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SUMMARY 

This thesis presents the results of the investigation of the electron and X-ray 

emission from a Mather-type 3 kJ plasma focus device operated in Neon. The 

experiments were carried out at 14 kV charging voltage, with operating pressures in the 

1.5 - 5.5 mbar range. 

Apart from the classical diagnostics used to monitor the evolution, gross 

dynamics and electromagnetic discharge characteristics of the plasma focus (i.e. a 

derivative Rogowski coil and a detector for the pinch minimum radius), several new 

diagnostics were successfully built, tested and implemented during the project: a fast 

high voltage probe, a computer-controlled CCD camera (monitoring the focus area) and 

an electron energy analyser (for energies between 30 and 660 keV), which uses a 

CMOS linear image sensor as a detector. In addition, a new computer simulation 

program for calculating charged particle trajectories in a non-constant magnetic field 

was developed as a main tool for designing and calibrating the electron analyser. The 

X-ray emission between 0.5 and 40 keV was studied using a soft X-ray spectrometer. 

For energies above 70 keV, a scintillator-photomultiplier detector was employed. 

The electron beam emission from the focus region was investigated in detail. 

The beam was extracted through the anode, which was specifically modified for this 

purpose. After passing through a drift tube, either the electron current was measured 

using a fast derivative Rogowski coil coupled with an appropriate RC passive 

integrator, or the electron spectrum was recorded using the electron analyser. 

Several electron emission periods, corresponding to different plasma 

phenomena, were identified and correlated with X-ray signals and X-ray CCD pictures. 
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The electron beam output shows very strong correlations with the main 

discharge current derivative signal, i.e. with the general plasma dynamics. The early 

stages during the operation of the device (breakdown, axial and radial acceleration) 

have a decisive influence on the measured electron current. The operating pressure is 

one of the convenient parameters for modifying the peak amplitude of the current. 

The strongest correlation was found between the electron current emission and 

the X-ray photons in the 20 - 40 keV range. 

The electron spectra showed that most of the discharges feature electron 

emission concentrating below 200 keV, with a negligible electron emission above 

350 keV. 

The electron energetical distribution can feature more than one clearly 

separated peaks. This behaviour was never reported before for electrons emitted from 

plasma focus devices. Moreover, the second and subsequent peak energies in a 

distribution are clearly related to the energy of the first peak. Two mechanisms were 

proposed to explain this behaviour. 

The evolution of the electron bean1 current with respect to the operating 

pressure shows that the 4 mbar Neon pressure maximises the electron output and has a 

very good shot-to-shot reproducibility. This operating pressure also maximises the 

emitted electron charge, as well as the quasi-axial component of the electron beam. 

The peak energy of the electron distribution reaches also its maximum at 4 mbar 

Neon. These results proved that 4 mbar Neon is the optimum pressure for electron 

beam emission for our device. 

Based on the experimental findings, the Lee model for plasma focus 

simulation was improved by adding a supplementary teml in the voltage equation. 
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1. INTRODUCTION 

For many years, tremendous efforts towards the achievement of controlled 

thermonuclear fusion have been channelled to the study of powerful electrical 

discharges. The electrodynamic forces drive the plasma away from the wall of the 

discharge chamber to form an isolated plasma column. The work done on the plasma 

by these forces together with the Joule heating constitute the sources of plasma 

heating. 

One group of experiments was termed linear and toroidal Z-pinches, as the 

current flows in the axial direction [l]. The investigation of powerful gas discharges 

in coaxial tubes such as linear Z-pinches in deuterium atmosphere led to the detection 

of neutron emission. The total flux of neutrons was found to vary with the pressure, 

gas purity and discharge current. 

The intense burst of neutrons (8x10~ neutrons/shot) was found to be 

accompanied by emission of X-rays [2]. The X-ray emission evidently indicated that 

the neutrons did not originate from thermonuclear reactions. Later, efforts were 

expended on the study of other interesting phenomena occurring in these discharges: 

emission of radiation in the microwave to hard X-ray range, emission of electrons and 

ions, plasma dynamics, plasma instabilities, etc. 
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CHAPTER l ~NTRODUCTION 

1.1. HISTORY OF THE PLASMA FOCUS 

Plasma acceleration by the .&B force has been studied experimentally and 

theoretically in many laboratories since the beginning of the controlled fusion 

programmes. The early works in USA with coaxial gun systems were pioneered by 

Marshal1 131. Mather, following the work of Osher [4], investigated the fast coaxial 

gun mode which led to the development of the high pressure mode operation. 

The plasma focus discharge was discovered independently by Mather (USA) 

[5] and Filippov (USSR) [6] in the early 1960s; since then, many laboratories all over 

C High voltage, high current switch 

Insulator sleeve 

Fig. 1.1: Mather (a) and Filippov (b) configurations. 
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CHAPTER l INTRODUCTION 

the world have been working in this field. For both Mather- and Filippov-type 

devices, an accelerated plasma sheath is magnetically compressed to a short-lived 

(50 - 200 ns), rather dense (-10'9icm") filament (focus). The devices investigated by 

these two pioneers have significantly different geometry, though they are similar in 

many aspects and results. Both are composed of two coaxial electrodes (Fig. 1.1) 

separated by an insulator sleeve. They form an accelerator powered by a capacitor 

bank, which is switched by a high voltage, high current switch. The dynamics of the 

accelerated current sheath, the radial compression to the axis at the end of the gun 

leading to a dense Z-pinch filament, and the following turbulent plasma phase, 

characterise a typical plasma discharge. 

Many plasma focus devices have since been built by other investigators, but all 

broadly conform to one of the two original geometries and can be classified as either 

Mather- or Filippov-type. 

A wide range of investigations have been performed on both types of plasma 

focus devices, with stored energies varying from below 1 kJ up to 1 MJ. Considerable 

interest was directed to the plasma focus because of the high n.z (n - the particle 

density, z - the confinement time) value of the plasma and the detected bursts of 

fusion neutrons (when operated in deuterium). 

Besides being a ready source of hot (-1 keV) dense plasma and fusion 

neutrons, the pinch also emits copious amounts of soft and hard X-rays (especially 

when operated in high-Z gases), electrons and ions. This distinctive feature of the 

plasma focus sets it apart from other devices as a prime candidate for industrial 

applications. 
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CHAPTER 1 I N T R O D U C E  

In summary, a broad range of plasma phenomena is readily available from this 

easily-constructed machine and has led to extensive plasma focus studies in many 

laboratories around the world. 

'The investigations of particles and radiation emission from the focus are useful 

for basic studies on plasma physics, as well as for technological and industrial 

applications. 

11 order to extend the usefulness of the plasma focus for applications, it is 

important to better understand the fundamental processes in hot plasmas, as well as to 

optimise a certain device for a specific application. The energy and the maximum 

output for the X-ray photons, which are crucial characteristics for X-ray applications, 

depend on the electromagnetic parameters, gas composition and filling conditions. An 

intense electron beam can be used for pulsed electron lithography, experiments 

concerning material ablation, or pulsed laser pumping. 

The aim of this project was to investigate the electron beam and the X-ray 

emission from a compact 3 kJ plasma focus operated in Neon. The electron and time- 

resolved X-ray recorded data were correlated with the operating parameters of the 

device, with the electromagnetic characteristics of the discharge, with the electron 

spectra, and with other diagnostics. 

The objectives of this project were: 
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to extract the electron beam emitted from the focus region of the NE-NSAG-PFF 

plasma focus device; 

to investigate in detail the electron beam characteristics m terms of current and 

energy spectrum; 

to study the X-ray emission in dfferent energy ranges, with particular attention on 

medium energy X-rays, i.e. photons in the 20 - 40 keV interval, which are suitable 

for special "hot" applications like micro-electro-mechanical systems (MEMS); it is 

worth mentioning here that this potentially important field has not been 

systematically explored until now; 

to identify and understand various plasma phenomena involved in the plasma focus 

electron beam emission; 

to optimise the existing device for maximum and reproducible electron output in 

both current and energy spectrum; 

to correlate the diagnostic signals, in order to gain greater msights into the physics of 

plasma focus phenomenon; 

to provide a large range of experimental data for electron and X-ray emission from 

the plasma focus; 

to obtain preliminary data and lay the necessary foundation for future electron beam 

emission studies (like time-resolved energy spectrum, spatial distribution of the 

electron beam, etc.). 

The research could be further pursued in the next years, for both academic 

results and applications, on the same device or on other dense plasma focus machines, 

both in NIE 1 NTU and in other laboratories. 
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1.3. LAYOUT OF THE REPORT 

The report is organised as follows: 

Chapter 1 (Introduction) contains some introductory elements on plasma focus, 

states the aim and the objectives of this project and illustrates the layout of this report. 

Chapter 2 (Plasma Focus and Related Phenomena) describes the general 

aspects of the plasma focus device and gives an overview of the focus dynamics. 

Following that is a review of some related phenomena, instabilities, microinstabilities 

and turbulence. The last part of the chapter illustrates the updated results of the 

experimental and theoretical works performed by other researchers in the area of 

electron and X-ray emission from the plasma focus. 

Chapter 3 (Numerical Simulations) presents a theoretical model of plasma 

focus formation and evolution, namely the Lee model. Using results obtained during 

our project, this model was improved upon in terms of both theoretical basis and 

results. 

In Chapter 4 (Plasma Diagnostic Techniques) the diagnostics employed in this 

work are presented in detail. 

Chapter 5 (Experimental Set-up) gives a thorough description of the 

NIE-NSAG-PFF plasma focus device, together with the specific arrangements and 

settings of the diagnostics. 

Chapter 6 (Results and Discussion) presents the experimental findings and 

offers detailed discussions on the interpretation of the data with respect to the 

theoretical models of the plasma focus emission. 
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12inally, Chapter 7 (Conclusions and Suggested Future Work) summarises the 

results of this work and offers practical directions for future projects. 
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2. PLASMA FOCUS AND RELATED PHENOMENA 

The dense plasma focus device is a magneto-hydro-dynamic coaxial plasma 

accelerator [7, 81. In this device, the magnetic energy is stored behind the moving 

current. sheath. A portion of this energy is converted into plasma energy during the 

rapid collapse (Z-pinch) of the current sheath towards the axis beyond the end of the 

central electrode. 

The dynamics of the plasma focus discharge is presented in the first section of 

this chapter, followed by a discussion on the related phenomena and radiation 

@article and photons) emission. 

The dense plasma focus consists of two coaxial electrodes (anode and 

cathode) separated by an insulator sleeve. The Filippov [6] geometry has an anode 

aspect ratio (diameter / length) bigger than 1, whereas the Mather-type [5] is 

characterised by a smaller aspect ratio i.e. diameter / length smaller than 1. The device 

under investigation in the Plasma Radiation Sources / Pulse Technology Laboratory, 

NIE / NTU, is a Mather-type plasma focus device, as shown scl~ematically in 

Fig. 2.1 (a). 
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The dynamics of the plasma focus can be divided into three stages: the 

breakdown (also called the inverse pinch phase), the axial acceleration phase and the 

radial phase. 

The three phases are illustrated in Fig. 2.1 (a); Fig. 2.1 (b) shows the current 

and voltage signals corresponding to the different phases of the discharge. The plasma 

focus device is usually operated with the inner electrode as anode and the outer 

electrode as cathode. The operation of the device with the reverse polarity decreases 

the neutron and X-ray output [9]. The gross dynamics of the three distinct regions or 

phases is described in the following sections. 
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Fig. 2.1: Current sheath dynamics in a plasma focus device (a) and the corresponding current 
and voltage signal profiles showing the phases of the discharge (h). 
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2.1.1. Breakdown Phase 

An azimuthally symmetric discharge can be initiated when a high voltage 

pulse is applied between the two coaxial electrodes of the dense plasma focus device 

filled with a working gas at an appropriate pressure. At the beginning of the discharge 

an electrical breakdown occurs. This generates some initial plasma configuration 

through which the discharge current can flow. When the plasma focus device is 

operated with deuterium in the pressure range of 1 - 10 mbar, the values of the static 

breakdown voltages are lower than 1 kV (Paschen's law) [10], i.e. one order of 

magnitude smaller than the usual bank voltage. The parameters of the electrodes 

[l 1, 121, the solid insulator sleeve [13, 14, 15, 161 and the initial gas conditions 

[13, 141 are the major factors on which the development of the high current discharge 

(within the plasma focus system) depends. 

At very low pressure (for a given electrode - insulator configuration), a 

discharge can develop within the whole inter-electrode volume [17]. On the other 

hand, at a very high pressure, the discharge is accompanied by a radial filamentary 

structure appearing in the space between the coaxial electrodes [l 8, 191. 

At the optimised operating pressure, usually, a discharge is initiated at the 

edge of the outer electrode due to the appearance of a high electric field, or in some 

other regions close to the lower part of the outer electrode designed to concentrate the 

electric field - breakdown edges, the rim of specially designed holes, etc. For gaseous 

electrical breakdowns, the electrons are the most important charge carriers. Therefore, 

for a symmetrical breakdown, the polarity of the inner electrode should be positive 

(anode) in order to concentrate these electrons at the insulator surface. A sliding 

discharge develops along the tubular insulator. This sliding discharge, also called a 
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gliding discharge, or flashover, can be explained as the effect of the surface 

capacitance. 

When a high voltage is applied, an initial electrical breakdown occurs along 

the insulator surface after a time delay of a few nanoseconds [13]. This time delay is 

almost independent of the voltage applied (within a reasonable range), but it depends 

strongly on the initial gas pressure [19]. During this time further electrons are created 

by field emission from the metallic edges and by ionisation of the ambient gas. These 

electrons are accelerated along the radially directed electric field lines towards the 

inner electrode and the insulator surface. These electrons may accelerate towards the 

outer electrode depending on the polarity of the applied voltage. 

As the discharge develops, depending on the gas and surface conditions, the 

surface capacitance is charged gradually while the highest electric field remains at the 

front of the discharge. Due to this effect, an ionisation front along the insulator 

surface is propagated. 

When the sliding discharge reaches the end of the insulator, both electrodes 

are connected by weak current filaments flowing just above the surface of the 

insulator between the anode and the back plate of the cathode. These plasma filaments 

are then lifted off from the insulator surface in an inverse pinch manner, propelled by 

the &B force (Fig. 2.1). 

When the current filaments reach the inner surface of the outer electrode (after 

50 - 500 ns), they blend to f o m ~  a uniform current sheath due to the high conductance 

of the sliding discharge. In fact, it is a double layer structure consisting of an 

ionisation front and the magnetic piston [20,21,22]. The frontal section of the sheath 

(attached to the inner electrode) remains temporarily immobile during the breakdown 

phase. 
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When the uniform current sheath is formed, the focus formation process enters 

into the second phase. 

2.1.2. Axial Acceleration Phase 

The current sheath formed at the end of the breakdown phase is accelerated by 

its own force towards the open end of the inner electrode. The radial component 

of JxB pushes the current sheath towards the outer electrode. The axial component of 

the force is stronger near the anode due to the l / r  dependence of both the current 

density J, and the magnetic field B 8 .  This leads to a higher velocity of the current 

sheath near the surface of the central electrode than near the outer electrode. 

The following are the two factors that make the axial phase important for the 

subsequent formation of the hot and dense plasma. The first condition is that the 

currenl. sheath should arrive at the axis at an instant close to the first maximum of the 

discharge current, preferably immediately after this moment. This condition is a 

common requirement for all the pinch devices; it represents the optimisation of the 

energy transfer from the capacitor bank to the pinch plasma. For each device, 

optimisation studies provided the time difference between the current maximum and 

the end of the axial acceleration phase for an optimum energy transfer under a given 

set of operating parameters. 

The second condition is that the structure and the (r, z) profile of the plasma 

sheath should have certain characteristics for a good focusing effect. This condition 

requires smooth (r, z)  axially symmetric profiles and a thin, uniform current sheath 

structure. 
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As no significant tangential stress exists within the current sheath, the forces 

acting on it are normal to the surface everywhere. Therefore, the evolution of the 

current sheath must be conceived as a sort of a swelling balloon, rather than a rigid 

piston. The mean free path for all collisions involving ions and atoms is very small for 

the normal gas filling pressure range. A gas dynamical shock is produced by this fast 

moving structure. This shock heats and compresses the neutral gas in front of it. 

Therefore, the sheath will have a complex structure with a compressed and hot 

ionising region. 

The pattern of the driving current determines the complete structure of the 

sheath: the more uniform the pattern, the smoother the sheath. An azimuthal 

filamented pattern will produce a filamentary-structured sheath [22,23,24]. 

For the axial rundown phase, different diagnostic techniques, like magnetic 

probe measurements, Schlieren method, shadowgraphy, interferometric 

investigations, image converting cameras and other light detecting systems, etc. are 

employed. The measured speed of the sheath is 1.5 - 15 c d p s  [25,26]. It was found 

that for large plasma focus devices a large fraction (50 %) of the current going into 

the device flows behind the current sheath. The thickness of the plasma sheath is 

between 2 and 4 cm [25,26]. 

At the end of this phase, one end of the current sheath sweeps around the open 

end of the anode. The outer end of the current sheath continues to move along the 

tube, sweeping with it the greater portion of the accumulated plasma in the axial 

direction. Only a fraction of the plasma at the end of the axial acceleration phase 

contributes to the fmal focus. 
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2.1.3 Radial Phase 

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

end of the inner electrode (usually anode) and finally collapses due to the inward 

J.3 force. This collapse occurs within 50 - 200 ns, depending on the device 

characteristics. The radial collapse velocities range between 7 - 60 c d p ,  depending 

on the geometry of the electrodes, initial gas pressure, structure of the current sheath 

and electrical characteristics of the device. 

During the radial phase, the rapid change of inductance results in an induced 

electric field in the plasma column. Since the discharge current for this phase is 

almost constant, the induced field is given by 

where I i s  the discharge current and dL/dt is the rate of change of inductance. 

This phase is important due to its extremely high energy density, its transient 

character, and the emission of intense radiation, high energy particles and copious 

nuclear fusion products as well when operated in deuterium or D-Tmixtures. 

Based on the reported experimental data, the radial phase can be subdivided 

into four phases, namely, compression phase, quiescent phase, unstable phase and 

decay phase. In the following section these subphases are discussed in detail. This 

classification based on physical observations is slightly different from that used for 

the phases in plasma modelling, which result from mathematical considerations; the 

compression phase corresponds to more than one model phase (the radial inward 

shock phase, the reflected shock phase and the first part of the slow compression 

phase), the quiescent phase covers the second part of the slow compression phase, 
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while the unstable phase has no correspondent, since the model does not include 

instability-related phenomena, which are extremely difficult to express 

mathematically. 

2.1.3.1. The Compression Pitase 

As a final phase of the compression, the pinch plays a crucial role in plasma 

focus. The radial phase starts with the rapid collapse of the azimuthally symmetrical 

but non-cylindrical, funnel-shaped plasma sheath towards the axis under the influence 

of the inward 7 2  force. The radial implosion ends when the plasma column reaches 

the minimum radius (r  = r,,,) with the plasma density at its maximum (-10'~ cm-'). 

At this instant, the time reference is usually taken as t = 0, i.e. when r = r,,, , t = 0. 

Shock heating is the main heating mechanism inside the plasma before the 

front of the current sheath meets along the Z-axis; in the heating process, the -300 eV 

ions play a much more important role than the -100 eV electrons [27]. After the 

plasma structure is transformed into a plasma column and the shock wave (reflected 

on itself on the axis) meets the magnetic piston, Joule heating becomes the main 

heating mechanism [22] for the central part of the plasma column, which doesn't feel 

the effect of the piston yet. 

For the formation of the final focus, the plasma column is compressed 

adiabatically. The magnetic field penetrates very fast the plasma column at the end of 

this phase, associated with a sharp increase in the plasma anomalous resistivity. This 

results in an increase of the total resistance of the system [28]. The sharp voltage 

spike and the dip in the current (related to the large increase in the plasma column 

impedance) which are observed for a typical plasma focus discharge, as presented in 

Fig. 2.1, are enhanced due to the anomalous resistive effects. 
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Spectroscopy [29], interferometry [30], laser scattering [22] and some other 

methods were employed to determine the maximum value of the electron density and 

the electron and ion temperatures. The final electron temperature ca reach up to 

1 - 2 keV [9]. 

According to the Bennett equilibrium (which is assumed to exist during the 

pinch phase), the final temperature should only depend on the current I and the linear 

density N, i.e. T - I ~ / N ;  the lower the linear density, the higher the temperature. The 

electron temperature is independent of the minimum radius r,,,,, of the pinched plasma 

column. 

At the end of the compression, a plasma column is formed, and it stagnates for 

a brief period of time. The diameter of the column is of the order of 1 mm and the 

length is of a few cm, depending on the dimensions of the inner electrode [31]. The 

density at this stage is -10 '~  cm". 

Based on the snowplow equation, computational models can be developed for 

the radial phase. A zero radius column is obtained when these models are applied to 

the radial compression. To overcome this, either the introduction of a retarding kinetic 

energy pressure term, or the use of a criterion for the minimum radius as the Larmour 

radius were devised in different attempts. The slug model, originating in shock wave 

theory, is a major improvement in the plasma focus modelling. The plasma sheath is 

considered as having a finite thickness, and the result is a non-zero final radius for the 

pinch column; unfortunately, this model gives non-realistic results towards the end of 

the compression phase. Lee [32] showed that all these methods are not energy- 

consistent and should be replaced by an energy-balance model. This energy-balance 

criterion provides the correct end point for the implosion trajectory, and gives the 

correct quasi-equilibrium radius. A complete energy-consistent trajectory is obtained 
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when tlhe energy-balance criterion is combined with the slug model [33]. In addition, 

the computed pinch length and the minimum radius agree with the experimental 

measurements [3 l]. 

2.1.3.2.. The Quiescent Phase 

After the stagnation, the quiescent phase indicates the beginning of the 

expansion of the plasma column in the axial as well as in the radial direction. The rate 

of expansion in the radial direction is hindered by the confining magnetic pressure. 

But the plasma can expand unhindered in the axial direction due to the so-called 

"fountainn-like geometry of the current sheath. Thus, an axial shock front is formed. 

The sharp change in the plasma inductance, which started during the 

compression phase, induces an electric field in the plasma column. This electric field 

accelerates the ions and the electrons in the opposite directions. The relative drift 

velocity between the electrons and ions increases and approaches the electron thermal 

velocity. At this stage, microinstabilities like electron-cyclotron and various forms of 

beam-plasma instabilities start to grow. The plasma column is magnetically confined, 

and the temperature of the plasmas further increases by ohmic heating. In addition, 

the magnetically confined column is hydromagnetically unstable to sausage (m=O) 

and kink (m=I) instability modes. 

The pinch lifetime t, can be defined, based on these observations, as the 

duration between the first plasma compression (as seen on the current derivative 

signal) and the instant of the onset of the m=O instability. This pinch lifetime is many 

times larger as compared to the radial Alfven transient time of the pinch column [34]. 

Among other reasons behind this, the strong axial flow, the two-dimensional 
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curvature of the current flow, the g x  V B  drift, and the influence of the self- 

generated axial magnetic field were mentioned in the literature [34]. 

2.1.3.3. The Unstable Phase 

In the plasma focus evolution, the unstable phase is the richest in associated 

phenomena like D-D reaction products (neutrons, protons), hard and soft X-ray 

emission, fast deuterons and electrons. Fig. 2.2 shows a schematic of the emission of 

radiation (photons and particles) from the plasma focus device after the focusing 

event. 

+, X-rays ,t 

X-ray emision areas 

Big. 2.2: Particle and photon emission from a plasma focus device; the X-ray photons are 
emitted fromthe plasma region and from the anode rim 

Due to the growth of m=O instabilities, the induced electric field is enhanced, 

and this accelerates the electrons towards the inner electrode (anode) and the ions in 

the opposite direction. At the same time, an axial ionisation wave was reported 

[7, 221. Using time-resolved interferometry, the measured peak velocity of this front 

in deuterium is about 120 cmlps, confirming that the ionisation is caused by the fast 

deuterons [22, 351. This ionising front overtakes the axial shock front (formed due to 
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the axial expansion of the plasma column). The beginning of this ionising front 

coincides with the beginning of the main hard X-ray and neutron pulses. The 

ionisation front develops later into a bubble-like structure with several density 

gradients [22, 361. The first gradient is attributed to the ionisation front that separates 

the ambient gas from the ionised structure. 

Due to the bombardment of the anode by the runaway electrons, especially for 

the solid anodes, a fairly large number of impurities are injected into the plasma 

column. This decreases the Pease-Braginskii current, causing the plasma column to 

implode near the central electrode [37]. The implosion proceeds sequentially along 

the plasma column. This breaking up corresponds to the second density gradient 

observed in interferometric holograms [22]. This density gradient moves away from 

the anode at a speed of 20 cmips, which is much slower than the ionisation front. 

The disruption of the plasma column continues until the whole plasma column 

is broken completely. The electron drift velocity can be estimated from the current 

density and the plasma density. For a typical set of device and plasma pinch 

parameters, the value obtained is -10' mls. This is higher than the electron thermal 

velocity of -106 m/s estimated from the electron temperature, the result being an 

important energy injection into the plasma, which leads to a strong plasma heating. 

The electron temperature increases up to 4 - 5 keV as indicated by the large amount 

of measured Bremsstrahlung radiation [34]. 

2.1.3.4. The Decay Phase 

The decay phase is the last phase of the radial collapse, as well as the last 

stage of interest of the plasma focus dynamics. During the decay phase, a very large, 

hot and thin plasma cloud is formed due to the complete breaking of the plasma 
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 column^. A large amount of Bremsstrahlung radiation is emitted during this phase. The 

soft X-ray emission rises abruptly during the decay. At this stage, the neutron pulse, 

which started at the beginning of the unstable phase reaches its peak value. 

Thus the plasma column breaks up and decays. The high electric field induced 

during this period gives rise to the emission of beams of energetic ions and electrons. 

For a Mather-type device with an anode radius of 1 cm, the implosion time is -100 ns 

while the lifetime of the plasma column is -20 ns [31]. Strong emission of X-rays and 

neutrons also occur during this phase. 

2.1.4. Modelling of the Plasma Focus 

For the numerical design of the plasma focus, Lee has developed a dynamic 

model [38, 39, 401. In this model, the axial trajectory is computed using a snowplow 

model; the radial dynamics is traced using a generalised slug model which considers a 

pinching plasma of increasing length with the plasma layer lying between a shock 

front and magnetic piston. This model can provide a realistic final pinch radius. The 

experiments described in this thesis were all performed on the NIE-NSAG-PFF focus 

device, a copy of the original UNUIICTP PFF device designed and constructed 

by Lee, based on his simulations. 

Liu [41] further developed this computational model, including the reflected 

shock phase and the radiative phase. With this model, the X-ray emission from the 

plasma focus could be simulated. 

A detailed description of the Lee model, including other improvements 

introduced by different authors, as well as a new development proposed as part of our 

research project related to this thesis can be found in section 3.1. 
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2.2. INSTABILITIES AND TURBULENCE 

The objective of the controlled thermonuclear hsion programme is to heat a 

gas composed of light elements to a temperature considerably higher than the centre 

of the sun, and to confine this hot plasma long enough for the resulting nuclear 

reaction to produce more nuclear energy than that which is consumed during the 

process. If a mixture of deuterium and tritium is used, for example, the required 

temperature is at least 5 - 10 keV. The product of particle density, n, and confinement 

time, z; must be at least 

n .z 2 10'' (cm-3. sec) (2.2) 

for an usable amount of energy to be produced [42]. Other hels require even higher 

temperatures and confinement time. 

The plasma instabilities are a major obstacle in the way of progress towards 

the controlled thermonuclear hsion. These instabilities imposed several limitations on 

the amount of current and pressure that can be confined by a magnetic field. 

In the first experimental attempts to produce the conditions needed for a 

controlled thermonuclear fusion during the early 1950's, a large current was driven 

through a column of ionised gas in an effort to heat and confine it [43, 441. The 

current produces a magnetic field around the plasma column which thermally 

insulates the hot plasma from the wall and exerts an inward radial force that confines 

the plasma. 

The limitation on the confinement time of the plasma and the disruption of the 

focused column are caused by the onset and occurrence of the macroinstabilities 

which are observed in a number of experiments [45, 461. Besides the macroscopic 
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instabilities, the presence of plasma turbulence was confirmed [45, 46, 47, 48, 491. 

Several possible types of instabilities are discussed in the following sections. 

2.2.1. Rayleigh-Taylor Instability 

The Rayleigh-Taylor instability occurs when a dense, incompressible fluid is 

supported by a fluid of lower density, and they are placed in an accelerating field. In 

a plasma, a Rayleigh-Taylor instability can occur because the magnetic field acts as a 

light fluid supporting the plasma - a heavy fluid. The main contribution to the 

accelerating field is the one due to the magnetic field lines curvature, gef-v:  /R, 

where vc is the ion thermal velocity, and R is the boundary radius of curvature. 

In a magnetically-confined plasma, the interface between the plasma and the 

magnetic field is found to be unstable during the radial compression [50]. Therefore, 

in a pllasrna focus device, at the end of the compression phase the boundary of the 

plasma column is fluted due to this instability. 

With the help of the interferometric studies, Peacock et al. [46] confirmed the 

presence of the Rayleigh-Taylor instability in the compression phase of the plasma 

focus. The growth time of the Rayleigh-Taylor instability was estimated to be 

about 30 ns [46]. 

2.2.2. The m=O Instability 

A main problem encountered in the early fusion experiments was that the 

plasma column would spontaneously pinch itself off due to magneto-hydro-dynamic 

instabilities, especially the m=O (sausage instability). 

22 
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These magneto-hydro-dynamic instabilities are classified according to their 

poloidal mode number (e jm". The mechanism behind the growth of this instability is 

as follows. A poloidally symmetric radial perturbation constricts the plasma column 

slightly in one place, as shown in Fig. 2.3 

Fig. 2.3: The m=O instability. 

The longitudinal current density (J,) flowing through a smaller cross-section area of 

the constricted part produces a stronger magnetic field (BB) there, whereas the field 

along the other parts remains unchanged. The stronger field around each undisturbed 

region exerts a greater inward force on the plasma column so that the column 

constricts further. These subsequent rapidly changing magnetic fields at each 

constriction induce a large longitudinal electric field which accelerates the ions within 

the plasma up to the energies of hundreds of keV, leading to the emission of bursts of 

neutrons. 
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The sausage instability can be stabilised by permeating the plasma column 

with a longitudinal magnetic field comparable in strength to the poloidal field around 

the column. One way to consider this stabilisation mechanism is by noting that any 

constriction of the plasma column requires energy to compress the longitudinal 

magnetic field within the plasma. A magnetic filed in a conducting fluid may be 

thought of as exerting pressure perpendicular to the field lines and tension along the 

field lines. Compressing the longitudinal field within the plasma then results in a 

restoring force from the increased magnetic pressure. 

2.2.3. The m=I Instability 

The addition of a small longitudinal magnetic field stabilises the sausage 

instability. However, a new instability arises, known as m=I (kink instability), in 

which the plasma column twists into a helical shape like a corkscrew, as shown in 

Fig. 2.4. The mechanism for this kink instability becomes clear by noting that when 

any part of the plasma column is bent, the poloidal field on the inner edge of the bend 

becomes stronger than the field at the outer edge. The resulting magnetic pressure 

then ]pushes the column to bend further. 

In order to stabilise this m=I kink mode, the longitudinal magnetic field must 

be made strong enough and the plasma column fat enough so that no part of the 

magnetic field between the plasma and the wall closes upon itself once along the 

length of the plasma column. This is known as the Kruskal-Shahanov criterion. 

Roughly speaking, the tension associated with the longitudinal magnetic field 

prevents the plasma column from bending into a kink. 
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Fig. 2.4: The m=l instability. 

2.2.4. Microinstabilities and Turbulence 

The existence of the microinstabilities and turbulence in the plasma focus was 

repo~lted by Bemard [51]. He used the light scattering diagnostic techniques to study 

the level of the density fluctuation as a hnction of direction. He observed that the 

excitation of waves along the current direction was more intense (1.5 times) than 

along the direction perpendicular to it. This variation of the scattered light indicates 

not only the existence of the microinstabilities, but also the correlation of the 

microinstabilities with the drift velocity between the electrons and ions due to the 

current flow along the electrode axis. The observation of the anomalous resistivity 

[52] of the pinched plasma, non-thermal radiation in the microwave range [53] and 

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



CHAPTER 2 PLASMA Focus AND RELATED PHENOMENA 

bursts of high energy ions and electrons, also indicate the presence of 

microinstabilities and turbulence in the dense plasma focus. 

During the radial phase, the change in the plasma inductance results in an 

induced electric field along the pinch. At the end of the quiescent phase, the growth of 

the m=0 instability enhances the induced electric field locally. The emission of 

electrons starts as soon as the induced electric field is higher than 3 x 1 0 ~  kV/m, the 

estimated value for the critical field strength [34]. These runaway electrons move 

towards the anode and produce hard X-rays through electron bombardment. 

The electron energy estimated from hard X-ray is in the range of 50 keV to 

500 keV [54]. Hence, the ordered velocity of the beams, estimated from the hard 

X-ray energy, exceeds the thermal velocity of the plasma, exerted from the electron 

temperature. Under this condition, it has been shown theoretically that various types 

of beam-plasma interactions occur, giving rise to a number of instabilities [55]. The 

beam-plasma instabilities will grow rapidly, as shown by infrared absorption 

experiments [45,47]. 

From the early experiments performed with plasma focus devices, a strong 

electron emission coming from the pinch area was observed. The electron beam 

interaction with the metallic electrode structure was proposed as the source of the 

hard X-ray emission [21, 561. 

The observed energy was much in excess of the discharge voltage. The 

electron beam emission had to be correlated with the ion production. For the early 
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experiments, the deuteron emission was even more interesting, because of the fusion 

studies. Various acceleration mechanisms were proposed and discussed for these 

energetic particle beams [56, 571. Some of them apply only to deuterons; the others 

discuss both types of particles. 

The increase in the amount of energy gained by an electron behveen hvo 

interactions with the ion population (due to different acceleration mechanisms) leads 

to an increasing average speed, which in turn decreases the interaction cross-section. 

When the electric field along the plasma column begins to be higher than the critical 

field Ecr corresponding to the existing plasma conditions and geometry, the electrons 

with energies higher than the average start to "escape" from the pinch. These are the 

so-called "runaway electrons" (runaway process) [58, 591. This process i) involves 

that part of the current which flows along the shock front, and ii) takes place at the 

instant when the cylindrical shock collapses on the axis within a magnetic field-f?ee 

region. 

It is impossible to obtain a pure, or near monoenergetic electron beam from a 

plasma focus device. The mechanisms involved in beam production are very 

complicated. Only special local plasma conditions give rise to this emission. Once the 

electron beam starts with the emission of the runaway electrons, the electrons interact 

with the plasma and also change the energy balance, so the conditions are self- 

modifying. Another problem is the highly dynamical nature of the plasma focus. 

For electron emission studies, the operating parameters of the discussed 

devices range over several orders of magnitude. The stored energy was from below 

1 kJ to 1 MJ, with a charging voltage from 10 to 200 kV and a maximum current from 

100 kA to 3 MA. Several processes were proposed to explain the electron beam 

acceleration up to energies more than 100 times higher than the applied voltage. 
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The rapid local changes in the magnetic flux (inductive generation) are the 

most common phenomena responsible for the high electric fields in plasma [58 ] .  This 

process starts once the plasma starts being compressed by the Lorentz force. Another 

example is the onset of m=O instability; due to the fast sheath compression, the 

inductive-generated electric fields can reach up to 1 MV. 

Another important mechanism takes place in the pinch column. The plasma 

resistivity starts to increase (anomalous resistivity), while the plasma current remains 

almost constant. Therefore, the voltage along the pinch column increases, so the 

electric field along the axis also increases. 

A group of acceleration processes are c o ~ e c t e d  in a direct way with the 

plasma turbulence: the particle acceleration by strong turbulence [60] and the non- 

linear effects of the electron magneto-hydro-dynamics [61]. 

Acceleration by strong turbulent structures is an important acceleration 

mechanism in pulsed powerful plasma discharges [62]. Interesting phenomena 

involving particle acceleration and absorption by cavity structures were recently 

discovered [62]. These mechanisms predict cavity damping. The radius of these 

cavities is 15 - 20 times bigger than the Debye radius and consequently, the particle 

acceleration corresponds to velocities 15 - 20 greater then the thermal electron 

velocity. Consequently, the energy of accelerated particles should be 200 - 400 times 

greater than the measured electron temperature. The theory predicts a broad spectrum. 

The fast particle distribution can be calculated. The process of acceleration is 

predicted to be very fast. For the plasma focus conditions, the time scale is in the 1 ns 

range. The acceleration happens on the last stage of a structure collapse, although 

different structures can collapse independently at different time moments [62]. The 

expected emissions are burst-type. Time-resolved hard X-ray spectra measurements in 
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cooperation with the direct electron energy spectra investigations and interferometry 

[63] confirmed the theoretical predictions. The experiments showed the appearance 

after the compression phase of two different groups of fast electrons: i) with the 

energy near 150 keV and pulse duration of the order of 100 ns and ii) with electron 

energy above 600 keV and pulse duration near 20 ns, with a sharp rise-time (smaller 

than 1 ns). The first group of electrons has rather wide energy spectrum and has many 

similar features with the above-mentioned acceleration mechanism based on strong 

turbulence, whereas the latter appears rather monochromatic, but with the energy 

changing in time. The moment of the appearance of the fastest group coincides with 

the explosive break-up of the plasma boundary. The experiments included the analysis 

of hard X-ray pinhole pictures, X-ray spectra, anomalous laser beam scattering, 

electron spectra, etc., all of them with good time and space resolution [62]. 

A very effective [62] acceleration mechanism can be interpreted on the basis 

of the non-linear electron magneto-hydro-dynamics [61]. As the magnetic field 

penetrates inside the pinch at the moment of the current rupture with the velocity 

(measured by the multi-frame interferometry) of the order of Alfven velocity, the 

convective transfer phenomenon takes place, rather than the diffusion process. 

Another important phenomenon in the pinched plasmas is the rupture of the 

conductivity current due to the pinch break-up (neck development to zero radius) and 

the appearance of a displacement current [64, 651. After the loss of conductivity, the 

current energy converts into electromagnetic wave energy and the estimated 

maximum voltage under the neck breaking-up is in the 60 MV range [65]. Because 

this voltage exists for a very short time, and since the ions are not so mobile, the 

electrons are accelerated more efficiently. Again, the onset of m=O instability can 

offer proper conditions for this phenomenon to occur. 
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Finally, another possibility to create high electrical fields mentioned in the 

literature is by inductive effects generated by fast reconnection of the magnetic field 

lines,, which can take place in the final stage of the pinch evolution due to special 

types of instabilities [66, 671, magnetic vortex annihilation [68] or other processes. 

This mechanism can be made responsive for electrical field values up to 10 MV, but it 

is difficult to compare the experimental data with the theoretical predictions since the 

very narrow spatial (1 - 10 pm) and temporal (1 - 10 ps) resolutions required 

simultaneously [69] are difficult to be obtained in a plasma focus experiment. 

The conditions to extract the electron beam for measurements are not very 

simple. The strong magnetic field from the focus area traps the very low energy 

electrons, so these electrons are not "seen" by the detectors. For slightly higher 

energies, the electrons interact strongly with the filing gas. Only the very high energy 

electrons emitted along the anode axis can be considered not to have suffered 

important interactions with the plasma, the gas or the electrode system; however, they 

are prone to interact among themselves. 

The high voltages involved make the direct coupling to the scope very 

difficult. The existence of the filling gas makes the direct electron beam 

measurements (separated from neutralising background current) very laborious. Most 

experiments are using the X-ray emission from a target (which could be the anode 

itself) for electron beam measurement. Direct parameters have also been obtained 

[70, 711 by using Faraday cups. The filter method can also be used to obtain time- 

resolved spectra, in addition to a p r a y  spectrometer [72]. 

Magnetic spectrometers with photographic recording medium were used for 

time-integrated energy spectra [70, 71, 73, 741. Time-resolved measurements are 

required to go down to -1 ns time resolution [72, 75,76,77]. 
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The energy distribution measwed by various authors seems to be drastically 

influenced by the device used as the electron detector [78]. Therefore, it is very 

difficult to compare different experiments reporting results with one order of 

magnitude difference for the peak of the energy distribution. 

Most measurements on both electrons and ion beams indicate that the peak 

energy is neither related to the capacitor charging voltage, nor to the energy stored in 

the capacitive pulser. Small machines reported high energy (more than 1 MeV) 

electroils [79]. 

Different components of the emitted electron beam have different temporal 

characteristics [62]. 

The low energy component (energies below 150 keV) starts at the moment 

when the shockwave reaches the electrode axis and reflects on itself. The emission 

lasts the whole dense plasma lifetime, long after the pinch disruption [62]. 

The high energy component (energies above 150 keV) is produced in short 

bursts, 10 - 30 ns FWHM, during the first compression [75, 77, 801 and after the 

disruption of the plasma pinch column [69,8 l ,  82, 831. 

Time-integrated electron energy spectra were measured directly using the 

nuclear emulsion technique. For the 30 - 400 keV range, a power law was found to fit 

the experimental data: 

I(E)=A.E-a 

The value for a, 2.5 - 5, depends on the angle of measurement with respect to the 

electrode axis, and decreases as the operating voltage (and, therefore, the value of the 

main current) increases [70,73,74, 84, 851. 

Time-resolved measurements with -1 ns resolution [63] showed that the high 

energy component spectrum is almost monochromatic, but the accelerating field 
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changes with time. Consequently, the power law mentioned earlier is the result of the 

time integration. 

For a fixed filling pressure on small devices, the beam current was found to 

vary as I (2.9325) (I is the main discharge current), and it is close to the total pinch 

current on large devices [62]. 

For deuterium filling, it was observed that the electron beam current increases 

as the pressure decreases [70]. 

As it was already mentioned, it is impossible to directly design a plasma focus 

device for pure, monoenergetic, non-transitory electron beam emission. However, for 

a specific device, a set of operating conditions under which enhanced electron beam 

production is to be observed can be found. 

Usually, the most important factor that affects the amount of electrons emitted 

from the dense plasma focus is the operating pressure. As the gas operating pressure 

is lowered, the amount of hard X-rays emitted due to anode bombardment 

increases [86]. However, the reproducibility of the experiment is reduced as the 

pressure decreases [71]. 

Another factor which changes with the pressure is the energy of the emitted 

electrons, which increases as the pressure decreases. This low-pressure enhancement 

can only be observed down to a certain value, beyond which the focus column is 

poorly formed and the intensity of the emission decreases [87]. 

An additional element which affects the operation at very low pressures is that 

the fraction of the main current flowing through the pinch column decreases with the 

pressure; some measurements indicate that this fraction falls from 80% to 60% as the 

pressure decreases from 2 torr to 0.2 torr [B].  
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As the pressure increases, the beam-plasma interactions inside the pinch 

become more effective. The electron emission from the pinch is reduced, and so 

is the bombardment. The X-ray emission related to these phenomena is also 

reduced [82,89]. 

For low voltage devices, the high energy component was detected at the 

instant of the occurrence of m-0 instability [59, 791. This is in contrast with the high 

voltage plasma focus devices, where the high energy component usually originates 

during the f i s t  compression period, when the plasma sheath reaches the electrode 

axis [90]. 

In high energy machines, both Mather- and Filippov-tqpe, a poor electron 

beam emission current was detected some 50 ns before the first compression [79, 821. 

The amount of electrons emitted during the first compression was found to be 

correlated with the symmetry and the quality of the collapsing sheath. Both these 

paramelters can be controlled. High voltage operation was found to improve the 

quality of the breakdown, giving rise to an uniform sheath with reduced energy losses 

and impurity ablation from the insulator [91]. 

'The electromagnetic parameters of the device are able to influence directly the 

electron beam production. The increased values of the magnetic field generated by the 

pinch current improve the efficiency of the beam generation. For a given plasma 

current, higher impedance (associated with a higher operating voltage) permits a 

higher dL/dt value and thus a higher final velocity of the current sheath. The speed of 

the sheath has to be accompanied by a good uniformity in order to enhance the yield 

of the high energy electron beam. 

A first compression that progresses uniformly along the axis within a time 

scale of' less than 10 ns is associated with intense high energy beams emission [90]. 
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The  thickness of the collapsing sheath determines the duration of the first 

compression [59, 921. A broad sheath tends to produce a weak compression due to the 

loss of energy used to preheat the plasma ahead of the collapsing sheath [62]. 

The sheath structure is modified by the presence of high-Z impurities. The 

thickness decreases as a result of enhanced energy dissipation at the front of the 

collapsing sheath, due to the fact that the ionised impurities radiate. Since the collapse 

dynamics is not grossly modified, a small amount of high-Z impurity does not 

significantly affect the electron beam production, but the reproducibility is found to 

improve in medium size machines [87]. This was attributed to the sheath 

modification. However, if the high-Z impurities content increases too much, it appears 

to draw too much energy from the plasma when it compresses. The result is a very 

low production of high energy electrons in small machines [90]. 

For very small machines operating in pure argon, the electron beam 

production had a very good reproducibility as compared with lower-Z discharges, but 

the anlplitude of the beam current was lower [71]. 

Various results reported by different authors are summarised in Table 2.1 [62]; 

the last two rows were introduced to show results obtained in our laboratory; the last 

row condenses the electron emission results presented in this thesis. 

Table 2.1: Results of 

Laboratory Author 

Limeil 
Stuttgart - 
Livermore Gullickson 
Lebedev Gribkov 
Stuttgart Choi 
N A S ~  Harries 
Gunma Hirano 
Illinois SYgar 
Stevms Boshck 

:lectron beam measurements. 
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Apart from the interest of using the dense plasma focus devices for 

fundamental research, some applications of the electron beams have been developed 

in recent years. The most promising field seems to be the microlithography using 

electron beam emission from a plasma focus device. The results are encouraging: a 

resolution better than 0.5 pm has already been demonstrated [98]. 

Although many experiments have been done by many groups, no conclusive 

results have been reported to clearly and comprehensively identify and explain the 

exact mechanisms responsible for the wide range of characteristics featured by the 

electron beams emitted from the plasma focus. 

The reported findings seem to be strongly influenced by the type of detectors 

used and by the methods employed to extract the physical information from the 

experimental data. 

The plasma focus devices can be used as compact, inexpensive laboratory-use 

electron beam generators within a large range of energies. Recent works have 

demonstrated that for some application such as microlithography, the results are 

promising. 

A plasma focus device emits electromagnetic radiation in a very wide spectral 

band, ranging from radio waves to hard X-rays. Although this causes a considerable 

energy loss, the broad spectrum of electromagnetic radiation emission not only 

provides a tool for plasma diagnostics, but is also important for using these devices in 

various applications. 
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The radiation arises from interactions among electrons, ions, and atoms and 

from interactions of these particles with the electromagnetic fields, as well as with the 

plasma device (mainly with the electrode system). 

2.4.1. X-ray Emission 

The X-rays are emitted from the plasma by the following three processes: 

free-free transitions (Bremsstrahlung radiation); 

free-bound transitions (recombination radiation); 

bound-bound transitions (line radiation). 

The first two processes give rise to the continuum of the X-ray spectrum, 

while the third process produces characteristic line radiation of the plasma andlor of 

the electrode material. The three processes are discussed below. 

2.4.1.1. Free-free Transitions 

When a charged particle moves in the electric field of the other charges, it may 

be accelerated or retarded. According to the classical electromagnetic theory, it will 

radiate energy. This type of radiation is known as Bremsstrahlung radiation. When the 

electron velocity distribution is Maxwellian, the classical calculation gives the 

( and the intensity of frequency dependence of the free-free emission as exp - - 

the emission proportional to N,N,Z,?T?, where N, is the electron density, N, is the 

density of the ions of effective charge Z, and T, is the electron temperature. When ions 

of more than one charge state are present, the emission must be summed over the 

various kinds of ions. Hence, the emission per unit frequency interval is 
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In terms of emission per unit wavelength interval, dEf/ /d;l shows a maximum 

given by 

&, = 6200/kT, ( i% ) (2.5) 

where kT, is in eV. 

4nother property of the free-free emission is that for long wavelengths 

(n >> h$TT), the spectral shape is independent of Te For shon wavelengths, the 

spectrum is strongly temperature-dependent and its analysis is thus especially suited 

for the determination of the plasma electron temperature. 

2.4.1.2. Free-bound Transitions 

Ih a recombination process, a free electron recombines with an ion and forms a 

neutral atom or an ion in a lower ionisation state. The capture of a free electron into a 

bound state of an ion, with the accompanying emission of the radiation of energy 

h v  =I/;? mv2 + X,, produces a continuous spectrum of radiation for h v  >X,, where 

,yn is the ionisation potential of the nib state of the atom or ion. The frequency 

dependence of the recombination radiation for the process 

N,? + e -  + h v + N ,  (2.6) 

is written as 

where N, is the number of ions of charge i. As it can be seen, the frequency 

dependence of the free-bound emission from electron capture into a completely 

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



CHAPTER 2 PLASMA Focus AND RELATEO PHENOMENA 

stripped ion is the same for the free-free emission, except for the discontinuities in the 

emission at frequencies corresponding to the ionisation potential of the final state, but 

the intensity is approximately proportional to Zf rather than Zf . AS a result, the 

continuum radiation from plasmas containing atoms and ions with ionisation 

potentials of the order of kT, will be dominant at short wavelengths by recombination 

radiation. 

2 . 4 1 3  Bound-bound Transitions 

When an ion, an atom or a molecule is in the excited state, it will undergo a 

transition to the ground state through spontaneous or stimulated emission. The energy 

of the emitted photon is given by the difference of energies of the initial E, and the 

final levels Er. Thus, the energy of the emitted photon can be written as 

h v = E , - E r  (2.8) 

Since the energy levels inside the atom are quantified, this emission appears as 

a discrete packet of energy, or "lines". This radiation is also known as the 

characteristic radiation because it represents the characteristic properties of the 

emitting ion, atom or molecule. 

The characteristic X-ray spectra are associated with certain series of lines, 

termed K, L, M... etc. series. The K series of the spectra arises from the transition 

from higher orbits (n  = 2, 3. .  .) to the K-shell and similarly for the other series. In 

order of importance and line intensity, these lines are designated as a, P, y... etc. The 

a line is associated with An = I transition and is usually the most intense. The 

intensities of p, y... lines sequentially decrease and are associated with An = 2, 3... 

respectively. 
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2.4.2. Plasma Focus as an X-ray Source 

For a long period after its discovery, the plasma focus has been developed as a 

fusion device, most of the studies being done in hydrogen or its isotopes, with minor 

attention paid to the X-ray emission. For the last decade, considerable potential 

application as an intense (soft) X-ray source [62, 991 led to more intensive studies. 

Gradually, higher-Z gases have been used as filling gases, up to very heavy inert 

gases (krypton, Z = 36; xenon, Z = 54), either in pure form or in mixtures with low-Z 

gases, in both standard and gas-puff plasma focus devices. Since usually the 

impurities are also high-Z components, their effect has also been extensively studied. 

The electrode geometry is also a very important parameter in plasma focus 

X-ray emission. Various shapes and materials have been used in order to enhance the 

X-ray output in a certain energy range. 

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

few keV and electron density of the order of 1019 cmJ ( 1 0 ~ ~  m-3), is a copious source 

of X-rays. It emits X-rays by three processes discussed earlier, namely: 

Bremsstrahlung (free-free transition); recombination (free-bound transition); and 

de-excitation (bound-bound transition). 

According to Eq. 2.5, for a focused plasma column at T, = 1 keV, the X-ray 

continuum is expected to peak at h, = 6.2 A, which is in the soft X-ray region. On the 

other lhand, for a highZ plasma focus, the characteristic line emission falls also in the 

soft X-ray region. For example, for a nearly fully ionised argon plasma at a suitable 

high temperature, the K, line radiation is positioned at 4.2 A; for Neon, the K, line 

wavelength is at 12.132 A. 
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Besides making the plasma focus an intense X-ray source which is useful in 

many applications such as microlithography and X-ray microscopy, the X-rays 

emitted also provide 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 the vacuum UV limit up to over 500 keV in a time span ranging from few 

nanoseconds to few hundred nanoseconds. The integrated energy represents a 

significant fraction of the electromagnetic energy stored in the plasma focus driver. It 

can reach up to 20% in a Filippov-type geometry [100]. 

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

equilibrium thermal radiation from macroscopic plasma structures, and ii) radiation 

due to electron beams interacting with non-plasma targets (i.e. electrodes) andlor with 

periodic electron density structures [99]. 

The following electron-ion interaction processes are considered to be 

responsible for the thermal X-ray component: Bremsstrahlung, recombination 

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

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

Time-resolved measurements [l011 showed that the power law spectrum (dN~x/dE - 

E-', with a in the range of 2 to 4, E in keV and NHX - the hard X-ray flux - in photons 

per cm2) found for the plasma focus in the range of 100 to 500 keV is the result of the 

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

average energies changing over a 10 ns time scale. 

The hard X-ray emission was correlated with the neutron production when 

deuterium was used as the working gas: the total neutron yield is high when the hard 

X-ray emission is large [7]. 
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The emission of soft X-rays from the plasma focus has long been studied and 

various diagnostic techniques have been employed over the years. These diagnostics 

include: i) pinhole cameras (with one or multiple pinholes, and appropriate filtering) 

to record the time-integrated spatiallspectral distribution of the X-ray emitting region, 

ii) microchannelplates used in conjunction with pinhole cameras for time-resolved 

spatial distribution of soft X-rays, iii) semiconductor detectors with appropriate filters 

for space-integrated temporal distribution of the soft X-ray emission, iv) crystal X-ray 

spectrographs for space-resolved line spectrum analysis, v) X-ray streak photography 

for temporal distribution of the X-rays in onc spacc dimension (radial or axial), and 

vi) X-ray films, X-ray resists and X-ray pulse calorimeters for absolute soft X-ray 

yield measurements. 

The soft X-ray (i.e. with energy below 10 keV) source is situated on the 

electrode axis at the open end of the electrode system, in the vicinity of the inner 

electrode face. 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, with an axial 

length from a few mm to a few cm. These gross dimensions are related to the anode 

radius [31, 1021. Spectral filtering of X-ray images sometimes reveal a fine structure 

presenting intensely radiating small macroscopic entities (called by various authors 

"hot spots" [7], "plasma beads" [103], "bright spots" or "micropinches" [104]), as well 

as filaments insidc and along the axis of the pinch [ 58 ] .  

Time resolved X-ray pictures showed that thc whole internal structure of the 

X-ray emitting regions is changing very rapidly, over a time scale in the nanosecond 

range. These changes refer to position, dimensions. structure and spectral 

characteristics [99, 105, 1061. 
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Choi et al. [107, 1081 reported X-ray "hot spots" (reported also earlier by other 

groups [83]) with typical dimension of about l00 pm which occur within 5 ns of the 

first compression (the focus formation) during the stable phase of the pinch. They 

concluded that the "hot spots" are not the manifestation of the m-0 instabilities which 

disrupt the pinch column. 

A detailed grey level analysis of X-ray images [l091 indicated the presence of 

helical structures of high emissivity at the centre of these images. This helps in 

explaining the production of axial magnetic field and the relaxation of the pinch. 

For a low energy deuterium-filled plasma focus device, the soft X-ray 

emission extends over a time interval of 60 - 70 ns, and features three peaks: the first 

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 [106]. 

Favre er al. [ l  101 investigated the temporal and spatial characteristics of the 

X-ray emission in a 3 kJ plasma focus device operated in hydrogen with an argon 

admixture. They reported two main periods in the soft X-ray emission corresponding 

to two successive compressions in the focus. 

Zoita et al. [ l  1 l ]  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 canied out on a 28 kJ 160 kV device. They reported dramatic 

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

configuration. High aspect ratio (lengthldiameter 10) pinches (HARP) emitting 

large amounts of son X-rays accompanied by efficient emission of neutrons (and hard 

X-rays) in the absence of macroscopic instabilities were produced. This confinned the 

physical picture obtained from experiments performed with a lower energy plasma 
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focus device [112]. They also concluded that the line radiation as well as the main 

continuiim radiation in the spectral range of 3 - 4 keV are emitted mainly from the 

intense bright spots having dimensions of about 50 pm. Similar ideas were reported 

by Presura et al. [ l  131 from their investigations of the spectral characteristics of the 

soft X-ray emission of a plasma focus device operated in deuterium with various 

additions of argon and argon-krypton. 

The X-ray emission characteristics depend strongly on the plasma focus 

device operating regimes and parameters (e.g. gas filling composition and pressure, 

stored energy, discharge current, driver impedance, electrode material, shape, profile 

and configuration, polarity of the inner electrode, etc.). Among them, the composition 

of the gas and the filling pressure have the strongest influence. When deuterium is 

used, the working pressure for the highest X-ray yield does not coincide with the 

neutron optimised operating pressure [74, 1 141. 

For an X-ray optimised plasma focus device, the scaling law of the X-ray 

output Yx as a function of the peak discharge current I,,,, and the pinch radius, r, can 

be written empirically [l 151 as: 

This dtpendence, which is similar to the scaling law found for Z-pinches, indicates a 

better operation at higher voltages for a given stored energy. 

However, the exact mechanisms by which high intensity X-rays are emitted in 

the plasma focus are still controversial and more experimental work is required in 

order to optimise the X-ray production for practical applications. 

Creating a computer model for a fluid with the plasma focus parameters is a 

very complex project. The complexity increases even more when a term describing 

the X-ray emission and the radiative plasma cooling has to be used. Some recent 
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successful works in this area [41] have been reported, and the model was found to be 

in very good agreement with the experimental results, 

2.5. CONCLC~SIONS OF THE L~TERATURE REVIEW 

The above presentation of the plasma focus dynamics and related phenomena 

as reported in the literature illustrates that the idea of using this device for fusion 

studies is still under active consideration. The reason behind this is that the 

technological development has enabled the successful operation of large dense plasma 

focus devices leading to better understanding and formulations of scaling laws of 

dense plasma focus performance. 

Plasma focus device is not only a fusion tool (among low-P tokamak and high 

compression inertial fusion), but also facilitates the understanding of the problems of 

plasma physics, pulse power technology and related phenomena. Irrespective of the 

size, all plasma focus devices as small ( l  - 10 kJ), medium (10 - 100 H) and large 

(above 100 kJ), produce almost the same results in terms of plasma condition 

(temperature and density) [62, 116, 1171. For educational purposes, the small devices 

are given preference due to their cost-effectiveness and simplicity [ l  181. A large 

variety of plasma phenomena can be studied by employing simple diagnostic 

techniques. The other features that make this machine a better choice compared to the 

large machines are easy maintenance, compact design, flexibility and short tum- 

around time characteristics. 

Recent successful applications of such machines as powerful pulsed X-ray 

sources represent another direction for future research studies using the plasma focus. 
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3.1. PLASMA FOCUS MODELS AND 

VOLTAGE MEASUREMENTS 

3.1.1. Introduction 

Since the early studies on plasma focus, a theoretical model for describing the 

phenomena occurring in this kind of dense, magnetised plasmas was clearly required. 

Starting from simple codes which were able to predict how a specific set of 

electromagnetic and filling parameters would fit a certain electrode configuration (in 

terms of best energy transfer between the driver and the plasma), and to estimate the 

current (and, sometimes, the current derivative) waveforms, these computer programs 

have siiice developed gradually into highly elaborated codes capable of providing 

information about the output parameters of a specific plasma focus machine. 

'Thus far, the model considered to be the most developed was proposed by S. 

Lee [32, 38, 119, 1201. In its original form, it was a simple magneto-dynamic code, 

but further developments by M. Liu [41], S. Lee and M. Liu [121], and B. Shan [l221 

were proposed and incorporated. The later versions of this model focus not only on 

the early stages of the plasma (formation and acceleration), but try to create a 
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complete image of the phenomena occurring in the radial phase, including the X-ray 

emission from the pinched plasma, and can also be applied to both normal filling and 

gas-puff devices. The current form of the program, which incorporates all the 

improvements mentioned earlier, is being freely offered on the Intemet, as a 

Microsoft Excel macro [ 1201. 

3.1.2. Lee Model on Plasma Focus 

3.1.2.1. Simplified Evolution Process in Plasma Focus 

As the review in chapter 2 has shown, the dynamics process in the plasma 

focus is usually divided into breakdown phase, axial rundown phase and radial phase, 

where tlhe radial phase consists of four parts, namely, compression, quiescent, 

current = I. 

(a) Axial Phase 

Plasma p,'"? 

(b) Radial Inward Shock Phase 

Plasma sheath 

(c) Reflected Shock Phase (d) Slow Compression Phase 

Fig. 3.1: Simplified model of the pinch formation phases 
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unstable and decay subphases. Fig. 3.1 presents the simplified models for pinch 

formation phases (starting with the axial acceleration), together with some of the 

mathematical parameters found in the simulation code. 

Since most models focused on current and current derivative simulations, the 

breakdown phase was neglected in the calculations. However, the duration of this 

phase (1 50-200 ns for our device) has to be taken into account when comparing the 

computed and the experimental traces, i.e. one of them has to be shifted. 

3.1.2.1.1. The Axial Phase 

The axial phase begins after the breakdown. For the modelling purposes, as 

presented in Fig. 3.1 (a), the up-moving plasma layer is simplified as a flat annular 

conductive sheath connecting the anode to the cathode. It sweeps from the anode 

bottom to the top, and accumulates a fraction f ,~ of all the encountered mass. 

However, in a real discharge, due to the radial distribution of the magnetic field in the 

space between the electrodes, the magnetic pressure reaches its maximum next to the 

anode; in the mean time, the mass swept by the moving plasma sheath also reaches its 

minimum next to the anode. Therefore, the plasma moves faster next to the anode, 

and the layer has a bullet-like shape. 

The axial position of the sheath is z. At the beginning of the phase, z = 0; the 

phase ends when z = zo, where zo is the anode length. By applying a snowplow model, 

2 2 the mass of the plasma sheath at z isf,,+zo.m,.z.n.@ -a), where f,, is the axial mass 

factor, no is the atom density in the filling gas, m, is the filling gas atomic mass, z is 

the current position, and a and b are the radii of the anode and cathode respectively. 

The value of the current is I, , and it represents a fraction f, of the total current 

delivered by the capacitive pulser. 
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The axial phase is relatively unimportant for the model; its main purpose is to 

delay the pinch formation until the current reaches a high enough value. 

3.1.2.1.2. The Radial Inward Shock Phase 

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

radius r,, (magnetic piston position), inner radius r, (shock front position) and height 

of the plasma slug zfi as shown in Fig. 3.1 (b). A plasma slug is formed and 

compressed radially inward by the radial magnetic piston; a eaction f,~ of the gas in 

the path is collected into the slug. The inward shock phase begins with r, = r, = a, 

and zf = 0; it ends when the shock front reaches the axis, i.e. at r, = 0. 

As mentioned in the previous section, the axial phase is not very important for 

the model; the only parameter which is used is the time which marks the end of the 

phase, i.e. the radial inward shock phase deals with an all new plasma created at that 

moment. 

3.1.2.1.3. The Radial Reflected Shock Phase 

When the shock front arrives at the axis, the particles in the slug transfer most 

of their kinetic energy L, via collisions, into plasma internal energy. This would 

significantly increase the temperature and density at the centre. 

For the reflected shock phase modelling, the plasma is considered to be 

separated into two regions: the central part is the relatively stationary, hot and dense 

plasma column; the outer part is the fast compressing plasma slug, with lower 

temperature and density. The boundary which separates the hot, dense column from 

the outer plasma slug is defined as the reflected shock front. This phase is presented in 

Fig. 3.1 (c). The position of the reflected shock front r, is moving at a certain speed 
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dr,/dt. The reflected phase ends when all the particles join the centre plasma column, 

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

3.1.2.1.4. The Slow Compression Phase 

After the reflected shock phase ended, the slow compression phase starts. It is 

also known as the radiative phase, since only for this part the pinch is considered as 

emitting X-ray photons. Therefore, the model uses radiation terms; the emission 

characteristics are a function of the plasma parameters, and the loss of energy as a 

result of these processes is taken into account by the model in the energetical balance 

of the plasma. 

During this phase. the quasi-stable plasma column will continue to be 

compressed by the radial piston until it is dismantled by the instabilities. The 

geometrical plasma parameters are zj and r,, the height and the radius of the plasma 

column respectively, as indicated in Fig. 3.1 (d). 

3.1.2.2. Circuit Equations and Electrical Properties 

3.1.2.2.1. Equivalent Circuit Equations 

For the modelling purpose, the plasma focus can be replaced with its 

equivalent electrical components. The equivalent electrical circuit of the plasma focus 

is depicted schematically in Fig. 3.2 [122]. The discharge loop is treated as a 

LCR circuit. As shown in the figure, CO is the energy bank, and R0 and R, are the 

circuit and the plasma resistance respectively. The circuit inductance comprises the 

fixed circuit inductance L. and the changing plasma tube inductance L,; hl. is the 
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leakage resistance in the plasma tube, describing the current leakage along the 

insulator surface. 

- 

Big.3.2: Equivalent circuit structure of the plasma focus 

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

According to Kirchhoffs law, the equation of this circuit can be written as 

and the tube voltage (voltage between point 1 and 2) is 

3.1.2.2.2. Voltage C o m p m  

Our effort focused on the radial phase of the plasma focus formation. During 

this phase, the total plasma inductance is composed of two parts: the constant 

inductance of conductive cylinder of the electrodes with height zo and the plasma slug 

inductance. Taking into account the geometrical parameters, the total inductance is 

given by 
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Using this expression, from the circuit equation (Eq. 3.1), one can calculate the 

current for the radial phase as 

Therefore, the voltage across the electrodes can be calculated based on Eq. 3.2, 

provided a suitable expression for the plasma resistance RP can be introduced in the 

model. 

3.1.2.2.3. Plasma Resistivitv 

For an ideal plasma, the mean free path for any particle is infinitely long, 

making the plasma a collisionless one. In the case of a real, high temperature plasma, 

although collisions are rare, they are of vital importance in relaxation phenomena, 

such as approach to equilibrium, transport processes (diffusion, heat transport, and 

electrical conduction), plasma heating, etc. 

In plasmas, interactions between particles are dominated by electrostatic 

forces. Since the Coulomb interaction has a long-range character, the interaction cross 

section becomes markedly large as the scattering angle decreases. This implies that 

the dominant contribution to a large angle deflection of a particle orbit arises from the 

cumulative effect of many small angle scattering processes rather than from a single 

large scattering interaction. 
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The collision frequency can be calculated by solving analytically the equation 

for the Large angle interaction between an electron and the ion population,. This 

collision frequency determines the electrical resistivity of the plasma, 7. 

(a) Spitzer Resistivity 

To correct the calculated plasma resistivity for small angle interactions, 

Spitzer [l231 introduced in the plasma resistivity formulae a correction factor, In A, 

known as the Coulomb logarithm. This factor does not vary significantly; typically it 

changes with a factor of 2 as the plasma parameters range over many orders of 

magnitude [124]. Its value is usually on the order of 10-20. 

Given the conditions in the pinch plasmas in our dense plasma focus devices, 

the Spitzer resistivity was estimated [l221 as 

with the Coulomb factor given by 

lnA=29.27+1.5.InT,, - O . ~ . I ~ [ ( ~ + Z ~ ) . N ~ ]  (3.6) 

In these equations, Ze8 is the effective ionic charge, T," is the plasma temperature 

expressed in electron-Volt, which can also be calculated in the model [122], and N; is 

the ion density of the plasma. 

(b) Anomalous Resistivity 

In some cases, the electrons in the plasma are slowed down by the interactions 

with random electric field fluctuations, rather than with the ion population, as a 

consequence of plasma turbulence. Any attempt to confine plasma using a magnetic 

field will lead inevitably to spatial non-uniformities across the magnetic field lines. 
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As a result, the onset of the unstable driA waves will excite turbulence [125]. Because 

of these factors, in our dense magnetised plasmas, the anomalous resistivity will 

appear once the pinch is formed. 

Ciiven the conditions in plasma focus devices, and taking into account other 

experimental measurements and theoretical estimations [62], the anomalous resistance 

for our plasma was estimated to be up to 1 Cl. 

3.1.2.2.4. Plasma Resistance 

Using Eq. 3.4 and Eq. 3.5, the Spitzer plasma resistance can be expressed as 

Here, we assume the current is uniformly flowing in the slug, although it should 

concentrate on the surface, due to the skin effects. The thickness of the surface effect 

is estimated to be 6 - 2rl . For our plasma conditions, it is a fraction of a 

millimetre, i.e. it is having the same order of magnitude as the pinch radius. The 

consequences of the skin effect were neglected in the original form of the model, 

which could lead to an underestimation of the plasma resistance. 

There are also other neglected effects (like, for instance, the fact that the real 

plasma sheath is curved, therefore the current path is longer) which could lead to the 

underestimation of the plasma resistance. Therefore, the additional resistive term 

which we are going to introduce in the model, as described in section 3.1.3, is only 

partially related to the plasma anomalous resistivity, the other part being caused by 

these effects which were previously neglected in the Lee model. 
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3.1.2.2.5. Energetical Considerations 

Thus far, the Lee model is the only reported plasma focus code which is 

energy consistent, i.e. an equation correlates the input energy in the plasma and the 

energy losses with the plasma parameters. In the model, the plasma movement, the 

energy balance and the plasma temperature equations are linked together, offering 

better results than any other plasma focus model. 

In the radial phase, the plasma energy balance has a clear importance only for 

the slow compression subphase. The input energy is the ohmic plasma heating, while 

the output energies are associated with the X-ray photon emission and the energy loss 

associated with the particle emission. Although the current form of the model [l221 

mentions all these three components, only the first two are computed during the 

calculations, most probably due to the lack of any theoretical model that could 

estimate the energy loss along with the particles. 

The plasma heating expression is given by 

- 
p,,.,, - . Rplnam 

while the radiative terms for our plasma conditions [l211 are given as 

where P, is the line power emission density, P, is the recombination power emission 

density, and Pg is the Bremsstrahlung power emission density, all in units of ~ . m " ;  

Z, is the atomic number, NZ is the concentration of ions in the zth ionised state, and z is 
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the charge number of ions. These three terms designate the net energy loss in the 

plasma energetical balance in the original form of the Lee model. 

3.1.3. Proposed Improvement of the Model 

Over the years, all the models on plasma focus emphasised current and current 

derivative simulations. There are many reasons for which accurate high voltage 

simulations were not among the main goals of the proposed models. 

As described in detail in the previous chapter, the electrons emitted by the 

plasma focus are having energies much in excess of the capacitor voltage. The 

modelling conclusion showed that the energy is also much in excess of the inductive 

voltage generated by the moving current sheath. Furthermore, there are big 

discrepancies between the computed and the measured voltage signals. Two 

explanations have been brought forward for these limitations: 

- it is extremely difficult to build a reliable high voltage probe that is fast enough 

and capable of precisely measuring the voltage along the plasma column (more 

than 20 kV for a plasma focus device); when properly manufactured, a resistive 

high voltage divider allows undistorted pulses with a rise time smaller than 1 ns to 

be recorded 11261; however, a normal design, like the one used in our probes, 

usually limits the response time to about 15 [l271 to 20 ns [34], due to 

unfavourable conditions (electromagnetic noise), design constraints and 

components properties (mainly stray inductances and capacitances), and this value 

is at least three-four times slower than the modelled inductive voltage rise times; 

the situation is quite different for current measurements, at least in principle 

suitable current detectors being much simpler to design and construct; 
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- due to the difficulties arising from the attempts at mathematical descriptions, the 

modelling does not take into account phenomena like instabilities, which are 

considered [62] primary sources for the intense electric fields in a pinched plasma. 

In the light of these considerations, in order to overcome these limitations and 

to improve the Lee model with respect to the high voltage calculation, we decided to 

build a better high voltage probe, and to add a supplementary term in the code. 

The newly-built voltage probe has a response time better than 2.5 ns (more 

details can be found in section 4.1.2). For comparison, a standard 1000:l high voltage 

probe, Tektronix 6015A, has a response time slower than 5 ns. In addition, the 

Tektronix probe is much more expensive, it is difficult to maintain, and has a volume 

at least 20 times bigger than our probe. 

Our numerical approach was directed towards introducing in the model, in 

Eq. 3.2, a new term that is able to simulate the sudden increase in the voltage which is 

experimentally observed. In the same manner in which correction terms have been 

introduced in equations to make the computed current trace fit the experimental 

waveforms (for example, at different moments during plasma evolution, the 

percentage of the total current flowing along the electrode axis column varies), a new 

resistive term was introduced in the plasma voltage equation. The origins of this 

additional resistive term can be traced to the instability-related effects, since many 

authors 1:62] suggested that this should be the main mechanism for generating high 

electric fields, as well as to other resistivity-related phenomena which were neglected 

in the original form of the model. Therefore, the modified voltage equation becomes 

where R; defines a generic resistive term associated with instability-related 

phenomena, as well as with other effects previously neglected. 
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The new resistive term is derived purely from experimental observations. It 

cannot be expressed in an analytical form, since the turbulent phenomena from which 

it derives cannot be described in a convenient mathematical way. Moreover, the term 

is an expression of small temporal and geometrical scale processes integrated over the 

whole pinch dimensions. 

The first attempts to introduce the additional term failed. For the radial 

reflected shock phase, the model yielded results close to the experimental 

observations. However, for the slow compression (radiative) phase, if the 

supplementary resistance is higher than about 0.1 Cl, the simulations give negative 

voltage values, which have not been observed on any plasma focus device. The 

explanation was that in the existing Lee model, our resistive term increases drastically 

the ohmic heating term in the plasma energetical balance, and, as a result, the pinch 

explodes. 

One way to deal with this limitation is to decouple the equations describing 

the plasma piston motion from those related to the electric circuit. In this case, the 

plasma sheath is not allowed to "feel" the effects of the additional resistive term. The 

reasons for neglecting the macro-effects of the supplementary resistive term could be 

related to the scale of the instability-related phenomena, which is very small in both 

geometrical and temporal evolution as compared to the pinch parameters. However, 

this artificial correction has no physical basis, and although the results show better 

agreement between the measured and the computed voltage, we persisted in finding a 

more effective way to overcome this problem. 

A natural solution is to introduce more channels to release the plasma energy 

other than the sole X-ray emission. The first term to be considered is the loss of 

energy due to particle emission. Unfortunately, as explained earlier, no model can be 
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used to estimate this loss. But our experimental results presented in section 6.2.3 gave 

us at least the order of magnitude of the energy loss: the electrons only seem to carry 

about 20% of all the energy electrically pumped into the plasma. If we assume that the 

ions carr:y about the same amount of energy, and we assume also that other processes 

causing tmergy losses have the same order of magnitude, we could estimate that at 

least 60% of the plasma energy is lost in these ways. A part of energy is also confined 

inside the pinch along with the trapped charged particles, and can be released only 

when the dense plasma structures are totally destroyed. On the other hand, the 

recorded X-ray emission energy is usually a few percent of the total plasma energy, 

and only in special cases it can exceed 10%. Taking these considerations into account, 

we considered for the model a 20% energy loss due to the radiative processes, with 

the rest being attributable to particle emission, other channels for plasma cooling and 

locked-in energy. 

The results of the introduction in the Lee model of the resistive term, as 

presented in the following section, are based on this second approach. 

3.1.4. Computation Results 

The simulations have been done using the 20180 ratio between the radiative 

processes and the other energy-related processes, and with an additional resistive term 

(appearing after the end of the radial inward shock phase) in the form of 

with R. = 1 Q, z = 6 ns and I measured from the beginning of the reflected shock 

phase. The amplitude of the corrected computed signal can he easily changed by 
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modifying the value RO , for which we took the typical value deemed acceptable by 

the plasma focus scientific community [62]. The value gives results which are in good 

agreement with the measured energy of the electrons emitted by this device (as dealt 

with in section 6.4), which in turn concord with the high voltage measured by the new 

resistive probe (as described in section 6.4.7). 

In all the graphs, the experimental traces are compensated for the duration of 

the breakdown phase. 

0.6 - 
0.4 - 
0.2 - 
0 0  - 
40 - End of h e  reflected Slow wrn~ression 

End of the radial 
inward shock phase 

80 

Time from the beginning of the axial phase (PS) 

Fig. 3.3: The effects of the inhodnction of the resistive term(top trace) in 
the Lee model (results shown in the bottom trace); the middle trace shows 

the original (uncorrected) computed voltage. 

Fig. 3.3 presents the effects of the introduction of the resistive term described 

by Eq. 3.13 (top trace) in the model; the middle trace shows the computed voltage 

without the supplementary term, while the bottom trace shows the corrected voltage, 

which displays a more realistic shape. 

Fig. 3.4 shows a comparison between the model predictions and the voltage 

measured using the original high voltage probe. The scale for the measured voltage is 
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four times bigger than that of the computed one. Although the two graphs look quite 

similar in shape, it is obvious that the voltage detector is too slow. The differences 

between the two traces could be easily explained by considering the signal from 

Fig. 3.4 - top graph as the convolution, with an exponential time response of 

approximately 20 ns or more, of the signal presented in the bottom trace. 
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3660 

&,  3680 A,, 3700 3720 3740 37M) 

Time from the beginning of the discharge (ns) 

Fig. 3.4: Conlparison behveen the old probe measured voltage 
and the model results. 

In Fig. 3.5, the model predictions are compared with the voltage measured 

using the new high voltage probe. For an accurate judgement, the micro effects 

caused by the very fast time response of the voltage probe andlor the noise had to be 

removed from the experimental signal. A fifth order Savitzky-Golay technique was 

used to smoothen the scope signal. It is obvious the new traces are in much better 

agreement with the model, not only in shape, but also in amplitude. 

From the graph, it is also clear that the high voltage probe, although much 

faster than the old one (less than 2.5 ns rise time with the test generator, compared to 
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15-20 ns), might not be able to follow correctly the pinch voltage. This subject will be 

examined more closely in the section dedicated to high voltage measurements. 

I 
3660 3680 3700 37M 3740 3760 

Time from the beginning of the axial phase (ns) 

Fig. 3.5: Comparison between the new probe measured voltage 
and the model results; the experimental trace is presented in the original 

form (the top trace) and aRer the noise removal (middle trace). 

3.1.5. Conclusions of the Model 

The introduction of the supplementary resistive term in the Lee plasma focus 

model proved to be viable. The results are in better agreement not only with the 

experimental measurements, which have in turn substantiated the use of a new design 

for the high voltage probe, but also with experimental observations regarding other 

plasma phenomena, mainly the electron energy spectra. 

The results help us to get a better image of the phenomena occurring in the 

dense magnetised plasmas, in particular, the plasma focus. 
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3.2. CHARGED PARTICLES TRAJECTORIES 

COMPUTATION 

3.2.1. Introduction 

Im order to design the proposed magnetic analyser for the electron beams 

emitted by the plasma focus, a computer program is required to calculate the electron 

trajectories in a non-uniform magnetic field. 

The program, CHAPAT (CHArged PArticles Trajectories), has been 

developed using the Visual Basic programming language. The current form of the 

program is meant for electron trajectory calculations, but the code can be used for any 

kind of charged particles by changing the electrical charge and the rest mass of the 

particle. 

3.2.2. Mathematical Considerations 

h our 2-D calculation code, the charged particles are considered moving in 

trajectories with radius of curvature given by 

where the relativistic mass of the electron is 
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with m0 as the rest mass of the particle, expressed in the same units as m. The speed is 

also calculated using the relativistic corrections, since our energies reach the 

relativistic range for the charged particles; therefore 

with E - the kinetic energy of the particle and m, being the energy equivalent of the 

rest mass of the particle, in the same units as E (keV in our case). 

The other two variable in Eq. 3.14 are q - the particle charge, and B - the 

component of the magnetic induction perpendicular to the deflection plane in the 

calculation point. Since our calculation code is a 2-D one, it is applicable only to 

deflections in a parallel magnetic field and only if the direction of the field is 

perpendicular to the intended deflection plane. The program also requires the 

magnetic induction to have the same direction over the whole area of interest. 

At a certain point (x,y), a particle with charge q and energy E is travelling on a 

trajectory making an angle 9 with the reference system. The particle is allowed to 

travel around a circle with the radius related to the magnetic field in that point, radius 

given by Eq. 3.14, until the displacement on either Ox or Oy axis (whichever is 

bigger) becomes equal to the calculation step. For this new point, the analytical 

geometry will enable us to calculate (x :y )  and the angle 9'; in this point, the charge 

of the particle is again g, and the energy E is also unchanged, since the particle cannot 

get energy in this magnetic field. Therefore, all the parameters required for calculation 
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are known as long as we know the magnetic field distribution, and we can start the 

calculation routine again. 

Once a suitable set of parameters is set as a start for the calculations, the 

program will run for each energy until the geometrical limits requested by the user are 

reached. 

For those points where the magnetic field is zero, the point (x:~) is calculated 

by considering the trajectory as a straight line. To avoid the problems caused by 

extremely low magnetic field values when the field is described analytically, the user 

can set a lower limit for the induction; below this limit, the magnetic field value is 

considered zero. 

3.2.3. Input and Output Parameters 

The basic input parameters are the values of the magnetic induction, the 

electron energies and the electron analyser dimensions. The output data are the 

electron trajectories, in the form of a Microsoft Excel table (X-y coordinates), as a 

graph, and also in plain text (.dat) format, for easier export to other applications. 

The calculation code can be used either for analytical radially symmetrical 

magnetic fields, as presented in Fig. 3.6 and Fig. 3.7, or for any type of real magnetic 

configuration, in which the magnetic field is defined by measuring the magnetic 

inductions over the desired area in an X-y mesh (as shown in Fig. 3.8 and Fig. 3.9). 

The measured values are synthesised in a Microsoft Excel table, and the program will 

import and use them for calculations. In this case, the measuring steps for both x and y 

axes are required as input parameters. In between the mesh points, the magnetic field 

is calculated by linear interpolation, taking into account the variations on both axes. 
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The number of energies for which the trajectories are calculated is limited only 

by the power of the computer employed, with the calculation time as the only 

restriction. The analyser dimensions will set the spatial limits for the calculations. 

Another set of input parameters is not accessible to normal users, as part of the 

routine, but they can be changed directly in the source code. These parameters are the 

rest mass and the charge of the particle (electrons, in our case), and the initialisation 

set of parameters required to start the trajectory calculation; by default, the particle is 

considered entering the magnetic field from the entrance slit, parallel to the Ox axis. 

The simulation allows us to choose the magnets to be employed, the right 

dimensions for the analyser, and also to select the detector to be used (position and 

sensitive area). The program also enables us to calculate the spectral resolution of the 

analyser for any energy. 

3.2.4. Simulation Results 

In order to test the program, a known magnetic field has been used (Fig. 3.6). 

The minimum value of the 

0 10 
magnetic induction (lower 1 

magnetic field and Lower magnet!cJ4M!n$. . ..................---------- 

. , . , . I . , . , , , . , . ( . ) . ,  
0 0  2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 

therefore its trajectory is Radius (from the centre of the magnet) - mm 

magnetic field limit in - 0.00 - 
t 
C 
0 

Fig. 3.6) represents the .2 0 0 6 -  
0 
C .- 
0 value for which the particle .z 
C 
DI 

is considered outside the 5 
0.02- 

Fig. 3.6: Test magnetic field 

Magnet limit 

Magnetic induction /' -exp 
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deemed a straight line. 

The electron trajectories in the magnetic field presented in Fig. 3.6 are shown 

in Fig. 3.7. 

Magnetic field limit Magnet limit 

Axis oriain 1 

Fig. 3.7: Electron trajectories in the magnetic field 
presented in Fig. 3.6. 

The programme allows us to verify the accuracy of the calculus by using a 

constant magnetic field over a specified area. As a criterion for comparison, the radius 

of the computed trajectory was weighed against the analytical solution. For a 260 keV 

electron, the accuracy (defined as the percentage error in the position of the electron 

after a 180" deviation) was found to be better than 0.001% when the calculation step 

was 0.25 mm. For a calculation step of 1 mm, the accuracy was 0.17%. 

Fig. 3.8: Real type magnetic configuration froma 50x50 mmpair 
of magnets. 
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For a magnetic configuration like the one presented in Fig. 3.8, which is close 

to a magnetic field created by a real pair of rectangular magnets 50x50 mm (which are 

intended for the electron magnetic analyser), the trajectories are shown in Fig. 3.9. 

500 keV 

Fig. 3.9: Electron trajectories in the magnetic field presented in Fig. 3.8 

3.2.5. Using CHAPAT for the Analyser Design 

The analyser was designed in two steps: 

Firstly, after having determined the desired energy range and the dimensions 

of the detector to be employed, the CHAPAT program was used to select the 

appropriate magnets (dimensions and magnetic induction). 

After purchasing the magnets, as a second step, the analyser body was 

designed and built. The magnetic field was measured for our particular design. Taking 

into account the desired energy range and energy resolution, the program was used 

again in order to obtain the best detector position. In the end, after the mechanical 

construction was completed, the calculations gave the energetical calibration and 

resolution. More details concerning these aspects will be covered in section 5.8.1. 
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3.3. ELECTRON - MATTER INTERACTION; 

THE CASINO PROGRAM 

3.3.1. Introduction 

Unlike the photon interaction with matter, where the loss of energy takes place 

in a single interaction, the charged particles interaction takes place in more than one 

act, and the energy is lost in small portions along the particle path. Therefore, while 

photon absorption can be easily described by an exponential law, there is no way to 

establish a general formula for charged particles, electrons in our case. 

The most important interaction process for an electron travelling through a 

material is the Coulomb scattering by the atomic electrons. As electrons pass through 

matter, they suffer kom large deflection up to 90' (or even more) in collisions, and 

hence follow erratic paths. Due to rapid changes in their direction and magnitude of 

velocity, electrons are constantly subjected to large decelerations, and therefore they 

radiate electromagnetic energy (Bremsstrahlung). 

As a result of the large angle deflections, the range (defined as the linear 

distance of penetration into the material) of an electron in matter will be much smaller 

than its path length. Empirical formulae can be used to approximate the range of 

electrons; however the random nature of the electron path indicates computation as 

the only way to estimate the absorption of the electrons in a specified material for any 

absorbent thickness. One of the calculation codes developed for electron-matter 

interaction calculations is CASINO [128]. 
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3.3.2. Introduction to the CASINO Program 

CASINO (Monte CArlo amulation of electroN trajectory in @lids) is a 

computation program designed to simulate electron trajectories in any material [129]. 

It was programmed by the team of Raynald Gauvin at the Sherbrooke University, 

Qukbec, Canada. The routines are written in C language and only the executable files 

are accessible, hence the codes could not be checked in detail. According to the write- 

up accompanying the program, it is designed to model a large number of electron 

trajectories through a medium so as to obtain statistical values such as transmission 

and back-scattered coefficient, mean polar angle of collision and number of collisions. 

3.3.3. Description of the Program 

In the simulation, a number of electrons (as specified by the user) are 

monitored individually as they move through the specified solid. The electrons 

encounter elastic scattering and are assumed to travel in straight paths between 

collisions. Both the angle of scattering and the path length before scattering are 

computed from the interpolated Mott cross section [130], while the energy of the 

electron is being reduced continuously according to a model that uses experimental 

measurements to improve the Bethe's continuous slowing-down model [l31 1. 

Under the condition that the incident electrons do not penetrate the nucleus, 

electron scattering can be described by the Rutherford formula for the differential 

cross section for scattering from a given nucleus [l321 

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



where Z is the atomic number of the target nucleus, E is the electron energy, 9 is the 

scattering angle, and a is the fine-structure constant 

1 
with k the Coulomb's constant, k = - . However, when the electrons have 

4n. E,, 

enough energy to penetrate the nucleus, the scattering behaviour that follows diverges 

from the Rutherford formula. As the electrons become relativistic, they produce 

significant nuclear recoil and interact via their magnetic moment, as well as by their 

charge. When the magnetic moment and recoil are taken into account, the expression 

is called the Mott cross section, which is an analytic expression for the differential 

cross section consisting of the Rutherford's formula, corrected for the nuclear recoil 

effect and electron magnetic moment effect [l321 

where M is the target nucleus mass. In Eq. 3.19, the second term is a consequence of 

the electron magnetic moment effect, while the third one is due to the nuclear recoil 

effect. For our electron energy range, the third term is negligible. 

The routines to calculate the Mott cross section employed in the CASINO 

program make use of tabulated values of the Mott cross section computed in the work 

of Czyzewski et al. [133]. The cross sections are available for the first 94 elements of 

the Periodic Table. 
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In the continuous slowing-down model, electrons are assumed to lose their 

energy continuously along their paths, at the rate of energy loss given by the stopping 

power, S(E), where E is the energy of the particle. The stopping power is defined as 

the mean energy loss of a particle, of energy E, per unit length along its path. 

Collision stopping power considers the energy losses associated with the excitation 

and ionisation of atoms and molecules and is important for electrons and heavy 

charged particles. Radiative stopping power considers the energy losses associated 

with the emission of Bremsstrahlung photons and is important only for electrons, 

because heavier charged particles are less prone to undergo strong accelerations. 

Bethe calculated the collision stopping power for electrons at energies above 

-10 keV, S,,,(E), using the quantum mechanic approach and with the help of the first 

Born approximation [134]. His formula took into account the binding energy of 

atomic electrons for distant collisions (involving small energy transfers), and 

considered the atomic electrons as free particles during close collisions (involving 

energy transfers that are large compared to atomic binding energies) [134]. Various 

corrections are required to bring the Bethe formula closer to experimental results: 

density corrections, shell corrections, departures from the first Born approximations, 

etc. In our case, in the CASINO code, experimental data previously reported (like the 

mean excitation energy for different materials) were used to improve Bethe's 

continuous slowing-down calculation for electrons [131]. 

The radiative stopping power considers the loss of energy by Bremsstrahlung 

not only in the electric field created by the charge of the atomic nucleus, but also in 

the field of the atomic electrons. Unlike the collision stopping power, which is 

extremely important for low energy electrons, the radiative stopping power is more 

important for higher energy electrons. 
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3.3.4. Input - Output Parameters 

The variables which must be declared by users for the program to run are 

essentially in three areas: i) the solid specimen, ii) the electron beam condition, and 

iii) the requested output. 

The variables for the solid specimen comprise the number of regions in the 

sample, the type of regions in the specimen (multi-layer sample, grain boundary with 

vertical planes, spherical inclusion or step edge), the limits of the regions, and finally 

the composition of each region. 

The variables for the electron beam condition include the number of electrons 

to simulate, the electron energies, the diameter and polar angle of the electron beam. 

For the output, the basic simulation information file is created automatically, 

while the X-ray and electron distribution files are created only when the user specifies 

it. A graphic presentation of the electron trajectories through the solid (like the one 

presented in Fig. 3.10) is also generated. 

3.3.5. Typical Results 

Fig. 3.10 presents simulated trajectories for a beam of 10,000 electrons going 

through a 5 pm thick aluminium filter. The electron energy was set to 150 keV. The 

beam diameter was 200 nm. The table in the bottom right-hand corner shows some 

basic simulation information and calculations, which can be obtained from different 

CASINO-generated files. 

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



Big. 3.10: Typical example of a CASINO simulation. 

./- 

3.3.6. Making Use of the CASINO Program 

7642 

The CASINO simulations were used in the following areas: 

studies of the interaction between the electron beam emitted from the plasma 

focus and the different thin filters, in terms of absorption and deflection in the 

filter material as a function of electron energy; the results were used to decide the 

best arrangement and geometry for the analyser collimating system and to 

calculate the charge collection geometrical factors; 

studies of the interaction between the electron beam and the gas along the electron 

path, to determine the eventual supplementary geometrical and energetical 

resolution corrections; and 

Mean energy loss ikeV/nm) : 0.000671 

Backscattered Coefficient : 0.005800 

V 

Acceleration voltage ikev) : 150.000000 
Number of simulated electrons : 10000 
Electron beam diameter inm) : 200 
Polar angle of electron beam : 0.000000 
Backscattered coefficient : 0.005800 
Transmitted Coefficient : 0.994200 
Mean number of collision : 40.709000 
Mean distance between collision (nm) : 135.506322 
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- calculations of the energy deposited in the detector with respect to the incident 

electron energy, taking into account the silicon chip parameters, i.e. the thickness 

of the dead layer and the sensitive layer (as offered by the manufacturer), which 

lead to a spectrum amplitude correction function; given the errors in estimating 

these parameters, the error in the final spectrum amplitude was also estimated (as 

a function of energy) using the CASINO program. 
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4. PLASMA DIAGNOSTIC TECHNIQUES 

The diagnosis of hot, dense and short-lived plasmas requires special and 

carefully designed experimental techniques and instrumentation. This is mainly 

because the plasma conditions achieved vary over a wide range; their time scale and 

the spatial dimensions are such that temporal and spatial resolution of sometimes 

several picoseconds and a micron, respectively, are required. The continuous 

development of novel instrumentation and techniques is crucial for the diagnosis of 

plasmas produced by devices like the plasma focus. 

One of the major tools to investigate the phenomena occumng inside the 

pinched plasma without disturbing them is to try to obtain physical information from 

the radiation (photons and particles) emitted naturally from the plasma. Since for 

different phenomena (e.g. hard X-rays and electrons) the emission mechanisms are 

related, different information coming from different detectors can offer a better 

picture of the processes occumng in the plasma. 

For the investigation of the radiation and the electrons emitted from our 

plasma focus, as well as for monitoring the electromagnetic parameters of the device, 

different diagnostics were employed. In this chapter, the theoretical description of 

these diagnostics is presented. 
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4.2. ELECTRICAL DIAGNOSTICS 

Two basic electrical diagnostics were used in our experiments, in different 

configurations. One was for the measurement of the discharge current and the other 

one for the voltage measurements. These two diagnostics are discussed in the 

following sections. 

4.2.1. Rogowski Coils 

The Rogowski coil (or Rogowski belt) [l351 is a multi turn solenoid bent into 

the shape of a toms. It is used to measure the current flowing through the inner 

surface of the torus. 

There is no restriction in the position, direction and sense of the current, and it 

is not necessary to have a solid carrying medium (e.g. a wire) for this current. Fig. 4.1 

shows the basic design of the Rogowski coil. 

Fig. 4.1: Rogowski coil 
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In our experiments, two Rogowski coils were used: one of them monitored the 

main discharge current, while the other was employed to measure the electron beam 

current. 

The coil is terminated with a low inductance resistor, r.  The equivalent circuit 

is given in Fig. 4.2, where L, and r, are the inductance and the resistance of the coil, 

respectively, I is the discharge current and i the circuit current through the coil. The 

circuit equation can be written as: 

di 
a) if L, ->> ( r  +r,)i  , then from Eq. 4.1 one can obtain i=(k/L& I, so the output 

dt 

voltage is proportional to L 

rk 
V o = r i = - I  

L" 

In this case, the Rogowski coil acts as a current transformer. 

The simplest way to achieve this condition is to make L, /(r+rc) much bigger 

than the current pulse duration. 

di 
b) ( r  + r,)i >> L, - , then from Eq. 4.1 the output will be 

dt 

In this case, L, /(r+rc) has to be much 

smaller than the current pulse 

current (dI/dt). Fig. 4.2: Equivalent circuit of the Rogowski coil 
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Due to their open design, the Rogowski coils are strongly sensitive to 

electromagnetic noises. The simplest way to avoid such disturbances in the signal is to 

use a noise shield, but this will add distributed capacitances which will filter off the 

higher frequencies. The coil used for electron beam measurement was shielded using 

copper tin. Only a small slit (0.8 mm) along the inner surface of the toms allowed the 

electromagnetic field to reach the solenoid. 

An important characteristic to be taken into account when designing a 

Rogowski belt for a certain application is the magnetic coil characteristic time, 

L,/R = L,/(r+rc). For a good derivative coil, this characteristic time has to be as small 

as possible, so the coil will be able to follow all the signal peaks. Frequencies of the 

same order of magnitude or lower than the characteristic frequency will be integrated. 

For our Rogowski coils, this characteristic time was chosen to be very small for the 

electron current detector (0.75 ns) and higher (85 ns) for the main discharge current. 

Sometimes, it is not possible to design and manufacture a proper current 

transfonner. In this situatiorl, the signal from 

a derivative Rogowski coil can be integrated. i " k " ~ O \  
The cheapest and most versatile integrator is 

a simple RC circuit [136]. Fig. 4.3 shows the 

? J 7  
Fig. 4.3: RC passive integrator. 

equivalent circuit for a passive integrator. 

The circuit equation is 

E,. = iR + Eout 

but since 

one gets 
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where s = RC is the time constant of the integrator. 

If T = RC is big enough compared to the square of the characteristic time of 

the signal, the second term can be neglected and aAer integration one obtains 

thus the circuit acts as an integrator. 

The time constant, T, has to be carefully chosen, since a very high value will 

give a low-integrated output. The high frequencies will not be integrated due to the 

parasitic effects (e.g. the capacitance of the resistor and the inductance of the 

capacitor). A low value for the time constant will distort the signal at low frequencies. 

It is not simple to choose the right time constant for our purposes, since, for example, 

the main current has a period of 11.9 ps, but the fast dip corresponding to the focus 

instant is very sharp (less than 10 ns). 

When the Rogowski coil is used to measure the integrated current (as a current 

transformer, or via an RC passive integrator) in a lightly damped capacitor discharge 

circuit, the following formula [l371 may be used for the calibration: 

where, for our device 

V. = charging voltage 

f = reversal ratio V2 /V, = 1/4 (V5 /V4+ V4/V3+ V3 /V2+ V2/V,), where V, (with 
i =  1 to 5) are successive absolute values of the recorded signal peaks 

T= periodic time (average value of several cycles) 

I, = the first peak value of the discharge current which has to be calculated 
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Thus, by measuring f and T from the oscillograms, I ,  may be computed. Then 

the calibration factor of the coil may be written as 

k ,  = I,/V, (NV) (4.9) 

The coils used in our experiments were both derivative-type. The output from 

the coil used for the discharge current was first recorded directly (via a 10:l resistive 

attenuator) as the current derivative signal. It was also integrated (using a 44 ps 

passive RC integrator) to give the discharge current. The calibration factor for the 

whole detector chain in our experiments is k, = 18x10' N V .  The coil used for the 

electron beam signal was coupled to a 2 ps passive integrator. The calibration factor 

of this detection channel was k2 = 1 0 . 4 ~  lo3 A N .  

4.2.2. Voltage Probes 

The high voltage measurements of interest in plasma physics experiments are 

of two types: i) measurements of high DC voltages on the capacitor banks (where 

high resistance voltage dividers of conventional design are usually employed), and 

ii) measurements of high-voltage transients occumng during the discharge of the 

capacitor through the plasma [135]. 

For the measurements of transient high voltages, various types of voltage 

probes are employed. The basic designs are either resistive or capacitive dividers, or 

mixed. The use of resistive dividers is limited by the quality of the resistors; the 

characteristics of the experiments usually require very high resistances, in high power 

configurations, which normally display high inductances; therefore, the time response 

of the divider limits the use of such dividers in the case of very high frequency 

transients. The capacitive probes are limited at the other end of the spectrum; a 
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normal capacitive divider does not work properly at low frequencies, typically 

below 10' HZ [126]. Another limitation for the capacitive dividers is the quality of the 

insulation of the capacitors, mainly the low capacity one, which has to be able to 

withstand the peak value of the discharge voltage; this constraint makes the whole 

construction a space-consuming one, and in many cases this capacitor is manufactured 

ad-hoc, resulting in a high error in the capacitance and therefore in the divider ratio. 

On the other hand, an important advantage for the capacitive probes is the better 

linearity, as compared to the resistive dividers. To improve the low-frequency 

response of a capacitive divider, a mixed resistive-capacitive design can be employed. 

In this case, the main limitation arises again from the quality of the resistors (the stray 

inductances), as well as from stray capacitances caused by the shielding and the 

relative positions of different components. Both the inductances and the capacitances 

can cause the whole circuit to start oscillating, and a strongly non-linear frequency 

response can appear. 

The resistive dividers are commonly used, because of their easy design and 

fabrication. In our experiments, the voltage along the plasma column was measured 

using resistive probes connected at the lower end of the focus tube across the anode 

and the cathode. 

One of the problems in measuring the pinch voltage in a plasma focus device 

is related to the position of the probe. For data interpretation, the important parameter 

is the value of the voltage along the plasma column, i.e. at the inner end of the 

electrodes. Unfortunately, that area is not accessible for direct measurements, 

therefore, the probes are usually positioned at the other end of the electr~des, 

connected to the voltage plates. In this case, in Eq. 3.2 we have to separate in the 
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second term the fixed inductance of our electrode system (34 nH) from the plasma 

inductance. Therefore, the equation can be rewritten as 

The first two terms represent the voltage along the pinch, while the third one is 

the supplementary term introduced by our point of measurement. Since for the pinch 

phase the current is decreasing, this formula predicts that the measured voltage for the 

radial phase is lower .than the real one. Although the Lee model predictions for the 

value of the last term for our device could lead to a pinch high voltage 

underestimation of up to 20 kV (i.e. up to 20% of the peak value), an estimation based 

on experimental measurements (i.e. current and current derivative signals) gave a 

much smaller value, which is less than 5% of the peak value. This error is smaller 

than the other experimental errors, and the high voltage signal is strongly affected by 

the electromagnetic noise during the pinch phase, which leads to a higher uncertainty 

in the scope readings; therefore, the error introduced by the point of measurement in 

the voltage signal was considered negligible. 

The original voltage probe for the UNUIICTP PFF device is a resistive 

divider, which measures the voltage between the high voltage plate and the ground 

plate of the dense plasma focus device. Fig. 4.4 shows the structure of the divider 

-Copper casing (gmunded) 

h \ 

Insulator BNC ' 
Res~stnr chain (10 o f  510 ohm) 1 51 ohm connechor 

T O  positive 

Fig. 4.4: Schematic diagram of the original voltage probe. 
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consisting of a series of ten resistors of 510 a each with a shunt resistor of 51 a; it 

therefore, attenuates the voltage by a factor of 100. The divider is enclosed in a 

copper tube of 20 nlnl diameter. 

Typical signals of the Rogowski 

coil and the high voltage probe for a 

plasma focus discharge are shown in 

Fig. 4.5. 

As mentioned already in section 

3.1.3, the original voltage probe has a 

time response which was estimated to be 

Big. 4.5: Typical waveforms of the current (upper 
between [l2'] and 20 [341, trace) and the voltage (lower trace) for a typical 

plasma focus discharge (arbitrary units). 
which were considered too slow for our 

purposes. Therefore, a new voltage probe was built and successfully implemented on 

our plasma focus device. 

The PSpice software was used for preliminary studies on the behaviour of a 

resistive divider with respect to parasitic inductances and capacitances appearing in 

the measuring circuit, consisting of probe, cable, and terminator or end-divider. The 

simulations showed that the inductance of the resistors used modify the time response 

of the probe, and also induces small phase shifts in the signal. On the other hand, 

parasitic capacitances appearing between resistmces, as well as between each 

resistance and the ground, influence the output more dramatically: resonant 

frequencies appear, and the whole probe starts oscillating, even for very small values 

for the capacitance (few pF). The effects are more intense as the capacitances are 

positioned towards the grounded end of the probe. Another result showed that the 

resistors used in the terminators and end-dividers should have a low, but non-zero 
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inductance, because for resistors with zero inductance the terminator will start 

oscillating. 

Following the PSpice simulations, the following conclusions have been drawn: 

- non-inductive resistors should be used for the high voltage divider; 

the number of resistors should be as small as possible (two) to avoid the increase 

of the inductance due to the arrangement in series; 

the shielding should be avoided, and the resistors should be "seen" as little as 

possible from the cable grounding, to minimise the parasitic capacitances; 

- the resistors should see also as little as possible each other, to minimise their 

mutual capacitance; and 

- a proper resistor should be found for the terniinator and, if necessary, the end 

divider. 

The final choice for the divider resistors was the ceramic-based, non-inductive 

thick film power resistor manufactured by MEGGITT POLYMERS AND 

COMPOSITES, namely MEC-CGS-MPC-5. Two different dividers have been tested, 

with ratios 1000:l (50 kR 1 50 R)  and 100:l (5 kR / 50 R)  respectively. For the first 

construction, different 50 R terminators to high voltage 

have been tested, to find the 

optimum configuration; for the second 

divider, a 10:l attenuator (in different 

configurations) had to be employed, since to scope 

the signal on the scope was too big, A Fig. 4.6: Schematic diagram of the new 
voltage probe. 

schematic diagram of the new voltage 

probes is shown in Fig. 4.6. The whole construction was carefully insulated and in the 

end encapsulated in melted plastic, to avoid high voltage breakdowns which could 
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cause health hazards or damage the oscilloscope. The probe itself was not shielded, 

but the cable which connects the probe to the scope had a supplementary external 

shielding, which was connected together with the internal shield. 

The new probes were tested on a pulse circuit built in the lab. The time 

response was compared to a standard Tektronix P61 14B 10:l voltage probe. The time 

response for our probe was slightly faster than the Tektronix probe, and it was found 

to be better than 2.5 ns, which was the limit for our pulse generator. The attenuation 

coefficient was found to be constant up to 600 V (the voltage limit of our generator). 

For real discharge testing, the probes were fitted in identical positions on the 

UNUIICTP PFF device. The cable lengths were identical, and the signals were 

recorded on the same scope. For all the test discharges, the t = 0 moment is arbitrary. 

A comparison between the old and the new 1000:l probes is presented in fig. 4.7. 

-New probe 1 

l . I . , . I . I . I , I . I  
-150 -100 -50 0 50 100 150 200 

Time (ns) 

Fig. 4.7: Comparison between the old and the new 1000:l probes 

The first thing to discuss is the oscillation appearing on both the traces. This 

signal does not originate in the probes. It can be seen in all the electrical 

measurements performed on plasma focus devices in all the laboratories, especially on 
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the voltage trace, and is caused by self-oscillations in the electrodes-voltage plates 

system. Because of its origin, any attempts to modify the measurement circuit 

parameters in order to avoid it or to minimise its effects (change in the cable length, 

resistors, etc.) will give no results. For the UNUIICTP PFF device, this frequency is 

about 30 MHz. 

The oscillation was found to start only after the voltage signal reaches its first 

peak. Therefore, on plasma focus devices, only the first peak appearing on the voltage 

trace can be considered accurate, and can be used in any kind of correlations with 

other plasma diagnostics. 

By comparing the two oscillograms, it is obvious that the new voltage probe 

design is much faster than the old one, and is therefore able to follow in a better way 

the high voltage plate potential. The high inductance of both the probe itself and the 

10:l attenuator used in the old design gave rise to the phase shift which is 

experimentally observed for the old probe. 

-150 -100 -50 0 50 100 150 200 

Time (ns) 

Fig. 4.8: New design probe - 1000: 1, versus new design probe 
100:l coupled to the old design 10.1 end-attenuator. 
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In order to further test the new design, a comparison between the 1000:l probe 

and another new probe, 100: 1, was also performed. Due to the higher amplitude of the 

signal, this second probe used a 10:l attenuator at the oscilloscope input, identical 

with the one employed for the old probe. The results are shown in Fig. 4.8. 

By comparing Fig. 4.7 and Fig. 4.8, it is clear that the end-attenuator is 

responsible for part of the loss in the time response (which in turn limits the amplitude 

of the measured voltage), as well as for the small phase shift in the signals. 

After intensive testing, we concluded that the new high voltage probe design 

offers a much better solution for measuring the high voltage on our plasma focus 

device. Although only the first peak can be considered as offering reliable 

information, and the design is more prone to be affected by electromagnetic noise, the 

results are in much better agreement with the plasma focus models and, as will be 

shown in chapter 6, with other plasma diagnostics, mainly the electron and X-ray 

spectra. 

During our experiments, we did not reach the time response limit, as measured 

with the pulse generator. Instead, the fastest parts on the voltage traces seem to be 

limited to a maximum increase speed of about 20 kVins. We were not able to 

determine whether this slew-rate-type behaviour is caused by non-linear effects in the 

divider (e.g. change in the resistance values, and therefore in the divider ratio, caused 

by the high power passing through the resistor during the pinch phase - more than 

50 kW) or by the signal processing in the scope, which was working at its limits in 

both amplitude and sampling rate. 

The slew-rate-type behaviour seems to be the main cause for the limitation in 

amplitude for our high voltage signals; the maximum measured voltage exceeded 

90 kV only for a few discharges, for which the higher values seem to be caused by a 
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positive addition of the electromagnetic noise. This aspect will be discussed also in 

section 6.4.7.1. Anyway, the measured voltages are among the highest ever reported 

for direct measurements on dense plasma focus devices 

The studies of the X-rays emitted from the plasma focus provide a powerhl 

method for determining important plasma parameters. The time-resolved X-ray 

measurements correlated with the other diagnostics improve the overall picture of the 

temporal evolution of the transient plasma. These measurements are helpful in finding 

the mechanism of the emission of the X-ray photons and other particles. 

The principle of the technique of the time-resolved hard X-ray measurements 

from the plasma focus is described in the following paragraphs. 

High energy photons falling upon a suitable scintillation material produce light 

pulses which can be detected with a photomultiplier. 

Among the commonly used scintillators, NaI is of particular interest. It 

produces a greater light output for a given energy deposited in the crystal than a 

plastic scintillator, and resolves lower energy photons from the photomultiplier noise. 

When good time resolution is required, plastic scintillators are employed. A 

plastic scintillator is commonly bonded by an optical joint (with a silicon grease such 

as high viscosity silicon grease Dow Corning DC 200) to the photomultiplier window. 

For high light collection efficiency, the scintillator and the light pipe are generally 

enclosed in an aluminium foil or surrounded by a material such as MgO, TiO:, or 

coated with white tygon paint. As far as the linearity of plastic scintillator is 
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concerned, Bailey [l381 reported that the light output for NE102A versus energy 

deposition is linear for photon energy as low as 3 keV. 

The choice of the photomultiplier depends on the experimental requirements. 

The tubes vary widely as to the spectral response, quantum efficiency, gain, noise 

level, maximum current output, physical size and overall structure. When a suitable 

tube has been chosen, there remains a selection of an appropriate tube base circuit 

suitable for the signal duty cycle of the experiment. For example, the provision of a 

linear anode output to high current pulses over a long duty cycle will require 

i . dl 
capacitors on each stage large enough to ensure that I-- << V for each stage. The 

C 

capacitors of several pF, or a separate power supply may be necessary for the last 

output stage to maintain proper dynode voltage for a constant gain. 

For a fast scintillator-photomultiplier system (i.e. a photomultiplier 

termination time constant RC and a scintillator time constant t much smaller than the 

duration of the photon pulse), the output signal V can be given as 

where dN(E") is the number of photons reaching in one unit of time the unit of 
dt 

surface of the scintillator, while the functionf(E) includes, among other parameters, 

the energetical response of the scintillator, some construction parameters of the 

photomultiplier tube (e.g. the overall gain of the dynode chain and the quantum 

efficiency of the photocathode), and geometrical factors (related to the light collection 

efficiency). 

It is possible to have a few nanoseconds resolution with the combination of a 

fast multiplier and a selected scintillation material. The detection efficiency for 
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photons in a plastic scintillator depends upon the photon energy, the geometry and the 

scintillation material. 

Using suitable absorbers in Front of the scintillator, an energetic analysis can 

be performed using this technique. 

For the time-resolved soft X-ray measurements from the plasma focus, the 

choice of the detector depends on the information required. The purpose of our 

experiment was to get information on the temporal evolution of the soft X-ray 

emission. 

For the detection of the soft X-rays there is an increasing number of 

semiconductor detectors e.g. surface barrier, ion-implanted and avalanche junction 

diodes, etc. The semiconductor detectors are also sensitive to charged particles, 

provided the particle deposits part of its energy in the sensitive layer of the detector. 

When a semiconductor detector absorbs an X-ray photon of energy hv,  a 

number of h V/OJ electron-hole pairs are produced, where W is the average energy 

needed to create an electron-hole pair. The collected charge is also proportional to h v. 

For silicon at room temperature, w = 3.62 eV [139]. The quantum detection efficiency 

is given by [l391 

= hv,-w, (1 e-u ) (4.1 1) 
W 

where the first exponential term describes the absorption in the dead layer (on the 

front surface of the detection area) of thickness td , and the second one gives the 
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efficiency for stopping X-rays in the depletion (sensitive) region of thickness t, . It can 

be seen that there is an energy range over which semiconductor detectors can be used. 

The lower limit is determined by the absorption in the dead layer and the upper limit 

by incomplete absorption. Lower energy X-rays can be detected using semiconductor 

detectors if the dead layer is thinner. 

The pair creation energy, u, is, in general, a function of the photon energy 

11401. It is usually assumed that w is a constant for photon energies well above the 

band gap of Si (-lOxE, [141]). However, recently, Monte Carlo simulations of the 

pair creation energy [l421 show significant photon energy dependence up to a few 

hundred eV. 

Since both the electrons and the holes have large mobilities, and since the 

collection distances are short, it is possible to achieve relatively short collection times. 

This is an important advantage for 
0.25 7 

measurements of pulsed X-ray q 0.20 

0 
)I 
&. 

SOUICCS. :I 0.15 - .- 

E 
BPX-65 PIN diodes (a * 0.10 E 

m 

detector normally used in the 0.05 

optical range) were chosen for our O.08  p A 5 A l o A  1sA m A 

system. The glass window was 

removed for application to X-ray 

Wavelength 

Fig. 4.9: BPX-65 sensitivity in 
wavelength range below 20 A. 

detection. The diode sensitivity Q(1) below 20 A is presented in Fig. 4.9. 

The typical parameters of this diode are listed below [143]: 

radiant sensitive area 1 mm2 
intrinsic Si wafer thickness 10 pm 
dead layer thickness 0.5 pm 
risetime (typical) (@ 900 nm) 0.5 ns 
dark current <5 nA (nominal - 1 nA) 
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A five-channel X-ray spectrometer with filtered BPX-65 PIN diodes was used 

in our experiment. The details about this spectrometer are provided in chapter 5. 

Several diodes can be manufactured together on the same silicon chip. If the 

information (the charge created by the incident photons) can be read separately for 

each diode, an imaging detector can be built. Currently there are two main 

manufacturing technologies, the result being two different types of light detectors: 

CCD and CMOS. 

Developed in the 1970s and 1980s specifically for imaging applications, CCD 

technology and fabrication processes were optimised for the best possible optical 

properties and image quality. The technology continues to improve and is still the 

undisputed choice in applications where image quality is the primary requirement or 

market share factor. 

A CCD comprises photosites, typically arranged in an X-Y matrix of rows and 

columns. Each photosite, in turn, comprises a photodiode and an adjacent charge 

holding region, which is shielded from light. The photodiode converts light into 

charge. The number of electrons collected is proportional to the light intensity. 

Typically, light is collected over the entire imager simultaneously and then transferred 

to the adjacent charge transfer cells within the columns. Next, the charge is read out: 

each row of data is moved to a separate horizontal charge transfer register. Charge 

packets for each row are read out serially and sensed by a charge-to-voltage 

conversion and amplifier section. 

This architecture produces a low-noise, high-performance imager. However, 

some disadvantages have to be mentioned: the integration of other electronics onto the 

silicon chip is impractical; the CCD operation requires several clock signals, clock 
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levels, and bias voltages, which complicates the system integration and increases the 

power consumption, the overall system size, and the cost. 

A CMOS imager, on the other hand, is made with standard silicon processes in 

high-volume foundries. Peripheral electronics, such as digital logic, clock drivers, or 

analogue-to-digital converters, can be readily integrated with the same fabrication 

process. CMOS imagers can also benefit from process and material improvements 

made in mainstream semiconductor technology. 

To achieve these benefits, the CMOS sensor's architecture is arranged in a 

different manner. Each photosite contains a photodiode that converts light to 

electronic charge, a charge-to-voltage conversion section, a reset and select transistor 

and an amplifier section. Overlaying the entire sensor is a grid of metal interconnects 

to apply timing and readout signals, and an array of column output signal 

interconnects. The column lines connect to a set of decode and readout (multiplexing) 

electronics that are arranged by column outside of the pixel array. This architecture 

allows the signals from the entire array, from subsections, or even from a single pixel 

to be readout by a simple X-Y addressing technique - something a CCD can't do. 

In conclusion, CMOS imagers offer more integration (more functions on the 

chip), lower power dissipation (at the chip level), and smaller system size, at the 

expense of image flexibility and quality: the built-in electronics reduce the area 

available for light capture, and with each pixel doing its own conversion, uniformity 

is lower and the noise is greater as compared to an equivalent CCD detector. 

For our experiments, a CCD detector was used as a detector in the X-ray 

pinhole camera. As mentioned earlier, the semiconductor detectors are also sensitive 

to charged particles; in the electron analyser, a CMOS type detector made up of 

N-channel MOS transistors (NMOS) detector was employed. 
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Time-integrated spatial information of the soft X-ray emission was provided 

by pinhole images. This cost-effective technique has been continuously developed, 

mainly in the detector area, in order to simplify the maintenance and the usage of such 

a device, and also to transfer the captured images directly to a PC. 

Basically, a pinhole camera consists of the following parts: 

camera body (usually vacuum- 

tight); 

pinhole and pinhole mounting; 

X-ray sensitive detector, and 

filter, to prevent the visible 

Object plane 
\ 

radiation to reach the detector. 
Fig. 4.10: Schematic of a pinhole camera. 

A schematic of a pinhole 

camera is presented in Fig. 4.10. The image is inverted. The magnification can be 

modified by changing the distances between the pinhole and the object and/or 

between the pinhole and the detector. 

In the beginning, pinhole cameras used X-ray films [l441 as detectors. The 

film was moved after each exposure (unless the goal of the experiment was the 

reproducibility of the image, because in this case several shots used to be overlapped 

on the same position of the film). This feature used to increase the cost and the 

complexity of the device, and the later processing of the film was time-consuming and 

did not offer very reproducible results. Better detectors are used at present, and the 

CCD camera is the cheapest and most versatile among thetn 
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If an X-ray band filter is used [104], the image obtained will show the 

structure of the emitting X-ray source within a certain energy band. 

The pinhole dimension has to be carefully chosen, because the diameter has to 

be much smaller than the details to be investigated. Since the resolution depend also 

on the geometrical arrangement, a ray tracing simulation is useful. 

In order to obtain temporal resolution, a pinhole camera can be coupled to a 

streak camera [l051 (one-dimensional resolution), to a microchannelplate [l061 or to a 

frame camera [l451 (both for two-dimensional resolution). 

Special designs for pinhole cameras, like multiple pinholes, allow several 

images to be captured for the same discharges, for different positions (so resolution on 

the third axis can be achieved) andlor with different absorption filters, so the pictures 

will show images in different spectral bands. 

4.6.1. Charged Particles Detection 

For the detection and analysis of various radiations, different types of 

detectors have been developed. The detectors used for particle detection can be 

classified under these two categories: 

- with respect to their energy response (in t e m ~ s  of energy-dependent output or 

energy independent response); 

- with respect to their dynamic properties (dynamic, or active detectors, and static, 

or passive detectors). 
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An energy-dependent detector (e.g. nuclear emulsion, scintillator- 

photomultiplier, semiconductor detector, etc.) has an output related to the energy of 

the incident particle. Some other detectors (like the Geiger-Muller detector) are not 

sensitive to the input energy; they can just count particles without being able to 

discriminate between two particles with different energies. 

The dynamic detectors do not provide a permanent record of radiation. They 

are used to study the temporal behaviour of the radiation emission. Geiger-Muller 

tube, scintillation detectors coupled with photomultiplier tubes etc. are all members of 

this class. 

The static detectors give a permanent record of the incident radiation, but the 

information about temporal behaviour of the radiation flux is normally not available 

with these detectors. This family includes, among others, photographic films and solid 

state nuclear track detectors. 

There are three principal types of processes by which charged particles 

(i.e. electrons, protons. deuterons, alpha particles, etc.) transfer their energy to the 

stopping medium: 

- Coulomb electrostatic force between the particle and the electrons of the target 

atom may cause excitation or ionisation; 

- particles lose energy when decelerated, by emitting electromagnetic radiation 

(Bremsstrahlung); 

- direct electrostatic force between the moving charged particle and the target nuclei 

can result in the ejection of target atoms from the lattice sites, or out of the 

molecular chain. 
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4.6.2. Spectrometers 

To add energetical resolution to a non-energy dependent detector, or to make 

the data recording more convenient even for energy-dependent detectors, a device 

which is able to discern between different incoming particles with different energies is 

positioned between the particle source and the detector. This device is called 

spectrometer. 

There is a large palette of methods which can be used as a base for designing a 

particle spectrometer. The design is based on one of the many physical processes that 

link particles' energy with a measurable physical parameter. The most convenient 

way to discern between particles is to spread them in space andlor in time. By using 

electric andior magnetic fields in a convenient geometry, the charged particles can be 

recorded separately, according to their energy. 

In plasma focus studies it is difficult to use electric fields, as well as magnetic 

fields created by electromagnets, because of the following reasons: 

- the spectrometer might be connected to pulsed high voltages, so the whole system, 

including power supplies, have to be carefully insulated from the ground, from the 

main power source, and from any other devices nearby; and 

- the electric fields might create unwanted breakdowns inside and outside the 

spectrometer due to inductive effects created by fast varying electric fields created 

by the electromagnetic driver. 

For these reasons, we decided to work with a pure magnetic configuration, in 

which the magnetic field is created by a pair of permanent magnets. This enables us to 

avoid the above mentioned limitations and to detect the particles without any change 

in the energy, but this solution has the following constraints: 
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- once a specific pair of magnets is chosen, it is extremely difficult to modify the 

value of the magnetic induction in the magnetic area (which is not the case in an 

electrically-driven configuration); 

- the trajectories are more complicated and require a very exact computation to see 

how the spatial distribution is related to the energy of the particles. 

The first constraint can be overcome by dealing with more than one pair of 

magnets to be used in the spectrometer, according to the desired energy interval to be 

detected. To deal with the second issue, the special computer program, CHAPAT 

(described in detail in section 3.2) was developed. 

4.6.3. Design and Construction of the Analyser 

Charged particle energy measurements were performed before on plasma 

focus devices similar with the one used in our experiments. Argon ion energies 

between 10 and 3,000 keV were measured using a biased ion collector [146], a 

method which is not very reliable if only one detector is used (since for energy 

calculation it considers that all the ions are emitted at the same moment), or involves 

difficult (and not always reliable) mathematical interpretations (if two or more 

detectors are employed). On the same device deuteron energies in the 80 - 250 keV 

range were measured with a basic spectrograph, using nuclear emulsions as 

detectors [147]; the automatic processing of the detector is time consuming, and the 

energetical calibration might not be very accurate. For the electron energy 

measurements, we decided to improve the methods used in the previous studies on 

dense plasma focus devices. 
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The basic configuration for the analyser was inspired by the one used by 

Hirano at Gunrna University -Japan [78], which is shown in Fig. 4.1 1. 

Fig. 4.11: Spectrometer designed at Gunrna University; MCP defines the microchannelplate. 

After carefully studying the solutions used by the Gunma University group, 

we made several important changes in the original design, in order to simplify the 

construction and the handling, to improve the performances and the reliability, and, in 

the mean time, to keep a low production and maintenance cost for the analyser. 

The first important change was in the position of the detector; the Gunma 

analyser uses a 180' deflection system, but the dimensions of our detector required a 

90' deflection design. 

The second important change was in the magnetic mounting. In the original 

design, the magnetic circuit included the vacuum chamber, which was made of soft 

iron. WC choose to use a separate mounting - an U-shape piece on which the magnets 

are fixed. In the whole construction, only this component is made of magnetic 
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material (magnetic stainless steel). For all the other components, non-magnetic 

materials were used. Several advantages derive from this change: i) the magnetic field 

measurements are simplified, since the measurements can be performed outside the 

vacuum chamber; ii) different mounting shapes can be used to modify the field 

distribution; iii) the position of the magnetic holder can be adjusted, and the result is a 

fine tuning of the analyser parameters; and iv) the whole mounting can be changed 

easily, so the analyser parameters can be quickly and conveniently modified. 

The collimator was also simplified. Instead of using two slits, very difficult to 

align, we choose to have only one pinhole (200 pm) in front of the collimator, since 

the simulations showed that the decrease in the energetical resolution caused by this 

change is much smaller compared to the decrease caused by mechanical error 

(construction and alignment), which were estimated to be up to 0.5 mm. 

Simulations done using the CASINO program for the filter which appeared in 

the original design proved that below 100 keV the electrons are strongly scattered 

after passing through 3.5 pm mylar, which is a filter thinner than the one used by 

Hirano's group (4.9 pm). At 50 keV, a big fraction of the electrons is scattered at 

angles bigger than 45". Since in the Gunma analyser the filter was placed after the 

collimator, our simulations question their reported energetical resolution, especially 

for low energies. One solution was to place the filter in front of the collimator, but it 

turned out that the interaction with the shock waves created by the plasma discharge, 

combined with the electron bombardment, destroyed the filters after one or two 

discharges. Therefore, our design doesn't use any filter. 

The last important change with respect to the original design was to eliminate 

the MCP. This costly and extremely sensitive component was introduced not 

necessarily to multiply the number of electrons reaching the detector (since the 
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amplification factor was kept below 20), but mainly as a buffer, to convert the 

incident electrons (especially since those with energies above 45 keV would not lose 

all their energy in the sensitive layer of the semiconductor detector) in lower energy 

electrons, whose energies are given by an external high voltage biasing circuit. 

Several advantages were derived from the exclusion of the MCP: 

- there was no vacuum restriction (a MCP requires a pressure below 10.' mbar, 

i.e. ultra-high, clean vacuum for proper operation; therefore a turbomolecular 

vacuum pump has to be employed), so we operated the analyser at 25 mbar Neon; 

this pressure is low enough to avoid electron scattering by interaction with the gas 

(as CASINO simulation showed), but, in the mean time, high enough to create a 

continuous gas flow through the pinhole, in order to protect it from debris coming 

from the focus chamber during the discharges; 

- the MCP requires an in-situ calibration, a difficult operation time and resource- 

consuming; the Gunma group used nuclear emulsions for proper calibration; and 

- a MCP requires high voltage biasing, as well as another high voltage circuit for 

accelerating the emitted electrons; the biggest problem is to insulate these power 

supplies from the ground and from the mains, since the analyser floats at high 

voltage (up to 100 kV); it is the same kind of problem which appears while trying 

to use electric field or electromagnets to separate the particles with different 

energies in a spectrometer. 

Since we eliminated the MCP, we had to investigate the interaction between 

different energy electrons and the detector. Using the CASINO software, based on the 

characteristics of the silicon chip (thickness of the dead layer and sensitive layer) we 

obtained a correction curve for the detector signal. This aspect will be fully described 

in section 5.8. 
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As a detector in the analyser, a linear image sensor, Hamamatsu S3900- 

1024Q, together with its driver, Hamamatsu C7615 were used. This linear image 

sensor is basically a NMOS detector with only one line of pixels; each pixel 

dimensions are 5 mm X 45 pm, and the pixel pitch is 50 pm. The total number of 

pixels for our detector is 1024, which leads to a better energetical resolution as 

compared to 512 for the detector used in Gunma analyser. The geometrical 

characteristics of our detector are 

presented in Fig. 4.12. 

The original window of the 

linear image detector has been removed. 

The original signal from the detector 

was converted to an oscilloscope- 

fnendly signal and it was visualised on 

the oscilloscope display. To insulate the 

oscilloscope from the high voltage, the 

signals were transmitted through an 

OXIDATION SILICON 
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Fig. 4.12: Geometrical details of S3900-10244 
NMOS linear image sensor. 

optocoupler and an optic fibre. Further details about the detection chain will be given 

in section 5.8. 

All the analyser electronic components, as well as the other electronic circuits 

from the detection chain were powered by lithium batteries or rechargeable batteries 

(where this was possible), to avoid the high voltage insulation problems between the 

normal power supplies (which would have to float at more than 100 kV) and the main 

power source (the laboratory power point). 
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5. EXPERIMENTAL SET-UP 

Various investigations were performed in order to study the emission of 

radiation from the plasma focus. Several diagnostics were employed for this purpose. 

This chapter deals with the experimental set-up of the plasma focus assembly and the 

diagnostics employed in our experiment. 

Many works used the small 3.3 kJIlSkV, UNUIICTP PFF. Our device, 

National Institute of Education - Natural Sciences Academic Group - Plasma Focus 

Facility (NZE-NSAG-PFF) is a replica of this machine. 

Basically, the NIE-NSAG-PFF consists of the following subsystems: 

Drivers (high voltage charger, capacitor and high voltage cables); 

Focus tube (discharge chamber, input flanges and electrode system); 

Vacuum and filling gas systems (vacuum pump, manometers, valves, working gas 

container and pipes, etc.); 

Control and triggering electronics (master pulse generator, high voltage glicon 

controlled ~ectifier - SCR unit, high voltage transformer); - 

Diagnostics (Rogowski coils, high voltage probes, scintillator-photomultiplier 

system, soft X-ray spectrometer, pinhole camera, optical minimum pinch radius 

detector, electron analyser); 

Data acquisition system (Digital Storage Qscilloscope - DSO, computer and 

software packages). 
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For the purpose of this work, a special anode was designed and manufactured. 

It is hollowed from one end to the other, in order to extract the electron beams emitted 

from the focus area. The hot plate, together with the main insulation between the two 

contact plates, were also re-designed. In addition, two electron drift tubes were built. 

The first tube is a 200 mm long pyrex tube of 40133 mm outerlinner diameter; the 

voltage along the tube was maintained constant at the value of the high voltage plate 

potential; the second one is a 103 mm long brass tube, 40130 mm diameter, and it was 

used for the electron energy measurements; a 2.4 mm diaphragm was placed inside it, 

to protect the analyser collimator pinhole from the shock waves. 

Prior to the experiment, the vacuumeters were calibrated using a McLeod true 

pressure mercury vacuumetw. 

The measurements were camed out with emphasis placed on the electron 

beams emitted from this device. Correlations with X-ray emission were performed. 

The schematic diagram of the experimental set-up is shown in Fig. 5.1 
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Fig. 5.1: Schematic diagram of the experimental set-up 
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In the following sections, detailed descriptions of the device and of each 

diagnostic are given. 

5.2. DETAILED DESCRIPTION OF NIE-NSAG-PFF 

5.2.1. Switching System 

A simple parallel trig. pulse 

from HV charger 

plate sparkgap in a swinging (max. +20 kv) HV transformer 

25 kV trig. 
cascade configuration was focus tube 

~(insulation) 

used as a switch. This IT 66 M R  geometry provided [41] a 

low inductance and a high I - 

current. The ratio of the gap Fig. 5.2: Triggering system 

is 3:2 (4.5 : 3 mm). The sparkgap was triggered via an isolating capacitor using 

a SCR unit, through a high voltage transformer having a step-up ratio of 17 times. The 

jitter of the system was found to be less than 50 ns. The circuit diagram is shown 

in Fig. 5.2. 

5.2.2. Discharge System 

The arrangement of the capacitor, connecting plates, spark gap and the output 

coaxial cables is shown in Fig. 5.3 (A). To keep the inductance low, the earth plate of 

the capacitor (5) was extended up to the anode. The insulation was provided by a 
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nylon cap ( 4 )  around the anode stud. The cap was dipped into a pool of oil (7) which 

was prevented from splashing out by means of an 0-ring (8). Mylar sheets (6) 

5 cm wider all around than the conducting plates sandwiched by polyethylene 

sheets (10) completed the insulation between the high voltage plate (12) and the 

ground plate (5), as shown in Fig. 5.3. The earth plate runs unbroken to the output 

position where the shields of the coaxial cables were connected. On top of the 

insulating sheets, the high voltage plate was connected to the input plate of the spark 

gap. Between the spark gap electrodes, a copper tubing (15) of 12 mm in diameter 

was used as the trigger electrode. The output plate of the spark gap was connected to 

16 high voltage coaxial cables (16) arranged in a parallel circuit. The coaxial cables 

were then connected to the focus tube, i.e. to the anode collector plate (18) and the 

cathode collector plate (22). 

An essential feature of the focus tube is the back-wall insulation. The glass 

insulator (26) between the cathode and the anode plays an important role in the 

symmetrical formation of the current sheath and has to be properly mounted to avoid 

being broken by vibrations. In the present design, this glass insulator is mounted in a 

rubber holder which is then compressed tightly and symmetrically by the brass 

flange (25). The rubber holder also acted as a high voltage seal. In the original design, 

this rubber holder also acts as a vacuum seal. In our design, the old perspex 

spacer (21) was modified; it is made of PVC, which has better surface electrical 

properties, and it houses an 0-ring, which is now the vacuum seal in the area between 

the spacer (21) and the stud of the anode (17). 

Fig. 5.3 (B) also shows the anode collector plate (18) and the cathode collector 

plate, together with the connected coaxial cables. 
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lBl 

to electron beam measurement system 
(Rogowski coil or electron analyser] 

Fig. 53: Diagram ofNIE-NSAG-PFF (A) The capacitor connecting plates, the spark gap, and output 
coaxial cables. l=capacitor; 2=capacitor 0-ring seal; 3=nut; 4=nylon cap; S=earth plate; 6=mylar film; 

7=oil; 84 - r i ng  seal; 9=earth stud; lO=polyethelene film; 1 l=copper ring; 12=high-voltage output 
plates; 13=lock nut; 14=HV electrode for swinging cascade spark gap; lS=trigger electrode; 16=output 
cables; (B) The plasma focus tube; I7=stud of anode; 18=anode collector plate; 19=connecting points 

for eoaxial cables; 20=mylaripolyethylene insulation; 21=PVC spacer; 22=cathode collector plate; 
23=flange; 24=0-ring seal; 25=cathode support plates; 26=glass insulator; 27=focus anode; 28=focus 

cathode (6 rods); 29=diagnostic port; 30=outlet to diaphragm gauge and vacuum pump; 
3 l=chamber; 32-op flange; 33=inlet for test gas; 34-0-ring. 
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Fig. 5.4: Experimental arrangement for electron current measurements; l=glass electron drift tube; 
2=brass end flange; 3=HV connection for electron drift tube; 4=electron beam Rogowski coil. 

Fig. 5.5: Experimental arrangement for electron energy measurements; 1=HV connection for electron 
analyser; 2=electron analyser body; 3=electron absorber; 4=analyser detector; S=magnet holder; 

6=magnet; 7=vacuum connector; 8=collimator; 9=brass electron drift tube; IO=pinhole; l l=diaphragrn. 
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5.2.3. Vacuum System 

The plasma chamber (31) consisted of a 300 mm long, 165 mm outer diameter 

mild steel tubing. Vacuum was provided by a double stage rotary pump reaching an 

ultimate base pressure of - 3 . 4 ~  10.~ mbar. 

The vacuum was measured using an Edwards Pirani gauge APG-M coupled to 

an Edwards active gauge controller. The filling pressure was measured using an 

Edwards capsule dial gauge (giving the absolute pressure), which was calibrated prior 

to the experiments using a McLeod vacuumeter type Edwards Vacustatl. 

5.2.4. Parameters of NIE-NSAG-PFF 

The design parameters of the NE-NSAG-PFF are summarised in Table 5.1. 

The measured values of the electrical parameters of the device are listed in Table 5.2. 

Table 5.1: Desi eters of NE-NSAG-PFF. 
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5.3. SET-UP FOR ELECTRON CURRENT MEASUREMENTS 

Peak discharge current in short-circuit 

Short circuit period 

As shown in Fig. 5.4, the electron current measurements were performed using 

I,,, = 198 kA 

T,,= 1 1 . 9 ~ s  

the pyrex drift tube described earlier. The detector used for measurement was a fast 

Rogowski coil (0.75 ns rise time on a 50 L2 load) via a passive RC integrator (time 

constant - 2 PS). The whole system was absolute calibrated (10.4 M). 

Prior to the design of the drift tube, preliminary calculations were performed 

in order to ensure that the absolption in the filling gas could be neglected. A semi- 

empirical formula [l481 was used: 

where d, can be associated with the path for which half of the incoming electrons are 
- 

2 

interacting. This value was found high enough even at high pressures (-1 m for 

30 keV electrons at 5.5 mbar Neon), so the absorption in the filling gas could be 

ignored. Simulations of the electron beam interactions with the Neon gas performed 
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using the CASINO software (fully described in section 3.3) also confirmed that the 

deflection phenomena in the operating gas can be neglected. 

In our geometry, with the electron beam extracted through the ambient gas, 

three other factors intervening in the beam propagation were identified: 

i) the intense pulsed electron beam propagation could generate macroscopic 

electron beam instabilities; 

ii) a part of the measured electron beam is due to the secondary electrons emitted 

inside the hollowed anode and in the drift tube, and 

iii) the electron beam propagating through the operating gas gives rise to a 

background current. 

The first phenomenon is very important when a pulsed electron beam 

propagates in a very low-pressure environment, but at our operating pressures it can 

be neglected. It does not influence the current measurements or the extraction process. 

The results of the second phenomenon could not be controlled. As it will be 

shown later, in the spectra discussion section, these secondary electrons seem to be 

responsible for the differences between the beam electric charge as calculated by 

integrating the electron current signal, and the charge obtained from electron spectra 

measurements. The result is an overestimation of the primary electron beam current 

(originating from the pinch area), but since, as mentioned in chapter 1.2. our work 

emphasises on the electron beam which can be extracted from a plasma focus device, 

this phenomenon was neglected during the electron beam measurements. 

The effects of the third phenomenon increase as the operating gas pressure 

increases. Although the reported electron beam current data are not corrected for this 

phenomenon, since the experimental conditions did not change too much during the 

experimental campaign, the measurements can be considered relatively accurate. The 
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result could be an underestimation for our peak values of the electron beam current, 

and for the electron charge. 

5.4. SET-UP FOR SOFT X-RAY MEASUREMENTS 

A five-channel diode soft X-ray spectrometer DXS-4 was used for the time- 

resolved soft X-ray 

measurements. RPX-65 PIN oxs-4 

photodiodes with the typical 
con 

parameters presented in 

chapter 3 were used in the 

spectrometer. 

The glass windows 
(a) I 

-45 V 

of the TO-18 casings of the 

diodes were removed so 
to scope 

that the diodes may be used 

for X-ray detection. The 

@) 
spectrometer was fixed 

radially at a distance of Fig. 5.6: a) The arrangement for the soft X-ray 
measurements: b) Biasing circuit for the diode. 

25 cm from the pinch zone. 

A schematic of the arrangement for the time-resolved soft X-ray measurements is 

shown in Fig. 5.6 (a). The biasing circuit for each diode is shown in Fig. 5.6 (b) [143]. 

The absorption filters (foil combinations) of the five channels are tabulated in 

Table 5.3. 
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Table 5.3: The X-ray absorption filter combinations used in the DSX-4 spectrometer; 
all the filters were plastic (in the case of mylar or aluminised mylar) or 
metal foils (for copper). 

Filter combination Transmission curve 

1 X2 (channel 2): I 12 pm aluminised mylar I Fig. 5.7, curve l I 
l1 X3 (channel 3): 24 pm aluminised mylar I Fig. 5.7, curve 2 1 

Only channels 3 and 4 were used in our experiment. 

Fig. 5.7 shows the overall sensitivity f(A) of th e different filter - photodiode 

combinations as a function of wavelength, obtained from f (A) = Q(A) . e-"(").d [149], 

where Q(1) is the BPX-65 sensitivity, as presented in Fig. 4.9, and p(1) and d are the 

filter absorption coefficient and thickness, respectively. 

Wavelength 

Fig. 5.7: Sensitivity curve of BPX-65 with different 
absorption filters. 
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With the absolute transmission curves, the soft X-ray signals may be: 

i) correlated with the discharge current, current derivative, voltage and other time- 

resolved signals for a better understanding of the plasma focus processes, ii) analysed 

to get the spectral information about the soft X-ray emission, iii) used to estimate the 

total soft X-ray yield, and iv) used as a base for any other measurements. 

5.5. SET-UP OF THE X-RAY IMAGING SYSTEM 

A compact computer controlled CCD-pinhole camera was designed and built. 

The basic parameters of the camera are: 

- pinhole diameter: 35 pm 

- geometrical magnification: 1:s 

- X-ray filter: 25 pm aluminium 

The geometrical magnification had to be multiplied by the acquisition system 

geometrical factor (which was unknown), so the overall magnification was obtained 

directly by using the camera without the X-ray filter, capturing images in visible light. 

The X-ray filter was chosen in order to have a response curve as close as 

possible to one of the two soft X-ray channels, without cutting the copper contribution 

to the emission. The 24 pm aluminised mylar was found to be too "transparent" (the 

detector was saturated). 

The camera body was designed such that the X-rays which were not passing 

through the pinhole were stopped by 5 mm of lead. 
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The main parts of 

the image acquisition 

system were: the C C D  

camera, a consumer video 

capture card called Fly 

video EZ I1 series and a 

Pentium PC. A block 

diagram of the set-up for 

the image capture system 

is shown in Fig. 5.8. 

Fig. 5.8: A block diagramof the set-up for the image 
The card is based capture system. 

on the Brooktree BT 848 single video capture chip [150]. Any C C D  camera with a 

composite output signal can be used with this video card. 

The C C D  camera used in our experiment is a commercially available device 

with a SONY ICXOSSAL chip on board (537x597 total number of pixels; 

500x582 effective number of pixels). This C C D  camera is a visible light, X-rays and 

charged particles sensitive device. The sensitivity of the silicon based C C D  cameras 

to visible light is limited by the band gap of the silicon below infrared [151]. Due to 

the protective glass cover on the CCD,  the sensitivity to the ultraviolet drops. Since 

we used this C C D  as an X-ray detector, in order to overcome this problem, the glass 

cover was removed. 

The CCD cameras can be used without any hazards where Polaroid films, 

scintillators, multichannelplate intensifiers, etc. were previously used. The resolution 

of our C C D  of 100 lineslmm is much higher than the typical resolution of a Polaroid 

film (14 lineslmm). This feature makes a C C D  camera a better choice when one has to 
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capture images of very small objects. The only disadvantage is that the field of view 

of the camera is limited. 

The CCD data acquisition and transfer were performed using a software 

written in Basic, downloaded from the Internet [ l  521 and modified according to our 

purposes. This program made use of the Microsoft Video for Windows standard 

supported by the Dynamic Link Library (DLL) supplied by the video capture card 

manufacturer. The triggering was done internally by transferring the image to the disk 

when there was a significant increase in the light level of the CCD camera. 

5.6. SET-UP FOR HARD X-RAY hfEASUREMENTS 

The detector used for the time-resolved hard X-ray measurements consisted of 

a plastic scintillator (NE 102A of 50 mm diameter and 40 mm thickness) and a 

photomultiplier (EM1 98 1 3B) 

tube. The plastic scintillator 

was wrapped in an aluminium 

foil with the exception Field-of-view limit 

of the side facing the 

window of the photomultiplier 

tube. For proper optical Lead (5 cm) 

coupling, silicon grease Dow 

Corning 200 was used 

between the plastic scintillator 
Fig. 5.9: Arrangement for the time-resolved hard X-ray 

and the tube. The biasing measurements. 
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voltage for the photomultiplier tuhe was 1400 V. The detector was enclosed in an 

aluminium casing. The distance to the focus area was 1 m. To eliminate most of the 

hard X-rays coming not from the focus and electrode area, hut ffom other emission 

regions (e.g. the end flange of the drift tuhe), the photomultiplier was collimated using 

lead (50 mm thick) blocks. Fig. 5.9 shows the assembly of the detector and the 

schematic of the set-up for the time-resolved hard X-ray measurements. 

The photomultiplier transit time together with the distance from the end of the 

anode to the detector gave a 66 ns delay for this detector with respect to the current 

derivative signal. In order to reach a temporal accuracy of 1 ns, this delay was taken 

into account for all other diagnostics. 

5.7. SET-W OF THE MINIMUM PINCH RADIUS DETECTOR 

A detector for minimum pinch radius detection was built. It consisted of one 

glass lens (15 cm focal length) and one BPX-65 PIN diode. The set-up for this 

detector is presented in Fig. 5.10. 

In order to avoid the saturation of the PIN diode, the system was focused 

5 mm above the rim of the 
Lens 

Detector 
electrode, 1 mm sideways 5 mm 

from the electrode axis. 

This modification with 

respect to a classical Electrode system 

minimum pinch radius 
Fig. 5.10: Minimum p inch  radius detector. 
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detector (which is focused on the electrode axis) enabled us to detect the plasma 

sheath right before the end of the final compression. Since the intensity level was very 

low after this moment, the detector was able to "see" any other eventually collapsing 

plasma sheath. 

5.8. SET-UP FOR ELECTRON ENERGY MEASUREMENTS 

The electron energy measurement system consists of three parts: 

the electron analyser (shown in Fig. 5.5), 

the detector control box, and 

the optical transmission system. 

All these three components were built during this project, and their design had 

as a base, as already discussed in section 4.5.4, a maximum simplicity in operation 

and maintenance, without sacrificing the output parameters (i.e. the energy range, the 

energetical resolution and the sensitivity). 

The spectra processing technique was also chosen having in mind maximum 

accuracy and simplicity. 

5.8.1. The Electron Analyser 

Based on preliminary simulations using the CHAPAT software, the magnets 

for the analyser were purchased. They were 6 AlNiCo magnets, 5 0 ~ 5 0 ~ 1 2 . 5  mm. 

Using a monocrystalline GaAs tangential Hall probe type PHYWE 13610.02 coupled 

to a PHYWE 13610.93 Gaussmeter, two magnets whlch displayed a more constant 
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magnetic field next to their surface were selected. They were fitted on the U-shape 

holder, and the magnetic field in the space between them was measured in the mid 

plane with the same Hall probe-Gaussmeter combination, on a X-y mesh; the accuracy 

of the field measurement was better than 2%. The measurements were extended 

outside the magnets, until the recorded values were negligible. The measurement step 

on both axis was lf0.05 mm, and it was dictated by the dimensions of the Hall probe 

(about l XI  mm). The magnetic configuration displayed in Fig. 5.1 1 is the useful part 

of the total magnetic field. The collimator axis position (the entrance axis for the 

electrons) in the final design of the analyser is also indicated in the figure. 

Fig. 5.11: Actual configuration of the analyser magnetic field. 

By using the CHAPAT s o h a r e  (as described in detail in chapter 3), after 

taking into account the desired energy range for the analyser (-30-700 keV), the final 

configuration details (such as position of the detector and collimator) were obtained. 

A schematic ofthe final configuration is presented in Fig. 5.1 2. 
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Fig. 5.12: Schematic of the elechon analyser. 

The energetical calibration was also calculated using the CHAPAT program. 

The positions where electrons with different energies strike the detector can be seen in 

Fig. 5.13 (as obtained from simulations) and in Fig. 5.14 as positions on the detector 

(measured from the left side of the analyser box); a 6" order polynomial fit was used 

to interpolate the data points. This function was used later on, during the spectra 

processing. 

30 keV 660 keV ~ 
50 keV 500 keV ~ 

~ - p ~ ~ ~ ~  ~~ -~ 

Electron absorber 

Fig. 5.13: Simulated hajectories in the real magnetic configuration as 
presented in Fig. 5.11. 
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Position on the detector (mm) 

Fig. 5.14: The positions where electrons with different energies 
strike the detector. 

The most important sources of errors were identified as follows: 

t errors in the position of the collimator (displacement on the y axis and rotation 

with respect to the geometrical axis) 

t errors in the position of the magnets (X-y; rotation) 

t errors in the position of the detector (X-y; rotation) 

t errors due to the collimator geometry (trajectories non-parallel to the geometrical 

axis) 

t smoothing of spectra during processing 

Taking into account a mechanical total error of f0.5 mm in machining, 

welding and mechanical measurements, the error calculations performed using the 

CHAPAT software showed that among these probable causes, the error due to the 

displacement of the detector in the x direction has the biggest contribution in the 

energetical error of the analyser. The contribution of all the other sources for the 

standard design (200 pm entrance pinhole) was more than 5 times smaller as 

compared to this one. Figure 5.15 presents the results of the error calculation; the total 
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energy error is indicated as a function of the electron energy, both in absolute and 

relative values. 

Relative energy error 

100 200 300 400 500 600 

Energy (keV) 

Fig. 5.15: Relative and absolute energetical errors 
of the electron analyser. 

As mentioned in chapter 4, the interaction of electrons having different 

energies with the detector was simulated using the CASINO software. One of the 

output parameters of the program is the mean loss of energy per nanometre for 

electrons interacting with a given thickness of a known material; the values are 

obtained by using a statistically significant population; in our case, the averaging was 

done using 10,000 electrons. Considering the structure of the detector silicon chip, as 

given by the manufacturer [l531 (1 pm thick dead layer; 4 - 5 pm thick sensitive 

layer) the energy loss was computed for the energies of interest. For the lower energy 

end of the spectrum, the electrons will deposit practically all their energy in the 

sensitive layer, without any important loss in the dead layer. As the energy increases, 

the percentage of energy loss decreases. This percentage was converted into a 

correction function, necessary in spectra processing to obtain the correct number of 

higher energy electrons striking the detector. The discrete set of points was fitted with 
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a 91h order polynomial function, to simplify the spectra processing operations. The 

results are presented in Fig. 5.16. 

0 100 200 300 400 500 600 700 

Elechon energy (keV) 

Fig. 5.16: The correction factors due to fmite detector thickness. 

5.8.2. 'The Detector Control Box 

The Hamamatsu S3900-1024Q detector was used in conjunction with the 

Hamamatsu C7615 DriveriAmplifier, which is a low-noise circuit specially designed 

for MOS linear image sensors [l 541. It includes a pulse generator to provide the start 

pulse and the two-phase clock pulse required to drive the image sensor, and a signal 

processing circuit to read out the image sensor video signal in current-integration 

mode. In order to operate, the driver requires +5 V and f 15 V power supplies, and 

digital signals (TTL standard) as extemal start pulse and clock pulse. 

While the driver was fitted inside the electron analyser, the extemal circuits 

were included in a separate control box, carefilly screened from the electromagnetic 

noise, and connected to the high voltage plate together with the analyser. Therefore, 

the whole system floated at high voltage, requiring a good high voltage insulation 
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during the discharge. This characteristic required the permanent connection to the 

oscilloscope to be also non-conductive (or the oscilloscope to float also, which is very 

difficult in practice); the optic fiber transmission was the solution employed. This 

offered also another advantage - the transmission process was immune to the 

electromagnetic noise. 

All the additional electronic circuits were designed and tested in our 

laboratory. Again we had in mind minimum cost, adjustments and maintenance, while 

keeping a good reliability and accuracy. 

The power supplies, which used both switched and non-switched voltage 

regulators, were battery-powered. The clock operated at 250 kHz. Since after the 

reading process the detector loses the original information, the start pulse used a 

special de-bouncing configuration to avoid multiple pulses which could lead to the 

loss of the information stored by the detector. 

The original output signal given by the driver can be seen in Fig. 5.17. Each 

pixel is read separately, and the value V, (i = 1, 2, . . . , 1024) is proportional to the 

charge produced in each pixel, which in turn is proportional to the energy deposited 

by the electrons. 

pixel no.: 1 2 3 1024 

Fig. 5.17: Original driver output signal. 

This signal was found not very suitable for further processing. Therefore, a 

special circuit was designed to read only the V, values and to convert them into a 

current passing through a light emitter (LED) coupled to an optic fiber. The voltage 

values were read in sequence, without passing through zero. 
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The time difference between two neighbouring pixel readings was constant, so 

the final signal could be easily visualised using an oscilloscope, and the conversion 

time-pixel number (and, later on, to electron energy) could be easily performed. 

A schematic diagram of the electronic circuits from the detector control box, 

including the optical transmission system (which will be presented in the following 

section) is shown in Fig. 5.18. 

Fig. 5.18: Schematic diagram of the electronic circuits in the detector control box 
and the optical transmission system. 

5.8.3. The Optical Transmission System 

As mentioned earlier, the permanent connection to the oscilloscope made use 

of an optical transmission system, already shown in Fig. 5.18. It consisted of a light 

emitter, a plastic optic fiber and a commercially available analogue light detector (a 

photodiode connected to an operational amplifier in a current-to-voltage 

configuration). 

Although both the light emitter and the detector were characterised by the 

manufacturers as linear, the overall response of the system was found to be strongly 

non-linear. Therefore, calibration measurements were performed, and the 
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experimental data were fitted with a 9 ' h r d e r  polynomial function, as shown in 

Fig. 5.19. The function was used later, during the spectra processing operations. 

I 

0 01 0.1 1 

Scope signal (V) 

Fig. 5.19: The response of the optical transmission system. 

In Fig. 5.19, the input value for the transmission system (the detector voltage) 

is presented as a function of the output value - the voltage measured on the scope 

(and not vice-versa). This method was used since during the normal process of spectra 

processing, the oscilloscope voltage is the primary physical quantity used to 

determine the original value of the detector signal. 

5.8.4. The Spectra Processing Technique 

The oscilloscope signals from the electron analyser were recorded and 

transferred to a PC. In order to insure the uniformity and the reliability of the results, 

all the spectra were processed in identical manner. The processing sequence consisted 

of the following steps: 
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1. using as an indicator the dark signal of the detector, the part containing the real 

detector signal was separated from the trace by removing the points acquired by 

the oscilloscope before the start of the scanning of the detector pixels, as well as 

the points acquired after the end of the scanning process; the result is a voltage- 

time signal; 

2. the signal was shifted with the value of the oscilloscope offset, in order to ensure 

consistent conditions (i.e. positive values and amplitudes starting from zero) for 

smoothing; the result is a positive voltage-time signal; 

3. the signal was smoothed using a Savitzky-Golay method, to remove mainly the 

switching noise frorn tile delector (appearing when the electronic switched from 

one pixel to the next one) and the noise originating in the circuit convcrting the 

original detector signal into the oscilloscope-ready signal; the result is a smooth 

voltage-time signal; 

4. using the transfer function for the optical transmission system, the original 

detector voltage was retrieved; the result is a detector voltage-time signal; 

5. the detector dark noise level for that particular discharge was obtained by 

averaging the signal obtained by the pixels covered with the electron absorber 

(shown in Fig. 5.12 and 5.13); this value was subtracted from the detector voltage, 

the result being a detector voltage-time signal showing only the electron 

contribution; 

6. the time on the scope was converted to position on the detector, using the analyser 

geometrical parameters; the result is a position-voltage signal; 

7. the position on the detector was converted to electron energy, using the calibration 

curve of the analyser; the result is a measurcd voltage-energy spectrum; 
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8. the correction function due to the finite detector thickness were applied to the 

voltage; the result is a theoretical voltage-energy spectrum; 

9. using the information provided by the detector manufacturer, total number of 

electrons striking each pixel was calculated as 

v Q,., 0 N ( E )  = -- 
V,, e 1000. E 

where V is the theoretical voltage for each pixel, V,,, is the saturation voltage of 

the detector (8 V in our case), Q,,, is the saturation charge for each pixeI(100 pc,  

as given by Hamamatsu), e is the electric charge of the electron, o is the electron- 

hole pair creation energy (3.66 eV, as given by Hamamatsu) and E is the electron 

energy striking each pixel, in keV; the result is the electron spectrum as number of 

electrons versus energy; 

10. using the number of electrons versus energy spectrum, the final spectrum can be 

calculated, as dN/dE versus energy. 

For convenience and easy export to other applications, the spectra were stored 

and processed as Microsoft Excel files. This also enabled us to automate, or at least to 

speed up certain parts of the processing system by using some features of the 

Microsoft Excel software. 

5.9. DATA ACQUISITION AND ANALYSIS SYSTEM 

Two types of oscilloscopes were used during the experiments. The first type is 

a Tektronix TDS 380 two channel real-time digital oscilloscope (400 MHz, 2 GSds). 

The second one is a I GSds, 250 MHz Hewlett Packard digital storage oscilloscope 
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model 16500A. allowing us to record 8 channels of data pcr discharge. The time- 

resolution achieved with our system is better than 1 ns. 

The data recorded by the digital storage oscilloscope were either recorded on 

floppy disks and later transferred to a computer, or downloaded to a PC via a GPLB 

interfacc, h'ational Zns~rumenzs NI 488.2 card; a program using the software library 

that cane. with the interface card, and written in C", was employed to transfer and 

btore data from the scope to an ASCII file. 

The experimental data were analysed mostly using Microcal Origin 6.0 and 

Microsoft Excel softwares. 
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6. RESULTS AND DISCUSSION 

The experiments were carried out on the NIE-NSAG-PFF device, under the 

following operating conditions: 

- charging voltage: 14 kV; 

- energy stored in the capacitor: 3 H; 

- working gas Neon; and 

- filling pressure: 1.5 - 5.5 nlbar. 

For each operating pressure, 20 - 50 discharges were fired in series of 10 shots 

for a given gas filling, or in continuous gas flow. In order to ensure the same 

discharge conditions for all shots, each time the Neon filling pressure was changed, 

5 conditioning shots at the new pressure were fired without recording the data. 

Throughout the experiments, the instant corresponding to the f i s t  negative 

spike of the current derivative signal (the plasma maximum compressionj is taken as 

the temporal reference, t=O, unless othcnvise specified. The later compression 

moments (if any) are also identified from the current derivative signal. 

The following diagnostics were used simultaneously, with a recorded 

sampling of 1 ns for the time-resolved signals: 
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- resistive high voltage probe, both old and ncw design; 

- derivative Rogowski coil for the current derivative; the signal was also 

integrated (via a 44 ps RC passive integrator) in order to obtain the 

discharge current; 

- minimum pinch radius detector for visible light; 

- a two-channel soft X-ray detector (of a 5-channel X-ray spectrometer) with 

different filtering: 24 pm aluminised mylar and 24 pm aluminised mylar 

plus 10 pm copper; 

- scintillator-photomultiplier detector for hard X-rays; 

- derivative Rogowski coil via a 2 ps RC passive integrator for electron- 

beam current, or electron analyser (time integrated); and 

- computer-controlled CCD X-ray pinhole camera (35 pm pinhole, 25 pm 

aluminium filter; time integrated). 

For the purpose of this thesis, the experimental data will bc presented 

emphasising on the electron beam parameters and correlations with the other 

diagnostic signals. 

In order to: i) analyse the parameters of the recorded signals, ii) study the 

reproducibility of the discharges, and iii) identify specific distinct regimes at certain 

operating pressures, data from a series of 10 shots were overlapped. This technique 

enabled us to compute the temporal evolution of the "average" signals for the 

parameters of interest. 
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6.2.1. General Characteristics 

RESULTS AND DISCUSSION 

As a general characteristic, the electron signal (electron beam current) consists 

of two components (Fig. 6.1). 

The first one is a 

slow rising current which 

starts when the breakdown 

electron beam 
component 

- .  
C 

occurs, and has the same g 5- > 1 
U - 

E 4 -  - profile as the main 
m - 
0, 3 -  
D discharge current. The peak 2 - 
; 2- 
m m .  

of this component of -1 kA , _ 

is constant throughout our 0 
0 1000 2000 3000 4000 5000 6000 

Time (ns) 
experiments and represents 

Fig. 6.1: The two components of the electron 
emission signal. Here t=O corresponds to the 

less than 0.6% of thr: main beginning of the discharge. 

discharge current. This current is due to a stray electromagnetic pick-up related to the 

geometry of our experimental arrangement. Since this component acts as a "mirror" 

of the main discharge current, it can be easily separated from the recorded electron 

beam current signal. 

The second component is related to the electron beam emission from the focus 

area. 

Due to its importance and significance for the study of electron emission in 

plasma focus, henceforth, only the second component will be discussed in detail. For 

simplicity, it will be referred to as the electron beam component, or electron current. 
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This component starts before the moment of the plasma maximum 

compression. The time difference is 6k2 ns, and is constant throughout our 

experinlents regardless of the experimental conditions. 

The electron current increases for 30 - 50 ns and reaches the first peak value, 

which depends on the pressure and also on the overall pre-pinch dynamics. Afier this 

first peak, some later emission periods occur due to different post-pinch phenomena. 

At higher operating pressures, these peaks are overlapped and the result is a 

continuous decreasing signal. At low pressures, these later peaks can have a higher 

peak value, sometimes even higher than the first emission pcriod. 

The overall duration of the beam signal is usually longer than l ps. For some 

shots with a poor dynamics, the s~gnals are much shorter (150 - 200 ns) and have an 

extremely low amplitude. These kind of signals are very rare. Usually, even for the 

signals with a very low amplitude for the first peak, a second emission period occurs 

(after more than 1 ps for some discharges). In this case, the overall duration of the 

electron pulse is in the same range of values as for the "strong" discharges. 

The amplitude of the electron signal can be higher than 10 kA for Neon 

pressure of 2 - 4 mbar. At high operating pressures, high values are obtained in a very 

reproducible way. High amplitude values for both very high and very low operating 

pressures were also obtained, but the reproducibility was vcry low, usually, no more 

than onc discharge in a series of 10 shots. 

The reproducibility of the signals is usually good for higher pressures. 

However, sometimes, the first discharge from a series exhibits different 

characteristics. The lower amplitude and narrow pulses obtained in discharges made 

immediately after changing the gas can be explained by a poor sheath dynamics. This 

can be due to i) impurities entering the chamber during the pumping down (e.g. oil 
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vapours which ate decomposed later on), and ii) these first discharges act as 

conditioning shots after changing the gas. 

6.2.2. Electron Beam Current Versus Pressure 

The operating pressures for Neon filling discharges were 1.5, 2.0, 2.5, 3.0, 3.5, 

4.0,4.5 and 5.5 mbar, in static gas filling. 

6.2.2.1. 1.5 mbar Neon Pressure 

At 1.5 mbar pressure, the pre-focus dynamics is very poor. It was almost 

impossible to pinpoint the compression moment on the current derivative signal. 

However, under these circumstances, different enlission periods corresponding to 

different phenomena were identified and will be discussed separately. 

The first emission period can be separated into two parts. 

The first onc, which is not seen clearly separated for all the discharges, is a 

20 - 25 ns interval. After a 5 - 8 ns slow increasing current corresponding to the pre- 

focus emission, during the 

next 15 - 20 ns, some 3 - 6 

sharp peaks appear, with 

3 - 4 ns FWHM. Since the 

Neon pinch lifetime is within 

this range, the origin of these 

electrons is ascribed to the 

pinch itself. The penetration 

of the magnetic field causes 

Fint eleclron emission period - 
Second part 
p. 

Parch 
emission 

Plasm maxirwm 
~ ~ ~ c o m p r e ~ ~ j o n  moment 

i l I. 7 
-25 0 25 50 75 

Time (ns) 

Fig. 6.2: Thc ledcling edge of the first electron 
emission ~ e r i o d  (Neon. 1.5 mbar). 
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the anomalous resistivity and consequently, an extremely high electric field appears in 

thc plasma diode. At the moment when the first instability occurs, the characteristics 

of the signals ftom many diagnostics change; for the electron current, the result is a 

sharp, but almost constant increase in the beam signal (Fig. 6.2) 

The second part of the first emission period (Fig. 6.3) exhibits a higher peak of 

75 - 150x1s FWHM. This 
1 

can be related to the 

persistence of a highly 

turbulent and relatively 

dense plasma following the 

moment when the 

instabilities destroyed the 

plasma column. This plasma 

contains a higher amount of 

4 , , , . , . , . , , , . , ,  
C 50 100 l50 200 250 300 

Time (ns) 

Fig. 6.3: First electron emission period - general view 
(Neon, 1.5 mbar). 

impurities, mainly copper coming from the electrodes, due to the electron 

bombardment. 

The plasma 5-1  

5 -  4 -  

may also undergo a g 2  ,: 
C - 
0 5  2 1  

second compression. " 5 
$ v  1: 

a--. < 

This phenomenon is 

important mainly 

for low operating 
moment 

pressures. In this 
-100 0 100 M O  3 0  400 500 

case, the amplitude of 

the first compression 

Time tns) 

Fig. 6.4: Second fast plasma compression and 
correlated electron emission. 
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peak is not very high. so the signal reaches its highest value during this second fast 

compression (Fig. 6.4). 

All the phenomena occumng during the pinch phase have a strong axial 

symmetry. Therefore, the main part of the electron emission in this first emission 

period is almost on-axis. The anode bombardment is not very strong, thus the higher 

energy X-ray emission is not very intense. 

After the first emission period, some discharges feature no detectable electron 

beam emission, or, 

at most, some 

very late peaks 

(0.9 - 1.3 ps later). 

This emission is also 

related to a strong 

current dcrivative 
0 0  

dip, as shown in o 200 400 600 800 IWO 1mo 
T~me (ns) 

Fig. 6.5. This can be Fig. 6.5: Late emission periods (Neon, 1.5 mbar). 

due to another plasma sheath collapsing because of thc high amount of energy 

remained in the electrical circuit. The minimum radius detector does not "scc" this 

sheath. The explanation of this late electron peak is that the plasma dynamics for the 

earlier stages (i.e. breakdown, axial and radial acceleration) was not good enough 

For the other discharges, which usually exhibit also higher values for the first 

electron peak (associated with a good pre-pinch dynamics), a second strong emission 

period is recorded. This emission occurs either 200 - 300 ns after the first peak (as a 

sharp peak) or later, at 450 - 500 ns (as a rounded peak). There are also some 

discharges exhibiting both peaks, with 200 and 500 ns delay with respect to our time 
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reference. The current derivative signals show strong compressions correlated with 

these second emission period peaks (Fig. 6.6). 

The amplitude of these second emission period peaks, which are wider than 

the first one, is also high. The explanation is that the remaining plasma filaments 

are compressed again. 

once or even twice, in I 
W 

front of the inner 

electrode. The result is 

a very turbulent, R* 

electron beams. Due to 
0 100 200 300 400 500 600 700 800 900 l000 

the strong turbulencc Tlme (ns) 

Fig. 6.6: The second emission period peaks featuring strong 
and the lack of correlation with the current derivative signal (Neon, 1.5 mbar). 

symmetry, the emission is not only on-axis, but also off-axis. Therefore, a very strong 

electron bombardment appears, and the result is an intense X-ray emission, with 

energies above 20 keV. This emission can be seen on the soft X-ray channels (filtered 

PW diodes) or, if the energy is above 70 - 80 keV, on the scintillator-photomultiplier 

detector. Correlations with the X-ray emission will be analysed later. 

For some discharges, these emission periods are partially or totally 

overlapped. This characteristic feature was also found for higher pressure discharges 

and will be discussed later. 

At 1.5 mbar Neon gas, there is no reproducibility of the signals neither in 

amplitude, nor in temporal characteristics. Also, there is no reproducibility for 
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different emission periods. Therefore, an average of the discharge electron beam 

signal is meaningless. 

For the first few d~scharges in a series, usually, a good shot (of a higher 

amplitude of the electron current, in our case) is followed by a poor one. This 

behaviour, which is characteristic for plasma focus, was explored in detail on different 

devices, including an LTNUIICTP PFF identical with our machine [155]. The 

conclusion was that the fluctuations under fixed experimental conditions are due to a 

deterministic "internal" dynamics involving degrees of freedom not controlled by the 

operator, and possibly related to the absorption and desorption of impurities from the 

electrodes. 

After several discharges in the same gas, the gas composition starts to be 

strongly affected by the impurities. The characteristics of the signals exhibit more 

reproducible features, although there was no detectable change in the pressure. This 

happens due to the increase in the concentration of high-Z impurities. The overall 

effect is a higher equivalent pressure. 

6.2.2.2. 2.0 mbar Neon Pressure 

At 2.0 mbar pressure, the general characteristics of the signals are identical to 

those described at 1.5 mbar. The amplitude of the first emission is about 30% higher. 

Due to the higher pressure, a better pre-focus dynamics gives a good first emission 

period with higher amplitudes for almost all the discharges. The amplitude of the 

second emission period is also increased for the 200 ns peak, but is decreased for the 

500 ns one. For almost all the discharges where this second peak appears, it has about 

the same or even higher amplitude as the first one. For some discharges the pinch 

emission can still be seen separately. There is no significant increase in the 
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reproducibility. The number of signals with a very late (more than 1 &S) emission 

decreases. 

6.2.2.3. 2.5 mbar Neon Pressure 

At 2.5 mbar pressure, the second emission period appears earlier, with the first 

peak at l00 - 200 ns, and the second one at 400 - 450 ns 

At this operating 

pressure, two different 

regimes were identified. 

The first one 

consists of discharges 

whose characteristics have 

been described previously. 

This will be referred to as 

the "low pressure regime" 

(Fig. 6.7). 

10 

(1) First emission period 
8 (2) Second emission period 

2a) first peak 
- 
C 6 

2b) second peak 
a, 
L 
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0 

m 
D 
C e - 
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W 

O 

0 M O  400 600 800 1000 l200 1400 

Time (ns) 

Fig. 6.7: Low pressure regime discharge (Neon, 
2.5 mbar). 

For the other regime, 
1 

named "high pressure 

regime", the second emission 

period has a lower amplitude 

compared to the first one and 

begins to overlap the first 

emission period (Fig. 6.8). 

About 20% of the 

discharges are of the low 

10 

(1) first emission period 
(2) second emission period 

C e 
W 

0 ZW 400 600 800 1000 l200 1400 

Time (ns) 

Fig. 6.8: High pressure regime discharge (Neon, 
2.5 mbar). 

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



CHAPTER 6 RESULTS AND DISCUSSION -- 

pressure regime type, but the percentage within one series varies from series to series. 

This means that once the machine enters into one of these two regimes, it will remain 

there. Therefore, this pressure is not recommended for practical applications. 

The characteristics of the "high pressure regime" are: 

i) good reproducibility, both in amplitude and time; 

ii) the signal reaches the highest value during the first emission peak; 

iii) Ule second emission period overlaps with the first peak, but not totally at this 

pressure; 

iv) the amplitude of the peak occumng at -150 ns is increasing and the amplilude of 

the peak occurring at -450 ns is decreasing, both compared to thc results from 

discharges at 1.5 and 2 mbar; 

v) within the second emission period, the peak occumng at -150 ns overlaps the peak 

detected around 450 ns; 

vi) absence of very late emission. 

Due to the very good reproducibility of the high pressure regime, an "average 

signal" can be computed. As 

illustrated in Fig. 6.9, it 7 ,  
features all the temporal 

representative for the output 

of the device operated under o 200 .WO 600 800 ,000 1200 1400 IWO 

Time (ns) 

these given conditions. This Fig. 6.9: Average electron beam signal (Neon, 
2.5 mbar). 

is important for applications, 
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but, as was mentioned earlier, this pressure is not recommended for practical usage 

because of the occurrence of the two regimes. 

6.2.2.4. 3.0 mbar ~Veon Pressure 

At 3.0 mbar pressure, almost all the discharges feature the ',high pressure 

regime" characteristics. Usually, the first electron emission period exhibits the highcst 

amplitude of the currcnt, but 

"low pressure rcgime" Fig. 6.10: Electron beam s~gnal from a low 
pressure-tpe discharge (Neon 3 mbar). 

the second period features 8- 

also relatively high values. 3 6. 
W 

C 

Thc second cmission period 5 
4 -  

E 
m 

peaks are almost completely d 
c 
P 2- - 
0 

overlapped. a - 

characteristics. They show 10 

separated second emission 

( l )  first emission period 
(2) second emission period 

0- I 

7 
pcriod peaks which appear W 

C 6 

$ 5  earlier at 125 - 150 and E 

0 

C 3 400 ns respectively. For - 
0 
or 2 

these discharges, the result is W 
I 

0 

a signal with a fast rise and a 
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

Time (ns) 
slow dccrease (more than 

Fig. 6.11: Good reproducibility: 10 discharges 
overlapped (Neon, 3 mbar). Here t=O 

1 p), featuring a round peak corresponds to the beginning of thc discharge. 

Only less than 25% - 
0 200 400 6M 800 1000 1200 1400 1600 

of the signals feature the Time (ns) 

on the trailing edge (Fig. 6.10) 
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The amplitude of the first emission period increases in comparison with the 

discharges at low operating pressures. 

The rcproducibility is good, in both amplitude and time, so the average signal 

offers real and useful information (Fig. 6.1 1). 

Less than 10% of the discharges exhibit an unexpected extremely high 

amplitude signal for the second emission period. This could be ascribed either to a 

dynamic secondary pinch compression, or to a violent compression of self-organised 

plasma filaments. Unfortunately, these discharges appear randomly, so these shots 

cannot meet the reproducibility criteria required for applications. 

6.2.2.5. 3.5 mbar Neon Pressure 

At 3.5 mbar pressure, all the discharges feature the "high pressure regime" 

characteristics. In 70% of the discharges, there are no separate peaks after the first 

emission period. The later peaks are almost completely overlapped. The result is a 

slowly decreasing signal over more than 1 ps. For the rest of the discharges, the 

second emission period 

peaks are overlapped, but B 

they can still be identified. G - 
C 
E The second emission period 2 

4 

exhibits nearly the same a E 
C 
2 2 - 
0 

temporal characteristics as ; 
0 

those described earlier for 

500 1000 1500 2000 2540 3000 3500 4000 4500 5000 5WO 
3 mbar Ncon operating Time (ns) 

pressure. Fig. 6.12: Good reproducibility: 10 discharges 
overlapped (Neon, 3.5 mbar). Here t=O 

coneqonds to the beginning of the discharge. 
The amplitude of the 
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first emission period increases further. The reproducibility at this pressure is very 

good, in both amplitude and temporal characteristics (Fig. 6.12). 

Sometimes, the first discharge of the series features different characteristics: 

there is almost no emission related to the pinch phase and the disruption of the plasma 

column. The signals start sharply some 200 ns later, and corresponds to the second 

emission period. The explanation is that sometimes, as mentioned earlier, these first 

discharges act as conditioning shots after changing the gas. 

6.2.2.6. 4.0 mhar Neon Pressure 

At 4.0 mbar pressure, all the discharges follow the "high pressure" pattern. 

More than 80% of the discharges have no separate peaks after the first emission 

period. The later peaks are almost completely overlapped. The result is again a slowly 

decreasing signal over more than 1 ps time scale. For the rest of the discharges, the 

second emission period peaks are overlapped, but they can still be seen. The second 

emission period exhibits nearly the same temporal characteristics as those described 

earlier for 3 and 3.5 mbar Neon operating pressures, but the second peak appears now 

slightly earlier, at -350 ns. 
1 

Only 5% of the discharges 

show a significant increase in 

the amplitude related to the 

second emission period. 

The amplitude of the 

first emission period is higher. 

0 200 400 600 800 1000 1200 1400 1600 

The computed average Time jns) 

amplitude is the highest 
Fig. 6.13: Average electron beam signal 

(Neon. 4 rnbar). 
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obtained (Fig. 6.13). Therefore, if the amplitude of the electron beam current is taken 

as the optimisation parameter, the 4 mbar Neon represents the optimum pressure 

value for electron beam generation. Consequently, our dense plasma focus device can 

be used as an electron beam source when operated at 14 kV/ 3 kJ in 4 mbar Neon gas. 

This is an interesting result, for some other works [41] indicate that for this plasma 

focus device, these operating conditions represent also the optimised values for soft 

X-ray emission. 

The reproducibility of the electron current is very good, in terms of both the 

amplitude and the temporal characteristics. 

Again, sometimes, the first discharge of the series can feature different 

characteristics. Unlike the electron signals recorded at 3.5 mbar filling pressure, at 

4 mbar the total emission of electrons is poor for these discharges. 

6.2.2.7. 4.5 mbar Neon Pressure 

At 4.5 mbar Neon pressure, the amplitudes of the signals decrease, but the 

time characteristics are unchanged compared to that of the 4 mbar pressure. Only 15% 

of the discharges feature clear peaks related to the second emission period. The 

overall duration of the emission is shorter (-800 ns), which shows that the second 

emission period is less significant. The explanation is that at higher pressures, the 

conditions in the focus area are only occasionally suitable for the re-organisation and 

later compression of the plasma filaments. 

The computed average amplitude of the signal is lower than at 4 mbar filling 

pressure. As compared to all the other results from lower operating pressures, the 

discharges made at 4.5 mbar feature a better reproducibility. In fact, as will be shown 

later, the 4.5 mbar operating pressure offers the best reproducibility (Fig. 6.14). 
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At this value of the 

operating pressure, a direct 

relationship between the 

amplitude and the duration of 

the electron beam signal is 

clearly seen: the higher the 

amplitude, the longer the 

duration of the pulse. As will 

be shown later, this is a 

characteristic feature of very 

high pressure operation. 

500 f000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6W(I 

Time (ns) 

Fig. 6.14: Very good reproducibility: 10 discharges 
overlapped (Neon, 4.5 mbar). Here t=0 corresponds 

to the beginning of the discharge. 

6.2.2.8. 5.5 mbar Neon Pressure 

At 5.5 mbar pressure, the amplitudes of the signals are very low. The overall 

duration of the signals is 

directly correlated with the 

amplitude. The FWHM 

reaches the minimum at this 

pressure. For 90% of the 

discharges, the overall 

duration of the signals is less 

than 500 ns, so the second 500 1000 1500 2000 2500 3 W 0  3500 4000 4500 5000 

Time (ns) 

emission period is not 

detected at all. 

Fig. 6.15: 10 discharges overlapped (Neon, 
5.5 mbar); unexpected high current values 

obtained in a non-reproducible way. Here t=O 
corresponds to the beginning of the discharge. 

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



C H A P T E R L -  RESULTS AND DISCUSSION 

The rest of the 10% discharges feature very different characteristics. They 

have extremely high amplitude (3 times higher than the average at this pressure) and 

an overall duration of -1.1 ps. A remarkable feature of these signals is that they start 

with a peak which has an amplitude similar to the other discharges in the series. After 

this first peak, the signal increases again up to these unexpected high values. The 

phenomenon has no reproducibility. Probably, a very special dynamics in the 

focus region during or immediately after the pinch lifetime (most probably an 

instability or a fast second plasma compression) is giving rise to this high electron 

beam output. Since the overall duration is so long, probably there is also a late plasma 

filaments compression, but there is no clearly separated peak related to this 

phenomenon (Fig. 6.15). 

The first peak of the second emission period comes earlier for this pressure, at 

-100 ns after the maximum of the first emission period. 

The reproducibility is good, in both time and amplitude, but, due to the very 

low electron beam current, this pressure is of no interest for practical applications. 

6.2.3. Average Signals 

For the pressures where the reproducibility of the signals was good enough, 

the average signal was calculated, using all the recorded discharges for each pressure. 

A plot containing the separated electron beam emission of these signals is presented 

in Fig. 6.16. 

The graph presented in Fig. 6.17 contains the amplitude of the average signals, 

plotted against the pressure. Spline functions were used to interpolate the data. It is 

evident that the optimum Neon operating pressure for this device is 4 mbar. 

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



CHAPTER 6 RESULTS AND DISCUSSION 

Fig. 6.18 presents the electron beam charge (calculated by integrating the 

average electron current signals) plotted against the pressure. The same procedure was 

used for interpolation, namely the spline hnctions. Again, the 4 mbar Neon filling 

pressure emerges as the optimum. 

i I I I I I 
0 1000 2000 3000 4000 5000 6000 

Time (ns) 

Fig. 6.16: Average signals calculated for different Neon operating 
pressures. Here 1-0 corresponds to the beginning of the discharge. 
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Fig. 6.17: Average electron beam 
amplitude versus pressure. 

Fig. 6.18: Average electron beam 
charge versus pressure. 

Assuming an average energy of 40 keV for the electrons emitted at 4 mbar 

(the assumption is based on our electron spectra measurements, which are presented 
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in section 6.4) a total energy of SO J is estimated to be carried by the 

detected electrons. The 

total electrical energy 

pumped into the plasma 

was also estimated. The 

electrical power signal, 

obtained by multiplying 

the voltage and current 

signals, was integrated Time (ns) 

over the whole duration 
Fig. 6.19: Diagnostic signals (Neon, 4 mbar). Here 
t=O corresponds to the beginning of the discharge. 

(1 p ) ,  after subtracting 

the sinusoidal component, as shown in Fig. 6.19. Taking into account the 

underestimation due to the slow response of the old voltage probe [34, 1271, the 

energy was estimated at 400 J. This result shows that -20% of the total energy 

pumped into the plasma is carried out by the electrons escaping through the anode. As 

described in section 3.1.3, this estimation of the fraction of energy canied by the 

electrons was used as a base for the modifications of the Lee plasma focus model. 

6.3. X-RAY EMISSION AND CORRELATIONS 

6.3.1. General Discussion 

Three different types of detectors were used for X-ray detection: 

semiconductor detectors (filtered PIN diodes), a scintillator-photomultiplier detector 
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and an X-ray imaging system (coupled also with a semiconductor detector, CCD- 

type). Each detector responds better in a specific energetic range, due to its nature and 

different band filters. 

The response curves for filtered PIN diodes (BPX-65) and scintillator 

(NE102A) are given in Fig. 6.20. The steel filter which appears in the scintillator 

efficiency graph represents the vacuum chamber wall 
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Fig. 6.20: Response curves for filtered BPX-65 diodes and 
NE102A plastic scintillator. 

6.3.2. Time-resolved X-ray Measurements 

For the purpose of this discussion, the X-ray emission from our 3 !cl device is 

divided into three components. 

The first one is the low energy component, or the soft X-ray (SXR) emission. 

The origin of this component is mainly the Neon plasma, emitting within the 

0.89- 1.55 keV energy range. We expect also an important atomic K,copper 

component (8.047 keV), but there is no indication of the ratio between these two types 

of photons. These emissions are seen together (without any possibility of discerning 
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between them) on the first channel of the soft X-ray detector, but the copper filter 

attenuates the atomic copper signal on the second channel, while reducing strongly 

the ionised copper contribution, situated above the K-edge energy (8.979 keV). 

The second component has a higher energy, of 20 - 40 keV, which will be 

referred to as the medium energy X-ray (MEXR) emission. The energy is estimated 

based on the amplitude ratio of the two soft X-ray channels, because both PIN diodes 

detect these signals. The origin of this emission is a Bremsstrahlung-type radiation 

(free-free transition) and recombination (free-bound). 

This second component is emitted from two locations: i) from the region 

situated close to the anode axis, due to the copper contamination in the plasma, and ii) 

from the rim of the anode, which is bombarded by strong electron beams. 

The third component has a very high energy and is detected by the scintillator- 

photomultiplier ensemble. These photons, with energies above 70 - 80 keV, will be 

referred to as the hard X-rays (HXR). The origin of this component is associated to 

the extremely energetic electron beams bombarding the anode (Bremsstrahlung). 

For the purpose of our project, only a brief discussion of the general 

characteristics of the X-ray 
I 

emission is presented. A 

detailed analysis of the X-ray 
EZ 
K .E 

emission from the same dense 4 ;. 
7 H 

plasma focus device operated m - 
K m  
5 

in Neon was performed by 

M. Liu [41]. 

The first component 

(SXR) starts at the moment 

I , . , . I . , l , . , . , . ( . , . , . , . , .  
o W IM 150 zm 250 m 350 403 m m m 

Time (ns) 

Fig. 6.21: Soft and medium energy X-ray 
emission. 
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when the first plasma compression occurs. Typically, it features a sharp leading edge 

(3 11s) and a slow decreasing trailing edge. The triangular shape features usually three 

spikes associated with the first plasma compression, thc onset of the m-0 instability, 

and the plasma disruption, respectively [41]. These peaks are sometimes completely 

overlapped, especially the last two ones (Fig. 6.21). 

Since the general features of these peaks are identical, attempts were made to 

employ the same method of computing an average signal by overlapping signals from 

many discharges (as described earlier for the electrons). The results were 

inconclusive, because there is no reproducibility for these three peaks, neither in 

amplitude, nor in temporal characteristics. 

At low pressures, (i.e. below 2 mbar) there is either a very poor or no SXR 

emission. The X-ray signal starts late after the first plasma compression, and it is 

found to be in the MEXR range. 

The second component (MEXR) starts later, more than l50 ns after (he first 

one (Fig. 6.21). Some discharges feature emission occurring more than 500 ns after 

the first plasma compression or, for very low pressures, after more than 1 ps. 

Another general characteristic is that with the increase of the number of the 

discharges without changing the gas, the amplitude of the signal increases. These 

characteristics show that a part of this second emission (mainly the lower energy 

photons) is directly related to the increasing amount of impurities (mostly copper 

vapours) in the filling gas. These photons are emitted from the plasma region, by 

Bremsstrahlung and recombination. The other part of this component which 

corresponds to higher energy photons can be explained by a beam-target-type of 

emission coming from the rim of the anode. 
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As it will be seen later, the MEXR emission is strongly correlated with the 

electron beam emission. Again, there is no reproducibility for these MEXR signals. 

The third component, with energies above 70 - 80 keV, features no 

reproducibility, neither in amplitude nor in temporal characteristics. Since the 

emission mechanism is also beam-target, and the origin is again the electron anode 

bombardment, the explanation is that, occasionally, the conditions in the focus area 

are able to induce a very intense bombardment with extremely energetic electrons. 

Consequently, we consider the HXR photons as a natural extension of the MEXR 

emission and therefore, the upper energetical limit for the MEXR photons is increased 

from 40 keV to more than 100 keV; occasionally, as proven by using lead filters in 

front of the scintillator-photomultiplier detector, this limit can reach up to 

200-250 keV (but no more than 300 keV), but these events are very rare. This result is 

in very good agreement with the electron beam energy measurements, as will be 

presented later. 

6.3.3. Time-integrated X-ray Images 

The computer controlled CCD imaging detector is sensitive to both SXR and 

MEXR emissions. 

Due to the anode geometry, only a portion of the real pinch can be "seen" by 

our detector placed in a radial plane. The lower part of the pinch is hidden inside the 

hollowed anode below the rim of the electrode. 

For the purpose of the analysis of the CCD X-ray images, as well as for the 

simplicity of the presentation, the detectable region of the focus plasma column 

emitting in the X-ray range will be referred to as the X-ray pinch. 
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The CCD-pinhole pictures show 

that at very low operating pressures 

(1.5 and 2 mbar), sometimes, there is no 

detectable pinch emission. This fact is 

correlated with a very poor (or missing) 

SXR peak on the PIN channels 

(Fig. 6.22). 

:~ .=:.j.,.-..-.: .- : . : - :.::.i,::i.:;,r~'lectrode- axis ' .- 

. . . ~ I anode?. . , .:-.~.. - '  1:;: : 
The X-ray pinch diameter is 

position .. 

almost constant throughout I , ~ m m ~ ,  :I :: 
experiments, with values between Fig. 6.22: Poor pinch emission (Neon. 

1.5 mbar). 
0.6 and 0.8 mm. The smaller values 

appear at higher operating pressures. The length of the X-ray pinch detected above the 

anode rim varies with the operating pressure. At very low pressures, if detected, the 

X-ray pinch measures 2 - 3 mm in length (Fig. 6.23a). At high operating pressures, 

the length measures 6 - 7 mm (Fig. 6.23b). 

axis / ~ d e  axis 
. 
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Fig. 6.23: Different pinch lengths at different Neon pressures: 
a) 1.5 mbar; b) 4 mbar. 
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6.3.4. Correlations 

The X-ray emission can be correlated with the other diagnostic signals. For the 

purpose of this thesis, only the correlations with the electron beam emission will be 

examined. In this section, the correlations with the electron current will be discussed. 

At very low Neon operating pressure (1.5 and 2 mbar), the SXR emission is 

usually very poor, or totally undetectable. This kind of shots features a very slow 

decreasing current derivative. It is very difficult to pinpoint the instant of the first 

plasma compression on this trace. Usually, for the later stages of this emission, a 

HXR signal associated with the first compression appears, but its amplitude is 

very low, and its duration is much shorter than the duration of the electron beam 

signal. 

After 150 - 200 ns, 

a second plasma 

compression appears 

clearly on the current 

derivative trace. The 

MEXR emission starts at 

this moment and it is 

correlated with the first 

peak of the second electron 

beam emission period. 

Sometimes, at this instant, 

a strong HXR emission 

Fig. 6.24: Diagnostic signals featuring strong 
correlations (Neon, 1.5 mbar). 

- 
9 

E 

appears (Fig. 6.24). Its duration is again short as compared to the electron current. 
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The discharges 

featuring a strong 

second peak for this 

second emission period 

(400 - 500 ns aAer 

the first plasma 

compression) also 

feature a related 
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- px$F 
V) - .- 
C 
3 

g I Soft X-rays (copper filter) I .- e 
m -- 
m 

Current derivative 

0 200 400 600 800 1000 1200 1400 1600 l800 2000 

Time (ns) 
strong MEXR peak. Fig. 6.25: Poor first compression giving rise to a late 

X-ray and electron emission (Neon, 1.5 mbar). 
Occasionally, the delay 

is more than 1 ps, but it is clearly associated with the sharp dip in the current 

derivative signal (Fig. 6.25). 

As the operating pressure increases, starting from 2.5 mbar, the amplitude of 

the HXR signal decreases. At higher pressures, its appearance is unsystematic. The 

rest of the correlations are identical to those mentioned earlier. 

An important difference appears between the MEXR emission detected at 

400 ns and those that appear later , V , 'p0 , 'I" , " , "" , 'Oy , ':m 

(more than 1 ps): the 400 ns peak 

has a triangular shape with a fast 

rise; the later emission features 

separated peaks over a 400 ns 

time-scale (Fig. 6.26). 

At high operating 

pressures, the MEXR emission 
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Fig. 6.26: Filtered PIN diode signals 
showing strong MEXR emission periods 

(Neon, 2.5 rnbar). 
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peaks remain always associated with the second emission period of electrons. 

However, the number of discharges featuring these strongly correlated late emissions 

of MEXR and electrons decreases. This proves a better pinch dynamics during the 

main plasma compression. 

The X-ray pinhole pictures show clearly that the MEXR emission originates 

from the anode rim due to strong electron bombardment (Fig. 6.27). If this 

Fig. 6.27: Diagnostic signals and the corresponding X-ray image showing 
strong MEXR emission originating from the anode rim (Neon, 3 mbar). 
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Fig. 6.28: Diagnostic signals and the corresponding X-ray 
image showing mainly plasma emission (Neon, 3 mbar). 
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bombardment is not very powerful (i.e. the plasma is not turbulent, so the electron 

beam emission is mainly on-axis), this MEXR emission is weak (Fig. 6.28). Although 

at this moment there were not enough data to clarify this aspect, this was the first 

clear indication of the existence of two electron beam emission regimes. As discussed 

in section 6.4.1, the electron spectra measurements confirmed the existence of two 

different electron emission regimes: the poorly collimated beam (corresponding to 

Fig. 6.27) and the highly collimated beam (corresponding to Fig. 6.28). 

For electron energy studies, discharges at Neon pressures between 1.5 and 

5.5 mbar were performed. The spectra, like the ones presented in Fig. 6.29, were 

Energy (keV) 

Fig. 6.29: All the spectra recorded at 4.5 mbar Neon pressure, 
over the whole energy range. 
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processed as described in section 5.8. As an example, all the spectra recorded at 

4.5 mbar Neon pressure are shown in Fig. 6.29 over the whole energy range of the 

electron analyser (30 - 660 keV). It can be easily observed that almost all the 

electrons are low energy ones; the electron emission at higher energies is negligible. 

6.4.1. General Features 

As a general characteristic, the electron spectra (as recorded by the analyser) 

showed two regimes for electron beam emission, which were also indicated, as 

described in section 6.3.4, by the X-ray pinhole camera: 

- the highly collimated beam regime (HCB), and 

- the poorly collimated beam regime (PCB). 

In the HCB discharges (corresponding to the X-ray picture in Fig. 6.28), the 

electron beam emission occurs mainly along the electrode axis, with a very narrow 

angular divergence. Therefore, the anode bombardment is not too intense, so there is 

no MEXR emission and the pinhole pictures show very little or no emission from the 

anode rim. These discharges can saturate below 80-150 keV (the value depends on the 

operating pressure) the detector used in the analyser. 

A PCB regime discharge (corresponding to the X-ray picture in Fig. 6.27) is 

just the opposite: the angular divergence is very wide, so the anode bombardment is 

very intense; therefore, strong MEXR emission can be recorded both by the X-ray 

spectrometer and the pinhole camera. As discussed in section 6.3.4, most probably a 

non-ideal dynamics of the early stages of the pinch formation (which can be 

associated with the impurity content in the filling gas) gives rise to a highly turbulent 

plasma that caused this big angular divergence of the electron beam. 
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Both the HCB and the PCB discharges can feature one or more clear peaks in 

the electron spectra. The characteristics of these peaks will be discussed in detail in 

section 6.4.4. Table 6.1 summarises general characteristics of the energy distributions, 

for all the recorded spectra; the numbers represent the number of discharges having 

the corresponding features 

Table 6.1: General characteristics of the energy distribution for all the recorded 
spectra. 

Note 1 :  at 1.5 mbar Neon pressure, only the HCB discharges gave spectra 
which were clearly separated from the noise. 

An example of HCB and PCB discharges spectra is given in Fig. 6.30. 

550000 

discharge spectrum 

400000 

PCB discharge spectrum 
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Energy (keV) 

Fig. 630: HCB and PCB discharges spectra (Neon, 3 mbar), 
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6.4.1.1. Common Features 

For all the discharges, about 77% of the spectra display one clear peak 

(although sometimes the shape of the distribution seems to indicate this peak as being 

an overlapping of different peaks). For the other 23% of the discharges, other clearly 

separated peaks (one to four) appeared in the electron energy distribution, up to 

210 keV. After the interaction with the anode structure and the electron drift tube, 

these high cnergy electrons become the source for the HXR recorded by the 

scintillator-photomultiplier detector. 

As a general rule, almost all the electrons recorded by the analyser have 

energies below 150 keV; this limit is even lower for low operating pressures (100 keV 

below 2.5 mbar). 

After applying all the geometric corrections, we found a discrepancy, up to a 

factor of about 10, between the electric charge calculated from the current 

measurements using the Rogowski coil (which is much higher) and the charge 

calculated using the recorded electron spectra. Three main factors were identified as 

most likely to be responsible for this discrepancy. 

The first factor is the interaction between the primary electrons, emitted from 

the pinch area, and the anode, the electron drifl tube and the filling gas, which gives 

rise to quitc a big number of secondary electrons. Their energy is lower than the 

energy of the primary electrons, so most probably a big part of them are below 

30 keV, which is the detection limit for our analyser in these expcriments. This also 

means that the current and charge measured using the Rogowski coil are higher than 

the primary electron currentlcharge. The beam current can be given as I = n . e .  v .  A ,  

where n is the concentration of electrons, e is the electron charge, v is the speed of the 

electrons and A is the cross-section of the beam. The speed v - &, where E is the 
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electron energy, therefore, taking into account the energy conservation, an average 

multiplication (by secondary emission) in the total number of electrons by a factor M 

will also increase the amplitude of the current with a factor a. As an example, for 

copper the multiplication factor for each interaction can reach the value of 1.3 [156], 

but the average total multiplication factor for one electron is impossible to estimate. 

A second factor which explains the discrepancy in the charge measurements is 

the defocusing of the electron beam caused by the interaction hetween each electron 

and the rest of the beam. This proccss, which becomes more intense as the energy 

decreases, affects drastically our measurements, since most of our electrons have low 

energies. If we consider a constant flow of electrons in a cylindrical geometry of 

Q radius a, by integrating the equation JE .dS =- we find the expression of the 
E0 

2 - n ; e  - n ; e a  
electric field at a distance r as E = --- r inside the column and E = ----- 

~ S O  26, r 

outside it. The interaction between an electron and this electric field will cause the 

1 E . e  
electron to be deflected with d = - - t 2 ,  where m, is the mass of the electron and 

2 m e  

f is the transit timc through the charge distribution. introducing into this expression 

our conditions, we obtain a value for d in the millimetre to centimetre region; 

therefore, this process is prone to affect strongly our results. The effects are strongcr 

for lower energy electrons, due to their bigger transit time r. 

Finally, a third factor to take into account is the difference in the geometry of 

the measurement. The big diameter of the Rogowski coil gives a large acceptance 

angle. Although the coil detects as positive current all the secondary electrons moving 

in the same direction as the primary ones, their angles with respect to the axis (in the 

2n solid angle) are arbitrary. Therefore, the chance for them to fall within the 
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acceptance angle of the analyser, which is very small due to the geometry of thc 

collimator, is extrcmcly low. Moreover, small deviations of the beam from the axis, 

caused by mechanical movements andor off-axis emission can cause big variations in 

the analyser signal. 

Although all the above-mentioned processes seem random, especially due to 

their small scale, they should follow a statistical pattern. Since our population of data 

is not big enough, we were not able to investigate in more detail this aspect. We were 

also unable to estimate which process is dominant. Moreover, though theoretically it 

is possible (although difficult) to predict the correction factors, in the absence of 

additional infomlation, the estimations of the orders of magnitude of the processes are 

far from enabling us to achieve this goal. It is clcar that the charge calculated using 

the Kogowski coil measurements could be interpreted as the maximum charge output 

(yet reduced due to thc background current) from the device in our geometry. On the 

other hand, without supplementary information about the spatial distribution of the 

charge in the beam, the charge calculations using the signals recorded by the analyser 

cannot he correlated with thc charge originally emitted from the pinch area. Future 

studies focusing on the angular distribution of the electron spectra at different 

positions along the electrode axis, with simultaneous record on- and off-axis should 

be able to shed more light on this problem. 

6.4.1.2. Reproducibility of the Electron Spectra 

For the investigation of reproducibility, the elcctron spectra amplitude and the 

energy distribution need to be analysed separately. 

Unlike thc electron current (as measured by the Rogowski coil), which 

displays good reproducibility for almost all the pressures and shows extremely high 
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reproducibility under certain operating conditions. the general shape and amplitude of 

the electron distribution seems to be rather erratic than constant. This is extremely 

clear for PCB-typc discharges, and is suggested by the HCB recorded spectra. The 

higher reproducibility of the current could be explained by the fact that the electron 

current indicated by the Rogowski coil is less prone to be affected by variations in the 

pinch electron emission parameters; a poor initial yield with low energy electrons 

could still give a high current, since the low energy electrons will interact more with 

the gas and the surroundings, leading to a stronger secondary electron emission. This 

does not apply for the electron beam recorded by the analyser, since the geometry of 

the measurement allows mainly the primary electrons to reach the detector. 

This behaviour seems to be caused, as dealt with earlier, by the random nature 

of the plasma focus. For this reason, no average spectrum calculation was performed 

in the way we could calculate the average electron current signal in section 6.2.3. 

In comparison, as subsequent discussion will demonstrate, the characteristics 

of the first peaks in the energy distribution reveal a more reproducible pattern. The 

average first peak position and amplitude are a function of the operating pressure, 

which is a promising result for using this device as a tuneable electron source. 

Unfortunately, due to the non-reproducible character of the recorded signals, their 

standard deviations are very high. 

Given the lack of reproducibility of the electron spectra, we did not investigate 

the dependence of the spectnim on the charging voltage. The rcason is that our device 

cannot operate below 13 kV due to the limitations in the switching system, and the 

maximtun voltage cannot exceed 15 kV - the maximum limit for the capacitor. Since 

the normal operating voltage was 14 kV, the charging voltage range was considered 

too narrow, and we expect any dependence to be covered by the experimental errors. 
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6.4.2. HCB Discharges 

Apart from thc extreniely high amplitude of the distribution, some other 

characteristics are important for the HCB-type discharges, which represent about 30% 

of the total number of spectra. They appear usually (but not necessarily) whcn the 

impurity content is relatively low, i.e. after changing the gas (but not immediately 

afler this operation, since the first l to 3 discharges act as conditioning shots after 

changing the gas). As noted earlier, the impurity content affects the early stages of the 

pinch fornation, including the axial acceleration phase; a low impurity content 

increases the chances of creating a non-turbulent plasma, and therefore a HCB 

discharge is obtained. A change in the gas composition due to the impurity content, 

which changes the equivalent pressure, can also lead in the end to the onset of 

different types of instabilities, as compared to a discharge in the same operating 

conditions, except for a purer gas. 

At very low operating pressures (1.5 mbar), only the HCB dischargcs were 

showing electron distributions clearly above the noise level. 

6.4.3. PCB Discharges 

The PCB discharges represent the majority of the recorded data. although at 

low operating pressures their amplitl~des tend to decrease bclow the noise level. Most 

of the correlations have been calculated using this type of discharges, since all the 

distribution characteristics (aniplitude, peak positions) could be measured precisely. 

Under normal operating conditions, the percentage of PCB discharges 

featuring more than one clear peak is very low. as indicated by Table 6.1. Apart from 
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the poor plasma dynamics, which decreases the probability of obtaining hlgh energy 

electrons, another reason for this behaviour might be related to the impossibility of 

clearly discerning the second and subsequent peaks from the noise, due to the very 

low level of the signal. 

6.4.4. Multiple Peak Discharges 

Over the whole number of recorded spectra (both HCB- and PCB-type 

discharges), in more than half of the discharges, only one clear peak appears in the 

electron energy distribution, although under normal operating conditions (i.e. Neon 

filling pressures between 3 and 4 mbar) it seems that this peak is the result of more 

overlapping peaks. The other discharges can feature up to five clearly separatd 

peaks. These two different types of spectra are presented in Fig. 6.31. 

500000 - 

Multiple peak discharge 

Single peak discharge 

50000 - 

30 90 120 150 180 210 

Energy (keV) 

Fig. 6.31: Single and multiple peak spectra (Neon, 3.5 mbar) 

The percentage of discharges featuring more than one clear peak has a value 

of about 30-40% at operating pressure above 3.5 mbar. Below this pressure, the 

percentage drops dramatically (15% at 3 mbar), and keeps decreasing as the pressure 
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lowers. Another interesting characteristic of thcsc discharges is that they tend to 

appear not randomly, but in groups (i.e. after a multiple peak discharge, the 

probability of obtaining another one in the next discharge is very high). 

The explanation behind this characteristics is that these discharges occur when 

the device works close to the optimum conditions, which means a good, smooth 

dynamics for all the pre-pinch phases. Once the device enters such a working regime, 

the probability of it remaining there for the next discharge is higher. But after several 

such good discharges, the conditions tend to change: the impurity content increases, 

and the conditions at the surfaces of the insulator and electrodes worsens (firstly - the 

quantity of absorbed and adsorbed gas), so the device will stop working in this regime 

for several discharges. This behaviour is different from what was found for the 

electron current, where a good shot is usually followed by a poor one. As mentioned 

in section 6.2.2.1, this behaviour was investigated in detail on plasma focus devices 

[155]. In our case, the difference is most probably caused by the changes in the filling 

conditions (closed chamber for current measurements, gas flow for spectra studies). 

The percentage of multiple peak discharges increases drastically at very high 

operating pressures (5 mbar and 5.5 mbar), most probably due to the relatively 

smooth operating conditions occuning during high pressure operation in a plasma 

focus device. In addition, the level of impurity contamination is reduced not only by 

the lower intensity of the interactions with the anode, but also because of the highcr 

quantity of the operating gas; therefore, the impurity content is very low. 

A deeper study of these multiple peak dischargcs rcvealed an unexpected 

result. As illustrated in Fig. 6.29, the gcneral view of all the discharges at each 

pressure suggested that the peaks are situated at certain positions, with energies 

related to the other peaks from the same discharge. 
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This result is extremely surprising. As far as the literature is concerned, there 

is only one paper [l571 reporting such findings for a plasma focus device, but they 

were related to ion spectra. In their case, the second and subsequent peak energies 

seem to be multiples of a minimum energy; sometimes this minimum energy seems to 

be the energy of the first peak. However, no explanation or mechanism was proposed. 

In order to study this dependence, we separated all the discharges featuring 

more than one peak. The peak positions are either measured, for the PCB discharges, 

or estimated (for the HCB discharges). Table 6.2 presents all the discharges featuring 

clearly separated peaks. 
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Fig. 6.32 shows a plot of the second peak positions \ersus the corresponding 

first peak energy. Based on the trend of the data, we estimated this dependence as 

E ,  = n . E o  + E ,  (6.1) 

where Eo - 20 + 2 keV, E, and E2 are respectively the energies of the first and the 

second peak, and n is an integer, n = 1 ,2 ,3  ... 

It is important to highlight that the more clear and separated the peaks are, the 

closer we are to the results predicted by this equation. For the other discharges, we 

consider the discrepancies to be primarily caused by the impossibility to clearly 

discern among the different peaks, which started overlapping. However. after doing 

the calculations and returning to the original spectra, we were able to see more clear 

signs of other peaks, which were very close to those positions estimated using Eq. 6.1. 

40 O 
30 40 50 60 TO 80 90 100 

First peak energy E, (keV) 

Fig. 6.32: Second peak position versus first peak position for all the 
multiple peak discharges. 

The possibility of these 20 keV energy steps bcing caused by some effects 

related to the way the detector processes the charge stored in the 1024 pixels was 

ruled out. Since the number of a particular pixel is not in a linear relation with the 

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



CHAPTER 6 RESULTS AND DISCUSS~ON -- 

energy of the electrons falling into it, as shown in Fig. 5.14, this energy interval 

would not have been a constant over our energy range. 

A limitation of the measurements is due to the fact that the lower limit of the 

analyser is 30 keV, so sometimes the first peak cannot be seen distinctly, since in the 

case of low pressure discharges it moves towards lower energies. 

By adding the other peaks we measured (the third and subsequent ones) to the 

graph presented in Fig. 6.32, the conclusion was that they fi t  very well the lines given 

by Eq. 6.1 for energies below 150 keV, as shown in Fig. 6.33. 

4 0 !  , , , , , , , . , , , , , , , 7 

30 40 50 60 70 80 90 100 

First peak energy (keV) 

Fig. 6.33: Second and third peak positions (below 140 keV) versus 
first peak position for all the multiple peak discharges. 

For higher energies, the number of points is not enough to see a clear trend. 

Moreover, the models we intend to propose for this type of dependence are able to 

explain the poorer fitting for the higher energy part. 

It is difficult to propose a clear mechanism for this type of behaviour. That is 

why our proposals are going to be purely phenomenological models, schematic 

descriptions of the acceleration processes which we estimate could be made 

responsible for this dependence. 
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6.4.5. Proposed Mechanisms for Multiple Peaks Discharges 

From the Eq. 6.1, we consider that the two terms correspond to two different 

acceleration mechanisms. 

The E, peak can be related to all the phenomena producing high electric fields 

in plasma but the pure electromagnetic generation caused by magnetic flux changes. 

The anomalous resistivity is very likely the most important of them. 

The other term can be explained in terms of pure electromagnetic generation 

of electric fields. By compressing a stable 2-pinch, the variation in inductance caused 

by the changing radius will generate an electric field along the plasma column. For 

the conditions in our machine, the Lee model gives a value of about 20 keV, which is 

also the value appearing in Eq. 6.1. 

We believe that the quantified term in our equation is due either to the 

acceleration of the emitted electrons in two or more quasi-identical accelerating 

regons, or to multiple passings through the same accelerating region. 

6.4.5.1. The Multiple Accelerating Regions 

One of the ideas is that once the unstable phase starts to occur in the pinch, the 

onset of the whole palette of instabilities causes the pinch column to fragment. These 

different regions have about the same initial conditions (the same current passing 

through them, about the same size and radius, the same plasma conditions, the same 

type of instability, etc.), so most probably if an accelerating region appears in one of 

them, quasi-identical regions are prone to appear in all the others. 

Depending on the relative positions of the primary accelerating region 

(responsible for the E, peak). the places where the primary electrons originate and the 
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regions where the instabilities compress the plasma column, the electrons can 

encounter one or more such accelerating fields. The same thing will happen with the 

ions, so if this model is close to reality, an experiment involving simultaneous record 

of the electron and ion spectra should be able to confirm or deny the model. 

According to this model, we can expect electron peaks at 20 keV, 40 keV, 

60 keV ... The first of them cannot be detected by our analyser, which has 30 keV as 

the low energetical limit. The other peaks fall within the same region of the spectrum 

as E,, so they are not discernible. 

The time scale of our accelerating process (which is given by the time required 

by one electron to travel along the pinch) falls below 100 ps range. Taking into 

account this factor, it is possible that the multiple electromagnetic accelerating regions 

may not appear all at once, but in sequence. It is a matter of timing whether the 

sequence in which this accelerating fields appear will lead to the acceleration of a 

particular electron (for which the fields should appear in front). Unfortunately, the 

time scale for this sequential onset of different accelerating regions is well below the 

limit for direct investigation. This makes direct measurements o r  the accelerating 

sequence impossible 

6.4.5.2. The Cyclotron-like Mechanism 

In this model, the primary accelerating field (responsible for the E, term) can 

be treated in the same way as it was presented in the previous model. The rest of the 

final electron energy is acquired in another way. 

As shown in Fig. 6.34, the electrons are considered to be moving on helical 

trajectories close to the outer part of the pinch. The gradient in the magnetic field 

caused by the pinch current causes a drift towards the anode. In the mean time, a 
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steady compression of the plasma column can also cause the electron to accelerate 

towards the anode with about the same quantity of energy for each loop, energy which 

can be calculated from 

Therefore, as long as the compression conditions are not changing too fast, the second 

term can be considered constant; since the time scale for our electrons is so short 

(100 ps), this is very likely to happen. As a result, while some electrons are 

accelerated only once, some other are accelerated twice or even more. It is the same 

type of process used in the cyclotron to accelerate charged particles, which get a 

constant increase in their energy while completing one orbit. 

Low density, 
hiahly turbulent 

I 
- - 
olasrna. and 

Axial 
electron 

Anode 

Fig. 634: Sketch illustrating the cyclotron-like accelerating 
mechanism for the electrons. 

As an alternative way to acquire energy in this second model, the electrons 

could be allowed to go several times through the same on-axis electromagnetic-type 

acceleration gap, which is identical to those appearing in the first model. In a classical 
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description of the pinch electron emission, most of the electrons are trapped inside the 

pinch, moving on helical trajectories (with radius in the micrometer range) around the 

magnetic field lines. Only a few electrons, moving close to the axis and having a 

trajectory which makes a narrow angle with the pinch axis, can escape. After passing 

through the acceleration gap, part of these electrons (those making a bigger angle with 

the axis) are deflected by a magnetic field configuration and forced back into the 

accelerating area for another pass. 

The problem with this model lies in the following: in a normal situation, 

according to the Faraday law for the electric field in the static case, the electrostatic 

field is conservative. Therefore, this does not allow the electron to gain energy 

repeatedly in such configurations. But in our case, the conditions are far from normal: 

we have a non-static electric field; a strong, non-constant external current flows 

outside the pinch; the plasma outside the pinch column is highly turbulent; the 

accelerated beam of electrons form a population which is far from the equilibrium, 

and it interacts with another electron distribution, which is also far from 

thermalisation. All these factors led to our idea that the electric field alone could not 

be considered conservative anymore, so the electrons could get multiple accelerations 

by passing through the same region of space twice or even more. 

6.4.5.3. Conclusions of the Models 

The two proposed models are not mutually exclusive. The multiple 

acceleration regions model applies to a pinch strongly affected by instabilities, and 

involves mainly electrons moving on-axis, or in a narrow cone; the cyclotron-like 

model considers the plasma column to be in a steady compression and involves 

electrons travelling close to the outer limit of the pinch. Therefore we not only cannot 
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rule out any of the models, but we also consider that these two mechanisms can occur 

together for the same discharge. 

Based on our models, it is also easy to understand that the higher the energy of 

the electrons, the more prone they are to suffer stronger interactions which will result 

in the loss of energy andlor deflection. The energy distribution will shift and 

thermalise, so at higher energies, the discrepancies between the predicted behaviour 

and the experimental results will he higher. 

As our earlier explanations suggested, these models cannot be considered 

exhaustive. Our target is to create a springboard for discussions, as well as to provide 

a reference for designing other experiments in order to better understand these highly 

complex phenomena occumng in dense magnetised plasmas. 

6.4.6. Spectra Versus Pressure 

For the next two sections, average amplitudes and peak positions were 

computed. However, due to the low reproducibility of the spectra (which was 

previously discussed in detail), we were not able to calculate any "average spectra", 

as we did for the electron current. 

6.4.6.1. Peak Amplitude Versus Pressure 

For both single and multiple peak discharges, only the first peak of the spectra 

was used for calculation. Also, only the spectra featuring clear peaks (i.e. the peak 

position was in the 30-660 keV range) were used. Moreover, for the HCB discharges, 

we used them only if the estimated original amplitude was no more than 10% higher 
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than the measured one; the strongly saturated spectra were neglected, which led to an 

underestimated average amplitude for high pressures. 

The data obtained at very low operating pressures (1.5 and 2 mbar) are 

considered unreliable. As mentioned earlier, for these pressures, the device operates 

very far from the optimum conditions. For 1.5 mbar Neon pressure, only the HCB 

discharges gave recordable spectra. At 2 mbar operating pressure, the average value is 

underestimated, since all the HCB discharges gave peaks which we were not able to 

measure. 

The graph presented in Fig. 6.35 shows the dependence of the first peak 

amplitude on the operating pressure. Since the bulk of the electrons are emitted in this 

peak, the trend is very close to those determined from electron current measurements, 

as presented in Fig. 6.17 and Fig. 6.18. Above 5.5 mbar and below 1.5 mbar Neon 

operating pressure, the device cannot work properly as a plasma focus device (the hot 

and dense plasma column is not formed properly); therefore, no electron emission 

signals could be recorded 

MOO00 - 
550000 - 
500000 - 
450000 - 

0 .  

Pressure (mbar) 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Fig. 635: First peak amplitude versus operating pressure. 
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As expected, the standard deviations were very high, due to the reasons 

discussed in the section devoted to the reproducibility of the electron spectra. 

The operating pressures around 4 mbar Neon prove again to be the optimum 

condition for electron emission, for both electron production and reproducibility. 

6.4.6.2. Peak Position Versus Pressure 

The same procedure used for calculating the average peak amplitude was 

employed to estimate the position of the low energy peak, regardless of whether this 

was the only one featured by the distribution or not; the results are presented in 

Fig. 6.36. For the same reasons as in the case of the amplitude, the data obtained at 

1.5 mbar Neon pressure are considered unreliable. The trend displayed at higher 

operating pressures shows that the peak position moves towards the lower limit of our 

detection system (30 keV), with some discharges going below this value. 

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Pressure (mbar) 

Fig. 636: Position of the fnst energy peak versus pressure. 

From the graph shown in Fig. 6.36, it is clear that our device can be used as a 

tuneable electron source. The slower drop of the peak energy for lower operating 
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pressures (the left side of the c w e )  helps to reach lower peak energy values while the 

device still works close enough to the optimum conditions, without an unacceptable 

loss in the amplitude of the distribution. 

6.4.7. Correlations 

As mentioned earlier, due to the extreme difficulties associated with the 

electron spectra measurements, only the high voltage probe signal was recorded on a 

shot-to-shot basis. However, non-systematical attempts to correlate most of the 

time-resolved signals with the electron spectrum failed to detect any patterns. 

Subsequently, only the correlations between the recorded energy distribution and the 

voltage measurements were performed on a shot-to-shot basis, as presented in the 

following section. The correlations with the hard X-ray measurements are performed 

on a statistical basis. 

6.4.7.1. Electron Spectra and Voltage Measurements Correlations 

As section 4.12 shows, we consider the first peak appearing in the high 

voltage signal to be clearly related to the pinch voltage, provided the amplitude does 

not rise to more than 90 kV. The amplitude of this peak was studied in relation to the 

position of the first peak in the electron energy spectrum. 

As mentioned earlier, for some discharges, the peak positions in the electron 

energy distribution were difficult or even impossible to measure; the overlapping of 

different peaks, saturation of the detector, and the fixed low energy detection limit are 

among the factors behind this difficulty. The amplitude of the first peak in the high 

voltage signal was also difficult to measure accurately, since sometimes the noise 
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covered or greatly disturbed the accurate shape of the upper part of the peak. For these 

measurements, we tried to separate the noise contribution, in order to get 

unadulterated values for the amplitude. The error in the voltage amplitude 

measurements caused by the noise is estimated to be less than 8%. 

The graph presented in Fig. 6.37 shows the amplitude of the high voltage peak 

versus the position of the first maximum in the energy distribution of the electrons, 

for all the discharges for which these parameters could be measured, 

From the graph, it is clear that the two physical quantities are closely related. 

The correlation coefficient for these two populations of data is 0.582, which shows a 

clear dependence. However, the correlation coefficient displays higher values for low 

energy peak positions, and it slowly decreases as we increase the energy limit. If we 

consider our voltage probe measurement to be reliable only for voltage signals below 

90 kV, we can calculate the correlation coefficient using only the points for which the 

value of the first electron energy peak position is less than 45 keV. In this case, the 

correlation coefficient value is much higher, i.e. 0.917. 

4 , , , . , , , . , . , . ,  
30 35 40 45 50 55 60 

First energy peak position (keV) 

Fig. 637: Voltage peak amplimde versus frst energy peak position. 
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The physical interpretation of the correlation, as well as for the factor 

of 2 between the peak energy position and the high voltage amplitude lies in the fact 

that if we assume the energy distribution to start from zero and to be symmetrical with 

respect to the peak position, the highest energy electrons in the first peak are having 

about twice the energy of the peak. Therefore, the high voltage describes accurately 

the maximum amount of energy which can he acquired on average in the plasma by 

the electrons from the first peak. This implies that the higher energy electrons, emitted 

in the second and the subsequent peaks, are caused by local phenomena in the plasma, 

having small scales on both spatial and temporal evolutions. 

Based on these findings. we could draw the following conclusions: 

- our high voltage probe is able to precisely measure the integrated voltage along 

the pinch column for at least up to 90 kV; the featured high voltage evolution is 

the result of the integration over the whole pinch length of ultrafast, small spatial 

scale phenomena; 

- based on the models we proposed to explain the energy peak positions as 

described by Eq. 6.1, the energy of the first p& and therefore the amplitude of 

the high voltage is related to the resistivity-related phenomena; 

- as a result, the addition of the supplementary resistive voltage term in the Lee 

plasma focus computation code to improve the predictions of the model and to 

bring the voltage term closer to the experimental oscillograms appears justified. 

6.4.7.2. Electron Spectra and Hard X-ray Correlations 

As mentioned in section 6.3.2, devoted to X-ray measurements, most of the 

high energy photons are having energies around 100 keV or less. This fact is validated 

not only by the filtering method used in hard X-ray measurements, but also by the 
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electron energy spectrum. The lack of reproducibility of the amplitude of the electron 

distribution is clearly reflected in the missing of reproducible features in the hard 

X-ray signal amplitude 

As mentioned during the X-ray results discussion, under section 6.3.2, for a 

very small number of discharges, the photon energy seems to be higher, around 

200 keV (but no more than 300 keV). This aspect is also in good agreement with the 

measured electron spectra from our plasma focus device. 

6.4.8. High Energy Electrons 

It is difficult to give a clear statement on whether our device is emitting 

electrons with energies above 300 keV. Although we have systematically explored the 

electron energies up to 660 keV, it is clear that almost all the electrons are having low 

energies, i.e. below 150 keV. Only a few discharges feature a significant number of 

electrons with energies above this limit, and only two out of 159 spectra show a 

contribution to the spectra from electrons above 200 keV. Only one discharge shows 

strong electron emission up to more than 350 keV. 

On the other hand, for some discharges, we were able to extract from the noise 

some signals which could be considered as high energy electrons, as shown in 

Fig. 6.38 (the bottom trace). However, as it can be clearly seen from the scale of the 

graph, even if the signals are real, the contribution to the spectrum in number, charge 

or energy is negligible. 

For a better view of the high electron energy distribution, we recorded a 

number of spectra after removing the 200 pm pinhole from the analyser collimator. 

The energetical resolution in this case decreased, but we were expecting an increase 
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by a factor of 36 in the number of detected electrons, since the new diameter of the 

input aperture was 1.2 mm 

Energy (keV) 

Fig. 6.38: Spectra suggesting high energy electrons contribution. 

Even under these conditions, the high energy electrons signal (if any) was 

small, and the signal-to-noise ratio was still poor. We were again able to extract from 

the noise some signals, like the one presented in Fig. 6.38 - the top trace, but the 

increase in the amplitude compared to the spectra recorded with the pinhole in place is 

less than what was expected from geometrical considerations. The following three 

reasons could be responsible for this behaviour: 

- the low reproducibility of the electron distribution amplitude makes comparing 

different discharges ineffective in the absence of a statistically significant 

population of data; 

- the high energy electrons are less prone to deflection 6om the axis by interactions 

with the other electrons, so they will travel in a highly collimated beam; in this 

case, the increase in the acceptance angle will not modify the number of electrons 

with the geometrical ratio, but with a smaller one; and 
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- our device does not produce high energy electrons, the fake results being due 

merely to the statistical behaviour of the detector noise. 

As seen from Fig. 6.38, even for the 200 &m pinhole configuration, the 

number N of electrons striking each detector pixel in the high energy region is large 

1 
enough, so the statistical fluctuations (in this case, -- 

47 
) are not important. 

Moreover, the high energy trend for the spectra recorded without pinhole, after 

completely removing the oscillations caused by the noise, seems to be close to an 

exponential curve, which can be expected if we consider just a simple thermalised 

distribution. These two factors seem to indicate the high energy signals as real. On the 

other hand, the ratio between the charge deposited in one pixel in the high energy 

region and the saturation charge is of the order of 1: 100,000. Therefore, the source for 

statistical noise and a possible source for fake high energy signals can be identified in 

the electronic circuit (detector driver andor the signal processing unit), since the ratio 

value requires extremely stable components, unaffected by the extremely harsh 

conditions (mainly electromagnetic noise) created by a plasma focus device. 

Considering all these factors, it is clear why we cannot accurately calculate the 

lower measurement threshold for our detector and therefore we cannot give an 

unequivocal statement on whether our high energy electron signals are real or not. 

Anyway, as highlighted earlier, even if the signals are real, the contribution of high 

energy electrons to the spectrum for our device is negligible. 

Our findings on the extremely low (or lack) of electron emission in the high 

energy range, which might appear to validate some reported studies and question 

others, shows in reality, one more time, that the electron emission is a characteristic of 

each device and depends not only on the operating conditions, but also on all the other 
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parameters of the device: construction characteristics, electromagnetic parameters, gas 

used, etc. Therefore, some differences in the reported results may not be due to 

different detectors and methods employed by different research groups, as Hirano's 

group claimed [78], but on the uniqueness of each device's emission. 

6.5. SUMMARY OF THE MAIN RESULTS 

In terms of temporal behaviour, the electron current (as recorded by the 

Rogowski coil) from the Neon plasma in our 3 kJ dense plasma focus device exhibits 

several emission periods and peaks, as shown in Fig. 6.39. The amplitude of these 

pealis and the instant when these emissions start vary with the filling pressure. The 

dlidt signal 

period ( A )  : 
_i 

1 0  -5 0 5 10 15 20 

Fig. 639: Compiled electron beam signal, showing all the emission periods 
and peaks; all peaks feature strong correlations with the current derivative 
signal. The time lens shows the typical electron signal close to 1=0 instant. 
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peaks are separated for discharges at some pressures and overlap for some others. 

Fig. 6.39 is used to summarise all the characteristics of the electron beam emission, as 

recorded by the Rogowski coil. The discharge signals presented in Fig. 6.39 are not 

real oscilloscope traces; the diagram is a collage of two different discharges, one of 

them featuring clear first and second electron emission period peaks, the other one 

displaying strong late emission. The diagram is presented to display clearly all the 

peaks in one figure, together with the corresponding dI/dt signal; for the real 

discharges, usually not all the peaks appear at once, or they are overlapped. 

The first electron emission period (period A in Fig. 6.39) starts -6 ns before 

the main pinch compression and exhibits three different sub-periods and peaks. The 

first sub-period, slow rising and smooth, is the pre-focus emission (sub-period AI in 

Fig. 6.39). The second sub-period, fast rising and exhibiting three to six peaks, is 

associated with the pinch emission (sub-period A2 in Fig. 6.39). It can be seen clearly 

separated only at low operating pressures. The duration of this pulse corresponds to 

the pinch lifetime (from the instant of the maximum compression to the instant when 

the first m=O instability occurs). There is no clear indication on whether the peaks are 

related to burst-type emission or to some plasma oscillations. The third electron sub- 

period, which at higher operating pressures reaches the highest amplitude, exhibits a 

slow-rising leading edge followed by a rounded peak (peak A3 in Fig. 6.39). The 

decay time is longer than the overall rise time and, at higher pressure, increases up to 

1 p, due to overlapping with later pulses. This peak is caused by instabilities-related 

emission. As the filling pressure increases, the amplitude increases at first, and then it 

decreases. 

The second electron emission period (period B in Fig. 6.39) starts 150-250 ns 

after the main focus and also exhibits some clear emission phases. The first peak 
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(peak B1 in Fig. 6.39) is related to a second plasma compression. At this instant, the 

plasma is contaminated, mainly with copper vapours coming from the electrodes. The 

time of occurrence is 125 - 250 ns after the main focus. As the pressure increases, this 

interval decreases to -100 ns. The amplitude of this peak remains almost constant, 

regardless of the filling pressure. The second peak (peak B2 in Fig. 6.39) is related to 

a second compression of some remaining plasma filaments in front of the central 

electrode. It appears -500 ns after the main focus at lower pressure. This time interval 

decreases to 350 ns at higher pressure. At this stage the plasma contains copious 

amounts of impurities. At lower pressures, this peak is the highest, but, as the pressure 

increases, its amplitude decreases. For some exceptional discharges, regardless of the 

value of the pressure, this peak features an extremely high electron current, but this 

phenomenon has no reproducibility. At very low pressures, this peak appears as a 

double pulse, a small one first and a much higher one later. 

Finally, at low pressures, some very late (more than 1 ps) pulses appear 

(period C, peak C3 in Fig. 6.39). They are related to a second plasma sheath being 

formed due to the high amount of energy remaining in the capacitive pulser. 

The electron current from the Neon plasma in our 3 kJ dense plasma focus 

device exhibits very strong correlations with the main discharge current derivative 

signal, i.e. with the plasma general dynamics. The early stages during the operation of 

the device (breakdown, axial and radial acceleration) have a decisive influence on the 

electron beam emission. The operating pressure is one of the parameters which is easy 

to use in order to influence the electron current, making our plasma focus device a 

tuneable electron source. 

Table 6.3 summarises all the temporal characteristics, as well as the shape and 

amplitude of the electron current for all the discharges, with respect to the pressure. 
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Table 6.3: Temporal characteristics and amplitude of the electron beam current with 
respect to the pressure; the peak notation is the one used in Fig. 6.39. 

low; iess than 1 kA, typically -600 A 

runaway processes in the pre-pinch phase 

Amplitude 

Time (afler 
A3 peak) 

m 
U a 

Source 

from 15-20 ns b100-200 ns 

rounded peak. 75-150 ns FWHM; fast initial rise. slow rise towards the peak. slower 
decrease; usually the decreasing tail ovellaps wilh the second emission period peaks 

random; decrease further; 

30% increases with the 
in 10% of the 

decreases with discharges is 
random higher as pressure; usually is the the pressure; double, lhe 

m p a r e d  highest peak, can reach usually is the 
to 1.5 up to 10 kA peak 

second one being 

mbar 3 times higher 
than the first one 

instability-related emission from a turbulent and relatively dense plasma, following the 
moment when the instabilities destroyed the pinch 

125150 ns: only not detected for 
200-300 ns 100-200 125-150 ns 15% of the most of the ns 

discharges discharges 
sharp peak; fast rise, slower decrease; usually 

overlaps with the other peaks (mainly A3 and 82) 
comparable with A3; two almost constant: overlaps more and more with the other 

higher if A3 very small 1 regimes peaks as the pressure increases 

sewnd plasma compression 

Time (afler 450-500 ns / 400-450 400 ns 350 ns not detected for most of 
A3 peak) ns the discharges 

Shape 
rounded peak; fast rise, slower decrease; usually 
overlaps with the other peaks (mainly A3 and 61) 

smaller but two deaeases sharply with the increasing pressure: 
comparable with A3 1 regimes 1 overlaps with the ofher peaks (mainly A3and 81) 

I 1 ) source 1 second cornpression of remaining plasma filaments 

- 

iess than 1 kA - 

another plasma sheath collapsing? 

Note: unless otlienvise specified, the instant of  the first negative spike on the - .  - 
current derivative signal is taken as the temporal reference, t=O. 
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CHAPTER 6 
pp-pp R E ~ A N D  DISCUSSION 

The dense plasma focus device used for these experiments emits X-rays in a 

wide range of energies. 

If the dynamics of the early stages (breakdown. axial and radial acceleration) 

is good (indicated by a sharp first dip in the current derivative signal), a strong soft 

X-ray emission appears, with less than 10 keV photon energy. This is correlated with 

a good first electron beam emission period. For the last stages of the SXR emission, 

the photon energy usually increases, but the hard X-ray pulse (detected outside the 

chamber) is not very strong. 

If the dynamics of the early stages is not very good, either no, or very poor 

X-ray emission is detected. The energy remaining in the electrical circuit gives rise to 

a second plasma compression, or even more compressions. Due to the increasing 

amount of impurities and lack of symmetry, a very turbulent compressed plasma is 

produced. The anode bombardment (as seen on pinhole pictures) induces a strong 

medium energy X-ray emission, within the 20 - 40 keV energy range. If the electron 

energy is higher, hard X-rays can be detected outside the vacuum chamber. This 

emission is correlated with the second and subsequent (more than 1 vs after the first 

compression occurs) electron beam emission periods. 

For a given charging voltage and a fixed electrode geometry, the pressure is 

the most important factor responsible for tuning the device towards a single (at high 

operating pressures) or a multiple compression regime (characteristic for lower Neon 

pressures). 

Different discharges made under the same operating conditions may 

sometimes exhibit different features. This is due to some other factors like impurities, 

conditioning shots, etc. As the pressure increases, this influence decreases. 
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No direct correlation between the amplitude of the electron beam current (as 

measured by the Rogowski coil) and the amplitude of the hard X-ray emission was 

found. As mentioned earlier, the strongest correlation was found between the second 

electron emission period and the medium energy X-ray emission. 

The 4 mbar Neon pressure was identified as the optimum pressure for electron 

beam generation. 

The energy integrated electron spectra measurements are in good agreement 

with the findings related to the electron current charge. The electron spectra agree 

with the information obtained from X-ray measurements, as well as with the 

electromagnetic measurements for the discharge parameters. 

From the electron energy measurements, two regimes have been identified, 

which correspond to the two regimes revealed by X-ray pinhole pictures and X-ray 

spectrometer signals. A HCB-regime discharge, which appears as a result of a good 

dynamics for the plasma in the pre-pinch phases, gives rise to a strong axial electron 

emission, in relation to a high soft X-ray yield. If the dynamics of the early stages of 

the plasma is far from ideal, the electron beam would not be well collimated, and 

therefore a PCB discharge is obtained; in this case the strong electron bombardment 

will generate a powerful MEXR emission from the anode rim. 

In the electron distribution, one or more clearly separated peak can appear, for 

both HCB and PCB discharges. The distribution usually extends up to 

210 keV, but almost all the electrons recorded by the analyser are having energies 

below 150 keV; this limit is even lower for low operating pressures. The discharges 

featuring strong contribution from electrons with energies higher than 210 keV are 

extremely rare. Above 350 keV, it is not clear whether our signals, which are having 

extremely low amplitudes, are real electron signals; anyway, even if the recorded 
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signals are real, the very low value of the amplitude makes that part of the spectrum 

negligible. 

A discrepancy was found between the electron charge as recorded by the 

analyser and the charge calculated using the electron current signal. This finding 

points towards the secondary emitted electrons originating from interactions between 

the primary electron beam (generated in the pinch area) and the surrounding metallic 

structures and filling gas (which enhance the electron current, as measured by the 

Rogowski coil), as well as towards the non-uniformities in the spatial distribution 

caused by self-interactions inside the beam, as main causes. 

The reproducibility of electron spectra, in both shape and amplitude, is lower 

compared to the electron current. This is the result of the different factors affecting 

the charge transport and the spatial distribution inside the beam. 

The multiple peak discharges, showing two to six clearly separated peaks, 

occur more frequently under high operating pressure, and their appearance follows a 

deterministic pattern. These characteristics prove that they require a good plasma 

dynamics (associated with a low impurity content) and a "smooth" device operation 

regime in order to develop. 

The study of the peak energies for the multiple peak discharges showed a 

pattern linking all the distribution peaks from the same discharge. The second and 

subsequent peak positions are related to the energy of the first peak, and the distance 

between any two peaks tend to be a multiple of a constant energy, which is found to 

be -20 keV. 

Two theoretical mechanisms have been proposed in order to explain the 

electron peak distribution. Although they are just phenomenological models, 

schematic descriptions of the acceleration processes which are likely to be responsible 
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for the behaviour of the electron spectra, they are supported by basic calculations and 

by the predictions based on the Lee model for our device. 

The electron peak amplitude was found to vary with the pressure in a manner 

similar to the electron current, pointing towards 4 mbar as an optimum for electron 

beam generation in this device. The position of the peak electron distribution shows 

also a similar pressure dependence; the maximum of the plot is again in the 4 mbar 

range. The shapc of the curve proves that the plasma focus can be used as an energy- 

tuneable electron source. 

Due to the complexity of the recording process for electron spectra, and since 

the spectra were time-integrated (unlike the other diagnostic signals, which were time- 

resolved, with the exception of the pinhole X-ray pictures), most of the correlations 

had to be performed on a statistical base. Only the correlations between the recordcd 

energy distribution and the voltage measurcments were performed on a shot-to-shot 

basis. Thc rcsults showed that the amplitude of the first peak in the high voltage probe 

signal (which is considered to be clearly related to the pinch voltage) is perfectly 

correlated with the position of the first peak in the electron energy spectrum below 

45 keV. 

On a statistical basis, the electron spectra feature the same pattern as the one 

shown by the hard X-ray signals. High energy photons (above 200 keV) appear 

randomly, and the upper energy range is limited to -300 keV. 

As mentioned earlier, our findings concerning plasma focus emission (electron 

beams and X-rays), both the new ones and those which either validate some reported 

studies or question others. shows in reality, one more time, that the emission is a 

characteristic of each device and depends not only on the operating conditions, but 
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also on all the other parameters of the device (construction characteristics, 

electromagnetic parameters, internal degrees of freedom which cannot be colltrolled 

by the operator, etc.). Each device is having unique emission characteristics, however, 

general laws can still be derived from experimental results, and this will help to 

increase the tuneability of dense plasma focus devices, and serves to widen its 

potential applications. 
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7. CONCLUSIONS AND SUGGESTED 

FUTURE WORK 

A large number of experiments were carried out using a compact 3 kJ plasma 

focus operated in Neon. The charging voltage was 14 kV. The operating pressure was 

in the 1.5 - 5.5 mbar range. 

Several new diagnostics were successfully built, tested and implemented 

during the project: a fast high voltage probe, a computer-controlled CCD camera and 

an electron energy analyser which uses a CMOS linear image sensor as a detector. In 

addition, a new computer simulation program for calculating charged particle 

trajectories in a non-constant magnetic field was developed as a main tool for 

designing and calibrating the electron analyser. 

Based on the experimental findings, the Lee model for plasma focus 

simulation was improved by adding a supplementary term in the voltage equation. 

The main goal of the project was to conduct an in-depth investigation on the 

electron beam emission from the NIE-NSAG-PFF plasma focus device and to 

correlate the emission parameters with the operating conditions, as well as with the 

X-ray emission in different energetical ranges. The findings arc extremely iniporlant 

not only for academic studies, but can also serve as a foundation for future direct 

applications of the electron beam cmitted by dense plasma focus devices. 
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CHAPTER 7  CONCLUSION^ AND SUGGESTED FUTURE WORK 

The experiments were divided into two parts. For the first part, the temporal 

evolution and characteristics of the electron current emitted from the plasma focus 

device were investigated in detail and correlated with other time-resolved diagnostic 

signals, as well as with time-integrated X-ray pictures. 

The evolution of the clcctron bean] emission with respect to the operating 

pressure shows that the 4 mbar Neon pressure maximises the electron output, with a 

very good shot-to-shot reproducibility. The electron current can exceed 10 k.4 under 

some circumstances. 

The electron current from the Neon plasma in our 3 kJ dense plasma focus 

device exhibits several emission periods and peaks, which correspond to different 

plasma phenomena. The amplitude of these peaks and the instant when these 

emissions start vary with the filling pressure. The peaks are separated for discharges 

at some pressures and overlap for some others. 

The electron beam output shows very strong correlations with the main 

discharge current derivative signal, i.e. with the plasma general dynamics. The carly 

stages during the operation of the device (breakdown, axial and radial acceleration) 

have a dccisive influence on the measured electron current. The operating pressure is 

one of the convenient parameters for influencing the peak amplitude of the current. 

The strongest correlation was found between the electron current emission and 

the X-ray photons in the 20 - 40 keV range. This is due to the fact that the origin of 

both these phenomena is the electron emission from a turbulent plasma. The axial 

component of the electron beam is detected as electron emission; the off-axis part 

gives rise to a strong anode bombardment and consequently to the medium energy 

X-ray emission. 
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The second part of the experiments was devoted to electron energy 

measurements using the newly-built electron analyser. The spectra measurements are 

in good agreement with the electron current and X-ray measurements. 

From the electron energy measurement, two operating regimes were 

identified, corresponding to the regimes identified from X-ray pinhole pictures and 

X-ray spectrometer signals. A good dynamics of the plasma in the pre-pinch phases 

leads to an electron emission which is mainly on-axis, resulting in low anode 

bombardment and consequently a low MEXR output; a poor dynamics of the early 

stages in the plasma formation will lead to a poorly collimated electron beam, and 

thus generates a powerful MEXR emission originating from the anode rim. 

The electron spectra can feature more than one clearly separated peaks. This 

behaviour was never reported before for electrons emitted from plasma focus devices. 

Moreover, the second and subsequent peak energies in a distribution are clearly 

related to the energy of the first peak. Two mechanisms were proposed to explain this 

behaviour. 

Unlike other dense plasma focus devices, the electron spectra from the 

NIE-NSAG-PFF machine showed a negligible electron emission above 350 keV, with 

most of the discharges featuring electron emission concentrating below 200 keV. 

The optimisation studies revealed that our device could be used as a powerful 

electron beam source. The 4 mbar Neon pressure maximises not only the total 

electron current and the emitted electron charge, but also the quasi-axial component 

of the current. The peak energy of the electron distribution, which being a function of 

pressure renders the electron source a tuneable one, reaches also its maximum at 

4 mbar Neon. These results proved that 4 mbar Neon is the optimum pressure for 

electron beam emission for our device. Since the same pressure was reported by 
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M. Liu as an optimum for SXR generation for the same machine, plasma focus 

devices can be seen as interesting multiple radiation sources (photon and particles), 

suitable for industrial and scientific applications. 

As a final conclusion, our studies proved once again that, unlike the X-ray 

emission, the electron beams emitted by plasma focus devices feature unique patterns 

for each device, and future work is required to find the important dependency 

parameters by comparing different machines. Once general scaling laws are identified 

as suitable for at least a big class of such devices, the electron emission (in terms of 

efficiency, spectrum, current, charge, etc.) could be further optimised, in the same 

way the original fusion design was modified for conversion to powerful point X-ray 

sources. 

Apart from the investigation of other devices using the same set of 

diagnostics, several directions for further studies can be easily identified. 

Firstly, an experiment could be designed to solve some of the questions raised 

by our findings. Simultaneous measurement of ion and electron current and spectra, 

on- and off-axis, with the corresponding X-ray measurements in different energy 

ranges, and X-ray pictures could give clear insights into the correlations between the 

particle and photon emission, as well as the correlations between the emission and the 

electromagnetic diagnostics, on a shot-to-shot basis. The role of the secondary emitted 

electrons in our measurements, as well as the interactions inside the beam could also 

be better understood. Since a very large number of different diagnostics are to be used 

simultaneously, a team of at least 4-5 trained scientists (a demand which was far 

above the possibilities of our project) should work together for such an experiment. 

The studies can be further expanded by employing other working gases, or, after 

modifying the capacitive pulser andlor the focus tube, by using other sets of operating 
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parameters (charging voltage, total inductance, capacitance) or design parameters 

(electrode and insulator dimensions). 

A second direction for further studies would be to modify the analyser in such 

a manner as to obtain temporal resolution for the electron spectra. A detailed time- 

resolved electron energy investigation would be able to offer very interesting and 

useful data on the energy distribution corresponding to different electron emission 

periods and peaks. This will help to improve the knowledge of the phenomena 

associated with these emission periods, and will also be helpful for plasma 

simulations, particularly for plasma focus energy balance modelling. 

Finally, another worthy direction for future studies could be a direct use of the 

electrons emitted by plasma focus for scientific and industrial applications. Although 

different groups have tried to use these electron beams (e.g. for electron lithography), 

these attempts were rare and unsystematic. Several possible application fields can be 

readily identified: material processing, ablation, thin film deposition and surface 

modification, triggering of high power devices, etc. 

As this thesis has shown unequivocally, plasma focus devices offer a wide 

research field, for both academic studies (with the data obtained during the 

experiments contributing to the knowledge base of plasma physics, plasma 

technology and particle beam science) and diverse applications. Apart from these 

areas, these relatively cheap devices offer excellent opportunities to train students in 

advanced physics diagnostics, electron beam, X-ray, laser and electron technology, 

and pulsed power technology. 
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