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Summary

Studies pertaining to characterization of electrically exploding wires (EEW) behavior
are indispensable due to their utilization in diversified applications of wire-based Z-pinches.
Single wire is the basic element of all wire-based Z-pinches. Therefore, understanding of
mechanisms involved in single exploding wire plasma is imperative. Exploding wire process is
a short duration (nanoseconds to microseconds) phenomenon of dynamic nature in space as well
as in time and the mechanisms involved are interdependent on various experimental parameters
like current rate, surrounding medium, wire material and its dimensions etc.. Thus, a
comprehensive phenomenology has not yet been emerged due to its complicated and
intercorrelated behavior with experimental parameters varying over a wide range. Present work
includes the characterization of single exploding wire plasmas for varying experimental
parameters like diameter, insulating coating, and current rate using a pulsed power system of
moderate current rates (~25-90 A/ns). Effect of material is also studied with respect to two
surrounding mediums (air and vacuum) separately for current rate of ~90 A/ns. Thesis work
focuses especially on those aspects which are reported rarely and not considered in detail to
explore the wire dynamics in earlier published works. This work also includes the study on
effect of various envisaged configurations of wires as load including typical X-pinches on
radiation emission in X-rays range using the present compact and easily configurable pulsed
power system of moderate current rates. Experimental study has been carried out using various
diagnostics like electrical (voltage and current measurements), optical (Laser Interferometer and
streak camera) and X-rays PIN diodes. Laser interferometer and Faraday Cup have also been
developed for measurements of electron density and ions flux in pulsed plasmas. Results of

experiments carried out for copper wires explosion in air also provide evidence that action

\Y



integral; which is generally taken as constant for specific metal; also varies with respect to
thickness of wire and current rate. 1 D Magnetohydrodynamics numerical simulations have also
been carried out to find the possible reason of a distinct post burst feature observed in our
experiments under specific conditions. Consequential role of density fronts in explosion process
for appearance of a pause of short duration (1-2 ns) after burst is analyzed and discussed in
detail. Effect of initial resistivity and enthalpy of atomization on behavior of EEW in air of
different metals is reported first time in this thesis. Contribution of speed of sound in diverting
energy deposition in different metals while changing surrounding medium from air to vacuum is
also reported first time. Though metals from three different groups show distinct behavior and
dependency on electrical and thermophysical properties in vacuum but if the behavior of
deposited energy with speed of sound is considered then all metals show a similar trend except
W. Present range of circuit parameters find relevance in applications like nano particle
generation, sharpening of voltage pulse using opening switches, explosive initiators, shock
waves studies, pulsed radiation source in extreme U.V and also in high energy density physics.
This study is useful for optimization of experimental parameters for efficient coupling of

electrical energy in exploding wire plasmas.
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Chapter 1

Introduction

Electrical explosion of wires has long been the topic of research interest for its application in
different configurations to achieve plasma confinement by Z-pinches. Therefore, this chapter
begins with a general introduction of Z-pinches. Then, introduction of Electrically Exploding
Wires (EEW) is given along with discussion on significance of EEW in diversified applications.
General electrical characteristics of EEW are also described. A short historical overview on the
experimental and theoretical works performed by the researchers across the world on exploration
of possible mechanisms is described later. Complexity in EEW mechanism due to interrelated
circuit parameters is discussed afterwards. Then, present status is elucidated. Finally, the chapter
concludes by discussing the motivation behind the present research work followed by discussion
on scope for thesis work.
1.1 Z-pinches

Z-pinches also known as Zeta pinches is a distinctive configuration to achieve
confinement of plasma by magnetic forces, and is a topic of interest for plasma as well as pulse
power research community. It is a plasma confinement system in which current is driven through
a plasma column in axial direction thus generating azimuthal magnetic field around this column
which tends to confine plasma in radial direction by Lorentz force. Z-pinches can be achieved
using various implementation schemes which includes fibre pinch, gas puff Z-pinch, vacuum
spark, capillary discharge and plasma focus devices etc. [1]. Fiber Pinches became more popular
in 1980’s motivated for achieving thermonuclear fusion conditions in deuterated polyethylene
fibers with diameters in range of 20-200 micron and lengths in range of 1-5 cm. Fiber based

pinches; being of dielectric in nature; differ from other pinches based on metal wires and gas



puffs and were found to be more stable to MHD perturbations with currents of 250 kA to 640 kA
and rise time of 100 ns [1] lead to neutrons yield of around 10" neutrons. In gas puff Z-pinches,
a supersonic gas jet is made to flow using an injection nozzle in cathode directed towards anode.
This gas column is ionized by voltage applied between anode and cathode or it can be
preionized. Linear mass density of gas can be adjusted by controlling gas flow rate for efficient
implosion by compression depending upon the atomic number of gas used. Afterwards, annular
gas puffs became more popular for enhancing the implosion velocity and increase the X-rays
yield but development of wire array has set aside this technology for being relatively more
efficient for conversion of electrical energy to implosion kinetic energy and finally to X-rays
radiation. Vacuum spark is also based on compression of plasma column by its own magnetic
field. These are generated in a vacuum capillary with the high voltage pulses and were found to
be useful for formation of hot spots at different points along its length. These have been used as
pulsed X-rays source for flash radiography.

In plasma Focus device, special arrangements of electrodes are made in a vacuum
chamber for making conditions favorable for generating the current sheath along the surface of
an insulator which is overlaid over anode electrode. This current sheath is moved along the
insulator surface due to the force produced by electric and magnetic field, and finally results to
the stagnation of plasma column when plasma sheath reaches at the top of anode. Radial
compression of plasma column occurs at the axis resulting in pinching due to Lorentz force.
After disruption of pinch, ions or electrons are accelerated in axial direction. Plasma focus device
is generally used as good pulsed source of ions and soft X-rays. If deuterium gas is used then

plasma focus device can be used as source of pulsed neutrons also. Single wire explosion is also



an attractive option for Z-pinches for being simple and of low fabrication cost. Other examples

of wire-based Z-pinches include cylindrical wire arrays and X-pinches.
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Fig.1.1: General implementation schemes of Z-pinches using EEW (a) Single Wire, (b) X-Pinches,
(c) Cylindrical wire Array and (d) radial pressure on plasma column due to Lorentz force because of
axial current density (J) and azimuthal magnetic field.

In single wire (Fig.1.1 (a)), only a single wire is mounted between electrodes as the load
of a circuit and in cylindrical wire array, wires are mounted in cylindrical periphery as shown in
Fig. 1.1 (c).

In X-pinches, these are made up of two or more wires crossing at one point in form of X
and its schematic is shown in (Fig.1.1 (b)).

In Z-pinches, two pressures namely thermal and magnetic pressures oppose each other
and govern the confinement. Bennett first in 1934 [2] and later in 1955 [3] described the
condition required for radial pressure balance in a static Z-pinch by a relation which correlates
the experimental parameters. According to this relation, compression can be achieved in a
uniform plasma column of radius r, electron density n with electron temperature T, & ion
temperature of T; if a current greater than | is passed through this column to generate sufficient
magnetic pressure for its compression. These parameters are related by following equation:

8-m-(n-mr?) ky (i+Z-T,) =g 12 (1.1)



Here k;, is the Boltzmann constant and Z represents the ionization state of atoms.

1.2 Electrically Exploding Wire

Electrically Exploding Wire (EEW) comprises a process in which a high current density
(10°-10*° A/cm?) is created in thin (diameter ~ few 10-100 microns) wires which melt, vaporize
and finally result in plasma over a time duration varying from nanoseconds to microseconds in
an explosive and complex manner.

EEWSs has been the subject of interest since its inception because of their intriguing
properties of being pulsed source of radiation with wide spectrum of wavelengths from infrared
to hard X-rays (depending upon circuit parameters) and capability of generating matter at
extreme conditions of temperature (eVs to keVs) and pressures (> Mbars). As a pulsed radiation
source for desirable wavelength spectrum with pre-decided circuit parameters, EEWs has proven
useful for atomic florescence spectroscopy [4], optical pumping of lasers [5], lithography [6]-[7],
nanoscopy [8], X-rays microscopy and X-rays photoelectron spectroscopy etc. [7].

EEWSs configurations like X-pinches and wire arrays have also gained significant
attention due to their use in diversified applications. X-pinches are capable of producing
predetermined point source of size of ~0.5-20 um of X-rays with energy in the range of 1-10 keV
[9] thus relevant for applications like X-ray point projection radiography of plasmas [10],
biological samples [11], [12], and also for studying high-speed events like pinch plasmas [13].

Multiple wire array initially suggested by Stallings et al. [14]; for efficient energy
coupling from high power low inductance pulsed power generator has been a breakthrough for
generation of intense X-rays [15], [16] using EEWSs. Subsequent, rapid development of pulsed-
power technology led to numerous suggestions [17], [18] at Sandia National Laboratory for the
use of cylindrical wire array Z-pinches for inertial confinement fusion (ICF). This idea was also

pursued at laboratories like at Physics International [19] and Kurchatov Institute for Atomic
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Energy [20]. It has been reported that the efficiency for emission of radiation is strongly affected
by development of instabilities and residual mass left in cores of wires [21]. Distribution of
electrical energy deposited across each single wire affects residual mass left in core [21], [22].
These facts suggest that the dynamics of single EEW has significant contribution in wire based
EEW arrays.
1.3 General Electrical Characteristics

High current densities are normally created in wire by using capacitor or capacitor bank-
based pulse power sources capable of generating currents of amplitude reaching from 10 to 100s
of kA with rise time ranging from nanoseconds to microseconds. Rise time of current in such
systems is decided by inductance of circuit. A single capacitor or a bank of capacitors is charged
using a high voltage DC power supply and is discharged through spark gap using a trigger circuit
at pre decided charging voltage. Schematic of capacitor discharge circuit for wire in load is
shown in Fig. 1.2. In most of these systems, resistance of the circuit is kept small and current
follows the underdamped sinusoidal oscillations. Therefore, the peak current (lpea) flowing
through the circuit; with inductance L; due to discharge of the capacitor having capacitance; C

and charged to voltage V¢, is given by following expression:

k.C
Ipeak = Ven, - T (1.2)

Where k; (k = e_(%)); is voltage reversal factor which takes into account of resistance
(R) of circuit and is estimated by taking the average of ratios of consecutive alternate peaks
(second to first peak, third to second, and so on).

The time period T of the oscillatory discharge of RLC circuit with underdamped
condition is decided by total inductance and capacitance of the circuit and can be approximated

as.:



(1.3)

To Trigger Circuit

Circuit Inductance

Pressurised

Spark Gap
Single Wire or any
configuration of
Wires

Capacitor or —
Capacitor BanK e

I+

Fig. 1.2: Basic schematic of capacitor bank discharge circuit for EEW as load

General electrical characteristics of EEWs are observed by measuring the temporal
profiles of current flowing in the circuit and voltage across the wire. Since, there is significant
change in resistance of wire during explosion process, which is reflected in current and rate of
change of current thus also in the voltage as shown in Fig. 1.3. Initially, Tucker and Toth [23]
and later Lebedev [24], explained that instants of phase transition stages (till melting and melting
to burst) can also be marked in the temporal profiles of voltage across exploding wires as shown
in Fig. 1.3.

In the beginning of exploding wire process, ohmic heating leads to melting of metal with
an increase in resistance and hence in voltage. After melting is finished at t, (Fig.1.3), rapid
increase in resistance (and sharp decrease in current (Fig.1.3)) and hence in voltage appears
representing the stage of melting to vaporization. Dynamics of this stage is complicated and has
always been the subject of investigations. Formation of parallel conducting channels [25], [26],

expansion of explosion products [26]-[28], change in resistance of metal with temperature [29],
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and also development of instabilities [30], [31] are major factors which influence specific energy
deposition. The time instant at which peak in voltage occurs is known as time of burst ‘tg’
(Fig.1.3). This time of burst is also indicated by sharp dip in rate of change of current (dl/dt) as
shown in Fig.1.3. Voltage is maximum at time of burst and specific energy deposition till this

time is crucial parameter for utilization in various applications.
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Fig 1.3: Typical current, rate of change of current and voltage profiles in single
exploding wire; these are experimental profiles for 20 mm long copper wire

explosion in air whose diameter is 185 pm.

After burst, breakdown is initiated which is also termed as restriking [32] or arc discharge
[33]. If capacitor energy is completely utilized in explosion then oscillations stops just after the
current and voltage becomes zero and this is known as the condition for matched explosion [33].
In some cases of EEWSs, oscillations due to restriking or breakdown does not start immediately

after the burst but initiates after a time gap (nanoseconds to microseconds); this time gap in
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which voltage remains stagnant or current is zero is known as dwell time. Appearance of dwell is
conditional for the cases when wire explosions are slow. In dwell time period, confined metal
vapor expands and reaches to a pressure at which gap between electrodes satisfies the condition

for breakdown to initiate. Typical voltage profile for EEW with dwell is shown in Fig. 1.4.
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Fig. 1.4: Voltage profiles showing appearance of dwell; this voltage
profile is experimentally observed for 20 mm long copper wire of with
diameter of 58 um with charging voltage of 11 kV.

1.4 Historical Overview and Present Status

Many theories have been proposed to unfold exploding mechanisms of single exploding
wire since its discovery but still comprehensive phenomenology is yet to emerge. Among these,
a few theoretical as well as experimental works are discussed which are of substantial
importance in understanding the explosion process in EEW.

After the inventive experiment of Van Marum in 1784 with reference cited therein [34],
initial experiments were conducted to use this method of EEWSs for various applications like thin
film deposition, spectroscopy and as pulsed source of high temperature plasma etc. [34]. After
realisation of this fact that these pulsed plasma discharges are efficient way to heat and confine

high temperature plasma, it was visualized as a promising way to generate required conditions
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for thermonuclear fusion. This possibility of being utilized for thermonuclear fusion found its
way in first systematic analytic result given by Bennett [2]. This was the beginning of modern Z-
pinch era which started with an equilibrium equation, known as Bennett relation [2], [3]. Further
improvements were done in 1957 by Pease [35] and Braginskii [36] for taking into account
radiation losses in cases where it becomes significant. Both of these authors independently;
predicted the limiting current required for Z-pinch in equilibrium considering bremsstrahlung
losses to balance joule’s heating.

In 1950s, researchers; with references cited there in [20]; suggested that deuterium
tritium-based Z-pinches could be utilized for producing fusion power. But soon it was realised
that magnetohydrodynamic instabilities (having microsecond time scale) disrupt plasma
confinement. Unfortunately, these magneto-hydrodynamic instabilities were unavoidable thereby
making it impossible to achieve required typical minimum plasma radius and maximum
confinement time for thermonuclear fusion using Z-pinches [20], [36]. Thus, scientific
community lost interest in Z-pinches as fusion configurations. However, development in this
field still continued in 1960’s considering the fact that these could be used as efficient source of
UV, XUV, and X-rays pulses [37], [38].

The experiments carried out after middle of twentieth century, were focussed to
understand possible mechanisms in the process of EEWSs. Primary experimental investigations
[38]-[41] were focused on voltage and current measurements, electrical conductivity at large
current density (10°-10” A/cm?), estimation of energy deposited, temperature measurement,
shock waves studies, and analysis of spectrum emitted in the process of EEW. Initial theories
proposed are well documented in four volumes by Chace et al. [38]-[42]. Chace and Levine [43]

in 1960 gave criterion of classification of EEW into slow explosion, fast explosion and explosive



ablation based upon energy density and rate of energy density. Kleen; with references cited there
in [34]; gave some experimental evidences about occurrence of unduloids using rotating camera
and Wrana; with references cited there in [34]; further commented that decreasing conductivity
is due to presence of metal vapours. This work along with record of research works till that time
is well documented by Mcgrawth [34] in 1966 in a document “Exploding Wire Research”. Chace
et al. [44] reported evidence pointing to a condition of extreme super heating of the liquid
followed by sudden explosive vaporization; which he termed as “Transplosion”. Super heating,
by definition, implies heating of a liquid beyond its boiling point under induced conditions.
Transplosion term is further referred to “Phase explosion” in a test of electrically exploding
conductors by Martynyuk [45] for explosive boiling in liquid under pulsed heating conditions at
a rate exceeding 10° K/s. Explosive boiling or phase explosion, by definition, is a stage when
superheated metastable liquid undergoes an explosive liquid to vapor phase transition with
massive homogeneous nucleation of vapor bubbles into a stable two-phase states. This happens
near critical temperature of liquid. If; by any means; rate of temperature rise with time of a liquid
is rapid enough that liquid vapor transition phase equilibrium does not follow binodal curve then
this transition shifts towards spinodal curve and liquid becomes superheated at that pressure. At
near critical temperature, the bubble nucleation process occurs homogeneously everywhere in the
substance. The rate of bubble nucleation and vapor sphere growth rate increases exponentially.
The increasing nucleation prevents the system from going to the spinodal. When the bubble
radius reaches the critical size, it continues to expand and eventually explodes resulting a
mixture of gas and droplets which is termed as explosive boiling or phase explosion. At the
beginning, explosive boiling phenomenon was used by Martynyuk [45] to calculate the critical

temperature of metals.
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Investigations proceeded further towards unseen opportunities of exploding wire-based
pinches with advancement in instrumentation technology and development in pulsed power
engineering. After the development of fast pulsed power generators (Gamble-1 and Gamble -11)
at the Naval Research Laboratory, intense X rays were observed from exploding single wires of
various atomic compositions in 1969 by Shanny & Vitkovitsky as per references cited therein
[20] and by Mosher et al. [46] in 1973. Stenerhag et al. [47] in 1971 reported their work on effect
of wire parameters on X-rays emission. Apart from studies to observe experimental outcomes by
varying circuit parameters, the investigations have been also carried out to understand physical
mechanisms involved in exploding wire pinch plasma.

Tucker and Toth [23] in 1975 from Sandia National Laboratories published a computer
code for predicting behaviour of exploding wires with given circuit parameters. They computed
energy required for melting, vaporisation and burst for 23 elements which were found to be in
good match with the data available in Handbooks; references cited there in [23]. The burst, was
referred to the time at which resistance or voltage in exploding process peaks. This code
provided resistivity vs. specific action data for these elements for current density of 10’ Alcm?.
Specific action; earlier introduced as “Action integral” by “Anderson and Neilson” [48] in 1959;
is an empirical constant for a particular metal, and is used to decide the burst time for a given
wire diameter and current profile under assumption that wire diameter does not change
significantly up to burst. In other way, the diameter of wire which should ideally be chosen to
burst at the pre decided burst time; can be calculated a priori using action integral (h,) generally

defined as

hy = [}*j2 dt (L4)
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where hy, has units in A% s/mm*, while j is the current density in A/mm? and t, is the time of burst
in seconds. It is also referred to as “specific action integral” [49] or “integral of specific current
action” [50]. The action integral is a material dependent empirical parameter and generally taken
as constant [33], [49]. However, Chemezova et al. [50] in 1998 have shown that hy, varies with
the rate of energy injection in to the metal [10*°-10*3 J/(g-s)] for current densities in the range of
10°-10° Alcm?.

Studies related with rapid metal heating and other aspects like change in resistivity of
metals with temperature and pressures; have proven to be a boon in understanding physics of
EEWSs. Lebedev and Savvatimskii [24] in 1984 documented their work about behaviour of
metals under pulsed heating at current density of around 10’ A/cm?® This work included the
effect on specific heat, thermal expansion of metals, and resistivity of liquid state as a function of
energy supplied during explosion. They found that the amount of deposited energy could
significantly be higher if the volume of expansion of heated liquid is limited than in the case of a
free expansion. Tamping and surrounding medium of higher density were possible ways to
confine expanding liquid. Lindemuth [51] also gave a computational model in 1985 for
optimizing dimensions of Tampers for efficient energy deposition in opening switches.
Predictions from this proposed model have shown impact of surrounding medium on free
expansion and also upon the characteristics of exploding conductor. They have used resistivity
model considering resistivity as function of temperature and density where data for temperature
as a function of density and specific energy is taken from SESAME library with reference cited
there in [51]. Burgess [32] in 1986; covering wider range of temperatures and densities; has also
given an empirical model for electrical resistivity as a function of temperature and volume. This

model considered multiphases; solid, liquid, and partially ionized vapor as well as a mixed
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phase; combination of cold vapor and condensed phase as was expected in the exploding
conductors.

A well-recognized theory for phase transition from solid to vapor state through rapid
evaporation of metal from the surface of the wire making it progressively thinner, converting
into a nonconducting vapor; earlier suggested by Wrana as per reference cited there in [34] and
Chace et al. [42]; was affirmed by Bennett [52] in 1965 which reports about occurrence of
vaporization wave in all metals at high temperature. This vaporization wave theory is later
discussed by Rakhel [53] in 1996. In his work [53], condition required for superheating of liquid
is formulated and revisited the theory given by Bennett for vaporization of exploding wires
through travel of evaporation wave initiated from surface. One dimensional
Magnetohydrodynamic (MHD) model was used in his work for typical regime of exploding
wires for current density of around 10" A/cm?and it was concluded that the process of expansion
of the two-phase mixture is very similar to the motion of a wave. Since research on EEW was in
comprehensible position till this time for considering different approaches for investigating
exploding mechanisms in different time regimes (microsecond and nanosecond EEWSs). Fast
EEW’s; being of more practical significance; were more focussed and studied. Range of these
fast EEW’s was considered in general for which current densities and heating rate lie in between
107 to 10° A/em? and 10™ t010*2 J/g-s respectively [54]. EEWs for current densities and heating
rate below this range were considered under slow explosions and those above this range have
been termed as superfast explosions. Tkachenko et al. [30] in 1999 have used mathematical
modelling for fast (microsecond) as well as superfast (hanosecond) regimes to study explosion
mechanism as a process of travel of phase transition wave from outer boundary to center of wire.

In this model, two new major points were taken into account for necessary improvements in
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Bennett model viz. finite thickness of phase transition layer and considering intermediate states
of metal to insulator phase transition such as metal-semiconductor-dielectric instead of two states
(conducting metal and expanding non-conducting saturated vapor) only. It was concluded from
their work that this phase transition wave velocity varies for different time scale regimes of wire
explosions and metal—dielectric phase transition takes place without phase transition to a two-
phase state in the skin in a nanosecond explosion. Tkachenko et al. [55] in 2004 carried out again
theoretical study for exploring this evaporation wave front. Based upon phase equilibrium of
vapor supersaturation with liquid core, two cases were considered for electrical explosion viz.
spinal mechanism of explosion (SME) and nucleus mechanism of explosion (NME). In case of
SME, phase transition from conducting state to vapor state is instantaneous. On the other hand,
NME is associated with phase transition wave which travels from surface to axis of wire.
However, it was concluded [55] that it is unlikely to be accessible by available experimental
techniques. Experimental data obtained for EEW in water were found to be in good agreement
with estimated energy deposited within NME limit. In case of EEW in air and vacuum,
experimental value of energy deposited is found to be less than that estimated theoretically
considering NME. This might be because of the fact that the energy deposition has been
terminated by growth of instabilities.

For ensuring the uniform heating in fast exploding wires, Sedoi et al. [54] in 1999 carried
out theoretical as well as experimental work to set a criterion for characteristic times required for
instabilities (Magnetohydrodynamic instabilities and capillary forces) to develop. Detailed
overviews on development of instabilities in Z-pinches along with its other aspects are covered
in a review article of Haines [56] in 2011. Theoretical work by Haines and Coppins [57] on

instabilities in 1991 brought out importance of some parameters which are omitted while
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considering ideal MHD instabilities. Later, more careful analysis by Coppins and Culverwell
[58] in 1997 concluded that pinch is not stable at early times and thermal instabilities driven by
joule heating occur apart from Magnetohydrodynamic instabilities. Oreshkin et al. [31], [59] in
2004 and 2016 have reported about thermal or overheating instabilities which are shown to be
responsible for strata formation in EEWs.

A number of experimental studies were also carried out to examine morphology of EEW
using imaging techniques. Kalantar et al. [60] in 1993, Guskov et al. [61], and Ivanenkov [62] in
1998 have shown the possibility of cold dense stable core surrounded by plasma corona in
exploding wires with the help of optical and X-ray diagnostics. Pikuz et al. [63] in 1999 showed
for the first time the details of persistent foam like liquid-vapor structure of the expanded wire
core using X-ray backlighting. Experiments also continued for studying dynamics of core. Sinars
et al. [64], [65] in 2000 and 2001 reported their work on measurement of expansion rates and
study of morphology of core for fast EEWSs. Sinars et al. [65] in 2001 performed experiments to
measure initial energy deposition in wires with and without insulating coating and reported their
observations on expansion rates of dense wire cores for several materials. It was shown in their
results that most rapid and uniform expansion occurs for wires in which the initial energy
deposited prior to plasma formation is a substantial fraction of energy required to completely
vaporize the wire. Conversely, wire materials with less energy deposition relative to the
vaporization energy show complex internal structure and the slowest, most non-uniform
expansion. Inhomogeneity in energy deposition in exploding wire process depends upon the rate
of energy deposition also. If characteristics times required for explosion are more than for the
times required for instabilities (mechanical distortions, MHD instabilities, thermal instabilities)

to develop, then it results in inhomogeneous energy deposition in exploding wire.
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Energy deposited till burst was found to be of significant importance for deciding the use
of EEWs in variety of applications. Tkachenko et al. [66] in 2007 have carried out experimental
investigations to locate discharge current channels using laser probing for fast electrical
explosions in air and vacuum with current rates of 50 A/ns. Two possibilities have been shown
for breakdown channels; either through external shunting or through internal breakdowns.
Shunting is due to formation of parallel current diversion channels. Later in 2012, Tkachenko et
al. [26] have shown using experiments and magnetohydrodynamic simulations, that for Al wire
explosion in vacuum the core remains for long time in dense state with temperature higher than
critical temperature and liquid to vapor transition occurs only after most of the current is shunted
by corona.

Sarkisov et al. [27] in 2007 have used simple thermodynamics calculations instead of the
complex MHD simulations to describe fast nanosecond wire explosion taking into account the
experimental current wave form and the thermal dependence of metallic resistivity and heat
capacity at constant pressure. This work has shown good agreement for voltage profiles of seven
different metals up to stage of melting and indicates importance of corona formation in transition
stage of melting to burst. Further, fine works by Tkachenko et al. [66] in 2009 and by Romanova
et al. [67] in 2015 report about detailed study of distribution of current and discharge channels in
the process of explosion of wires of different materials in air as well as in vacuum using
schlieren imaging, X-rays and optical shadowgraphy. It was concluded that the different
breakdown mechanisms take place depending upon the type of material, whether refractory or
non-refractory and surrounding medium. Based upon explosion characteristics, Romanova et al.

[67] have classified metals into three categories. Recently, Romanova et al. [68] in 2019 have
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reported stable tubular structure of explosion products using shadow photography in experiments
conducted for copper wire explosion in air at current rate of 50A/ns.

In particular, since it is difficult to estimate current distribution experimentally in different
sections of wire while explosion, thus, the prediction of spatial energy deposition is also difficult
to determine the internal structures of exploding wire for probing the dynamics involved.
Therefore, specific energy deposition till burst is a crucial parameter for various applications;
which requires optimization of circuit parameters. In last two decades, many researchers have
studied effect of current density [54], current rate [69], [70], polarity [69], [71], surrounding
medium [72], material [67] and wire dimensions [73] on behavior of EEWs and energy
deposition up to burst. Interdependence amongst these variable experimental parameters and
effect of each on explosion mechanism makes it quite complicated to understand the EEW
phenomenon in different time scales. Therefore, still there is a wide scope of investigations to
understand complex dynamical behavior of EEW to efficiently utilize these in diversified
applications as discussed above.

1.5 Motivation

Single exploding wire is basic element of X-pinches, cylindrical wire arrays and any other
configuration of wire arrays. It is indispensable to understand the dynamics of single wire
explosion which constitute the basic element of every possible configuration of EEWSs. As
discussed in previous section that experimental parameters are interdependent and decide the
explosion mechanisms which makes it crucial to predetermine EEWs behavior for efficient
energy coupling.

The work in the thesis focuses on characterizing the behavior of single EEW with respect to

variable circuit parameters (dimensions of wire, current rate, surrounding medium and material)
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especially for those which are reported rarely and not considered in detail to explore the wire
dynamics in earlier published works. Since only a few investigations have been reported in
literature [74]-[77] on electrical explosion of copper wires in air, initial experiments were
conducted to observe the effect of coating on copper wires in air as surrounding medium, then
experimental study is carried out to observe the effect of current rate (25-90A/ns) and diameter
(20-233um) of coated wires [73] (with optimized length [78]) on specific energy, specific power,
time of burst and action integral.

To consider the rate dependent effects in these experiments, another parameter “specific
power averaged over time of burst” obtained by dividing the deposited specific energy to the
time taken up to wire burst has been used for comparative analysis. The results of above-
mentioned experimental study indicated that if current rate and insulating coating are suitably
chosen then thinner wires are better to generate higher specific power averaged over time of
burst. Another significant outcome of these experiments is that the action integral is indeed
affected by thickness of wire and rate of rise of current as also reported in some theoretical

works [50], [79].

To understand the dynamics involved in explosion process, the effect of rate of current
rise on time required for burst of wire has been studied. It has been observed that time taken for
burst initially decreases with increase in rate of rise of current. However, after a certain threshold
value of rate of current rise for a specific diameter, there is no significant decrease in time of
burst and rate of decrease almost ceases, which finally leads to nearly constant value of time of
burst. Experiments carried out beyond this threshold values have been interestingly found to

show some peculiar distinctive kink like behavior in post burst experimental voltage profiles.
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This feature which appears to be a pause or transient rise in voltage for a very short
duration (~2 ns) while its down fall is marked in repeated shots and analyzed in detail
experimentally as well as with numerical simulations [80]. Though such kind of feature have
also been found in voltage profiles reported in earlier works [28], [81]; however, the discussion
and detailed analysis of this is missing. Numerical analysis indicates that the formation of high-
density front and its survival till burst is responsible for observing a pause in post-burst voltage
profile. Density front seemed to be formed as a consequence of non-uniform radial expansion of
wire during process of explosion. Experimental results emphasize that the averaged specific
power (averaged over time of burst) is more important parameter than the specific energy to be
deposited. However, this effect is significant for optimum diameters corresponding to particular
set of system parameters, as seen experimentally as well as through numerical simulations.

As for a given current rate, mode of explosion for a wire in given surrounding medium
depends upon properties of the metal used; hence, the investigation has been extended further on
various metal wires to understand the effect of the wire-material on explosion phenomena. In
many of the already reported works, though, the researchers [28], [70], [76], [82] have attempted
to analyze the effect of wire material on mode of explosion in a specific surrounding medium
(either vacuum or any other medium) but the detailed analysis of electrical characteristics and
explosion behavior of various metals with respect to the media confining it including vacuum for
same set of circuit parameters is rarely reported. It is not only the material properties but the
surrounding medium may also play an important role in phase transition occurring during
electrical explosion.

Thus, comparative study for behavior of different metals in air and vacuum is of

significant importance. In the present study, effect of material on fast EEW (current rate = 85 x
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10° A/s) in air and vacuum is investigated. Six metals viz. Cu, Au, Al, Ti, Pd and W;
representing wide range from low to high atomic numbers and covering each of three groups of
metals viz. refractory metals, non-refractory metals and intermediate based on the explosion
process [28] are considered. Correlation of energy deposition parameters with initial electrical
and thermophysical properties of these metals is experimentally studied for both the mediums.
Temporal profiles of self-emitted light are also recorded experimentally to have an insight for
probable mechanisms involved.

To best of our knowledge, the effect of EEW material properties (like initial resistivity
and enthalpy of atomization) on overheating up to burst (ratio of energy deposited to energy of
atomization) for explosion in air is reported for first time in this thesis. In air, refractory and
non-refractory metals are seen to exhibit different behavior as inferred from experimental
results. However, it is interesting to note that in vacuum, the specific energy deposition in
metals from all three groups is influenced by speed of sound in specific metal. Experimental
results indicate some unconventional behavior of these metals during explosion especially in
vacuum when compared with previously reported such works [83], [84]. Role of speed of sound
in a specific metal appears in present study to be more dominating for process of energy
diversion when surrounding medium is changed from air to vacuum.

Overall performance of Au is found to be best among all the metals investigated
presently in both the media after considering three important parameters i.e. burst current,
specific power and overheating factor. However, Ti and W have least values of these
parameters in vacuum as well as in air.

To generate X-rays pulse from exploding wire, an experimental study is carried out to

observe the effect of various configurations of wires on X-rays emission using PIN diodes as

20



detectors along with available thin foil filters of Be (50um) for X-rays of energy greater than
1.3 keV, Al (6.5um) for energies in range of 0.7 keV to 1.7 keV and greater than 2 keV, and Ti
(12.5um) to cover an energy range from 2.8 keV to 5 keV. Out of various configurations of
different geometries including single wire, it has been found that wires only in typical X-pinch
configuration can yield significant X- rays (>100 mJ for energy >1.3 keV) with current rate of
~0.08 kA/ns which is much slower than generally reported current rates for X-rays emission
from X-pinches [85] except those reported in a very few recent studies [86]. Significant X- rays
yield has been confirmed for present capacitor bank with X-pinches made up of different metals
like Mo, W and Cu. X-pinches made up of two wires, of any of these metals, yield relatively
more radiation in respect of energy as well as in intensity than that of X-pinches made up of
four wires which seems to be due to lesser mass at crossed point required for compression for
present current rising rate. In another experiment to understand the effect of coating on X-rays
emission in X-pinches, X-rays emission yield from X-pinches of two 13 um bare W wires is
compared with that from X-pinches made up of two 13 um wires overlaid with grease or
silicone-based lubricant. This study was motivated by results of earlier experimental study [73]
for observing the effect of coating on specific energy of single wires. A significant increase in
intensity of radiation is observed in energy range of 1.3 keV to 5 keV for grease coated X-pinch
configuration due to expected enhanced specific energy deposition in single wires of X-pinches
and limited expansion of exploding wires due to coating.

Interesting applications have been one of the reasons to pursue research work on various
aspects of single exploding wire in the present thesis. In addition to application in pulse X-rays
generation, EEWs with present range of current densities (10%-10° A/cm?) make them an easily

configurable source in laboratories for nanoparticle generation [33], shock wave generation [73]
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and to study matter at extreme conditions like warm dense matter studies [87]. Requirement of
high current density in explosion process of exploding wires and its characteristics of
transforming conducting state to non-conducting state at very fast rate (nano seconds to
microseconds) makes them beneficial for interrupting large current densities and used in circuit
breaking, opening switches [88] and in pulse sharpening of the voltage signal.

Single exploding wire with experimental parameters of present work is also useful as
pulsed source for deep UV to visible range. Lebert et al. [6] in 1996 have reported on utilization
of pinch plasmas for UV applications. Interaction of ultra violet radiation with organic molecules
make pulsed discharges valuable for their major contribution in polymers processing for
treatments of food, water, fabrics and other bio medical products [6].

1.6 Plan of Thesis

Present work focuses on systematic study of fast electrically exploding single wires using
moderate power generators. The thesis reports investigations on the behaviour of fast electrically
exploding wires with variable circuit parameters (current rate, dimension of wires, surrounding
medium, material and configuration) and brings out interesting outcomes which are novel and
considerable to understand physics of exploding wire process. Experiments are carried out to
study the dynamics of single exploding wire with major focus on characteristics influencing
specific energy deposition till burst. This study is useful for looking into the mechanisms
responsible for optimisation of efficient energy coupling.

Detailed experimental as well as numerical analysis are also done to understand distinct
post burst feature observed for copper wire explosion in air. Detailed comparative study on effect
of wire material on deposited energy for wires exploded in air and vacuum is also the part of this

thesis work. To examine the effect of geometries in wire configurations on X-rays emission,

22



experiments are carried out with various configurations. The X-pinches have been found most
suitable for X-rays emission for this capacitor bank of moderate powers. Effect of coating on
wires of X-pinches on X-rays emission is also studied.

Laser Interferometer is also developed at laboratory for diagnosing electron density
profiles in pulsed plasmas. This interferometer is also used for estimating electron density
profiles in single exploding wire.

Chapter 2 covers details about electrical diagnostics used for estimation of energy
deposition. This chapter describes methodology used for energy calculations. This chapter also
comprises details of PIN detectors used for X-rays yield measurements in X-pinches. Description
of Laser Interferometer and Faraday cup (FC); as pulsed plasma diagnostics; developed in
laboratory are also included in this chapter.

Chapter-3 presents the details of experimental set-up, charging voltage range, current
rates range, load configuration, and other variable parameters like dimensions of wire, wire
material used for present study. Details of one dimensional magnetohyrodynamics (1-D MHD)
simulations used for analysing experimentally observed distinct post burst feature in copper wire
explosion in air are also elaborated in this chapter.

Chapter-4 presents experimental results and discussion on investigations of Specific
Energy deposition and burst characteristics in electrically exploded single copper wires in air for
variable circuit parameters (current rate, dimensions of wire and insulating coating). This study
also provides experimental evidence of variation in specific action integral with current rate for a
given material. Appearance of post burst feature of kink in voltage and current profiles for a

range of circuit parameters and possible mechanism responsible for it are also discussed. Results
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and analysis of in-situ electron density measurements are also included. Considerable emphasis
has been given on results of numerical simulations for observance of this signature.

Chapter-5 presents results of comparative experimental study to observe the effect of
metals with varying thermophysical and electrical properties on electrical explosion in air and in
vacuum at current rate of 90A/ns. Experimental results and their analysis are described in detail.
Chapter-6 includes results of experimental study on effect of configurations of exploding wires
on X-rays yield. Some new configurations along with single wire and X-pinches are
demonstrated. X-pinches; found to be the best configuration for X-rays emission for present
range of circuit parameters. Also, the effect of coating has been probed further.

Chapter-7 provides significant outcomes of experimental results and conclusions are made with
future scope of present work.

The work is expected to contribute in further understanding and optimization of these

systems.
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Chapter 2

Diagnostics for Electrically Exploding Wires

The work in the thesis involves studies for characterization of exploding wire to
understand the burst dynamics which comprises of exploring the effect of circuit parameters on
time of burst, voltage profiles, energy deposition, electron densities and the radiation generated.
Thus, diagnostics needed for this study include measurement of current, voltage, electron
densities and X-rays energy/ intensity. This chapter discusses the general features along with
merits and demerits of relevant diagnostics commonly used for pulsed plasmas in brief and
elaborate the details of specific diagnostics used in this work. Electrical diagnostics method used
for estimation of energy deposited, and X-rays detector used in present study have been
discussed. Laser Interferometer and faraday cup; which are designed and developed during the
course of this work for analysis of pulsed plasmas; are also described in detail.

2.1 Electrical Diagnostics

Electrical characteristics of exploding wires are observed by measuring the temporal
profiles of current in the circuit and voltage across exploding wires. Pulsed voltages and currents
with rise time in range of ns to microsecond can be measured using various methods. Measured
current in the circuit and voltage across exploding wires have further been used to estimate the
energy deposited in exploding wires.

2.1.1 Voltage Measurement

Commonly used methods for voltage measurement include voltage dividers, spark gaps,

and techniques based on electro-optical effects (like Kerr cell and Pockel cell) [82]. Each of

these is discussed in brief as follows.
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2.1.1.1 Spark Gaps

Metal spheres, generally made up of aluminium or copper, with smooth surfaces and
uniform curvature are used in the measurement of peak of impulse voltages. A fixed spark gap
distance with known atmospheric conditions of temperature and pressure can be used to measure
the voltage by comparing it with calibrated values of breakdown voltage under those conditions.
Accuracy in measurement of crest of voltage depends upon the uniformity of electric field
between two electrodes and is decided by ratio of gap to the diameter of the sphere. This can be

used for voltages with rise time > 500 ns [89] but this method cannot be used to reveal

information about voltage waveforms [90]. For electrically exploding wires with present
experimental set-up, response times required for observing changes in voltage profiles should be
around 10 ns.
2.1.1.2 Electro-optic Methods

These methods are based on the principle of electric field induced birefringence in some
optical materials. Polarization state of probing light beam is modulated by applying the electric
field created by the voltage to be measured. This modulation is registered in a photo detector as
intensity variations and further decoded to recover the voltage waveform [89]. The refractive
index of the electro-optical transducer varies with applied electric field and change in refractive
index (Ap) can be given by following relation.

Ap=po+aE+bE (2.1)

Here, |, is refractive index of material in the absence of applied electric field, E is applied
electric field, ‘a’ and ‘b’ are electro optic coefficients of that material.

Pockel and Kerr cells are based on this principle and used to measure voltage using

appropriate electro-optical material and suitable configuration. In Pockel cell, optical properties
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of medium linearly changes with electric field, i.e corresponds to second term in (2.1) and in
Kerr cell, this behavior corresponds to the square of electric field, i.e third term in (2.1). These
cells can be employed for measurement of high voltage (up to 100’s of kVs) pulses covering
wide range of frequencies suitable for observing transient changes with rise times of
microseconds to nanoseconds [89]. Though, these electro-optical methods have advantages over
electrical methods for being immune to electromagnetic noise and also exhibit higher sensitivity
but its arrangement requires extra space along with precise alignment of optical components. If
these systems are to be used for nanosecond measurements then it should be a part of pulsed
power system to avoid inductances provided by connecting cables which can affect their
response times. It is tedious and complicated to couple electro-optic systems with exploding wire
load. This also makes experimental set-ups bulkier.
2.1.1.3 Voltage Dividers

Dividers are used to reduce the magnitude of high voltage pulses by electrical means to
achieve a value that can be registered in a recording device like oscilloscope. Voltage dividers,
contrary to electro-optical methods, can be easily coupled with experimental set-ups and does not
require special arrangements in respect of space and alignment. They are simple in design,
analysis and also cost effective. Thus, voltage dividers are preferred for present experiments.
Voltage dividers can be resistive, capacitive and mix of resistive and capacitive. Presence of
stray capacitances, and inductances in divider’s elements (like resistors and capacitors in
Resistive voltage divider and Capacitive voltage divider respectively), between the elements due
to connecting points as well as between elements and the ground etc. can distort the true wave
shape. Furthermore, division ratio also becomes frequency dependent. Though, special care in

designing the elements of divider and use of different techniques can help in compensating or
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reducing the effect of these stray capacitances and inductances [89], [90], but still it is somehow
difficult to completely eradicate their effects. However, in capacitive voltage divider unavoidable
stray inductances result in a high sensitivity to noise and may result in unwanted ringing in the
measured signals [91], [92]. Capacitive dividers are also made in shielded configurations for
being immune to electromagnetic noise. Use of dielectric like oil, due to variation of its
associated properties with temperature makes their use more complicated. These dividers are
generally preferable in fixed configurations. However, in contrast the resistive voltage divider
has the advantage of an easy structure, higher signal to noise ratio and simple electrical
properties.

Therefore, resistive voltage dividers have been opted for present experiments. Details of
voltage divider used in present work are mentioned below.

Basic principle of general resistive voltage divider can be understood by the schematic

shown in Fig. 2.1.
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Fig. 2.1: Basic Schematic of Resistive voltage divider
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The reduced (divided) voltages in low voltage arm are recorded in an oscilloscope.
Impedance at two ends of connecting cable (at low voltage arm and at oscilloscope) is matched
to avoid reflections. In our system, voltage divider is used to measure voltage across load in
oscilloscope by reducing its voltage level in proportion of the incoming voltages. The details of
the same are provided below:
2.1.1.3.1 Description of Resistive Voltage Divider Employed

In present work, voltage across load is measured using commercially available standard
resistive voltage divider with sufficient frequency response to truthfully measure the voltage
across exploding wire. Compensating circuits along with divider elements (Fig. 2.1) have been
employed to reduce effects of stray inductances and capacitances. Typical specifications of
voltage divider used in present experiments are as follow: Maximum pulsed Voltage which can
be measured is 100 kV with maximum frequency of 80 MHz. Divider ratio for this divider is
1000: 1. Accuracy in voltage measurement is <3% for frequency > 5SMHz.

2.1.2 Current Measurements

For current measurements, different techniques are employed in pulsed power systems
like Rogowski coil, current viewing resistor, fast current transformer and devices based on
magneto-optic effect (Faraday effect) etc. The brief description of these techniques is provided in
following subsections.
2.1.2.1 Current Viewing Resistor (CVR)

This technique is based upon Ohm’s law. A small known resistance in the range of puQ to
mQ is connected in series with the load, and the voltage developed across it is measured to

calculate the current flowing through it.
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Special designs or configurations are required to reduce the effect of stray inductances
and capacitances which are prominent in pulsed current measurement. Electromagnetic
interference even after taking precautions for high voltage (kVs) set-up and measuring large (>50
kAs) values of pulsed (ns-ps) currents can be a concern because of direct contact with apparatus.
2.1.2.2 Fast Current Transformer

Its principle is similar to that of step-down transformer. It has number of turns which
behave like secondary coil and it surrounds the current carrying conductor acting as a single turn
primary. Secondary coil is terminated with a low resistance load. This is special type of
Rogowski which has iron or ferrite core instead of air core making it bulkier and heavy.
2.1.2.3 Magneto-optic Current Sensor

In this type of sensor, a material which exhibits significant magneto-optical properties is
encircled over a current carrying conductor or arranged in other geometry by inserting current
carrying conductor’s single loop around the material. The magnetic field generated by current
carrying conductor changes the polarization direction of linearly polarised light, which in turn
can be converted into intensity variations by using suitable arrangements of polarizers. These
intensity variations can be recorded on an oscilloscope with the help of photo detectors. Angle of
rotation is proportional to the applied magnetic field and hence the current flowing through the
conductor. Since this technique is electrically isolated and immune to electromagnetic
interference, hence this is one of the reliable methods for measuring current in pulsed power
systems.
2.1.2.4 Rogowski Coil and Magnetic Pick up Coil

Rogowski Coil and magnetic pick up coil (or pick up loop), both work on the same

principle which states that changing magnetic flux through these coils induces a voltage in
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proportion to rate of change of current. These diagnostics, simple in fabrication with least
number of required components and non-contact type are highly sensitive to change in magnetic
flux, hence, preferable over other options.

Magnetic pick up coil is generally kept in vicinity of current carrying conductor or can be
located at a fixed distance from current carrying conductor where it can sense change in
magnetic flux. On the other hand, Rogowski coil is toroidal in shape and encircles the current
carrying conductor. Thus, magnetic pick up coil is position sensitive whereas Rogowski is
position independent. Rogowski coil has been utilized in present experiments because of being
position insensitive and flexible to be placed easily around the current carrying conductor. The
details of the Rogowski coil used in present work are as follows:
2.1.2.4.1 Description of Rogowski Coil Employed

Rogowski coil is a high frequency current measurement device. It is a toroidal solenoid
that encircles a conductor through which current is to be measured. It is developed in our
laboratory using a coaxial cable and an insulated wire. A Teflon coated wire is closely wound on
the inner dielectric of RG174 cable after removing its braid over certain length. One end of it is
soldered with inner core conductor and other end is soldered to its braid after winding. It is then
bent into a circular loop to form the toroid of Teflon coated wire (Fig. 2.2). Periphery of toroid or
initial length of cable is decided as per experimental requirement as shown in its schematic Fig.
2.2. Insulation is maintained between HV conductor and Rogowski coil by winding Teflon tape
over the complete toroid and it is also covered with an insulated sleeve. A BNC connector is

connected to the other end of RG 174 to measure signal on oscilloscope.
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Fig. 2.2: Schematic of a) Rogowski Coil structure, b) Area of a single turn loop with direction
of magnetic field, c) Rogowski coil along with integrator

(a) Principle of Working:

Rogowski coil is a current transformer. An alternating or pulsed current in a conductor
develops a magnetic field that interacts with Rogowski coil. It is based on the principle of
Faraday’s law of electromagnetic induction and Ampere’s law. When a high frequency current is
flowing through a conductor, it produces a time varying magnetic field around it and hence the
flux passing through loops of encircled Rogowski coil also changes. This change in flux (@) with

time induces voltage or emf (V) in coil as per Faraday’s law and can be written as

-4
V=-—— (2.2)
The negative sign indicates that the induced emf drives a current called induced current,
in a direction that opposes the cause that induces it as per Lenz’s law.

Suppose, for an infinitesimal length element ‘dl’ of perimeter of this coil, the magnetic flux

linking the area “ds’ is ‘d®’ then voltage induced vgq; will be
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do d r5o7 d 7 3=

Here, da is an area element of loop in direction of dl'and An is number of turns in length
dl; If ‘I’ is mean circumference of the torus and ‘n’ is number of turns per unit length then An =n
dl. ‘B’ is magnetic flux density and ‘H’ is magnetic field strength due to current passing through
the conductor. If ‘0’ is the angle between magnetic field lines and normal to infinitesimal small

area of turn (da) as shown in Fig. 2.2 then Vy; will be
d dH
lez—afuoHAnda cos® = —jp— An cos [ da (2.4)
So that
Va = —Ho (il—}tln dlcosO A (2.5)
and A is area of each turn.

Total flux linking through the coil; Vg coii IS given by integrating along a coil of length

‘I’. So, the induced voltage is given by,

1
VRog.coil = ﬁo Vdi (2.6)
1 dH
=—¢ny, A cos® — dl (2.7)
= —n oA~ § Hcos 0 dI (2.8)

If ‘T’ is the current in the conductor encircled by Rogowski coil, then as per Ampere’s
law, the line integral of magnetic field around the loop is equal to the net current enclosed by it.
i.e.

$H.di=1 (2.9)

So, Using (2.8) and (2.9), Voltage induced in Rogowski coil can be given as:

d _— dI
VRog.coil = _af lleH-da =—-ny, Aa (2.10)
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Thus, it can be seen from (2.10) that induced voltage in the coil is proportional to the rate
of change of current passing through conductor and here, product (n p,A) decides the coil
sensitivity, which is proportional to number of turns per unit length in coil and area of each turn.

Since, the induced voltage in the coil is directly proportional to the rate of change of
current (dl/dt), so, to get the signal proportional to the current, integration of coil output is
required. Here, a passive RC integrator (Fig. 2.2) has been implemented with a time constant of
82 ps which is appropriate for present experimental setup having time period of ~4 ps under
short circuit conditions. Signals corresponding to dI/dt and current in an experiment are recorded
in oscilloscope.

(b) Calibration of Rogowski Coil

Calibration factor (A/V) to predict the circuit current from the output signal of RC
integrator, is obtained by comparing its first peak experimentally obtained under short-circuit
conditions against theoretically estimated value of peak current for a capacitor discharge using
the well-known relations for underdamped LCR circuit as mentioned in (1.2) of chapterl.

Calibration for dl/dt signal (A/s/V) is obtained by comparing its peak value at t=0 with
the theoretical value obtained for (dI/dt) using following relation under short circuit condition:

Ven. = L-(dI/dt)=o (2.11)

(c) Error Estimation
Calibrated values of current obtained from Rogowski coil along with RC integrator have
been compared with the output of a standard current transformer (Maximum frequency
response~0.7 MHz, sensitivity: 0.001 V/A, accuracy: <1%) to assess the precision of current

measurement. Maximum deviation of RC integrated output from standard current monitor output
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at present frequency (0.23 MHz) of current signals does not found to exceed beyond + 3%.
Hence, maximum error in present current measurements can suitably be considered as + 3%.
2.1.3 Estimation of Energy Deposition

Temporal profile of energy deposited in wire is determined by integration of resistive
power drop over time from which specific energy is in turn inferred, by accounting for mass of
the wire. Resistive voltage is obtained by subtracting inductive contribution from the measured
voltage. The measured voltage (U) across wire for current (1) flowing through it, can be related
as:

U=IR+Lyg+ 15 (2.12)

Where R, L, are resistance and inductance of wire respectively. Inductance of wire (Ly)
is estimated from the recorded dl/dt and voltage signals using their initial values at t=0. Initial
rise in voltage is assumed to be due to contribution by inductance of wire. Assuming negligible
expansion till the time of burst, the last term can be neglected as mentioned by Tkachenko et al.
[66] when L > L, which is also the case here (maximum L, is ~30 nH for the thinnest wire used
in this work, against ~ 250 nH; total inductance of system). This has also been elaborated in
detail in our reported work [73]. Resistive voltage across the load is then considered for energy
calculations by subtracting (L, . dI/dt) from the measured voltage signal. Typical voltages profile
before and after this correction is shown in Fig. 2.3 for coated wire of diameter 233 pum

electrically exploded in air in one of our experiments [73].
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Fig. 2.3: Typical Voltage profiles before and after subtracting inductive
contribution for wire of 233 um diameter at charging voltage of 11 kV.

Error in experimental values of energy, arising from integration of product of current and
resistive voltage, is assessed to be a maximum of + 6% (based upon the errors in measurement of
voltage and current separately). Specific energy deposited is taken as average of three shots.

For the same set of parameters, shots were found to be reproducible and shot to shot
variation lies within experimental error. However, shot to shot variation in time of burst is within
+5ns.

For better illustration, temporal profiles of dl/dt, current and voltages are shown in Fig.
2.4 along with the estimated time profile of energy deposited (energy deposited up to that

instant) for a specific shot from our experimental work [73].
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Fig. 2.4: Temporal profiles of (a) rate of change of current; (b) Resistive
voltage (c) Current and d) total energy deposited for a specific shot of
copper exploding wire in air at 11 kV. Wire is of diameter 185 pum with
insulation coating on it making overall diameter of 233 um and length is of
20 mm.

2.2 X-rays Diagnostics

Silicon photodiodes (Si-PIN diodes; AXUV5) with in-house designed filters have been
used for measurement of x-rays yield for different energy range [93]. Filters made up of foils of
different thicknesses viz. foils of Al, Be and Ti with thicknesses of 6.5 pm, 50 pm and 12.5 pm
respectively have been used as X-ray filters to cover the X-rays energy range from about 1 keV

to 5 keV. The transmission property of these filters for various energy ranges is reported in the
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CXRO database [94]. Energy range of X-rays for transmission through these filters is given in
Table 2.1 and also shown in transmission curves in Fig. 2.5

Table 2.1: Energy Range of X-rays for Transmission using foil filters

S.No. Metal foil Thickness of foil (um) Energy Range (keV)
1 Aluminium 6.5 1.7 >E>0.7 & E>2
2 Aluminium 9.0 1.55>E>0.8 & E>2.2
3 Beryllium 50.0 E>1.3
4 Titanium 12.5 5>E>28
104 Mot a) K
—— Be 50.0 um
1— Ti12.5 pm 0.02
0.8+
= = ]
'% 0.6 ;1;
E *E’ 0.01 ﬁ—\
E 0.4 =
& g |
7]
0.2
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Fig. 2.5: (a) Transmission curves [120] for different filters in energy range of 100 eV-10
keV;( b) Spectral sensitivity of Si PIN diode used for present study.

Diode signals are registered in oscilloscope. Time delays of X-rays emission with respect to start
of current are also observed using the signals of PIN diodes and Rogowski coil.
The radiation yield recorded by PIN diodes covered with a filter can be estimated from

following relation

1

yzEEfvmm (2.13)
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Where ‘V (t)’ is the output voltage pulse registered in the oscilloscope when X-rays
radiation incident on Si-PIN diode. ‘p’ is the shaping resistance of biasing circuit and ‘X’ is the
spectral sensitivity of Si-PIN diode.

In PIN diode, sensitive area is 5 mm?. The spectral sensitivity of used detector (AXUV-5)
is not available; its approximate value is obtained considering 5 mm? area and using the known
value of sensitivity of the similar type of diodes like AXUV-100; in a similar way as considered
by Pikuz et al. [95]. Sensitivity of AXUV-5 diodes is inferred to be about 0.0135 A/W from the
sensitivity of AXUV-100 [95] which is 0.27 A/W for X-ray energy ranging from 100 eV to 4
keV with almost flat response.

Assuming X-ray emission to be isotropic, X-rays yield (w) of the source can be related to

PIN diode Yield (y) as:

w = (2.14)

s2

Where ‘r’ is the distance of diode from source and ‘s’ is the diameter of active region in
Si-PIN detector. In experimental set-up, Si-PIN diodes (AXUV5) coupled with X-ray filters are
kept at 22 cm from the center of the source. Actual photo of EEW system for X-rays diagnostics

is also shown in Fig. 2.6.
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@ (b) ©
Fig. 2.6: (a) Photograph of present system for X-pinch with PIN diode flange from inside chamber,
(b) Top view of PIN diode flange with metal enclosure, (c) Side view for Pin diode Flange

2.3 Laser Interferometer for Electron Density Estimation

Another important parameter that characterizes the pulsed plasmas is its electron density
profile. Diagnostic techniques which can be employed for the determination of electron density
include plasma spectroscopy, Langmuir probe, laser interferometry and Thomson scattering
technique. Out of these methods, if temporal as well as spatial profile of electron densities in
plasmas is to be measured then interferometry is a versatile tool.

A Laser Interferometer is developed [96] as a part of this work for measuring electron
density changes with a view to analyze the dynamics of pulsed plasmas. This interferometer is
designed in Mach-Zehnder configuration (Fig.2.7) which is simple and easy to align. It has also
advantage in the fact that there is sufficient possible space between optical components and
plasma producing set-up. A CW (continuous wave) green laser of 532 nm wavelength and 5
MHz bandwidth is used as light source in Mach-Zehnder Interferometer (MZI). Two beams; out
of which one passes through the plasma to be investigated are made to interfere, resulting in

fringe pattern. Optical path difference between two beams due to introduction of pulsed plasma
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in one of the path causes the fringes to shift from their initial position which are monitored in the

interferogram.

Beam Splitter Cube for
splitting one beam of
) b

Beam|Splitter

Mitro / Pulsed Plasma

Probing Beam

@ Reference Beam = 3 SRR >
Mirror -

Beam Splitter

(a)
Fig. 2.7: (a) Schematic of Mach Zehnder Laser Interferometer with two possible positions of
detectors where interference can be observed, however only one detector is used; (b) Photograph

of interferometer in oiir 1ah for FFW svstem far exnlnsinn in air

e

If 'Ly’ and ‘L’ is the optical path length up to detector travelled by two beams of

wavelength ‘A’ then phase difference (®1-®,) between these two is given by
(D1-D,) = 27" - (L; = L,) =z x no. of fringes shifted (2.15)
Thus, as per well-known conditions of interference, one fringe shift corresponds to a

phase shift of m; hence, total phase difference can be related with the total no. of fringes shifted

due to plasma. This phase shift corresponds to line integrated electron density of plasma and can

be written as

A =2 [H(N-1)dL (2.16)

Here, plasma length is ‘L’; ‘N’ and 1 are refractive indices of plasma and air,

respectively.

Refractive index of plasma, ‘N’ is related with its electron density (ne) as follows:
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2

N2=1-22=1T (2.17)

w?2 Nne

Where ‘op’ is plasma freuency (w, = /:ne'zz ) and ‘@’ is angualr fequency of probing
e’ <0

beam. ‘ne’ is the electron density of plasma which decides m, and n is critical electron density; If
Ne >> N, laser does not pass through plasma as refractive index will be a complex number (2.17).
Therefore, it is essential to choose wavelength of laser such that ®, << ® or nc >> ne. Critical

electron denisty can be estimated using angular frequency or wavelength of laser and is given as:

N _4-m?-c? 'm-g,
c A2 2

(2.18)
Here, ‘c’ is the speed of light, ‘m’ the mass of electron, ‘g,’ permittivity, ‘A’ the probe
laser wavelength and ‘e’ is the electron charge.

Using (2.15), (2.16) and (2.17), number of fringe shifted after introducing plasma in one

of the arms of interferometer can be given as:

No. of fringe shifted = fOL (;; 5

dL (2.19)
Line integrated electron density along any path length can be written as:
J;' e + dL = (A'ne- no. of fringe shift) (2.20)

For laser wavelength of 532 nm used in present set-up, line integrated electron density,

using equation (2.18) and (2.20), may be written as

f; N - dL = (2.1-10%* - no. of fringe shift) m™ (2.21)
Hence electron density averaged over given path length ‘dL’ using laser of 532 nm will
be:
_ [ 21x10%2*x no.of fringe shift -3
Ne = ( Far > m (2.22)
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Thus, line integrated electron density of plasma medium can be determined with the help
of interferometer. The maximum density which can be probed; using this laser wavelength is
4x10%" m*.

It is necessary to synchronize triggering of camera with start of the event.
Synchronization has been accomplished by placing an optical fiber in spark gap assembly.
Optical pulse was generated by light produced in open air spark gap at the time of switching of
the capacitor bank. This pulse triggers the camera using an optical to TTL pulse converter. Pick-
up loop (based upon principal similar to that for Rogowski coil with relatively less number of
turns on a straight conductor) is used to get dl/dt pulse, which, also starts with closing of the
spark gap. Both pulses are simultaneous and camera can be synchronized using a delay circuit to

capture the event after specific delay from start of current (Fig. 2.8).

Optical Trigger Unit
Optical Fiber
] Spark Gap Spark Gap
Trigger Circuit
Control [P II"Ilgh Voltage Capacitor Streak
Box =g ower Supply Camera

g

230 V A.C. Mains

Fig. 2.8: Schematic of experimental arrangements for discharging capacitor through load and
synchronizing this event with streak camera

Temporal and spatial variation of electron density is determined from experimentally
measured fringe shift using a streak camera. The setup performance in streak mode has been

initially assessed for the spark gap plasma and single exploding wires with lower discharge
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current rates, not exceeding 8 kA/us. These experiments were carried out initially for
performance evaluation of interferometer for implementing the same for estimation of electron
density of exploding wires. It has been seen that the electron density measurement for exploding
wire plasmas was not possible at very close to wire axis and also at near to the time of burst. This
is because shift in fringes are unresolved in such situation in streak mode. In faster sweep speed
of 3 ns/cm; there is no significant movement of fringes and in slower sweep speed of 3 ps/cm,
change in fringe shift is too fast to be resolve. Probable reasons appears to be the rate of change
of electron densities, its gradients and brightness of self-emitted light of plasma. Though initially
some experiments have been carried out using this set-up for the performance evaluation of
interferometer in streak mode as discussed in following subsection, the single frame mode of
camera is used for probing exploding wires in later stage. The single frame mode has been used
with higher current rates (>85 A/ns). A simple methodology; described later in this chapter; is
used to infer spatial and temporal electron density.

2.3.1 Experimental Results using Streak Mode of Camera

Band of straight fringes were obtained with Mach-Zehnder Interferometer (MZI) and
recorded in a streak camera. MZI set-up has been utilized initially to probe spark gap pulsed
plasmas.

Spark gap, made up of two sharp edged electrodes, has been used as closing switch in a
capacitor discharge circuit and was introduced in one of paths of interferometer. Capacitor was
charged to 6.5 kV and delivered a peak current of around 0.8 kA upon discharging. Electron
density of spark gap plasma estimated using fringe record (Fig. 2.9) from streak camera is
around 10%°* m™. Streak mode of camera registers the event for defined sweep durations as per

the selected speed. Interferogram for spark gap plasma is recorded with sweep speed of 3 ps/cm
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for 2 cm giving total duration in streak record of 6 ps. Triggering of camera is synchronized with
a delay circuit for recording the fringes in a time 0.56 ps earlier than sharp edged spark gap

plasma starts forming.

Fig. 2.10: Interferogram for exploding wire plasmas

Electron density profiles of single exploding wires; which have been exploded at slower

current rate (< 8 kA/us) are also probed. Fig. 2.9 displays the interferogram of plasma for copper
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wire of diameter of 70 um exploded at 5 kV with current rate of 3 kA/us recorded with streak
speed is 10 ps/cm. This specific interferogram depicts the variation of electron density at 2.5 mm
above the wire, which is obtained by keeping the laser beam at that distance. Electron density
derived from this interferogram has been found to be order of 10%* m™

2.3.2 Spatial and Temporal Profile of Electron Density in EEW using Frame Mode of
Camera

To get spatial profiles near time of burst and along the wire length, Single frame mode of
camera with short exposure times (~14 ns) has been used which has been found to be more
useful whereas temporal profile can be approximately estimated by taking single frames of
repeated shots at different instants. The camera is synchronized with dl/dt signal using an
electronic delay circuit which provides a sharp pulse with rise time of 3 ns for precisely
determining time of triggering of camera. The laser beam is expanded to 20 mm diameter to
encompass full wire though portions of interferogram near anode and cathode ends are obscured
due to load assembly components. Vertical axis of interferogram, which is along the length of
wire (with anode towards top), is calibrated with respect to physically measured anode-cathode
gap where wire is mounted. If wire is considered to be along Z-direction, then plasma shall
expand in X-Y plane for which fringes in interferograms are generated in Z-X plane. Its
schematic is shown in Fig. 2.11. If plasma is symmetric in nature then there are mathematical
computation methods to get spatial profiles of electron density. Abel inversion [97] is generally
used to get radial electron density profiles in symmetric plasmas like pinches and laser targeted
plasmas. This computational method is tedious and requires rigorous mathematics. A more
simplified technique is developed to get radial profiles of electron density in symmetric plasmas.

This methodology is more advantageous for cases in which plasma has not expanded much at
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instant at which interferogram is captured and plasma needs to be divided into only a few

numbers of shells of varying electron density.
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Fig. 2.11: (a) Three-dimensional view of expanding plasma indicating concentric cylinders
of different electron densities, (b) Schematic of fringes in interferogram and corresponding
top view of concentric circles of electron density of exploding wire plasma.

However, it may be noted here that present methodology gives flexibility in choosing

variable (needs not to be equal) radii depending upon fringe profile and minimum resolvable
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fringe shift. Radial as well as axial profiles of electron densities can be estimated if each fringe is
analyzed along length.

Since electron density is varying radially in exploding wire plasma. We have divided
exploding wire plasma column into three equally spaced concentric cylindrical shells of radii R;,
Ri.1 and R;.; as shown in Fig. 2.11 (b), based upon the resolution of interferometer in discerning
the relative fringe shift in adjacent shells. Outer most radius of plasma is decided by marking
distance at which fringe shifts are negligible. Assuming constant electron density in each shell;
fringe shift at central point of each shell thickness is considered to obtain averaged electron
density in each of them.

Shift in each fringe corresponds to change in optical path length due to line integrated
electron densities along cross sectional chord across cylindrical X-Y plane at each point along
the length of wire (in Z-direction) as shown in Fig.2.11. Laser passes through cross sectional
planes (X-Y) at different points along length of wire (Z-direction) as shown in Fig. 2.11 (a) then
each fringe in Z—direction in Z-X plane of interferogram are used to estimate electron densities
axially also. Different fringes along Z-direction correspond to different cross-sectional planes
along length of wire. For analysis, two points are marked in fringe pattern, where negligible
fringe movements are detected to draw the outermost cross-sectional circle of radius R;, in X-Y
plane as also shown in Fig. 2.11 (b). In present work, electron density is inferred at three points,
one passing through center and other two are at radial off centers in expanding wire plasma on
either side of axis. Fringe-shifts at these points marked as A, B and C are due to line integrated
electron densities along chords passing through corresponding point of expanding plasma.

Length of each chord is calculated using radius of X-Y cross-sectional circle and calibrated
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distance of each point from center as shown in Fig. 2.11 (b). This method gives spatial profile of
line integrated electron density over chord lengths at mentioned specific points.

Line integrated cumulative electron density along different path lengths in X-Y plane is
calculated (Using (2.22)) and further electron density in each shell are also computed
mathematically by sequentially subtracting contribution from other adjacent shells, these
calculations can be understood from following example.

Fringe shift at point A shown (Fig.2.11 (b)) in middle of radii Rj & R;.; is result of
refractive index change due to line integrated electron density of outer most shell only along path
length 2s.

For outer most shell, averaged electron density nz will be;

21 % 1029 x no.of fringe shift _
= geshift) -3 (2.23)

s dy
The path lengths ‘s’, ‘p’ and ‘g’ are calculated using Pythagoras equation for right angle triangles
formed (Fig. 2.11 (b)) by joining intersection points of circles with perpendiculars in y direction
(°s’, ‘p’ & ‘g’) to the centre of cylindrical shells & midpoint of thicknesses of respective shells.
For ‘s’, it may be written as;
s = YR — a2 (2.24)
where Rj, Ri.1 & Rj. are radii of outer most shell, middle shell and inner most shell, respectively;

and ‘a’ is average of two radii and is given as;

a = RitRi-1)) (2.25)

2

Now in similar way as one move from outer shell to central region, electron density for
specific shell is estimated by subtracting contributions from outer shells already computed. The

electron density n,t along path length 2p can be given by using (2.22):
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f_ppn -dy = (2.1 x 102! x no.of fringe shift) m™ (2.26)
2T

Here, n,t consists of electron density contribution nz from outer most shell and that from

middle shell. The averaged electron density n, in the middle shell can be obtained as follows:
[ dy ) =[P (n-dy)-2-(J} ng - dy) (227)

Similarly, electron density in inner most shell (n;) is also estimated. Each fringe is used
to estimate electron density at different shells to get radial profile. All fringes in an interferogram
are analyzed to estimate axial as well as radial electron density profiles.

Error in electron density estimation depends upon the ability of camera to spatially
resolve fringe pattern. Averaged electron density is function of fringe shift which is ratio of
spatial movement of particular fringe in vertical direction to its width in interferogram. Estimated
error in measurements of averaged electron density considering resolvable spatial limit of camera
(10 lines pair/mm) comes around 14%. It may also be noted here that measured densities are

averaged over the exposure time (14 ns) of the camera.

2.4 Faraday Cup

To characterise the ion beam emission from the pulsed plasmas, a Faraday Cup (FC) is
developed [98]. It consists of a metallic collector biased at a predefined voltage. As the ion flux
strike its surface through a small aperture, the flow of charge in circuit induces a current
proportional to it. The applied biasing voltage supplies the required charge in proportion to
incident ions flux which neutralise on its surface. Inner core of this designed FC is made up of
graphite due to its relatively low secondary electron emission coefficient. Inner electrode of

inverted conical shape with apex having a narrow diameter opening for beam entrance (Fig.
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2.12) has been designed for further reduction in secondary electron emission by increasing

geometry-based possibility of recapturing the scattered secondary electrons.
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Fig.2.12: (a) Designed Faraday Cup (b) Schematic of biasing circuit

Outer electrode is made up of brass. The two electrodes are separated by an insulator
which is Teflon with dielectric constant (k) of 2.15. FC has length of 60 mm with an opening
diameter of 1.9 mm at its apex. Designing parameters of FC have been decided so that the
characteristic impedance (Z) obtained employing following relation is around 50 Q to match

with that of the connected coaxial cable (RG58).

138 d2
Z =22 xlog (L) (2.28)

Here, k is dielectric constant. Brass shield has inner diameter (d,) of 40 mm and outer diameter
(d1) of inner electrode is 12 mm at broader side of cup. The schematic of FC with biasing circuit
is shown in Fig. 2.12.

This Faraday cup has been characterized by measuring the ion flux generated in a Plasma
focus based z-pinch device [98]. Energy of ions flux is also estimated using time of flight

method. Faraday cup was capable of registering ions in wider energy range varying from eVs to
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hundreds of keVs. Effect of filling gas pressure (1-5 mbar) on deuterium ions flux for higher
(tens of keV to hundreds of keV) and lower (1-5 eVs) energy range have been studied. Temporal
profiles of ion flux emission are experimentally determined by recording the voltage signals in
oscilloscope using faraday cup (Fig. 2.13). Time of dip in dI/dt of plasma focus discharge current

has been taken as t=0.
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Fig. 2.13: Temporal lons flux measurement with pressure

It has been found that the ratio of this higher energy ions flux to lower energy ions flux
decreases with decrease with in filling gas pressure. This study may be useful in optimisation of
filling gas pressures in chamber of Plasma Focus device to get ions of desired range of energy
for practical applications. Detailed results of this work and analysis of mechanisms involved are
described in our reported work [98].

At present, Faraday Cup has been used for measurement of ions flux from pulsed source of

plasma focus device. However, in future this may be used in electrically exploding wire studies.
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Chapter 3

Description of Experimental Set-up and Numerical Scheme

This chapter provides the description of experimental set-up; used for carrying out
different investigations discussed in subsequent chapters. The details of pulse current source viz.
capacitor and its operating parameters, discharge circuit components, load configuration
(including its dimensions, geometry, surrounding medium, material) and experimental chamber
are covered in different subsections. A brief overview of one dimensional magnetohydrodynamic
numerical scheme, used for understanding some experimental results, is also included in this
chapter.

3.1 Experimental Set-up

The experimental set-up consists of a capacitor of 2 pF, pressurized spark gap,
transmission lines, and load assembly. Its schematic is shown in Fig. 3.1. The load assembly is
kept inside vacuum chamber for carrying out experiments in vacuum. Photograph of present
experimental set-up is shown in Fig. 3.2. Capacitor is charged to a specific charging voltage V¢,
using a power supply. The charged capacitor is discharged through load with the help of spark
gap switch and transmission lines. Spark gap is operated with a trigger pulse applied to a trigger
pin which is inserted; into spark gap enclosure; between the two electrodes at off-center and
closer to cathode; by about 30 % of total gap between electrodes. An electronic circuit capable of
generating high voltage pulse of about -35 kV is used to trigger the spark gap at a desired
charging voltage. Spark gap is operated in air at atmospheric pressure for lower charging
voltages (till 25 kV) but for still higher voltages up to 40 kV, spark gap is pressurized at a
pressure ranging from 4-8 psi above atmosphere. Use of pressurized spark gap with trigger

makes this system operable in a wide range of charging voltages to achieve required current
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rates. Current rate is controlled by the inductance of complete system and charging voltage. The
complete set-up including capacitor, transmission lines, load and current return path has a total
system inductance of around 250 nH. Schematic of equivalent electrical circuit is shown in Fig.
3.1 (b). This simple and compact system can generate current pulses of peak magnitude of about
28 kA to 104 kA with quarter time period of 1.1 ps under short circuit at load end for charging
voltage varying from 11 kV to 40 kV respectively. For this range of charging voltages, the

energy stored in the capacitor corresponds to 121-1600 J.
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Fig. 3.1: (a) Schematic of Experimental set-up and (b) equivalent electrical circuit
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Fig. 3.3: (a) Single Wire and (b) X-pinch Load between anode and cathode within squirrel cage
geometry (c) Sub assemblies of EW load (Copper plates serving as cathode and anode with several
holes to mount exploding wires in different configurations)
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3.1.1 Details of Load

A single wire has been used as load (Fig.3.3) for characterizing its behavior with respect
to current rate, surrounding medium, material in present experiments. After optimizing the length
of wire [78], it is kept fixed at 20 mm for this set-up. Diameter of wire varies in range from 20
pm to 233 um. So, this system is capable of producing current densities of 10” to 108 A/cm? in
single wire. Material of wire considered for investigation covers three different groups;
categorized as per the mechanisms involved in EEW [67]. Behavior of six metals; Cu, Au, Al,
Ti, Pd and W (representing wide range from low to high atomic numbers and belonging to the
three different groups) are examined. For comparative study, the diameter of each wire of these
materials is kept fixed (125 um) with each having purity of at least 99.9%.

To study the effect of coating, insulating coating of polyimide and silicone-based
lubricant have been used on electrically exploding single wire and X-pinches, respectively. A
comparative study on exploding behavior of wires of different materials (Cu, Au, Al, Ti, Pd and
W) under air and vacuum has also been carried out. Experiments in vacuum have been carried
out with chamber evacuated to better than 1x10™ mbar. Details of experimental chamber are
discussed in next subsection.

Apart from single wire study, various configurations of EEW including X-pinches have
also been examined to study effect of configurations on X-rays emission. These configurations
will be discussed in chapter 6. After conclusive results on effect of configuration on radiation
emission, X-pinches as load have also been studied (Fig. 3.3) to observe the effect of coating on

X-rays emission.
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3.1.2 Experimental Chamber

The experimental chamber (Fig.3.2) consists of six radially aligned ports for diagnostics
and one port on top for creating vacuum. Two diagonally opposite ports have optical windows
which are aligned in path of probing beam of Laser Interferometer so that laser passes through
load. In one single port, three feed through electrically isolated connectors; are used to connect
two cables of voltage divider placed across the load and one cable of Rogowski coil mounted
around the load to oscilloscope. Other three ports are used to fix three PIN diodes; at center of
these ports with same distance of around 220 mm from center of the load to receive same
radiation flux assuming isotropic radiation emission. Experimental chamber is electrically
isolated from capacitor discharge circuit and all the diagnostics used. Rotary and diffusion
pumps are used to create vacuum slightly better than 1x10* mbar with the help of vacuum port
at top of chamber in some of the experiments.
3.2 1-D Magnetohydrodynamic Numerical Scheme

A 1-D numerical scheme based upon Lagrangian finite difference formulation, earlier
implemented to assess the performance of electrically exploding foil-based accelerators [99], has
been used to investigate the dynamics of exploding wires after necessary modifications required
for incorporation of cylindrical geometries of wire. Numerical simulations are carried out to
understand dynamics and a post burst feature observed for copper exploding wire in air in some
of the experiments discussed in Chapter 4.

The code uses three terms empirical EOS reported by McCloskey [100] along with two
resistivity models for different ranges proposed by Burgess [32] and Stephens [101]. Stephens
semi-empirical model is used to obtain resistivity depending upon temperature up to 30 kK and

densities of more than 0.01 g/cm®. Beyond this range of temperature and densities or volumes,
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wide range empirical model reported by Burgess [32] is used. As the latter model predicts lower
conductivities than those predicted by Stephens model [101], therefore it has been linearly scaled
up, to maintain continuity at 30 kK temperature. In all the cases reported here, the wire remains
within the limits of Stephens’s model near to voltage peak in pre burst region. The model by
Burgess considers different phases including solid, liquid, and partially ionized vapor as well as a
mixed phase (combination of cold vapor and condensed phase) decided by a mixing parameter
defined therein for exploding conductor. Thus, it appears to be better suited for post-burst

dynamics with temperature exceeding 30kK.
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Fig. 3.4: Axi-symmetric 1-D mesh scheme used for
exploding wire simulations.

The wire is considered as made up of discrete concentric cylindrical shells (meshes) as
shown in Fig. 3.4 [80]. Three regions respectively of copper, Polyimide (Kapton) and air are
considered for creating 1D axi-symmetric mesh scheme for simulations of exploding wire. The
complete region is divided into finite number of meshes with each mesh having different
electrical and thermodynamic properties. In Fig. 3.4 the subscript indicates mesh number, while
the quantities p, p, Q, u, J, o, B, R represent respectively the pressure, mass density, electrically

deposited energy, velocity, current density, electrical conductivity, magnetic field and spatial
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coordinates of different meshes. The Ry, Rey, and Rksp indicate the centre, dynamic radius of
copper and polyimide (Kapton) boundaries respectively. The quantities like p, p, Q, o are
calculated at centre of the meshes and are represented by half subscript, while other quantities
like u, J, B, R are calculated at the mesh boundaries. Air is considered in a shell of thickness 20
mm for all the cases of simulations presented in this work. The current (1) flowing through the
wire is calculated using capacitor bank parameters along with time dependent dynamic resistance
and inductance of the wire. The value of magnetic field (B) at different mesh boundaries of
exploding conductor are obtained by solving the diffusion equation along with its boundary
values at center and Rcy.

The current density at the center of each metallic mesh is computed by using the value of

magnetic field at adjacent mesh boundaries by using following relation:

— -

VXB = py (3.1)

The obtained current densities and magnetic field are then used to calculate the deposited
specific electrical energy and magnetic force at each mesh center and its boundary by following

relations (3.2) and (3.3) respectively.

2.0-At .
— /g (3:2)

Q:

-

F=]xB (3.3)

Equations of fluid dynamics for conservation of mass, momentum and energy along with
a three-term equation of state reported by McCloskey [100] are implemented for calculating
pressure and temperature in each mesh in finite difference form as reported in detail elsewhere
[99]. However, for air; ideal gas behavior is assumed. Using gradient of pressure and magnetic
forces at mesh boundaries, following momentum conservation equation is used in finite

difference form to calculate the velocity at different time steps:
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pS=-VP+]xB (3.4)

The voltage (V) developed across the wire of length ‘I’ is determined by the product of
circuit current (1) and total resistance of the wire. Resistance of wire is calculated as a parallel

combination of all ‘n” numbers of metallic cylindrical meshes, i.e:

I
V= ) ) (3.5)
n o )
j=1 I

To maintain the numerical stability in presence of shock, a dissipative term, usually
known as artificial viscosity is added in pressure term as suggested by VonNeumann [103] but at
present the code does not include radiation losses. The time step in the code is dynamic and
during execution it is increased or decreased as per the relative change in different variables but
its value is restricted by Courant-Friedrichs-Lewy [102] condition. Here, basic details of
numerical simulations required for present work and its brief overview have been discussed.

However, more details about this code may also be found elsewhere [99], [104].
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Chapter 4

Burst Characteristics and Post Burst Dynamics of Copper Wire Explosion in
Air

In electrical explosion of wire, optimisation of circuit parameters for efficient energy
deposition is crucial to utilize it for specific applications. Specific energy (energy deposited per
unit mass) is one of the dominant parameters which is critical in determining the exploding wire
behavior. The maximum voltage generation at the time of burst, total radiated power, and shock
wave generation are governed by specific energy deposition up to burst as well as it is a
considerable parameter to characterize the behavior of exploding wire plasmas. Time of burst as
already defined in Chapter-1 is the instant at which voltage reaches to the peak and afterwards
breakdown initiates. Energy to be deposited can be enhanced if time taken for burst is elongated
before breakdown is initiated. Intrusion of disrupting instabilities (like mechanical and
magnetohydrodynamic instabilities) depending upon the time scale of energy deposition and
time scale of their development and inhomogeneities (microscopic and macroscopic) in heating
along the wire length are responsible mechanisms for hindering the energy deposition process.
Major experimental circuit parameter which can enhance the energy deposition and helps in
uniform heating of wire is the current rate. It has been reported by many researchers [69], [70]
that enhancing current rate of the pulsed power source can increase the specific energy
deposition in exploding wires up to burst. However, the prerequisite value of current rate
required for suitable range of energy deposition itself is specific to the diameter of wire [24],
[30], [50], [54]. Therefore, these two circuit parameters are intertwined with each other.
Experiments have been carried out to examine the effect of current rate and diameter on
explosion of copper wire explosion in air as investigations on copper metal for EEW in air are

only few [74], [75], [77]. In the work reported in present chapter, the behavior of EEW is studied
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in atmospheric air (1 bar) at relatively fast time scales (with time of burst in the range of 50 ns-1
us and current densities of 10°-10° A/cm?) as compared to that reported earlier in similar
investigations [77] (with time of burst in the range 2-8 us and current density of around 10’
Alcm?).

The diameter of wire which shall burst at the peak of the current is calculated a priori
using the action integral. Further, the action integral (defined in chapter 1), a material dependent
parameter which is generally taken as constant, has been demonstrated experimentally in present
study to vary with thickness of wire and rate of rise of currents, in line with already reported
theoretical work [50], [79].

Apart from the above mentioned two circuit parameters, i.e., current rate and diameter,
surrounding medium properties also significantly influence the energy deposition [28], [67],
[82]. For example, the restricted expansion of wire by dense surrounding medium supports in
enhancing the energy deposition [24], [51], [72]. This effect has been observed in our
experimental study also on polyimide coated copper wire explosion in air, which to best of our
knowledge has not been reported in literature [73]. Apart from this, it has also been observed that
a distinct post burst feature appears in voltage profiles of insulated copper wires under certain
experimental conditions which have been investigated in detail. Though this kind of feature can
also be noticed in voltage profiles of earlier experimental works [31], [59], [67], [81], [105],
[106] for EEW in vacuum [31], in air [67] as well as in water [105], [106], but it is either
overlooked or has been not investigated in detail.

All of our above mentioned experimental investigations including the effect of diameter
(58-233 um), current rate (25-90 A/ns) and insulation coating on specific energy deposition for

copper wire explosion in air are presented in this chapter of the thesis. This systematic study to
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observe the effect of variable circuit parameters (diameter, rate of rise of current, and insulation
coating) on the behavior of copper wire explosions provides guidelines in optimizing
experimental parameters for efficient energy coupling. Experimental results showing dependence
of action integral on diameter and rate of rise of current are also discussed.

This chapter also elaborates and discusses the analysis of post burst dynamics in single
copper wire explosion. One dimensional magnetohydrodynamic numerical simulation has been
carried out to explore the possible causes for the appearance of kink type feature in post burst
voltage profiles. Numerical results and its analysis have been discussed in present chapter.

This chapter also elaborates and discusses the analysis of post burst dynamics in single
copper wire explosion. One dimensional magnetohydrodynamic numerical simulations carried
out to explore the possible causes for the appearance of kink type feature in post burst voltage
profile have also been discussed in present chapter. Additionally, the experimental results on
estimation of electron density in various shots, in which kink type of feature appears in post burst
voltage profiles, have also been presented.

4.1 Effect of Coating, Diameter and Rate of rise of current

Initial experiments have been conducted on coated and bare copper wires of fixed
diameter to observe the effect of coating on explosion. Further, Experiments have been carried
out on coated copper wires to examine the effect of diameter (58-233 «m) on specific energy
deposition up to burst at a specific rate of rise of current. Rate of rise of current is governed by
the charging voltage for a specific capacitor based pulse power system. Rate of rise of current or
current rate is estimated at particular charging voltage by dividing the peak value of current

under short circuit condition to quarter time period viz. time taken to reach that value. Effect of
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diameter is studied for varying rate of rise of currents (25-90 A/ns) achieved by charging the
capacitor at different voltages.

To explore the effect of coating on the energy deposited per unit mass up to burst,
experiments have been conducted on two copper wires of nearly same core diameter (because
coated wire with exactly same core diameter was not available) viz. one just bare wire (diameter
~ 100 xm) while other with polyimide coating (coated diameter of 122 xm with the core diameter
of 90 um, i.e. coating thickness ~36% of the core radius). In a set of experiments on these two
kinds’ wires, the energy deposited per unit mass has been determined as a function of charging
voltage ranging from 16 kV to 40 kV and compared (Fig. 4.1 (a)). It can be seen from Fig. 4.1(a)
that dielectric coating of 36 % enhances the deposited specific energy by 45-60 % for entire
range of considered charging voltages. Possible cause seems to be the confinement of wire for
longer time to limit its expansion; and causing delay in voltage breakdown as also seen by other
researchers [71], [72], [107], [108]. Fig. 4.1(a) indicate that beyond a threshold charging voltage,
rate of increase in specific energy deposition in coated wire is relatively smaller than at lower
charging voltages; resulting in bilinear curves. Reason of such behavior appears to be higher
energy deposition rate (for a specific diameter) with increase in charging voltage (or rate of rise
of current) as expected initially but beyond a certain charging voltage, the counteracting inertial
expansion starts reducing this effect and hence cause a change in slope.

In second set of experimental study, the aim was to study the effect of varying diameters
in coated wires with same percentage (36%) of coating on the energy deposited per unit mass as
a function of various charging voltages (16-40 kV). For this study polyimide coated copper wires
of diameter 58 um, 81 um, 122 um, and 233 um with core diameters of 43 um, 60 um, 90 um,

and 171 um, respectively have been chosen. Fig. 4.1 (b) shows energy deposited per unit mass as
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a function of wire diameter for various charging voltages. It is noted from the Fig. 4.1(b) that the
specific energy deposited up to the burst increases with increasing wire diameter for all charging
voltages. Experimental results seem to support evaporation wave theory. Initially, Evaporation
theory was introduced by Bennett [52] and later used by Rakhel [53] and Tkachenko et al. [30]
to explain wire explosion by the evaporation wave which initiates from the surface. If an
evaporation wave is considered to travel from outer surface to its core axis then it is expected
that larger travel time can contribute in larger energy deposition because of the sustained current
density in its conducting part. Thus, more energy is seen to be deposited in thicker wires at a
specific charging voltage. Fig. 4.1 (b) indicates that the rate of increase in the deposited specific
energy decreases with increase in diameters. This might be because of non linear behavior of
evaporation wave with diameter for time taken for energy deposition till evaporation wave
reaches from surface to its axis. Increase in diameter beyond certain thickness is not making any
significant difference in energy deposition.

Further, as mentioned, for first set of experiments, due to non availability of coated wire
of 136 um diameter with core diameter 100 xm, we have chosen the most nearest available
coated wire (coated diameter 122 um with core diameter 90 xm) and compared it (in terms of
energy deposition per unit mass) with bare wire of diameter 100 um. In order to see the deviation
due to this ~10% difference in core diameter, we have interpolated the specific energy deposition
from the plots of Fig. 4.1 (b) for coated wire of diameter 136 x«m. It is evident that interpolated
specific energy deposited for 136 um diameter coated copper wire is slightly higher as compared

to that for experimentally measured value for 122 um coated wire as expected.
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Fig. 4.1: (a) Specific energy deposited up to burst versus charging voltage in the case of 100
wm bare wire, 122 um coated wire, and 136 um (see text) coated wire, (b) Specific energy
deposition up to burst versus diameter of wire at different charging voltages.

It is to be noted from the experimental data (Fig. 4.1(b)) that specific energy up to burst
increases with increase in diameter as well as with the increase in charging voltage.

In several earlier reported works [33], [109]-[111], efforts have been made to derive a
relationship between circuit parameters and energy deposition in exploding wires. Empirical

relation given by Kotov et al. [33] is expected to be valid for a wide range of initial conditions
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with an error of not more than 20%. As per Kotov et al. [33] the energy ‘W’ injected into the

wire during the first current pulse is as follows;

W = (hy x W, x §? x Z)°° (4.1)
and W, = (%- C-V2) is the stored capacitor bank energy in joules, V, is the capacitor charging
voltage in kilovolt, Z = \/(%) is the circuit characteristic impedance in ohms, S is the wire cross-

. D? . . . . .
sectional area (= © X T) in mm?, and hy, is an action integral in A - s/mm?*.

If the energy deposited per unit mass using (4.1) can be calculated as;

W (hyW,S2Z)03
(V) (p-SD)

Energy deposited per unit mass = (4.2)

Where p is density of metal wire; V and | are volume and length of wire respectively.

This relation given in (4.2) suggests that energy deposited per unit mass is independent of
diameter; but it does not appear to be so from our experimental results. The disagreement
between the two could be due to the consideration of constant value of action integral in previous
reports. In order to demonstrate that the action integral for a given metal wire varies with its
dimension as well as with charging voltage, we have noted the experimentally observed time of
burst for copper wires of different diameters and also performed the theoretical calculation of the
same assuming the constant action integral value of 2.1 x10%" A% s/mm*. The difference between
experimentally measured value and theoretically calculated value of burst time has been
determined as a function of wire diameter for various charging voltages and is considered as the
marker indicating the variation of action integral. The theoretical calculation of time of burst for
a specific current density corresponding to the charging voltage is carried out by solving the

following transcendental equation graphically. This transcendental equation is obtained by
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considering the current as a sinusoidal function of time and solving the action integral equation
(1.4) within limits from 0 to tp. .

T[B' 4. .
Idz_;lb =40 t,— 2 sin(2-0-ty) (4.3)
0

Here, ‘@’ is angular frequency of LCR circuit and is given by ZTT[ ; ‘T’ is time period of

complete cycle in seconds and ‘d’ is diameter of wire in mm. ‘I,” is peak current in A

(Amperes).

The differences of the experimentally measured values of time of burst with those

derived theoretically are plotted in Fig. 4.2 as a function of diameter of wire for different

charging voltages.
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Fig. 4.2: Difference between ‘time of burst’ expected theoretically
using action integral of copper [33] and experimentally measured
values versus diameter at different charging voltages ranging from

11-40 kV.
As it can be seen from Fig. 4.2, for a given charging voltage; this difference widens with
increasing wire diameter. It may also be noted that the widening of difference with increasing
wire diameter is more pronounced for lower charging voltage i.e. relatively slower current rate.

Therefore, it is concluded that action integral varies with thickness of wire and also with rate of
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rise of current, in line with already reported theoretical predictions [50], [79]. This can be
attributed to difference in wire explosion mechanisms associated with varying energy density in
wire and its rate because of varying current density and diameters.

Trend of energy deposition as displayed in Fig. 4.1 and time of burst shown in Fig. 4.2
with thickness of wire can be utilized to look into the exploding wire process. Influence on
energy deposition can be understood by considering the propagation of evaporation wave from

the surface of the wire to its core.
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Fig. 4.3: Time of burst versus charging voltage for relatively thin wires (20, 58,

and 81 um).

Since time of burst in an important parameter to be considered in this regard, therefore,
experimentally measured time of burst is plotted with varying diameter and charging voltage
(Fig. 4.3).

Time of burst is seen to increase with diameter at a particular charging voltage. However,
for a specific diameter, this decreases with charging voltage and the rate of decrease also
decreases with increasing charging voltage. It seems that for a specific diameter, the increased

rate of rise of current is reducing the evaporation wave time and also reducing the time taken for
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expansion before voltage breakdown. Thus, it is anticipated that faster rate of change of current
can help in hindering the expansion before the voltage breakdown as compared to the slower rate
of change of current. Results of these experiments indicate that if charging voltage and
surrounding medium; as insulating coating in present case; are suitably chosen for wire of a
specific diameter then specific energy deposition can be enhanced due to the limited expansion
before voltage breakdown which appears to be due to the confinement by their own inertia [73].
If wire is surrounded by coating then initial expansion of gaseous state of wire is restricted and
wire is confined for longer duration in its volume till coating gets burst. Thus, current rate and
surrounding medium has effect on limiting the plasma expansions and enhancing energy
deposition.
4.2 Experimental Observation and Analysis of a Post Burst Feature

Experimental results for copper wire explosion in air, discussed in last section, suggest
that specific energy deposition can be enhanced in coated thinner wires with increase in rate of
rise of current; governed by charging voltage [73]. An interesting post burst feature is observed
in voltage profiles of those wire explosions for which time of burst starts saturating after a
specific charging voltage. Though this kind of feature or appearance of a short duration kink in
voltage profiles can be noticed in earlier reported works [31], [59], [67], [81], [105], [106] but it
is not investigated in detail. However, present study analyses dynamics of this feature
experimentally as well as numerically.
4.2.1 Experimental Observations and Analysis

Voltage profiles of coated exploding wires with diameters of 20-233 um for charging
voltages in range of 11-40 kV are considered [73] to investigate the appearance of kink or pause

in voltage profile.
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Fig. 4.4: Typical profiles of voltage across the wire for specific diameter of 58
um at variable charging voltages.

It has been noticed from the voltage profiles that a dwell period occurs after the burst for
wire of each diameter in general at relatively lower charging voltages and for illustration it is
shown in Fig. 4.4 [80] for a particular wire of diameter 58 um (~ 42 pm basic copper wire
diameter with polyimide coating of about 16 um). It may be noticed from Fig. 4.4, for wire of
diameter 58 um, the dwell period reduces with increasing charging voltage and this feature has
been observed for wires of other diameters also (not shown in figure). Further, a kink kind of

signature appears in voltage profiles beyond certain threshold voltage specific to the diameter
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(e.g. for 35 kV and 40 kV as shown in Fig. 4.4) which is found to be reproducible under same
conditions of experimental parameters.

Additionally, in Fig. 4.5, the exploding wire voltage profiles for wires of different
diameters are displayed at charging voltage of 40 kV. It may be noticed that the kink in the

profile is missing for thicker wire of diameter 233um.
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Fig. 4.5: Typical profiles of voltage across the wire for varying wire diameters
at charging voltage of 40 kV.
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Table-4.1: Effect of diameter and charging voltages on experimental characteristics

(Time of burst, Specific Energy deposited and its rate along with observance of kink).

Diameter | Charging | Current | Time | Specific Average Kink
(um) Voltage rate of Energy Rate of Observed
(kV) (x10° | burst | deposited |  Specific
Als) (ns) (kJ/g) energy
deposited up
to burst
(J/g/ns)
58 16 39 170 6.5 38.2 No
58 20 48 150 7 46.7 No
58 30 72 97 8.1 85.2 Yes
58 35 84 95 9.8 97 Yes
58 40 96 88 10.6 120.4 Yes
81 16 39 240 10.5 43.7 No
81 20 48 208 11.7 56.3 No
81 30 72 151 12.2 80.8 Yes
81 35 84 143 13.1 91.6 Yes
81 40 96 120 13.6 113.3 Yes
233 16 39 735 12.5 17.0 No
233 20 48 630 14.5 23.0 No
233 30 72 464 15.6 33.6 No
233 35 84 411 17.2 41.8 No
233 40 96 395 18.8 47.6 No

It is interesting to note here that presence of kink is marked beyond those charging
voltages where value of time taken for burst becomes almost constant (Fig. 4.3). This implies
that more energy can be pumped into the exploding wire together with a higher value of current
at nearly same time of burst using higher rate of rise of currents. Thus, experimental parameters
which seem to be of significant importance for analysis of this study and considered are time of
burst, specific energy, specific power (specific energy deposited averaged over time of burst),

current density and rate of rise of current. Though the “Specific power estimate till burst” is
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generally not considered for EEW studies but it is considered in present study as this parameter
takes into account the time of energy deposition, seems to be of more importance.

Dependence of specific energy deposited, burst time, average Rate of Specific energy
deposited up to burst and appearance of kink on circuit parameters (diameter, charging voltage,
rate of rise of current) are tabulated in Table 4.1. It is concluded from Table 4.1 that following
two factors are essential for appearance of this kink in voltage profiles.

1. The threshold value of specific power (~ 80 J/g/ns) irrespective of diameter of wire.

2. The specific value of rate of rise of current, hence charging voltage, beyond which rate of

decrease in time of burst goes minimal.

A pause or kink observed during the downfall of voltage profile after its peak appears to
mark stagnation or transient rise in voltage for a short duration (~2 ns) indicating a rise in
resistance contrary to continuous fall in voltage or resistance after burst. To understand the
physical process of this voltage pause, a 1-D magnetohydrodynamic (MHD) numerical scheme,
earlier utilized for electrically exploding foils [99], has been used.

4.2.2 Numerical Observations and Analysis

Brief description of this one-dimensional magnetohydrodynamic (1D MHD) code has
already been given in chapter 2. This 1 D code has been first used to generate voltage and current
profiles for a specific wire explosion in which kink is observed, using the present system
parameters. These simulated current and voltage profiles are compared with experimental ones
for a wire of diameter 58 um exploded at a capacitor charging voltage of 35 kV. The two voltage
profiles have been found in close match with each other as shown in Fig. 4.6 and a post burst
pause is also distinctly visible in simulated profile [80]. Different parameters (Electrical

resistivity, mass density, magnetic force, and current density have been considered for analysis
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and their radial distributions at five-time instants have been studied to explore the physical cause.
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Fig. 4.6: Experimental and simulated profiles of voltage and current for wire of diameter
58um exploded at a charging voltage of 35 kV. Five-time steps t; to ts are marked for
detailed analysis

These five-time instants are chosen corresponding to different stages of wire manifested
in voltage profile viz. start of vaporization (t;), before peak (t2), at peak (t3), after peak (t;), and
near the pause (ts) as shown in Fig. 4.6.

There are mainly two regimes; one before burst and other is after burst. Detailed analysis
at these time instants hint towards the formation of a density front inside the wire which seems to
be induced by non-uniform radial expansions in pre-burst regime. These two regimes are
discussed separately; as given in following subsections; for better understanding.
4.2.2.1 Pre-burst Regime

Radial distribution of mass density, electrical resistivity, current density and Lorentz force

(Tx ﬁmultiplied by mesh volume) are determined in different meshes in pre-burst regimes at

three different time instants (t3, t, and t3) as shown in Fig. 4.7. Mass density profiles in Fig. 4.7
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shows that it is uniform over the wire radius till time t; and it decreases rapidly with time near the

outer surface of wire as can be seen at time t, and ts.
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Fig. 4.7: Pre-burst behavior: Radial profiles mass density, resistivity,
current density and Lorentz force acting on different meshes at three
different time instances i.e. near to start of vaporization (t; = 46 ns),
before voltage peak (t,= 60 ns), and at voltage peak (63.4 ns).

It is also observed that this decrease in mass density is relatively slower in the inner
regions. This difference in rate of fall in mass density at outer surface and in inner region seems
to be due to the inertial effect of adjacent outer surroundings which comprises lower density
polyimide at outer surface and higher density copper layers in inner regions. This radial non-
uniform expansion across the wire evolves to appear like a density front near the time of voltage

peak (t,=60 ns). Since higher density region is expected to be more conductive as is the case for
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most of the metals [32], therefore current starts shifting with time from outer regions to inner
regions of higher mass density as can be seen clearly in Fig. 4.7. Thus, difference in current
densities across the wire radius causes difference in energy to be deposited in these regions
leading to the spread of high-density front to nearby regions. However, Lorentz Force also peaks
in the regions with higher mass density and current density, supporting the inertial forces
responsible for slow expansion of inner regions of wire.

It is to be noted in simulation results that certain variations are visible near the axis (r=0),
which looks to be caused by rigid boundary conditions (u=0, B=0) used in simulations. These
variations can be attributed to numerical artefact and remain localized in a small region near the
axis.
4.2.2.2 Post-burst Regime

Radial distribution of mass density and electrical resistivity, estimated from numerical

simulations for instants t, and ts, corresponding to the post burst region, is plotted in Fig. 4.8.
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Fig. 4.8. Post-burst behavior: Radial profiles mass density, electrical
resistivity of different meshes at three different time instances i.e. at voltage
peak (63.4 ns), just after the peak (t; =66.5 ns) and at pause (ts= 70 ns).
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It is to be noted here that the voltage is an indicative marker of resistance of overall wire
at any time instant, as the simulated current doesn’t change much during the explosion process
(Fig.4.6). Resistance of overall wire can be considered as parallel combination of resistances
offered by its different radial sections. Thus, the region of least resistance in the parallel
configuration of resistances; may have dominating effect on the voltage developed across the
wire. The region of least resistance is expected to be of relatively higher mass density and
current density. If these dominating regions of least resistance get transitionally disappeared then
it can cause a pause or even slope change in voltage profile. In addition to this, spread of high-
density regions in its vicinity also influences the radial distribution of mass density and its rate of
fall with time hence change in slope of fall in resistivity profiles as can be noticed in Fig. 4.8.
Therefore, it is inferred from simulation results that formation of a density front and its survival
till burst, is responsible for observing a pause in post-burst voltage profile. It is confirmed by
numerically simulating the radial profiles of mass density for wires corresponding to different
diameters which differ in terms of experimental observation of appearance of strong kink or no
kink as shown in Fig. 4.9. Simulation results (Fig. 4.9) show that a clear distinctive density front
is noticed for wires of diameter 20 um, 58 um, and 81 pum where a kink is observed in voltage
profiles. However, no structured density front is formed for wire of diameter 233 um but has
small radial perturbations till burst. Resistivity profiles shown in Fig. 4.9 indicates a transitional
decrease in the resistivity values (difference between maximum to minimum value near front) for
wires of diameters 20 um, 58 um and 81 um because of associated density fronts in these wires.
The non-uniform radial expansion of density and hence magnetic forces causes radial variation
in resistivity whereas energy deposition in high density regimes tries to mitigate this non-

uniformity.
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Fig. 4.9: Radial profiles of mass density for wires of diameters 20 um, 58 pum, 81 um and
233 um at 40 kV in upper graph. An expanded view of corresponding resistivity profiles is
shown in lower graph.

=

K % 58 um
120 - * K A 81pm
A W 233 pm

= 1004

g *K K

= A

1] K

= * K

S 80di---omemeeeee A

e .

; Threshold for appearance of kink.

E 60

e ] A

o~

= * A "

'S 40 4 u

2 [

e |

20 -
I I T I T T ' T N
6 8 18 20

10 12 14 16
Specific Energy (J/g)

Fig. 4.10: Specific power vs. specific energy

79



The data listed in Table 4.1 confirms that this post burst feature appears in voltage
profiles of those cases only where specific power exceeds 80-85 J/g/ns and this can be further
seen in Fig. 4.10, where specific power has been plotted as a function of specific energy. This
seems to be more important parameter than specific energy itself for bringing transitional
changes after burst.

Further, it appears, from presently determined experimental conditions under which kink
is observed and from results of numerical simulations, that if rate of specific energy deposition
over the complete wire is higher than the energy corresponding to thermal expansions of wire
then non-uniformities are expected to develop in radial mass density profiles, which in present
case seems to be happening for wire of diameter 58 um. In relatively thicker wires, for example
wire of diameter 233 um, the time of burst is relatively large and rate of energy deposition is
slower where there is more probability of uniform expansion till burst against the probable
transient appearance of density fronts. Thus, rate of specific energy deposition is an important
criterion to clarify the appearance of kink.

4.3 Results of Electron Density Measurement using Laser Interferometer

Laser Interferometer is employed to measure electron density distribution of exploding
wire radially as well as axially. Interferograms are recorded at two different time instants; one
prior to kink and other after the kink; to probe electron densities in shots where kink is observed.

Basic details of interferometer and methodology used for radial and axial electron density
measurement using single frame of camera are already elaborated in chapter 2. Exploding wire
plasma is assumed as cylindrically symmetric around the wire axis. The size of laser beam is
optically expanded to a diameter of 20 mm to probe the complete-wire length, but some portions

of interferogram on both the ends (near anode and cathode) are obscured due to load assembly
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components. Vertical axis of the interferogram (bottom to top) which is along length of the wire

is calibrated with respect to already known distance between anode and cathode.
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Fig.4.11: (a) Interferogram captured for exposure time of 14 ns till time of kink and (b)
Electron density profile inferred corresponding to interferogram in (a).
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Fig. 4.12: (a) Interferogram captured for exposure time of 14 ns till time of kink for second
shot repeated under same conditions, (b) Electron density profile inferred corresponding to
interferogram in (a).
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Fig. 4.13: (a) Interferogram captured for exposure time of 14 ns just after time of kink, (b)
Electron density profile inferred corresponding to interferogram in (a).
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Fig. 4.14: (a) Interferogram captured for exposure time of 14 ns just after kink for second
shot repeated under same conditions, (b) Electron density profile inferred corresponding to
interferogram in (a).

Interferograms are shown in Fig. 4.11 to Fig. 4.14 for explosion of coated copper wire of

58 um diameter at charging voltage of 35 kV. Corresponding radial and axial profiles of electron
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densities estimated by using the methodology discussed in Chapter 2, at centers of different
cylindrical shells, are also shown along with interferograms in each figure. Experiments were
repeated with same circuit parameters. Among the four interferograms shown in Fig.4.11- Fig.
4.14; Fig. 4.12 and Fig. 4.14 are repeated shots for same circuit parameters corresponding to Fig.
4.11 and Fig. 4.13 respectively.

The triggering of camera corresponding to start of frame exposure (14 ns) is
synchronized with time instants just before the kink (Fig. 4.11 and Fig. 4.12) and just after the
kink (Fig. 4.13 and Fig. 4.14). Since minimum frame exposure time of camera is 14 ns (due to
limitations of present camera), so these profiles of electron densities are time integrated over that
duration of exposure of camera before kink and after kink.

Electron density profiles differ in these cylindrical shells along length of wire; but not by
orders of magnitude; even in repeated shots (keeping all other parameters same). It was expected
in these experiments that electron density in both shots (before and after kink) repeated
independently can show some variation in electron density profile radially and axially because

plasma column formed in EEW could be prone to instabilities [54].

Table 4.2- Range of electron densities measured over the length of wire near wire

axis at fixed radii (2 pm and S pm) before and after instant of kink.

S.No. Till time of kink S.No. After time of kink
2 ym 5 pm 2um 5 pm
Shot 1 4x10%° m3- | 1x10%-7x10%® | Shot 3 4x10%° m3- | 2x10%-9x10%
(Fig. 4.11) | 1.2x10®* m™® m’ (Fig. 4.13) | 1.4x10% m? m’
Shot 2 5x10%° m3- | 1x10%®-6x10%® | Shot 4 6x10% m3- | 5x10%-8x10%
(Fig. 4.12) | 1.25x10®*m® | m® (Fig. 4.14) | 1.7x10%* m? m’
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Electron density is found in range of around 1x10%/m® — 1.7x10%° /m®with lowest at outer
most radius to highest at inner most core along the length.

From the results of experimental measurements of electron densities listed in Table-2, it
may be inferred that at closer distance to center viz. 2 um, electron densities do not differ much
but range of electron density is slightly higher at same radial distance (5 pum) after kink than

before kink hinting more electron density after pinch at this distance.
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Chapter-5

Experimental Investigations on Effect of Material Properties on EEW
Characteristics in Air and Vacuum

Energy deposition and its rate influence the temperatures and pressures generated in the
process of electrical explosion. These parameters also affect the development of instabilities and
hence non-uniformity in expansion of exploding wires plasma. Energy deposition and its rate are
crucial parameters in electrical explosion dynamics and in determining the utilization of
electrically exploding wires (EEW) for various applications like opening switches, radiation
emission, shock wave formation, and nano particles generation. In inertial confinement fusion
studies also, the specific energy deposited till time of implosion has a bearing on the residual
mass left in wire array and hence in contribution of radiation emission.

Various parameters which can influence energy deposition are temporal current profile,
polarity, geometry of load, surrounding medium, dimensions and material of wire etc. Among
these circuit parameters, the current rate and material of wire in a specific medium (with all other
factors kept fixed) can significantly drive mode of explosion [27], [30], [67], [69], [70], [84].
Slow and fast regimes with current rise rates of < 20A/ns and > 100A/ns, respectively [27], [30],
[84] have different explosion mechanisms. If energy deposited up to the burst is a significant
fraction of energy required for complete vaporization of wire then uniform and rapid expansions
are expected as reported in [65], [112]. However, at a specific current rate, mode of explosion for
wire in particular surrounding medium depends upon properties of the metal used [28], [65],
[67], [82], [112]. If parallel energy diverting channels are formed in the process of explosion till
burst then energy is not deposited uniformly across mass of wire [28], [76], [112]. It depends
upon properties of metal and surrounding medium which can support formation of these parallel
energy diverting channels.
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On the basis of similarity in electrical characteristics exhibited in explosion process,
metals are generally categorised into [83] two groups viz. refractory metals and non-refractory
metals or also referred to as “tungsten” group and “copper” group, respectively. However, based
on the characteristics mixed to both the groups shown by some metals (e.g. Fe, Ni, Pt and Pd),
Romanova et al. [67] have introduced a third category known as Nickel group. Tungsten group
comprises metals like W, Mo, and Ti whereas copper group includes Au, Ag, Al, Cu, Zn, Sn and
Cd etc. The former group metals have relatively higher boiling point and melting point along
with higher resistivity, and hence exhibit characteristic of earlier breakdown in desorbed gases
along the wire surface. Therefore, relatively lesser energy is deposited up to time of burst in
these metals especially in a surrounding medium where lower ionised parallel discharge channel
or corona is more supported and facilitated.

This chapter presents the experimental investigation carried out to understand the effect
of wire material on fast electrical explosion characteristics for high current rate of 90 A/ns in two
different surrounding media (air and vacuum). For this purpose, six metals Cu, Au, Al, Ti, Pd
and W covering a wide range of atomic numbers (low to high) and representing the three
different groups have been chosen. Dependence of electrical and thermophysical properties of
various materials on parameters linked with energy deposition is discussed. The parameters
which are considered for this study and related to deposition of energy are “specific energy
deposition, and overheating factor ‘K’; Here, ‘K’ is defined as the ratio of specific energy
deposited till burst to the enthalpy of atomization”. Other parameters which have been
considered are voltage profiles, burst current, time durations for various stages of wire explosion.
These time instants corresponds to the stages viz. time up to melting ty, and time of burst ty as

per reported work in [23], [24]. Timings for different stages are referenced with respect to the
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start of the current (or dl/dt) labelled as t,. Accuracy in measurement of time of different events
is decided by the sampling rate of oscilloscope and for all the results reported in present work, it
is 0.4 ns. Thus, error in t,-ty, tm-to is £ 0.8ns.

To have in-sight into the possible mechanisms involved in the explosion process, the
temporal profiles of optical emission have also been measured experimentally using streak
camera.

Dependence of energy deposition parameters on electrical and thermophysical properties
can be useful as a qualitative criterion for selection of metals in two different media for specific
application. Some novel and unconventional behavior observed in these experimental studies in
contrast to previously reported similar works [84], [85] are mentioned and discussed in this
chapter.

5.1 Effect of Electrical and Thermophysical Properties of Metal on Electrical Explosion
Characteristics

To understand the effect of thermophysical and electrical properties of metals on
electrical explosion characteristics and temporal profiles of optical emission in air and vacuum;
experiments have been conducted on wires of various metals including both refractory and non-
refractory type. The experimentally measured parameters used in predicting the behaviour of
EEWs and correlating these with electrical and thermophysical properties of metals are presented
in this section. The values of some general properties of metals utilized for this purpose are taken
from literature as given in Table 5.1. The metal Pd has been found to exhibit mixed electrical
characteristics of both groups in present experiments as also reported by Romanova et al. [67]
and hence categorized in third group. However in present work, trend of dependence of electrical

and thermophysical properties of Pd on overheating (specific energy deposition) is found to be
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closer to that of refractory group metals. So, for better explanation and understanding, it is

discussed along with refractory group metals.

Table 5.1: Material properties of wires under investigation

Metal | Resistivity at Melting Boiling Speed of sound Enthalpy of
Room Temperature | Temperature at Room atomization
Temperature [112],[113] [112],[113] Temperature [115] (kJ/mol)
and (K) (K) [114]
atmospheric (m/s)
pressure
(x10® Q-m)
[23],[112],[113
]
Non-Refractory metals
Cu 1.7 1358 3200 4760 339
Au 2.4 1337 3129 3250 368
Al 2.7 933 2792 6400 326
Refractory metals and Pd
W 5.6 3695 5828 5220 860
Pd 11.0 1828 3236 4680 377
Ti 41 1941 3560 6160 471

5.1.1 Electrical Explosion in Air

Experimentally measured parameters for six wires exploded in air medium at
atmospheric pressure are listed in Table 5.2. Further, the typical experimentally measured
resistive voltage profiles are shown in Fig. 5.1 (a). To mark the clear indications of time instants
up to melting and burst, the expanded view of voltage profile along with current profile for

copper is shown in Fig. 5.1 (b).
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Table 5.2: Observed experimental parameters for electrical explosion of wires in air.

5.1.1.1 Non-refractory Metals

Metal | t," (ns) | V,° Iy’ Ep' Eo’ Ey’ K | tmto | totm | teo
[£5ns] | (kV) (KA) @) (kJ/mol) | (1x 10 | factor | (ns) (ns) | (ns)
[£3%] | [£3%] | [x6%] | [*6%] eV/ [ |[x [£08 | [£2
atom/ns | 6%] |0.8ns] | ns] ns]
)
Non-Refractory metals
Cu 255 41 21 41.61 1207.5 49 3.6 180 75 170
Au 190 41.4 19 25.54 1063.8 58 2.9 140 50 127
Al 185 46 18 21.18 863.4 49 2.65 140 45 >10
3
Refractory metals and Palladium
W 200 24 13 23.7 919.2 48 1.06 130 70 109
Pd 250 37 17 32.34 11704 49 3.1 120 130 | 109
Ti 210 28 12 27.75 1196.8 59 2.54 71 139 | 111
1. t,: Time of burst;
2. V,: Peak Resistive Voltage
3. l,: Burst Current
4. E,: Energy Deposited up to burst
5. Eg : Specific Energy Deposited up to burst
6. E,:Time averaged energy deposited per atom up to burst
7. ty: Time of start of optical Emission

As listed in Table 5.2, the experimentally determined overheating factor (K) for non-

refractory group of metals Cu, Au and Al, display a monotonous reduction upon moving from

Cu to Al. This monotonically decreasing overheating factor follows the decreasing trend in initial

electrical resistivity from Cu to Al (Table 5.1 and Fig. 5.2). Similar kind of trend is also followed

with energy deposited up to burst and time of burst in these metals. Unlike a correlation of

overheating factor, energy deposited up to burst and specific energy deposited with the initial

resistivity, no correlation of these quantities with enthalpy of atomisation has been observed. To

the best of author’s knowledge, the examination of dependence of overheating factor on initial
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resistivity and enthalpy of atomisation particularly for explosion in air at atmospheric pressure
for the presently investigated metals has not been reported so far in literature.
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Fig. 5.2: Dependence of overheating on initial resistivity of non-refractory metals

considered

Present observed behaviour of non-refractory metals can be understood by considering
the two processes involved, one is the formation of parallel weakly ionised channels around the
wire and other is the energy deposition within the wire. Since these metals are highly conducting,
so the process of energy deposition is expected to dominate as major current is likely to flow
within the wire instead of parallel weakly ionised channels formed during the process of
explosion.

Temporal optical emission profiles have also been looked into for observing signatures of
such parallel channel formation. These optical emission profiles have been recorded in streak
mode of camera with total sweep duration of ~200 ns. Sweep rate of streak is set to be 100 ns/cm
with total sweep length of 2 cm and temporal resolution of 2 ns. The minimum spectral
sensitivity of photocathode in camera used is 20mA/W and sensitivity of camera is kept same for

all metal wires by using same neutral density filter of optical density 2.0 in front of focussing
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lens. The recorded optical emission profiles along with radial expansion profile of outermost
boundary of self-emitted light observed in these streak records is displayed in Fig. 5.3. The
obtained streak images (8 bit gray scale) are digitally analyzed to get the line intensity profiles
perpendicular to wire axis at different time instants. In these plots (Fig. 5.3), first point
corresponds to the instant at which light becomes discernible in streak image and intensity on
axis crosses the background level (dark) by a significant amount (minimum 2.5 times). The time
of start of optical emission with respect to start of current inferred from these plots are listed in
Table 5.2. It can be noticed from Table 5.2 that light emission starts much before the burst as
indicated in the streak images and corresponding graphs. Recently, Liu et al. [117] have also
reported temporal profiles of light emission in EEW of Al in argon gas at ambient pressures
using streak camera. In their reported work also, light also started appearing much before the
burst. This light appears to be arising due to weak ionisation of desorbed gases around the heated
wire. Diameter of this luminous pattern is obtained by marking the points at which intensity falls
at nearly 50% of its peak values.

Now as reported in earlier works [28], [68], [116] also, some portion of current can be
diverted in outer corona developed around wire apart from current flowing through the central
conducting part of wire. If major current flows for longer duration before current is diverted or
shunted in outer ionised channels till burst then more energy can be deposited in the wire. Since
non-refractory metals are highly conducting metals, it is expected for current to flow through
central conducting part instead of outer ionised channels for longer durations and contribute in
relatively more energy deposition. The occurrence of breakdown as inferred from the light
emission (Fig. 5.3 and table 5.2) is much before the burst for all the three metals. The occurrence

of breakdown much before the burst can be associated with the formation of weakly ionised
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channels. Further, the breakdown appears earliest for Al followed by Au and then for Cu (Fig.

5.3 and Table 5.2) with similar trend seen for the time taken from melting to burst. These facts
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can be related to their initial electrical resistivity, i.e. the higher initial electrical resistivity

implies earlier breakdown and the burst. Thus, it can be concluded that the duration for which
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energy deposition occurs can be elongated for non-refractory metal of lower initial electrical
resistivity.

Another inference drawn from radial profile of self-emitted light expansion is that sound
velocity (Table 5.1) in specific metal, which is highest for Al and lowest for Au, seems to govern
radial expansion of these channels in these metals (Fig. 5.3).
5.1.1.2 Refractory Metals and Palladium

As can be inferred from the Fig. 5.1, the rate of change in voltage especially from melting
to time up to burst and its peak value in metals of this group is smaller than that for the metals of

non-refractory group.
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Fig. 5.4: Comparison of experimentally observed overheating factor with (a) initial resistivity
and (b) Enthalpy of atomisation in Pd, Ti and W for EEW in air.

In contrast to non-refractory metals, in these metals, no consistent trend is found in time
of burst, specific energy deposited up to burst, and overheating with initial resistivity of metals
(Fig. 5.4 ().

Metals of this group seem to follow a trend of inverse relationship with enthalpy of

atomisation as shown in Fig. 5.4 (b). This behaviour can be understood by the processes which
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can influence the process of energy deposition. These metals have relatively higher resistances
and higher melting and boiling temperatures as compared to the non-refractory metals. The
higher melting and boiling temperatures with comparative values of work function of these
metals make them suitable for relatively higher surface thermionic emission of electrons than
other metals (non-refractory metals). All these factors along with presence of significant
desorbed gases can be a cause for earlier breakdown and diversion of energy from wire core.
This leads to lesser energy deposition till burst hence relatively lower value of overheating is
expected in these metals than that for non-refractory metals.

Further it may be noticed that the overheating in Pd is found to be little higher than that for
the two non-refectory metals Au and Al as well the two refractory metals W and Ti. The W has
least value of overheating among these metals. Possible reasons for lesser energy deposition in
Tiand W than Pd among these metals could be as follows:

1. Since W has highest melting point among these three metals so it is more likely to
expect earlier breakdown and current diversion in outer ionised parallel channels in
comparison to other two metals.

2. Since behaviour of resistivity is anomalous in Pd and Ti where resistivity decreases
with temperature during liquid heating [85], so it is expected that current would
continue to flow through cores of these metal wires for duration longer than that for
W.

Unlike that for the non-refractory metals, the experimentally observed trend for time

taken for start of optical emission as inferred from the temporal profiles (Fig. 5.3) of these metals

also does not exhibit any correlation with initial resistivity.
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This optical emission appears to be arising due to ionisation of desorbed gases around the
heated wire. In case of surrounding mediums like air or vacuum, expansion of metal vapours or
desorbed gases from wire surface can result in formation of weaker parallel conducting channels
in its surroundings. Apart from general conventional mechanisms of corona formation due to
desorbed gases, other possible mechanisms of current diversion are also reported [67], [114]
recently. These mechanisms indicate novel possibilities viz. breakdown in ambient gas
compressed by shock waves [114] and role of metastable expanded liquid [67] in formation of
corona and shunting channels in outer region of wire.

As weaker optical emission starts almost at same time instants in these three metals,
therefore, it is difficult to correlate differences in specific energy deposition up to burst for these
three metals from optical emission profiles. Further, it may be noted that the behaviour of radial
expansion of light emission for Pd is similar to that of non-refractory metals whereas that for W
and Ti, it differs significantly with no saturation and continuous expansion even after burst
indicating the diversion of electrical energy to outer ionised channels.

5.1.2 Electrical Explosion in Vacuum

Experimentally observed voltage profiles for all metal wires exploded in vacuum are
shown in Fig. 5.5 and various parameters obtained from the experiments are listed in Table 5.3.
One common feature observed for all the metals for parameters related to energy deposited up to
burst from Table 5.2 and Table 5.3 is that theses quantities are somewhat smaller for explosion in
vacuum than those for explosion in air.

Other experimental outcomes for metals of two groups are discussed separately as

follows:

96



5.1.2.1 Non-refractory Metals
Voltage profiles shown in Fig. 5.5 indicate that non-refractory metals show similar
voltage profiles as observed for explosion in air with sharp single peaks but time duration for

melting to burst is reduced considerably for explosion in vacuum (Table 5.2 and Table 5.3).
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Fig. 5.5: Voltage profiles of a) Pd, refractory metals: b) Ti& ¢) W and non-
refractory metals: d) Al e) Cu f) Au in vacuum.

Though the trend of time of burst is similar to that observed in air i.e. it is largest for Cu
followed by Au and then Al but this is not true for energy deposition (Fig. 5.6 (a)). Unlike that
for the explosion in air, the specific energy deposition in this case is largest in Au followed by
Cu and then Al. Also, the value this quantity for all the three metals decreased significantly by

changing surrounding medium from air to vacuum.
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Further, earlier reported work [84] on electrical explosion of wires in vacuum indicate

that overheating up to burst in metals of both the groups is inversely proportional to enthalpy of

atomisation for slow (20A/ns) as well as fast (120A/ns) explosions. However, this is not found to

be true for present case (Fig. 5.6 (b)) where current rate is of ~90A/ns. As may be noticed from

Table 5.1 and Table 5.3 that though the enthalpy of atomisation of Cu and Al does not differ

significantly, the overheating is significantly larger for Cu than that for Al (Fig. 5.6 (b)).

Table 5.3: Observed experimental parameters for electrical explosion of various metal wires in

Vacuum
Metal | t," (ns) |V, Iy Ev’ (9) Eg’ E,’ K | toto | totm | tsof
[£5 ns] (kV) (KA) | [x6%] | (kJ/mol) (Ix | factor | (ns) | (ns) | (ns)
[+ 3%] | [+ 3%] [+6%] | 107 [+ [+ | [ |[¥2
eVv/ 6%] | 0.8 | 0.8 | ns]
atom/n ns] ns]
S)
Non-Refractory metals
Cu 210 24 21 14.24 416 20 1.2 179 33 153
Au 170 34 18 12.30 512.2 31 14 154 20 135
Al 160 23 18 0.86 35.1 22 0.1 134 27 >84
Refractory metals and Palladium
W 120 27 11 6.16 239.2 21 0.3 -* -* 90
Pd 152 18 13 12.05 434.6 30 11 - - 92
Ti 83 15 7 2.66 115.2 14 0.2 - - >80
1. t,: Time of burst
2. V,: Peak Resistive Voltage
3. ly: Burst Current
4. Ey: Energy Deposited up to burst
5. Eg : Specific Energy Deposited up to burst
6. E,: Time averaged energy deposited per atom up to burst
7. ts : Time of start of optical Emission

*. Time instant corresponding to melting, is not observed distinctly
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Temporal optical emission profiles (Fig. 5.7) of these non-refractory metals are similar to
that observed for explosion in air except additional feature seen in Al. In case of Al, decrease in
radius of optical emission to a minimum is more significant in vacuum as compare to that in air
and also this reduction in radius initiates even before time of burst. Time taken to start optical
emission is smaller for metal with higher resistivity and expansion after burst appears to be
correlated with speed of sound in specific metal as in the case of wire explosion in air. However,
no correlation could be established between optical emission characteristics and energy
deposition parameters which need to be probed further in future work with other diagnostics
including imaging techniques.
5.1.2.2 Refractory Metals and Palladium

It can be noticed from voltage profiles shown in Fig. 5.5 that these metals exhibit quiet
different behaviour if surrounding medium is changed from air to vacuum. In case of these
metals, voltage does not remain at zero just after dropping down from peak but rather either rises
again to another peak or remains constant at fixed value for some time period (~200-300 ns).
This kind of second peak and a pause are observed in Ti and W, respectively, whereas for Pd the
voltage peak is quiet broad.

Overheating seems to follow an inverse relation with speed of sound in these metals as
observed for non-refractory metals in vacuum. However, exceptionally low overheating is found
in W even after having speed of sound in between Pd and Ti. This behaviour could be due to its
higher value of melting temperature leading to significant surface thermionic emission.

In W and Ti, overheating factor is less than one; indicating that the energy deposited in
these metals is less than that required for burst. Further, the total specific energy deposited for W

and Ti before the breakdown initiated is measured to be 239.2 kJ/mol and 115.2 kJ/mol,
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respectively, in present study, however, the same has been reported to be 724.2 kJ/mol and 358
kJ/mol, respectively, for W and Ti in literature [23]. Additionally, in the same literature [23] the
specific energies required for various phase changes like for melting (117.2 kJ/mol for W and
58.5 kJ/mol for Ti) and for initiating vaporization (191.7 kJ/mol for W and 108.2 kJ/mol for Ti)
have also been reported. The comparison of presently measured specific energy at burst with the
reported [23] specific energy for initiation of vaporization indicates that the breakdown in
present case starts just after initiation of vaporisation and much before the complete vaporization.
This might be attributed to earlier breakdown in desorbed gases.

Temporal optical emission profiles (Fig. 5.7) exhibit similar behaviour for these metals as
observed for explosion in air except for Ti in which light starts appearing much earlier than that
for other two metals. Though radial expansion in W is similar to that in air but reduction in
radius of this self-emitted light is relatively more profound. Parameters related with energy
deposition (Specific energy, overheating factor and time of burst) do not seem to have any
correlation with optical emission characteristics for explosion of these metals in vacuum as also
noticed for explosion in air.

5.1.3 Comparative Analysis of Overall Aspects of Effect of Material in Air and Vacuum

Now it can be inferred from the experimental results and analysis reported in previous
sections that formation of parallel discharge channel can influence the process of energy
deposition up to burst. It depends largely on material and its surrounding medium which can
support the occurrence of such energy diverting channels. Formation of these parallel ionised
channels at early stage in the process of wire explosion influences the energy deposited up to
burst. Earlier formation of corona or ionised channels are more probable in vacuum than that in

denser surrounding medium due to unrestricted expansion of desorbed gases with possible
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formation of a density gradient from wire surface to surrounding vacuum region. This causes
earlier shifting of current from wire core to low resistive outer ionised channels resulting in
earlier burst and hence lesser energy deposition up to burst in vacuum. This is also observed in
present work that all metals have higher values of overheating in air than in vacuum.

Formation of these parallel ionised channels is facilitated by availability of electrons.
Since, desorption of gases and emission of electrons both are relatively more profound in
refractory metals, so overall lesser energy deposition is expected in these metals than non-
refractory metals.

Based on the overheating data plotted against the sound speed in these metals (Fig. 5.8),
it appears that the relative decrease in overheating by changing surrounding media from air to
vacuum could be governed by the speed of sound in a particular metal.

In case of vacuum, no correlation of metals with initial resistivity and enthalpy of
atomisation have been observed. The reason for this difference can also be associated to the
apparent inverse relation of overheating to the speed of sound in these metals (Fig. 5.8). Thus,
difference in energy deposited up to burst can be attributed to differences in speed of sounds in
these metals.

The role of speed of sound can be understood by considering following reasoning. Since
expansion rate of metal can be related qualitatively to sound velocity after the start of phase
explosion process. Impurities and metal vapours eject out from the wire surface due to increasing
temperature of wire surface. Therefore, a boundary created between core and vapour acts as a
piston [28] which drives the surrounding vapour-gases, leading to a density gradient which with
time gets ionised and contributes in energy diversion process. Though, the value of sound

velocity is expected to vary with time during explosion process due to varying temperature and
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pressure but still this variation can be related to its initial values at room temperature as per the
semi-empirical relations reported in [118]. Estimation of spatial and temporal profile of energy
deposition, temperature and pressure in different wire segments being a complicated process, the,
initial sound velocity is considered as qualitative marker for present analysis. Thus, finally it
appears that relatively higher value of sound velocity in a specific metal in vacuum contributes
for faster switching of current to outer parallel ionised channel in vacuum in addition to all other
properties responsible for formation of such channels in air. In case of Al, substantial decrease in
overheating factor is observed in vacuum in comparison to that in air. Highest value of speed of
sound among considered non-refractory metals make it more susceptible for development of
ionization channels in surface evaporated metal vapour.

Finally the experimental outcomes can be outlined as:

1. Specific power, which takes into account the time of energy deposition (defined as time
averaged energy deposited per atom up to burst) and overheating in all metals is observed
to be reduced in vacuum as compared to that in air (Table 5.2 and Table 5.3).

2. Inair as surrounding medium, specific power averaged over time of burst appears to be
of same order for all metals from both groups (Table 5.2) but values of burst current are
smaller in refractory metals except that for Pd. Three parameters which seem to be of
considerable importance in generating high energy density plasma are overheating factor,
burst current and specific power, respectively. These three parameters are larger for Cu
and Au and least for W among the materials investigated here.

3. Au is found to be best among all metals here in both the media after considering above
three important parameters (burst current, specific power and overheating factor) whereas

Ti and W have least values of these parameters in vacuum and air, respectively.
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4. Minimum value of specific energy deposition is found for Al with highest speed of

sound.
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Fig. 5.8: Comparison of experimentally observed overheating factor
with speed of sound in all metals in both mediums
5.2 Summary

Experimental study is carried out to look into the effect of material on fast electrical
explosion characteristics in vacuum as well as in air. Experimentally observed behaviour is
analysed and discussed in detail with possible causes. Metals from three groups; non-refractory
metals (Cu, Au and Al) and refractory metals (Ti, W) and Pd are considered for this study. Since
the trend in energy deposition parameters (Specific energy deposition, overheating factor and
time of burst) for Pd is similar to that of W and Ti, so it has been discussed with refractory
metals. Distinct behaviour is observed for overheating in non-refractory and refractory metals
along with Pd; for former, it is seen to be dependent upon initial resistivity and for later, on

enthalpy of atomisation; for explosion in air.
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Temporal optical emission profiles of self- emitted light are also experimentally recorded
which have been used to look into the formation of parallel outer ionised channels. Correlation of
energy deposition parameters has been established with these profiles for non-refractory metals
in air. Though similar characteristic behaviour for radial expansion profiles of all metals have
been observed for explosion in vacuum also, but no correlation with energy deposition
parameters has been seen for EEW in vacuum. Such behaviour of EEW in vacuum needs further
detailed investigations.

An interesting and novel experimental outcome that is observed for explosion in vacuum
is the importance of role of speed of sound in influencing the specific energy deposition and
hence the overheating in specific metal till burst. In present study, speed of sound seems to be a
dominating parameter in the process of formation of outer ionised channels in vacuum which
indicates a distinct aspect which needs to be considered for responsible mechanisms of energy
diversion.

Overall study concludes that Au is the most efficient among all the metals studied for
energy coupling in electrical explosions under both the media for current rate of about 90 A/ns
with present circuit parameters. These experimental results might be helpful in selection of

metals and also in understanding the role of material properties in the process of wire explosion.
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Chapter 6

Effect of Electrically Exploding Wire Configuration including X-pinches on
Emission of X-rays

Experimental investigations to observe the effect of current rise rates, wire material, its
diameter, and surrounding medium (air, vacuum and insulating medium) on electrically
exploding wire behavior have been discussed in Chapter-4 and Chapter-5. These studies are
useful in optimization of circuit parameters for efficient energy coupling in wire explosion
process leading to enhancement in temperature of exploding wire plasma and hence in radiation
emission. Earlier chapters were focused to a fixed and basic fundamental configuration viz.
single exploding wire. This chapter presents effect of different wire configurations on X-rays
radiation emission. First section describes all wire configurations which have been employed for
present study. Since experimental study [73] as mentioned in chapter-4 suggests that insulating
coating enhances specific energy to be deposited in single exploding wire. Therefore, after
assessing the performance of different wire configurations, experiments have been carried out in
X-pinch geometry; in which radiation emission is observed in X-rays range and the effect of
insulation coating on X-rays yield has also been investigated. Experimental methodology, results
and their analysis is discussed in different sections of this chapter. Finally, work is summarized
in last.

6.1 Wire Configurations

Source of radiation emission in electrically exploding wire plasma column is interaction
of charged particles with electric field [47], hot spots formation due to magnetohydrodynamic
instabilities [46] and plasma compression or pinching [7], [9], [16], [17]. Apart from basic
configuration of single wire in EEW, cylindrical wire arrays and X-pinches have been most

commonly used as pulsed radiation sources. Cylindrical wire arrays are generally used in pulsed
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power systems with very high current rates (> 1kA/ns). For X-pinches also, a threshold value of
current rate was reported in earlier studies [9], [95] which claimed that X-rays can only be
emitted from X-pinches if current rise rate exceeds 1 kA/ns. However, X-rays have been
observed in X-pinches with very lower values of current rising rate in some recent studies [86],
[93]. Present study tries to investigate possibilities of radiation emission from various new
geometries of EEW designed with the expectations of radiation emission by adding probable
locations for formation of hot spots or also by enhancing the local magnetic field and by
modifying conventional X-pinches.

For X-pinches, earlier reported experimental work [9], [10], [95] indicate its various
stages which are responsible for emission of X-rays. Based upon these reported works,
mechanism involved is discussed here in brief. At crossing point of X-pinches, current (1) from
each of the wires add up in proportion to the number of wires i.e. total current of n x I for ‘n’
number of wires at crossing point in X-pinch. This enhanced current results in magnetic pressure
which is proportion to the square of number of wires and becomes n? times to that of single wire.
This enhanced magnetic pressure at crossing point compresses the plasma to create localized
pinching (radial compression). This compressed narrow plasma column is prone to instabilities
and regions of high density and high temperatures are formed. Formation of hot spots in this
plasma column becomes the source of radiation emission. As this narrow pinching column
disrupts, it results in formation of mini diode. In this mini diode, charged particles (ions and

electrons) experience the electric field and hard X-rays are emitted.
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Fig. 6.1: Schematic of various wire configurations

Various configurations by placing wires in different geometries experimented in this
work are shown in Fig. 6.1.

In Fig. 6.1(a), single wire of length 15 mm is considered for comparative study to other
configurations (Fig. 6.1 (b)-(e)). Fig. 6.1(b) corresponds to a configuration in which two wires
are twisted and aligned vertically straight in the load with same length as for single wire in Fig.
6.1(a). Design of this type of load (Fig. 6.1 (b)) was based upon anticipation of multiple points of
sources of radiation which might develop due to instabilities at weaved crossing points. In Fig.
6.1 (c), two or four wires have been used. This configuration is attained by first soldering two
ends of wires in diametrically opposite holes in one of the electrodes (Anode in present
experiment; shown as lower plate in Fig. 6.1(b)); subsequently these wires are stretched by
another single wire which is folded at centre and it’s both ends are soldered in one hole of other
electrode (here, Cathode) to form one half of X-pinch. Lengths of wires are chosen so that cross
point comes at center of the gap between electrodes. This type of configuration which is like half
X-pinch was designed to compare it with the radiation emission with normal symmetric X-pinch
configuration because as per the suggested mechanisms involved in X-pinches [9], [119]; some
fraction of radiation yield also is expected to come if hot spot formation take place by neck

implosion at crossed point and outflow of matter in the axial direction in present configuration

(Fig. 6.1(c)).
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Fig. 6.1(d) is typical configuration used for X-pinches. In this study, two wires have been
used initially. Further, the effect of increasing number of wires from two to four on radiation
yield, have also been observed.

Design of Fig. 6.1(e) is another configuration of X-pinches with two wires is each arm
(instead of single wire as in conventional X-pinches) of ‘X’ geometry. Though Fig. 6.1(¢)
corresponds to a similar configuration as that of X-pinches in equal mass at crossed point with
four wires aligned in azimuthal symmetry but it differs in orientation of its arms. In present
geometry, two wires passing from same hole are used in one arm and such two arms with four
wires in total make cross point of X-pinch. In contrast to conventional configuration of four wire
X-pinches (each wire from different hole), present configuration was designed to realize the
significance of orientation of branches in X-pinches with same mass at crossed point. Gap
between two plates (cathode and anode) is kept fixed at 15 mm. Angle between wires; which
make arms of X-pinch based configurations; is kept fixed at around 86°. Charging Voltage is also
kept fixed at 38 kV to keep constant value of rate of rise of current of about 0.08 kA/ns for all
configurations. Wire material in each configuration is also kept same viz. Mo for being high Z
metal; suitable for X-rays emission. Though the comparison of radiation emission has been made
for same metal wires of Mo but other metals like W and Cu are also experimented later in the
configuration of X-pinches; in which significant X-rays emission has been observed. Effect of
mixing of two different metals (each arm of different metal in X-pinch) on X-rays radiation
emission is also experimentally observed. These experimental studies have been carried out in

vacuum of 5-6 x 10™ mbar range.
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6.2 X-rays Detection Methodology

Si-PIN diodes along with filters are used to detect X-rays in different energy ranges. Its
details along with the measurement technique for obtaining the radiation yield for a specific
range of energy have already been discussed in detail in section 2.1 of chapter 2. Foils of
different metals with varying thicknesses have been used as filters to estimate range of energies
of emitted X-rays. Different filters used in this study are in-house designed using the foils of Al
with thicknesses of 6.5 um and 9 pm, Be and Ti with thicknesses of 50 pm and 12.5 pm
respectively. Range of energy which can be detected using these filters are tabulated in Table 2.1
and shown in transmission curves [120] in Fig. 2.5 in chapter 2.

Qualitative comparison for intensity of emitted radiation for specific range of energy is

carried out by using the output signals of PIN diodes mounted in front of specific filters.

6.3 Experimental Results and Analysis

Initially, PIN diode signals recorded in oscilloscope have been used as an indicative

marker for studying the effect of configuration on emission of X-rays in specific range.
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Table 6.1: Details of experimental circuit parameters and PIN diode signals

S.No. Wire Configuration of PIN diodes output (V) along with Energy range
Material EEW load timing of emission (ns) with respect (E)
with corresponding to to start of current correspondin
diameter | following Figure gto PIN
of 13 um diode with
filter output
(keV)
. -1.9V @1.92 ps with filter of Al 1.7 >E>0.7 &
1 Mo Fig. 6.1 (2) (6.5 um) E>2
o 1.7>E>0.7 &
2 Mo Fig. 6.1 (b) -0.8 V @2.33ps with filter of Al (6.5 | g>2
T pm).
3 Mo Fig. 6.1 (c) No X-rays registered. |
1.7>E>0.7 &
7 V (Saturated) and 335 V |E>2
(Saturated) @ 363 ns with filters of
Fig.6.1(d) |Be(30 um) and AlG5 pm)|E>13
(Two wires) respectively followed by -7 V and -
4. Mo 4V @ 460 ns in filters of Be(50pm)
and Al(6.5um) respectively.
: -13 V (Saturated) @ 522 ns and LoE0T &
5. Mo Fig. 6.1 (d) . . E>2,
. @572ns respectively with Be (50
(Four wires) m)
H E>1.3
6.
Mo Fig. 6.1 (e) No X-rays registered. | T
Fig.6.1 () | | e
7. Al & Mo | (One Alandone | No X-rays registered.
Mo wire)
Fig. 6.1 (d)
8. Al & Mo (Two Al & two | No X-rays registered. | —=—==mmmm-
Mo wires)
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Since rate of change of current (dl/dt) can give clear and better indication for time of
burst, thus dl/dt signals along with PIN diode signals are considered for qualitative examination
of X-rays emission in different configurations of exploding wires as shown in Fig. 6.2. Noise in
dl/dt signals at initial stage is caused by the electromagnetic interference associated with the
closing of spark gap at higher charging voltages and also due to close vicinity of oscilloscope to
experimental set-up. The corresponding experimental data along with details of wire material, its
diameter, time of burst and filters used are tabulated in Table 6.1. Time of X-rays emission is
different than the time of burst as can be inferred from PIN diode signals and also mentioned in
Table 6.1.

It can be noticed from experimental results (Table 6.1) that the significant radiation
output is obtained only for X-pinches (Fig.6.1 (d)) in contrast to other considered configurations.

By Further experimentation extended on X-pinches by making use of wires of dissimilar
metals in present study, it has been inferred that X-pinches made up of wires of one metal only,
could emit X-rays with present system. Different possibilities have been worked out. For
example in one of the experiment, one wire of Al and other of Mo has been used to make an X-
pinch of two wires. In another experiment, two Al wires and two Mo wires with same diameter
have also been used to make an X-pinch of four wires. Results indicate that X-pinches made up
of either two or four wires using two different metals viz. Mo and Al are not capable of
generating X-rays (Fig. 6.2 and Table 6.1) with present circuit parameters. It appears that this
type of study of using different metals in X-pinch requires more detailed investigations.
However, X-pinches made up of two or four (same metal) Mo wires have always emitted

radiation in X-rays range (Fig. 6.2).

114



Another inference in respect of number of wires from X-pinches is that X-pinch with
only two wires is most efficient in radiation emission in comparison to X-pinches with higher
number (Four or six) of wires (Fig. 6.2 and Table 6.1). Similar result has also been observed for
W metal (Table 6.2). This might be because of lesser mass in case of two wires, at crossed point
in X-pinches, which is more suitable to achieve compression with present rate of current rise.

X-pinches (Fig. 6.3) of W wires have also been found to be capable of generating
significant X-rays yield (> 200 mJ) for E > 1.3 keV. In all cases of X-pinches in which

significant X-rays yield has been noticed, are estimated and tabulated in Table 6.2.
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Fig. 6.3: dl/dt and PIN diode signals with different filters as mentioned in inset for X-pinches of
two W wires
6.4 Effect of Insulation Coating on X-rays Yield of X-pinches
Efforts have been made to look into the effect of insulation coating on radiation emission
in X-pinches. It is interesting to observe that X-pinches made up of two W wires overlaid with
silicone-based lubricant resulted in significantly enhanced X-rays yield than X-pinches made of

either two or four bare W wires.
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Table 6.2: X-rays yield estimated using different types of X-pinches
X-pinch Configuration Filters (Metal of foil Source X-rays Yield Energy Range (keV)
and its thickness) (mJ)
Two bare 13 um W Be (50 um) 240.82+2.4* E>1.3
wires Al (6.5 um) 117.92+11.7* 1.7>E>0.7 & E>2
Two coated 13 umW | Be (50 um) 313.98 E>1.3
wires
Ti (12.5 um) 175.40 5>E>238
Al (6.5 um) 493,51 1.7 >E>0.7 & E>2
Two coated 13 um W | Be (50 um) 305.2 E>1.3
WIres Ti (12.5 um) 85.5 5>E>28
Al (6.5 um) 231.6 1.7 >E>0.7 & E>2
Four bare Mo13 pum | Al (6.5 um) 22.15 1.7 >E>0.7 & E>2
WIres Be (50 um) 37.82 E>1.3
Two bare Mo 13 um Be (50 um) 101.06 E>1.3
wires
Al (6.5 um) 129.30 1.7 >E>0.7 & E>2
Two coated Cu 20 um | Ti (12.5 um) 50.25 5>E>28
WIres Al (6.5 um) 677.48 1.7 >E>0.7 & E>2

*= Contribution in X-rays yield due to extrapolation

These shots have been repeated and, in each shot, experimentally observed signals for X-

pinches of coated wires resulted in enhanced X-rays yield as compared to that of bare wires X-

pinch. The comparative results for different wires are listed in Table 6.2 and oscilloscope signals

for one experiment using two coated W wires is shown in Fig. 6.4.
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Fig. 6.4: Rate of change of current and two PIN diode signals observed in oscilloscope
for X-pinch of two coated wires of W. Pin diode signals are truncated due to saturation
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6.5 Summary and Conclusion

Experimental study has been carried out to look into the effect of various wire
configurations on X-rays vyield. It has been observed that wire configurations in X-pinch
geometry (made of wires of same metal (e.g. Cu, W and Mo) can yield significant X-rays with
present setup of moderate current rise rate (~0.08 kA/ns). Another inference drawn from
experiments on various designs of configurations is that arms of X-pinch are of significant
relevance to contribute in the process of radiation emission. For instance, no X-rays have been
observed in Fig.6.1 (c) and (e) in spite of having same mass at cross point (except the orientation
of arms) as in X-pinches (Fig. 6.1 (d)) of four wires. This might be because of introduced
asymmetry in configurations, which might have affected the magnetic field orientations at cross
point and made the conditions unfavorable for pinching to occur and hence the formations of hot

spots.
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X-pinches of two wires yield more radiation in comparison to those of four wires. This
might be because of lower mass at crossed point in X-pinch of two wires as compared to that for
four wires, with present values of rate of rise of current, suited more for compression of plasma
at crossed point in X-pinches. Efforts have also been made to observe the effect of coating on
radiation yield because extra energy deposition till burst is seen for coated single wire in our
earlier work as mentioned in chapter 4. Bare W wires of 13 pum were overlaid with silicone-
based lubricant and it was interesting to observe that X-pinches made up of two coated wires
resulted in enhanced yield of X-rays by approximately 1.3 times for energy of X-rays > 1.3 keV.
This enhanced yield in X-pinches made up of coated wires might be because of limited

expansion of exploding wire plasma.
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Chapter 7

Conclusion and Future Scope of Studies

7.1 Conclusion

The present thesis reports the detailed investigations carried out to optimise the various
experimental parameters for efficient energy coupling in EEWSs. Experimental parameters which
have been considered are rate of current rise (25-90 A/ns), wire diameter (20-233 um),
surrounding medium (insulating coating, air and vacuum), and wire material (Au, Cu, Al, W, Ti
and Pd) for single wire explosion. Different geometrical configurations including single as well
as multiple wires; as load; have also been experimentally probed to investigate the effect of
geometry in wire’s configurations on the probability of radiation emission in X-ray range using
present compact pulsed power source of moderate current rise rate (~ 80 A/ns).

The experimental investigations have been carried out by employing various diagnostics,
out of which some have been developed as a part of this work to measure electrical, optical and
X-rays emission characteristics. Electrical diagnostics have been used to measure temporal
profiles of current in circuit and voltage across the load. Current and voltage profiles are used for
estimating temporal profiles of energy, and also to predict time instants for various stages of
explosion viz. melting and burst. Experimental outcomes which have been considered for
analysis and derived from estimated energy are specific energy, overheating factor and averaged
specific power up to burst. Temporal profiles of optical self-emission, which have been
registered using a streak camera, have also been considered for analysis to look into probable
mechanisms involved in explosion characteristics of different metals.

To examine the effect of surrounding medium on explosion characteristics of different

metals, experimental study is carried out for two surrounding mediums viz. air and vacuum.
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Efforts have been made to establish a correlation of the quantities like specific energy,
overheating factor and time of burst derived from electrical measurements and optical emission
characteristics like time of start of optical emission, temporal profiles of expansion of outer most
boundaries with a-priori known metal properties (initial electrical resistivity, enthalpy of
atomisation and speed of sound).

Electron density profiles, being an important parameter to be considered to understand
the dynamics involved in exploding wires, have been measured experimentally. Mach-Zehnder
laser interferometer has been developed and implemented for measuring spatial as well as
temporal electron density profiles in pulsed plasmas [96]. Further, to measure the ion flux,
another useful parameter, Faraday cup has been designed and developed [98].

In initial experiments, single copper wire was examined to observe the effect of
polyimide coating of around 36% of basic metal diameter for explosion in air. Specific energy is
found to get enhanced in coated wire of diameter 136 um (with the metal core diameter ~100
um) by nearly 45-60% [73] in comparison to bare wire of 100 pum diameter for capacitor
charging voltages in range of 16-40 kV. Thus, insulated copper wires (with coating of around
36% of basic diameter) have been characterized further for varying current rising rates (~25-90
A/ns) and wire diameters (20-233 um).Experimental trend observed for specific energy and time
of burst for varying diameter seems to support evaporation wave theory of wire explosion
process for present experimental set-up. Evaporation wave theory for transforming conducting
metal to non conducting vaporised state was proposed initially by Bennett [52] and later used by
Tkachenko [30] et al. and Rakhel [53] which assume evaporation wave to initiate from surface of

wire and travels to its core axis.
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In this quest, it has been concluded that both the charging voltage and insulation coating
can enhance specific energy for this range of circuit parameters (wire diameter, current rising
rates) which might be due to their limited expansion (due to coating) and faster rate of energy
deposition (higher current rising rates). This behaviour was more prominent especially for
thinner wires with increasing charging voltage [73]. Further experiments were carried out to
observe exploding wire behaviour of thinner wires (20-81um) at enhanced current rates (72-96
A/ns). A distinct post burst feature or a pause has been marked in voltage profiles of these
thinner wires for current rising rates beyond a threshold value which is specific to wire diameter.
Though such kind of post burst feature has also been found to occur in voltage profiles of earlier
reported works [31], [59], [67], [81] but it has not been pointed out and investigated in detail.
This feature of pause has been found to be reproducible with specific circuit parameters and has
been investigated experimentally as well as through numerical simulations. Based on our study,
it has been inferred that the formation of a density front till burst is responsible for appearance of
this signature in voltage profile. It is also concluded that time averaged specific energy which is
also termed as “averaged specific power” is more important than specific energy for influencing
the dynamics of exploding wire plasmas. It has been seen that this feature appears for shots in
which averaged specific power exceeds a threshold value. For present case, this kink or pause
after burst appeared in all those shots of copper wire explosion in air, in which averaged specific
power exceeds a value of around 80 J/g/ns [80]. Efforts have also been made to measure spatial
profiles of electron densities at different instants viz. before kink and after kink. It is observed
that electron density remains around 10%°/m*® —10?° /m® and decreases from inner wire core to

outer surface.
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Another important outcome of the present experimental work is that the action integral
which is generally taken as constant in predicting the time of burst for a specific diameter at first
peak value of capacitor discharge current; varies with thickness of wire and current rising rates,
in agreement with already reported theoretical work [50], [79].

After looking into detailed investigations on effect of coating, diameter, current rising
rates on the explosion characteristics of a specific metal (copper), the effect of material covering
low to high atomic number metals viz. Au, Cu, Al, Ti, Pd and W belonging to different groups
(on the basis of their electrical explosion characteristics) on the explosion behaviour has been
studied. Efforts have been made to establish a comparative qualitative criterion for efficient
energy coupling in explosion process of different metals considering certain known thermo
physical parameters of metals like initial resistivity, sound velocity in metals at room
temperature, and enthalpy of atomization. However, while exploring the effect of properties of
material in electrical explosion, the role of the surrounding medium being an important
parameter has also been considered; to have a comparison on behaviour of different metals with
respect to the media confining it, including vacuum. In this direction, a comparative study for
wire explosion characteristics for different metals is carried out for explosion in air as well as in
vacuum. The experimental data on electrical characteristics up to burst are analysed and their
dependence on electrical and thermophysical properties of used materials is investigated.
Additionally, the temporal profile of optical emission is also investigated to have an insight for
probable mechanisms involved.

This type of comparative study for different materials in both; air and vacuum; as
surrounding media is rarely reported. Some novel experimental outcomes reported for the first

time to the best of author’s knowledge in the present work are mentioned as follows.
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I. The effect of material properties (initial resistivity and enthalpy of atomisation) on
overheating of EEW in air
ii. Some unconventional behaviour of EEW of these metals in vacuum as indicated by
present experimental data as compared to those reported in previous such works.
iii. Contribution of speed of sound in diverting energy deposition in different metals
while changing surrounding medium from air to vacuum.

It has been found that despite displaying distinct dependency on material properties by
two groups of metals (refractory and non-refractory) for explosion in air, the dependency on
these in vacuum is more or less similar except that for W. Three parameters namely overheating
factor, burst current and specific power plays an important role in generating high energy density
plasma which have been found to be larger for Cu, Au and least for W among the materials
investigated here for wire explosion in air. However, the same parameters for explosion in
vacuum are highest for Au and least for Ti. Among these metals, overall behavior of Au has been
found to be most favourable for efficient energy coupling irrespective of surrounding medium.
The outcomes of this study are useful in selection of materials for a specific application
depending upon energy deposited in wire exploded in a particular medium.

Finally, experiments are also carried out to observe the effect of configuration of wires
for same capacitor bank parameters on X-rays yield. X-rays yield and their energy is measured
using PIN diodes along with foil filters of various metals. Some new configurations along with
typical configurations like single wire and X-pinches are also investigated. It has been found that
at present range of moderate current rates (80-85A/ns), only conventional X-pinches can yield
(>100 mJ) radiation in X-rays range (for energy>1.3 keV). Further, efforts have been made to

enhance X-rays yield in X-pinch configuration by varying number of wires and using insulation
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coating on wires. It has been observed that the X-pinches with only two numbers of wires yield
comparatively more radiation of X-rays than higher number of wires for present circuit
parameters. Coating of silicone-based lubricant on W wires also helped in achieving significantly

higher yield than X-pinches made up of bare wires.
7.2 Future Scope of Studies

Exploding wire has long been the topic of interest for high energy density physics
research not only due to its wider range of applications but also due to involvement of intriguing
dynamics. Due to dependencies on multiple intercorrelated parameters and involvement of
various thermal as well as magnetohydrodynamic phenomena; understanding of mechanism of
electrical explosion still needs more efforts. There is no uniform theory for explosion
mechanisms but observation of transverse striations is typical in EEW. However, new
advancement in instrumentation technology and theoretical simulations predict the density and
temperature variation in axial direction resulting to formation of strata like structure in EEW
[31], [59], [67], [121], [122].

In present work also, MHD simulation infer about non-uniformities in densities in radial
direction which are dependent upon the rate of energy deposition till burst. Growth of the
thermal instabilities in axial direction as per earlier reported theoretical work [121], [122]
depends upon material properties like rate of change of resistivity with temperature or material
density. The implementation of advanced diagnostic techniques such as shadowgraphy and
schileren imaging could be quite helpful in understanding the physics involved in explosion
dynamics. Recently reported [28], [67] hollow core (tubular) structure has also been a matter of
investigation for probing the complicated core structures for variable range of experimental

parameters. In future studies, experiments shall be carried out to correlate energy deposition
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characteristics with properties of metals accompanied by investigations using imaging
diagnostics (shadowgraphy and schlieren) for the comprehensive analysis of thermal instabilities.

During the course of this work efforts have been made to understand the dependence of
various interdependent parameters on energy deposition characteristics and various correlations
have been established with some commonly known material properties. Even with simpler
diagnostics, some interesting and new outcomes have been explored at pulse power system of
moderate current rate. However, it has been found that detailed analysis of exploding wire
dynamics can reveal many intriguing and interesting outcomes. Imaging techniques can prove to
be more useful for further investigations on spatial and temporal density profiles in exploding
wire plasma in two different mediums. Electron density measurement technique is to be
improved further for enhancing fringe contrast and spatial resolution of fringe profiles to detect
the fringe shift with better accuracies. Experimental results of present study may prove useful for
efficient energy coupling not only in metal wires but also for deuterated polyethylene fibers,
which can be used for generation of pulsed neutrons for different applications. Developed pulsed
plasma diagnostic techniques like laser interferometer, faraday cup shall also be used for
characterization of different pulsed and pinch plasmas like spark gap plasmas, electric
discharges, EEW or X-pinches of metal wires, as well as of polyethene deuterated fibers.

In present work, X-rays yield has been observed for X-pinches at relatively much lower
current rising rates (80 A/ns) as compared to that reported in most of the earlier experimental
work [9], [95], [119]. This work shall be extended further for understanding the pinching
mechanism and enhancing the yield of pulsed X-rays using easily configurable compact pulsed

power systems.
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