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Abstract

This thesis reports investigations of soft x-ray emission from a
compact plasma focus. Experiments were carried out under various
operational conditions with (a) three different working gases, neon, argon
or deuterium, and (b) with the central electrode operating at initial

positive and negative charging voltages.

A current transformer, a Rogowski current derivative coil, a
resistive voltage divider, a PIN optical speed detector and magnetic probe
arrays were used to study the evolution, gross dynamics, and discharge

characteristics of this plasma focus device.

Soft x-rays (SXR) in the spectral regime 3 - 30 A from the neon
plasma focus have been investigated in detail. An x-ray pinhole camera, a
pinhole transmission grating spectrograph, a flat crystal spectrograph, a
filtered 5-channel PIN soft x-ray detector, a photoelectric effect x-ray
detector and an x-ray calorimeter were the diagnostics viewing the x-ray
output of the pinched plasma region. The pinhole camera, the pinhole
transmission grating spectrograph and the spatially resolved flat crystal
spectrograph observed a. non-uniform column-like x-ray source with
~ 300 pm diameter and ~ 7 mm length centred at the axis under optimum
operational conditions. The x-ray spectrum with high resolution from this
neon plasma source is obtained by the flat crystal spectrograph. The x-ray
emission is mainly within the wavelength range from 8 A to 14 A. The
hydrogenlike alpha line (He-0) at 13.447 A and the helium alpha line
(Ly-01) at 12.132 A are observed to be the most intense features of the neon
spectrum, contributing 53 ~ 67% of the total spectrum emission. The x-ray
spectrum deduced from the 5-channel PIN detector shows that 44% of the
total soft x-ray energy is at 13.447 A, 20% at 12.132 A and 36% in the
wavelength range of 8 ~ 11.568 A, which is consistent with the results
cbtained by the flat crystal spectrograph. The calorimeter is used to
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measure the total SXR yield. At optimum condition (14 kV, 4 mbar) a total
SXR yield of 6 J/shot at source into 4n steradians is observed from this

plasma source.

A radiative plasma focus model was developed. Reflected shock
phase and radiative phase are added to the earlier model to simulate the
x-ray emission from the plasma focus. Electron temperature of 360 eV and
electron density of 10 m® were computed for the uniform radiative
compression. Radiation from this compression was also computed. Line
radiation comprises 70% of the total x-ray emission. These results show
good agreement with the experimentally measured values. The radiative
plasma focus model also shows that for a good SXR yield from neon
plasma a temperature range of 300 ~ 500 eV is optimum. Computations
also indicate the need to reduce circuit inductance. Reduction of stray
inductance from 110 nH to 10 nH will result in a 10-fold increase in
proportion of stored energy converted into focused plasma energy. SXR
yield will rise correspondingly. The results of this thesis form a data base
for the development of a high performance, high repetition rate SXR
source for lithography applications which is now in progress in our

laboratory.
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Chapter 1

Introduction

1.1 Introduction

Since the original experiments of Roentgen, x-rays have become a
most versatile tool for fundamental research and applications spanning
physical, chemical and life sciences as well as materials technology,
engineering and medicine. X-rays, including x-ray sources, their measure-
ments and applications, have been extensively investigated. The stream of
technological innovations using information derived from x-ray investiga-
tion includes semiconductor materials and devices, catalysts, magnetic
storage media, drugs and enzyme analysis, micromachined components,

chemical and mechanical sensors.

Some modern uses and applications of x-rays cover |1}:

digital subtraction angiography

x-ray diffraction

EXAFS (Extended X-ray Absorption Fine Structure)

*  X-ray microscopy
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* X-ray astronomy

* x-ray tomography

* x-ray used for plasma diagnostics

* x-ray lithography and

* medical and dental radiography, etc.

The studies of x-ray radiation from plasmas began to play an impor-
tant role from 1930 [2], when Xx-ray emission from plasmas was first
observed by Edle'n and Erikon [3], Ekefors [4] and others in high voltage
vacuum sparks. Spectrometers, e.g. grazing incidence spectrometer, were
used to identify line spectra of highly ionized atoms during that period of
time. Much more attention has been concentrated on this subject since
1960, when several plasma devices developed for nuclear fusion research
were observed to emit strong x-ray spectra. A great deal of work has been
done showing that x-rays radiated from plasmas (laboratory produced or
solar plasmas) cover a wide range of spectra, intensities, and temporal
profiles (continuous and pulsed) and thus are capable of being widely

used in various applications.

It can be seen that laboratory plasma devices, including those built
for nuclear fusion research, have enriched our knowledge of x-rays, their
diagnostics and various kinds of applications. Dense (Compact) Plasma

Focus (DPF or CPF) is one type of these plasma facilities.

1.2 X-ray Sources

1.2.1 X-ray Emission Process

An important component in connection with x-ray studies is the
source. Demand for higher energy, more powerful sources for industrial

applications has increased recently.
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X-rays are produced in two main types of process: acceleration of
charged particles (usually electrons) and when an electron changes from
an atomic or ionic energy level to a lower one. Examples of the first type
are synchrotron radiation (from relativistic charged particles caused to
travel in curved paths by magnetic fields) and Bremsstrahlung (from
electrons decelerated by collisions with heavy nuclei). These normally give
continuous spectra, although it is possible to obtain quasi-monochromatic
lines from insertion devices (undulators) in storage rings (synchrotron
sources). The second type of process, which occurs when electrons bombard
a low atomic number target or when a plasma is formed from a low atomic
number material, gives discrete line spectra. Highly ionized plasmas can
be made to behave as x-ray lasers. Other processes [5] such as transition
radiation (which oceurs when a particle crosses an interface between two
materials) and channeling radiation (which occurs when a particle moves
along channels formed by planes in a crystal) can give rise to x-rays, but

as yet no sources using them have been built.

Generally, x-ray sources can be divided into four main groups, 1.e.:
1) Solid target sources, 2) Synchrotron radiation, 3) Plasmas and 4) X-ray
lasers. A comparison of different sources concerning their applications on

x-ray lithography is given in Ref. [6].

1.2.2 X-rays from Plasma Focus

Pinch plasmas are promising as emitters of soft x-ray pulses with
duration from nanoseconds to hundreds of nanoseconds. In general they

enjoy growing interest for the following applications:

(1) production of soft x-rays in the energy range from 1 A to beyond
200 A (hv<12.3keV) for (a) x-ray microscopy [7-10] and x-ray lithography
[6,11,12];

(2) basic research in spectroscopy and plasma physics [13-15};
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(3) measurement of the population dynamics of transient plasma
producing data for comparison of experimental with plasma modelling in

order to predict soft x-ray laser action [16,17].

The emitted x-ray energy per pulse from z-pinch devices is higher
than the one produced by other available sources. The Plasma Focus (PF)
1s a special z-pinch-like device capable of producing plasma electron
density N,>10* ¢cm™ and temperature T,>500eV. Because of its simple
construction, cost-effectiveness and easy maintenance, the plasma focus
appears to be a promising device for x-rays. Experiments show that the
radiation spectrum of the plasma focus in the x-ray region covers a large
range from below 1 keV up to 500 keV in a time span ranging from a few

nanoseconds to a few hundred nanoseconds [18].

Since early 1960’s the plasma focus has been studied as a nuclear
fusion facility. The research has been more concentrated on improving
neutron yield usually using deuterium as the working gas, although argon
plasma (or other noble gas seeded deuterium plasma) has been used to

produce more intense bursts of x-rays.

The emission of x-rays from DPF is characterized by high intensity
and wide spectral range. The pinched plasma is column-like and viewed
end-on appears like a point. Because of these distinct characteristics DPFs
are suitable to be used as a pulsed point source for some special applica-
tions such as microscopy, x-ray lithography, etc. One of the promising
applications is x-ray lithography. The present project studies a small

plasma focus for its characteristics in the context of lithography.
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1.3 Plasma Focus: Candidate of Soft X-ray (SXR) Source for
X-ray Lithography

1.3.1 X-ray Lithography

X-ray lithography is an advanced technology for ULSI (ultra large
scale integrated) manufacturing. Since R. Kilby and R.Noyce invented the
first integrated circuit (IC) in 1961, the number of devices that can be
fabricated on semiconductor substrates, typically silicon wafers, has stead-
ily increased [19]). Simultaneous fabrication of millions of electronic
devices on a single silicon wafer reduces the cost and improves the
performance and reliability of electrical circuits. The impetus comes from
both the increased memory requirements of DRAM (dynamic random

access memory) and also from the speed needs of SRAM (static RAM).

The “size” of each element , the so called critical dimension (CD),
has decreased from >20pm in early 60s to ~ 0.35um in today’s state of art
64 Mbits DRAMs. Miniaturization of electronic devices gives high density,
high speed and low threshold voltage - all beneficial properties. DRAMs
have the largest production volume among the IC devices. In the past 20
years, they have been the technology driver. The general trends of DRAM
evolution are given by Moore’s law, which predicts 4X increase of bits in A

DRAM chip every 3 years. Table 1.1 shows such a evolution chart [20].

Table 1.1. IC product evolution

DRAM First Chip Size | CD Lw Overlay
generation Mfg. (mm?®) | (um) | Control Accuracy
Year (nm) (nm)
4 Mb 1989 80-90 0.7 70 240
16 Mb 1991 120-140 0.5 50 170
64 Mb 1994 170-200 | 0.35 35 120
B 256 Mb 1997 250-300 0.25 25 80
1Gb 2000 350-400 0.18 18 60,

note: CD is critical dimension, LW is line width
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Silicon, a semiconductor, forms the basic starting material for a
large class of integrated circuits. In the six processing steps lithography is
the technique to print patterns onto the silicon wafer [21,22] for subse-
quent etching, deposition, or implanting. It is one of the key elements of
semiconductor (microelectronics) manufacturing. The development of new
IC devices relies on the evolution of processing technologies, especially
lithography. Lithography determines the minimal feature size on a IC
chip. It is the single most expensive processing step in today’s IC fabrica-

tion, accounting for more than 30% of the manufacturing cost.

The use of soft x-rays (~ 10 A wavelength) for lithography has
several advantages. The diffraction effect that limits optical proximity
lithography is greatly reduced by the short wavelength. X-ray proximity
lithography can be used at larger gaps (10 - 50 pm) whilst retaining a very
high resolution. Particles such as skin flakes are transparent to x-rays at

this wavelength range.

1.3.2 Plasma Focus as a Source of Choice for X-ray Lithography

To develop x-ray lithography for industrial applications, a bright
soft x-ray source has become important. The two main approaches being
pursued for such sources are: the multi-beam synchrotron orbital radia-
tion source (SOR), and single-beam point sources of various types. Point
sources are generally less complex and much cheaper than the SOR
source, however issues of SXR flux and exposure field uniformity are criti-
cal for point sources if they are to match the performance of the SOR
source. The point source concepts which have been investigated are
plasma sources such as laser-plasma, z-pinch device, dense plasma focus
device, etc. Among these sources, it is known that plasma focus is very

compact, cost-effective and easy to maintain.

Recent investigations with plasma focus sources designed specifi-
cally for SXR proximity lithography appear promising [11,23-25]. X-ray

output of up to several hundred watts, in the wavelength range from 8 to

6



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

14 A has been achieved [11,25]. There are still a lot of question marks in
this areca. Work has to be done on this so as to meet the requirernents by
industry. But before approaching the stage of application, some funda-
mental investigations must be conducted, which leads to the necessity of

this project work.

1.4 Scope of Research

Studies on neon plasma focus are still very limited thus far. This
project is mainly intended for studying the characteristics of x-ray
emission from a compact plasma focus operated in neon both experimen-

tally and by theoretical modelling. The studies include:

{(a) diagnostic methods for measuring x-ray radiation from plasma
focus (spectral, spatial, temporal and total fluence characteristics of x-ray

emission, mainly from neon plasmas);

(b) mechanisms of plasma focus x-ray emission (origins of the

emission and their contributions to the total yield);

{c) dependence of the x-ray emission on operating parameters
(working gas, its filling pressure, charging voltage and its polarity, etc.)

and regimes;
(d) characteristics of the x-ray emission from neon plasma focus;

(e) using the information from x-ray radiation to reveal relevant

plasma phenomena;

(f) comparison of dynamic characteristics among neon, argon and
deuterium plasmas by using magnetic probing, optical probing and using

the help of physical model.

To study the gross dynamics of plasma focus in neon, a speed detec-
tor made of photodiodes was built to detect the optical luminous front to

get the maximum axial speed. Magnetic probes were used to obtain the
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current shedding factor as well as the current profile in the axial run

down phase.

Several diagnostics were developed and employed to perform
detailed measurements on x-ray emission as well as basic parameters
from the small plasma focus. A pinhole camera was used to obtain the
side-on and end-on time-integrated x-ray source image. A pinhole trans-
mission grating spectrograph was set up to survey the gross spatially
resolved x-ray spectrum. A flat crystal spectrograph was developed to
measure spatially resolved x-ray spectrum with high resolution. A
S-channel PIN detector was used to obtain the time-resolved x-ray signal
and also to estimate the total x-ray yield. A SXR detector based on the
photoelectric effect was fabricated and used to measure the time-resolved
x-ray signal. A calorimeter detector for absolute flux measurement was

employed.

With the help of x-ray spectrum information we obtained 1) the
electron temperature by means of relative line or continuum intensity;
2) the electron density by comparing with the density-sensitive satellite

lines.

A model concerning x-ray emission based on Lee’s model [26] was
developed to theoretically simulate the procedure. The model has included
the finite small disturbance speed between the shock front and the
mégnetic piston to solve some problems encountered by the previous
model. More realistic results are obtained. The model has also shown its

possibility for optimizing neon plasma focus for larger x-ray output.

The theoretical results were compared with experimental results.
Some general conclusions about x-radiations from plasma focus were
obtained providing a better understanding for both the experiments and

the model itself.

The experimental results were obtained in the small NIE-SSC-PFF

(National Institute of Education - School of Science - Plasma Focus

8
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Facility) plasma focus. With the help of modelling, however, it is possible
to extract the common points for DPF and some of the features can be
generalized enabling us to check and design other devices which are

dedicated for effective x-ray production.

1.5 Layout of this Thesis

The thesis 1s organized as follows:

Chapter 2 (Plasma Focus and X-ray Emission) describes general
aspects of the plasma focus device and gives an overview of its dynamics.
Following that 1s a short review of works done by other researchers on the

area of x-ray emission from plasmas, especially from DPF.

In Chapter 3 (Radiative Plasma Focus Model), radiative plasma
focus model is introduced in detail. A part of the results is discussed. This
mainly includes some general conclusions of the x-rays from plasma focus
device operated in neon. Some of the numerical results are left to be

discussed in Chapter 5 for comparison with the experimental results.

Chapter 4 (Apparatus and Diagnostic Techniques) describes in
detail the NIE-SSC-PFF plasma focus facility, the diagnostic techniques
and experimental set-up to be used for this project. The first section intro-
duces the details of the plasma focus facility. The conventional monitors
like voltage, current and current derivative probes are in the second
section followed by a description of the magnetic probe, and the speed
detector. In the final part the x-ray diagnostics (pinhole imaging, pinhole
transmission grating, flat crystal spectrograph, 5-channel PIN detector,

flux calorimeter) are described.

Chapter 5 presents the experimental results. Some basic measure-
ments, e.g. current, tube voltage, optical and magnetic probings on neon
plasma focus are shown. Then results from various x-ray diagnostics such
as the pinhole imaging, pinhole transmission grating spectrograph,

crystal spectrograph and absolute x-ray yield determination, etc. are

9
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presented. Plasma parameters are evaluated from these measurements. A

discussion of optimizing plasma focus for soft x-ray radiation is followed.

Chapter 6 (Conclusions and Suggested Future Work) contains the
summary of the results and interpretations, the conclusions and suggested

fuuture research work.

10
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Chapter 2

Plasma Focus and X-ray Emission

2.1 Introduction

The plasma focus was discovered independently by Mather (USA)
[27] and Filippov (USSR} [28] in 1965, although the devices investigated
by these two pioneers had significantly different geometries. 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
being either of the Mather or Filippov type. These devices have been built
with stored bank energy ranging from 1 kJ te 1 MJ with consequent varia-
tion in the physical sizes of the device. The plasma focus is well known as
both a source of fusion neutrons and a source of x-rays (Mather 19265 [90]).
Since 1965 a large range of investigations has been performed on both

types.

The early work on the plasma focus has shown that in this device
a hot (~1 keV) and dense (~10% ¢m™) plasma is created with a lifetime
~ 50 ns. Considerable interest was directed on this device because of the

high nt (n: number density, T: energy confined time) value of the plasma

11
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and the readily detected bursts of fusion neutrons when operated in deute-
rium. Besides being a ready source of hot dense plasma and fusion
neutrons the focus also emits copious amounts of soft x-rays, especially
when operated with high Z gases rather than deuterium. This distinctive
feature of the plasma focus sets it apart from other devices as a prime

candidate for the application of x-ray lithography.

It is known that the plasma focus is a very complex and rich source
of phenomena. The details for these will not be reviewed in this thesis.
Excellent review works can be found in Refs. [29-33]. In this thesis only

the x-ray related characteristics are introduced.
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The Plasma Focus is a two-dimensional Z-pinch formed on or near
the axis at the end of a coaxial plasma accelerator. Basic details of the
Mather-type and Filippov-type plasma focus electrode geometries are

illustrated in Fig.2.1.

The Filippov machine was developed as a modification of the
straight Z-pinch to "hide" the insulator zone from the pinch region and
prevent restrikes caused by radiation from the hot plasma. The Mather-
type device was modified from the coaxial plasma gun operated at higher

fill pressure.

The operating principle of the DPF is simple: the energy stored
electrically in a capacitor bank is rapidly transferred to the electrodes by
means of a fast switch. In both geometries the current discharge initiates
along the surface of cylindrical insulator in a coaxial electrode region
(see 1 in Fig.2.1). By the Lorentz force action the conducting plasma
sheath accelerates from position 1 through position 2 to position 3 (same
figure). In 4 the sheath reaches the axis of symmetry of the electrodes. In
the figure of the Filippov-type geometry, positions 1 and 4 are not shown.

To optimize the machine one chooses the dimensions of the
electrodes (length and diameters) and the operational pressure in relation-
ship with the characteristics of the energy source so that the current is
maximum when the sheath reaches the axis. At this instant a filament of
hot and dense plasma (pinch) is formed in front of the inner electrode
(usually the anode). After a very short time due to instabilities the plasma
column breaks up and decays. Details of the time scale and other plasma

parameters will be given later.

The obvious differences between the two configurations lie in the
electrode dimensions and the aspect ratio (diameter/length) of the inner
electrode. The Filippov-type device has a large aspect ratio, usually
greater than 5 with the inner electrode diameter of 50 ~ 200 cm. The
Mather-type device has a small aspect ratio of typically below 0.25, with

13
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an inner electrode diameter of 2 ~ 22 em. The electrodes are usually made
of copper or stainless steel. The anode may be a solid cylinder or a cylin-
drical tube in order to avoid excessive hard x-ray emission due to electron
bombardment. The cathode is in the form of a squirrel cage consisting of 6
~ 24 rods arranged eccentrically around the anode. The insulator may be

made of Pyrex, glass, alumina or ceramic.

Similarities between these devices are in (i) the dynamics of the
current sheath, (ii) the scaling laws [34-39] for neutron emission and (iii)

the emission of energetic ion and electron beams, x- rays, microwaves etc.

2.2 Dynamics of Plasma Focus

Our interest in this project work is on the Mather-type plasma focus

device as the electrode assembly in our DPF facility is of that kind.

The study of plasma focus dynamics can be divided into three
distinct phases: the breakdown phase, the axial acceleration phase (or

axial rundown phase) and the radial phase (or radial collapse phase).

2.2.1 The Breakdown Phase

When the high voltage pulse is applied between the electrodes of
the DPF device filled up with the working gas under an appropriate
pressure (usually several mbar Hydrogen or Deuterium, Neon, Argon), an
azimuthal symmetric electrical discharge will be initiated. This discharge
is preceded by an electrical breakdown phase which generates an initial
plasma configuration through which the discharge current can flow.
According to Paschen's law [40] the values of the static breakdown voltage
in any DPF operating with 1 ~ 10 mbar deuterium are lower than 1 kV
(for DC voltage), which is one order of magnitude smaller than the usual
(10 ~ 60 kV) capacitor bank voltage. Therefore the breakdown is always a

highly overvolted phenomenon.

14
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The development of the high current discharge in a DPF depends
substantially on the initial gas conditions [41,42], the parameters of the
electrodes [43,44] and insulator [41,42,45,46] and the polarity. The initial
rate of current rise which depends on the inductance and charging voltage
of the electrical circuit also play significant roles. For optimized conditions

a sliding discharge (or gliding discharge) will develop along the insulator.

The process can be explained by the effect of a surface capacitance.
Before applying the high voltage, free charged particles drift towards the
surface of the electrodes as well as towards the insulator because of the
image forces. Free electrons in the vicinity of the insulator tend to create a
negative potential at the insulator surface because of the dielectric
constant of the material (usually £>1) and high surface resistivity. On
applying high voltage to the electrodes a time delay of some tens of
nanosecond is observed [41] before breakdown along the insulator surface.
During this time further electrons are created by field emission from
metallic edges and ionization of the ambient gas. These electrons are
accelerated along the field lines of mainly radially directed electric field
towards the inner electrode and the insulator surface, or the outer
electrode, depending upon the polarity of the applied voltage. As the
discharge develops the surface capacitance is charged gradually while the
highest electric field remains at the front of the discharge. This effect
assists the propagation of the ionization front along the insulator. When
the sliding discharge reaches the end of the insulator it connects both
electrodes. Due to the jxB force the current is lifted off in an inverse
pinch manner. After some time (50 ~ 500 ns) the conductance of the
sliding discharge becomes high enough and the discharge converts into a
plasma sheath, in fact a double-layer structure consisting of the ionization
front and the magnetic piston [29,47,48]. This is the end of the breakdown
phase and the focus formation process will enter into the second phase,

the axial rundown phase.

15
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Monitoring the voltage across the electrodes of a DPF machine,
usually, an initial voltage rise is noticed, followed by a voltage drop deter-
mined by the breakdown development and parameters of the electrical

circuit, as shown in Fig.2.2.

FIGURE 2.2

Typical waveforms of the current (upper trace)
and voltage (lower trace)

time scale: 500 ns/div

According to Bostick et al. [47], additional to the primary sliding

discharge, filamentary radial discharges are often observed.

Mather [29] reported that a singular, azimuthal symmetric prompt
initiation of discharge is required for the current sheath to develop. Using
a fast image converter camera he confirmed that when the discharge was
non-symmetrical, or some radial spokes occurred within the interelectrode
region, then the neutron and x-ray yield was lower compared to the

normal operation.

Donges et al. [41] reported that the discharge occurs at the open end
of the accelerator or within the whole interelectrode volume if the initial
pressure in the plasma focus vessel is too low, normally below 0.1 mbar.

On the other hand, when the pressure value is too high {(above 10 mbar for

16
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deuterium, 20 mbar for neon) we assist to a radial filamentary discharge

between the coaxial electrodes [42] may occur.

Borowiecki et al. [44] used various electrode-insulator configura-
tions during the optimization of a 13 kdJ plasma focus device. They found
that when a knife-edge cathode was used, the breakdown conditions were
improved and the system performance turned out to be more reliable and

reproducible.

The work done on Poseidon and PF-360 experiments [49] revealed
the great importance of the insulator material on neutron yield saturation
of the plasma focus, particularly when the input electrical energy exceeds
several hundred kilo-joules. In the Poseidon the neutron yield starts to
saturate at 300 kJ when Pyrex insulator is used. The situation was

considerably improved using a ceramic insulator.

In order to describe the breakdown phase different computational
models have been developed. Kolesnikov [50] proposed the first 1-D model.
Later, 2-D 2-fluid [51,52] and 2-D 3-fluid [53] MHD models assuming a
thin plasma layer or ionized gas as initial conditions were developed for
the entire evolution of the plasma focus discharge until the final pinch

phase.

2.2.2 The Axial Rundown Phase

The next stage of the evolution of plasma focus discharge is known
as the axial rundown phase or axial acceleration phase or simply, axial
phase. It consists in the propagation of a magnetically driven plasma
sheath along the z-axis towards the open end of the electrodes (position 3

in Fig.2.1).

The axial phase is relevant for the subsequent formation of the hot
and dense plasma (pinch) in two aspects: (i) the current sheath should
arrive to the axis in coincidence with or near the first maximum of the

discharge current and (ii) the structure and the (r, z) profile of the plasma

17
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sheath should have certain characteristics for a good focusing effect. The
first condition is a common requirement to all pinch devices representing
the optimization of the energy transfer from the power source (capacitor
bank) to the pinch plasma. The duration of the axial phase is usually
1 ~ 4 ps. The second condition includes requirements of axial symmetry,

smooth (r, z) profiles and a thin, uniform current sheath structure.

Due to the large values of the discharge current and the low
pressures values of the working gas, the sheath pushed by the JxB force
moves against a stationary neutral gas, practically, from the very begin-
ning, at supersonic speeds. The mean free paths for both ion-atom charge
exchange and elastic collisions are very small in the usual range of filling
pressures, hence the moving structure produces a gas-dynamic shock
which heats and compresses the neutral gas in its front. Therefore, the
sheath will have a complex structure with a compressed and hot neutral
layer followed by an ionizing region, a plasma region carrying the current
at its trailing edge and a nearly vacuum magnetic field region. The
complete structure of the sheath is determined by the pattern of the
current that drives it (see the breakdown phase); if this pattern is
uniform, the plasma structure will be likewise, while an azimuthal

filamented pattern will produce a filamentary structured sheath

(48,54,55].

Magnetic probes measurements (detecting only the magnetic
piston) optical and‘Spectroscopic diagnostic techniques (Schlieren, shadow
and interferometric arrangements, image converter cameras or other light
detecting systems) are usually employed for the axial rundown phase.
Axial sheath velocities ranging from 1.7 to 15 cm/ps were measured
[56,57]. It was found that large fractions (up to 50%) of the current going
into the device flow behind the current sheath especially in large DPF
machines [58,59]. The thickness of the plasma sheath structure is about 2
~ 3 c¢m [60]. Due to the 1/r dependence of the magnetic field within the

interelectrode region, the current sheath profiles are curved (r.2)
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functions. The current sheath, maintaining its axisymmetric character,
acquires a parabolic shape [61] being thinner in the region near the

central electrode [62].

Theoretical descriptions of the dynamics of the axial rundown phase
frequently use the so called "snowplow model" (either 1-D or 2-D [63,64])
which have proven to predict reasonably well the current sheath velocity
and duration of the phase [65-68] and in its 2-D version also, the profile
[69]. The fitting of experimental data to the model requires the introduc-
tion of a so called "sweeping efficiency” or mass loss factor interpreted as
an incomplete sweeping of the filling gas and a current factor to take into
account the current shedding effect. Several other computational models
like 2-D 2 fluid time dependent [51], 1-D 3 fluid time dependent [53] and
2-D 3 fluid time dependent [70] MHD codes have been also developed.

At the end of the axial rundown phase, the inner end of the current
sheath sweeps around the end of the anode. The outer end of the current
sheath continues up the tube sweeping along with it the greater portion of
the accumulated plasma in the axial direction. Only a small fraction of the

plasma at the end of the axial phase will contribute to the final focus.

2.2.3 The Radial Phase

At the end of the axial rundown phase, the current sheath sweeps
around the end of the inner electrode (anode) and finally collapses due to
the radially inward JxB force (see position 3 to position 4 in Fig.2.1) in
approx. 50 ~ 200 ns, depending on the DPF machine characteristics. This
process is similar to Z-pinch phenomenon, but the pinching effect occurs

much more rapidly, with enhanced compression and plasma heating.

The radial phase leading to the pinch as the final stage of plasma
compression plays the most important role in the plasma focus evolution
due to its extremely high energy density, its transient character and for
being a rich source of phenomena like emission of intense radiation, high

energy particles as well as copious nuclear fusion products.
19
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Using the available experimental data reported, the following
paragraphs will describe the radial phase divided into four sub-phases:
(1) compression phase, (ii) quiescent phase, (111) unstable phase and

(1v) decay phase [71].

2.2.3.1 The Compression Phase

This phase begins with the sweeping of the current sheath around
the end of the central electrode, collapses radially with azimuthal symme-
try, with a non-cylindrical, funnel-shaped profile and ends when the
plasma column reaches the minimum radius when plasma density is at its

maximum (n, ~ 10" ¢cm™).

The main heating mechanism inside the plasma before the front of
the current sheath meets along the z-axis is shock heating. Therefore, the
electrons with temperature of about 100 eV are cold compared to the ions
whose temperature is around 300 eV depending on the speed of gas [72].
After the transformation of plasma structure to plasma column, Joule
heating becomes the main heating mechanism [48]. This plasma column
will be compressed adiabatically [72] further to form the final focus.
Peacock et al. [73] observed the onset of the Rayleigh-Taylor instability
about 30 ns before the end of this phase. This type of instability is damped

out when the radial velocity is diminishing [74].

Towards the end of this phase the magnetic field starts diffusing
into the plasma column. Very quickly it will be completely diffused leading
to an anomalous high plasma resistance. Also, the inductance of the
system is increased [75]. The sharp voltage spike and the current dip (see
Fig.2.2) are features typical of a focusing discharge where the large
increase of the plasma column impedance has occurred. The high
frequency oscillations at the beginning of the signal and alse during the
focus phase are due to the transmission line connecting the capacitor bank
to the electrodes [76]. Final electron temperature will be around 1 - 2 keV.

Maximum values of electron density and electron (ion) temperature have
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been determined by spectroscopy [77], interferometry [71], laser scattering

[48] and other methods.

It is often assumed that a Bennett equilibrium exists in the pinch
phase, according to which the final temperature should depend only on the
current I and the line density N : T ~ I?/N; the lower the line density, the
higher the temperature.

Simple computational physical models have been constructed for
the radial phase based on the snowplow equation. As is well known this
model when applied to a radial compression gives a zero-radius column.
Attempts have been made to overcome this by devising a retarding kinetic
pressure term. Other attempts use criteria for the minimum radius such
as the Larmor radius. However, Lee [78] had shown that these methods
are not energy-consistent and therefore should be replaced by an energy
balance model which provides the correct end-point for the implosion
trajectory, thus giving the correct quasi-equilibrium radius. Combining
the conventional snowplow model with an energy-balance criterion
enables a complete energy-consistent trajectory to be obtained [79]. Also,
the computed pinch length and minimum radius are in agreement with

the experimental values.

2.2.3.2 The Quiescent Phase

This phase marks the beginning of the expansion of the pinch

plasma column.

During this phase of expansion which occurs in radial as well as
axial direction, the rate of radial expansion is hindered by the confining
magnetic pressure. But due to the "fountain” like geometry of the current
sheath, the rate of the axial expansion is unhindered resulting in the

formation of an axial shock front.

The sharp change in plasma inductance (started during the

compression phase) induces electric field in the plasma column. This
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electric field will accelerate the ions and the electrons in opposite direc-
tion. The relative drift velocity between the electrons and ions will
increase and approach the increasing electron thermal velocity. This is the
condition for the onset of the microinstabilities such as the electron cyclo-

tron and various forms of beam-plasma instability.

At the end of the quiescent phase the m=0 instability develops
rapidly due to increasing electron temperature. The plasma column will be

compressed again, this time locally due, to the m=0 instabilities.

Based on these observations, one can define the pinch lifetime ¢, as
the time between the first compression and the instant when the m=0
instability occurs [33]. The pinch lifetime £, is correlated with the total
neutron yield Y, as follows: the shorter ¢,, the higher Y, for fixed discharge
parameters. In comparison to radial Alfvén transit time of the pinch
column, ¢, is many times larger, the reason being attributed to strong
axial flow, two-dimensional curvature of the current flow, BxvB drift or

the influence of self generated axial magnetic fields.

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

scale to the radius of the central electrode [80-82].

2.2.3.3 The Unstable Phase

The unstable phase is the richest stage of the plasma focus evolu-
tion in associated phenomena like soft and hard x-ray emission, fast
deuterons and electrons and D-D reaction products (neutrons, protons) if

operated in deuterium.

An induced electric field is enhanced locally due to growing m=0
instabilities. Therefore, electrons are accelerated towards the inner
electrode and ions in opposite direction. Plasma density increases again

up to 10" cm?,

A fairly large amount of impurities is injected into the plasma

column due to the bombardment of accelerated runaway electrons on the
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anode. The explosion proceeds sequentially along the plasma column. This
breaking up corresponds to the second density gradient in the interfero-
metric holograms [48]. This density gradient moves away from the anode

slower (20 ecm/pis) than the ionization front.

This disruption of the plasma column continues until the whole
plasma column has been broken up completely. The plasma density drops.
The calculated electron drift velocity from the current density is about
2x107 m/s, which is definitely greater than the electron thermal velocity of
6x10° m/s estimated from the electron temperature. The condition for the
onset of microinstabilities 1s met. This gives also rise to strong plasma
heating. As indicated by the large amount of measured Bremsstrahlung

radiation the electron temperatures increases up to 4 ~ 5 keV.

2.2.3.4 The Decay Phase

The last phase of the radial collapse and also the last stage of the
plasma focus dynamics is the decay phase. The plasma density drops

below 2x10Y em™.

During the decay phase a large, hot and thin plasma cloud is
formed due to the complete breaking up of the plasma column. This
plasma cloud emits a large amount of Bremsstrahlung radiation. The soft
x-ray emission rises sharply during the pinch decay, it reaches a first peak
shortly after the pinch break-up and continues at a high, almost constant
level for over 300 ns [83]. The neutron pulse which started from the begin-

ning of the unstable phase reaches its peak during this phase.
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2.3 X-ray Radiation from Plasma Focus

2.3.1 X-ray Emission Processes in Plasmas

2.3.1.1 General

A plasma consists of a collection of electrons and ions and is formed
when matter is brought to a highly ionized state. This process of ioniza-
tion is caused by raising the temperature to a very high level, typically, ~
5x10° - 10" K or ~ 50 eV - 1 keV. Such high temperatures exist naturally in
stellar atmospheres and can be produced on earth in nuclear explosions or,
in a more controlled way by, e.g., pinch devices, tokamaks, sparks and

pulsed laser beam focused on to a solid or in a gas.

At a temperature T,y the peak of the blackbody emission spectrum

is at a wavelength, in angstrom,
l/):»e't.'l’\'. = 2500 TeV-l (21)

This is known as the Wien displacement law. For the given temperature .
(above) range, Aper ~ 50 - 2.5 fk, i.e., in the x-ray range. The integrated
emitted power P(W.m?) is

P =1.03x10° T, (2.2)

and, typically, useful plasmas have dimensions of ~ 10 - 100 microns (typi-
cal size of the localized micropinchs), giving emitted powers of
~ 10" - 10 W (the higher temperature plasmas are smaller). Thus

plasmas can be very intense x-ray emitters.

The above estimation gives us a conceptual idea of emission from
plasmas although generally laboratory plasmas may not be considered as
blackbody which is the strongest emitting source compared to any other

source (Kochekov Law).
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2.3.1.2 Emission Processes

Processes in the plasma which give rise to continuum emission
include Bremsstrahlung, from the coulomb interactions between electrons
and ions, and recombination radiation, which is emitted by an initially
free electron as it loses energy on recombination with an ion. If an already
bound electron loses energy by falling to a lower ionic energy state then a
line spectrum is obtained. The relative strengths of the continuum and
line emissions depend on how the plasma was formed; typically, for a
plasma formed from a high-Z material continuum emission dominates,

while for a low-Z material line emission can be stronger.

The calculation of the power emitted by processes within the
plasma depends on assumptions made about the state of the plasma.

Below, the emission processes are qualitatively described.

Bound-Bound Transitions

When an electron bound in an ion makes a transition to another
bound state of lower energy, a photon with well-defined energy is emitted
(Fig.2.3). The spectral line shape depends on the spontaneous lifetime of
the upper state (natural broadening), the velocity distribution of the
emitting ions (Doppler broadening), perturbations caused by collisions
(collisional broadening) and by the influence of electric and magnetic
fields (Stark and Zeeman effects). The emitted radiation may also interact
with other particles in the plasma (e.g., it may be absorbed) which can
distort the line profile. Thus the line profile can give much information

about the state of the plasma.

Prior to emission the bound electron has to be excited to a higher
energy state, which can take place either by absorption of photons or by
collisions with other particles, primarily electrons. At very high tempera-
tures the material will be totally ionized so that bound-bound radiation no

longer occurs.

25



ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.
2. PLASMA FOCUS AND X-RAY EMISSION

FIGURE 2.3
Bound-bound, free-bound and free-free transitions

Free-Bound Transitions

A free electron can be captured into a bound state of an ion, thereby
reducing the ionic charge by unity. Any excess energy of the electron may
be emitted as a photon, giving free-bound or recombination radiation
(Fig.2.3). The emission spectrum is a continuum for each bound state with
a low-frequency cut-off, the recombination limits, corresponding to the
minimum energy needed to remove the electron from the bound state. The
shape of the spectrum depends on the free-electron energy distribution

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

A process that competes with this radiative recombination is three-
body recombination. This occurs when two free electrons simultaneously
collide with ion, one being captured and the other carrying away the
excess energy. No radiation is emitted, and so this process, which becomes
more probable at higher densities, should in principle be minimized in a
plasma to be used as a continuum x-ray source. However, because high
electron densities are necessary in x-ray sources, this is not possible in
practice. Another process which does not result in radiation is dielectronic

recombination.
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Free-Free Transitions

When a free electron collides with another particle it is decelerated,
i.e., it loses energy and makes a transition to a lower energy free state.
The excess energy, with a continuum spectrum, is emitted as free-free

radiation, i.e., Bremsstrahlung.

In highly ionized high-Z plasma Bremsstrahlung can be a dominant
radiation process, with a spectral emission coefficient per unit wavelength
peaking at about 6200/T.[eV] A. The emission decreases rapidly with

decreasing wavelength.

Cyclotron Radiation

In a plasma with a strong magnetic field, such as used to form a
pinch plasma, there is another type of emission called cyclotron radiation.
The power emitted as cyclotron radiation is ( for a plasma in which the

ions are hydrogenic) [84]
Pr=4.4x10%n, B*T. _ (2.3)

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

cyclotron radiation is (for a plasma in which the ions are hydrogenic)

Py _p Z°E
yon w{; T (2.4)

where Z is the charge on the ions and Ey = 13.6 eV is the ionization
energy of the ground state of hydrogen. For pinch plasmas this shows
that, for P to be comparable to Pp, magnetic flux densities of at least ~
100 Tesla are required, which is clearly not possible. Thus cyclotron radia-

tion is negligible and will not be considered for the rest of this thesis.

Other radiation Processes

There are many other processes which could give rise to radiation

from plasmas, but they can safely be ignored except under very special
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circumstances. They will not be reviewed in detail here and will not, like

cyclotron radiation, be considered hereafter.

2.3.1.3 Plasma Sources for X-rays

Common plasma sources, nowadays, are laser-generated plasmas
(.GPs) and various types of pinch plasma. In LGPs a pulsed laser beam is
focused to a small spot on a solid target, which is heated to a sufficiently

high temperature to form the required plasma [85].

The most common type of pinch-plasma sources are the gas-puff
z-pinch [86] and plasma focus. An advantage of the z-pinch, over the LGP,
is the higher overall conversion efficiency of input electrical power to x-ray
emission. Disadvantages of the z-pinch include the smaller range of
materials available to form the plasma - the material must be gaseous -

and the poor spatial repeatability.

The plasma focus is a special z-pinch which was described in detail
in the above sections. Its x-ray emission characteristics are described in

more detail in the following section.

2.3.2 DPF as an X-ray Emitter

For a long period after its discovery, the plasma focus (PF) 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 application potential as an intense (soft) x-ray source

[11,87] led to more intensive studies.

The focused plasma, with electron temperature of a few hundred eV
to a few keV and electron density of the order of 10 cm™® (10%® m™), is a
copious source of x-rays. It emits x-rays by three processes, namely:
Bremsstrahlung (free-free transition); recombination (free-bound transi-
tion); and de-excitation (bound-bound transition). The first two processes
give rise to the continuum of the x-ray spectrum while the third process

produces the characteristic line radiation of the plasma. For a plasma at
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temperature of T.[eV], the peak of its continuum occurs at the wavelength

of

. _ 6200 ;
Jo=25 A (2.5)

Hence for a plasma at 7, = 1 keV, its x-ray continuum 1is expected to peak
at A, = 6.2 A, which is in the soft x-ray region. On the other hand, for a
high-Z focus plasma, the characteristic line emission also falls in the soft
x-ray region. For example, for a fully ionized argon and neon plasma at
sufficiently high temperature, the K, line radiation have wavelengths of

4.2 A and 12.132 A respectively.

Besides making the plasma focus an intense x-ray source which is
useful in many applications such as microlithography and x-ray micros-
copy, the x-ray emitted also provides a convenient means for studying the

plasma properties.

The radiation spectrum of the plasma focus in the x-ray region
covers a wide range from below 1 keV up to over 500 keV in a time span
ranging from few nanoseconds to few hundred nanoseconds. The
integrated energy represents a significant fraction of the electromagnetic
energy stored in the DPF driver. It can reach up to 20% in a Filippov-type
geometry.

The electromagnetic radiative processes of the plasma focus are:
quasi-equilibrium thermal radiation from macroscopic plasma structures
and radiation due to electron beams interacting with non-plasma targets
(i.e. electrodes) and/or with periodic electron density structures [87]. The
following electron-ion interaction processes are considered to be responsi-
ble for the thermal x-ray component: Bremsstrahlung (free-free transi-
tions), recombination emission (free-bound transitions) and line emission
{(bound-bound transitions). The cause of dominant hard x-ray emission is
attributed to the non-thermal high energy electron beams striking the

anode surface. Time-resolved measurements [88] showed that the power
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law spectrum (dNgx/dE ~ E*, with a = 2 ~ 4, E in keV and Ngx the hard
x-ray flux in photons per cm’} found for the plasma focus in the range
100 ~ 500 keV is the result of the time integration over spectra produced
by quasi-monochromatic electron beams with average energies changing

over a ten nancseconds time scale.

Hard x-ray emission was correlated with the neutron production
when deuterium was used as the working gas: the total neutron yield is

large when the hard x-ray emission is large [89].

The emission of soft x-rays from the plasma focus have 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 filters) to record the time-integrated
spatial/spectral distribution of the x-ray emitting region, (ii) microchannel
plates 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/spatial 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 one space 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) emitting 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 showed
that it has a roughly cylindrical shape. Its dimensions are from below
1 mm to over 10 mm in diameter (approximately ~ anode radius), with an
axial length from few millimeters to few centimeters. Spectral filtering of
the x-ray image revealed a fine structure presenting intensely radiating
small macroscopic entities (called by various authors "hot spots" [90],
"plasma beads" [91], "bright spots" or "micropinches" [92]) as well as

filaments inside and along the axis of the pinch [93].
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Choi et al. {94,95] reported x-ray "hot spots” with typical dimension
of about 100 pm which occur within 5 ns of the first compression (the focus
formation) during the period of the stable phase of the pinch. They
concluded that the "hot spots” are not the manifestation of the m=0 insta-

bilities which disrupt the pinch column.

A detailed grey level analyses of x-ray images [96) indicated the
presence of helical structures of high emissivity at the centre of these
images which helps in explaining the production of axial magnetic field

and the relaxation of the pinch in the plasma focus.

For a low energy deuterium filied plasma focus device the soft X-
ray emission extends over a time interval of about 60 - 70 ns and features
three pcaks: 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 [97].

Favre et al. [98] investigated the temporal and spatial characteris-
tics of the x-ray emission in a 3 kJ DPF 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. [99] studied the influence of the radiation processes on
the plasma evolution during the pinch and post-pinch phases in experi-
ments with neon-seeded deuterium discharges carried out on a
28 kJ / 60 kV device. They reported dramatic changes in the radiation
characteristics of the discharge as well as in the pinch configuration. High
aspect ratio (length/diameter » 10) pinches (HARP) emitting large
amounts of soft x-rays accompanied by efficient emission of neutrons (and
hard x-rays) in the absence of macroscopic instabilities were produced.
This confirmed the physical picture obtained from experiments performed
with a lower energy plasma focus device [100]. They also concluded that

the line radiation as well as the main continuum radiation in the spectral
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range of 3 - 4 keV are emitted mainly from the intense bright spots having
dimensions of about 50 um. Similar ideas were reported by Presura et al.
[101] from their investigation of the spectral characteristics of the soft
x-ray emission of a plasma focus device operating in deuterium with

various additions of argon and argon- krypton.

The x-ray emission characteristics depend strongly on the plasma
focus device operating régimes and parameters (e.g. gas filling composi-
tion and pressure, stored energy, discharge current, driver impedance,
electrode material, shape, profile and configuration, polarity of the inner
electrode, etc.). Amongst 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 optimized output pressure [102,103].

For an x-ray optimized plasma focus device, the scaling law of the
X-ray output Yy as a function of the peak discharge current I... and the
pinch radius, r, can be written empirically [104] as:

4
Tmax

r2

Yy= (2.6)

This dependence 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-ray are
emitted in plasma focus are still controversial and more experimental
work is required in order to optimize the x-ray production for practical

applications.
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“hapter 3

Radiative Plasma Focus Model

3.1 Introduction

Galileo showed that experiment should not be separated from
modelling and simulation. An experiment that does not lead to the verifi-
cation of a physical model or does not suggest the need for a new point of
view is essentially useless - its conclusions are non transferable and its
results cannot be generalized to other cases. However, simulation is based
on physical models and theories with many assumptions. Its validity must

be verified by experiments.

In our project work, experiments were conducted and in the
meantime the physical model was constructed. The model was based on
the common knowledge of the plasma focus and some assumptions. Some
of the experimental results carried out in parallel were used as input
parameters of the code. The results from the numerical simulation, in
turn, can be used to help improve the experiments or to design new experi-
ments. 1t is very important to be able to generalize the results for other

cases of a similar kind.
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In this chapter the physical model is introduced in detail. In
section 3.2 a simple review of this field is given. Section 3.3 describes the
detailed model developed during this project work based on Lee’s model
[26,105-108] by including the radiation part. Section 3.4 is about numeri-
cal computation of the model. Section 3.5 will present some preliminary
results. More results will be presented in Chapter 5 where experimental
results will be given to compare with the results obtained by numerical

computation.

3.2 Modelling of Plasma Focus

The key technical and experimental features of plasma focus device
are well documented. The situation concerning the theoretical treatment
of the device is however quite different. Several theoretical descriptions of
the dynamics of the plasma focus have been developed in the past three

decades [51,53,63-67,69,70,109,110].

The simple snow-plow model has proven to predict reasonably well
the current sheath velocity, duration of the phase and the plasma profile
(2-D version) for the axial run-down phase. For the radial phase, however,
the simple model based on the snow-plow equation cannot be used. The
snow-plow model is essentially a structureless model. The use of it would
by itself produce a non-physical final radius of zero. Potter [110] has
suggested a slug model which he has applied to the specific case of a
constant current, constant length pinch to obtain a collapsing layer with
structure. Lee [105-107,111] has extended this slug model to the radial
compression phase of the plasma focus, allowing the length of the pinching
column and the plasma current to vary self-consistently. The model
relates the radial shock speed to the magnetic pressure, the focus axial
shock speed to the radial shock speed and the radial piston to the radial
shock speed by the careful application of the adiabatic law. The current is
computed self-consistently through a plasma-linked circuit equation. This

model is capable of yielding trajectory and structure of the plasma. An
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updated version of this physical model was proposed in Ref. {26]. In this
model, the dynamics of the plasma focus is divided into three phases, i.e.
the axial acceleration phase, the radial phase and the expanded column
phase. Mass factor and current factor were included for the axial phase of
the three phases considered. By doing this it was found the model can
agree more accurately with the experimental trajectory results when
applied to both the standard Mather-type electrode configuration and the
double stage electrode geometry in NIE-SSC-PFF focus [112].
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Figure 3.1
(a) Axial acceleration phase
(b) Radial compression phase

Fig.3.1 illustrates the two phases of the focus dynamics. In this
model when the capacitor at voltage V, is switched onto the focus tube

breakdown first occurs across the back-wall insulator. A current sheath is
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formed axisymetrically. It lifts off from the backwall and is then propelled
by its own J,xB, force down the annular channel in the z-direction. When
the current sheath comes to the position z = z, the radial phase starts. The

radial pinch proceeds as shown in Fig.3.1(b).

For the axial phase, a snow-plow model is used in which when the
current sheath is at position z, all its accumulated mass is also at position
z. This is an approximation which does not give rise te any fundamental

problem in the axial phase.

In the radial phase, however, if this “thin” snow-plow model is used
it will give rise to a compression to zero radius unless the compression is
correctly terminated by an energy balance principle [78]. However, if a
slug-model (with structure) is used, a shock front will separate out from
the current sheath (magnetic piston) and a finite thickness plasma layer
will result. This layer will be propelled radially inwards by the J,xB, force.
As the plasma layer collapses inwards the whole column elongates (since
the compression is open-ended at one end). In the slug-model when the
shock hits the axis, the piston stops and a quasi-equilibrium is formed.
However, a check with energy balance indicates that the piston will
continue to move a little so that the final quasi-equilibrium radius should

be determined by energy balance.

The integration of the model starts with the axial acceleration
phase, continues into the radial pinch phase and ends when the radial

shock front reaches the axis.

3.3 Radiative Plasma Focus Model

Based on earlier work, Lee has suggested a radiative plasma focus
model by including the radiation part in the previous model [113]. The
radiative (slow compression) phase will be added in the model described in
Ref. [26]. Also a reflected shock phase is introduced to give a more reason-

able start of the quasi-equilibrium (more consistent minimum radius). In
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the inward shock phase a finite signal communication time between the
shock front and the magnetic piston as discussed in Ref. [26] is now
employed to solve the problems of (a) unrealistic high sheath speed and (b)
the “sudden” stopping of piston when shock front hits the axis. It is found
that with this mechanism included in we can obtain more reasonable

plasma speed and a more realistic picture of pinching.

We shall begin with the introduction of the general topics related

with x-ray radiation from pinch plasmas.

3.3.1 General Consideration of X-ray Emission from Plasmas

The emission processes were qualitatively reviewed in Sec.2.3. As is
well known, for given electron density and temperature, plasma equilib-
rium models can be used to calculate the detailed spectra with the knowl-
edge of the rates of transition and related parameters. For our simple

model we are concerned only with the total radiation.

In the plasma focus both T. and n. in the radiation phase depend
strongly on various conditions such as electrode configuration, working
gas (here only neon is used) and its pressure, various instabilities and so
on. The duration and the size of the focus strongly affect the total radia-
tion. Various types of instabilities are responsible for the focus duration.
For comparison with the experimental results the duration time will be
chosen according to the mean value from experimentally measured

duration.

In this section we shall first discuss how to calculate the tempera-
ture, then with this temperature the equilibrium properties of plasmas,
then the various types of emission can be described more quantitatively.
Most of the formulae will be given directly without the details of deriva-

tion, which can be referred to references [114-118].
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3.3.1.1 Radiation Power Density

Referring to Sec.2.3, for plasma focus the main emissions are
Bremsstrahlung, radiative recombination and de-exitation (line radiation),
denoted by P, P, and P, respectively. Before giving the formulae we define
some notations which are commonly used for the radiation-related quanti-

ties in the following sections.

N.  electron number density of plasma (m™)

N, ion (or atomic) number density of plasma (m?)
N total number density (m~)
z charge number of ions (z=0 refers to neutral state)

Z.s  effective charge number
N, concentration of ions in zth ionized state (m™®)
N.. concentration of iong in excited state n
of the zth ionized state
X ionization potential of zth ion (eV)
Ymn  €Xclitation energy from m to n excited state
Ey ionization energy for hydrogen (=13.6 eV)
Z, atomic number
T. electron temperature ( in Kelvin)
(assumed equal to ion temperature T)

T.v electron temperature (in eV)

All these quantities are in the units specified above, except other-

wise specifically noted.

Power density of Bremsstrahlung (P,,,), recombination (P,,} and line
radiation (P;,) as function of photon energy (hv) or frequency (v) are listed

below (Ps, and P, in unit of W.m* Hz"):
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16 (aa )3 Ex 1/2 h
’ 33/2,5132 gy Ne N, z2EH[kT ] exp[—kgf ]

e

Py, =8n

—6.37x 103N, N, 2 exp| -2
T1/2 P~ T.v

(3.1
32 (aa,y)® Egy \** hy
Pr,l-’ =8n ngbN N 4 EH[kT } eXp['—kTe
4 hv— z ‘
=1.73x 105IN,N, n3zT3{;2 exp(— ‘f)l’exf J
(3.2)
Pl,v = hv Nz,n Anm (W'mls) (33)
A - 2me?y2. . [J] ) gmf
where T g,mehied  BnlTT (3.4)

=6.67x 10 5g’”fm,, s (s
A

and g,, . is the statistical weight at quantum state m and n, ., the oscilla-

tor strength.

The corresponding power densities of the three kinds of emission

are listed below (all in unit of W-m™?),

Py={Py.dv
' (3.5)
=1.69x 10N, T} 2(N.2?)
P.=| Py, dv 36
=5.5x 107N, T2 X(N,z*)
F
= Z Pl,l’
' (3.7)
Z4
=3.95x 10" 7= N.N;
eV

total radiation density P,.s is the sum of these three terms,
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Prad —_'(Pb +Pr +Pl) (38)

The radiation yield is,
Y=| (w( ) AV Prag jdt (3.9)

Where V, is the plasma volume and ¢, the lifetime of the pinch plasma

(assumed to be homogeneous)

It must be mentioned here Y is the total radiation including the
whole spectrum band. For neon, when 7, is over 100 eV, soft x-rays will be

the main contributor to this yield.

In the above expression for a particular plasma for which Z,, . are
known it can be seen that P, is a function of T, N,, Z.4, z, N., N, ., N; . But
Z., N., z, N, and N,, can be worked out for each given 7T, and N, using a
plasma equilibrium model {e.g. LTE model, corona model or radiative
collisional model). So P, is a function of 7, and N;. Thus Y is determined

by T., Ni, V, and ¢,.

The lifetime £, is strongly affected by various factors. e.g. kinds of
instabilities and thus not easy to calculate. In our simple model we took
the value from experimental results, which gives typical averaged radia-
tion time of 10 ~ 20 ns (for optimum operation). As for T,, N; and V,
(= mr,%z;, r, and z; are the radius and length of the pinch column), they
generally depend on several factors such as stored bank energy, electrode
configuration, filling gas, external circuit, etc., which require numerical
computation starting from the axial run-down phase through the radial
compression phase. In this procedure, energy transferred among the
magnetic energy, kinetic energy, internal energy and heat energy are
considered. The specific heat ratio v, a function of temperature, is an

important parameter in connection with this energy conversion.

Several quantities described above are not independent but are
related to one another. Sometimes we may need to solve the equations of

several quantities for any given point of time. For example, the calculation
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of Z.sis a function of (T,,NV,), but the calculation of 7. itself needs Z.+ to be
its variable. In this case we need to solve the two governing equations to
obtain T, and Z.

3.3.1.2 Calculation of V,, N, ., Z .

Simplified Plasma Equilibrium Model

The emission spectrum of a plasma is determined by the combined
effects of the processes discussed above (and also in Sec.2.3.1). If the rates
of all these processes were known, in principle the spectrum could be
predicted. This, however, requires detailed knowledge of the state of the
plasma and is generally not possible. Approximate calculations, using

simplified models of the plasma, may be carried out.

The most tractable plasma models are those in which the electron
density is either very high or very low. The former can be described by
local thermodynamic equilibrium (LTE) and the latter by coronal equilib-
rium. In plasmas suitable for x-ray sources neither condition is generally
satisfied, but in some cases reasonably accurate results may be obtained
by assuming that one of these types of equilibrium is valid. In general,
however, an intermediate model, e.g., collisional-radiative equilibrium,

must be used.

For the plasma focus used in this project (parameters are listed in
Tab.4.1 and 4.2 in the next chapter), the applicability of these models can

be tested using some approximate limitations obtained.
(A) Local Thermodynamic Equilibrium
An approximate lower limit on N, [m™] for LTE to apply is [116]

N, > K Tef Yo (3.10)

where K ~ 10" - 10% and ). is the highest ionization potential of any of
the ions present. Thus, for T, ~ 250 eV and Y. ~ 1360 eV (of neon), the
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lower limit on N, is ~ 2x10%. For our machine, with N, of about 10*° m?,

this model is obviously not applicable.
(B) Coronal Equilibrium

A similar argument may be used to estimate the electron density
N.™ above which the coronal model is not applicable; for hydrogenic ions
of charge z one analysis gives, for levels with principal quantum number

n<6 [119],
Noex 2 6.5 x 101(z+ 1) T exp( 0.1z + 1)/ Ty | (3.11)

For our machine the typical value is N,™* ~ 2x10*. Our electron density is

just above this limit. So the coronal model is at least a better model to use

than the LTE model.
(C) Collisional-Radiative Equilibrium

The collisional-radiative (CR) model [120] was developed to fill the
gap of several orders of magnitude in electron density where neither the
LTE model nor the coronal equilibrium are valid. This is a modification of
the coronal model which takes into account collisional transitions as well
as radiative decay from higher bound levels, and three body as well as
radiative recombination. The main difficulty with this model is its compli-

cation, need of computer time, etc.

Coronal Model

For simplicity the corona model was applied as an approximation
for neon plasma in this work, In a low density plasma (corona plasma)
most of the ions will be in their ground states, and so it is assumed that
collisional excitation from ground state is balanced by radiative decay

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

Nz,n Nz,n. _ NeCh,,
N, N~ Ao (312)

where
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< > mn mn
Con =1.6x% 10‘]'1ﬁexp[—a}ev ] (m®s) (3.13)

is the collisional excitation coefficient from ground state to nth state, <g>

is the Gaunt factor:
<g> = 1 (for atoms}, 0.2 (for ions) (3.14)

Using Egn.(3.3) and (3.12), we can express P;, as,

P, = hvﬁ’”—NeNzcln (3.15)

m<rn

Similarly, ionization is via collisions which, in equilibrium, is
balanced by radiative recombination. The rates of both these processes are
proportional to electron density. The state populations of ions of charge

z+1 and z are related by,

T3/4 . ;
I}Tvz—:l = 1.27x 108 % ili)‘; exp[—xz/Tev] (3.16)

with { is the number of electrons of outer shell. Using this equation, the

fraction of ionization of states at different temperature may be calculated

by using the following procedure.

Ionization State

Generally, from one of the three simplified equilibrium models
mentioned above, a recursive equation of steady ratio between consecutive

ions can be written as:

Nz+1 _
—AT—fz(Te,Ne) (3.17)

where N,, N,.; are the number densities of ions of charge z and z+1 (z=0
corresponds to the neutral density). Note that N, denotes the ambient
number density of the working gas for the rest of the thesis. For each

ionization state the above equation can be rewritten as:
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I[ N1=Nyfo
Ny;=N1fi=N
eI Tenh 3.18)
| Nz. =Nz,-1fz,.a=-----" =Nofof1+fz.
Using this equation the total ionic and atomic number density is
ZH
N;= Z N,
2=0
. (3.19)
=No(l+fo+fofi+: -+ +fofifa - fz,-1)
=Ny Sf
so we have obtained the fraction of neutral density,
N .
g (3.20)

Substituting this into Eqn.(3.18) we finally obtain N,/N; for all the ioniza-

tion states and the effective ionic charge by

, Ne Zn. Zﬂ
Za=" =z§)(z-N2)/§J N, (3.21)

Using corona model, the result is plotted in Fig.3.2. and Z. versus T.
curve can thus be caleunlated using Eqn.3.21 and given in Fig.3.2(b}. In
this figure we have defined

N,
% =N, (3.22)

as the fraction of the plasma which is ionized to the zth ionized state.

For our case in the focus pinch radiation phase T, is measured (see
Chapter 5) to be 250 eV ~ 350 ¢V. We may choose Z,4 ~ 8 - 9 for the inward
shock phase and 9 for the radiation phase (experimental results showed
that the T, ~ 300 eV, which corresponds to Z,; = 9.2, see Fig.3.2(b)). But
the power density is a strong function of Z.5, so at each step Z.5 will be

calculated by solving the equations of T, and Z.y simultaneously.
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Figure 3.2

{(a) Fractional density of neon ions as a function of temperature
in the corona equilibrium (cz = Nz/N)).

(b) Effective ion charge number as a function of temperature

(c) Specific heat ratic as a function of temperature
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3.3.1.3 Specific Heat Ratio (y) of Hot Plasma

The effective specific heat ratio is a very important parameter. Lee
has proposed a simplified method to compute the values of the specific
heat ratio as function of temperature [121,122]. According to a theory
based on energy balance [78,121,122], the radius ratio r,/r, of constant-
current plasma pinch depends on the value of the effective specific ratio y

of the pinched plasma.

The value of vy may be defined in terms of the enthalpy per unit

mass i as

h=—tg kpTD (3.23)

where the departure coefficient is
Zn
D=1+Zz=1+ Zl(z-az) (3.24)

Here kg is the Boltzman constant, m; the mass of atom or i1on, T the
temperature and o, the fraction of the plasma which is ionized to the zth
ionized state. The enthalpy of a plasma such as neon may also be written

in terms of its ionization and excitation energies as
_5 RS 18
- z(RD/M)TD+mi El(az ‘Iz)+mi Ezl(az Ez) (325)

Here I, is the total energy required to raise one ion from its unionized
state to its zth ionized state and E, is the average excitation energy per
zth ionized ion. The ionization potentials are known quantities whilst the
excitation energies are temperature dependent and can be computed from
the tabulated values of atomic and ionic energy levels and the statistical
weights of these levels [123], once a suitably converging summation

scheme is adopted.

From Eqns.(3.23) and (3.25) we may compute the value of v by

writing
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y _5,/% %

where the o, may be computed for any given temperature by the use of a

plasma equilibrium model.

A simple procedure for estimating the values of y from the available
curves of the z is suggested by Lee [122]. Noting that as the curve for a
particular ionization fraction, o, say, rises to its maximum value o<1, at
that point the second term of Eqn.(3.26) is dominated by the ionization
energy. At this point, if we assume that o, ~ 1, then

Zn Z}l
2o, L)+ 2la E)=Is (s=1,.,Z-1) (327

Hence, estimates of the values of y may be readily made at 9 points
of temperature, each point at successively higher temperatures corre-
sponding to the maximum values of z; to 25, by use of the approximate
formula

I

_r
* %o (1 +500) (3.28)

1=

5
2

-

As T is raised further and z;, approaches 1, the approximation
(3.28) becomes exact and remains exact for all higher temperatures of T.
Thus for all values of 7" higher than that temperature at which o0 = 1 we

have

11 ksT, (3.29)

By using the results of the preceding section and the data for neon
as tabulated in Tab.3.1. the above simplified procedure can be done. The
result is shown in Fig.3.2(c). For our focused plasma the temperature is
between 30 eV to 600 eV, where a simple (linear) approximation may be

used to calculate v, 1.e.,

v=1.28 + 4.44x10*T,, (3.30)
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for our model for the whole radial and pinch phase. In our dynamics

computation vy is calculated for each time step using the equation set of ¥,

T, and Z 4.

Table 3.1 Data for computation of y for neon

s | T(eV) | D~1+sa, | I{eV) 8 T(eV) | D~1+s0o, @ I(eV)
1 (25 2 21.57 6 |22.1 7 507.22
2 4.7 3 62.53 7 296 8 714.5

3 |79 4 125.99 8 1021 9 953.6

4 |12.1 5 223.07 9 |[349.1 10 2,149.43
5 |16.1 6 349.29 10 | 1,4425 11 3,511.64

3.3.1.4 Calculation of Temperature T,
Method I

For a plasma with inductance L, and resistance R,, and with the
rate of radiation loss of d@..s/dt, the total input power is the product of

the voltage across it and the current flowing through it, that is,

Pr=I,-V=1I,- [-(%(LPIPHIPRP ]

(3.31)
=I L, +I,L, I, +I:R,
here R, is the plasma resistance with resistivity of Spitzer form
7=1.033x10"*xInA - Z 5 T;¥?
R . e (3.32)
with InA=29.27+ §ln Tov— 9 InN
The rate of change of energy stored in the inductance is,
_d(1ly 20

P, = (2Lp I j 555

1 . .
=L, +L, I, I,

48



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

Using these two equations the rate of energy being converted to the

plasma energy, if accounting for radiation loss, is obtained as,

erad
PP—PT—PLP— di
==I*L +I:R,-——
2e TR TR dt (3.34)

147 deoul B ded

=l Lo+~ dt

1., ,dQ

=olo Lot

where @ = @, - @rq is the total heat energy absorbed by the plasma (here
Qo 18 the joule heating caused by the plasma resistance of Spitzer form).

Plasma energy ¥, is thus,
E,={Ppdt=[3112L

p—J)tPF t—.( 2IpLP dt"‘Q (3.35)

1

2
RHS of the above expression corresponds to the work done on the plasma

From this expression it becomes clear that the term [ I3 L, dt in the

by the system,
W——I—llzb dt (3.36)
2°p Tk )

The plasma energy is the sum of its kinetic energy E, and internal
energy U, i.e.,
E,=|Ppdt=Ex+U (3.37)
From above Eqns.(3.35 - 37) we have,

U=W+Q-Ex (3.38)

After computing the internal energy we can get the temperature T,

for the plasma:

-1 U
" Nink( + Zef)

T, {3.3M

where N, = N; x V, is the total particle number in the plasma being
studied.
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Method I

In an axial discharge, the self induced azimuthal magnetic field
interacts with the current and the JxB force compresses the plasma
towards the axis. This is known as the pinch effect. The necessary condi-
tions for the plasma to pinch is that JxB force should exceed the force due
to the plasma pressure P. The plasma is in an quasi-equilibrium when the

magnetic pressure equals the plasma pressure.
Bennet [124] solved this pressure balance to give,
En(NkT, + NRT;)=pI* (3.40)

where [ is the current through the plasma column, 7, is the ion, electron
temperature averaged over the cross section of the pinch, N;, is the ion,
electron line density defined as | N, ,2zrdr . In our model at the pinch

time homogeneous plasma column is assumed and 7, = T}, so we have

[f{ . ] |21 =(N;+N) kT =Ni(1+Zop) kT, (3.41)
nry
giving,
rok I :
'e—k -8n 1+Ze NL'
B ( FINiTp (3.42)
bI2

T (1+Zep) Nir?

with r, being the radius of the pinch.

In this method we have implicitly assumed that radiation loss is
small compared with the plasma energy and can thus be negligible. This
formula can be used for the final quasi-equilibrium phase. As for the rest

of the radial phase we can still write a similar expression, by using

PB = NkTe,

bI?
T, =
(1+Z.5) Ni(r —r?)

(3.43)

50



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

3.3.2 Axial Phase

3.3.2.1 Snowplow Equation of Motion

In the axial phase, the mass entrained by the sheath at a position z
(see Fig.3.1a)is: p.n(b?—a?)z. Considering the mass loss effect by means
of a mass factor f,<1, the mass carried by the sheath at position z

becomes:
Port (2 —a®) fin 2 (3.44)

During the discharge, part of the circuit current I is assumed to
remain at the glass insulator (a leakage path which may be characterized
by a leak resistance r). The rest of the current flows in the current sheath
that drives the plasma sheath down the focus tube. At any given time ¢,

we define the plasma current I, flowing in the sheath as:
In=fiI (3.45)

with fi<1 the drive current efficiency (current shedding effect) or simply,

the current factor.

The force exerted by the self-magnetic field (By =ul,/2nr) of the
current sheath integrated over the whole current sheath between r = a to

r=>5is:
x5
afu_ nr r=—4n Inc (3.46)

where ¢ = b/a, and u=4nx 107" H/m is the permeability of space.

The equation of motion can be obtained by considering the rate of

change of momentum:
d 2__ 2 Qéj _ B ey
dt(nfmpo(b a®) z ar | = 4n (filY?Ine (3.47)

then we have,
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H o2 _ g o dz)?
d?z 4z (fil)*Inc—n fin po(b® —a )k dt)
de? — 7T fmpolb?-a?)z

(3.48)

In this equation z and I are functions of time. To determine the current I,

the circuit equation is needed.

3.3.2.2 Circuit Equation

General Circuit Equation

The equivalent circuit of the focus tube is presented schematically
in Fig.3.3, where C,, L,, and R, are the fixed capacitance, inductance, and
resistance of the external elements, respectively, R, and L, are the plasma
resistance (Spitzer form) and inductance respectively, and &, the leakage
resistance. According to Kirchhoffs second law we can write the circuit

equation,

L IV+R I+ t(LpIp)=O (3.49)

Using the relationship 7, = fixI, we obtain the general circuit equation as

following,

1 : _da L.).
a Vg [1dt-R,+fiRp) -3 (Lo+fiLy)- 1
dt Lo+fiLp

(3.50)

General tube voltage expression

From Eqn.(3.49) we have the general expression of the voltage

across the focus tube:
v=2 (LpI,)+R,1 (3.51)

or alternatively,

dl

V=Vo- °dr

(3.52)
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Equivalent circuit of the radiative plasma focus

Circuit Equation of Axial Phase

In the axial phase the plasma inductance may be written as a

function of z:

L, zzinzlnc (3.53)

In this phase both the radiation and plasma resistance are neglected.
Substituting above equation into Eqgn.(3.50) yields the circuit equation for

axial phase as,

1 d L
Vo-g- | Idt—RoI—a[Lo +fi%zlnc] 1

L0+ﬁ-5’u7;zlnc

dal _
dt

1 # 79z
Vot [1dt-R,I-o—Incfil

Lo+ éu—nf,; zlne
(3.54)

Equations (3.48) and (3.54) are the two coupled equations determin-

ing the behaviour of z and [ for the axial phase.
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3.3.2.3 Related Physical Quantities

Tube Voltage
For axial phase, R, and radiation are neglected and so

=-£Lﬂf,-lnc(z%+ I%] (3.55)

Work done

The work done can be derived by using the Lorentz force ? exerted

by the self-magnetic field,

w=|ff dv-(j‘; ?-gdz)

(plasma)
= IO(EIJ? lnc)dz

tdz( H
= jO E[EﬁzIzlnC)dt

or we can directly use Eqn.(3.36) which gives the same formula as

Eqn.(3.56).

Kinetic energy

In this model the plasma sheath from anode to cathode is assumed

to run down at the same speed, so kinetic energy can be written as,

Ex=3fn po 167 -a?)z - (&2 (3.57)

3.3.3 Radial Inward Shock Phase

A simplified geometry is assumed for the plasma focus pinch as
depicted in Fig.3.1b. When the plasma sheath diffracts around the end of
the anode, the radial (compression) phase begins. The current I, flows
through a thin conducting shell at r,. The magnetic pressure B/21 due to
this current acts as a piston driving a shock front at r,. Between r, and r,,

there is a ‘slug’ containing the mass swept into it by the shock front.
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3.3.3.1 Radial Shock Motion

In this section and the next section we will introduce the previously
used model in which infinite small distance communication between the

shock front and the magnetic piston is assumed.

In the radial phase, the magnetic piston is known to be highly
supersonic. Therefore, the speed of sound in the slug is large compared to
the speed of the particles. Under these conditions, we may take the
assumption that the one quantity that may be taken as uniform across the

slug is the pressure P. Thus, this pressure may be related by the shock-

dr

[1..1mp equati()ns tO the ShOCk Speed Ug = ll as:
s = }’ ] pg vs ( .

where vyis the specific heat ratio of the gas in the slug.

Further, at the magnetic piston we may equate the pressure P; to

the magnetic pressure Pg so that:
Ps = PB (359)

where

po( L Y 1 _phD)?
B= | 2nr, | 21~ 8nlr’ (3.60)

Considering the current shedding effect with the help of a current factor f;,
from Eqns.(3.58) to (3.60) we get:

drs _ #(}'+1)T’2 _fil

where the negative sign indicates radial inward motion.

3.3.3.2 Radial Piston Motion

The slug of plasma is treated as a thermal system. The First Law of

Thermodynamics is used for this system:
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dh =dQ + VdP where k = },_LIPV (3.62)
then we have
yPdV+VdP=dQ-(y-1) | (3.63)
where
Vor@i-rdz (3.64)

To eliminate V from Eqn.(3.63) we need to differentiate Eqn.(3.64)
to obtain dV as a function of dr,, dr. and dz;. To do this we need to consider
very carefully so that the differential quantities dr,, dr, and dz; are
applied to a fixed mass of gas. For example when the piston moves by 'drp
no new mass of gas introduced into the corresponding new volume V+dV.
However when the shock front moves from r, to r.4+dr, it admits into the
new volume V+dV a new mass of gas. This new mass of gas is compressed
by a ratio (y+1)/(y-1) and will occupy part of the increase in volume, so that
the actual increase in volume available to the original mass of gas in
volume V does not correspond to the increment dr, but to an effective

(reduced) increment dr[2/(y+1)]. This also applies to the increment dz.

Thus we need to write the differential of Eqn.(3.64) in the following

form:
dV =2a(r,dr -2 redr)ze+(r2—r?2) _dz (3.65)
e y+ls s/2f P R | f :
2(r,dr _—2_ rodrs)ze+(r2—r2) 2 dz
dv *"1"y+133’r1"sy+1’r

v = Pz (360

We may also eliminate dP/P from Eqn.(3.63) by writing from Eqgn.(3.58)
and Eqn.(3.61):

P v, =2 (T - ?) (3.67)

finally we can obtain,
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dro | 2 redrs Tp . ridl _1 Tp . Iide
dt “|yeime @t T 2 d T yr1E T a

dn-Drp 1o d@|[1y-1 1r:
Tw(fD2 Zr T d 7TV 2

(3.68)

3.3.3.3 Slug Model Considering Finite Time Signal Communication
between SF and MP

The model deseribed in the above two subsections faces two
problems. Firstly it gives a much faster speed of plasma sheath than
experimentally measured values. Secondly, when the shock front hits the
axis 1t gives a picture which is inconsistent with experimental observa-
tions (e.g. by streak camera photography [125,126]). From Eqn.(3.68) we
see that when r; = 0, the speed of piston (dr,/dt) comes to zero. This is not
realistic and results from the assumption of uniform pressure within the
slug which requires an infinite small-disturbance speed [26]. It is helpful

to look into the physical picture in more detail.

Physical Picture

In terms of abundant experimental results available so far, using
concepts of shock front (SF) and magnetic piston (MP), the physical
picture of the dynamics in radial phase can be depicted. The radial phase
starts from the rim of anode at r = @ with a zero (or very small) thickness
and axial length. The shock front is imploded radially inwards driven by

the magnetic piston behind. The shock front collects the gas encountered.

When the shock front hits the axis what happens to the plasma slug
is noteworthy. The plasma slug may be thought of as comprising thin
cylindrical layers (the layer is thin enough to be treated as homogeneous
but thick enough to have sufficient particles inside it for the statistical
dynamics to validate), the innermost layer being the shock front and the

outermost layer the magnetic piston. When the shock front meets the axis

57



ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.
3. RADIATIVE PLASMA FOCUS MODEL
and stops, the layers near the piston will not stop until the increased
pressure on-axis is communicated to the layers near the piston. This infor-
mation is carried out by pressure waves which travel outwards towards
the magnetic piston at the local small disturbance speed. These outward
pressure waves coalesce to form the reflected shock. Until the reflected
shock hits the piston, the increased stagnation pressure in the on-axis
region is not felt by the piston. So the piston will continue to move
inwards. The piston stops or reverses motion only when this reflected
shock front meets it. The position where the reflected shock meets the

piston corresponds to the minimum radius of the pinch.

Improved Slug Model

To simplify the simulation, the dynamics of the plasma slug is
determined by the two boundary layers: the inner most layer (SP) and the
outer most layer (MP). Now we consider the communication delay due to
the finite small disturbance speed between the piston and shock front. In
our model the magnetic piston pressure drives the shock front and the
motion of the shock front creates volume for the piston to move into.
Hence a communication delay means that the shock front would at any
instant “feel” the pressure of the piston at an earlier time, and likewise
the piston would “feel” the effect of the shock front at an earlier position
[26].

1

With this assumption of signal communication delay, the picture
predicted by the slug model is made clear. The speed of this signal may be
taken as the sound speed in the slug. The delay time is determined by this
speed and the distance between SF and MP. As the shock front (magnetic
piston) will feel the effect of magnetic piston (shock front) at an earlier
time during which the magnetic pressure is smaller, the delay effect would
slow down both the shock front and piston as they near the axis, as will be
shown in Sec.3.5. The effect 1s also significant after the shock front hits
the axis. With the assumption of finite signal communication in mind we

may expect the picture as following: the piston continues to move inwards
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a little after the SF hits the axis because it takes time for the reflected
shock to move out to the piston. From the moment the SF hits the axis to
the moment the reflected shock front hits the piston we have the “reflected
shock phase”.

Eguations for Inward Shock Phase

The equations of shock motion and piston motion Eqn.(3.58) and
Eqn.(3.61) in the radial inward shock phase may thus be replaced by the

following equations,

1 /2 iI
drs _ :_[ﬂ(?”r )} fil |1, (3.69)

dt s Po 4717'13'371

dry

dt

2 1 drsy Psle,] 1 rPdl 17 ri dz
o) R e g Rk

dnp-Drp o e dQ| fly-1 171
Ty (FD)? zf(l—rg)dt’ /[ 7ty

(3.70)

In these two equations the quantities with |, refer to their values at the

earlier time £, which is,
t.y = dsrmp/Cs

where dgpyp is the distance between SF and MP, C, is the speed of sound
in the slug in the coordinate system moving with the slug and takes the

following form,

P NET
Co= (5 =\ = Nom, = (T Zp R TTm, (@.71)

here m, is the mass of ion (atom).
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3.3.3.4 Axial Elongation of the Focus Pinch

Since the compression is open at one end, we expect an axial shock
to be propagated in the z-direction. Further, we may assume that the
pressure driving the radial shock is the same as that driving the axial
shock. Thus, the length of the radial compression z; increases during the
compression and this is one of the major factors responsible for the high

compression in the plasma focus. We may write:

dzs _ 2 .drg
at = 1) ar (6.72)

3.3.3.5 Circuit Equation

In radial phase, the plasma inductance will be expressed as follows,

Ly=%-z,Inc+ -z In(biry) (6.73)

where both z;and r, vary, thus the circuit equation is (using Eqn.(3.50)),

7 dr d
Vo— C% f1dt—Ro+fR)I+; Ign[%d_f - ln(b/”f’)éﬁ}

L, +%{-f,[ Zolne+ zy ln(b/rp):l

ar _
dt

3.74)

This circuit equation will be used for the whole radial phase (includ-
ing shock inward phase, shock reflected phase and slow compression

phase) since the expression for L, is identical for the rest phases.

3.3.3.6 Related Physical Quantities

Tube voltage

Applying Eqn.(3.51), using L, from Eqn.(3.73), we have

H dl
V=2-fi zolnc+ zr Indir,) | %,
2n dt (3.75)

4 dzp zpdr
+fi %[ln(b/rp)gf - ;pﬁd—ﬂ +fiR,1

Work done
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The magnetic force (F) and work done (W) are as follows,

272
lu(JfLI .z

F=PB'S=PB-27IrP'Zf= dnr
B

(6.76 - 77)

d Jf2 d
o gy = | Holi Tp

w={F-— dnr, A

-dt

The formulae for the tube voltage and work done will be used for

the whole radial phase.

Kinetic energy

The kinetic energy is

1 N, dr, 1?
E,= Efmr Fﬂﬁo : Vp ' |:d_tpj|

(6.78)

1 N, dry 12
= §fmr N, Po T ra—r5zs [d—fil

Here we take the velocity of MP as the velocity for the whole plasma layer.
This is a reasonable approximation since the region at the piston is more

significant than the region at shock front from the energy point of view.
3.3.4 Reflected Shock Phase

3.3.4.1 Equations of Motion

Reflected shock front and magnetic piston

In this phase, the piston is allowed to move towards the axis by
assuming a “virtual” forward shock front moving with the on-axis speed of
the incident shock. The reflected shock travels outwards with a fraction of
the on-axis incident shock speed [127]. For example we may take this

fraction as Frr ~ 0.3 and the reflected shock speed is then,

drr _ drs
dt _FRFX[ dt ]on—axis (379)

The piston speed takes a similar form to Eqn.(3.70) as,
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2-&(&’_&_ Tp( Trdl lf_p[l_rz%:
dt — y—1 lr_rz
( y )+y(rp
(3.80)
Elongation Equation
dzr 2 (drs
dt y+1[ dit ]mﬂis (3.81)

The circuit equation is the same as Eqn.(3.72). This phase ends

when the reflected shock meets the Magnetic piston, i.e. r, = 7.

3.3.4.2 Related Physical Quantities
Tube voltage and work done are the same as those in Sec.3.3.3.

Kinetic energy

The plasma enveloped by the reflected shock front is taken as
stationary (radially) during this phase, so the kinetic energy is only
related with the moving portion between the reflected shock front and
magnetic piston. The velocity of the MP is approximated as the velocity of
the whole layer. We have

1 N, dr, 1°
EkzgfmrNaﬂo'n(rg"r?)zf'[d:i| (3.82)
3.3.5 Slow Compression Phase

3.3.5.1 Equation of Motion

Assuming that the diffusicn of magnetic field into the plasma is not
significant in this radiative phase (~ 20 ns), so the plasma is still assumed

to be confined by a thin magnetic piston.

“Piston” Equation

We can use Eqn.(3.70) as the piston motion for this phase by setting
re: = 0, drsldt = O,
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redl 1 T dz,c+ dn(y-1) rp dQ
drp yI dt  y+12F dt "~ uy(fil)2# dt
dt ~ _1 (3.83)
’
()

Elongation Equation

dzr 2 (drs
dt _}’+ 1 [ dt ]on—oxr’s (3.84)

The circuit equation (Eqn.(3.74)) is coupled with these equations of

motion for computation.

3.3.5.2 Related Physical Quantities

Tube voltage and work done take the same forms as those in

Sec.3.3.3.

During this slow compression phase the kinetic energy is small

compared with the plasma energy and thus may be neglected.
3.4 Numerical Computation

3.4.1 Normalization for Axial and Radial Shock Inward Phase

The governing equations i.e. Eqns.(3.48) and (3.50) for the axial
phase, Eqns.(3.69), (3.70), (3.72) and (3.74) for the radial shock inward
phase may be written in normalized form for the following purposes: (i) to
simplify the system of equations so that its basic functional dependence
may be seen more clearly, and (i1) to introduce scaling parameters which
enable all ranges of operation of the plasma focus device to be covered
simply by a variation of these scaling parameters. The later phases are
not normalized except those energy related terms i.e. work done, energy-in
and kinetic energy, which are all normalized to the initial stored energy in

the capacitor bank.

The identification of the correct scaling parameters is equivalent to

identifying the ratios which govern the régimes of operation of the device.
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The first step in normalization is to choose the correct reference

quantities to normalize the variables. Here we take:

¢ z I
=30 (= =y

—_,—R° ; (3.85
ok .85)

Z rp r
V=3 k=3 k=g

where z, 1s the length of the axial phase,

to=.JL,-C, the angular frequency of the L,-C, circuit
{the short-circuited capacitor bank),

and [I,= V,//L,/IC, the peak current of the L,-C, circuit.
With this normalization, we will obtain the normalized equations
for axial phase and radial inward shock phase.
3.4.1.1 Axial Phase
The equation of motion (3.48) becomes:
d{ ,
7)

2 2.2
d fica® —(d—
dz2 = C (386)

and the circuit Egn.(3.50) becomes

1—W1dt—ﬂzﬁ"6i—c—pz
dr_ de (3.87)
dr 1+ﬂfiC )

The first scaling parameter « is introduced as a ratio of two charac-

teristic times ¢, and %,:

a=te (3.88)

Thus, t, appears naturally as a characteristic axial transit time:

4722 =D\ 2o(fmpo)V?
tﬁ{ () ] T dla) (3.89)
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The second scaling parameter is seen to be a ratio of two

inductances:

IB L: = Lo (3.90)

3.4.1.2 Radial Inward Shock Phase

The radial shock motion, the axial elongation of the pinch, the

radial pigton motion and the circuit equation become:

dk,  aoifit 1
L

dty 92 dk,
dt __(y+1) dr

k k
(_L)k‘géi__p[l_(z_s)Zl._l__l_. P (1_(%)21%
p

) dkp y+17kp dr 7E . Jdt y+1 dr
dr = =11 ks,
H5+5G,)
| (p dk ko d
dr lﬂ-“df“"ﬁFﬁ’éa&“‘ﬁﬁFln(Tp)!?l’f—pz
dr =~

kp
1+fi B—fiBr In(—) (f

(3.91 - 94}

where p=R,/./L,/C, .

These four equations form a closed set of equations which may be

integrated for k,, k,, krand 1.

3.4.1.3 Normalization of Tube Voltage

Axial phase

dz

v=f,-b’(zil—+za)

dr (3.95)

Radial shock inward phase
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¢ dk
U—fz[ﬁ’ ﬁFIn(—) f]ii—faﬁF(l n(— )% f— df ]-z (3.96)

where,
G+ 1 —1)]%
al=——7——= | =~
Inc 2
_ (3.97)
PP = Finec
F=z,la

3.4.2 Description of Numerical Computation

3.4.2.1 Numerical Method for Integrating

To compute this model, the integration of the equations of this
model has been performed using a simple linear approximation method
[67,128] i.e. for any variable, its value at time step (n) will be related to
the value of the previous step (n-1) as,

n-1
A[n___ Aln.—1+ _(ﬁ

dr <At (3.98)

with Af the time increment.

This method was checked against a Runge-Kutta method and found
to be of sufficient accuracy when time-increment for each phase is chosen

ag follows (in Tab.3.2):

Table 3.2. Time increments set for each phase

axial phase 1 ns
radial inward shock phase 2 ps
radial reflected shock phase 2 ps
slow compression phage 0.2 ps

3.4.2.2 Computational Procedure

Initial conditions at 1 = 0 for the axial phase [128] is
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(roo, L g, dX__fi

2.
dr =’ diz” [gv3

(3.99)
Lz=0; g—;=1; ftdr:O.

The axial phase ends when the plasma sheath reaches the end of the
anodeie. {=1(orz =z,

The radial phase starts with both the shock front and magnetic

piston are at the rim of the anode i.e.
k=1, k,=1.. (orr,=r,=a) (3.99)

and stops when the shock front hits the axis of anode 1.e. &, = 0 (or r. = 0}.

Then the radial reflected shock phase starts.

The reflected shock phase inherits: I, [I dt, (CZS ]On_m_s , rp and z¢

from the last phase. This phase stops when the reflected shock meets the

magnetic piston i.e. r; = r,.

The slow compression phase inherits I, ]-I dt, (CZ‘; ] ~,rpandz

from last phase and is computed for 10 ns, which is the mean value of

experimentally measured focus duration.

The numerical code for this model was written using the program-

ming language Borland C++ Version 4.5.

3.5 Computational Results

The radiative plasma focus model described above is applied to our
NIE-SSC-PFF compact plasma focus and results in agreement with
experimental observations were obtained. In this section a typical set of
results will be presented. Some results are shown in Chapter 5 where the
experimental results will be compared with the results obtained from this

simulation.
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3.5.1 Typical Results

Computation is done for a typical case of neon plasma focus operat-
ing under the optimum condition (determined by experiments) of 13 kV
charging voltage, 2.5 mbar pressure. The input parameters and the corre-
sponding scaling parameters are summarised in Tab.3.3. The experimen-
tally measured current factor f; - 0.8 is used. By using this current factor
and matching the arrival time of> plasma sheath to that measured by
magnetic probe (see Chapter 5, Sec.5.2.2) the mass factor f,. ~ 0.046 for the

rundown phase is obtained and used for this computation.

Table 3.3 Parameters of a typical discharge for simulation

fixed parameters adjustable parameters scaling parameters
110 ns |2 13 kV c 3.37
C, 30 uF L, P, 2.5 mbar F 17
b 3.2 cm zZ, 10 ; 215 kA
a 0.95 ¢cm Wu 20 ¢, 1.82 ps
2o 16.3 em f: 0.8 to 1.15 ps
R, 0.12 ohm fr 0.046 o 1.59
B fonr 0.4 0.36
Frr 0.3 Br 0.01
tp 10 ns p 0.2

Fig.3.4 shows the comparison between the recorded signals and
computed curves for both current and voltage during the first 4 ps. The
current curve fits the experimental signal well. The simulated voltage
spike is sharper and has a larger amplitude than the experimental one.
This may be explained by the low frequency response of the resistive

voltage probe.

The trajectory of the plasma sheath in the radial phase and its
velocity are shown in Fig.3.5. The computational model gives the final

radial velocity of the imploding plasma sheath values about 30 cm/ps and
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the length of the pinched column values around 8 mm, in good agreement
with the experiment. By introducing a reflected shock phase a minimum
compression radius of ~ 0.4 mm is obtained, which agrees with results
from shadowgraphy and schlieren photography done on the same machine.
It takes about 4 ns after the shock front hits the axis for the piston to
reach its minimum radial position, which is the starting point of the slow
compression phase. The plasma column 1s found to continue contracting,
as shown in Fig.3.5(a), during the whole radiative phase. This is due to
the very large radiation rate from neon plasma which exceeds the Joule
heating rate. When the radius becomes very small we expect hot spots to
be formed as observed experimentally. Therefore the last few ns of
compression is not expected to agree with experimental observation, since

we have not included hot spots in our modelling.

150

FIGURE 3.4

Comparison between the experimental data (full lines) and results from
the numerical simulation (dashed lines) for current and voltage signals.
conditions: discharge at 13 kV neon at 2.5 mbar.
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FIGURE 3.5

Upper plot: trajectories of radial inward shock (r;), reflected shock (r;)

and magnetic piston (r;).

Lower plot: inward shock speed (dr,/dt) and magnetic piston speed {(dr,/d¢)
conditions: discharge at 13 kV neon at 2.5 mbar.

The average electron temperature of 360 eV and electron density of
~ 10 m™ are given by the computation for this particular case, as shown
in Fig.3.6(a). At this condition the neon plasma is highly ionised, as can be
seen in Fig.3.6(b), where oy, 0y, 019 are the fraction of ions at 8th, 9th, and
10th ionised levels respectively. The curves in Fig.3.6 start from the
beginning of the reflected shock phase and the vertical dotted line marks
the end of the reflected shock phase and the start of the radiative phase

(or the slow compression phase). Fig.3.6(c) shows the comparison among
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the line emission rate, recombination emission rate and the Bremsstrah-
lung rate, the joule heating rate is also shown for comparison with the
radiation. We see that the line emission dominates the total radiation and
the Bremsstrahlung is very small as compared to the other two emission
mechanisms. The area under each curve is the x-ray yield contributed by
each mechanism:

E line=85J (line radiation)

E rec=32Jd (radiative recombination)

E brem=04J (Bremsstrahlung)
which show that the line radiation takes 70% of the total yield, the radia-
tive recombination takes 27% and the Bremsstrahlung 3%. It is noted that
the radiation computed here includes the whole emission spectrum,
mainly in the x-ray region. For the application of SXR lithography which
is our main objective, we are more interested in a specific wavelength
range below 20 A. More discussion of that specific wavelength range is

given in Chapter 5 Sec. 5.4.2 and 5.4.3.

3.5.2 Discussion

The simple radiative plasma focus model gives a clear picture of the
dynamics in the radial phase as well as quantitative results of the x-ray
emission from neon plasma focus. With the finite speed of small distur-
bance and reflected shock included into the model we obtained more
realistic physical picture of the radial inward compression and minimum

3 and an electron

compression radius. An electron density of 10%* m
temperature of 360 eV are computed using the model. For neon plasma at
this temperature the line radiation is found to be the strongest feature,
whereas the Bremsstrahlung is relatively weak. As the joule heating rate
i5 small compared to the radiation loss, radiative collapse is predicted by

this model.
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FIGURE 3.6

{a) electron temperature and density.

(b} fraction of 8th, 9th, and 10th ionised state for neen icn.

(¢) P_line, P_rec and P_brem are emission rates from line radiation,
recombination and Bremsstrahlung respectively; P_joule is
the joule heating rate.

conditions: discharge at 13 kV neon at 2.5 mbar.
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The simple model presented in this chapter assumes that the
pinched column is uniform in nature. Experimentally we observe hot spots
with different aspect ratio (length to radius) which will affect the dynami-
cs and radiation of the final phase of the focus. This could be the major
cause of the discrepancy between the simulated values and the measured
ones. Another factor of concern in this model is that we have not been able
to fix satisfactorily the mass factor for the radial phase. The result is
found to be quite sensitive to the value we assign to this quantity. The
radiation time which we assumed to be the measured pinch life time, is of
course also of primary importance. Experimentally two or three peaks in
the x-ray bursts are observed, so the effective radiation time used in the
mode] 1s probably longer than the actual radiative phase. Despite of all
the factors listed above, our relatively simple model still gives quantita-
tive emission rates which are in the same order of magnitude when
compared with measured values, thus giving a basic understanding of the

plasma focus as a radiation source.
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Chapter 4

Apparatus and Diagnostic Techniques

4,1 The Plasma Focus Device: NIE-SSC-PFF

The National Institute of Education - School of Science - Plasma
Focus Facility (NIE-SSC-PFF) is a 3.3kdJ/15kV plasma focus device
designed from the UNU/ICTP PFF [129]. Basically, the NIE-SSC-PFF

consists of the following subsystems (see Fig.4.1):
+ driver (high-voltage charger, capacitor and high-voltage cables),
+ switch (spark gap),

+ focus tube (discharge chamber, input flanges and electrode

system),

¢ vacuum system (vacuum pump, manometer(s), valves, working

gas container, etc.),
+ triggering electronics (high voltage transformer),

+ control & sync. electronics (master pulse trigger generator, high-

voltage trigger unit and delay units)
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¢ diagnostics (Rogowski coil(s), high-voltage probe, magnetic
probe(s), visible spectroscopic system, axial speed detector, soft

x-ray spectrometer(s), and calorimeter),
+ DSO (Digital Storage Oscilloscope) and

+ computer analysis system (computer and software packages)

VACUUM
SYSTEM
DRIVER
v
y \
FOCUS
SWITCH TUBE
DIAGNOSTICS
TRIGGERING
ELECTRONICS
CONTROL & 8 YNC R
ELECTRONICS | DSO's
COMPUTER
FIGURE 4.1 ANALYSIS
Block Diagram of NIE-SSC-PFF SYSTEM

4,2 Description of NIE-SSC-PFF

4.2.1 System Arrangement

A simple parallel-plate spark gap with a swinging cascade configu-
ration (see Fig.4.2) was developed giving a low inductance at minimum

cost. The ratio of the gap 1s 3:2 (4.5 - 3 mm). The gap is triggered via an
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isolating capacitor from an 800-V SCR unit via a TV transformer that was

found to have a step-up ratio of 17 times and rise time of 1 us. The

parallel-plate spark gap is made from 0.5-in.-thick copper plates and
proved maintenance free for 200 discharges between 13-15 kV before

requiring cleaning. The triggering jitter was found to be within £50 ns.

Charger
+20 kV Lo.a.n.o.u.o.uJ
W . Transformer
I

100 pF —
(isolation)T -25 kV Trig. pulse
HDXe
— A%
— ;g :‘cF 99M Focus tube
FIGURE 4.2

Circuit for the swinging-cascade spark gap and focus tube.

The arrangement for the capacitor, the connecting plates, the spark
gap, and the output coaxial cables is shown in Fig.4.3(A). To keep the
inductance low, the earth plate of the capacitor (labeled no. 5) is extended
nearly up to the anode and insulation is provided by a nylon cap (no. 4)
around the anode stud. The cap dips into a pool of oil (no. 7) that is
prevented from splashing out by means of an O-ring (no. 8). Mylar sheets
(no. 6), 2 in. wider all around than the conducting plates, sandwiched by
polyethylene sheets (no. 10) complete the insulation between the HV plate
(no. 12) and the Earth plate as shown in Fig.4.3(A). The Earth plate (no.
5) runs unbroken to the output position where the Earths of the coaxial
cables connect. On top of the insulating sheets the HV plate is connected
to the spark gap. Between the spark gap electrodes and all along it is
placed a 0.5-in.-diam copper tubing (no. 15) that acts as the trigger
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electrode. The output plate of the spark gap is connected to the focus tube

by means of 16 coaxial cables (no. 16) used in parallel.

Essential to the structure of the focus tube is the backwall (see
Fig.4.3B) ingulator. The glass insulator (no. 26) plays an important role in
the symmetrical formation of the current sheet and has to be properly
mounted to avoid being broken by vibration. In the present design this
glass insulator is mounted in a rubber holder which when compressed
tightly and symmetrically by the brass flange (no. 25) grips the glass
ingulator. The rubber holder also acts as a vacuum and high voltage seal.
Fig.4.3(B) also shows the anode collector plate (no. 18) and the cathode

collector plates (no. 22) onto which the coaxial cables connect.

The plasma chamber (no. 30) consists of a 30-em length of
6.5-in.-diam mild steel tubing that is chromed. Vacuum is provided by a
single stage rotary pump reaching an ultimate base pressure ~ 0.005 torr.
The system was adjusted for a leakage rate of less than 2 Wmin and
pressure is read with a mechanical diaphragm gauge. This level of
vacuum proved to be sufficient for operating with good focus in various

gases and good neutron yield when operated in deuterium.

Another view of the NIE-SSC-PFF plasma focus with more details
is shown in Fig.4.4, where the available diagnostic windows are also
shown. There are three circular windows with two on the side and one on
the top. Two rectangle windows are built for optical diagnostics as well as
for other measurements. In this work we used it for holding the plane
crystal spectrograph and speed detector. The focusing region is about the
same height as the two side circular windows. The top window is protected
from the strong shock wave by a plate with a small aperture to let through
the radiation. This arrangement also reduces the highly energetic parti-

cles in the axial direction.
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Brass (A}
Perspex

B Rubber

Steel

FIGURE 4.3 Diagram of NIE-SSC-PFF: (A) The capacitor connecting plates, the spark gap, and
output coaxial cables. 1=capacitor; 2=capacitor O-ting seal; 3=nut; 4=nylon cap; H=earth plate;
6=Mylar film; 7=0il; 8=0-ring seal; 9=earth stud; 10=polyethelene film; 11=copper ring; 12=high-
voltage output plates; 13=lock nut; 14=HV electrode for swinging cascade spark gap; 15=trigger
electrode; 16=output cables; (B} The plasma focus tube. 17=stud of anode; 18=anode collector plate;
19=connecting points for coaxial cables; 20=5-mil Mylar film; 21=perspex spacer; 22=cathode collec-
tor plate; 23=flange; 24=0-ring seal; 25=cathode support plates; 26=glass insulator; 27=focus anode;
28=focus cathode(6 rods); 29=outlet to diaphragm gauge and vacuum pump; 30=chamber; 31=glass
jacket for magnetic probe; 32=top flange; 33=inlet for test gas; 34=0-ring.
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FIGURE 4.4

3D view of NIE-SSC-PFF plasma focus

showing the two circular (C1, C2), two square (31, S2) windows
for side-on mesurements and one circular widow (C3) on the top
for end-on detection. The focusing region is about the same
height as that of the centres of the side circular windows (C1,C2)
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4.2.2 Equivalent Circuit and Parameters of NIE-SSC-PFF

The NIE-SSC-PFF may be represented by an equivalent circuit as
illustrated in Fig.3.3 in Chapter 3. The electrical feeding network (capaci-
tor, switch, cables, and input flanges) consists of the capacitance C,, induc-
tance L,, and resistance R, For the focus tube, the electrical
representation consists of the plasma inductance and resistance, L, and
R,, respectively, and leakage impedance hr. In our calculation (see
Sec.3.3.1), B, was considered negligible for the axial phase and in a

Spitzer form during the radiative phase.

The design parameters of NIE-SSC-PFF are summarized in
Tab.4.1. The values of the electrical parameters of the NIE-SSC-PFF
obtained using the Rogowski coil calibration procedure are listed in

Tab.4.2.

Table 4.1 Design parameters of NIE-SSC-PFF

capacitance \ C, =30 uF
inductance T L,=110nH
impedance Z, = m = 60.5 m:
charging voltage V,=14kV

i anode radius a=0.95cm
cathode radins b=32cm
length of electrode z,=16 cm

Table 4.2 Experimentally measured parameters of NIE-SSC-PFF

r

resistance R,=11.9mQ
peak discharge current in I =200 KA
short-circuit

typical rise time Loerp = 2.9 18
typical axial velocity Ver ~ 6-10 cm/ps
typical radial velocity Vradiol ~ 25 cm/ps
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4.3 Basic Electrical Diagnostic Methods
4.3.1 Rogowski Coil

4.3.1.1 Introduction

The Rogowski coil [21] is a multi-turn solenoid bent into the shape
of a torus and is used to measure the high current due to the capacitor
bank discharge. The design of Rogowski coil is given in Fig.4.5. The coil is
terminated with a low-inductance resistor, r. The equivalent circuit is
given in Fig.4.5b, where L. and r. are respectively the inductance and
resistance of the coil, 7 is the discharge current , and 1 is the circuit

current of coil. The circuit equation can be rewritten as:

di dl
LLdt+(r+rC)lhkdt (4.1)
a) IfLC dt >> (F+r.)1 , then from (4.1) we can obtain: 1= Ik—l so the output

voltage will be:
Vy=ri=rfxi=ml 4.2)

In this case the Rogowski coil acts as a current transformer.

) If (7 + 7o)t > L ;’; then from (4.1) the output will be:
V, =ri= (G4l (4.3)

Under this condition the coil can be used to measure the derivative of

current {di/dr).
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discharge current \ é
. r

7

=
te oscilloscope
—

FIGURE 4.5a
Rogowski coil used as a current transformer when a small
integration resistor of negligible inductance is employed

FIGURE 4,5b
Equivalent Circuit of Rogowski Coil

4.3.1.2 Calibration

The Rogowski coil, when used as a current transformer, need to be
calibrated. For a L-R-C discharge system with the known charging voltage
and capacitance, the following two methods can be used for determining
the absolute current flowing through the Rogowski coil. The coil is thus

calibrated against this absolute current. The plasma focus system, with
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the electrodes shorted from the end, was employed as such a simple L-R-C

circuit to do the calibration.
Method 1

For a simple L-R-C circuit, when the capacitor charged to voltage V,
is discharged to a L-R load, the equation which governs the current

flowing through the circuit can be written as,

dl _y 1
LG +1-R=V,-& | Idt (4.4)

2
For % < % , which is the case for our machine, the solution of above

equation takes the form of damped sinusoid,

V., )
I= To exp(~%tj sin(wt) (4.5)
where
_2r_ |1 _R®*
O="p =VILC T 4L’ (4.6)

The first two peak currents and the reversal ratio are:

) v,
h=Tu BXP[—% ’ %TJ (@)
Vo ‘
(L=7% exp(—% %T] ® @D
I R 1
f=1y =exo(~3 37 ©
From Egn.(4.7¢c) we have,
R _ 2
of = Tlnf (4.8)

Substituting it into Eqn.(4.6) and eliminating I, we can obtain,

LT 1 4.9)
7 14+ L '

Substituting Eqn.(4.8) and Eqn.(4.9) into Eqn.(4.7a) we finally get,
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v, .V,
L= ep(~Finf )= T02 (1o’ )7 (410

Method 11

Lee has used a simpler formula [130] for the determination of
discharge current. For the actual peak current flowing, assumed to be a

slightly damped sinusoid:

_ 2C,V,(1+f)
= T

I (4.11)

In practice, to get more accurate values we measured several consecutive

peak values and take the average,

_1(Vs V4 Vs Vs,
f‘dw*w*w*m] (4.12)

The same procedure applies to the determination of T, the periodic time.

Several cycles are taken to get the average of T'.

Thus by measuring f and T from the oscillogram I, may be
computed in kA and compared to the oscilloscope value of V; in volts. Then

the calibration factor for the coil may be written as

I
k1= V—l1 Afvolt (4.13)

The calibration factor for the coil used in our experiments was
determined to be: k; =1.425x10% AAvolt using the methods described

above.

4.3.2 Voltage Probe

High-voltage resistive divider are commonly used because of their
easy design and fabrication. A wide band voltage probe for work below

100 kV was reported by Keller [131].

In our application, the transient voltage across the plasma was
measured using a resistive voltage probe. This probe was connected at the

lower end of the focus tube across the anode and cathode (input) flanges.
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The high-voltage probe is a resistive divider as shown in Fig.4.6
consisting of a series of ten 510 ochm/1W resistors shunted by a 51 ohm
resistor at one end of the chain. The probe is enclosed in a copper tube of
20 mm diameter. The electrical insulation between the high voltage point
and the copper casing at ground potential is provide by flexible PVC pipe.
The output signal is attenuated 100 times. The frequency response of this
high-voltage probe limits its response time to about 20 ns. The divider is
then connected to the oscilloscope through a attenuation terminal. The

final attenuation was determined to be 2305.

Further discussions and interpretation of the voltage signals

recorded in our experiments will be given in Chapter 5 of this thesis.

ﬁ)er casing {grounded)
|

L_ ,"’
— Insulator Z BNC connector
51 chm
Resistor chain (10 of 510 ochm each) -
To positive flange
FIGURE 4.6

Schematics of Voltage Probe
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4.4 Optical Measurement of Plasma Sheath Velocity

4.4.1 Design of Light-pipe Detector

The luminous information from the current sheath provides one
way of measuring the velacity or even the thickness of the moving current
sheet [132]. By measuring the difference of arrival times of current sheet
at two points of known distance apart we are able to obtain the average
speed over that distance. Optical photodiodes of fast rise time combined
with two light pipes put in paraliel can be used for such purpose. We
applied detectors using several specially designed light-pipes to monitor
the speeds of the current sheath at several points along the run-down
direction and thus study the evolution characteristics in axial rundown
phase. The light-pipes (one of them is shown in Fig.4.7) used for these
measurements are oriented such that they are perpendicular to the axis of
the plasma focus and the open end of the light-pipe “views” a small
segment of the anode. So arranged, the detectors yield information on the
speed and luminosity of the plasma sheath during the axial rundown

phase of the discharge.

The photodiodes used for this detector are of type BPX65 PIN-Si
diodes, with a response time of less than 0.5 ns. The parameters of the
speed detector have to be carefully chosen to fulfill the requirements. The
distance between the two pipes must be small enough so that the speed
measured by these two points can be taken as the instantaneous velocity.
As for our case the distance of s = 1.5 cin was chosen. Near the end of the
rundown phase (from three quarters of the whole length of electrode) we
can use as large as 2.5 cm because the current sheath is running at a

relatively constant speed during that period of time.
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d=0.23 mm
L=150 mm Aoode
N
Slit (width d) L 1=50mm

ToCRO — WLLLLLLLL Yoy ‘Ldf

» I’////T//////T,_/////i T

Photodiode Light pipe Luminous N
(BFX65) (Length ) sheath
FIGURE 4.7

Diagram of the light-pipe

0.14
0.12
0.10
0.08

0.06 -
0.04 !
0.02

0.00 | L l ] i L i
2.20ps 2.40ps 2.60ps 2.80ps

FIGURE 4.8
Typical trace from two light-pipes that are fanned together as centre electrode of
PF is operated positive, showing rise tirne of less than 30 ns

04

0.3 |

6.2 |-

0.1

0.0 L 1 1 | X | 1
2.40n 2.60p 2.80n 3.00p 3.20p

FIGURE 4.9
Typical trace from two light-pipes that are fanned together as centre electrode of
PF is operated negative, showing rise time of less than 20 ns
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Assuming s = 1.5 cm is used, for typical axial velocities of
5 ~ 10 cm/ps, the time taken for the plasma sheet to move between the
fields of view of adjacent pipes is 150 ~ 300 ns. The response time of the
photodiode is significantly less than 1% of this time interval, and conse-
quently the uncertainty in the velocity measurement is determined by

geometrical factors which are the topic of the following discussion.

From Fig4.7 we can deduce the width of window through which

each photodiode can "view" the luminous plasma:

L, +L
dy=—p -d (4.19)
Assuming the rise time (i.e. the time measured from the moment
corresponding to 10% of the total height of signal to that corresponding to
90% of the total height of signal) of output signal is 7, and we use the
arrival time of the peak of the output signal to indicate the position of

plasma luminous sheet, then the measurement accuracy can be considered

to be At~%tr . Aiming for an uncertainty of less than 5% in the measured

velocity, i.e.

% <5% (4.15)
we obtain
tr < 5% x5 x AT = 5% x 5x150(ns) = 37.5(ns) (4.16)

So the dimensions of L, L, d (i.e. dp have to be properly selected to
roeet the condition: ¢, < 37.5 ns and at the same time d; should be big
enough so that the output signal is comparatively large with respect to
noise. In practice these dimensions were determined by trial and error.
The finalised design schematic is illustrated in Fig.4.7 where dimensions
were chosen to be: L = 150 mm, L; = 50 mm, d = 0.23 mm, which give
ds ~ 0.3 mm. When the plasma sheet became steady the rise time was
observed to be ¢, ~ 35 ns as shown in Fig.4.8 for positive polarity and

t, ~ 15 ns for negative polarity (Fig.4.9).
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4.4.2 Optical Probe Array for Study of Axial Dynamics

To do a simple evolution study in rundown phase, a detector
comprising eight parallel equidistant light-pipes with a photodiode at one
end of each was adopted. The distance between adjacent light-pipes is
s = 1.5 cm and the eight pipes are best placed such that they view the last
12 cm of the (16 cm long) anode. This gives us a good picture of evolution

of plasma sheath in the axial phase.

To optimise use of the oscilloscope channels, the outputs of the eight
photodiodes are fanned together in pairs to give four output signals from
the whole detector. The most logical and convenient choice of pairs is such
that there are three intervening diodes between the members of each pair
(i.e. 1 with 5; and 2 with 6, etc.). Although two photodiode signals are now
superimposed on the same oscilloscope channel this is not a serious disad-
vantage as the step-like output from each photodiode permits an easy
separation of the two signals (see Fig.4.8 and 4.9). The leading edge of the
"step” corresponds to the arrival of the front of the plasma sheath in the

field of view.

4.4.3 Axial Speed Detector

To obtain the current shedding factors and information of current
profile in the rundown phase, three magnetic probes were employed to
measure the magnetic fields at z = 12 cm. At the same time two light-
pipes separated by 2 cmm were used to monitor the average speed of current
sheath. The set-up of this speed detector together with the magnetic probe

array will be presented in Sec.4.5.2.
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4.5 Magnetic Probe Measurements

4.5.1 Basic Design

The magnetic probes are principally used to measure the magnetic
field and the amount of the current (and current distribution) actually
flowing in the plasma. They are also used to determine the velocity of the

current sheath in the axial phase of plasma focus.

A sketch of the construction of the probe is shown in Fig.4.10a. The
magnetic probe is a 7-turn coil made by winding SWG32 enameled copper
wire onto a small plastic sleeve of about 1 mm diameter. The coil and the
connecting wire are enclosed in a glass tube of 4 mm outer diameter to
provide the electric insulation and protection against the plasma. The
twisted pair of connecting wires are electro-magnetically shielded by a
aluminum foil coating. The leading wires of the magnetic probe are glued
firmly at the end of the glass tube so that any rotations of the glass tubing

does not produce conical movements of the probe coil.

Fig.4.10b gives the equivalent circuit, where L. and r. are the induc-
tance and resistance of the coil, respectively and Rs; equals to the match-
ing impedance of the cable which is 50Q. According to the Faraday's law

we can write the circuit equation:

ao _  dB

Lﬁ+(R5o+rc)i= di =ns dt

<dt (4.17)

where
@ : magnetic flux
B: magnetic field
i: inducted current in the coil
n: turns of the coil

s: area of the coil
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Enamelled copper wire
Glass tubing

— Shielding foil

¢ -

Glued

Coaxial cable

l To scope

FIGURE 4.10(a)
Sketeh of magnetic probe

FIGURE 4.10(b)
Equivalent circuit of magnetic probe

to scope
1Mohm input

v

pick-up coil 500hm Ry, —_C
cable
R, L,

FIGURE 4.11(¢)
R-C circuit used to integrate the signal picked up by the coil
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The left side of Eqn.(4.17) can be written as ~(wL. +7. +Rs0)t, with
w being the angular frequency of magnetic field which in our case is less
than 100M s*. For the coil with 7 turns (n) of SWG32 wire, 1 mm diameter
(corresponding area s) and 1 mm length (I), the parameters are estimated

and tested to be:

Lc—-,u-nx%—v’TnH (4.18)
and
r. <0.1Q (4.19)

For the signal of magnetic field slower than 100M s, we have wL.+r, <

0.8<<R5=50 ohm and thus the output voltage is:

Vﬂ =R50 ‘L zns-'%?' (4.20)

We can obtain the magnetic field by either adding a R-C integral
circuit at the terminal or integrating the derivative signal (dB/d¢f) using

computational software.

If R-C integration circuit is used (shown in Fig.4.10¢), assuming
characteristic angular frequency of signal is w, four conditions can be

deduced for the whole detector, 1.e.:
| e +jeole| << Rso
Rso << | R+ 1/(GwC)|

5 (4.21)
| 1/(joC)| << R

| | 1/(jcoC’)| << 1MQ

In our case R = 10 kQ, C = 9400 pF are chosen to meet the above

requirements.
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4.5.2 Magnetic Array for Determination of Current Shedding

Factor

Set-up

To experimentally determine the current shedding factor needed for
the computational model (see Chapter 3), we set up an experiment shown
schematically in Fig.4.11. Three probes are placed in between the
electrodes, at radial distances of 12, 16, 24 cm respectively from the axis of
anode and 12 em high from the bottom. The coils of the probes are located
with the axes azimuthally such that maximum amplitude can be obtained

for each coil.
Calibration

Calibration was conducted by shorting the electrodes at the end and
measuring the voltage and current signal. After calibration we took out

the shorting connectors without changing the positions of probes.

ancde

plasma sheath
Cathode\ o
\ ]
optical /

speed detector |

/ MP-1 MP2 MP-3

FIGURE 4.11

Experimental set-up of 3-MP array for measuring current
shedding factors and current profile

locations of probes: r; = 12 em; r, = 16 cm; r; = 24 cm from axis
and z = 12 cm high from bottom

L1
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4.6 X-ray Diagnostics

4.6.1 X-ray Pinhole Camera

The time-integrated spatial information of the soft x-ray emissions
is provided by pinhole images. Fig.4.12 shows the cross-section of the
construction of the pinhole camera and its position relative to the plasma
pinch column. The camera consists of the pinhole mount, the channel and
the film holder. The camera views the plasma column from a radial
position. The film holder holds a circular piece of film. The plasma is
imaged in an off-axis position to one side. After each recording of the
plasma discharge, 2 new exposure area is brought into position by rotating
the film holder by 90° to record the next discharge. Thus four consecutive
shots are recorded on each film. The camera is vented through a light
baffle (1 mm in diameter) to enable filling with the working gas at the

working pressure.

In all experiments, a 50 pm pinhole were used, covered with a 7 pm

thick aluminum foil which acts as a filter for visible light.

The pinhole camera can be mounted on the side or top circular
windows to obtain both the side-on and end-on pinhole images. An
aperture is put in front of the pinhole, about 4 em away from it, to attenu-
ate the strong shock wave and debris in order to protect the pinhole and

the filter from damage.
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x-ray image on film

plasma pinhole with foil in front
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FIGURE 4.12
X-ray pinhole camera
for time-integrated x-ray imaging
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4.6.2 Pinhole Transmission Grating Spectrograph

4.6.2.1 Basic Structure and Parameters

A pinhole transmission grating is used to give information simulta-
neously about the spatial and spectral characteristics of SXR source from
the plasma focus [133]. The grating consists of a metal film with a large
number of evenly spaced parallel lines or grooves. In this project, we use a
diffraction grating consisting of a flat gold film in which 1000 lines per
mm had been ruled through. The grating is incorporated into two pinholes
with diameters of 50 micron and 25 micron, which are mounted on one
frame to form two pinhole transmission gratings. (see the magnified
picture in Fig.4,13). The grating leads to wavelength selection, while the

pinhole gives spatial information on the individual wavelength separately.

FIGURE 4. 13

Two pinhole transmission pratings

left: 50 micron dia. (magnified 800x)

right: 25 micron dia. (magnified 1600x)

In the grating they are 3 mm apart. Their images have been put
gide-by-side here.

The pinhole-grating spectrograph is suitable to be used to survey
the soft x-ray emission from spectral range of 5 A to 200 A. It could be
used for absolute measurements of x-ray emission if no foil is put in front
of the grating. However, typically a foil is necessary to block interfering
visible or UV light [134-137]. Also to attenuate the strong shock wave

resulting from the disassembly of the focus compression we used a filter to
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protect the grating. As a result the absolute measurement of total energy

could not be made.

According to diffraction principle, the distribution of diffraction
light on the focal plane is [138]

y=Ca gsinu sin Nvu sin?..ﬂ:(L— re (N-1)a+b) sinG]
= u v

T 2 27 (4.22)

here u = (rasin®/A, v = [Rla+b)sinbl/A, N is the number of grooves. The

amplitude and intensity may be expressed as

sinu sinNv

A=Cla=— “snp (4.23)
.9 .2

_ e _28in“y sin“Nu
I=C"%g 7 5
sin“v

(4.24)

where ’ is a constant, a is the width between two metal grooves, N is the
total number of lines or grooves for a grating. When U,V >> W >> (a+b)
above equations can be used approximately for the pinhole transmission
grating configuration, here (a+b) being the grating constant whach is the
distance between adjacent grating lines and W the width of the pinhole.

Complete constructive interference of the waves occurs when the

path difference is satisfied with
(@+b)sinfy =tk A k=0,1,2.. (4.25)

8 is the angle the rays are diffracted from the incident direction, and dsin®

the path difference between adjacent rays. The grating constant is given
by

d=a+bd (4.26)

The relationship between x-ray wavelength A, and one-dimension

spatial position y on the film was obtained by following the spectrograph’s

geometry shown in Fig.4.14. Considering ¢, = arctanZLi from the geome-

try and ).az-(-’f-siné?a from grating equation (4.25), a simple analytical
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expression for the relationship between wavelength A, and position y, can

be obtained as following,

Ag = % sin[arctan[% \J ] (4.27)
film AY
source aperture PTG a ++a
» | // o To0
|
L U Vv
I‘

Figure 4.14
Pinhole transmission grating (PTQG) spectrograph geometry
and soft x-ray diffraction trace

In this work after the SXR wavelength are determined, the lines
are identified by comparison of the measured wavelength with other
observations (e.g. by crystal spectrograph). Furthermore we also use

empirical isoelectronic extrapolation [139].

4.6.2.2 Resolution and Dispersion

The light intensity in the focal plane vanishes when v = 2'n/N (see
RHS of Eqn.(4.24)), and &+ N,2N,3N,...... , that is,

a+b)sin =+_k’—;t, £=1,23. N-1,N+1..,2N-12N+1,.
{ )
(4.28)

We may rewrite above equation as
dsinfso=(kN+ 1)%, £E=1,2,3,.. (4.29)

Since 0 10 = 0 + A8 | substituting (4.25) into (4.29) gives
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q

_ A
~ N(a+b)cos

Ag (4.30)

here we approximate cos{Af#) ~ 1, and sin(Af) = Af for soft x-ray diffraction.
As can be seen from Egn.(4.30), the width of spectral line will be very

narrow with increasing number of N.

According to grating equation (4.25), we have angle dispersion

equation

di (a+b)cosl

Corresponding to spectral line minimum angle width A@, the

minimum wavelength difference AA can be obtained to be

57= Ad= ( %)Ae (4.32)

Substituting Eqn.(4.30), (4.31) into (4.32) yields
oA = AN (4.33)
and we obtain the resolution for grating spectrograph (GS)

R- ﬁ kN (4.34)

This is only a theoretical result. Practically various factors will
affect the value R and reduce the resolution below the theoretical value.
High resolution spectra may be obtained with increasing 2 and N number.
However, there are some technological problems in building a grating
with large N and increasing % value will result in spectral line overlap.

For example, when
‘klil =k2/’1\.2 (435)

where the lines 4; and A, will be superimposed on the same place. In

practice, only the first few orders are easily observed.

According to [140-142], we built a PT'GS as shown in Fig.4.14. The

basic parameters are listed in Tab.4.3. If the diameter of the soft x-ray
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source 18 S = 200 pm and the distance from source to PTGS is U = 200 mm

as seen in Fig.4.14, the angle dispersion caused by x-ray source is
A8, = arctan(S/U) = 0.05° (4.36)

and for a wavelength of 13 A, the source broadening is obtained to be

Als=Jd2—12 A0, =2.TA (4.37)

Table 4.3 The basic parameters of PT'GS using the 50 um grating

Grating constant d = 1/N, 1x10° mm
Range of wavelength Amin 1O Aoy 3to 300 A
Incident angle Bin ~Q°
Dispersion (for 1.3 nm} 0 = arcsin{A/d) 0.07°
Diameter of grating w 50 pm
Total number of grooves N, = WxiN, 50
Resolution (£ = 1) e=k Ny 50

Width of spectral line Ak, = VR, 0.243 A
Source to PTGS U 200 mm
Film to PTGS | 400 mm
Magnification of image o=V/iU 2

Assuming the profiles of the lines of electron transition and source
broadening are Gauss-form distributions, the total width of the spectral

line is obtained to be

A= [AIZ+AR2 ~2.TA (4.38)

It is clearly seen that Ai; >> A4; and the PTGS’ resolution is mainly deter-
mined by the source broadening. Relatively, the diameter of an x-ray
source produced by laser is quite small (50 ~ 100 pum) and its source broad-
ening is Ak, = 0.5 ~ 2 A. For PF, the size of the plasma is about 200 ~
400 pm, and its source broadening is Ak, = 2.5 ~ 4 A. It is better to
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increase distance U to minimize FWHM A, of spectral line. The parame-
ter U is mainly limited by magnification of the image o = V/U and inten-

sity on film I ~ 1/(U+V).

The spatial resolution of the spectrum only depends on the diameter
of the PTG itself. Its principle is similar to a pinhole camera. In our two
PTGs, their diameters are 50 and 25 pm respectively. The distance from
the soft x-ray source to the PTGS is 200 mm, and the distance from the
PTGS to the recording film is 400 mm, so that the magnification of the
image of the soft x-ray source is 2 times and the spatial resolutions are
about 60 and 30 um respectively. A better spatial resolution of the spectra

can be achieved if we decrease the diameter of the pinhole.

4.6.2.3 Set-up

Fig.4.15 shows the installation of the PTG with U = 200 mm,
V = 400 mm. It must be noted that an aperture has to be added in front of
the grating to prevent the strong shock wave from damaging it. The size of

the aperture is 4 mm in diameter.

It is important for the PTG detection system to be properly aligned.
The grating has to be polarized in parallel to pinch column (vertical direc-
tion in our case) to get the spatial resolution along the column direction.
In practice, a He-Ne laser was employed as a “virtual” source to align the

system.
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4.6.2.4 Recording Films
(A) General

No-screen x-ray films and double layers films are widely used in
spectroscopic and photometric investigations of hot plasmas in the range
of x-ray photon energies from 10 eV up to 50 - 100 keV. These films are
also used in pinhole cameras for the recording of x-rays plasma images.
High space resolution (around 1 micron), spectral and absolute sensitivity
(less than 0.1 photons per sq. micron for some wavelength) and ease of
development allow these films to be used for many experiments in plasma

physics.

Several types of films have been examined for use as soft x-ray
detectors. The no-screen films (Kodak No-screen film, S-5F No-screen film)
are very sensitive, and suitable to be used in various grazing grating
spectrographs for soft x-ray (50 ~ 300 A) recording [143]. The no-screen
films are usually soft and very easily damaged. In our experiments with a
PTGs and a crystal spectrograph (described in next section) for SXR
(3 ~ 300 A) measurements, several soft x-ray films such as Kodak direct
exposure film, S-5F film can be used. We employed two Kodak films,
TMG/RA-1 and TMS/RA-1, in these experiments. The sensitivities of these
two types of film were compared, showing that the Kodak TMG/RA-1 is
slightly more sensitive in the x-ray range of our interest than Kodak
TMS/RA-1. Therefore we mostly used Kodak TMG/RA-1 as the recording
film.

(B) Calibration

In general, high resolution films of low sensitivity developed for
photographic applications have not been calibrated in the x-ray range.
Calibrations data for commercially available x-ray films are generally

limited to energies of 100 keV and greater, which is not of primary
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interest for plasma applications. For soft x-ray range some calibrations
have been done [144-147]. It is reported [144] that the absolute sensitivity
of some films is quite dependent on the ambient condition (e.g. pressure)

under which calibration is conducted.

A relative calibration for the film used in this project work
(TMG/RA-1) is carried out using the flat crystal spectrograph developed
for measuring the emission spectrum from the plasma focus source (see
Sec.4.6.3.6). The films after processing are scanned by microdensitometer

which is calibrated as well.
(C) Processing

Exposed films are processed following this procedure: At first the
films are developed in Kodak T-MAT developer for 4 minutes and after
that rinsed for 30 seconds in fresh, running water with continuous agita-
tion. They are then put in Kodak GBX Fixer and Replenisher for
3 minutes with 5 seconds agitation in every 30 seconds. Finally we wash
the fixed films in clean, running water (about 25°C) for at least 10
minutes. The films are then dried at room temperature. The temperature

of developer and fixer is controlled at 26+0.5°C.

4.6.3 Crystal Spectrograph

4.6.3.1 Flat Crystal Spectrograph

The x-ray crystal spectrograph with spatial resolution is one of the
most powerful diagnostic tools for dense plasma focus experiments [148].
A variety of available crystals with forms such as flat or curved, and with
suitable lattice constant, diffraction coefficients and mechanical properties
offer the possibility to make an optimum choice of the dispersive element
and spectroscopic scheme in accordance with the aims of the diagnostics.
Among the parameters relevant for optimization, spectral range, luminos-

ity, dispersion, spatial and spectral resolutions are very important. There
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are various schemes for measuring the soft x-ray using diffraction from a
flat single or double crystal, a curved crystal, or a layered synthetic

microstructure [148-150].

In this work we developed a crystal spectrograph which has an
adjustment system of five degrees of freedom. It has not only the advan-
tage of easy adjustment, high efficiency and high spectral resolution, but
also the capability of providing spatially resolved spectrum in one dimen-
sion over 1 ~ 50 A wavelength range. A TIAP crystal was used, and the
spatially resolved spectra of Ne, Ar ions from our plasma focus are

obtained.

4,6.3.2 General Considerations and Precautions

The x-ray crystal spectrograph follow the general theory of Bragg

X-ray diffractionﬁequatic)n
mi=2dsinf (4.39)

here m is the order of diffraction, 2d is the crystal lattice constant, [ is the
x-ray wavelength, and 6 is the x-ray diffraction angle. It is very easy to
install different forms of the crystals (flat and curve) in our spectrograph
for various purposes. Using a curved crystal enables us to measure wider
range of x-ray spectrum. However it is very difficult to obtain an analyti-
cal solution for the relation between the position and the x-ray
wavelength. Generally a flat crystal is used to measure x-ray spectral line

and make x-ray diagnostics.

Adding a slit to give spatial resolution in the axial direction

A slit perpendicular to the source column, which is vertical in our
experiment, is added in between the source and crystal giving spatial
resolution along the direction of the source column. Fig.4.16 illustrates the

schematic diagram of the set-up. When the 4-cm crystal is used a pinhole
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is employed also to obtain the zero-order spectrum, i.e. the pinhole image
of the source. The pinhole image can be at the long wavelength side of the
spectra or at the short wavelength side, depending on the pinhole position
due to the limited room of the square window on which the crystal spectro-
graph is mounted. Usually the pinhole image is formed at the long
wavelength side (right of the spectrum in Fig.4.16) when the spectrum for
shorter wavelength regime is taken, whereas for measuring the long

wavelength part of the spectrum 1t is at the short wavelength side.

The slit, centre lines of the crystal (longitudinal direction), the film
and the centre of the “stray-light-stop”-slit must be in the same plane
which is perpendicular to the asymmetrical axis of the focus and about
5 mm above the top surface of the anode. To make sure these require-

ments are met, a simulation light source 1s used to do the alignment.

From Fig.4.16 one may notice that the image slit must be parallel
with the film, namely, the angle between the slit and crystal must be
equal to ¢, which is the angle between the film and crystal, in order to get
the same image-to-object ratio along the whole film. This ratio can be
worked out from the detailed parameters of the positions for the slit, film,

crystal and focusing region.
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column
source

x-ray crystal

x-ray film

Figure 4.16

Schematic diagram of the spectrograph with a soft x-ray source. For
the 4-cm crystal a pinhole is also employed to obtain the 0-order
spectrum i.e. the integral image of the source. The position of the
pinhole image can be at the long wavelength side or the short
wavelength side.

Relevant Parameters

Fig.4.17 shows a top view of the spectrograph. The positions of the
square window and x-ray source are also illustrated. The coordinate
system is shown in the figure, with the origin at the focus and x-axis
pointing radially outwards and coinciding with the centre line of the

square window. Using the following symbols,

Lr  length of the flat crystal
8,,8; incident angles at two ends of the crystal
o angle between the crystal and film

B angle between crystal and the side wall of square window

({1,1),({2,h2) coordinates of the two ends of crystal
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some expressions governing this spectrograph can thus be deduced and

listed as follows,

01=p+ tan‘lﬁ

ffz (4.40a,b)
Oo =+ tanﬁll—
i 2
with
hz =h1 +LR sinﬁ
{ Is=ha+Lg cosf (441a,b)

According to Bragg diffraction law (Eqn.(4.39)) the wavelength range that
can be measured by this spectrograph is determined by the corresponding
minimum and maximum incident angles 8; and 0. , which are adjustable
through changing A, {, and B. It can be shown that for a wider wavelength
range one end of the crystal should be located as near as possible to the
source to be measured. Among the parameters, k, and /, are limited by the
width of the square window and the nearest distance from the focus,
respectively. So £,<30 mm (the width of the square window is 60 mm) and,
due to the outer electrode and the strong shock wave, /,<80 mm. Using
Eqn.(4.39), with the consideration of restrictions mentioned above, we
have designed a few set of parameters suitable for measuring spectra of
different wavelength ranges, listed in Tab.4.4. For simplicity, hereafter
these configurations will be represented by FCS-A, FCS-B, FCS-C, FCS-D
and FCS-E corresponding to the five configurations listed in Tab.4.4.
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Table 4.4 Five configurations of the flat crystal spectrograph (FCS)

FCS confi- A B C D E
gurations

LR (mm) 40 40 40 40 80
{; (mm) 93.5 94.5 88.5 88 795
ki (mm) 27 27 25 22 26.5
B 18° 18° 10° -4° 14°
o 51.7° 52° 57° 71° 36°
pinhole SW SW+ LW LW+ No
0, 34.39° 33.95° 25.77° 10.04° 32.44°
0, 24.57° 24.31° 18.04° 6.97° 16.6°
U (mm)

object 84.2 83.4 83.1 83.5 80.9
distance

VTt (mm)

image 76.1 77.3 77.5 86.3 74.7
distance

image-to-

object 0.90 0.93 0.93 1.03 0.92
ratio

d: (um)

slit 50 50 50 50 50
width

A (A) 14.56 14.4 11.21 4.49 13.83
Ay (A) 10.72 | 10.63 7.98 3.13 7.38
Notes

* SW: pinhole image is formed at short wavelength side
** LW: pinhole image is formed at long wavelength side
U =A8 (see Fig.4.16)

V =A1A; (see Fig.4.16)
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FIGURE 4.17

Top view of the flat crystal spectrograph showing that:

{a) the angle between film and crystal must be equal to the angle
between slit and crystal;

(b} two stops are employed and the extension line of PQ drawn from
the edges of these stops must not cross the film region.

Stops for blocking out the “stray radiations”

Radiations which are not from the plasma focus column and not in
the soft x-ray region are called “stray radiations” in this work. They are
(1) the visible and UV light in the low photon energy side and (2) hard
x-rays at the high photon energy side of the soft x-ray regime. In principle,
for the spectrometer the photons will be selectively, according to their

wavelengths, diffracted and recorded down on the film. It seems that only
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a cover of thin foil on the film is needed to prevent exposure by visible
light. But we found that this is not sufficient. At first a stop is put in
between the focus column region and the x-ray film to avoid direct
exposure by the stray radiation of the source. But it is found that a strong
background is still on the film. Fig.4.18 shows an example of this case. It
is not possible to identify clearly the spectrum with the uneven strong

background.

FIGURE 4.18
Strong background caused by x-ray radiation in a big plasma region
makes it difficult to identify the spectrum of interest

The stray visible light is blocked out by the foil in front of the x-ray
film, so the background must be caused by stray x-rays that came from a
bigger x-ray source that emits from a large volume in front of the anode. It
is known that x-rays are emitted from the very big volume of copper jet
[151]. An experiment is carried out to study this “big source” by putting
two detectors using windowless BPX-65 photodiodes on opposite circular
windows. A small stop is put in between the focusing column and a BPX65
diode to block the radiations from the small focusing region. The other one
directly measures the x-ray. It is found that the stray x-ray is weak when
neon gas is filled. But it is comparable with the x-rays from focusing
column when deuterium or argon were used. The rays coming from the big
source (other than the source from focusing column), in spite of its
weakness, when directly exposed onto the film, is comparable with the
spectrum intensities of interest which are very weak due to the diffraction

of the crystal.

Two stops PT and QT are used in the horizontal direction to avoid

these stray rays, shown in Fig.4.17. It can be seen that the extension line

111



ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.
4, APPARATUS AND DIAGNOSTIC TECHNIQUES
formed by the two edges denoted by “P” and “Q” must not go through the
x-ray film in order to reduce stray rays from directly exposing onto the
film. Practically a simulation alignment is done first to position the “P”
and “Q” points and thus the two stops (by using a simulation light source),

before its mounting in the chamber.

In the vertical direction the stray rays are sufficiently reduced if the
stops PT, QT and the rim of the slit are wide enough. It is found that 2 cm

is enough for our configurations listed in Tab.4.4.

An example of improved spectrum is shown in Fig.4.19 for compari-

son with Fig.4.18 where stops are not used.

FIGURE 4.19
An example of improved spectrum, with stops to reduce stray x-rays

4.6.3.3 Data Analyzing --- Identification of the Spectrum

Formulae for x-ray crystal spectrograph have been established by
Kopper at Livermore laboratory and by Hirano in Gunma University. For
example for the spectrograph geometry shown in the Fig.4.20, one derives

a simple analytical expression for the relationship as follow

MA = F cot{a + arcsin (4.42)

_A_
2d
where MA is the distance between the line position A and projection M on

the film, F' is the distance between image S' and film M, and 15 the angle

of crystal plane with respect to the film.

112



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

S‘
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FIGURE 4.20
Crystal spectrograph's geometry and x-ray diffraction trace.

In practice, it is difficult to measure the geometry of the spectro-
graph accurately. Therefore the observed wavelengths are determined
with reference to two reference lines for which the wavelengths are
known. Assuming that the known wavelength Ax and Az at the A and B
positions (Fig.4.20), the unknown wavelength A, of the spectral line on the
film then is given by

Ay =2d sin[arccot(cot(a + arecsin g—‘é) - AF_ J - a} (4.43)

with

~ i A in 28]
F_LAB[cot(a+arcs1n 2d)—cot(a+ aresin g 4 )} (4.44)

‘=Lap -H1

where Lap 18 the separation between line A4 and line Az on the film plate,
L4 1s the distance from line A, to the line A, studied. From the above
equations, one may see that the errors in the determination of wavelength
arise mainly from the errors of the reference lines' wavelengths, the

separations and «. In the present work, spectral lines are measured two or
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more times and then the results are averaged. The wavelengths are calcu-
lated using several known lines on the film. F and o are taken as
non-variable parameters, and the iteration is performed by least square
fit. Finally the corresponding wavelengths at arbitrary positions are
evaluated. Compared with the polynomial fitting of the dispersion curve,
this method has the advantage of more convenience, wider wavelength

coverage and higher accuracy.

A line may be identified after wavelength determination by
comparison of the measured wavelength with previous observation of
various ions' spectra. On the other hand, the identification of the lines in
the present work is mainly made on the basis of empirical isoelectronic

extrapolation or interpolation.

4.6.3.4 Resolution and Dispersion

In Eqn.(4.43), the accuracy of A 1s dominated by the uncertainties
of L, o, P and 6 . Therefore, the incremental change in the wavelength is

described as

(i o4 oL o
Ad= ( o ja,ﬁ’éam ( o ]LMAH ( &z Lmam [ - jL’a’ﬁAé (4.45)

where AL, Ao, AP and A8 are uncertainties in the measurement of the
location of the distance between reference wavelength and wavelength
studied, in setting the angle of the crystal, in fluctuation of the soft x-ray
source and in quality of the crystal, respectively. In general, we scan the
film with large amplification and this method is used to greatly decrease
the relative error of measurement on the parameter AL/L. The disper-
sions 8A/6L and 81/0a are obtained from Eqn.(4.43) , and the results of the
parameters of (8A/6L)(Ad//) and (0A/0a)(Aa/2) are estimated to be 0.03%. The
parameter (3A/0L)(Ad/4) only depends on the quality of the crystal, and it is
about 0.02% for TIAP crystal (2d = 25.78 A). In our DPF system the x-ray

source 1s fairly large, producing a large value for the parameter (OA/GL)AS
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and results in serious source broadening on spectral lines. A pinhole was

used to decrease the source broadening.

The spatial resolution only depends on the width of the slit in front
of the spectrograph. In our spectrograph, the distance from the x-ray
source to the slit is 80 - 85 mm, and the distance from the slit to the
recording film is 75 - 85 mm. This configuration indicates that the ampli-
fication of the image of the x-ray source is ~ 0.94 times and the spatial
resolution 1s 50 pum. A better spatial resolution of the spectra can be
obtained if we narrow the width of the slit. However a narrow slit will

result in loss of intensity.

4.6.3.5 Set-up .

The set-up is shown in Fig.4.21. An electrical shutter (not shown) is
employed in front of one of the stops (the other one is not shown) and
opened only when the plasma is focusing properly (as judged from the
5-channel detector), since normally a few shots of conditioning are needed
after opening the chamber, mounting the film and refilling the working
gas. Detectors simultaneously used are current, current derivative, tube
voltage and the 5-channel SXR PIN detector. The pinhole transmission
grating 1s used for some discharges during this series to compare the

results with this spectrometer.
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FIGURE 4.21
Setup of crystal spectrograph
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4.6.3.6 Calibration

Assuming that X(A) is the time integrated spectrum (absolute)

emitted from the focus and

DI) sensitivity of the recording film (density versus impinged
intensity I at wavelength A) |

) transmission coefficient of the working gas along the light
path and the foil mounted in front of the film

G(A) geometry factor after accounting for all the geometrical

parameters (using 2dsin® = ma again)

then we obtain the relationship between the absolute source spectrum and

intensity P(A) as follows:

P(A)=X(4)-fA)- DA, I)- G(A)
- X)) CAL I

(4.46)

Amongst these factors fl)) and G(A) are calculated after carefully consider-
ing the geometry of the spectrograph. What remains is to obtain the film
sensitivity D(A.I ).

For low energy photon D(&,]) is expected to be strongly dependent
on the wavelength of the incident photon, especially near the characterist-
ic absorption edge energies given in the Tab.4.5 for the silver-bromide and
for the carbon, nitrogen, and oxygen constituents of the gelatin in the
photographic emulsion of the film [146,147,152,153]. As a fortunate coinci-
dence the range of our measurement 8 - 14 A, does not encompass any
absorption edges. In this work we are able to assume that the film
response to photon energy is uniform over the range of interest 8 A to 14 A
which is in very small spectral regime. So it is sufficient to obtain D(AI) ~7

at one wavelength.
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Table 4.5 Absorption edges

Edge E(eV) AA)
Br-M, 71 174.6
C-K 284 43.7

N-K, Ag-M,; 398 - 402 30.9 -31.2
0K 532 93.4
Br-Ls; 1553 - 1599 7.8-8.0
Ag-Ls, 3351 - 3526 3.5-83.7

We have conducted a simple relative calibration for the film used
(Kodak TMG/RA-1} by using the flat crystal spectrograph developed in the
work. The procedure is: (a) enlarge the slit to 5 mm so that axial resolu-
tion is lost and instead a uniform exposure along the axial direction (i.e.
vertical direction on the film) i1s expected, whereas in the horizontal direc-
tion of the film we still get the spectrum of the source. Five strips of foil
with increasing thicknesses ( 7 pm Al + n x 1.9 um Mylar, n = 0,1,2,34 )
are placed in front of the film across different vertical positions to get
information with different incident intensities in the vertical direction. By
doing so, the so-called relative “master-curve” of the film is obtained. An
example of the film is illustrated in Fig. 4.22. The film is densitometered
along the vertical direction at the wavelength 10 A. The relative master-
curve at the wavelength 10 A is shown in Fig. 4.23, where the optical
density is the total density of the film minus the fog density.

horizontal direction ——>»

vertical
direction

foil n=

/[\wavelength 10 A

FIGURE 4.22
Example of film for relative calibration with five different filters in parallel
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FIGURE 4.23
multi layer exposure method to cbtain the relative “master-curve”
at wavelength 10 A

4.6.4 The 5-Channel PIN Detector

4.6.4.1 BPX65 as Soft X-ray Detector

There 1s an increasing number of semiconductor detectors which
can be used for the detection of x-rays, e.g., surface barrier, ion-implanted
and avalanche junction diodes and charge coupled devices to name but a

few.

When a semiconductor detector absorbs an x-ray photon of energy
hv, hv/w electron-hole pairs are produced where w is the average energy
needed to create an electron-hole pair. The collected charge is proportional
to hv. For silicon at room temperature w = 3.62 eV (see [154]). The

quantum detection efficiency is given by [154]
_hy
= o exp(—ata) - [ 1 - exp(—usts) ] (4.47)

where the first exponential term describes absorption in the dead layer {on

the front surface of the detection area) of thickness £, and the second gives
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the efficiency for stopping x-rays in the depletion (sensitive) region of
thickness ¢,. It can be seen that there exists an energy range over which
semiconductor detectors can be used. The lower limit is determined by
absorption in the dead layer and the upper limit by incomplete absorption.

Lower energy x-rays may be detected if the dead layer can be thinned.

Since both the electrons and 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 measurements of

pulsed x-ray sources.

According to Ref. [155], the pair creation energy W is, in géneral, a
function of the photon energy. It is usually assumed that W is a constant
for photon energies well above the band gap of Si (~10xE, [156]). Recently
however, Monte Carlo simulations of the pair creation energy [157] show a
significant photon energy dependence up to a few hundred eV. We have
assumed here a photon energy-independent value of 3.70+0.07 eV as

measured recently by Krumrey and Tegeler [158].

BPX65 PIN (a detector normally used in the optical range) was
chosen for our system. The glass window is removed for application to

x-ray detection. The typical parameters of this diode are listed below

[159]:
radiant sensitive area 1 mm*
intrinsic Si wafer thickness 10 micron
dead layer thickness 0.5 micron
risetime (typical) (900 nm} 0.5 ns
dark current <5 nA (nom 1 nA)

4.6.4.2 Set-up of the 5-Channel Detector

An array of five windowless BPX65 photodiodes is used in this
project, both to obtain spectral information (in combination with filters)

and for time-resolved x-ray measurements. It is based on the detector
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introduced in Ref. [160]. Filters suitable for the wavelength range 1 to
20 A are selected for our purpose. Each diode is reverse-biased at 50V with

the circuit illustrated in Fig.4.24(b)

filtered BPX65
plasma
o © —] \
nll= wse
280 mm ’-‘
front view (/>
(a)
-50V
10k to scope
i imput
— 7 < ] | o
0.047 uF

SZ 51Q

(b) —

FIGURE 4.24
Five channel PIN x-ray detector
(a) experimental arrangement; (b} electrical circuit

The absorption combinations of the five channels are:

X1 (channel 1): 149 pm aluminized mylar

X2 (channel 2): 12 pm aluminized mylar

X3 (channel 3): 24 pm aluminized mylar

X4 {channel 4): 24 nm aluminized mylar+10 pym Cu
X5 (channel 5): 20 pm Be

According to Eqn.{4.47) we are able to work out its conversion

efficiency. Fig.4.25 shows the sensitivity curve in wavelength range from
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1 to 20 A. The overall sensitivity of the filter photodiode combination as a
function of wavelength is then obtained by f(1)=Q(4) exp[-u(4)-d]and
shown in Fig.4.26.

With the absolute transmission curve, 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) applied to get the spectral information for the calorimeter
(introduced later) to evaluate the absolute SXR yield, (iii) used to estimate
total SXR yield and (iv) used as a base for any other measurements such

as pinhole transmission grating and crystal spectrography.

025 I I I T 1

0.20

0.15

0.10

BPX Sensitivity (C/)
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0.00 - -
0A 5A 10A 15A 0A

FIGURE 4.25
BPX65 sensitivity in wavelength range <20 A
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FIGURE 4.26
Sensitivity curve of BPX65 with the foil absorption folded in

4.6.5 X-ray Detector Based on Photoelectric Effect

4.6.5.10perating Principle of the Detector

It is well known that for photon energies below 100 keV the

dominant interaction with matter is the photoelectric effect. The absorp-
tion of one photon of energy Av by an atom will result in the ejection of an

electron (a photoelectron) of kinetic energy:
e=hv -B, (4.48)

where, B, is the binding energy of the atomic shell from which the electron
is gjected (00 = K, L, ...). Photoelectrons are preferentially emitted from the
most tightly bound shell which is energetically possible (i.e. B, < Av). The
photoelectric cross-section is a strong function of the incident photon

energy and the atomic number Z of the absorber material.
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For a beam of x-rays (hv < 100 keV) impinging on a metal surface
many of the ejected photoelectrons will be stopped within the bulk of the
material, and others will lose a significant fraction of their kinetic energy
before leaving the metal surface. Hence the kinetic energy € = hAv - B,
represents a maximum energy limit for the photoelectrons leaving the
metal surface. It should also be noted that the probability of a photoelec-
tron escaping the metal surface is dependent upon i) the depth below the
metal surface at which it is emitted and ii) the "range" and therefore
kinetic energy of the ejected photoelectron; both of which are in turn

dependent upon the energy of the incident photon.

A parameter of considerable importance for the operation of this
detector is the efficiency of photoelectron emission (f;) from the metal
surface (i.e. on average the number of electrons emitted per incident
photon). This is dependent upon the photoelectric cross-section and the
probability of escape of the photoelectron from the metal surface and is
hence clearly a complicated function of the photon energy. Indeed the
parameter f, 1s best taken from experiment. In this work data from

T.A Dellin [23] are used.

A time-resolved soft x-ray detector has been developed (see Fig.4.27)
for which the principle of operation is based on the photoelectric as
discussed above. The x-ray impinge on a metal plate (see Fig.4.27) which
15 maintained at a fixed negative potential by an R-C biasing circuit. Most
of the resulting photoelectrons will be collected by a wire grid placed in
front of the metal plate (and maintained at ground potential), giving rise
to a current pulse through the detector. The resulting voltage signal devel-
oped across the 51Q impedance matching resistor is recorded on one DSO
channel. Although the wire grid will prevent some of the incident x-rays
from reaching the metal plate, the x-ray flux from the plasma focus is
sufficiently intense that this not a problem. Indeed it is necessary to
further reduce the x-ray flux on the detector by placing a circular metal

aperture in front of the wire grid
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FIGURE 4.27

Diagram of x-ray detector

4.6.5.2 Design

" to scop
I hY

j rd
C=0.47uF
51ohm
1

a) Material of the plate and size of the aperture

Proper material of plate and aperture size are selected so that the

output signal is in the range of tens of volts, which corresponds to a collec-

tion current of the order of 1 A. This is sufficient to give a good signal-to-

noise ratio, but not so high as to result in breakdown between the grid and

the plate. From reference [23] we know the efficiency of photoelectric effect

depends on material of the target and the absolute energy spectrum of the

x-ray source. We determined the most suitable material of the plate and

aperture size by experiments. Plates of aluminum, copper and lead have

been tried with several sizes of aperture. We finally chose copper as the

target material for the detector plate and an aperture diameter 5 mm.

b) Biasing voltage and distance between the grid and the plate

Each photoelectron ejected from the surface will be collected by the

grid which is positive relative to the negatively biased plate. The time for

electron to move from the surface of plate to the grid should be very short,

as this determines the rise-time and therefore timing resolution of the

detector.
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Assuming:
V.. voltage on the capacitor
Ve signal voltage on output resister R
go initaal velocity of photon-electron on the surface of
plate
qi: final velocity of the electron
a: acceleration of the electron
: distance between grid and plate

In terms of the law of conservative of energy and law of kinetics, we

have
l 2 l 2 V V 4
2mQI_2mQO—e( [ s) (4 9)
g3 -q%=2al (4.50)

where m and e are respectively the mass and charge of the electron. From

Eqns.(4.49) and (4.50) we obtain

V,-V.
a= /e% (451)
q1= [Ie(V, - Vo) + 3mgd) % (4.52)
So we obtain the transit time of electron
g1-4q, ‘/[Q(VO_VS)-i—%mqg]% —Ho
t= "= (4.53)
ml e (Vo - Vs)

We only consider the case when g, = 0, with corresponding time £,
since electrons with ¢,>0 will move faster and thus take less time to reach

the grid than .. We must have

2m
to =[x \j_e(vo _ VS) (454)

V.<100 V, so choosing V, = 300 V and / = 2 mm we obtain ¢,<0.5 ns which
is fast enough since the width of x-ray pulse in our case is of the order of

10 ~ 150 ns and the rise time is about 3 ns.
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4.6.6 Calorimeter

4.6.6.1 Principle of the Calorimeter

A calorimeter has been used to measure the absolute soft x-ray

yield from NIE-SSC-PFF plasma focus.

Fig.4.28 shows schematically the diagram of the calorimeter used
for measuring the total x-ray yield. One of the principal advantages of
using a calorimetric detector is its flat response to radiations of different
wavelengths provided of course that the radiation is fully absorbed by the
exposed surface of the detector. The surface of the detector used for these
measurements is tantalum with suitable absorption properties for soft
x-rays. This detector comprises a thermocouple chain in which each alter-
nate metal junction of dissimilar metals is in thermal contact with the
absorbing material on which the soft x-rays impinge. The other junctions
are held at near constant temperature by being placed in contact with a
heat reservoir. The rise in temperature (a fraction of a degree in our case)
of the absorber material gives rise to a thermoelectric potential which is
amplified before input to a peak holding circuit and display. This detection
system is suitable for measurements on pulsed sources (of duration less
than 400 ms) of any radiation wavelength greater than 0.05 A. As the aim
of this experiment is to measure soft x-ray flux, a 20 micron beryllium foil
was placed in front of the calorimeter to shield it from visible and infrared

radiation.

4,6.6.2 Calibration

A suitable means of calibrating this detection system is by deposit-
ing a pulse of energy, of known magnitude, in the absorber material
through a built-in resistor (2), as shown in Fig.4.29. A square pulse of 100
us duration and of varying magnitude was applied to the calibration resis-
tor (R = 17.3 ohm), and the meter reading (in arbitrary units) as a

function of the deposited energy was obtained, as shown in Fig.4.30.
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4. Base plate with constant temperature

5. Shielded signal cable 6. Amplifier

7. Peak signal holder 8. Digital meter

FIGURE 4.28
Schematic diagram of calorimeter
for SXR yield measurement
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FIGURE 4.29

The set-up for calibrating system
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FIGURE 4.30
Calibration of the calorimeter.
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FIGURE 4.31
Analog signal from the calorimeter without “peak-holder”
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The reading displayed on the meter is the peak value obtained by
the peak holder circuit (7). Fig.4.31 shows a typical voltage signal from the
thermeocouple chain when the peak holding circuit is eliminated, for an
input electrical energy of 1.5 mdJ. It can be seen that it takes ¢, ~ 0.5 s for
the signal to peak and ¢, ~ 8 s to drop to 10% of its peak value. Measure-
ments revealed that both ¢, and f; change only slightly when the input
energy varied from 0.02 mdJ to 2.5 mJ. In our case, the pulsed energy
incident on the detector is of the order of 0.2 mJ and the repetition rate is

~2 shot/minute, clearly within the operational limits of this detector.

The calibration was repeated with a pulse of 190 ns. It was
confirmed that the calorimeter gave the same calibration constant for both

pulses.

4.7 Data Acquisition and Analysis System

1 GSa/s, 250 MHz Hewlett Packard (HP™) digital logic analysers
(DSO) of model 16500A was used to collect up to 10 channels of data for
one discharge. The time-resolution achieved with our system is better

than 2 ns.

The data taken by the DSO were then transferred to a PC via GPIB
by using a program which was developed in C language. 8000 data points
for each channel can be transferred under DOS environment using this
particular program. The data stored in disk(s) (hard disk or diskettes) can
be easily manipulated by computers enabling us to apply powerful tools
(such as scientific graphics, ete.) as well as allowing us to write our own
software to analyze the data, which is the case described in the lfollowing

chapters. Origin™ 3.5 for Windows™ was used for basic data analysis.
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Chapter 5

Experimental Results

5.1 Introduction

In this chapter, the experimental observations on the small plasma
focus and data analysis are presented. Experiments were carried out
under various operating conditions with (a) three different working gases,
neon or argon or deuterium, and (b) positive and negative polarities. Here
positive (negative) polarity means the central electrode is operated at
initial positive (negative) voltage. The discharges were carried out at
14 kV or 13 kV charging voltages for both polarities. The filling pressures
for the three working gases were varied between 0.5 ~ 10 mbar for neon,
0.4 ~ 2 mbar for argon and 0.5 ~ 10 mbar for deuterium. Detectors
(current transformer, current derivative, resistive voltage divider, optical
speed detector, magnetic probes, x-ray pinhole camera, 5-channel PIN soft
x-ray (SXR) spectrometer, pinhole transmission grating spectrograph,
crystal spectrograph and SXR calorimeter) were employed to study the
basic and x-ray emission characteristics as well as some related topics in
NIE-SSC-PFF plasma focus device. More emphasis is given to the neon

plasma focus concerning its SXR radiations.
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The first part (section 5.2) presents the results obtained during
preliminary experiments to understand the evolution and dynamics of
plasma. These include basic electrical diagnostics, optical probing and

magnetic field probing.

The second part (section 5.3) is devoted to the experimental work of
x-ray observations. The diagnostics employed include x-ray pinhole
imaging, space resolved pinhole transmission grating spectrography,
crystal spectrography, time-resolved 5-channel PIN SXR detector, and
calorimetric detector. Detailed description, interpretation of the results

and discussions will be presented.

The experimental results will be compared with the numerical
simulation based on theoretical model described in Chapter 3. Discussion

and summary will be given in the final section.

We present mainly the results of the focus in neon. Argon and
deuterium plasmas are not discussed in detail ag they have been discussed

in earlier research on this or similar machine [33,98,126].
5.2 Basic Measurements

5.2.1 Current and Voltage Waveforms

The current of the main circuit, the derivative of current and the
voltage across the focus tube were monitored for every discharge. From
these signals or by applying some simple calculations based on them, a
great deal of information can be extracted from them such as the transit
time of each phase, focusing quality, input energy and gross dynamics of
the plasma focus. Furthermore, they are used to correlate with other time-

resolved signals to yield more information.

The following are summarized results extracted from these signals.

Some of them will be presented in Sec.5.3.4 where correlations with the
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time-resolved 5-channel SXR results are made so as to get a better under-

standing of the gross dynamics concerning SXR emissions.

5.2.1.1 Gross Dynamics of Plasma Focus

Voltage probe signal corroborated with discharge current evolution
and soft x-ray emission profiles were investigated and reported on this
same focus device operated in argon in Ref. [33]. Two distinct evolution
patterns or regimes, i.e. one with single voltage spike and the other with
multiple voltage spikes, were identified. It was thought that multiple,
voltage spikes correspond to a sequence of compressions. The focus usually

occurs with multiple voltage spikes in the argon plasma.

For neon plasma focus similar regimes (single and multiple spikes)
were observed in this work. However in neon the focus usually occurs with
a single spike. Fig.5.1 and 5.2 show typical waveforms with multi-spike
pattern for both neon and argon plasmas. Fig.5.3 shows typical trace with
single spike pattern for neon plasma. We found that for neon focus the
probability of single spike discharge is much larger than that for argon
focus, giving about ~ 65% (34 out of 51 discharges in one of the experimen-
tal series) compared with argon for which only ~ 20% of the focusing
occurs with a single feature. At optimum pressure in neon only single
spike focus are observed. Multiple spikes are observed when working
pressure is relatively low, ie., below 1.2 mbar (for 13 - 14 kV charging
voltage).

For the multi-spike case we found that the first spike with risetime
of 3 ns and duration of 10 ~ 20 ns corresponds to a first compression, the
second spike comes after 200 ~ 300 ns with duration of 10 ~ 50 ns corre-
sponding to a second compression. For the single spike case the pulse is

basically similar to the first pulse of the multi-spike signal.

In the case of negative polarity, different features were observed
compared to that of positive polarity. The pattern or feature with single

voltage spike becomes predominant when operated in negative polarity
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regardless of focusing quality. In fact, more than 95% of the discharges
exhibit single spike focus. Fig.5.4 shows a typical trace. More details will

be described in Sec.5.3.4 where correlation with SXR detector is made.

Comparing Fig.5.4 with Fig.5.3 we see that it takes longer for the
plasma focus operated at negative polarity to breakdown than its positive
counterpart. The data analysis shows that for neon focus higher pressure
corresponds to faster breakdown. For pressure below 1 mbar the time of
breakdown phase is varied from 50 to 300 ns for 13 kV charging voltage.
From the voltage signals we found that the time delay for the breakdown
is different for different experimental condition (gas, gas pressure, charg-
ing voltage, polarity, etc.). There is evidence that the focusing quality is

affected by this time delay.
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FIGURE 5.1

Current, di/dt and voltage signals showing multi-spikes for
neon plasma focus
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Current, di/dt and voltage signals showing multi spikes for
argon plasma focus
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Current, di/dt and voltage signals showing single spike for
neon plasma focus operated at positive polarity
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FIGURE 5.4
Current, di/dt and voltage signals showing single spike for
neon plasma focus operated at negative polarity
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5.2.1.2 Focusing Quality
Electrical input energy and focusing qualit

The dip in current signal and the spikes in voltage and dI/dt
signals are indicative of focusing quality. It is found that big current dips

and voltage spikes are always accompanied by large radiation bursts.

Another meaningful quantitative information can be extracted out
of the voltage and current waveforms. Fig.5.5 shows a typical V(&)I(¢) ~ ¢
curve. The product V(£)I(¢) is actually the total power input to the
discharge tube. The unshaded area under the curve represents the energy
pumped into the discharge tube if there was no focus action of the current
sheath. The shaded area represents the additional energy pumped into the
tube during the formation of the dense plasma focus. Results based on this
way of calculation will be presented in the following sections where other

power densities are to be compared with this input power.
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FIGURE 5.5
Graph of input power [ViH)(£)] versus time
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5.2.1.3 Focusing Time

Focusing time vs. various experimental conditions

“Focusing time” is taken as the time from breakdown (‘A’ in Fig.5.3‘)
to the end of compression when the plasma is compressed to its minimum
radius as indicated by the voltage spike (‘B’ in Fig.5.3). In this way, feuu
excludes the duration of the breakdown phase of about 100 ns (as big as
300 ns for the negative case). Fig.5.6 shows a summary for different

experimental conditions.

Summary

In Fig.5.6, the focusing time, average velocity of the plasma sheath
(averaged in the run-down phase) and the input energy (see proceeding
section) are shown for three different experimental conditions. The results
are summarized in Tab.5.1. It is seen from these results that to obtain a
better focusing the pressure must be chosen such that the focusing time is
about 3.5 ps for neon plasma focus for both positive and negative polari-
ties for this focus device.

Table 5.1 Comparison of focusing time, speed of plasma sheath and
quality under different conditions (neon focus)

charging optimum focusing average input energy
voltage pressure time (us) | speed cm/us ()
and polarity {mbar) (optimum™) | (optimum) (optimum)
14 kV, positive 3to5.5 ~ 3.5 ~4.5 ~ 65
13 kV, positive 2tod ~ 3.5 ~4.5 ~ 60
13 kV, negative | 1.3t0 2.5 ~35 ~4.5 ~ 40

* “optimum” in this table means operation corresponding to maximum input energy
measured by area of VI spike. This optimum condition also produces maximum x-ray
yield (see Sec.b.3.5).
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5.2.1.4 Correlation with other time-resolved diagnostics

The first sharp peak of the dI/dt signal or the voltage signal (see P,
and P, in Fig.5.4 is normally taken as a reference time (zero time) for
studies in the pinching phase, such as shadowgraphy, etc. Any one of
these signals can be set as a time reference, with which other time-
resolved signals can be correlated. More details will be presented in the
section 5.3.4, where the time-resolved SXR detection is described and the
signals from this 5-channel PIN detector will be analyzed, with the

comparison to the electrical signals.
5.2.2 Magnetic Field Probing

5.2.2.1 Radially Located 3-MP Array

It is a well known fact that in almost all plasma focus devices, a
fraction of the total current does not flow through the pinch region but
links the anode and cathode elsewhere, particularly in the vicinity of the

insulator [58,68,161].

To determine the fraction of the total current which constitutes the
pinch current in the NIE-SSC-PFF facility, a three-magnetic-probe array
(3-MP) as described in the previous chapter (Sec.4.5.2), combined with a
speed detector, was used to measure the pinch current. A sketch of the
geometry of the electrodes and position 1s given in Fig.4.11. The total
current was measured by the current probe which had been calibrated.
These three probes were calibrated too, as described in Chapter 4
Sec.4.5.2. Fig.5.7 shows some typical traces obtained using the probe
array. The derivatives of magnetic field were also measured together with

the magnetic field.
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FIGURE 5.7
Typical traces of 3-MP probes and optical speed detector
Conditions: 13 KV charging voltage, 2 mbar neon pressure
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FIGURE 5.8

3-MP array used to measure current factors for neon, argon

and deuterium operated at positive and negative polarities.

horizontal axis: pressure {mbar)

vertical axis:

current factor

fr1 stands for factors measured by MP-1 (the nearest to the
anode), f73 stands for factors measured by MP-3 (the
furthest from the anode). Charging voltage: 13 kV.
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FIGURE 5.9

Comparison of mass factors for the axial run-down phase
under different conditions.

Listed are neon, argon and deuterium plasma foci operated at
positive and negative (specified in brackets) polarities.

horizontal axes: pressure in mbar
vertical axes: mass factor
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5.2.2.2 Current Factors

Fig.5.8 shows the final results for three types of working gas, i.e.

deuterium, argon and neon operated at positive and negative polarities.

These results (current factors) were used as input parameters for

the model (see Chapter 3 Sec.3.5).

In a cylindrical geometry the magnetic field is related to the éurrent

in a simple (linear) manner, for the 3-MP probe that is,
B;=FkI; 1=1,23 (5.1)

here k, = 7.4x107%, k, = 6.1x107%, k; = 7.5x10% (unit: Teslafvolt) are the
calibration factors for the three probes and I, is the current flowing past

each probe. The current factor can thus be calculated by
fi. =L/t i1=1,2,3 (5.2)

where Ir is the total current measured by the current probe. The bigger
the current factor the bigger the fraction of the total current contributing

to the plasma pinch with less current left behind.

Fig.5.8(a)-(f) list the results for three kinds of working gas under
positive and negative polarity operations. The following are some

conclusions:

(a) For the same gas and same pressure the current factor of the
positive polarity operation is higher than that of negative operation. This
means the plasma focus operated at positive polarity has a higher
efficiency compared to negative polarity from the point of view of energy

input to pinch region.

(b) Current factor obtained by the probe which is nearer to the
anode has bigger value (especially for deuterium plasma). This could
indicate that the plasma sheath is dense near the centre electrode and is

much more diffusive near the outer electrode.
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{c) At the same radial position, neon and argon plasma have bigger

current factor.

5.2.2.3 Mass Loading Factor

In the axial phase the effective mass loading on the current sheath
is known [162] to be considerably below that expected from the opera-
tional density. This reduced mass loading or mass-shedding effect is due
primarily to the severe canting of the current sheath in the axial phase.
This mass shedding factor is difficult to be measured experimentally. In
this work we choose the value of mass factor combined with the experi-
mentally measured current factor for each pressure using the computation
model described in Chapter 3, such that the computed value of arrival
time of the plasma sheath match the time measured by the magnetic

probe signal (the peak of the dB/dt signal).

The computed results are shown in Fig.5.9. We can see that the
mass factor is of the order of 0.1. Pressure probing could be used directly

to measure the mass factor and is suggested for future work.

5.2.2.4 Profile Characteristics

The axial speed detector, located radially at the same height as the
3-MP array, was employed simultaneously to monitor the speed of the
current sheath. With the information of speed and the 3-MP signals, we
are able to roughly obtain the current profile at the moment when the

plasma sheath sweeps through the MP.

If we assume that the plasma sheath sweeps by the 3-MP probe as
a steady profile at a relatively constant velocity in the position where the
MP and speed detector are located, then we can make the following

analysis.

Fig.5.10 schematically illustrates the current profile and its

position with respect to 3-MP probe. We can write,
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- Fg—r
a; =tan l————
! v-(ta—1t1)
I's—rsa
ay =tan 1l———=—
2 v (ts —ta)

t123 15 the time when the current sheath passes through the MP-1,2 3. The
peaks of the dB/dt signal will be taken as the time ¢;5;. The maximum of
dB/dt corresponds to the maximum current density if we note that for a
steady current profile ( j(z’) ) in the coordinate system staying with the

current sheath moving with speed v in a cylindrical system,
B(z,,t)= £ _[ (2" —2) x 2nr,dz
o Onry 2 J7 o

and so %? =g jr(2))

tana, ; are the averaged slopes of segments S1-82 and S2-S3 of the current
sheath (see Fig.5.10). Smaller o, values mean more steeply canted

current sheaths. The results are shown in Fig.5.11.

Some conclusion can be yielded from Fig.5.11. At lower working
pressure the plasma sheath is more canted. This is in agreement with
experimental observations by Schlieren and shadowgraphy [62]. For the
same gas and same pressure the plasma sheath is more canted for the

positive polarity than for the negative polarity.

:‘—a—'ﬂ - cathode

\ nook 3 d
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. of symetry o z
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anode | _—1 sheath
ss\ |

FIGURE 5.10
Schematic of current profile characteristics
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Results calculated from 3-MP probe showing
incline angles of current sheath at segments of S1-82 and S2-53. (Fig. 5.10)
upper triangle: angle between S1-82 and the axis
circle: angle between S2-S3 and the axis
vertical axis: angle (degree)
horizontal axis: pressure (mbar)
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5.2.3 Optical Probing

5.2.3.1 Axial Speed Detector

The set up for monitoring the axial velocity of the plasma sheath is
described in detail in Sec.4.4.3. Two light pipes were employed. This detec-
tor was developed to collaborate with the 3-MP array probes (the above
section) to study the characteristics of the current profile. The results had

already been presented in last section.

Fig.5.12-14 show some typical signals for different experimental
conditions. We obtain the velocity for negative polarity more accurately
than for positive polarity because the signals for negative polarity appear
sharper. It is also found that the higher the pressure, the sharper the

pulse.

With positive polarity, the rising edge is used as the arrival time,
whereas in the case of negative polarity the peak points of signal may be

used as the arrival times giving better accuracy.

It is best for it to be used for neon and argon plasma operated in
negative polarity. At low pressure, the detector is no longer applicable
because of the weak emission and also the signal is very small with
respect to noise. The emission intensity of plasma, as well as the spectrum
of the emission, has to be considered when selecting the photodiodes to be

used. In this work BPX65 photodiodes were used.

148



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

0.5 T
0.4f 1 FIGURE 5.12
03: Signals of speed detector for

- neon plasma with same
ool positive polarity i pressure for different

{neon) polarities
01F 1
————t e
0.0 fpravatim o : ‘| :
04t . .
03k negative polarity .
02}
0.1
0,0 Ittt bt rrss ,
Eans s
04 T T T
FIGURE 5.13
031 ) 1 Signals of speed detector for
positive polarty argon plasma with same
02+ (Argon) 1 pressure for different
polarities

M M
0.0 (— : : : : :
04 ]

3t |
0 negative polarity
02
01

O %on  26p  B0p  abp  40p  disp  50n

0.20 T .
015+ | FIGURE 5.14
positive polarity Signals of speed detector for
010k @) deuterium plasma with
same pressure for different
005t ﬂ polarities
0.00 22 L L L
0.15 negative polarity )
0.10} ]
Q.05
0'09.51.1 2.I011 2.;511 S.bp 3.5n

149



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

5.2.3.2 Measurements with 8-light pipes

Comparison of experimental results with numerical simulation

The set up of the 8-light pipe detector is introduced in detail in
Chapter 4, Sec.4.4.2. Fig.5.15 is the light-pipe signal of a typical shot.
From Fig.5.15 we can obtain the positions of the plasma sheet and thus
the wvelocities. The results are plotted in Fig.5.16. A computational
dynamic model developed by Lee (see Chapter 3) has been applied to
calculate the v-t trajectory using the same experimental parameters of gas
pressure, charging voltage, electrode sizes, etc. The theoretical curve of v-¢
is also shown in Fig.5.16 for comparison. We can see that the experimen-

tal results are in good agreement with the computational model.

Another conclusion we can extract from Fig.5.15 is that the signals
of pipes wh__ich are located at z = 4.5 ¢cm, 6 cm, 7.5 cm are either very weak
or "diffusive" relative to those located further away than these 3 pipes
from the bottom plate of the electrodes, which indicates that the plasma
sheet becomes steady only after it has traversed approximately the first
8 cm of the anode (i.e. about half way along the PF¥). This phenomenon

was observed for a wide pressure range for this plasma focus.
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Traces monitored by optical detector made of 8 light-pipes

[ I _" f - I r i — I
8L
z 6
E
=2
2 |
g
34l
=
Z
i 0O experimentally measured velocity ]
2L simulated result of velocity |
M : 1 s 1 ; 1 . ! .
0.0 us 0.5 g L.Ous 1.5us 20us 25us
FIGURE 5.16

Speed measured by the optical probe (see Fig.5.16) and comparison with
numerical simulation (with f, = 0.1, f; = 0.68, Pressure; 3.45 mbar
and charging voltage: 13.5 kV)
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5.3 X-ray Observations

Having studied the plasma dynamics, this work proceeds to soft

X-ray measurements.

5.3.1 X-ray Time Integrated Pinhole Photography

Integral measurements of x-ray emissions were made with a
pinhole camera which records the soft X-radiation on Kodak TMG/RA-1
film. Radiations from plasmas with deuterium, argen and neon as working

gases were found to be sufficient to expose the film on a single shot basis.

X-ray pinhole images were collected with both end-on and side-on
viewing to determine the dimensions of the plasma emission. The images
were micro-densitometered and computer analysed to give the detailed
contour of the image. For single discharges, the end-on x-ray images were
nearly circular with weak lobe structure (see Fig.5.17). The size of the
emission was determined from the half-maximum values of orthogonal
lineouts of the image intensities. For the image shown, equal half-
maximum value of 300 micron were found while other images ranged from

280 to 360 micron in diameter.

Images from multiple shots were also nearly circular with diame-
ters varying to about 750 micron for images of 7 shots (see Fig.5.18). From
Fig.5.18 it is seen that the anode rim is visible as a bright circle coaxially
surrounding the radiating pinch. This could be due to electron bombard-

ment of the anode.

Both end-on and side-on images were processed for one sequence.
The side-on image of plasma emission had the appearance of a thin
column with a 6 - 8 mm length (see Fig.5.19-20). The diameter of the
column was estimated using transverse lineouts along the emission
image. For multi-discharge exposure (Fig.5.21) the diameter was < 700
micron on average. All the images of the DPF discharges indicate that the

plasma emission is centred at the axis.
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For neon plasma focus we can summarize the results for this
machine as following,

1. The size of SXR source viewing axially from the top is about
0.3 mm in diameter for a single discharge;

2. The focusing column is located at the axis of symmetry the
electrodes. The length of the column is 6 - 8 mm;

3. The radial position of the focus is not stable, but the radial shift
is within 0.2 mm. The diameter of the column exposed for 7 discharges is
0.7 mm.

4. Bright spots were observed. For lower pressure (with the same
charging voltage) the spots tend to assume a cylindrical shape (we may
also call it a hot-spot which has a large aspect “length-to-radius” ratio). In
the case of higher pressure, more point-like spots, i.e. with aspect ratio

close to 1, were observed.

A typical pinhole image for argon plasma is also shown in Fig.5.22.
Hot spots of dia. of 100 - 300 pm and aspect ratio of 1 to 5 were observed

for argon plasma. The resolution is limited by the pinhole size.

The gross dimension of the source measured by the pinhole camera
agrees with the radiative plasma focus model, although the hot spots can

not be predicted by the simple model.
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FIGURE 5.17
End-on pinhole image for single discharge

and its equi-density contour
conditions: 13 kV, 3 mbar neon
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FIGURE 5.18

End-on pinhoele image

for 7 discharge

and its equi-density contour
conditions: 13 kV, 2.9 mbar neon
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FIGURE 5.19
Side-on pinhole image for single discharge and its 3D view

showing several hot spots
conditions: 13 kV, 4.1 mbar neon

film density (a.u.)

FIGURE 5.20

Side-on pinhale image for single discharge and its 3D view
showing one uniform column

conditions: 13 kV, 2 mbar neon
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FIGURE 5.21

Side-on pinhole image for 7 discharge and its 3D view
showing bigger diameter than single exposure
conditions: 13 kV, 2.5 mbar neon
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FIGURE 5.22
Hot spots observed in argon plasma viewed side-on
conditions: 13.5 kV, 0.9 mbar argon.
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5.3.2 Pinhole Transmission Grating Spectrography

5.3.2.1 Experimental Conditions

Two experiments were done in the Laser produced plasma (LPP)
and compact plasma focus (CPF) as shown in Fig.5.23. LPP experiment
was carried out on the Nd-glass laser facility. The laser beam was focused
onto the flat surface of an Au (or Al) target with an aspheric lens. The
resulting size of the focal spot had a diameter of 80 pm. The 1.064 um
laser light had a FWHM of 1 ns, with output energy of 5J, and correspond-
ing power density on the target is 4x10" W/em®. The detailed LPP device
was described in Ref. [139].

Source Pinhole grating Film

7

r 7‘-/ z

3
Y
Pinhole |

S0 um

1

-+
g.6um

FIGURE 5.23
Schematic diagram of x-ray experiment with
two pinhole gratings (symbol a and b ) spectrograph

5.3.2.2 Experimental data and results

The pinhole transmission grating spectrograph (PTGS) developed in
this work has been described in Sec.4.6.2. It enables us to study a wide
range of soft x-ray emission characteristics both in LPP and CPF systems.
Moreover the PTGS has two-dimension spatial resolution and the position
of the detector is very flexible. A PTGS can be installed with two pieces of

pinhole gratings as seen in Fig.5.23.
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The plasma x-ray sources produced by laser or PF are quite differ-
ent. In general, the emission of soft x-ray from a LPP is very bright and
the diameter of the source is very small. PF are characterized by high
intensity, column-like source (viewed side-on) and wide spectral emission
range. Viewed end-on it approximates a spot source but with a fairly large
diameter. Those properties of the plasma source demand that our PTG
spectrograph must have a flexible adjustment system. Moreover there is a
strong shock wave resulting from the intense plasma compression. The

spectrograph was designed to accommodate this strong shock.

A typical x-ray spectrum of the laser plasma x-ray emission
obtained by a PTGS with a diameter of 50 um is shown in Fig.5.24(a). The
photo or spectrogram from the same LPP source using a 25 pm PTGS

taken at the same time is shown in Fig.5.24(b).

Generally the x-ray energy transmitted by a PTGS with diameter of
50 wm is larger than that transmitted through a small diameter PTGS.
The intensity of N-band spectrum in Fig.5.24(a) is more than two times
stronger than that in Fig.5.24(b), and it is impossible to record P-band
spectral emission from LPP in Fig.5.24(b). The full width half maximum
(FWHM) AX of O-band and N-band spectra in Fig.(a) is also larger than
that in Fig.(b). The interesting observation is that the Oth-order diffrac-
tion obtained by the two different PTG spectrographs have almost the
same intensity. Following Chaker's and Shnopper's methods on spectral
data process [140,163,164], we obtain the real distributions of x-ray
spectral lines emitted from the LPP.
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FIGURE 5.24
x-ray spectra from LPP emission and their microdensitometer
tracings of the spectrograms at x=0. (a) the diameter of PTG:

D=50um; (b) Dg=25um.
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Using the PTGS the spatial structures of the plasma and the
spectral lines with different intensity distributions were obtained.
Fig.5.25(a) and (b} present microdensitometer tracings of the spatial

distributions of the Oth-order and other spectral bands.
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(a) and (b), The spatial distributions of the x-ray intensities for LPP,
obtained from the curves in Fig.5.24{a) and (b).

It is very easy to align and take various images of sources and
x-ray spectra from LPP with PTGS. However, there are quite different
characteristics in the PF experiment with PTGS. The first factor is the
very strong shock wave and the second is a big size of x-ray source [165],
we installed a shock protection pinhole in front of the PTGS to minimize
the shock wave effect. The experimental results show that the shock wave

in PF will break our PTG if we choose a shock protection pinhole with a
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diameter of 4 mm or bigger. We cannot select a pinhole with too small a
diameter because it will limit the region of measurement and make the
system more difficult to be aligned. Furthermore, a small pinhole will also
reduce the x-ray intensities to too low a level. We used a diameter of
2 mm. The third factor is that there is strong visible light in addition to
the x-ray, and we have to use an Al foil to block out the visible light. The
Al foil also absorb part of soft x-ray energy, particularly the extreme UV
ray (wavelength 50 - 500 A). Theoretical estimation indicates that the
absorption coefficient for 30 A soft x-ray is almost 20 times more than that
for 8 A x-rays if the attenuating coating is made of a 100 nm thick
Formvar film plus a 400 nm thick aluminum film [139]. With this film in
place we two or three pulses of x-ray radiation from PF for recording

suitable image on film.

Following a method described in Chapter 4, Sec.4.6.2, we have
identified and classified those spectral lines which belongs to the electron
transitions of N-, O- and P-band neon ions over wavelength ranging from
11 to 100 A. The intensity of the O-band spectrum is the strongest and the

region of that ion's expansion is the largest.

A typical example of the spectrum obtained side-on from Ne filled
PF is shown in Fig.5.26. X-ray radiation mainly comes from electron
transitions of K- and L-band in neon ions. It is very difficult to identify a
single spectral line in Fig.5.26. Comparing with our soft x-ray results
obtained by a crystal spectrograph (to be introduced in the next section), it
can be deduced that K-band mainly consists of electron transitions of
1s-np lines from H-like ion and 1s%1s2p lines from He-like ion, L-band
mainly consists of the lines of the electron transition from Li-like neon ion.
In Fig.5.29, we find two lines which we mark by symbols “a” and “6”. The
line A, may be the 2nd-order diffraction of K-band because A;= 2Axnand -

For )4 mainly comes from emission from impurity ions.
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FIGURE 5.26

Side-on x-ray spectrum emitted from PF and its microdensitometer tracing
at x = 1.5 mm. The diameter of the PTG is DD = 50 um.

Comparing the results for the LPP (Fig.5.24) and the PF (Fig.5.26)
it is seen that the resolution and spectral overlap for the PTGS image of

the PF are inferior. This is because of the big plasma source in PF. The
diameter of the plasma x-ray source 1s estimated to be 300 um for single

discharge.

Fig.5.27 shows the spatial distributions of Oth-order diffraction
spectrum and K-band intensities scanned along the x-axis. The image of
plasma emission is a thin column of 7 mm length. The spatial distribution
of intensity shows a non-uniform structure. This structure, in fact, is
mainly due to a cloud of the plasma situated within the space in between

the electrodes with several localized bright spots.
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FIGURE 5.27
Spatial distributions of PF x-ray intensities, scanned from Fig.5.26.

A similar study of the plasma soft x-ray emission features from Ar
filled PF was also made. We also observed a few clear spectral lines. The
strongest band of soft x-ray emission is localized at the wavelength of 27 A
region, Based on the empirical isoelectronic extrapolation or interpolation,

we identify those lines to be L-band emission from Ar ions.

5.3.2.3 Summary

A pinhole transmission grating spectrograph for soft x-ray measure-
ments was designed for use in the LPP and the PF. This spectrograph
provides two-dimension spatial resolution simultaneously with spectrum

over 3 - 300 A wavelength range.

The PTGS is used to measure spectra emitted from LPP. However
owing to strong shock wave and big size source in the PF experiment, an
additional pinhole has to be introduced. Two or three pulses of x-ray

radiation from PF are needed for an exposure.
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5.3.3 Flat Crystal Spectrography

5.3.3.1 General

A transmission grating spectrograph is used to obtain spectra of
wide wavelength range but with rather limited reseclution (a few A),
mainly to check the overall spectrum of the emission as a preliminary
step. In fact, the spectral region of interest is within 5 A to 15 A if neon
gas is used for the purpose of x-ray lithography. A flat crystal spectro-
graph (described in Sec.4.6.3) is then used to achieve better resolution.

Five configurations are tested to give satisfactory results.

For these five configurations (FCS-A ~ E, listed in Tab.4.4), FCS-A
was mainly for preliminary test of the spectrograph and FCS-D was
devoted to argon plasma. We found that argon plasma focus is a very weak
emitter of soft x-ray and thus difficult to be recorded, unless a slit of
bigger gap is used unfortunately with reduced spatial resolution. With
neon this problem of intensity does not exist. Neon focus has sufficient

intensity.

Before further descriptions of the results we list in Tab.5.2 - 4 the
spectral lines, recombination continua range and satellite lines of the

highly ionized neon plasma in the soft x-ray region taken from Ref. [166].

Table 5.2 Classification of x-ray emission spectral lines of a highly
ionized neon plasma.

no 10N8 transition terms wavelength (A)

1 Ne IX 1s® - 1s2p g's - 1p° 13.447

2 NeX 1s -2p g’s - *p° 12.132

3 Ne IX 1s® - 1s3p g's - *p° 11.568
g's-p? 11.544

4 Ne IX 1s? - 1s4p g's - p° 11.008
g's-'p° 11.001

5 Ne IX 1s® - 1s5p g's - PP 10.765
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6 Ne IX 1s® - 1s6p g'S - 'p° 10.646
7 Ne X 1s - 3p g*S - p? 10.240
g°s - P’ 10.238

| 8 Ne X 1s -4p g2’s - p° 9.708

9 Ne X 1s - 5p g’s - p° 9.481

10 NeX | 1s-6p g’s - #p° 9.362

Table 5.3 Recombination continua of hydrgen-like, helium-like
and lithium-like ions for neon

Tons Spectral Limit (A)
Ne X <9.126
Ne IX <104

Ne XIIT < 52

Table 5.4 Satellite lines of neon plasma

no 10ns transition terms wavelength (A)
Ne IX 1s2p - 2p” 1P°-1D 12.355
[ b Ne IX 152p - 2p 3P° - 3P 12.323
c Ne IX 1s2p - 282p 358 - 3p° 12.308
d Ne IX 1s2p - 282p 1S - 1P° 12.26
e Ne IX 1s2p - 2p* | 1P°- 18 12.172

5.3.3.2 Evaluation of Plasma parameters - General Consideration

Determination of T. from intensity ratios in line spectra

Using coronal equilibrium model (Eqns.(3.12- 13) ) and Eqns.(3.3- 4)

we have,

P.l,n =hv, ;—;TNENZCIIL (5.5

m<n

165



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

Ay . . . ;
The ratio of T;; is equal to unity for the resonance lines. Ci, is

m-<n

obtained by Eqn.(3.13). We may write the radiation power for the four

lines of our interest as,

Angl.;
Pi,,=hvi,,/——N,NogC1s_
Lyq VI aA %15 9C1 2p
e<g>fis-2p hviy,
— ——Tsz—NeNg exp[— TeV

=2.18x 1031 T5Y2N,Ng exp(~1024.7/T.v)

(5.6)
Following the same procedure we obtain,
Pry,=4.05x 10327 }*N . Ng exp(~1214.1/T.y) (6.7)
P, = 1.31 x 107 TY2N, N exp(-924.5/ T,y ) (5.8)
Py, =3.3x 1072 }2 N, N exp(-1075.3/T.v) (5.9)
From Eqn.(3.16) we have,
Ny =0.874 x T3} exp(-1196/T.v)- Ng (5.10)

From above equations one can see intensity ratio between any two of these
four lines may be used to determine the temperature. Usually we adopt

the following three ratios for our case,

_ 189.4
PLW =5.26 x exp( T ] (5.11)
Heo 150.8
Pre, - 3.97 x exp[ Ty ) (5.12)
Pry, 9/4 1296
P, =142x T ex ( T., J (5.13)

These three ratios vs. T, are plotted in Fig.5.28.
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FIGURE 5.28
Relative line intensity ratios versus electron temperature
(for coronal plasma)

Determination of Te by contlinua

From Eqn.(3.1 - 2) it is noted that both Bremsstrahlung and recom-
bination emission power are proportional to exp(-Av/T,.v). Generally we

may write the continuum spectrum part as,

P, = Gexp(— ,{3"; ] (5.14)

taking logarithm of this expression gives,

log(Pen) =log G - Tlv hyv (5.15)

so it can be seen clearly that 1/7,y is the slope of log(P,,,)~hv curve.
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Estimation of electron density

Because of limitations resulted from the source broadening, some
means of N, determination can not be used. But for “hot spots”, which are
small in size (diameter), we may still be able to apply some methods to

make an estimation.

For neon the plasma density could be determined from the density-
sensitive dielectronic Ne IX 2/2/’ satellite line to Lyman alpha at 12.323 A,
based on the theoretical predictions by Seely [167]. In this work estima-
tions were done for several cases at which the focusing column was rather
small (hot spot areas) so that the resolution was relatively high (note that
the resolution of the this spectrograph is mainly limited by the source

broadening).

Another method is the use made of the lowering of ionization poten-
tial based on the plasma field modelling of Sewart and Pyatt [168]. This
method needs very high spectrum resolution since the potential lowering

is of the order of 10 eV. It was not used in this work.

5.3.3.3 Observations with Spectrograph FCS-B
Introduction

FCS-B is devoted to the longer wavelength portion of the spectrum
region of our interest. Strong line emission i1s in this regime. Pinhole
imaging is simultaneously employed with the image formed at the short
wavelength side to the whole spectrum being measured. AV G(A) ~ A for
this configuration is evaluated and plotted in Fig.5.29. The other parame-

ters are referred to Sec.4.6.3.
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FIGURE 5.29
fA).GA) ~ A curve for configuration FCS-B

Example

An example of the spectra (symbol 1 - 5) and x-ray pinhole image
(on left side, symbol ‘a’} obtained from the Ne gas-filled CPF using this
configuration is shown in Fig.5.30. Experimental conditions are: charging
voltage 13 kV, neon pressure 3.3 mbar, 5 shots superimposed. Spectral
lines no.1 to no.5 can be easily identified, all exhibiting similar structure

to the pinhole image (symbol ‘a’).

FIGURE 5.30

Example of the speetrum obtained from a neon gas-filled CPF
using FCS-B configuration (3.3 mbar) (5 discharges)

1 - 5: spectrum lines

a: pinhole image

Spectrum identification

Spectral lines no.1 and no.5 (see Tab.5.2) are chosen as the refer-
ence lines, i.e. As = 13.447 A and Az = 10.765 A for determination of

spectrum using Eqn.(4.43) (see Sec.4.6.3). Lsp is measured to be 19.69 mm,
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so H?, 5 =-8.214 and F? = - 2.39. The measured value of F' agrees ver}'; well
with the calculated F ( = - 2.41).

Fig.5.31(a) shows the microdensitometer tracing at axial position

z = 3 mm above the surface of the anode.

The tracings along each line (no.1 - 5) and the pinhole image are
illustrated in Fig.5.32(a) and (b). It is seen more clearly now that the line

spectra show similar structure fo the pinhole image along axial direction.

In general, the intensity of satellite spectrum is observed to be quite
weak and the spectral peak intensities from electron transition 1s-np
states of H-like ions are a few times stronger than that of He-like ion

lines. The other lines are found to be much weaker than these two lines.

Intensity (a.w.)
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— |
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FIGURE 5.31
The microdensitometer tracing of x-ray emission spectrum
of a highly ionized neon plasma.
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FIGURE 5.32

spatial resolved spectra and pinhole imaging (from Fig.5.30}
{a) spatial distribution of SXR spectral intensities

{b) lineout trace of x-ray pinhole image

{¢) electron temperature (eV)

Evaluation of plasma parameters

The electron temperature is estimated by the relative ratio method.
Comparing the experimentally measured ratios with that the theoretical
ratios given in Fig.5.28, we obtain the axial space resolved value of

electron temperature shown in Fig.5.32(c). We can see from this figure
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that the temperature in the hot spots is higher than the other place. The
averaged electron temperature in the hot spots 1is estimated to be

~ 300150 eV.

Using several combination spectral lines and a resonance line of
1s2-1s2p electron transition, the plasma electron density can be estimated
[169]. However, the large size of the x-ray source in our CPF has caused
source broadening and resulted in overlap of combination lines and
resonance of 1s®-1s2p. For those hot spots with small size, however, the
plasma density could still be determined from the density-sensitive dielec-
tronic Ne IX 2120’ satellite line to Lyman alpha at 12.323 A, based on the
theoretical predictions by Seely [167]. Comparing with this model the
relative intensity of the 2p* *P,-1s2p °P. transition (as an example, see
Fig.5.31b, a magnified portion from Fig.5.30a, indicated by an asterigk)
corresponds to an electron density of ~ 10*' em™ in the DPF plasma forma-
tion. The average density along the whole column may be a bit smaller
than this value. This result is in agreement with theoretical modelling in

Chapter 3, where n,>10% ¢cm™ is estimated.

5.3.3.4 Observations with Spectrograph FCS-C
Introduction

FCS-C is devoted to the shorter wavelength portion (continuum by
radiative recombination, in our case) of the spectrum region. Pinhole
imaging is simultaneously employed with the image formed at the long-
wavelength side to the whole spectrum being measured. AL)G(A) ~ A curve
for this configuration is evaluated and plotted in Fig.5.33. The other

parameters are referred to Sec.4.6.3.
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AX).G(A) ~ X curve for configuration FCS-C

Spectrum identification

spectral lines no.4 and no.8 (see Tab.5.2) are chosen as the refer-
ence lines, i.e. Ay = 11.004 A and Az = 9.708 A. (see Sec.4.6.3). Lug is
measured to be 9.19 mm, so H% ;s =-17.746 and F = 0.52 mm.

The image of the CPF x-ray source shows a complex structure as
seen in Fig.5.34. Spatial distribution of the soft x-ray intensities and the

spectrally analyzed image are compared in Fig.5.35

9 8 7 65 4 a

FIGURE 5.34

Example of the spectrum obtained from a neon gas-filled CPF
using FCS-C configuration (3.2 mbar neon, single shot)

4 - 9 spectrum lines

a: pinhole image
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FIGURE 5.35
Spatial resolved spectra and pinhole imaging
{a) spatial distribution of SXR spectral intensities
(b) lineout trace of x-ray pinhole image
(¢} electron temperature determined by slope
of the logarithm of continua

There is a column of the plasma with several localized bright spots.
These spots are circular and sharp-edged indicating that they are actually
the source of x-rays. The size of each of these spots is estimated to be
typically 100 mm in diameter. The side-on image of plasma emission is

the appearance of a thin column with a 5.0 ~ 8.0 mm length.
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FIGURE 5.36
The spatial distribution of the soft x-ray spectral intensities.
{a) near the first hot spot above the anode at z, =0.45, 2, =0.6
z. =075, 2z; =0.9, z, =10.5, z, =11, z; =12.5. (units: mm)
(b} logarithm of the intensities corresponding to curve Fig.(a).
(note that a constant is canceled when calculating log(I).)
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Evaluation of plasma parameters

Besides the temperature by line intensity ratios presented above,
the plasma temperature can also be determined from the logarithm inten-
sity variation (linear slope) of the free-bound continuum (see Sec.5.3.3.2
for detail). Fig.5.36b shows the logarithm intensity versus photon energy
for 7 points at the neighborhood of one of the hotspots. It is seen clearly
that in the hotspot the temperature is higher than its surrounding area,
noting that steeper slope corresponds to lower temperature (see
Sec.5.3.3.2). In fact, a simple code was developed for this method of deter-
mining 7, along the whole plasma column and the results are shown in
Fig.5.35(c), where we see that the electron temperature is ~ 175150 eV for

this particular case.

5.3.3.5 Observations with Spectrograph FCS-E
Introduction

FCS-E is devoted to the spectrum region between 8 to 14 A. Pinhole
imaging is not employed because of the limitation of the room housing the
spectrograph. AAYG(L) ~ A for this configuration is evaluated and plotted
in Fig.5.37. It is noted that there is a cutoff at A = 7.95 A due to the
absorption edge of aluminum foil. So the spectrum data for wavelength
below 7.95 A is no longer reliable, this setting a cutoff for the spectrograph
(unless other foil is adopted instead of aluminum). The other parameters

are referred to Sec.4.6.3.
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Spectrum identification

spectral lines no.l and no.5 (see Tabh.5.2) are chosen as the refer-
ence lines, i.e. Ay = 13.447 A and A3 = 10.765 A. (see Sec.4.6.3). Lz is
measured to be 21.46 mm, so H*, 5 = - 6.842 and F* = - 3.14 mm.

Examples

Two typical spectra for neon plasmas are presented in Fig.5.38(a)
and Fig.5.39(a). They are taken for two different operational gas
pressures, one is low (1.7 mbar) and the other is relatively higher pressure
of 3.85 mbar. The corresponding tracings are shown in Fig.5.38(b) and
Fig.5.39(b) respectively. The tracings are the spectra of the integrated
intensity along the source column (in axial direction). The x-ray emission
below 8 A is found to be very low. The spectrum is composed mainly of line
radiations {(Ne X and Ne IX) and the continua (Ne X and Ne IX). Using
line ratio methed and the decline of continuum the average electron

temperatures for both cases are estimated and listed in Tab.5.5.
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FIGURE 5.38(a)

Typical spectrum (1.7 mbar neon, 13 kV, single discharge)
1 - &: spectrum lines
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FIGURE 5.38(h)

X-ray emission spectrum of neon plasma
(integrated along the whole column)

at charging voltage of 13 kV, pressure of 1.7 mbar)
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FIGURE 5.39(a)
Typical spectrum (3.85 mbar neon, 13 kV, single discharge)
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FIGURE 5.3%(b)

X-ray emission spectrum of neon plasma
(integrated along the whole column)

at charging voltage of 13 kV, pressure of 3.85 mbar)
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Table 5.5 Plasma temperature and line radiation percentage determined
from spectra of the neon plasma focus

experimental T. (eV) T. (eV) percentage | percentage
conditions of Ly-ot line | of He-a line
1.7 mbar ~ 300 eV ~ 165 eV 38% 15.5%
3.85 mbar ~ 380 eV . ~200 eV 47% ‘ 13%
note:
7. electron temperature by relative amplitudes of Ne IX and Ne X lines
T." electron temperature by decline of recombination continuum

Fig.5.38 and 5.39 are only two examples. From a number of spectra
(with axial space resolution) obtained at pressures varying from 1.5 mbar
to 5 mbar, we can conclude that (a) at pressure higher than ~ 3 mbar (at
13 kV charging voltage) more hot spots with small aspect ratio are
observed, whereas at lower pressure uniform source column (or hot spots
with large aspect ratio) is more often cbserved; (b} the temperature is
estimated to be higher for the case when very bright hot spots of small
aspect ratio are observed; (¢) the electron temperature is about 250 ~
400 eV as estimated by relative line ratio method and about 160 ~ 220 eV
as estimated by the decline of the logarithm of continua; and (d) the Ly-o
is the most intensive line, taking 38 ~ 48% of the total radiation, the He-a

line is about 2 ~ 3.5 times weaker than Ly-o line in our experiments.

5.3.3.6 Summary

A new compact flat crystal spectrograph for the soft x-ray region in
our plasma focus facility operated in neon was designed and examined.
The design of the spectrograph makes it easy to align and use, with good

spatial resolution over one dimension and a spectral range of 3 - 30 A.

Strong soft x-ray spectral emissions from CPF are observed. High
space resolution is achieved in the observation. A detailed study of the

CPF parameters and structure were carried out.
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At pressure higher than the optimum, the results show a complex
x-ray spatial and spectral distribution. The column of plasma has several
localized bright spots. The size of each of these spots was estimated to be
typically 100 um in diameter and their temperature was estimated to be ~
350 eV. At relatively lower pressure we observe uniform plasma column

more frequently with electron temperature at a lower value of just under

300 eV.

For comparison a similar study of the plasma x-ray emission from
Ar-gas filled CPF was also made. We still observed a few clear spectral
lines. However, the area of x-ray emitted from Ar plasma was obviously

limited, and the spectral intensity is very weak.

5.3.4 Filtered PIN Diodes Detection

The x-ray measurements and analysis presented in the last three
subsections (Sec.5.3.1, 5.3.2 and 5.3.3) all use film as recording material.
It is more convenient to directly record the electrical signals which can be
readily stored in computer for analyzing. In fact, scintillator combined
with CCD (or MCP) may be employed instead of using film for faster and

easier measurements and analysis of x-ray emission.

In this section results using a semiconductor detector are presented.
We use a 5-channel detector which is capable of monitoring time-resolved
X-ray emission rate with spectral resolution. We will first concentrate on
its application in measuring the time evolution characteristics of x-ray
emission from plasma focus. More analysis will be conducted in Sec.5.3.5

where total x-ray yield is obtained from this PIN detector as well.

5.3.4.1 Characteristics of the 5-channel Detector

Response characteristics of BPX65

For the PIN diodes used in this detector (BPX65 type) there exists a

linear response (photonic current vs. incident light intensity) region.

181



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

According to the data provided by manufacturer, the saturation current
for BPX65 diode (reversly biased at 50V) is ~ 100 mA, which corresponds
to measured voltage of ~5V with 50 ohm termination. A simple experimen-
tal set-up is used to determine experimentally the linear region. Two
photodiodes (assumed identical) with identical beryllium filter (20 um) are
placed at different radial distances (S; = 220 mm and S; = 550 mm) from
the plasma focus x-ray source (see Fig.5.40). Thus both photodiodes
receive x-rays fromn the same source but with different intensities. The
ratio of the intensities at these two positions is determined by the geomet-
rical factor S;%S,* = 6. Fig.5.41a shows the curve of ratio between the two
outputs (PIN-1/ PIN-2) detected versus PIN-1. It can be seen from this
graph that when the signal is bigger than 4.5 V the response is no longer
linear, but that PIN-1 is showing saturation effect. It is noted that the
working gas will slightly vary the spectra received by the two photodiodes
because of the difference of distances. The result is that the intensity ratio
is varied by the gas by a factor of f ~ 0.8 in this particular experiment. So
the effective factor is S,%S,%f = 7 as shown in the regime of Fig.5.41 where
both PIN-1 and PIN-2 are linear.

For calculation of total x-ray yield (described in next section) the
integral of the PIN signal, which is proportional to the collected charge
created by photons in PIN (see Sec.4.6.4.1), is more important. Fig.5.41b
shows another curve of ratio of the integrals of the two signals (PIN-1 and
PIN-2) versus the integral of PIN-1. We found that the integral or the
charge is always proportional to the input intensity, at least in the inten-
sity range of this series of calibration experiment which actually covers
the range of our interest in this whole project work. Thus even when we
operate with the PIN diode above its linear limit, the integral of its signal
still gives a correct value as though it were not saturated. For yield
measurement, depending on the integral of the signal, a saturated signal

may still be used.
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FIGURE 5.40
Set-up for determination of linear operating range for BPX65 PIN
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FIGURE 5.41
Linear response region determination of BPX65 photodiode
(a) ratio between two signals which is proportional to
the photonic current
{b) ratio between integrals of the two signals which is
proportional to the collected charge produced by photons
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About the 5-channel detector

The sensitivity curve of the b-channel detector is shown in Fig.4.26
in the previous chapter. For our purpose we may extract the spectral infor-
mation from five signals in terms of different wavelength ranges (see
Fig.5.42) separated by s = 14 A Ag =4 A, ke = 6 A and 2p = 12 A.
Characteristics of signals corresponding to each range are summarized in
Tab.5.6. We roughly estimate the spectra of the source by checking the

measured signals against this table.
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0

5--- 20 pm Be 1

5-channel sensitivity curve

FIGURE 5.42
Sensitivity curve of 5-channel detector

Table 5.6 The 5-channel detector 1n terms of wavelength ranges

wavelength ranges [ characteristics | descriptions
r<14A X4 ~0 characteristic lines of
X1,2,3,5 are the same | copper
14A<i<4A 5 signals are argon plasma
significant
4A<h<6A X4~0 (argon plasma)
6A<A<I2A X41-~0 (neon plasma)
L>12A X4,1 ~ 0; X3 is small neon plasma
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5.3.4.2 Time correlation observations

An example of x-ray emission rate from argon is shown here in
Fig.5.43 for comparison with previous work on a similar machine (33,98].
As has already been observed in these references typically two separate
soft x-ray bursts are observed. The first peak of the first x-ray burst corre-
sponds to the peak of the voltage spike (which corresponds to the time of
maximum compression) within an accuracy of 10 ns, while the second
burst appears some 300 ns later (at which time the pinch column has
already disrupted). An average FWHM value of about 20 ns may be

assigned to each of the x-ray bursts.

In this project work we use neon gas for the first time in this focus
device. Fig.5.44 shows a typical discharge in neon gas. Voltage, dI/dt,
current signals are presented for correlation analysis. All the PIN signals
exhibit very sharp rise at the beginning when the focus is compressed to
its minimum radius which can be identified by first sharp negative peak
in the dI/dt signal or the rise of voltage (slightly delayed due to its slower

frequency response as explained in Sec.4.3.2).

In contrast to the argon focus for which ~ 80% of the discharges
show a multi-burst feature (“A” and “B” in Fig.5.43), the neon plasma
focus, operated at similar conditions as argon, is dominated by one burst.
This one pulse 1s composed mostly of two or three (sometimes even more)
peaks, shown in Fig.h.44 and Fig.5.45 respectively. Again an averaged
FWHM value of about 20 ns (similar to argon focus) may be assigned to
the soft x-ray burst. This experimental value is consequently used for the

time duration of the radiative phase in our modelling in Chapter 3 Sec.3.5.

Harder (>2 keV) x-rays were observed in argon for some shots
occurring in the late bursts. For neon this feature is almost never
observed. This is an advantage as far as application for x-ray lithography
is concerned. In the case of negative polarity (in neon), multi-burst feature

was not observed at all and hence no hard x-ray was emitted.
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FIGURE 5.43

Example of x-ray emission rate (dY./dt) from the 5-channel PIN detector
(plasma focus discharge at 13 kV in argon at 1.0 mbar)
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Typical traces of soft x-ray emission rate (dY sx/dt)
plasma focus discharge at 13 kV in neon at 3 mbar
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FIGURE 5.45
Typical traces of soft x-ray emission rate (dYex/df)
plasma focus discharge at 13 kV in neon at 4.3 mbar
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5.3.4.3 Comparison with Signals Detected by the Photoelectric
Effect X-ray Detector

"Assuming the x-ray spectrum is E(At), what the detector based on
the photoelectric effect measures is: P(t) = [ E4, D f(A)dA . Hence without
further refinement such a measurement tells us little about the absolute
energy spectrum E(Af) of the x-rays. However more complete information
is obtained by using this detector in conjunction with various absorber
materials placed in front of the entrance aperture. By selectively absorb-
ing different ranges of wavelengths we attempt to unfold the E(Af)
spectrum. If relative intensity of x-rays in the spectrum proves to be repro-
ducible then it should be possible to determine the total emitted x-ray
energy from P(¢). In Fig.5.46 the typical x-ray signal measured by this
detector, the 5-channel PIN, dI/dt signals are also presented for compari-
son. The x-ray signals measured by both types of detector are very consis-

tent in timing.
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FIGURE 5.46

Comparison of x-ray measurements by 5-channel SXR detector
and (photoelectric effect) x-ray detector
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5.3.5 Total X-ray Yield Determinations

5.3.5.1 Methods for Determining X-ray Flux

As was mentioned in Sec.4.6.4, the filtered PIN diodes (with
windows removed) are used to diagnose not only the time-resolved infor-
mation but also the spectrum band information and the total flux. This is
one of the methods adopted in this project of estimating the total SXR
vield.

The other method employed, which is rather direct in principle, was
the calorimetry (described in detail in Sec.4.6.6). The radiation energy
impinged onto the sensor of this detector is directly read out from its
control panel. For plasma focus, however, the source is actually a complex
one with soft x-rays being only a small part of the total radiation. As a
consequence a filter has to be used in front of the sensor to block out the
radiation (and also energetic particles) which is not of interest. So we need

the (relative) spectrum information to work out the total flux.

The relative spectrum is easier to obtain compared to the absolute
one. The crystal spectrograph, for instance, could be used for this purpose.
In this work, a 5-channel detector is employed. The 5-channel PIN detec-
tor is used to estimate x-ray flux on a single shot or repetitive basis.
Comparison between two methods for determining x-ray flux is thus avail-
able. The spectrum results obtained by the 5-channel detector is also
compared with those from the crystal spectrograph presented in the above

section for comparison and verification.

5.3.5.2 Experimental Set-up

The calorimeter and the 5-channel PIN detector were mounted
inside the vacuum chamber as shown in Fig.5.47, being at distances of
230 mm and 276 mm from the focus respectively. The field of view of each
‘detector is centred in the plane normal to the axis of the PF gun and about

5 mm above the top surface of the anode. Between the focusing region and
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the detectors two apertures of 6 mm diameter were used to prevent shock

waves from damaging the filters.

PIN SXR detector beryllium foil
plasma focus aperture

/o 7 < |

R

——T—

copper cathode
(6 rods)

calorimeter

anode

FIGURE 547
Total x-ray yvield measurement set-up using a calorimeter and PIN detector

Other diagnostics employed simultaneously were a voltage probe
comprising a resistive divider, and two Rogowskii coils to measure the

discharge current and its first derivative.

5.3.5.3 Estimation of Total X-ray Yield by PIN detector

Assumption of simple source spectrum

Varying the charging voltage (13 kV and 14 kV) and its polarity and
the filling pressure from 2 mbar to 7.5 mbar, experiments were carried out
to determine the effect on the x-ray yield. Fig.5.44 and Fig.5.45 show
typical sets of oscillograms. Channels 2 and 5 show large signals. Channel
3 has a small signal while channel 1 and 4 have no signal. Referring to the
sensitivity plot (Fig.5.42) and Tab.5.5, this means that the x-ray spectrum
is mainly in the wavelength region longer than 7A. This result is in agree-
ment with our previous results obtained by crystal spectrograph. It is also
consistent with Prasad et al. [24,25], where it was reported that 60% of
the total x-ray output is due to the He-ot and Ly-o lines centred at 12.9 A
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and 40% is in the H-like and He-like continuum centred at 9.8A when
gperated in neon. In general, It is found [24,25] that for neon plasma focus
the hydrogenlike alpha line (Ly-cr) at 13.447 A and the helium alpha line
(He-a) at 12.132 A are the most intense features of the neon spectra,
whereas the other line radiations and the free-to-bound continua are

rather weaker.

To simplify the estimation of total SXR yield and to compare with
data analyzed in similar ways [24], we assume that the x-rays from this
neon plasma focus comprise three parts of spectra, i.e., two peaks at
A = 13.447 A (Ly-o0) and A, = 12,132 A (He-at) and a square shape from
=8 A to Ay = 11.568 A (He-B) (see spectrum trace in Fig.5.38, 5.39). This

assumption can be written as

X1(H)yo(A— A1) A=A
Xo(t)S(A— A2) A= Ao
X(4Lt)y=9 Xs@) . (5.16)
T2 s Ay <A< Ag
0 A (/1.1 to 112); /13, ;1.4

where X(A,t) is the x-ray output from source at wavelength A and
time ¢ (J/m.s). Let fi(A) be the sensitivity of the ith channel of the detector
accounting for the absorption by the filter(s) in front of the photodicdes
and neon gas between the detector and source, and P{f) the signal
measured by the ith channel of the detector (volts), Using equation (1) we

then have

Pit) =kp [ X(4,t)- filHdi

=kp- [fi(;tl) - Xo(t) +fi(A2) - Xa(®) + jj: filr)di 'X3(t)j (5.17)

s
Tr?

where k, = 4 R , with r = 276 mm being the distance between the

diode and focus region, s = 1 mm? the detection area of the sensor and K =
50 ohm the resistance of the terminator. k, = 5.1x10” (ohm) is the factor

-after taking into account all these geometrical and electrical parameters.

192



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

Integrating Eqn.(5.17) for ¢ and applying it to channel 2 (Py),

channel 3 (P;) and channel 5 (P;) gives:

JPuwydt =y - () - [ Kottt +£i022) Xa)+ [ fi)da-Xs(t) )
i=2,3,5

{(5.18)

We can solve this set of equation by using the coefficients from Fig.4.26.

For 3 mbar neon pressure we can obtain,

[ Xaydt =—4.5x107 | Pydt+1.21x 108 | Psdt +7.29x 10° | Psdt
[ Xatydt = 2.2x107 [ Pydt - 8.7x107 [ Padt —8.12 x 10° | Psdt
| [ Xa(t)dt =—1.67x 105 | Podt +1.09x 107 | Padt+1.78 x 10° | Psdt

(5.19)

where jPz(t) dt, sz(t) dt and jP5(t)dt can be easily evaluated from
signals acquired by the digital oscilloscope. Because the absorption coeffi-
cient is dependent on the neon pressure, in practice a computer program is

written for the calculation. Total x-ray yield is,
W= { { X, tydide = [ Xy dt + [ Xptydt + [ Xty de (5.20)

The results are shown in Fig.5.48(A). For each filling pressure we
fire 10~15 shots and take the average value for the data point. The same
procedure is followed in the next two sections. The three terms at the right
side of Eqn.(5.20) correspond to energy at two alpha lines (13.447 A,
12.132 A) and at the range from 8 A to 11.568 A respectively. These three
terms are evaluated separately and the data shows that in average 44% of
the total energy is at 13.447 A, 20% at 12.132 A and 36% in the
wavelength range of 8 ~ 11.568 A.

5.3.5.4 Estimation of Absolute X-ray Yield by Calorimeter

To determine the absolute soft x-ray yield from the calorimeter
signal it i1s necessary to correct for the absorption of the 20 pm Be foil
placed in front of this detector by making use of the spectral information
derived from the 5 channel PIN detector. Using the results from the
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proceeding section, i.e. 44% of the total yield is at 13.447 A, 20% at
12.132 A and 36% in the range between 8 A and 11.568 A, the total yield
W is related to the reading (§) from the meter by:

W 1044 % fa(n)fo (A1) + 02X fu(An)fo(22) +0.36 X ;' FulAfs (DAl - ke = Q
(5.21)

where k. 1s the factor after taken into account the geometrical parameters,
f»(A} and f.(A) are the transmission coefficients for the x-ray through
20 micron Be foil and the neutral neon gas respectively. It is noted that
f2(A) 1s dependent on the pressufe of neon gas. A program is written to
calculate the total x-ray yield from Eqn.(5.21) and the results are shown in
Fig.5.48(B). In this calculation of total yield we have assumed an isotropic
source whereas in actual fact the emission is stronger in the axial direc-
tion. This means that our estimate, based on a measurement in the radial

direction, gives a slight underestimate.
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FIGURE 5.48

(A) X-ray yield measured by 5-channel detector (joules)

(B) X-ray yvield measured by calorimeter (Joules)

(C) Input energy (Joules) into focus computed from the voltage spike and
current dip of the focus
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5.3.5.5 Operating with Different Charging Voltages and Polarities

With the central electrode connected via the switch to the positive
terminal of the capacitor, charging voltages of 14 kV and 13 kV are used,
with corresponding stored energies of 2.9 kJ and 2.5 kJ respectively.
Negative polarity was also studied for comparison with positive polarity.
The final results are given in Fig.5.49. Note that Fig.5.49a is the same as
that in Fig.5.48(A and B). It is shown here for comparison. The 5-channel
detector 1s used to estimate the x-ray radiation. The input energy calcu-
lated from the VxI {product of current and voltage) peak (see Sec.5.2.1.2) is
also listed for each case. The current used here is the current flowing
through the pinch, which is obtained by multiplying the total current by
the current shedding factor measured with magnetic probing presented in

Fig.h.8.

The effect of different experimental conditions on the SXR yield is

‘summarised in Tab.5.7 below.

Table 5.7 Effect of different expertmental conditions on the SXR yield.
\

+

at source, into 4w

From Fig.5.48, 5.49 and Tab.5.7, some conclusions are as follows:
1. The SXR yield for 14 kV charging voltage is larger than that for
13 kV charging voltage at the optimum pressure. This is understandable

because of the difference of stored energies. In fact, the input energy into

the focus for 14 kV is significantly greater than that for 13 kV voltage, as
illustrated in Fig.5.49(a) and (c).
| 2. At the same pressure and charging voltage, the x-ray output for
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‘the case of positive polarity is about 2~3 times larger than that of negative
polarity.

3. At positive polarity, the plasma focus operated at 14 kV gives
good focusing in a wider pressure range than that at 13 kV charging
voltage. Comparing the positive polarity with negative polarity it is seen
that the operational pressure for good x-ray yield at positive polarity has a
much wider range than that at negative polarity. So operating at positive
polarity is preferable.

4. There is no linear relationship between the input energy and the
x-ray yield. But from Fig.4.49 we still can see that a larger input energy
corresponds to a larger x-ray output. So to get more x-rays it is better to
have a system which gives more efficient conversion from stored energy

into the energy of the pinched plasma.
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5.3.5.6 Reproducibility of X-ray Emission

The reproducibility of the x-ray emission of the machine has been
tested . The x-ray output was monitored by the 5-channel detector. It is
found that it maintains good focusing quality and produces large amounts
of x-rays for over 100 shots in about 2 hours without re-pumping and
refilling the working gas for this device. The results are shown in Fig.5.50.
We found that for this device the first 5 discharges after gas refilling
always has better focusing and produces larger x-ray yield (about twice as
much as the following shots). In the next 30 shots the output (focusing
quality) become steady. The decrease of the output in this device mainly
results from the steady increase in pressure due to a combination of

outgassing and leakage.
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FIGURE 5.50

X-ray output as a function of time
conditions: 13 kV, 2.5 mbar neon.
1.2 min interval between discharges
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5.3.5.7 Discussion and Summary

A calorimeter correlated with a multichannel PIN detector has been
successfully used to measure the total x-ray yield generated from a small
plasma focus device. The calorimeter is calibrated absolutely using its
built-in calibration resistor. In this work, the final uncertainty in the
absolute soft x-ray flux results mainly from the approximation of the
derived spectrum and the way we divide the spectral range into two peaks
and a flat portion. The calorimeter can also be used for other radiation
sources such as z-pinch plasma source, laser-produced plasma source, ete.,

although it may not be suitable for sources with a repetition rate higher

than 1 Hz.

For a charging voltage of 14 kV, with 2.9 kJ stored energy, the
optimum operational pressure in neon for this machine is found to be close

to 4 mbar. The total SXR vield is averaged at 6 J/shot.

The outputs of the 5-channel PIN detector show that the x-ray
emission is within the wavelength range of >8 A, with 64% of the total
yield >12A, corresponding to the two most intense alpha lines from Ne IX
and Ne X and their satellite lines. Results obtained by both detectors were
consistent. Current and voltage measurements show that ~ 2% of the
stored electrical energy (40 ~ 65 J) is pumped into the focus region, out of

which 6 J soft x-ray is emitted when operated at optimum filling pressure.

It seems that the soft x-ray yield has a better correlation with the

input energy compared to the neutron and hard x-ray yield.
5.4 Discussion

5.4.1 Summary on X-ray Measurements

The six methods used to monitor the x-ray emission from our small

plasma focus and the main results are listed in Tab.5.8.
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Table 5.8 X-ray diagnostics used in the project (“x-ray” in the table means soft x-ray)

Diagnostics

Applications

Main results (neon focus)

Pinhole camera

time-integrated spatial distri-
bution of plasma x-ray emissiv-
ity, i.e. X-ray image of the
source

{side-on and end-on)

1. viewing side-on: column-like source with a length of 6 ~
8 mm

2. viewing end-on: circular source, ~ 300 um in diameter for
single discharge and 600 pm in diameter for 7 discharges

Pinhole transmission

space resolved x-ray emission

N- and O-band spectrum are identified for Au target LPP

resolution in axial direction

grating spectrum device

spectrograph (survey overall spectrum) K-band and L-band are identified for PF device

Flat Crystal x-ray emission spectrum with 1. spectrum is in the wavelength range 8 ~ 14 A, spectrum
spectrograph high resolution and spatial lines of interest were identified.

2. Ly-o and He-a lines are the most intense features, totaling
55~67% of the total SXR yield. (agree with 5-channel detector)

3. electron temperature: 250 ~ 350 eV, by relative intensities
of Ne IX and Ne X lines,

200 eV, by decline of recombination continuum

4. electron density: order of 10*' cm™

5. simple spectrum model of two peaks (at 13.447 A and
12.132 A) and a flat portion (from 8 A to 11.568 A) is found to
be a reasonable approximation.
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Table continued

H-channel PIN detector

1. time-resolved x-ray signal,

2. time-resolved x-ray spectrum
band (using 5 channels with
different filters);

3. estimation of total x-ray yield
(with computed absolute sensi-
tivity curve)

1. x-ray emission starts from the first minimum compression,
two or more peaks in x-ray output for each burst;

2. pulse width: 10 ~ 20 ns;

3. spectral distribution of x-ray energy is 44% at 13.447 A,
20% at 12.132 A and 36% in the wavelength range of 8 A~
11.568 A.

4. total yield at source into 4% estimated to be 5.5 joules at
optimum condition (14 kV, 4 mbar)

(Photoelectric effect)
X-ray detector

time-resolved x-ray information

x-ray signals with fast risetime (<2 ns) is obtained, results are
in good agreement with those measured by 5-channel SXR
detector

X-ray Calorimeter

total x-ray flux

(relative spectrum information
is needed when using filter in
front)

total x-ray yield (at source into 4%) ~ 6 joules is measured for
neon plasma operated at optimum condition (14 kV, 4 mbar)
(in agreement with results from 5-channel detector)
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5.4.2 Comparison with Numerical Computation

In Chapter 3 a radiative model was introduced and some typical
results were presented. But the radiation calculated there included the
whole spectrum range, although at high temperature the x-ray part is
predominant. From Ref. [166] (see Tab.5.3) we know that the recombina-
tion part in the wavelength range shorter than 20 A (which is the spectral
regime of our interest) is contributed only by the 10th and 9th ionised ions
for neon plasma and from Eqn.(3.6) we can write the formulae of the corre-

sponding power densities as,
Pr,lO =5.5x10733 T;&Q.NQN]_Q (6.22)
P,y=361x10%T-V2N,Ng (5.23)

The line radiation in the x-ray region is only contributed by the transi-
tions in ions on 9th and 8th ionised levels. As for Bremsstrahlung the
spectrum is dependent on the electron temperature, the wavelength corre-
sponding to the maximum radiation from Bremsstrahlung is given by
Eqn.(2.5). At the conditions of our operation we expect that the Brems-
strahlung is negligible compared to the other two emission mechanisms.
Fig 5.51 shows the results for the two alpha lines (P, and Pg.,), recombi-
nation emission (P10 and P,...) and Bremsstrahlung from the model
which uses the same input data as that presented in Chapter 3 Sec.3.5.
The x-ray yields contributed by them are listed below,

Ere=553J
Eno=2.18J
Erero=1.55J
Eo=148J
Eprem = 0.4 J
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FIGURE 5.51

Computational results of twa lines and recombination radiation from 10th
and 9th ionised neon ions.

As is known, the two alpha lines have the strongest intensities in the total
line radiation (see Eqn.(5.6) to (5.9)). To simplify the discussion we may
assume that the line emission from the lines other than the two alpha
lines comprises 20% of the total line radiation. So the total radiation from
this model i1s 12.6 J in which the Ly-a line takes 43.5%, He-o. 17%, the rest
lines 12%, 10th recombination 12.5%, 9th recombination 12% and Brems-
strahlung 3%. These properties agree quite well with the experimentally
measured spectrum, although the total x-ray yield from the model is
higher than the experimental result. The discrepancy could be due to the
assumptions used both in the model and in the analysis of experimental
data. In the theoretical aspect these assumptions are the coronal model, a
uniform plasma column, duration of radiation and some input parameters.
In the experimental aspect these assumptions are the spectral response of
the film, the way of dividing the spectrum into two-peaks and one flat
portion, and the calibration or estimation of the sensitivity of the

detectors.
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5.4.3 Neon Plasma Focus for SXR Source

As discussed in Chapter 3 and the preceding subsection for neon
plasma we may use the following radiation model: two lines (Ly-o, He-or)
and the recombination (P10 and P.,), Bremsstrahlung taken as negligi-
ble and radiation from lines other than the two K-alpha lines comprises
20% of the total line radiation. Then the total x-ray power may be written

as

P=12x (PLya +PHea) +Prec—10 +Pree—9 (524)

where Pryo, Pre, Proc1o and P, 4 are from Eqn.(5.6), (5.8), (5.16) and (5.17)
respectively. N1, Ng and Ny are obtained from Eqn.(3.16).

Using Eqn.(5.18) the x-ray yield is then,

Yy=P -V, 1ty
=k 'f(TeV) 'Ngvptp

(5.25)

where N,, V, and ¢, are the electron density, plasma source volume and

pinch duration respectively. % is a constant.

ATw) ~ T.v is plotted out in Fig.5.52. From this graph we see that
for a plasma with fixed values of N, V, and ¢, the maximum output takes
place at temperature ~ 400 eV. When the temperature is higher than
300 eV the Lyman-a line dominate the spectrum. Generally, for plasma
focus the electron temperature has a strong relationship with the density
and plasma volume. The pinch duration is also affected by many factors
like various instabilities. But we still can make a conclusion that the
electron temperature between 300 ~ 500 eV is suitable for a neon plasma
focus to be SXR source in our preferred wavelength range. Too high a
temperature is not suitable for strong x-ray radiation as the decrease in
line radiation is faster than the increase in Bremsstrahlung. The role of
Bremsstrahlung may also be considered. Inclusion of Bremsstrahlung will

not significantly affect the maximum total emission in the SXR yield or
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the electron temperature at which the maximum yield occurs. At high
temperature above 1 keV, contribution from Bremsstrahlung will become
more significant. Bremsstrahlung will dominate the emission above 5 keV
and at 40 keV it will emit the same amount of radiation as the neon
plasma at 400 eV. However the spectral range at that high temperature
are not in the spectral range of interest to SXR lithography. So our conclu-
sion regarding the optimum temperature for SXR yield in a neon plasma

remains unchanged. The optimum range is 300 - 500 eV.

1t is noted here that the above discussion is based on a coronal

plasma model.
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FIGURE 5.52
X-ray emission vs. electron temperature
(a) Zeﬁr
{b) fractions of 8th, 9th and 10th ionised ions
(e} ﬂTev)
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Chapter 6

Conclusions and Suggested Future Work

6.1 Conclusions

This thesis reports investigations on a 3 kJ compact plasma focus.
Both experiments and computational simulation were carried out under
various operational conditions with (a) three different working gases,
neon, argon or deuterium, and (b) the central electrode operating at initial
positive and negative charging voltages (i.e., positive and negative

polarities).

The discharges were carried out at 14 kV or 13 kV charging voltage
for both positive and negative polarities. The filling pressures for the three
working gases were varied between 0.5 ~ 10 mbar for neon, 0.4 ~ 2 mbar
for argon and 0.5 ~ 10 mbar for deuterium. A current transformer, a
current derivative Rogowski coil, a resistive voltage divider, a PIN optical
speed detector and magnetic probe arrays were used to study the evolut-
ion, gross dynamics, and discharge characteristics of this plasma focus

device.
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Current shedding factor is measured by three radially located
magnetic probes (3-MP). For the same gas and same pressure the current
factor of the positive polarity operation is higher than that of negative
operation. Neon and argon plasma have bigger current factor than deute-
rium plasma under the same condition, suggesting that a bigger fraction
of the total current drives the neon and argon plasmas relative to deute-
rium plasma. The mass loading factor in the axial rundown phase is
obtained by using the experimentally measured current factor and by
matching the arrival time of plasma sheath in the computational model
with that determined by the magnetic probe. The mass factor is found to
be 0.04 ~ 0.08 for neon and argon focus. Deuterium focus has a higher

mass loading factor (0.08 ~ 0.16).

The profile of the plasma sheath in the axial rundown phase is
studied using the 3-MP probe. At lower pressure the plasma sheath is
more canted. For the same gas and same pressure the plasma sheath is

more canted for the positive polarity than for the negative polarity.

A simple optical speed detector made of two light pipes with PIN
photodicdes as sensors was developed and used to monitor the axial veloc-
ity of the plasma sheath. This detector was used in collaboration with the
3-MP array probe to study the characteristics of the current profile.
Another detector with 8 light pipes was used to obtain speeds at several
positions along the axial direction. It is found using this detector that the
plasma sheet becomes steady only after it has traversed 8 cm from the

backwall.

The main goal of this project work is to study the x-ray emissions
from plasma focus. we have carried out detailed experiments only in neon
because it is known from preliminary experiments that the neon plasma
focus emits SXR in the wavelength range suitable for SXR lithography.
We studied the neon focus both experimentally by various x-ray diagnos-
tics and theoretically by a radiative plasma focus model. A variety of

diagnostics was developed and used to monitor the radiation from the
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neon plasma focus in the soft x-ray regime (5 to 20 A) under conditions of
14 kV and 13 kV charging voltages at both polarities. For comparison,

measurements of emission from argon plasma was also conducted.

Using an x-ray pinhole camera, images were recorded with both
end-on and side-on viewing to determine the dimensions and spatial
extent of the neon plasma emission. For single discharges, the end-on
x-ray images were nearly circular. The size of the emission was deter-
mined to be 280 to 360 microns in diameter. Images from multiple shots
were also nearly circular with diameter varying to about 700 microns for
images of 7 shots. The side-on image of plasma emission had the appear-
ance of a thin column with 6 - 8 mm length. For multi-discharge exposure
the diameter was less than 650 microns on average. All the images of the

PF discharges indicate that the plasma emission is centred at the axis.

A pinhole transmission spectrograph was developed allowing one to
study a wide range of soft x-ray emission characteristics. It provides
two-dimensional spatial resolution simultaneously with spectrum over
3 - 300 A wavelength range. K-band and L-band spectra for neon plasma
focus were identified. For Au target Laser plasma N- and O-band spectra
were clearly identified. This spectrograph is found to be a good detector to

survey the specified spectrum.

For the wavelength range of our interest (from 5 to 20 f{), a flat
crystal spectrograph was then developed and used to obtain the
spectrum with higher resolution. Three configurations were designed for
different purposes, i.e., focusing on the line radiation part, continuum
part, or a wider spectrum range. For neon plasma focus the emission is
found to be mainly in the wavelength range from 8 to 14 A. The hydrogen-
like alpha line (Ly-a) at 13.447 A and the helium alpha line (He-at) at
12.132 A are the most intense features of the neon spectra, contributing
53 ~ 67% of the total spectrum emission. From the spectroscopic informa-
tion the electron temperature is estimated to be 300 ~ 380 eV using the

method of ratio of line intensities and 160 ~ 250 eV by the slope of the
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logarithm of the continua. The electron density is estimated to he

10?' em®,

Bright spots within the plasma column were observed both from
pinhole imaging and the spatially resolved flat crystal spectrograph. For
lower pressure these ‘hot spots’ assumed a longish shape. In the case of
higher pressure, point-like spots were observed. The temperature in the

hot spots is higher than the rest of the plasma column.

A 5-channel PIN SXR detector was designed for detection of radia-
tion in the soft x-ray region. The absolute sensitivity of the photodiode
used (BPX65) was computed. It was used to obtain the time-resolved x-ray
signals, to estimate the x-ray spectrum and to evaluate the total SXR
yield. The neon focus is found to be a better soft x-ray emitter (>5 A) than
argon and deuterium. Hard x-rays are more rarely observed compared to
argon and deuterium foci. Usually one x-ray burst with two or three peaks
are observed. The x-ray pulse has a duration of 10 ~ 20 ns on average.
With the help of five different filters each covering one PIN diode, the.
approximate spectrum information was unfolded. Using an assumption of
dividing the spectrum into two-peaks and one-flat-portion we estimated
the following: ~ 44% of the total x-ray energy is at 13.447 A (He-w), 20% at
12.132 A (Ly-o) and 36% in the wavelength range of 8 ~11.568 A. This is
consistent with the results from crystal spectrography.

Another time-resolved SXR detector based on the photoelectric
effect was made and tested. The rigse time of this detector was less than
0.5 ns and was suitable for the x-ray measurement for our purpose in this
work. The results are in good agreement with those from PIN detector.

This detector is easily fabricated.

Total SXR yield was successfully measured by calorimeter corre-
lated with the 5-channel detector. The calorimeter has a flat response to
radiations of different wavelength. The detector was calibrated using an

absolute method. At the charging voltage of 14 kV and the corresponding
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optimum pressure of 4 mbar, total SXR yield of 6 J/shot into 4r steradians

was observed from this plasma focus.

The total x-ray yield estimated by the 5-channel PIN detector is
consistent with that from the calorimeter. The SXR yield for 13 kV charg-
ing voltage at positive and negative polarities was also measured by the
5-channel detector. Comparing the three conditions (14 kV, positive;
13 kV, positive and 13 kV, negative) we found (a) the SXR yield for 14 kV
charging voltage is 5.5 J (by 5-channel detector), larger than the other two
which are 3.5 J and 1.5 J respectively; (b) at the same pressure and charg-
ing voltage, the x-ray output for the case of positive polarity is about 2 ~ 3
times larger than that for negative polarity; (¢) The focus operated at
14 kV and positive polarity has the widest optimum operational pressure
range, whereas the focus at 13 kV and at negative polarity has a very
narrow range of pressure giving good focusing. The input energy into the
plasma taken by integrating the peak of the product of the current and
voltage signals was also calculated for comparison. It is found that higher
input energy into the focus corresponds to higher x-ray output. It is
surmised that this is because the soft x-ray emission is related to the

plasma thermal energy which is related to the energy input into the focus.

The optimum pressures for charging voltages of 14 kV at positive
polarity, 13 kV at positive polarity and 13 kV at negative polarity are
close to 4 mbar, 2.5 mbar and 1.9 mbar respectively. The energy input into
the pinched plasma of 40 ~ 65 J is measured from the area of VxI spike at
optimum conditions, corresponding to ~ 2% of the bank stored energy.
This is low for a plasma focus and is due to the large (110 nH) stray induc-

tance of the discharge system.

The reproducibility of this plasma focus as an x-ray source has been
tested. It is found that it maintains good focusing quality and produces
large amount of x-rays over 100 shots in 2 hours without re-pumping and
refilling the working gas. The decrease of the outputs at the last shots

results from leakage and outgassing.
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In parallel with the experiments, a radiative plasma focus model
was developed. Based on earlier work, in this thesis the radiative part was
added in to simulate the radiation from the pinched plasma. To calculate
the radiation power densities and the ionisation levels a corona model was
used. In the axial phase both current shedding factor and mass factor are
fixed with reference to experimental data. In the radial inward shock
phase the finite signal communication delay was considered and a
reflected shock phase was included, which gives a more realistic picture of

plasma sheath motion and minimum compression radius.

Computation is done for a typical case of neon plasma -focus operat-
ing at 13 kV and 2.5 mbar pressure. The minimum radius of 0.2 ~ 0.3 mm
is obtained and the speed of imploding plasma sheath is 30 em/us, which
are in agreement with the work done on similar machines. The gross
dimensions of the pinched plasma from simulation agrees with that
obtained by side-on x-ray pinhole imaging. The average electron tempera-
ture of 360 eV and electron density of ~ 10°® m™ are computed. The line
emission is predominant in the total emission and Bremsstrahlung is
small compared to line and recombination radiations. Computing for 10 ns
in the radiative phase we obtain total yield of ~ 11 J, in which the line
radiation takes 70%, the radiative recombination takes 27% and Brems-

strahlung only 3%.

The model 1s also useful to obtain the optimum electron tempera-
ture for soft x-ray (<20 A) yield. For a neon (coronal) plasma a tempera-
ture from 300 eV to 500 eV is found to be suitable to give strong x-ray

emission in soft x-ray regime.

6.2 Some Suggestions for Future Studies

The diagnostics employed in this work, the plasma focus model and
even the plasma focus system itself can definitely be improved. We shall
list a few suggestions in this final part of the thesis for further studies in
this area in future.
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To get a faster recording of the spectral information on a shot-to-
shot basis an intensified CCD combined with x-ray scintillator may be
used instead of using x-ray film which needs tedious processing. A curved
crystal can be used to obtain a wider spectral range with high resolution.
The time-resolved spectral information is most difficult to obtain, but also
of most importance and may be carried out in future to study in more

detail some x-ray related topics such as the formation of hot spots.

In the aspect of modelling, the collisional-radiative plasma equilib-
rium model instead of the coronal model in the radial phase may be used
to obtain more accurate results. Of course, a magnetohydrodynamic
(MHD) model for plasma focus including radiative terms may be a good

choice for simulating the plasma focus.

As for the focus device, we have already found both by experiments
and by the dynamic model [26] that the present focus machine has a low
efficiency of energy conversion when used as a SXR source. This is
expected because of the high external (stray) inductance of 110 nH of this
device. This stray inductance is very large compared to the focus tube
inductance which rises from a low value to some 20 nH at the end of the
axial phase and then to some 40 nH during the radial phase. The compu-
tation shows that only 3% of stored energy goes into the energy of the
focussed plasma. This low proportion of energy transferred to the focussed
plasma 1is consistent with the voltage-current measurements which
indicates also a low proportion (of the order of 2%) of stored energy
converted into electromagnetic energy transferred to the focus pinch

region.

To gain further insight computations were also carried out with the
same system but with L, reduced to 10 nH. As expected there is a
dramatic change to the distribution of energies in various parts of the
system, with more than 10% of stored energy going into the plasma.
Moreover reducing L, from 110 nH to 10 nH almost doubles the current
into the focus tube whilst also almost halving the current rise time. This
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allows, indeed requires [82] a corresponding increase in anode radius 'a'
and a decrease in anode length 'L' from considerations of optimum value of
‘I/a’ (current per cm of anode radius) and time matching. The
corresponding change, by a factor of almost 4, of the aspect ratio a/L,
towards a 'fatter' anode leads to a further rise of conversion efficiency into
plasma energy to greater than 25%. Since the scaling of the modelling is
such that the temperature and density of the focussed plasma remains
approximately the same [82] for the various configurations considered
when each configuration is optimized it is reasonable to assume that the
SXR yield will depend on the plasma energy content. Thus reduction of L,
as above will lead to an increase, many-fold, of the SXR yield. Technically
to achieve such a low inductance in the capacitor bank requires a system
which splits the required capacitance into many small parallel capacitors
with many switches also operated in parallel. Such a low-inductance
system combined with high repetition rate is necessary for the high
performance needed for applications as a high intensity SXR source. Our
laboratory is already in the process of developing such a high performance

system for SXR lithography applications.
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