposed at a distance which 

cannot be less than 30 cm [l501 from the point source. The 1 kW x-ray power wiIl deliver 

the required 100 mJ/cm2 in two seconds assuming beamline transmission ratio of 0.5. 

This two seconds exposure time per field may be sufficient for industrial wafer 

throughout purpose. 

The NX2 machine is designed and constructed for demonstration purpose, in 

which even a 100 W source is useful to study the lithography. 

For a given stored energy, the yield performance of plasma focus is related to the 

current - as discussed in last chapter, the energy into plasma can be measured by the 

square of the drive parameter S which is proportional to the current. Thus the circuit 

inductance necds to be minindzcd. Thc modeling [24,25,86] also indcates the importance 

of minimizing the ratio of generator impedance to total impcdancc Eor efficient transfer 

of energy to the plasma pinch. Practically, this is again accomplished by minimizing all 

the inductance from the capacitor bank through the switches right up to the collector 

flanges of the plasma focus head (I+ in Fig. 3-2). Then improving circuit performance 

should improve yield performance. 

Other parameters such as anode radius and anode length are also of crucial 

importance [151,152], and therefore are carefully considered in system design [22]. And 

these parameters can be tuned in experimental optimizing (results will be shown in 

chapter 5). 

For other practical design features, all the technical considerations are based on the 

requirements of lithographic application, including: 
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Cooled anode, cooled cathode and cooled vacuum chamber for hgh  repetitive 

operation rate; 

Modular sttuctutes for ease of assembly and disassembly; 

Capable of exposing wafers at the shortest possible distance; 

Capable of hring 6000 shot bursts in repetitive rate of up to 16 Hz. 

Completely Faraday shielded to minimize electrical noise that may be coupled to 

the lithography station and other control electronics. 

NX2 is a 410 kA, 1.9 kJ small plasma focus with four energy bank modules. Fig. C 

1 is the block diagram of the whole system. It consists essentially of the following 

subsystems: 

(a) Charger & Energy Bank (a four 

module hgh-voltage, h~gh 

power charger; four hgh- 

voltage capacitor energy banks 

and hgh-voltage cables) 

@) Switch (Four rail-gap sw~tches, 

working gas &g apparatus, 

gas pipes); System Control 8 
Data Acquisition 

(c) Focus Tube (discharge 

chamber, electrodes, anode Fig. 4-1 Block diagram of NX2 plasma focus 

plate, ctc.) 

(d) Vacuum Systcm (pumps, manometers, valves, gas filling system, etc.) 

(e) Lithography System (lithography chamber etc.) 
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(4 Cooling System (anode, cathode & vacuum chamber cooling tubes, reservoirs, 

control circuit, water pipes) 

(g) Trigger system (hgh voltage pulse generator, spark gap pulse sharpener) 

(h) Diagnostics (Rogowski coil, high-voltage probe, x-ray detector, attenuators, 

oscilloscopes), 

(i) Control & Data Acquisition (computer based master pulse tngger generator and data 

acquisition, software) 

Each of these parts will be detailed discussed in the following sections. 
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4.2. System Arrangement 

4.2.1. Layout 

Figure 4-2 is the overall view of the NX2 machine. The mainfiame of the system 

has a footprint of 1.6mxl.6m and an overall height of 1.4 m. 

Fig. 4-2 overall view of the NX2 plasma focus machine 

In. the system, the major electrical components have been packed into two 

0.9mx0.65mxO.6m volumes on the front side of the mainframe. Thus there are just two 

smdy leg supports in the opposite side. This arrangement provides enough space under 

the focus chamber for installing the lithography station. The lithography assembly 

(typically 1.2mx0.8m) can be easily positioned under the lower x-ray beamline. 

As shown in Fig. 4-2, the 1.6mx1.6mx0.5m upper box of the mainframe is 

supported by the two legs on one side and the two housings for electrical components 

on the other. The four energy banks and rail-gap switches are installed in the upper box. 
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A cutaway view of the upper box shows one module of the energy bank and rail-gap 

switch. The other three modules are held in the other three sides of the upper box. This 

upper box is completely Faraday shielded to minimize the electrical noise, which may be 

coupled to the lithography station or other electronics. 

To beamline for x- 
ray measurement 

L 
DPF Head 

l- - 

Fig. 4 3  Front view of the main body of NX2 

Figure 4-3 is the front view of the apparatus. Four ALE HVPS 802 chargers [l531 

are employed to charge the energy banks. The chargers are housed in the left 

0.9mx0.6mx0.65m volume. The opposite volume contains the high voltage mgger pulse 

generator for the rail-gap switches. The main electrical power and gas distribution panel 

is also arranged here. The top of the vacuum chamber is -10 cm above the top surface 

of the capacitor assembly. This ku re  also gives an outline side view of the capacitor 

bank and the rail-gap switch. 

4.2.2. Vacuum chamber and DPF head 

The vacuum chamber and DPF head are arranged in the middle of the upper box 

as shown in F%. 4-2 and 4-3. The detail layout in the chamber is shown in Fig. 4-4. The 
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DPF head is seated in at the center of the chamber. The beamline for lithographic 

exposure is extracted from both upper and bottom sides of the DPF chamber. An x-ray 

detector is installed at the top of the DPF chamber to monitor the x-ray output. 

To 2"* Lithography Chamber 
(also For SXR Measurement) 

Conned to lhe Chiller I . - Cmied Vacuum Charnbel 

- Cooled Anode 

Insulate Lays l 
Cooled Cathode 

Anode Collector Plate - 
lnwlator (Quark Disc) 

-- Cathode Colledor Plate 

Connect to Chiller 2 

-J 
To Lithography Chamber 

Fig. 4-4 Vacuum chamber and plasma focus head in NX2 

As shown in Fig. 4-4, the DPF chamber is designed with a cooling jacket, which is 

indispensable for h~gh operation rate. A chiller (Chiller 1) is utilized to cool the vacuum 

chamber and cathode. The anode is cooled by another chiller (Chiller 2) from the 

bottom. A thick aluminum plate is placed beneath the chamber as the anode collector 

plate. The four edges of the plate are connected to the output of the four rail-gap 

switches and the anode is seated at the center of the plate. This arrangement greatly 

reduced the inductance and resistance of the discharge circuit. 

The vacuum is provided by two single stage rotary pumps: one Varian Rotaly-SD 

90 pumping from the top is used for main vacuum chamber; another Varian Rotary - SD 
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200 pumping from bottom is used for lithography chamber. The ultimate base pressure 

is - 0.03 mbar. 

The gas-filling system can be adjusted for a leakage rate of less than 2 i/min and the 

pressure is read with a mechanical diaphragm gauge. This vacuum level has been proven 

to be sufficient for operating with good focus in various gases. 

4.2.3. Electrodes and insulators 

The electrodes in NX2 are made of stainless steel or copper. The cathode is in the 

form of a squirrel cage consisting of 16 rods arranged concentrically around the anode 

with a diameter of 8.2 cm. The anode is a cylindrical tube (shown in Fig. 4-4) with an 

outer diameter 3.8 cm and an inner diameter 2.5 cm respectively. The anode lengths are 

chosen between 4 cm to 8 cm. 

A quartz plate ($2.5cmx 1.5cm) is placed in the anode (see Fig. 4-4) to protect the 

anode from the damage caused by electron bombardment. A 1.5mm hole is made at the 

center of the quartz plate to extract the generated x-rays downward to the bottom 

lithography chamber. 

Another bigger quarQ disc is used as the backwall insulator (see Fig. 4-4) which is 

essential to the structure of the focus tube. The insulator plays an importa.nt role in the 

symmetiical formation of the current sheet and is aghtly mounted between the 

anode/cathode and the anode collector plate to avoid damage by vibration in discharge. 

Two plastic plates are used as the insulator layers (insulator 1 & 2 in Fig. 4-4) to 

separate the high voltage anode collector plate from other parts. 
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4.2.4. Cooling Svstem 

Two 4.8 kW chillers [l541 are used in the system: one for the cooled anode, the 

other for cooled cathode and cooled vacuum chamber in order to operate the NX2 in 

repetition rate of up to l6Hz with bursts to 6000 shots. 
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4.3. Electrical Structure 

4.3.1. Layout 

Fig. 4-5 shows the electrical structure of the NX2. In experiment, the energy banks 

are charged with a hlgh voltage (11.5 kV). The trig pulse generator outputs a HV pulse to 

the tug electrodes of the rail-gap switches and switch on the discharge loop. Then the 

discharge current flows from energy banks into the plasma focus tube. 

The arrangement for the capacitor, the connecting plates, the rail-gap switches, and 

the energy banks are deslgned carefully to minimize the circuit inductance. The earth 

plate of the capacitor is directly connected to the mainframe. And its HV plate is directly 

connected to the input plate of the rail gap switch (refer to Fig. 4-3). The insulation 

between the HV plates and the mainframe is provided by a plastic cap. The output plate 

of the rail gap is directly connected to the anode collector plate. Therefore there is no 

wire connection in the discharge loop. These arrangement greatly reduced the circuit 

inductance and resistance. 
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4.3.2. Energv bank and Charaer 

The four modules of the energy bank z e  arranged in the four sides of the upper 

box in the mainframe (as shown in Fig. 4-1). Each module is composed of 12 %h 

voltage (30kV), 0.6 yF  capacitors connected in parallel. The total capacitance has been 

measured to be 28.02 yF. 

Four EM1 HVPS 802L hgh  voltage power supplies [l531 are used in parallel to 

charge the capacitors. The HVPS 802 is especially designed for charging capacitors in 

pulsed power applications with an average power exceeding 8,000 Watts. The charger in 

N X 2  is composed by four HVPS 802 modules and can supply a power of 38 k]/s. The 

maximum charging rate can reach - 20 shots per second for the NX2 energy bank 

The block diagram of HVPS802 is shown in Fig. 4-6. The power supply 

incorporates a hgh-frequency IGBT series-resonant inverter for efficient generation of 

the output power. A hlgh-performance control module precisely regulates the output 

voltage, automatically compensating for line, load, temperature, repetition rate, and 

program voltage variations. 

T 
HV Divider 

t 
CONTROL 

Fig. 4-6 Block diagram of HVPS 802 power supply [8] 
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The output voltage of the HVPS 802 is fully adjustable over the whole range. The 

full output capacity is able to supply a peak charge rate of 9000 J/sec. The output feature 

of HVPS 802 is shown in Fig. 4-7. From 100% down to 75% of the rated voltage, the 

output power keeps constant and the current increases with a slop of I = 18,00O/V. 

Below 75% rated voltage, the current is constant. This feature allows the power supply to 

provide its full peak charge rate (9000 J/sec) over the top 25% voltage range. These 

specifications make the charge can provide the full 8000 W average output power at only 

75% of the rated voltage or 75% charging duty cycle, as well as up to 100% voltage. 

% OUTPUT VOLTAGE % OUTPUT VOLTAGE 

Fig. 4-7 (a) Output power and (b) output current of the HVPS 802 power supply [S] 

4.3.3. Switches 

In NX2 system, four Maxwell40200 rail-gap switches [l01 are employed to switch 

the four energy banks, respectively. The four switches are triggered by a single htgh 

voltage pulse which ensure the four energy banks are b e d  at simultaneously. 

Fgure 4-8 illustrates the structure of the rail-gap switch. It is a gas-plasma switch 

with long, parallel electrodes. This switch consists of three parallel 12-inch electrodes 

mounted on an epoxy base with a transparent polycarbonate cover. Duting operation, 

the switch box is filled with a pressurized mixture of argon & oxygen. The electrode rails 

act as multiple spark c h a ~ e l s  to provide a switching capacity comparable to parallel 
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connected muh-channel switches. 

Rail-gap switches are used in the 

applications which requite low 

inductance, fast rise time, hgh 

current and high charge-transfer 

capability. 

The tngger electrode is a knife- 

edged rail positioned between two 

brass main electrodes which are 

mounted on electrode holders. The 

slotted holes in the holders make it 

possible to adjust of the gaps 

POLYCAABONATE 

Fig. 4-8 Structure of the rail gap switch [l01 

between the main and trigger electrodes. The operating voltage range of the switch can 

be modified by adjusting the gaps. As shown in F%. 4-8, the trigger input pin is arranged 

on the top of the switch cover. Two main electrodes are c o ~ e c t e d  to the brass contact 

strips on the two sides of the switch base which serve as the terminals For input and 

output 

Connections for the gas lines are on the topside of the cover (not shown in the 

w e ) .  The switch can be operated at a maximum voltage of 120 kV, peak current of 

750 kA, and charge transfer capability of 10 C. The switch inductance is 20 nH. Time- 

delay jitter (on standard deviation) is less than 2 ns. The specifications of the rail-gap 

switch in are listed in table 4-1 

The ratio of the gap has been modified to be 1.57:l. The modification was made to 

optimize the performance at lower voltage (8 - 11.5 kV) in NX2. 
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Table 4-1 Specifications for the model 40200 railgap switch [l551 

The electrical c o ~ e c t i o n s  of the switches are shown in Fig 4-5. The rail-gap 

switch is rriggered via an isolating hgh  voltage 330 pf capacitor and a 10 f2 low- 

inductance resistance. A resistive voltage divider (16.6M/10.37h.T) is used as the bias 

circuit to provide a bias voltage to the trigger pin. The %er signal is generated by a 

thyratron-based pulse generator with a transmission line transformer [156]. The output 

signal is then sharpened by a small spark gap (see Fig. 4-5). The output %er signal is a 

negative h g h  voltage pulse. This pulse is led to the mgger pins of the Four rail-gaps by 

four parallel cables. The negative mgger pulse into the rail-gap was measured to be -31 

kV in amplitude with a rising time of -25 ns. 

Item 

Dimension 

Environment 

Output 

Trigger 

Dielectric gas 
(for l0 - 30 kV 

operation) 

Parameter 

Length 

Active switching length 

Width 

Height 

Dielectric 

Temperature 

Altitude 

Relative humidity 

Voltage range 

Maximum peak current 

Maximum charge transfer 

Inductance 

Jitter 

Amplitude (maximum) 

Rate of rise (minimum) 

Of 

Oxygen and Argon 

Specification 

49cm 

30cm 

19cm 

14cm 

Air.SF6, or oil 

60 to 100' F 

0 to 2400m 

5 to 95 percent 

Up to 120kV 

750 kA 

1 OC 

20 nH 

c2.0 ns 

100 kV 

5kVIns (for lowest jitter) 

Oxygen 10% +1.0,-0.0 

Argon 90%+0.0, -1.0 

(By Volume) 
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4.4. Diagnostics of the NXZ Machine 

The sgnals measured for NX2 diagnostics are Derivative of Discharge Current 

(dI/dt), Tube Voltage (V) and x-ray Pulse. From these signals, we can evaluate the 

elecmcal & dynamic parameters of the plasma focus machine, as well as its x-ray yield 

performance. 

4.4.1. Measurement of discharae current 

The Rogowski coil is usually used to measure the discharge current of the plasma 

focus machine. It is a multi-turn 
fl 

solenoid bent into the shape of 

a toms. The discharge current is 

made to go through the coil, as 

shown in Fig. 49(a). The 

change of the discharge current 

d l d t  produces induced EMF 

kxdldt  in the coil. 
(b) 

Figure 4-9@) illustrates 
Fig. 4-9 (a) Rogowski coil (b) Equivalent circuit 

the equivalent circuit of the 

Rogowski coil. As shown in the figure, L,and r,are the inductance and resistance of the 

coil respectively, and i is the induced circuit current in the COL The coil is terminated 

with a low-inductance resistor r. 

The equation of the equivalent circuit can be written as, 

where k is a constant. 
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Usually the Rogowski coil is operated with the following two extreme conditions: 

di 
[l]  L, - >> ( r  + rc)i 

dt 

k 
From Eq. (4-1) we obtain i = - I ,  then the output voltage of the coil is, 

Lc 

In this case the Rogowski coil acts as a current transformer - the output voltage is 

proportional to the transient discharge current I going though it. 

The output of the coil is, 

Here the output voltage of the coil is proportional to the derivative of the 

discharge current. Thus the coil can be used to measure the derivative of current (&/do. 

The Rogowski coil installed in NX2 works in this mode. 

The Rogowski coil needs to be calibrated. This can be done by performing a short 

circuit experiment (will be described in $4.5). 

4.4.2. Measurement of tube voltaae 

A resistive voltage probe is employed to measure the transient tube voltage (the 

voltage across the anode and cathode in NX2). The probe is installed at the lower end of 

the NX2 focus tube across the anode and cathode flanges. 
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The structure of the %h-voltage probe is shown in Fig. 4-10. It consists of a series 

of 510 ohm/ 1 W resistors and a 51-ohm resistor at one end of the chain. Thus for a lugh 

voltage pulse applied across the whole chain, a known fraction of the voltage is measured 

across the 51-ohm resistor. The attenuation of the probe has been calibrated to be 1 8 3 ~ .  

The output signal is then led to the oscilloscope through an attenuation terminator 

(53.5~). The total attenuation has been calculated to be 9806x. The frequency response 

of this &h-voltage probe limits the time resolution of voltage measurement to - 20 ns. 

Copper casing - rounded to chamber frame) 

- - - - -  

Insulator BNC 
51 Connector 

Resistor chain 110x510 al 
LTO positive flange ' 

Fig. 4-10 Schematic of the resistive voltage probe 

4.4.3. Measurement of X-rav siqnal from plasma 

A Photo-Conducting Diamond @'CD) x-ray detector is installed in NX2 to 

measure the x-ray signal from the plasma. 

W, x-ray, y-ray, charged particles, neutrons, pions and other %h-energy particles 

can generate free carriers (electron-hole pairs) in diamond. This mechanism can be used 

to detect these radiations. The response of the diamond per unit energy is independent 

of the exciting radiation energy as long as it is more energetic than the band gap in 

diamond (5.5 eV). Diamond has also a very fast response due to a large saturated carrier 

drift velocity and very rapid electron-hole recombination dme (-200 ps). As an x-ray 
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detector, i t  also possesses the advantages of extremely low leakage current at room 

temperature, hlgh resistance to atomic displacement, ruggedness, stable detector 

response, and low-voltage operation [157,158]. 

PCDs are fabricated from natural diamonds and its resistance is linearly dependent 

on the incident photon power and the applied bias voltage. Thus, theoretically, PCDs are 

flat response detectors. Experiments show that the sensitivity of the diamond PCD is 

independent of the photon energy over a wide range from 100eV to 5 k V  [l 581. 

Figure 4-1 1 schematically / / 

shows the structure and wIcuit of 
x-ray <\ bias 

circuit 

the MIM type diamond detector 

used in NX2. A high resistivity 

diamond is sandwiched between 

- 
two metal electrodes c o ~ e c t e d  - 

Fig. 4-11 Metal-insulator-metal PCD x-ray detector 
to an external bias voltage to 

provide an elecmc field across the device. Mobile charges are produced as a result of the 

x-ray radiation. Under the elecmc field, The mobile charge in diamond flows as an 

electric current in the circuit. This current is then recorded in an oscilloscope as the x-ray 

Table 4-2. Typical specifications of PCDs 
Table 4-2 gives the typical 

PCDs used in soft x-ray (100eV - 5 k e y  1 I 

1 Sensitivity 1 4-~XIO'AIW 

Sensitive Area 

specifications [159, 1601 of diamond 

measurement. 1 (10OeV- SkeV) 1 (IOOV bias) I 

3mmxlmm 

Detector Thickness Imm 
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4.4.4. Calibration of the X-av detector svstem used in NXZ 

Many factors affect the response of the detector system. Hence a careful 

calibration is required to evaluate the x-ray yield from the plasma focus machine. The 

detector configuration, the absorption of the hlter in front of the detector and the x-ray 

spectnun from the working gas must be taken into account for the x-ray intensity 

calculation. 

The symbols used in the equations in this section are defined in Table 4-3. 

Table 43.  Symbols used for calibrate the response of the PCD detector 

ission coefficient of the gas in the path from plasma to 

By the definitions, the irradiation power on the detector is, 
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The signal recorded in the oscilloscope is, 

Then the output power of the x-ray source can be calculated as, 

The output x-ray energy is, 

Here we get the calibration coefficient of the x-ray measurement system to be, 

We name the factor I., (L)p2 (L)Spec(A.)rl(A.)d~ as Spectrum Weight for the x- 
1 

ray detection. It depends on the emission spectrum, ttansmission rates and detector 

sensitivity. All these parameters are wavelength dependent. 

In NX2 measurement system, a 4 p n  aluminum foil is installed in front of the 

detector to block the visible light and particles from the plasma. The distance from the 

plasma to detector is 1.05 m (refer to Fig. 4-13). The sensitivity of the PCD detector is 

4x10' A/W and the matched load in the bias. circuit is 50 Cl. The sensitive area of the 

PCD is l mmx3mm. Then the parameters for calculation are, 
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I d =1.05m 
Conhguration of NX2 PCD detector: 

s = 3 ~ 1 0 - ~ r n ~  

Fig. 4-12 Calculate the Spectrum Weight for x-ray detection. The spectrum at the 

detector is obtained by multiplying the neon plasma spectrum with the 

transmission curve of the filter and the gas. The Spectrum Weight is the 

gray-painted area under the detected spectrum curve. For the configuration 

in the figure, the Spectrum Weight is, 

Figure 4-12 illustrates the calculation of the Spectrum Weight for above 

configuration with neon gas. The x-ray from neon plasma is in the energy range from 0.9 

to 1.5 keV. The transmission rates of 4 pm aluminurn filter and 1.05 m, 2.5 mbar neon 

gas have been drawn in the w e .  The typical emission spectrum of neon plasma [22,26] 
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is also given. After passing the filter and transmission path, the spectrum felt by the 

detector has become the upper trace. Then the Spectrum Weight is the area under the 

trace times the spectrum in-dependent sensitivity of the PCD. 

The x-ray from argon plasma centers on h, - 4i% (see Appendk A). Then the 

spectrum weight for argon x-ray is p,(Ao)p2(ilo)rl(&). From this we can calculate the 

calibration factors for argon x-ray. 

Table 4-4 gives the calculated calibration coefficients for argon and neon gas at 

different pressure. 

Table 44.  Calibration factors for argon B neon x-rays in the NX2 PCD configuration 
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4.4.5. Data acauisition system 

Because of the high operating repetition rate of NX2, a fast data acquisition system 

is requited to record the signals from the detectors. Figure 4-13 shows the layout of the 

measurement & control system. A Rogowski coil is employed to measure the dI/dt 

signal. The tube voltage is obtained through a voltage probe. A PCD detector has been 

installed to measure the x-ray signal. The data acquisition system consists of two 

Tektronix TDS 340 real-time &tal oscilloscopes and a computer. Four signal channels 

are measured simultaneously in experiments. 

The synchronization of the signals is very important because the data processing 

requires multiplication of traces or comparison on the basis of the same time base. The 

signal time (time from signal source to oscilloscope) of the four channels are calculated in 

Table 4-5 (refer to Fig 4-13). 

Table 4-5 Signal time of the four channels in the measurement system 

In experiment, the sampling period of the two osdoscopes are set to be 500 

Msa/sec and 2 Gsa/sec respectively. The corresponded sampling periods are 2 ns and 

0.5 ns. Therefore, the difference of t l  and t2 is small compared to the sampling period. 

The sampling points of channel 1 to 2, and channel 3 to 4 are deemed as same sampling 

time respectively. 

Channel 

1 

2 

3 

4 

Cable LengthlOptical Path 

(3.1 + 1.15) m cable 

(3.0 + 1.4) m cable 

(3.1 + 1 . l 5  +0.65) m cable 

1.05 m optical path + (3.0 + 1.18) m cable 

Signal Time 

t l  = 4.25 X 5 = 21.25 ns 

t2 = 4.4 X 5 = 22 ns 

t3 = 4.9 X 5 = 24.5 ns 

t4 = 1.05 X 1013 + 4.18 X 5 = 24.4 ns 
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1.05 m 

Shielded Room 

Fig. 4-13 Fast measurement system in NX2. The settings of each oscilloscope 

and channel are as following: 

Oscilloscope 1: 500 Msalsec; Signal Time: -22 ns 
chl :  dlldt (K, = 2.4~10" (A1s)N) ch2: V (K, = 9806) 

Oscilloscope 2: 2 Gsalsec; Signal Time: 24.5 ns 
ch3: dlldt detail (Kl = 2.4~10" (A1s)N) ch4: X-ray signal (K.: Table 44)  
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Figure 4-14 shows a typical set of experiment results recorded by the system. In 

the system, the computer controls and collects data from the oscilloscopes though GPIB 

interface. It also sends a mgger signal to the uig pulse generator in the PF machine. So it 

is very convenient to set the experiment conditions (repetition rate and total shots) by 

software. A program (Plasma Focus Control) has been developed to control the PF 

machine and collect the waveform data from the oscilloscope. 

time (Sec) X lol time (sec) X !a" 

Fig. 4-14 Typical Experiment results obtained from the NXZ measurement system (5 
cm stainless steel anode, 2.0 mbar Neon, 11.0 kV). Voltage 1 and time 2 in dlldt 
trace are measured as Focusing Depth and Focusing Time respectively. 

Each trace in Fig. 4-14 has 1000 sampling points and each point corresponds to 1 

byte data. Therefore, over 4KB data must be transferred into computer in each shot. 

This constrains the maximum system operation speed to be -6 Hz. A higher repetition 
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could be achieved by using two computers to collect data from the two oscilloscopes 

respectively. 

The data collected by the computer is then stored into hard disk. For a typical 50- 

shot set, the size of data file is neady 700 kB. The format of the data file (.m file) and 

corresponding program (in MATLAB) for reading the data are described in Table 4-6. 

Further data processing is based on this data file. 

Table 4-6. Format of the data file of the NX2 data acquisition system 

NX2 Data File 

100 O.OOOOW005 0 

25 2 0 

-65.5 0.2 0 

rows:2000 

wlumns:49 

... Data array1 (2000x49) ... 

100 0.0000000005 0 

51 2 0  

-86 0.2 0 

rows:2000 

wlumns:49 

. Data array2 (2000x49) ... 

Format 

Data of Oscilloscope 1 

Preambles of Oscilloscopa 1 

Time base: t l ,  t2, t3 

Channel 1: v l i ,  v12, v13 

Channel 2: v21, v22, v23 

row numbers of data array 

wlumn numbers 

Data array of Oscilloswpe 1 

(One column corresponds to 
one shot data. Each wlumn 
contains 2000 points for 
CH1 and CH2. 1 byte for 
each point in binary code.) 

Data of Oscillosmpe 2 

... 

Program for reading the data 

% Read data of Oscjlloscope 1 

... 
[t, count] = fscanf(id. '%e'. 3); 

[vl ,  count] = fscanf(1d. '%ea. 3); 

lv2, count] =fscanf(id, '%e'. 3); 

[row, count] = fscanf(id, 'rows:%u\n'. 1); 

[col, count] = fscanf(id, 'columns:%u\n\d. 1); 

data = fscanf(id. '%d'. [wl.row]); 

data =data'; 

%Translate data 

chl  = data(l:1000.:); 

ch2 = data(1001:2000.:); 

time = ((0 : 999)-1(1))'1(2); 

chl = vl(3) + vI(Z)'(chl-vI(l)).R5; 

ch2 = v2(3) + v2(2)'(ch2-~2(1)).R5; 

% Repeat for Oscilloscope 2 

... 
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4.4.6. Data Drocessinq 

To process the data file (.W file) stored by the data acquisition software, a data 

processing program (NX2.m) has been developed in MATLAB language. It calculates 

and carries out statistical analysis of several important parameters of the experiment. The 

program is capable of processing all experimental shots stored in one .NX2 file 

simultaneously. 

The algebra for parameter calculation are as following (chl - ch4 are the waveform 

data of the four channels, both amplitude and time base): 

Current Derivative: 
dI 
- ( t )  = K ,  X chl A/sec 
dt (49) 

Discharge Current: 

Tube Voltage: ~ ( t )  = K ,  X eh2 V 

X-ray Radiation Power: P, ( I )  = K ,  X eh4 W 

,2 

X-ray Yield: E, = IpZ (t)dt J/shot (413) 
,l 

where the integration limits (t, and Q are chosen to include only the x-ray pulse. 

Input Power: ~ ( t )  = I(t)x ~ ( t )  W (4-14) 

In this calculation, it is important that the signal times of current and voltage signals are 

accurately synchronized so that the multiplying can be proceed from point to point. 

, 
Energy into PF Tube: EINP(~) = [P(t)dt J (415) 

0 
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Tube Inductance: H (4-1 6) 

Axial Speed 

wherexis the current shedding factor of the discharge current (defined in Table 3-1). Eq. 

(4-16) is derived from Eq. (3-2) and is valid only in the latter part of axial phase, by that 

time the plasma resistance % is very small compared to the impedance of tube 

inductance L). Eq. (4-17) is derived on the basis of Eq. (4.16) and the expression of axial 

tube inductance (Eq. (3-5)). So it is also only valid in the late axial phase. 

A typical processed data set is given in Fig. 4-15. Based on these parameters, we 

can invesagate the gross dynamics in the plasma focus machine and optimize the 

performance for good x-ray output. 

Time (sec) 

Fig. 4-15 Processing results of the data in Fig. 4-14 
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4.5. Measurement of Circuit Parameters by Short Circuit Test 

4.5.1. Principle 

In practice, the short circuit test [l611 is usually employed to measure the technical 

parameters of the discharge circuit and calibrate the Rogowski coil. The equivalent circuit 

suucture is shown in Fig 3-2. The short circuit test is performed by directly connecting 

the output ends of the discharge circuit (point 1 and 2 in F%. 3-2) so that the discharg 

current does not flow into the plasma load. Therefore, the circuit equation (Eq. (3-1)) 

becomes, 

The discharge current tlace is a damped oscillation waveform that can be assumed 

of the form: 

I = I ,e-m sin at 

Substitute Eq. (4-19) into Eq. (4-IS), we get, 

Setting the constant part and the coefi5dents of sin and cos terms independently 

equal to zero yields, 
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In the experiment, we use Rogowski coil to measure the d l d t  slgnal, which has a 

form (by Eq. (4- 19) and (4-3)), 

where (dldt) ,  is the waveform (1/3 recorded in the oscilloscope; K, is the efficiency 

coefficient of the measuring circuit (including the Rogowski coil and related attenuator) 

w 
and sin 6 = JwZ+aZ 

By the recorded (dldr),,, ttace, we can get the cume parameters I, w and a. 

Furthermore, the characteristic circuit parameters & L, and K, can be calculated by Eq 

(4-21). (4-22) and (4-23). 

The parameters a, m, I,/K, can be obtained by fitting the experiment data into Eq. 

(4-24). This is more precise because all the experiment data are used. 

Usually another simpler method is employed, which is to measure the reversal ratio 

<rev.>, i.e. the ratio between successive extrema in the recorded d l d t  trace (by Eq. (4- 

24)), 

As we can get wand <rev.> from the (dld;t)), trace (m can be easily obtained by 

directly measure the period of the oscillation), then by Eq. (4-25) we can also calculate a 

and furthermore the circuit parameters. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



The maximas of the current occurs at time t,,, found by setting Eq. (4-24) to zero 

as: 

W 
sin(&,,) = 

Then by Eq. (4-19) and (4-21) the maximum current is, 

The peak value of the discharge current trace (which will be obtained by numerical 

integration of (dI/dtJ,, so that its unit is Vaec) recorded in the oscilloscope can be 

measured as V),,. Then the calibration coefficient for both d / d t  and current slgnal is, 

K - I,= 
I -- (A/Secj/ vol t  

v,,, 

4.5.2. Circuit parameters of NXZ machine 

The short circuit test has been performed in NX2 plasma focus facility to obtain 

operating parameters of the system. The test was performed at bank voltage V, = 8 k V .  

The bank capacitance has been measured by a capacitor meter to be 28.02 pF. 

Fig. 4-16 shows the measured (dI/dtJ, trace and its fitting results. The circuit 

parameters are calculated by Eq. (4-21), (4-22) and (4-23) to be, 
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Time (sec.) 

Fig. 4-16 Measured (cycle) and fitted (line) (dUdt)osc trace of the short circuit test 
in NX2. Energy bank capacitance is 28.02 pF and operating voltage is 8 kV. 

The fitting equation is: 
1,&7z -, 

e sin(ot-6) 
K, 

The fitting results are: a = 1.099 1 o5 i o=1.542x106 

6 =1.765 

For comparison, we also employed the simple method to get these parameters. 

The current trace was obtained by integrating the measured (dI/dzjosc trace. We measured 

the height of each peak (h,, h, . . . h,), oscillation period Tin (dI/dzjOsC trace and the peak 

value V), in current trace (which is obtained by numerically integrating (dI/dt), trace). 

Then the related parameters are computed to be, 

V,, =1.290x104 uoltc?ec 
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From these values and Eq. (4-21), (4-22), (4-23) and (4-25) we can get, 

Circuit inductance: 4 = 15.03 nH 

Circuit resistance: R, = 2aLo = 3.5 m 0  (4-36) 

v0 Max current: = 3 1 1 u  (4.37) 

Calibration coefficient: K, = - Imax = 2.41 x 10' (kA/Sec)/Volf (4-38) 
Vpak 

The main electrical parameters of NX2 plasma focus machine have been 

summarized in Table 4-7. 

Table 4-7 Main Electrical Parameters of NX2 

ll Stored Energy 

Energy Bank Capacitance 

Operating Charging Voltage 

1) Inductance I L0=14.9nH 

C, = 28.02 pF 

V, = 8 - 11.5 kV adjustable 

I Impedance 

11 Anode Length 1 z, = 4  - 8 cm adjustable 

Circuit Resistance 

Anode Radius 

3.28 mR 

a =  1.9cm 

Maximum Repetition Rate 

Maximum Current 

T14 time of short circuit 

f = 1 6 H z  

I, = 410kA 

t a = d 2 w = 1 . 0 2 ~  
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Chapter 5 

EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments are carried out with NX2 to evaluate and optimize its x-ray yield 

performance and to seek for the conditions of generating argon x-ray. The behavior of 

the machine has been systematically investigated by changing anode length, working 

voltage, g m  pressure, and operation repetition rate. The results and phenomena are 

discussed and explained on the basis of the dynamics and model. Both the x-ray 

radiation properties and the dynamics of the plasma focus are studied. Because of the 

drflculty in generating argon x-ray with N B ,  we tested argon with another small 

plasma focus (UNU/ICTP PFF) and is compared its characteristics with neon. 

5.1. General 

The experiments with NX2 were mainly carried out to optimize the machine for 

better x-ray output and to seek the working condition for shorter wavelength x-rays with 

argon gas. In experiments, three signals (dI/dt , V, and x-ray sgnal) have been recorded 

as described in chapter 4. The recorded data is analyzed to locate the optimized working 

region for x-ray. The dynamics and some correlation have also been investigated by these 

data. 
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To optimize the performance of the machine, we scanned the working condition 

by changing the charging voltage and gas pressure at a sezies of anode length. At each 

length, the charging voltage has been tuned from 8.0 to 11.5 kV; and gas pressure horn 

0.5 to 3.0 mbar. The working gases were mainly neon and argon. Table 5-1 lists the 

experiments that have been carried out with this nmchine. 

Table 5-1. Experiments on NX2 plasma focus machine 

Anode 1 Gas 1 Voltage I Repetition Rate 

1 Ar: 0.5 - 1.5 mbar 8.0 - 9.0 kV 1 

5.0 cm Cu ( Ne: 1.5 -4.0 mbar 9.0 - 12.0 kV I 0.5 Hz 

Ar: 0.5 - 1.5 mbar 8.0 - 9.5 kV 

7.0 cm Cu ) Ne: 0.5 - 2.5 mbar ( 8.0 - 11.5 kV 1 

Ar: 0.5 - 2.0 mbar 

6 5  cm Cu Ne: 0.5 - 3.0 rnbar 

Ar: 0.5 - 1.5 mabr 8.0 - 11 .5 kV 0.5 Hz 

D2: 1.0 - 4.0 mbar 9.5 -1 1.5 kV 

Ne: 2.5 mbar 

7.5 cm cu ) Ne: 0.5 - 1.5 mbar ( 8.0 - I 1.5 i 

10.5 -1 1.5 kV 

8.0 -1 1.5 kV 

Ar: 0.5 - 1.5 mbar 8.0 - 11.5 kV 

D2: 1.0 -3.0 mbar 9.5 - 11.5 kV 

10.5 kV 

0.5 Hz 

8.5 cm Cu ) Ne: 0.3 -4.5 mbar ( 8.0 - 11.0 kV 1 0.5 Hz 

0.2 - 6.0 Hz 

5.0 cm 

Ar: 0.5 - 3.0 rnabr 

Ne: l .O - 3.5 mbar 

8.0-11.0kV 

8.0 - 11.5 kV 0.5 Hz 
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5.2. Optimization for X-ray Yield with Neon Gas 

5.2.1. Optimization of X-rav vield bv chanaina anode lenath, workina voltaqe, and nas 

pressure 

Figure 5-1, 5-2 and 5-3 illustrate the contour plots of (a) x-ray yield, @) x-ray peak 

power and (c) Focusing depth with 5.0 cm stainless steel, 5.0 cm copper and 4.3 copper 

anode. Each data point in the plots is the average value of 50 shots. The x-ray intensity 

from the anodes of other lengths is rather low, 

From the figures we can conclude that, 

[ l ]  There is an obvious optimized region for x-ray output at each anode. The 

optimized working condition for neon x-ray is: 5.0 un stainless steel anode at 2.0 

mbar, 11.0 kV with an average x-ray output of - 12.1 J/shot; or 5.0 un copper 

anode at 3.0 mbar, 11.5 kV with an average x-ray output of 10.4 J/shot. 

Although we can get more x-ray from the stainless steel anode, the copper anode is 

more suitable for industrial use because it is more durable. In experiment, the 

stainless steel anode may cause serious contamination in the chamber due to its 

carbon component. 

[2] Compare the plots of the x-ray peak power and the x-ray yield we hnd there is a 

proportional correlation between those two parameters. 

However, although the peak power of copper (Fig. 5-2@)) anode is much higher 

than that of the stainless steel anode (Fig. 5-l@)), the x-ray yield from copper 

anode is lower, because the stainless steel x-ray pulse is longer in time duradon. 
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION (81451 

are two peaks in the focusing depth plot. One is far from the x-ray peak and with 

few x-ray outputs. The other one is close to the optimized working region. 

5.2.2. Reproducibilitv of the X-rav output 

The x-ray intensities in Fig. 5-1 to 5-3 are each the average values of 50 shots. In 

practical operation, the x-ray emission intensity varies from shot to shot. Fig. 5-5 gives 

the histogram of the x-ray peak power of the 50 shots at the optimized working 

condition. In the figure, the Y-value gives the number of shots out of these 50 shots 

output x-ray at a certain @-value) level. We can see the peak x-ray intensity appear to 

tend forward a normal distribution, ranging from 0.5 to 2.2 GW and centered at -1.3 

GW. 

l 2  

- Fig. 5-5 F i  ofx-ray 
U) 10 - - Intensity. X a i s  is the 
0 
z X-ray peak power. Y- 
U) 8 -  axis is the numbers of 

shots (out of the total 
50 shots). 

Anode: stain- &eel 
(a-) 

Voltage: 11.0 kV 
Gas: 2.0 mbar neon. 

0  0 5  l 1 5  2 2  5 

X-ray Peak Power (GW) 

Fig. 5-6 shows the distributions at non-optimized w o r h g  region. The dismbution 

of x-ray intensity (Fig. 5-6(a)) is quite similar with that in the Fig. 5-5 except the low 

output shots (6 shots below 0.3 GW). The histogram of the focusing depth is also given 

in Fig. 5-6@). Compare it to Fig. 5-6(a) we can see the low x-ray output is caused by the 

bad focus (6 shots below 1.2x109kA/sec). To show it clear-, the correlation curve 

between x-ray and focusing depth is drawn in Fig. 5-6(c). This figure clearly shows that 

the bad focus (<1.5x109 killsec) caused the low x-ray output. However, at good focus 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



region (-2.5xlO%/sec), the proportionality is not very dear between x-ray intensity 

and focusing depth 

X-ray Peak Power (GW) Focusing Depth (X 10' kA/sec) 

Fsg. 5 6  X-ray RepmhcibilSty 
with 5.0 cm sta'iess stee 
anode at 10.0 kV, 20 rnba 
Neon. 

(a) His-mm of X-ray output 
tb) b) of k t t s i n g  

*W 
(c] cm- bween X- 

ray output and focusing 
depth 

Focusing Depth (X 10' kAlsec) 

We can also conclude that: 

[ l ]  At any operation condition, the focusing quality has two distinct types as shown in 

Fig. 5-6@): One is the bad focus type. Its feature is the very low focusing depth. 

The other type is the normal focus. Its focusing depth has a distribution centered 

at a certain value. 

At the optimized working condition, there are fewer shots in the 1st type, which 

implies the probability of the "normal" shot is lugher. 
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[2] The focusing depth is directly related to the x-ray intensity. The "bad focus" shot 

gves very low x-ray output, whilst the "normal focus" shot outputs good x-ray. 

But within the local normal focus regon, the magnitude of x-ray emission does 

have not a propomonal relationship with the focusing depth. 

[3] The x-ray intensity by the "normal focus" has a normal dismbution. So does the 

distribution of the focus depth. 

5.2.3. Dependence on repetition rate 

NX2 can be operated at the repetition rate as k h  as 16 Hz. By such an operation 

rate we can get a large average yield power over the duration of the burst. The data 

reported above are all collected at 0.5 Hz. Here the dependence on repetition rate has 

been investigated by changing the rate from 0.2 to 6 Hz. Although the plasma focus 

machine can be operated at 16 Hz, the hlghest operation rate is 6 Hz with data collection 

limited by the speed of the data acquisition system, as described in chapter 3. 

Figure 5-7 shows the results by changing the repetition rate. We can see both the 

focusing and x-ray properties change with the repetition rate. It implies that the 

repetition rate also plays a role in optimize the x-ray output. 

Fig. 5-7 Working properties' dependence on repetition rate 
(Anode: 4.3 cm Cu; Gas: 2.5 mbar neon; 10.5 kV) 
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION ( 1  1/45) 

In experiment, the plasma sheath moves along the anode and pushes the gases in 

the electrode cylinder to the anode top. This changes the gas distribution in the chamber. 

Then a certain time is required to re-establish the working gas in the PF tube. This factor 

may cause the different performance with different operation rate. Therefore, the gas 

f d h g  parameters - &g speed and pumping speed must be tuned according to the 

repetition rate to opdmize x-ray output. 

It must be mentioned that the optimization results in s5.2.1 are obtained at a k e d  

operating rate 0.5 Hz. Better x-ray output maybe achieved by opdmizing the repetition 

rate at the optimized voltage and gas pressure. 
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5.3. Plasma Focus Dynamics and Parameter Correlation 

The discharge current and the tube voltage are the basic measurements of the 

plasma focus. Based on these signals and some simple calculations, a great deal of 

information can be extracted to analyze the dynamics and performance of the plasma 

focus device. Furthermore, these information can be used to correlate with other time 

resolved signals to yield more information. 

5.3.1. General characteristics of discharae current 

The discharge current is the most important parameter in the plasma focus 

machine because the motion of the plasma in it is actually driven by the jxB force 

induced by the discharge current. As discussed in chapter 3, the magnetic piston pressure 

is proportional to the square of the magmtude of the current. And the prohle of current 

trace also reflects the dynamics of the plasma because the elecuic tube impedance 

depends on the position and size of the conducting plasma sheath and column. 

We have derived the citcuit equations for axial and radial phase (Eq. (3-6) and (3- 

10). From these equations we can see the plasma speed (dddt in axial phase, d d d t  and 

drp/dt in radial phase) and dimension (8 rp and ditectly control the values of the 

current derivative. The focus property is mainly determined by compression speed d ~ l d t .  

Therefore, to some extent we may equate the focusing quality to the negative slope and 

focusing depth in the current derivative trace, which represents the final compression 

speed and plasma column radius and, as discussed in chapter 3, has a proportional 

correlation to the plasma temperature. 

Figure 5-8 and 5-9 illustrate the dependence of the current trace on charging 

voltage and working pressure around the opdmized working region. The appearances of 

the current traces change with working condition. The two figures are obtained by 
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Figure 5-10 illustrates the simulation results by the plasma focus model described 

in chapter 3. The plot shows the calculated current traces at different voltage and 

same other parameters. Compared to the experimental results in Fig 5-8, we can 

see the simulation fits the experiments quite well. 

[2] With %her voltage and lower pressure, the focus occurs earlier. This can also be 

seen in Fig. 5-10 and will be discussed in next section. 

[3] The dip on the current trace represents the radial phase in plasma focus machine. 

It lasts longer in h e  with &her pressure or lower voltage. This is because the 

mass inertia is proportional to the gas pressure and the driving force (piston 

pressure) is proportional to the current squared. 

(114 This phenomenon can be easily explained by the driving parameter S = - 
& '  

which represents the characteristic plasma speed. When increase voltage or 

decrease gas pressure, the current I or mass density p increases or decrease 

accordingly. This causes a blgger S, or a higher plasma speed. Therefore the radial 

phase lasts shorter. 

5.3.2. Focusina time 

The focusing time is defined as the h e  period from the beginning of the 

discharge to the minimum point in the negative spike of the dI/dt trace. It comprises 

both the axial and radial time. Usually the radial phase h e  is much shorter than axial 

phase h e ,  hence we can get the average axial speed by dividing the anode length to the 

focusing time. Therefore, the focusing time is directly related to the plasma speed. 
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Figure 5-1 1 illustrated the dependence of the focusing time on the charging voltage 

and gas pressure. We can see the focusing time is proportional to the gas pressure and 

inversely proportional to the charging voltage. 

At a k e d  anode length, when the voltage increases, the driving force on plasma 

increases. Then the plasma moves faster and the focusing time decreases. The mass load 

of the plasma motion is proportional to the gas pressure, then the focusing time 

increases if the gas pressure increases because the mass load is heavier. These 

phenomena could also be explained by the driving parameter S as discussed in last 

section. 

Figure 5-12 and 5-13 shows the correlation between the focusing time and x-ray 

intensity of 5.0 cm stainless steel and 4.3 cm copper anodes. We can see that the x-ray 

yield is better when focusing time is around 1.3 ps. 

As shown in Fig. 5-8 and 5-9, the discharge current get its maximum around 1-1.3 

ps. This result simply means the x-ray output is optimized when focusing occurs at the 

maximum current region. Then the radial magnetic piston is stronger so that it can 

compresses more gasklasma) to a certain x-ray radiative temperature. 

The simulation results in chapter 3 reveals that the plasma temperature has an 

inverse proportionality to the filling gas pressure. Form Fig. 5-12 and 5-13 we can see 

either high pressure (low temperature) nor low pressure &h temperature) can give good 

x-ray yield. This is coincided with the discussions in chapter 2 - the plasma can only give 

good x-ray output at a certain temperature region (-420 eV for neon). 

Si& conclusions can also be made with the charging voltage by the results 

presented in Fig. 5-1, 5-2 and 5-3. From the discussion we can realize that the nature (at 

least partly) of optimizing x-ray yield is to tune the parameters to compress as much as 

better gases to a certain temperature region. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



1 8  2.5 mbar 
3 0 mbar 

0 3 5 m b r  
_I 

Charging %Rage (kv) Working Pressure (mbar) 

Fig. 5-11 Focusing time of the 4.3 cm Cu anode with neon gas in NX2. Each data point is the average of 50 shots. 
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5.3.3. Tube inductance and axial s ~ e e d  

As mentioned in chapter 4, the current and voltage traces can be employed to 

calculate the tube inductance and axial speed. From Eq. (3-2), we can get (I, =fT), 

Then, 

Substitute the expression of the axial inductance (Eq. (3-6)) into Eq. (5-2), we can 

get, 

and, 

In experiment, we can measure the discharge current I(r) and tube voltage V@). 

Therefore the tube inductance and axial speed can be calculated according to Eq. (5-2) 

and Eq. (5-4). 

The plasma resistance % is very small in the latter part of the axial phase (in the 

order of m Q .  We can assume the resistance term is mainly conmbuted from the 

beginning part of axial phase. We name a threshold time t ,  and calculate the resistance 

term by integrating from time 0 to t, After to this term is deemed as a constant R, 

because % is very small. 
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There is a big spike on the power trace which corresponds to the spike on the tube 

voltage power. This is induced by the final small plasma column which has a big 

inductance and resistance. Therefore a great deal of energy has been transferred into the 

plasma column. 

For the experiment result displayed in Fig. 5-16, the total energy stored in the 

energy bank is -1.7 kJ (28.08 pF charged with 11.0 kV). From the figure we learn that 

the energy into the tube is - 0.75 kl whilst the other energy is consumed in the discharge 

circuit or remains in the energy bank. The axial ends at - 1.1 )IS (see Fig. 5-1 5). Thus we 

get the axial energy is - 0.6 kJ and the radial energy is - 0.15 kJ. But this value is under 

estimated because the response of the voltage probe is only - 20 ns as mentioned in 

chapter 4. Then the measured voltage spike is lower than actual value because the voltage 

is drastically changing at this moment. Hence the calculated power and energy is under 

the actual value in the radial phase. 

5.3.5. Detailed features of the x-rav radiation pulse 

In experiment, the x-ray and detail dI/dt signals have been measured with 0.5 ns 

time resolution as described in chapter 4. These signals are useful to analysis the 

mechanism for x-ray generation. 

Figure 5-17 gives a result of a typical shot in the optimized working region with 

neon gas. As shown in the @re, the x-ray pulse has a fast rismg time (-2 ns) and a 

slower trailing tail. The duration of the x-ray radiation is - 20 ns whilst the width of the 

pulse is only - 4 ns (FWHM). The peak power of the radiation is - 1.8 GW. The x-ray 

energy in this pulse is the area under the pulse and has been calculated to be 14 Joule. 

We see the x-ray radiation occurs just before the minimum point of the dI/dt 

negative spike. And there is oscillation in the dI/dt trace corresponding to the duration 
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These different x-ray radiation features are induced by the different plasma 

temperatures. By the meaning of the driving parameter S = - ("") discussed in 83.5.2, 
f i  

decrease the filling gas pressure will increase the value of S - then increase the energy per 

unit mass into the plasma. The more energy per unit mass will induce a hgher plasma 

temperature. This conclusion was also obtained by the simulation results in chapter 3 

(Fig. 3-11), 

By this idea we could know that the plasma temperature is hgher at lower filling 

pressure (Fig. 5-18(a)) and the temperature is lower at higher pressure (F%. 5-18(c)). In 

Fig. 5-l8(a), the plasma temperature is hgh  and can maintain a longer time above the x- 

ray radiative temperature, then gives a longer radiation pulse. Its low amplitude may be 

caused by two reasons: (1) fewer neon ions in the hnal plasma column because of the 

lower filling pressure; (2) the plasma may be over-heated so that its temperature is not in 

the optimized temperature for x-ray radiation. This has already been discussed in chapter 

2 (Fig. 2-10). 

In Fig. 3-1 8(c), the plasma temperature is low, so that only few ions within short 

time period can give x-ray radiation. This cause the generated x-ray pulse is low in both 

amplitude and duration. 

By the discussion above, we could conclude the conditions for optimizing x-ray 

output from the plasmas in plasma focus: 

[l] Suitable plasma temperature; 

[2] As much as better ions in the plasma column (then more x-ray emitters); 

[3] As hgh as better ion density (the radiation power is proportional to the density 

square). 
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Figure 5-19 illustrates the measued dI/dt traces of 0.5 mbar neon and 3.0 mbar 

D, gases (the mass density for D, is a little higher than neon) at same other working 

conditions. In the figure, the two traces are almost same in the axial phase and the early 

radial phase (before -1.3 ps). But the dI/dt for D, drops rapidly after 1.3 ps, which 

implies at this time the inward plasma speed (drpldf) for D, is faster than for neon. 

The ionization process affects the plasma dynamics in the following aspects: 

[l] As discussed in s3.4.2, the ionization process causes a smaller specific heat ratio, 

which will decreases the shock speed as descried by Eq. (3-61); 

[2] The ionization (also emission) process consumes extra energies, which will lower 

the plasma temperature. In the inward shock phase, this lower temperature causes 

a slower inward speed due to the piston-shock front transmission effect described 

in $3.3.3. But in the final slow compression phase, this effect can give a faster 

compression speed and smaller plasma column radius because the colder plasma 

gas is easier to be compressed. 

[3] The ionization also produces new particles (electrons), which will furthermore cool 

down the plasma. More importantly, this effect increases the particle density and 

slows down the compression speed. 

FOI the experimental conditions in Fig. 5-19, the fully ionized 0.5 mbar neon 

generates almost half particles as 3.0 mbar deuterium (0.5 neon atom give 5.5 partides 

while 3 deuterium molecules give 12 particles). 

Because of above reasons, the plasma by 3.0 mbar deuterium is moving faster in 

the late radial phase although it's mass density is a little hlgher than 0.5 mbar neon. 
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5.4. Argon X-ray from NX2 

As described in chapter 2, the x-rays from highly ionized argon plasma are much 

shorter in wavelength than from neon plasma. Therefore better aspect ratios could be 

achieved in lithography application. But it is more difficult to get argon x-ray because a 

much higher plasma temperature is required. 

The properties of neon and argon plasmas have been discussed in chapter 2. 

Compared with neon, the argon has two distinct characteristics: (1) argon ion is twice 

heavier than neon ion. This factor means the argon plasma in plasma focus has a greater 

mass inertia to be driven. Therefore we must decrease the working gas pressure or 

increase the discharge current if we want to move the argon plasma as fast as neon; (2) 

the ionization energy to generate suitable argon ions is much greater than for neon. It 

means that much hlgher energy density (then the larger driving parameter) is required to 

generate suitable argon plasma. 

For generating the argon x-ray, we can make a rough calculation to estimate the 

working parameters with the plasma focus. As discussed in chapter 2, we need to heat 

the argon plasma to a temperature at least - 1.6 keV to generate x-rays. Based on the 

modeling results in s3.7.2 pig. 3-13), this temperature could be achieved at a working 

condition of 5.0 cm anode, 0.5 m b z  argon and 11.0 kV chargmg voltage. 

Experiment on argon gas in NX2 has been carried out in comparison with the 

neon experiments. As mentioned in s5.1, we have scanned a series anode at different 

voltage and pressure to seek for argon x-ray. But unfortunately the machine does not 

focus at the expected working region. This is beyond our theoretical analysis because the 

machine is assumed to be always focusable in the model. One of the possible reasons for 

not focusing may be the fine structure of the insulator which may affect the breakdown 
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behavior. For the engineering consideration (vacuum sealing, cooling path etc.), we 

employed a flat quartz plate as the insulator in NX2, which is different fiom the 

conventional sleeve insulator structure in plasma focus. Effort is now being made to 

improve the insulator structure. 

In the argon experiment, we only get weak focus at low pressure (0.5 - 1.0 mbar) 

and low voltage (8.0 - 9.0 kV) with short anode (3.9 & 4.3 cm). With hlgher voltage or 

longer anode, the focus can not be achieved. Fig. 5-20 shows an example of the few 

shots that yielded argon x-ray. 

MW, I I I I I I 

I I I I I 1 
0 1 2 3 4 5 

Time (pSec) Time (pSec) 

Fig. 5-20 Measured four channel signals from argon experiment. 
(4.3 cm Cu anode; 1.0 mbar argon; 8.0kV) 

According to the analysis before, at this experimental condition the temperature of 

the argon plasma should be too low to give x-ray radiation. But sometimes the plasma 
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5.5. Experiment with UNU/ICTP PFF 

Much hlgher temperature is needed to generate x-rays from argon plasma. Thus 

more energy density is required to heat the plasma, which could be done by working at 

lower pressure and higher voltage. Due to the difficulty of achieving focus with argon 

gas, we cannot get good argon x-ray output from NXZ plasma focus. Therefore we 

tested argon in another small test plasma focus (UNU/ICTP PFF) and compared its 

characteristics with neon. Some principles have been established. The argon 

characteristic lines are recognized kom the experiment results and its intensity varies 

according to the gas f i h g  pressures. 

5.5.1. Svstern arranqernent 

The United Nations University/Intemational Center for Theoretical Physics 

Plasma Fusion Facility (UNU/ICTP PPF) is a small 3 kJ plasma focus device [162], 

which has been proven to be a successful small plasma focus that can easily work (focus) 

with different gases over a wide working conditions. We conduct further experimental 

investgation on this machine to study the argon x-ray mechanisms, because the previous 

works with this m a h e  show steady argon x-ray emision under some conditions 

[139,140]. 

The technical parameters of UNU/ICTP PFF are summarized in Table 5-2 [28]. 

For comparison, the corresponding parameters for NX2 are also listed in the table. The 

stored energy in this machine is - 3 kJ, which is close to the value of NX2. But big 

differences lie in the circuit impedance between the two machines, both in the resistance 

R, and the inductance &,. The values of these two parameters are much bigger in UNU 

machine. The direct consequence is that its circuit time is -2.9 ps while for NX2 is only 

-1 ps. As a result, its axial phase period and anode length are much longer than NX2. 
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And the peak current for this machine is much lower (-200 kA) than for NX2 (-410 

kA) although the charging voltage is similar. From the viewpoint of energy transfer 

efficiency, NX2 is much superior to this machine [22]. By the concept of the driving 

parameter (S'=(I/a)2/p) discussed in $3.5.2, the anode radius must be reduced to keep a 

similar energy density to heat the plasma. Therefore, less gas is compressed into h a 1  

plasma column F e  amount of the gases into final plasma column can be measured by 

idQ - 4. Consequently the x-ray yield is lower than NX2. However, this machine is 

more flexible to tune the plasma speeds and easier to focus with different gases. 

Table 5-2Technical parameters df UNUllCTP PFF 

In experiment, a Rogowski coil and a resistive voltage probe are used to measure 

the discharge current and the tube voltage. The x-rays from the plasma are monitored by 
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a 5-channel x-ray detector which consists of five filtered photo diodes and can give both 

spectral and time-resolved information of the x-ray radiation [28]. 

The five-channel x-ray detector is composed with an array of five windowless 

BPX65 photodiodes and different filter sets. The typical parameters and x-ray detection 

sensitivities of the BPX65 PIN diode are illustrated in Fig. 5-24 [163]. 

l Sens~t~ve area I mm2 1 

Si wafer thickness: 

Dead layer thickness: 

Typical risetime(9OOnm): 

Dark current (nom 1 nA) <5 nA 
0 

0 10 20 30 40 
Wavelength (Q 

Fig. 5-24 Technical Parameters & X-ray Sensitivities of windowless BPX65 diode 

The structure and the circuit of the 5-channel detector are illustrated in Fig. 5-25. 

As shown in the figure, the detector is installed to observe the side-on x-ray radiation. In 

experiment, each diode is Filtered BPXBS 

reverse-biased with 50V. 

The filters of the diodes 

Front view 
-300 mm 

are chosen to recognize 
(a) 

the soft x-rays from neon -sov  p 

and argon plasmas (in the 

wavelength range 1 to 

20 A) for our purpose. 

Ibl - 

Fig. 5-25 Five-channel PIN x-ray detector. (a) experimental 
arrangement; (b) electrical circuit 
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increasing the gas pressure. It implies the plasma temperature is inversely proportional to 

the gas pressure, which c o n h s  the simulation and discussions. 

%her pressure filling may lower the plasma temperature, consequently decreases 

the harder x-ray intensifies. Fig. 5-32 lists the x-ray signals from 2.0 mbar and 2.5 mbar 

argon filling. At these pressures, the signal from channel 3 is higher than four &es the 

channel 2 signal. From the overall display of this shot in F%. 5-29, we can see the Cu K, 

, peak almost disappear. 

From the results displayed in Fig. 5-29, we can see the optimized pressure for 

argon x-ray is around 1.0 to 1.5 mbar, as in this region the harder Cu x-ray is small and 

the h s t  peak of the Ar lines is high. Therefore we can conclude that in this device the 

characteristic Ar x-ray radiation is optimized at an intermediate pressure, which can give 

a hgh enough temperature with a still suitable density of Ar ions. 

5.5.3. Results of neon 

To compare the performance with argon, the machine is also operated with neon 

gas with following conditions: 

Charging voltage: 14 kV; 

Figure 5-33 shows the measured x-ray signals from the neon experiments. The 

characteristic x-rays from neon plasma are in the range 8 - 14 d. Thus channel 2 is not 

sensitive to the neon x-ray because it can only respond to x-ray with wavelength less than 

6 d. As shown in the &re, the signal from channel 3 represents the x-rays from neon 

plasma. 

The neon x-ray signals also changes with the gas pressure. Considering the 

absorption by the working gas, we condude from the figure that the opdmized pressure 
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Chapter 6 

CONCLUSIONS AND SUGGESTED FUTURE WORK 

6 1 Conclusions 

The research topic of this thesis is on the plasma dynamics and the x-ray radiation 

properties of plasma focus. The studies on these aspects have been conducted both 

theoretically and experimentally. The results show that the x-ray emission properties of 

neon or argon plasma are dominated by the plasma temperatures. In plasma focus, the 

final plasma temperature is controlled by the plasma dynamics which is mainly 

determined by the discharge current, electrode geometry, and the mass density of the 

filling gas. Moreover, the ionization effect also affects the dynamics, which may give 

difference for different working gases even when the mass density is identical. For the 

gas-puff plasma focus with a pressure distribution above the anode, the plasma dynamics 

is different and is more efficient to heat the plasma and to generate x-rays. 

The characteristics of neon and argon plasmas have been investigated in detail 

based on the corona model. The computation results show that the optimized plasma 
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temperatures for generating neon or argon x-rays are -420 eV and -3 keV respectively. 

Compared with neon, much b h e r  energy is required to heat the argon plasma to 

suitable temperature. These results, incorporating thermodynamics and radiative aspects, 

indicate a major difference between argon and neon. It explains why it is much easier to 

obtain soft x-rays from the neon plasma focus. 

The theoretical studies are based on an energy consistent dynamic plasma focus 

model developed on the basis of previous works. Improvements on the model have been 

made with emphasis on detailed analysis of energy transfer processes and thermodynamic 

processes. Thermodynamic properties of the plasma, such as the ionization fractions and 

specific heat ratios, of neon and argon are compared in the context of plasma dynamics 

and temperatures. These turn out to be crucial in determining the differences in the 

dynamics and radiation of neon and argon. 

The plasma focus model is furthermore extended to describe the Gunma gas-puff 

plasma focus. Modifications on the model have been made based on the measured gas 

pressure profle and assumed gas composition. 

Applying the modified model to the Gunma gas-puff focus reveals the advantage 

of the gas-puff scheme in plasma heating - that more percentage of the input energy is 

converted into the plasma internal energy (then fewer energy into the kinetic energy). 

Consequently we can heat the plasma to its x-ray emission temperature in radial inward 

shock phase without worrying the temperature is too high after the collision at the axis as 

the kinetic energy in gas-puff focus is not as much (-1/2) as in traditional focus. This 

may give out a prolonged x-ray pulse lasting from late inward shock phase to the final 

slow compression phase, whilst in traditional focus the x-ray radiation begins from the 

late reflected shock phase. Therefore the gas-puff scheme is more efficient to heat the 

plasma and generate x-rays. Another consequence is that for a given plasma temperature, 
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the on-axis speed is lower in gas-puff focus so that the plasma column is more stable. 

With reference to the published results, agreements have been obtained between the 

computation and Gunma experiments in the major points regarding plasma dynamics, 

plasma column stability and appearances, plasma temperatures, and x-ray radiation 

properties. 

Agreement is also obtained between our NX! experiment results and 

computations for neon and argon. The simulations with the plasma focus model indicate 

that the plasma temperature can be elevated by reducing the pressure of the W g  gas. It 

may point the way to what needs to be done to obtain good yield from the argon plasma 

focus for its soft (but harder than neon) x-rays. However, the computation shows that 

we may not have high enough temperatures in the NX2 to gve  good argon x-rays. 

The plasma dynamics in the radial inward shock phase plays an important role in 

determining the final plasma state. For a certain plasma focus, the driving force is related 

to the hscharge current I and the anode radius a. And the most important gas-dependent 

parameter is the mass density p. The overall dynamics can be well desuibed by the 

driving parameter - The characteristics of the gases also influence the dynamics in 
' 

two aspects: (1) consume extra ionization/radiation energies and lower down the plasma 

temperature; (2) produce extra particles by ionization and affect the plasma dynamics by 

thermodynamic parameters. At same mass density, the dynamics of argon and neon gases 

do not show too much difference because the ionization energies and ionized electron 

numbers are similar. However, at the same mass density, the dynamics for deuterium or 

hydrogen is quite different from neon as they become fully ionized at rather low 

temperature. 
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The experiments are mainly carried out with the high repetitive rate NX2 plasma 

focus machine to investgate its x-ray radiation properties and plasma dynamics, also to 

seek for harder x-ray with argon gas suitable for the important application of micro- 

machining. A computer based fast data acquisition has been established to measure the 

discharge current, tube voltage, and x-ray signal from the plasma focus. The detectors are 

calibrated to give quantitative information with high time resolution. The data formats 

and processing program have been carefully designed as enormous data is to be collected 

and processed from the high repetitive device. In evaluating the system performance, all 

data are processed as an average of 50 shots, which assures a high consistency for the 

presented results. 

Experiments are camed out with different anode length ranged from 3.9 - 8.5 un, 

and sweep different pressures and voltages at each anode length. Some new results are 

presented in detail of the x-ray yields as Functions of pressures and voltages with several 

anode lengths. Results are presented in contour plots and show that the optimized 

working region for NX2 is around 5.0 un anode, 2.0 - 2.5 mbar neon with 11.0 kV 

charging voltage. The x-ray yield is -12 J/shot at 0.5 Hz repetition rate. The dependence 

of x-ray yield on the operation repetition rate has been investigated by operating at 

several different repetition rates. The focusing properties (then the plasma dynamics) and 

x-ray radiation are influenced by the repetition rates, which is caused by the gas 

evacuating and re-filling by the plasma motion in the hlgh repetitive plasma focus. This 

mechanism may provide a method to make a pressure gradient in focus tube like gas-puff 

to elevate the x-ray yield. 

The reproducibility of the x-ray output has also been studied. The x-ray output 

intensities varies from shot to shot even at identical experimental conditions. The 

statistical data over numerous shots shows the x-ray intensity has a normal distribution at 
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a certain experimental conditions. The x-ray yields versus focusing depth and focusing 

time are investigated. The opdmized x-ray radiation period is around 1.3 ps from the 

start of discharge. Detail features of the x-ray pulses are investigated at different 

conditions. Neither too hgh nor too low plasma temperature can give good x-ray yield. 

At lower pressure, the plasma temperature is higher and x-ray duration is longer but with 

very low amplitude. At hgher pressure the x-ray duration is very short. 

The plasma dynamics is studied by the appearance of the discharge current and 

compared with the simulation results. Tube inductance, axial speed, energy and power 

flow analyses are made. The dynamics between neon and deuterium gases with same 

mass density are compared. 

The efforts of seeking argon x-rays in NX2 are made under varies experimental 

conditions. However, the NX2 device does not focus in the expected hgh voltage, low 

pressure working region. We have only get weak focus and x-ray at low pressure and low 

voltage. The experiments with argon are then carried out in UNU/ICTP plasma focus to 

study the mechanism for argon x-rays. The x-rays are measured by a multi-channel x-ray 

&ode detector. The characteristic Ar Lja and Hea lines are recognized fIom the 

measured signal. The neon x-ray experiments are also camed out with this machine to 

compare with argon. The result shows the optimized working pressure for neon x-ray is 

much higher than for argon. It confirms the conclusions that we have made in the 

theoretical analysis. 
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6.2. Suggested Future Work 

In developing the plasma focus as an effective soft x-ray source, two aspects are 

considered in the current work: 

[l] Generate argon x-rays with shorter wavelengths for better resist penetration and 

better aspect ratios in X-ray lithography; 

[2] Elevate the efficiency for x-ray yields from a certain machine. 

The mechanism for generating argon x-ray has been intensively studied in this 

thesis. Much lugher temperature and energy density are required to get argon x-ray, 

which could be achieved by reducing the gas pressure. In practice, many other technical 

problems may occur in operation with argon, such as the insulator c o n w a t i o n ,  and 

hard x-ray caused by the electlon bombarding on anode. 

Elevadng the x-ray generating efficiency can be done thtough following aspects: 

[l] With the total stored energy of the plasma focus, increase the energy portion that 

tlansferred into the h a 1  plasma column; 

[2] With a certain energy into the plasma, decrease the portion that is transferred into the 

kinetic part, so as to increase the plasma internal energy; 

[3] Increase the plasma focus stability to give a longer x-ray period. 

In desgnmg of the NX2 plasma focus, the hrst aspect has been considered. The 

circuit inductance was minimized to give a hlgher current This has greatly increased the 

energy transfer efficiency of the machine. Compared to UNU/ICTP PFF, the x-ray yield 

from NX2 is much higher although its stored energy is lower. 

In plasma focus, most of the energy is consumed in the axial phase. The Grst 

aspect could also be achieved by transferhg more axial energy into the radial phase. This 
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could be done by modifying the electrode geomehy to allow more axial plasma going 

into radial phase. Another plasma focus device in our lab @XI) is very successful in hgh  

energy efficiency by modifying the electrode geomehy (parameters see appendix A). This 

idea should also be adopted in designing future plasma focus x-ray sources. 

As for the second and third aspects, a new result obtained by this work is that the 

gas-puff focus is a more efficient plasma heating mechanism, which led to a better x-ray 

lleld and more stable plasma column. In traditional focus, it is impossible to make a 

pressure gradient in the device to provide such a mechanism. However, a gas pressure 

gradient could be established by differential pumping and h g h  repetitive rate operation. 

As the moving of the plasma sheath evacuates the gases in the plasma focus tube, a 

dynamic gas dismbution could be established in NS2 with a repetition rate as h g h  as I6 

Hz. This gives a possible way to establish a pressure distribution like gas puff above the 

anode. 

On the other side, the performance on repetition rate must be invesagated for a 

practical plasma focus x-ray source. From the primary results we obtained in this work, 

the repetition rate does affect the plasma dynamics and x-ray yield. Furthermore 

investigations may be conducted by adjusting the gas pumping/iilling speeds and 

positions at hgh  repetition rate. The geometly in the focus tube may also need to be 

designed to modify the gas-reiilling path. 

As for the studies on the physics mechanism and dynamics process in the plasma 

focus, both experimental and modeling works need to be done to reveal the mechanism. 

The modeling in this work assumed that electron and ion temperatures are same 

throughout the whole process. They should be considered separately in future works 

because the electron temperature is lower in the radial inward shock. This could lead to a 

better understanding of the mechanism and may give ways for optimizing the x-ray yield. 
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The energy transfer process is proven to be very important in determining the 

plasma state. In this work the energy into the focus tube has been obtained by measuring 

the discharge current and tube voltage. As the signals are changing very fast in the late 

radial phase, the time resolution of the probes are not enough to provide accurate values 

at this moment. Probes with better resolutions should be used to give precise 

information of the radial phase, which will be valuable to analyze the mechanism and 

dynamics of this important phase. 

The current and voltage signals reflect the plasma dynamics in the focus device. 

We have made attempts to analysis the plasma dynamics in the late axial phase. This 

method could be extended to diagnose the performance of the NX2. 
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Appendix A 

Table A-l. Technical parameters of related plasma focus machines [22,28,138,149,164] 

I Bank Capacitance (pF) 1 30.8 1 28.02 1 30 1 45.1 11 
NX1 

I X-ray Yield (Neon) I -50 Jlshot I -12 Jlshot 1 -3 Jlshot 1 -200 Jlshot 11 

NX2 

Charging Voltage (kV) 

Typical Energy (kJ) 

I X-ray ~fficiency;) 1 - 2.3 1 - 0.7 1 - 0.1 1 - 0.44 l/ 
I Anode Radius (mm) 1 15 1 19 1 9.5 1 25 11 

UNUllCTP 

8.0 - 12.0 

2.2 

GUNMA MACHINE 

1) Cathode Type I Cylinder 1 16 rods 1 6 rods 24 rods 11 

8.0 - 11.5 

1.7 

Anode Length (mm) 

Cathode Radius (mm) 

11 Anode Material Copper Stainless Copper I I 1 I 
l1 Insulator 

14.0 

2.9 

35,45,55 

25 

Ceramic Flat Quartz Pyrex 1 I Plate I Glass 1 

45.0 

45.5 

40 - 70 

41 

I Maximum Current (kA) 1 280 1 410 1 170 1 1000 11 

l 

Circuit Inductance (nH) 

Circuit Resistance (mn) 

11 Energy (kJ) 1 2.2 1 1.9 1 2.9 1 45.5 11 

160 

32 

280 

50 

14.9 

3.28 

Gas Pressure 0.5 - 5.0 0.5 - 5.0 0.5 - 5.0 base:5.0torr 1 1 mbar 1 1 puff plenum: 3 a m  

Circuit Time T14 ( p e c )  

Working Gas 

I Repetition Rate (Hz) 1 3 1 16 Single ( Single 11 

110 

11 

31.3 

6.4 

1.5 1.0 

Ne, 

2.2 2.1 

H,, D,, Ne, 
or Ar 

H, or D, base with 
D,, Ne, Ar or Kr 
puff 
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Fig. A- l  Typical discharge current trace of Gunma Machine [149]. The peak 
current is - l MA. Charging Voltage: 45 kV; Gas: 5.1 torr embedded 
H2 + 3 atm plenum Ne puff. 

0 l 2 3 4 5 
Time  sec) 

Fig. A-2 Typical discharge current trace of Gunma Machine [149]. The peak 
current is - l MA. Charging Voltage: 45 kV; Gas: 5.1 torr embedded 
H, + 3 atm plenum Ar puff. 
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Appendix B 

PROPERTIES OF RELATED WORKING GASES 

Table B-l. Basic parameters of working gases [l651 

* atomic/van de Wales radius 
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Table. 8-2 X-ray emission spectrum of highly ionized neon plasma [l661 

Line Radiation 

Ne IX 

Ne IX 

Ne IX 

Ne 1X 

1s' - 1s3p 

, 
1s'-1s4p 

1s' - 1s5p 

1s'-1s6p 

1~2s-2s2p 

Satellite Lines 

Ne lX 

Recombination 
Continua 

g's - 3 ~ 0  

g's - 'po 

- 3 ~ 0  

g 's - 'po  

g's - 3 ~ 0  

g's - 'po 

g ' s - ' po  

IS-1p0 

3s - 3p0 

3s - 3p0 

1p0-IS 1 
3p0 - 3P 

1p0-ID 

1 NeIX 

13.553 (915) 

1 1.544 (1 074) 

11.568 (1 072) 

11.001 (1127) 

1 1.008 (1 126) 

10.765 (1 152) 

10.646 (1 165) 

12.260 (1011) 

12.303 (1008) 

12.309 (1 007) 

12.172 (1019) 

12.324 (1 006) 

12.355 (1003) 

Ne XI (~e"') 

Ne X ( ~ e " )  

Ne IX ( ~ e " )  

+ e -> I s  ... 

1s + e -> 1s' ... 

1sZ+e -> 1sZ2p ... 

<9.126 (> 1362) 

40 .4  (> 1196) 

4 2  (> 239.1) 
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Table. 8-3 X-ray emission spectrum of highly ionized argon plasma 11661 

Line Radiation 

Satellite Lines 

Recombination 
Continua 

Ar XVll 

Ar XVll 

Ar XVll 

Ar XVll 

Ar XVI 

Ar XVI 

1 Ar XIX 

Ar XVlll 

Ar XVII 

Ar XVI 

1s2 - 1s3p 

1s2 - 1s4p 

1s2 - 1s5p 

ls2 - 1s6p 

ls22p - ls2p2 

ls22p - ls2p3p 

- 
g's - 'p0 

g's - 3 ~ 0  

g's - 'p0 

- 'p0 

- 'p0 

'p0 - 2~ 

2 0  2 P - D  

zpO. 2s 
2 0  2 P - S 
2 0  2 P - P  
2 0  4 P - P 

2p0. 4p 

2 0  4 P - P  

2 0  2 P - D 

3.9691 (3124) 

3.365 (3684) 

3.370 (3679) 

3.200 (3874) 

3.128 (3964) 

3.095 (4006) 

3.989 (3108) 

3.992 (31 06) 

3.961 (3130) 

3.964 (3128) 

3.985 (31 11) 

4.010 (3092) 

4.012 (3090) 

4.014 (3089) 

3.430 (3615) 

+ e -> 1s ... 

2 I s +  e -> 1s ... 

ls2 +e -> ls22p ... 

1s22s + e -> 1s22s2 . .  

~2.801 (> 4426) 

c3.009 (> 4120) 

~13.504 (> 918) 

~14 .500 ( > 855) 
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Fig. 6-1 X-ray emission spectrum from neon plasma generated in a 
plasma focus. (Measured by Gunma machine. Temperature - 
0.5 keV; electron density -l#'/cm3) [45] 

Fig. 8-2 X-ray emission spectrum from argon plasma generated by a 
plasma focus. (Measured by Gunma machine. Temperature - 
1.8 keV; electron density -l#'/cm3) [46] 
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Appendix C 

SYMBOLS & EQUATIONS FOR PF MODEL 

C. 1. Symbols in the Model 

Table C-l. Symbols and Notations in the Expressions and Equations of the PF Model 

1. Plasma Focus: Working Parameters 

1 a 1 Anode radius I Fig. 3-l(a) 

Initial charge voltage 

2. Plasma: Geometry 

Fig. 3-l(a) 

Fig. 3-1 (a) 

b 1 Cathode radius 

Atom mass of the tilling gas 

Atom number density of the filling gas 

Energy bank capacitance 

Resistance of the discharge circuit 

Inductance of the discharge circuit 

Fig. 3-2 U 

20 

Fig. 3-2 

Fig. 3-2 

Fig. 3-2 

( rp, r,, r, radius of radial piston, inward front 8 reflect front I Fig. 3-1 1 

Anode height 

1 z 1 Plasma sheath position in axial phase 1 Fig. 3-l(a) 1 
4 I Plasma slug (column) height on the anode top in radial h a s  I Fig. 3-1 I 

3. Plasma: Electrical Parameters 

CH Electrical charge flown into tube CH = lldt 

1 Discharge current 1 $3.2.1 I , 
fc current factor $3.2.2 

lP 

Inductance of the plasma tube $3.2.3 1 

l 

V 

R~ , plasma resistances 

Tube voltage I Fig. 3-2 

53.2.4 1 
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APPENDLX REL4TED PARAMETERS B EXPRESSIONS (8112) 

(Continued) 

1 4. Plasma: Energies 

1 ElNP Energy into plasma (by piston work) I Fig. 3-9 

I Qjou, 1 Joule heating energy I Fig. 3-9 

1 Qmd I Energy loss by radiation I Fig. 3-9 

€1 Energy stored in tube inductance Fig. 3-9 

Ei Ionization energy Fig. 3-9 

1 I Kinetic energy I Fig. 3-9 

1 U 1 Internal energy I Fig. 3-9 

I Piston pressure by the jxB force 1 Eq. (3-31) 

1 F,,, F,, Axial Lorentz forces in axial and radial phase I Eq. ( 3 4 ,  (3-8) 

l Fe 1 Radial Lorentz force for compressing in radial phase Eq. (3-7) 

l 5. Plasma: Other Parameters 

I Y 1 Specific heat ratio 1 s3.4.2 

fm, fm2 mass factor for axial 8 radial phase s3.1.1 

Nion Total ion number in plasma 

1 mass Plasma mass. mass = miN,, I 
1 zem I effective charge number 1 s2.2.1 

Plasma temperature calculated by shock speed s3.3.2 

Plasma temperature calculated by internal energy s3.5.4 

reflected shock factor s2.2.2 

Sound Speed in Plasma Eq. (3-25) 

Signal transmission time from shock piston to shock front Eq. (3-24) 
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C.Z. Expressions for Plasma and Plasma Focus Parameters 

Chargesflown into Tube Of = jIdt 
0 

Plasma Current 1, = f c I  

Tube Voltage 

Tube Inductance (Axial Phase) 

L ,  = In($) + zf In(:]] (Radial Phase) 
2 n  

Magnetic Piston Pressure 

4 P,, =- 
4 n 2 r i  

Inos in Plasma 

N,", =%fm,no(b2 - a 2 k  

(Axial Phase) 

(Radial Phase) 

(Axial Phase) 

(Radial Inward Phase) 

Nionio = 2 N o  + n o  X ( r  - ,? d (Reflected Phase: Slug) 
r p 2 ~  130 d f  

2 2 

N r m ~ b  . = - N 2  + X d (Reflected Phase: Core) 
r p 2 ~  130 

Plasma volume V$!ug = ~ ( r i  - r: h, 
Plasma Mass mass = N,, x m, 

Eera into Plasma EINP, = 
0 

(Slow Compression Phase) 

(Radial Inward Phase) 

(Axial Phase) 

R, ,  (Radial Phase) 
120 4 n  r, dt 
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APPENDIX REIATEO PARAMETERS 8 EXPRESSIONS HO/ IZ )  

2. 

Ionization Energy E, = N,,, zaz1, 
r=o 

1 
2 

Kinetic Energy E,, = I rnUSs, ($1 (Axial Phase) 

(Radial Inward Phase) 

2 
1 

(Reflected Phase: Slug) 

= 0 (Reflected Phase: Core) 

E,, = 0 (Slow Compression Phase) 

Internal Energy U =  EINP-E, - E ,  

2 

Shock Speed Temperalure 
-' (2) (Axial Phase) 

2 
Y -1 

T,, = (l + (2) (Radial Inward Phase) 

2U 
Internal Energy Temperature T2 = 

5kN,, 1 + z, 

Sound .Speed in Plasma ; 

r p  - ?> 
Piston-Sltock front Time -P 

*ps - 
c, 
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C.3. Equations for Simulation 

C.3.1. Axial Phase 

d 2 z  I ;Lp-4Ek  
Motion Equation - - 

dt2 mass X 22 

CH 
V. R0I--- L,1, h 

dI - -- CO z dt Circuit Equation 
dt L, + fcLp 

C.3.2. Radial Inward Shock Phase 

Shock Wave 

dz 
-- 

2 dr, 
Axial Elagation ,. --P- 

dt y + l d t  

Thermal Compression 

r dI 1 rp h,. 4n(y - 1 )  rp dQ P-+ p--- 

drP - yI dt y + l z , .  dt p z , .  dt 
-- 
dt --l 

CH v,--- b dz,. 
R,I+-I, ---In - - 

dI CO 2 n  
Circuil Equation - -- dt p [ ( r p j d t )  

L, + f,L, 
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C.3.3. Radial Reflected Shock Phase 

Reflected Shock 
dt on-mix 

Axial Elagation 

Thermal Compression (Plasma Slug) 

C.3.4. Radial Slow Compresion Phase 

Axial Elagation 

rp 'PI 1 rp dz/ 4n(y - 1) rp dQ - + -- 

d r ~  - yI dt y + l Z~ dt I z /  dt Thermal Compression - - 
dt y-l 

CH 
l', 

dI CO 
Circuit Equation -- 

dt L0 + f J P  
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