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Abstract

Wire array z-pinches provide an accessible means to research plasmas of high density and

temperature and have valuable applications in the fields of inertial confinement fusion (ICF),

astrophysics, and radiation studies. The purpose of this work is tungsten/aluminum z-

pinch study and to aid in the development of diagnostics for tungsten x-ray radiation from

a high-energy-density (HED) plasma, while exploring possible applications to hohlraum-

based ICF research. The z-pinch experiments were primarily carried out on Zebra, the

1.0-1.7 MA pulse power generator located at the University of Nevada, Reno (UNR) Physics

Department’s Nevada Terawatt Facility (NTF), which creates plasmas with typical radiation

emission quantum energies up to 2 MeV. This radiation is studied using an extensive suite

of diagnostics, including optical imaging systems, x-ray detectors, spectrometers, and more,

which yield both temporal and spatial information in the spectral region between 0.01 keV

and 2 MeV.

This work also includes the results of research into a new and interesting phenomenon in

z-pinch plasmas called bubbling. Specifically, planar wire arrays with relatively large inter-

wire gaps where tungsten is placed in the center of a load configuration composed primarily

of a single row of aluminum showed unusual characteristics. These loads are shown to

generate an effect in which plasma from the ablation of outer aluminum wires is temporarily

hindered from converging at the center of the array where the tungsten wire is located. A full

investigation of this effect and possible applications to radiation pulse shaping, particularly

with multi-planar arrays, are also discussed. A large number of other z-pinch x-ray radiation

pulse shaping experiments with combined tungsten/aluminum planar wire arrays are also

surveyed in addition to those included in the bubbling effect study. The generation of pre-

pulses, or small radiation bursts prior to the primary x-ray radiation peak, is important
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for driving hohlraum-based ICF loads. Additional experiments also explored methods for

generating absorption spectra from z-pinch loads without the use of an external source by

placing a single Al wire at the end of a W single planar wire array, which allowed the W

M-shell emission to act as a semi-backlighter for K-shell Al absorption lines.

Data from other types of sources were also included in this study for the purpose of bench-

marking and comparison, including experiments carried out on an electron beam ion trap

at Lawrence Livermore National Laboratory (named EBIT-I). The EBIT data in particular

was useful for the benchmarking of a model that was developed for M-shell W spectra, which

utilizes the Theoretical Hebrew University Lawrence Livermore Atomic Code (HULLAC).
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Part I

Introduction

University-scale generators offer a useful opportunity to investigate plasma properties in a

cost-effective manner, while simultaneously educating students. These smaller experiments

can also often be scaled or directly applied to research at much larger facilities, particularly

national laboratories where repetitions of a single experiment can cost upwards of tens or

even hundreds of thousands of dollars. The wealth of information that can be generated

at the university scale is by no means small, however, and full suites of diagnostics provide

the capability to rigorously investigate the generated plasmas. The devices used for these

diagnostics are often developed at the universities where these laboratories exist and are

then often also adopted or utilized in larger facilities. By providing these diagnostics and

the plethora of information that’s available through them, these smaller facilities play a

crucial role in solving the vast puzzles involved in fusion research. Connecting the results

of many different experiments and diagnostics can result in a far deeper understanding of a

particular problem than by focusing on one set of data alone. For example, spectroscopic

analysis provides a plethora of information about the interactions of free electrons in a plasma

and can be used to infer temperatures, densities, and opacity properties of an experiment,

but gives vague representations of the structure of the plasma column itself, which is better

investigated by pinhole imaging or shadowgraphy. A humble attempt at piecing together

the many pieces of a puzzle is presented here, specifically to investigate the properties of

highly ionized tungsten (W).
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1 Overview of Research

Tungsten has been an extensively studied topic of interest at Sandia National Laboratory

(hereafter SNL) since 1998 when they showed the ability to produce X-ray power yields

up to 200 TW and energies to 2 MJ (Spielman 1998, Deeney 1998), although the first x-

ray spectra of M-shell W were produced in exploded-wire experiments more than 30 years

ago (Burkhalter 1977). A large amount of research (Cuneo 2002, Cuneo 2005) has been

devoted to exploring W plasmas, particularly in the high energy density (HED) regime

characteristic of z-pinches, due in part to its high strength-to-weight ratio and opacity. Not

only is it practical and easy to work with, it has proven to be an efficient radiator at the

plasma temperatures and densities commonly found in large pulse pinch devices (Spielman

1998). Tungsten is also a topic of interest in magnetic fusion applications due large to its

low erosion yield from plasma particle bombardment. This makes it an ideal candidate

material for plasma-facing walls in tokamaks. The risk of contaminating the fusion plasma

is still rather high, however, but there are both benefits and dangers associated with these

impurities. One of the largest drawbacks comes from having high-Z ions that haven’t been

fully stripped radiating emission lines in low-Z plasma, which poses the threat of cooling the

fusion medium enough to keep it from achieving burn conditions. There is a considerable

benefit to having high-Z element impurities that emit line radiation, though, because it they

can then be used as tracers to diagnose plasma parameters. But for W to be useful in this

way as a probe, its spectroscopic properties must be well understood.

The driving motivation behind the research presented in this paper is to not only further

develop diagnostics for W plasmas, but also to employ it and experiments with other materi-

als to better understand the processes involved in z-pinch plasma lifecycles with an emphasis

on ICF applications. These studies include investigations into z-pinch radiation pulse shap-

ing, spectroscopic analysis and modeling of M-shell W transitions, using W plasma as a

semi-backlighter for Al z-pinch absorption spectra, and behaviors that result from mixing

materials of varying properties in z-pinch loads.
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1.1 Z-Pinch-Generated Plasma

An interest in using z-pinches to drive ICF experiments has existed since even before the

construction of the first z-pinch devices in the 1950s, and z-pinch was one of the first ap-

proaches considered for fusion power. Experimental and theoretical work through the 1950s

and 1960s demonstrated that they had limited potential in direct fusion applications, how-

ever, due to their inherent susceptibility to magnetohydrodynamic instabilities (Anderson

1958). Advances in technology since then have given rise to much faster pulse power gener-

ation capable of producing intense sources of x-rays (Spielman 1998). During this period,

a number of z-pinch machines have been built around the world at numerous institutions

including (but not limited to) Sandia National Laboratories, University of Nevada, Reno,

Imperial College, University of Michigan, and Cornell University. The basic operating prin-

ciple of a z-pinch device is the Lorentz force, where a conductive wire is pulsed with current

and experiences a force within its generated magnetic field. This force, when great enough,

turns the wire material to plasma and highly ionizes it. In the case of many wires, such

as in the wire arrays discussed here, another effect of the Lorentz force is that it will draw

nearby wires with parallel current flow in the same direction towards each other, creating

a plasma “pinch” at the center of the load where all of the ablated wire material converges

and implodes. This is where z-pinch gets its name, where the “Z” refers to the direction of

the current flow with respect to the anode and cathode. The intense current pulses that

are required for these experiments are generally provided by capacitor banks, which deliver

power to the electrodes within the load chamber.

The z-pinch experiments that are discussed in this paper are primarily W and Al and

span a wide variety of applications and load configurations. Focus is also paid to the uti-

lization of the planar wire array (PWA) z-pinch load configuration. This load type features

an array of wires lined up in a row, rather than in the more conventional cylindrical shape.

PWAs were proven to be efficient radiators on Zebra at the University of Nevada, Reno

(UNR) (Kantsyrev 2006) and have since been considered for driving hohlraum-based ICF

experiments at SNL (Jones 2010). The formations of x-ray radiation pre-pulses are impor-
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Figure 1.1: Picture of a single planar wire array for use on Zebra (see section 2.1.1) before it’s
placed in the load chamber.

Figure 1.2: Picture of a double planar wire array for use on Zebra (see section 2.1.1) before it’s
placed in the load chamber.

tant for driving these hohlraum loads (Vesey 2007), so a campaign was launched at UNR to

create a statistical understanding of the variations of pre-pulse shapes and their dependency

on load configuration. Some of the results of those experiments are presented and discussed.

In the process of studying the pulse shapes of various PWA loads, unexpected insta-

bilities were discovered by accident on the shadowgraphy images of a single PWA (SPWA)

experiment that mixed tungsten and aluminum wires in a widely spaced configuration. This

phenomenon was dubbed “bubbling” due to the bubble-liked shapes first witnessed on laser

probing images. A full investigation of this effect was launched in an attempt to not only

understand its cause, but also to employ it in the shaping of plasma radiation yields in both

single and multi PWA configurations. The results of this study are presented in part III.
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1.2 Laser-Produced Plasma

While the field of laser-driven fusion ignition has often been in direct competition with z-

pinch ICF initiatives, it can also be useful for providing a different perspective for studying

the same ionization processes that are present in z-pinch plasmas. In these experiments,

solid metal materials commonly used in our z-pinch loads were blasted with high-energy

laser pulses, which ionized the material and turned it to plasma. Although these laser

experiments generated much less intense total radiation than we typically witness in z-

pinches, they do have the advantage of producing a narrower band of energies. This makes

them ideal for studying high-Z elements such as W, which have complex atomic interactions,

however the data that has been included in this research is primarily used for benchmarking

an Al model.

Another advantage to laser-driven experiments is their extremely short pulse duration. A

typical z-pinch experiment spans tens to hundreds of nanoseconds, but the laser experiments

(Safronova 2012) that were conducted had plasma lifecycles on the order of femtoseconds,

generated by relativistic 350 fs and 0.8 ns pulses. This allowed the observation of non-

stationary ionization in hot multicharged plasma.

1.3 Electron Beam Ion Traps

An electron beam ion trap (EBIT) is a complex device used to trap and study radiating

ions. Once ions have been injected into the vacuum chamber of the EBIT, a strong electron

beam is activated and focused through the center of the device using a series of powerful

electromagnets. Ions are pulled into the beam via the attractive force between the nega-

tively charged electrons and the positively charged ion nuclei, where they are bombarded

by electrons and further ionized into highly charged states. Electrodes are used to keep the

ions confined axially, and the ions caught in the trapping region can often be held there for

several minutes at a time.

One of the primary advantages to using EBITs to collect spectroscopic data lies within

the ability for the electron beam to be configured and operate within a very narrow energy
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band. This allows the user to select specific ranges of ionization energies to observe, which

produce “clean” spectra ideal for studies in atomic physics. This is particularly useful in

comparison to z-pinch plasmas from high-Z elements, such as tungsten, because spectra from

the latter tend to include both resolved lines and unresolved continua from a wide range of

energies, which can obscure specific features of interest. While there is a drastic difference in

temperatures and densities between EBIT and z-pinch plasmas, resonance lines still appear

at the same energies and can be directly compared for identification purposes. EBIT is also

useful for benchmarking spectroscopic models that can later be applied to other regimes of

plasma, particularly for complex high-Z materials, and one such procedure is presented and

discussed in section 3.2.

1.4 Plasma Spectroscopy

Spectroscopy provides a nonintrusive means to extract a wealth of information from plasma

radiation that may otherwise be unavailable or nebulous on other diagnostics. The inter-

actions of free electrons with positively charged ions can provide information on numer-

ous plasma parameters, including electron temperature and density, optical thickness, and

charge state balance within the plasma. Much of this is made possible by the development

of atomic codes where plasma properties are precisely specified and then compared against

experimental data. While complex, these models have proven to be both accurate and

informative.

Despite the surge in interest related to tungsten plasma in the late ‘90’s, the development

of proper spectroscopic diagnostics for highly charged (M-shell) W radiation has been slow,

however, due largely to the complexity involved in studying the electron interactions of such

a high atomic number (Z = 74) element. A few approaches to diagnosing spectroscopic

results from W are suggested here, with results shown from not only z-pinch experiments,

but an electron beam ion trap as well.



7

2 Facilities and Diagnostics

The facilities used for these experiments are as diverse as the devices that were employed.

The majority of the z-pinch experiments were done at UNR on Zebra with supplemental data

from collaboration work with Cornell University using Cobra. While the similar operational

parameters of these two machines offered valuable comparisons, the differences in facilities

provided unique challenges and ample opportunities for student learning. For example,

Zebra’s daily functionality and its core diagnostics are maintained by a team of technicians

that work in conjunction with scientists conducting experiments. This generally allows more

data to be obtained per shot from Zebra, but experiments are restricted to a somewhat rigid

schedule. The Cobra facility offers a much more relaxed atmosphere in which the device

is operated almost entirely by students, which allows a great deal of freedom not always

available on Zebra, but does so at the expense of shot-to-shot efficiency.

Many of the diagnostics were fielded at multiple locations and, in some cases, slightly

modified to better observe the generated plasmas. For example, Sparky, the small pulse

laser device found in the Physics Department at UNR was not only used to collect extreme

ultraviolet (EUV) spectra, but also test a number of diagnostics for use on both Zebra and

Leopard. Many of the diagnostics that were used on Zebra were also used on Leopard,

though some required slight modification.

2.1 Z-Pinch Machines

The two z-pinch machines used for the experiments discussed here are “Zebra” at the Nevada

Terawatt Facility and “COBRA” at Cornell University. These two machines have similar

operational parameters and, as such, are able to share many of the same diagnostics.

2.1.1 University of Nevada, Reno - “Zebra” Generator

The Nevada Terawatt Facility is a division of the Physics Department at the University

of Nevada, Reno. Located approximately 20 miles north of the main campus, the facility

houses the largest university-scale pulse power device in the United States, named Zebra
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(Bauer 1997).

Figure 2.1: Simplified cartoon of the Zebra generator at the Nevada Terawatt Facility with major
components labeled.

Figure 2.2: Simplified geometry of the LCM on
Zebra (Chuvatin 2009).

The Zebra generator is capable of deliv-

ering up to 1.5 TW of power in the span

of 100 ns. This short, high-voltage pulse

is achieved by charging a bank of 32 1.3

mF capacitors in parallel up to 85 kV and

then discharging them in series. The pulse

that results from the Marx capacitor bank

discharge is microsecond-scale, but is com-

pressed twice before reaching the targeting

chamber, first by an intermediate 28 nF,

3.5 MV storage capacitor that uses water

as a dielectric. A gas switch is configured to

self-trigger once the intermediate capacitor

reaches approximately 80% charge, and then the pulse is sent down a 1.9 W coaxial vertical

transmission line and up into the target chamber, the walls of which act as the return current
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path. Zebra has a generator inductance of 26 nH and a chamber inductance of 30 nH. The

Marx capacitor bank has a maximum energy storage potential of 150 kJ.

Normally, Zebra’s maximum delivered current is about 1 MA, as governed by the circuit

equation (neglecting resistive losses)

Voc(t) + ρI0(t) + (L0 + Ldc + Ld)
dI0(t)

dt
= 0 , (2.1)

where Voc(t) is the generator open-circuit voltage, r = 1.9 W is the machine impedance, L0

≈ 26 nH the generator inductance, Ldc is the chamber inductance, Ld the load inductance,

and I0(t) is the generator current. However, this has recently been increased (Chuvatin

2009) to 1.7 MA with the development of a chamber modification called the load current

multiplier (LCM) (Chuvatin 2006). The efficiency of energy transfer to the load is generally

limited by the inductance mismatch between the load itself and the pulse generator, and the

LCM effectively acts as an impedance converter to increase delivered current. The device

consists of two concentric cylinders that act as electrodes and replace the anode portion of

the load chamber. We can expand Eq. 2.1 to include this new hardware (shown in Fig. 2.2)

by distinguishing Ig(t) as the generator current (different now from I0(t) above), Lv = Lv1 +

Lv2 ≈ 24 nH as the new LCM magnetically insulated transmission line (MITL) inductances,

and L ≈ 90 nH as the large LCM cavity inductance to be

Voc + ρIg +

(
L0 + Ldc + Lv +

4LLd
L+ Ld

)
dIg
dt

= 0 . (2.2)

When the current pulse reaches the inner surface of the outer cylinder, an equal and opposite

current is induced the inner cylinder. The two currents are combined at the convolute,

effectively multiplying the amplitude of the pulse delivered to the load by

κ ≡ Id
Ig

=
2L

L+ Ld
, (2.3)

where Id denotes the current delivered to the load. Experiments in which a static (constant

inductance) rod was used as a load in Zebra and the current was returned through 8 posts at
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Figure 2.3: Cartoon of time-integrated spatially resolved KAP spectrometer on Zebra.

the LCM convolute showed consistently that Ld ≈ 7 nH, resulting in a current multiplication

factor of k ≈ 1.86.

Diagnostics on Zebra change and evolve between experimental campaigns, but a cartoon

of the most recent configuration can be seen in Fig. 2.4. The majority of the diagnostics

are connected radially to one of a set of 16 viewports located 30 cm from the center of the

load chamber. These devices include two bare Ni bolometers, photoconducting detectors

(PCD) (Sherlock 2004), x-ray diodes (XRD), silicon diodes with 25 or 50 mm pinholes that

measure x-ray and extreme ultraviolet (EUV) radiation, an intensified charge-coupled device

(ICCD) camera, a visible light streak camera, a time-integrated pinhole (TIPH) imager, a

time-integrated potassium hydrogen phthalate (KAP) crystal (2 inch radius, 2d = 26.63 Å;

see Eq. 2.9 and following discussion for more details) spectrometer (TIXRS) fielded with a

0.5 mm slit to produce data of spatial resolution of 1.5 mm and spectral resolution of 500

(cartoon shown in Fig. 2.3), and an optical probing system that uses a 150 ps pulse laser

with wavelength 532 nm that is split into four channels spaced 3, 6, and 3 ns apart. The

critical density, or maximum electron density that allows propagation of a laser probe with

frequency wL
2 through a non-relativistic plasma is

ncd =
meω

2
L

4πe2
, (2.4)
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Figure 2.4: Cartoon of a typical diagnostic setup on Zebra with viewports labeled, courtesy of
M.E. Weller.

which comes to ncd ≈ 4�1021 cm-3 for a 532 nm laser pulse.

The TIPH uses layered Bio-max MS Kodak x-ray film to provide images with typical

cutoff wavelengths of l1/10 < 10.3, 4.4, 3.7, 3.1, 2.9, and 2.7 Å with spatial resolution of 220

µm (calculated from the distance between the source and the pinhole a, the pinhole and the

film b, and the pinhole diameter d using the equation

∆l = d
(

1 +
a

b

)
. (2.5)

The magnification can be calculated as

Γ = −
∣∣∣∣ ba
∣∣∣∣ (2.6)

and the Rayleigh Criterion as

lR = 1.22λ
a

d
, (2.7)

which gives a diffraction-limit of the minimum wavelength that can be effectively imaged.
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The XRDs used were designed with a Ni mesh and strong permanent magnets to deflect

charged particles and prevent them from puncturing the filter or contaminating the surface

of the detector, which is biased at 1000 V. Their response time, which is limited by the work

function of the Ni mesh, is approximately 500 ps in an energy range between 5 eV and 2

keV. Because these detectors are representative of such a relatively wide energy band, they’re

often used in conjunction with bolometer data to calculate the power output of the z-pinch

experiments, a process which is discussed in further detail in appendix D.1. The spectral

response of the PCDs is higher energy, between 50 eV and 5 keV, and are able to operate at

a much lower (typically -100 V) bias with a faster time resolution of approximately 200 ps.

As most signals from these devices were normalized to emphasize the time evolution of their

respective readings, absolute intensity corrections were not necessary, however it should be

noted that in cases where they were, a correction had to be applied to the PCD voltages

due to saturation effects compressing the signal (Spielman 1997). The correction formula

used was:

VR =
VS

1− VS
VB

, (2.8)

where VR is the real voltage, VS is the voltage read from the scope, and VB is the bias

voltage applied to the PCD (typically -100 V).

Also included in Zebra’s diagnostic suite are a time-gated x-ray spectrometer (TGXRS),

pinhole imager (TGPH), and EUV spectrometer (TGEUV). Each of these devices is es-

sentially the same as its time-integrated counterpart, except that they use micro-channel

plate (MCP) photomultipliers with six gold strips and a pulsed bias to obtain time-resolved

images. Each gold strip acts as a photocathode, where incident photons are converted to

electrons via the photoelectric effect and are accelerated through plate capillaries. This

causes a cascading emission of secondary electrons that impact a phosphor screen, which

in turn is exposed to visible wavelength film. The TGPH imager has a spatial resolution

of 230 µm and uses two 70 µm pinholes per frame, which are typically filtered to provide

lower cutoff wavelengths of l1/10 < 10 Å and l1/10 < 3.5 Å and exposed for 3 ns with 6-10
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ns interframe delay. As with its time-integrated counterpart, these wavelength ranges are

governed by Bragg’s Law,

2d sin θ = mλ , (2.9)

where d is the atomic spacing in the crystal lattice, j is the angle of incidence, m is the

order of diffraction, and l is the diffracted wavelength. A diagram of this layout is shown in

Fig. 2.5. The theoretical maximum wavelength lmax, then, is generally 2d, for a first-order

spectrum, but the actual standardized registration range parameter is given as

Λ =
2(λmax − λmin)

λmax + λmin
. (2.10)

The TGXRS is typically fielded with a KAP crystal that has the same parameters as the

TIXRS (2d = 26.63 Å) and observes similar wavelengths. The spectral resolution

R =
λ

∆λ
(2.11)

is a ratio of wavelength to the minimum difference between simultaneously resolved fea-

tures and is generally a result of source size and imperfections in the diffraction crystal.

Figure 2.5: Diagram of convex crystal spectrom-
eter, with λminand λmax shown along with the an-
gle of incidence, θ.

The TGEUV spectrometer (Williamson

2011) utilizes a grazing incidence from a

spherical grating. Gratings that are typi-

cally used are W/Re or Au with 1200, 600,

and 300 mm-1 groove densities, three of

which can be used at a time for each ex-

periment, providing wavelength ranges any-

where between 3 and 90 nm, calculated using the grating equation

mλ = d(sin θi + sin θm), (2.12)
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where m is the order of diffraction, l is the diffracted wavelength, d is the grating groove

spacing, ji is the angle of incidence, and jm is the angle of diffraction. jm is determined

using the grating-photofilm distance rb:

rb = R cos(θm) , (2.13)

where R is the grating radius (1000 mm for all gratings used on this spectrometer). Filters

used were 395 or 150 nm zirconium.

In addition to plasma diagnostics, a number of machine diagnostics are also available for

measuring current and voltage at various locations on Zebra. For the current measurements,

this is primarily done using differential B-dot detectors (Stygar 1997), which induce voltage

through conductive loops via Lenz’s Law. By experimentally calibrating each of these de-

vices, a coefficient for each loop can be derived that allows direct conversion to the change in

current, dI/dt. Generally, each B-dot consists of two loops of opposing windings, resulting

in both a “positive” and a “negative” signal that are averaged together after corrections are

made for the DC off-set, primarily to facilitate a common-mode noise cancellation. Once

this noise factor has been subtracted out, the two signals are combined and integrated to

give a relatively accurate measurement of current over time. For more information regard-

ing the details of specific B-dots and methods of calibration that were conducted for these

experiments, see appendix E.

2.1.2 Cornell University - “COBRA” Facility

COBRA is a pulse power generator similar to Zebra that is located at Cornell University.

The two generators have numerous differences that make them ideal for experimental com-

parisons, however. COBRA also utilizes Marx capacitor banks, which have a maximum

charge of 70 kV and drive a current of 1 MA. COBRA’s capacitors are split into two banks,

however, and fed into the load chamber via four independent laser-triggered transmission

lines. This allows for the customization of current pulse shapes (Greenly 2008) with rise

times ranging between 85 and 250 ns. COBRA has a total line impedance of 0.35 W, a
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Figure 2.6: Illustration of the COBRA generator at Cornell University (Greenly 2008).

generator inductance of 10 nH, a load inductance of 6-10 nH, and a maximum delivered

energy of 100 kJ. The total machine inductance is dependent on the load inductance, which

means that unlike Zebra, the efficiency of energy transfer is sensitive to load configuration.

COBRA has a load chamber 60 cm in diameter, but it is not used to return the current.

Instead, a series of four posts placed 5 cm from the center of the chamber act as return

current rods.

On-site diagnostics on COBRA (shown in Fig. 2.7) included a time-gated EUV camera,

a time-integrated Mica crystal spectrometer, an array of PCD and Bolo detectors, a time-

integrated x-ray pinhole camera, and a time-integrated EUV spectrometer. A few devices

were also taken from the Zebra suite to aid in data collection, including the time-gated

x-ray spectrometer, the time-integrated LiF spectrometer, and an array of silicon diodes for

measurements in both the EUV and hard x-ray regions. Because of COBRA’s utilization

of return current posts (rather than using the chamber itself to return the current), it was

possible to put a number of diagnostics directly into the chamber safely, and those included

all three of the time-integrated spectrometers and the time-integrated pinhole camera.
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Figure 2.7: Cartoon of a typical diagnostic setup on COBRA. Devices labeled #2, 5, 6, and 9 are
the same that were used on Zebra, shown in Fig. 2.4.

2.2 University of Nevada - “Leopard” Laser

Leopard (Wiewior 2012) is a versatile laser system located at the University of Nevada, Reno

that is capable of being coupled with the Zebra pulse power generator (see section 2.1.1). It

has an energy range of 10-20 J, delivered in pulses as short as 300 fs at a wavelength of 1057

nm. Its maximum pulse intensity is 1019 W/cm2. It operates using a technique known as

Chirped Pulse Amplification (CPA), in which a lower intensity pulse is stretched, amplified,

and then recompressed and, finally, focused on its target. The original pulse is generated by

a commercial diode-pumped Nd:YVO3 laser and then amplified using a frequency-doubled

Nd:YLF laser that operates at a 500 Hz repetition rate. A chirped pulse stretcher unit,

coupled with this system, provides pulses of nearly 10 nm and energy 1 mJ, which are then

injected into the flash-lamp amplifier section, and then eventually recompressed using a

Falcon optical vacuum compressor. For this research, the laser was focused directly onto

solid targets, namely Al.

Once the laser pulse has been generated, it is sent along a beam path into the same room

that houses the Zebra generator. There, it can either be injected directly into the Zebra load
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Figure 2.8: Representation of the Leopard laser (left and top) with the Phoenix chamber (center)
and Zebra (right) shown.

chamber via one of the 16 radial diagnostic viewports, or it can be sent into the Phoenix

targeting chamber for stand-alone experiments. All studies conducted for this research were

done in the Phoenix chamber utilizing a number of the same diagnostics that are used on

Zebra, including the TIXRS and Si-diodes, both x-ray and EUV range. Other diagnostics

also included two time-integrated pinhole imagers and a focusing spectrometer with spatial

resolution (FSSR) that uses a spherically bent mica crystal (2d = 19.91 Å) that covers a

narrow spectral region (14.5 to 17.5 Å first order, 7.25 to 8.75 Å second-order reflections)

but has a very high resolution of ~ 3000. This device was further configured to record 8th

order reflections between 1.85 and 1.94 Å using layered x-ray film.

2.3 University of Nevada, Reno - “Sparky” Facility

Sparky (Kantsyrev 2005) is a small pulse power z-pinch and laser device located at the Uni-

versity of Nevada, Reno, within the Department of Physics Plasma Physics and Diagnostics

Laboratory (PPDL). The system constructed around a continuum Nd:YAG laser of wave-

length 1.06 µm, with pulse repetition rate 10 Hz and duration 3.4 ns and energy 0.45 J. It is
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primarily focused directly onto solid targets that are located inside a vacuum chamber that

also connects to two radial viewports. Inside the chamber, several diodes and spectrometers

can also be mounted. Sparky is capable of producing plasmas with electron temperatures

in excess of 300 eV with laser radiation flux density up to 2�1013 W/cm2on the target.

Since Sparky’s maximum energy range is on the order of millijoules, hundreds of rep-

etitions are generally required to produce clear spectral data. It is generally used to test

and calibrate time-integrated diagnostics that are later used on other larger devices, such

as Zebra, however it also provides useful spectra in the EUV range, and has provided data

on numerous materials, including Al, W, Cu, Teflon, Alumel, and others.

2.4 Lawrence Livermore National Laboratory - “EBIT-I” Facility

Figure 2.9: An artist rendition of EBIT-I
(Levine 1998).

All EBIT data used for this research was

generated on the EBIT-I (Levine, 1988) de-

vice at Lawrence Livermore National Labo-

ratory. A cartoon of the important opera-

tional components of EBIT-I are shown in

Fig. 2.11. The electron beam is generated

in the electron gun assembly, which creates

emission via thermal heating across its con-

cave surface. This surface acts as a cath-

ode, with the electrons being stripped off

by an anode located above. A “bucking coil”

surrounds the cathode and aids in removing

magnetic field components that would accelerate electrons outside the path of the beam.

This resulting electron beam then passes through a series of three circular electrodes, called

drift tubes, that define the trapping region where ions are injected. These drift tubes create

a potential well of variable depth using relatively low bias voltages (typically ~400 V) on

each individual electrode, while the entire assembly is biased to much higher voltages (~30

kV). These biases are primary factors for determining the kinetic energy of the impacting
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electrons when they collide with trapped ions.

A series of Helmholtz coils are also used to provide radial compression of the electron

beam in the trapping region, which is an approximately 2 cm wide area at the center of

the middle drift tube. These magnets provide a 3 T field with a coil current of 160 A,

which results in an electron density of ~1011 cm-3 for what becomes an approximately 60

mm wide beam. Six radial view ports are located around the center drift tube, where the

electron-ion interactions occur, to allow diagnostic connections. Once the electrons have

passed through the trapping region beyond the top-most drift tube, they are terminated by

a liquid nitrogen-cooled collection magnet.

The ions themselves are injected by a Metal Vapor Vacuum Arc (MeVVA). For these

experiments, the ions were injected through the collector. The MeVVA does this by using

high-voltage discharges to sputter ions off of a metal surface. Since the timing of these

discharge pulses can be defined by the user, ions can be injected at specific intervals into

the EBIT, allowing for control of the charge state balance of ions already within the trap

before introducing a fresh bundle.

Figure 2.10: EBIT XRS microcalorimeter, with
magnified image showing a single pixel (Porter
2000).

Spectra were recorded using an engineer-

ing model x-ray spectrometer (XRS) mi-

crocalorimeter (Porter 2000), shown in Fig.

2.10. Photons were filtered and detected by

14 of the 32 available independent pixels,

which act as a non-dispersive XRS with res-

olution of 10 eV. All W spectra were gener-

ated with steady-state electron beam ener-

gies between 2.3 and 4.1 keV, although the electron gun is capable of a much broader energy

band. Each experiment was carried out for a varying length of time, meaning that total

electron counts for each pixel are not meaningful, however relative line intensities can be

determined and provide diagnostically important information.
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Figure 2.11: Cartoon of EBIT-I assembly with labels for all sections.

Part II

Tungsten/Aluminum Plasma Spectroscopy

This research focuses on both experimentally and theoretically generated M-shell tungsten

spectra, with an emphasis on charge-state balancing and utilizing EBIT-generated spectra

for analysis of z-pinch data. Focus is given to 3d→5l transitions due to their relatively thin

optical densities in z-pinch plasma, which makes them ideal for modeling and extraction of

plasma parameters. A model that was developed and benchmarked against experimental

EBIT spectra is presented here, along with the associated atomic data and comparisons

with z-pinch results, primarily from planar wire arrays. A method for using optically thick

W plasma as a semi-backlighter for Al absorption lines in z-pinch loads is also presented in

section 4.3.
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3 EBIT Spectra

All EBIT spectra for this research was generated on the EBIT-I device at LLNL (see section

2.4) at specific electron beam energies of EB = 2.3, 2.5, 2.7, 2.9, 3.3, 3.9, 4.1, 4.2, 4.3, 4.7,

and 5.35 keV. This energy band primarily produces 3d→5l and 3d→4l W spectral features

from Fe, Co, Ni, Zn, Cu, Ga, Ge, As, and Se-like ions. A complete compilation of these

spectra is shown in Fig. 3.1 to emphasize the evolution of the W spectra due to increasing

electron beam energy, but the focus of this research is primarily on Co, Ni, Zn, Cu, Ga, and

Ge-like transitions, which are most prominent for EB = 2.5, 2.7, 2.9, 3.3, 3.9, and 4.1 keV

(see Table 3.1 for ionization potentials), and are discussed in further detail in the following

sections.

Z Ion Energy

32 Ge 2.16 keV

31 Ga 2.22 keV

30 Zn 2.37 keV

29 Cu 2.42 keV

28 Ni 4.06 keV

27 Co 4.19 keV

Table 3.1: Ionization potentials for W (Z = 74)
most prominent in EBIT-I spectra.

Since each of the experiments performed

on the EBIT were conducted for varying

lengths of time, absolute photon counts are

not meaningful and all spectra have been

normalized to emphasize relative line inten-

sity. Small drifts in wavelength that appear

between experiments have been corrected by

calibrating to prominent spectral features,

which are generally Ni-like lines. Once this

correction has been applied, the results from

the 16 pixels on the microcalorimeter are av-

eraged together to get the final spectrum. Given the limitations of the microcalorimeter’s

resolution, a small calculated error in the theoretical data that was used for calibration and a

slight margin of error in the calibration curve itself resulted in a discrepancy in experimental

wavelengths that range from ±0.009 at 4.31 Å to 0.017 at 7.93 Å.
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Figure 3.1: Overview of tungsten spectra for varying electron beam energies produced on EBIT-I.

3.1 Identification of M-Shell W Lines

All lines between 5 and 6 Å were identified by Neill et al. (Neill 2004) using the EBIT-II

electron beam ion trap at Livermore at EB = 2.4 and 2.8 keV, and were reaffirmed by the fully

relativistic many-body perturbation theory (RMBPT) code. These authors identified and

assigned the majority of these lines to the 4d→3p and 4f→3d transition groups. The only

exception is the blended line we observed at 5.959 ± 0.013 Å, which was identified by Zigler

et al. (Zigler 1980) in laser-produced plasma at 5.956 Å and given the Ni-like assignment

3d10 1S0 – 3d94f (5/2,5/2)º1. Fournier (Fournier 1998) calculated a Cu-like line at 5.960

Å, however Kramida and Shirai (Kramida 2009) did not observe any intense line at 5.956

Å in calculations with Cowan’s code and chose to omit it. Clementson et al. (Clementson

2010) observed the same line at 5.9545 Å and gave it the Zn-like assignment 3d104s2 1S0

– 3d9(2D5/2)4s24f7/2 (5/2,7/2)1. Comparison of ionization balance in experimental EBIT

spectra for varying electron beam energies suggests strong correspondence with Zn-like W,

so the identification made by Clementson is preferred.
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Figure 3.2: Spectra of W on EBIT-I at varying electron beam energies with lines labeled in
accordance with Table 3.2. Continuation of these spectra for wavelengths > 5 Å is given in Fig. 3.3.
(Osborne 2010)

Lines between 6 and 7.2 Å were identified by Mandelbaum et al. (Mandelbaum 1983),

produced by a 2.5 ns, 15J, Nd glass laser. The majority of lines identified were assigned

to the 4d→3p, 4p→3d and 4s→3p transitions. They assigned the blended feature that

we observed at 6.218 ± 0.013 Å to the Cu-like 3p63d104p – 3p53d104s4p array at 6.216 ±

0.003 Å (Mandelbaum 1983), which consists of a blend of seven transitions, while Fournier’s

(Fournier 1998) calculations suggest only a single Zn-like transition at 6.209 Å. Ionization

balance comparisons of experimental EBIT spectra between EB = 2.9 and 2.5 keV suggest

close correspondence to Cu-like W, so the results of Mandelbaum et al. (Mandelbaum 1983)

are preferred in this paper. The Ni-like 3d10 1S0 – 3d94p (3/2, 1/2)º1 line we observed at

7.172 ± 0.015 Å was also previously re-measured by Elliot et al. (Elliott 1995) at 7.1733 ±

0.0003 Å using an EBIT.

Measurements made by Neu et al. (Neu 1997) in tokamak plasma confirmed the assign-

ment of the line that Mandelbaum et al. (Mandelbaum 1983) observed at 7.262 Å to 3d104s

2S1/2 – 3d9(2D3/2)4s4p (1/2,1/2)º1 (3/1,1)º1/2,3/2 transitions in Cu-like W. Our calculations

predict this line to occur at 7.260 Å, and we observed it at 7.257 ± 0.016 Å. Additionally,

Neu et al. (Neu 1997) also identified a Ga-like line observed at 7.260 ± 0.015 Å, which was

confirmed by Kramida and Shirai (Kramida 2009) and designated as 3d104s24p 2Pº1/2 –
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Table 3.2: 3d→5l and 3d→6l line identifications for EBIT spectra at various electron beam energies
with comparisons to existing tables by Kramida and Shirai (Kramida 2009). If no intensity is given,
the line is blended with the one above it. Uncertainties for experimental EBIT data are discussed in
the text in section III. Estimated uncertainties for all wavelengths listed from (Kramida 2009) were
between ±0.002 and ±0.005 Å (see text). (Osborne 2010)
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Figure 3.3: Spectra of W on EBIT-I at varying electron beam energies with lines labeled in
accordance with Table 3.1 and 3.2. (Osborne 2010)

3d9(2D5/2)4s24p2(1D2) (5/2,2)1/2. A possible candidate for the line at 7.344 ± 0.016 Å was

classified by Mandelbaum et al. (Mandelbaum 1983) as a band at 7.332 Å, but Kramida

and Shirai (Kramida 2009) were unable to confirm this assignment using Cowan’s codes.

R. Neu et al. (Neu 1997) also identified a line much closer at 7.340 ± 0.015 Å as a blend

of Ge- and Zn-like W transitions, which were assigned by Kramida and Shirai (Kramida

2009) as 3p63d104s24p2 3P0 – 3p63d9(2D5/2)4s24p3(2Pº3/2) (5/2,3/2)º1 and 3d104s2 1S0 –

3d9(2D3/2)4s24p (3/2,1/2)º1.

Ralchenko et al. (Ralchenko 2006) identified the line they observed at 7.607(6) Å as

a Ni-like transition. Clementson et al. (Clementson 2010) recently re-measured this line

at 7.6073(14) Å. We observed it at 7.604 ± 0.016 Å. The line we measured at 7.929 ±

0.017 Å was first observed in tokamak plasma by Neu et al. (Neu 1997) and identified as

the electric quadrupole transition 3d10 1S0 – 3d94s (5/2,1/2)2 at 7.93 Å. Earlier investiga-

tion by Beiersdorfer (Beiersdorfer 1991) had found that the line is also accompanied by a

second energetically close dipole-forbidden magnetic octupole transition. Ralchenko et al.

(Ralchenko 2006) later concluded that this forbidden line was due to a blend of two closely

spaced transitions. This line pair continues to be the subject of much attention, including

a discussion in the more recent paper by Clementson et al. (Clementson 2010) where it was

re-measured at 7.9280(6) Å and 7.9374(7) Å.
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Table 3.3: 3l→4l’ line identifications for EBIT spectra at various electron beam energies with
comparisons to existing tables by Kramida and Shirai (Kramida 2009). (*) denotes a line identified
by J. Clementson (Clementson 2010) that was not included in (Kramida 2009). If no intensity is
given, the line is blended with the one above it. Uncertainties for experimental EBIT data are
discussed in the text in section III. Estimated uncertainties for all wavelengths listed from (Kramida
2009) were between ±0.002 and ±0.005 Å (see text). (Osborne 2010)
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Table 3.4: Table 3.3 contd. (Osborne 2010)
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There are three lines that remain unidentified in our observed spectra, and they are

labeled in Table 2 as X1 to X3 with wavelengths 5.369 ± 0.012, 6.000 ± 0.013, and 6.277 ±

0.014 Å. A method for identifying these lines using charge state balancing is presented and

discussed in detail in section 3.3.

3.2 Modeling of M-Shell W

Each ion species was modeled separately using the Hebrew University Lawrence Livermore

Atomic Code (HULLAC) (Safronova 2000). This allowed for an extremely large number of

calculated transitions. The relativistic version of HULLAC’s parametric potential method,

including multi-configuration interactions, was employed to calculate intermediate-coupling

detailed level energies. Existing identifications of prominent lines in experimental EBIT

spectra were used to determine appropriate target states, which were used to define the ion

transitions included in the model calculations. Collisional strengths and decay rates were

calculated between all pairs of these defined target states for Co-, Ni-, Cu-, Zn-, Ga-, and

Ge-like W ions. Lines were artificially broadened using a Doppler profile fit,

φ(v) =
1

vD
√
π
e

(
v−v0
vD

)2

(3.1)

vD = v0

√
2Tion
Mc2

, (3.2)

where Tion is the ion temperature, M is the ion mass, and v0 is the initial ion velocity

v0 = ∆E/h, to keep them consistent with EBIT spectra for benchmarking purposes.

Cross sections are calculated from the collisional strengths generated by HULLAC using

the formula

σif =
Ryπa

2
0

giε
Ωif (cm2), (3.3)

where i and f are indexes for the initial and final states, respectively, Ry is the Rydberg

constant, a0 is the Bohr radius, g is the statistical weight, e is the initial energy of the impact
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electron, and W is the collisional strength. The excitation rate is then calculated using

〈vσif 〉 =

ˆ
vσif (ε)F (ε)dε (cm3s−1), (3.4)

where e is again the impact electron energy, v is the impact electron velocity

v =

√
2ε

me
(
cm

s
), (3.5)

and F(e) is the electron energy distribution function, which, in the case of the charge-limiting

electron beam of the EBIT, is approximated by the delta function

F (ε) = δ(ε− ε0). (3.6)

Collisional de-excitation is calculated from the collisional cross section using the Klein-

Rosseland formula

gfεσ
dex
if (ε+ ∆E)σexfi (ε+ ∆E) (s−1), (3.7)

where DE is the change in energy from states f to i,

∆E = Ef − Ei (keV ). (3.8)

Since recombination rates and other complex atomic processes are negligible in the high

energy regime where 3d→5l transitions are being calculated, the total steady-state popula-

tion of each level can be estimated accurately using only the radiative decay rates (Aradif )

and the collisional excitation (Eq. 3.3) and de-excitation (Eq. 3.7) rates:

Xi = Aradif + σdexif − σexif . (3.9)

This creates a square matrix as large as the number of levels being considered for calculation

that becomes solvable (and normalized) by setting the population of the highest level to 1

and removing its associated row and column. Once the populations have been found, the
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total energy emission between levels i and f can be calculated for an optically thin plasma

over 4p steradians as

nionXiA
rad
if hvif , (3.10)

which means that with line profiling taken into consideration, the spectral intensity can be

calculated as the sum of the contributions from each decay at any given energy:

I(E) = nion
∑

XiA
rad
if hvifφ(v). (3.11)

As the EB = 4.1 keV EBIT spectrum was evaluated as having primarily Ni-like transitions

(with very small contributions from Co-like W), it was the simplest to model with the best

benchmark available for early development of theoretical modeling, which was published

in (Osborne 2008). From there, the EBIT spectra become increasingly complex as the

corresponding electron beam energy is lowered, with EB = 3.9 keV introducing traces of

Cu-like ions, EB = 3.3 keV introducing Zn-like ions, and so on. In particular, the spectra

below EB = 3.3 keV have the highest variety of ion species, with the EB = 2.7 keV spectrum

showing noticeable concentrations of all modeled ions and the EB = 2.5 keV spectrum even

displaying weak contributions by Se-like and As-like W. A more detailed analysis of these

charge concentrations is discussed in section 3.3.

3.3 Charge State Balancing of W Ions

To calculate charge balance, each ionization state was modeled independently and then

summed together, after which scaling coefficients for intensity were determined. The mod-

eled absolute intensities for each ionization state were also compared against normalized

percentage-based values. All charge balancing for EBIT spectra was done between 4 and

5 Å for 3d→5l transitions, primarily due to these lines being relatively optically thin in z-

pinch plasma and more easily discernible than the 3d→4l transitions that are also observed.

Because individual counts for the EBIT microcalorimeter spectra are not meaningful, the

experimental data was normalized and charge states were balanced against relative intensity.
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Figure 3.4: 3d→5l model fitting and charge state balancing for EBIT-I spectra of various electron
beam energies. Vertical axis is scaled linearly. (Osborne 2010)

Figure 3.5: Fractional populations of prominent ion species in EBIT-I spectra, derived using
synthesized spectra calculated by HULLAC. Vertical axis is scaled linearly. (Osborne 2010)
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Figure 3.6: Trends of independently normalized observed intensities of Ni-like W lines in EBIT-I
spectra of various electron beam energies. Vertical axis is scaled linearly. (Osborne 2010)

Figure 3.7: Trends of independently normalized observed intensities of Cu-like W lines in EBIT-I
spectra of various electron beam energies. Vertical axis is scaled linearly. (Osborne 2010)
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Figure 3.8: Trends of independently normalized observed intensities of Zn-like W lines in EBIT-I
spectra of various electron beam energies. Vertical axis is scaled linearly. (Osborne 2010)

Figure 3.9: Normalized intensities of unknown lines compared to averaged balancing trends of
prominent ions in EBIT-I spectra at various electron beam energy. Vertical axis is scaled linearly.
(Osborne 2010)
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EB (keV) Ni Cu Zn Ga Ge <Z>
2.5 0.000 0.087 0.439 0.251 0.223 43.5
2.7 0.142 0.309 0.279 0.118 0.153 44.2
2.9 0.395 0.363 0.215 0.265 0.000 45.0
3.3 0.602 0.275 0.123 0.000 0.000 45.4
3.9 0.884 0.116 0.000 0.000 0.000 45.8
4.1 1.000 0.000 0.000 0.000 0.000 46.0

Table 3.5: Theoretical fractional populations of prominent ion species in EBIT-I spectra of various
electron beam energies shown in Fig. 3.4.

Results from this charge balancing method for appropriate electron beam energies are

shown in Fig. 3.4, with Table 3.5 showing the numerical values for each calculated coeffi-

cient and the total average ionization charge per corresponding beam energy. A graphical

comparison of these coefficients is shown in Fig. 3.5. The average ionization charge was cal-

culated for each of these ions using by summing the contributions of each individual species,

or more specifically,

< Z >=
∑
i

ZiXi , (3.12)

where Zi is the ion charge and Xi is its fractional population. It is of particular note that

the spectra corresponding to electron beam energies of 2.9 and 3.3 keV have small variations

in their average ion charge, despite their prominent features being significantly different.

Independently normalized intensities for non-blended lines (or lines with very small

blending) are graphed in Figs. 3.6, 3.7, and 3.8 for Ni-like, Cu-like, and Zn-like W, re-

spectively, for the purpose of analyzing trends of ionization balance in the experimental

EBIT data, particularly to aid in the identification of unknown lines, such as the one at

5.956 Å where conflicting identifications have been made by previous publications. Charge-

state balancing of the three unidentified lines in comparison with averaged trends shown in

Fig. 3.9 indicates that the 5.367 Å line shows closest correspondence to either Zn or Cu-like

W. Both the 6.000 and 6.277 Å lines more closely follow the trend of Ge-like W, however

none of these lines could be explained by our current modeling, so no configurations are

assigned to them.
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4 Z-Pinch Combined Tungsten/Aluminum Spectra

The majority of the spectra used for modeling comparisons and line identifications were from

the TIXRS on Zebra (see section 2.1.1). Each film recording had line intensity adjustments

made to account for background noise, filters, and film sensitivity, a process that is detailed

further in appendix C. Spectrogram tracings from the x-ray films were integrated along

the spatially resolved axial direction of the pinch in areas that minimized noise and where

the spectral features of interest were most prominent. Like the EBIT spectra, the z-pinch

spectra are also normalized to emphasize relative line intensity.

4.1 Aluminum Tracer Wires and Modeling of K-Shell Aluminum Plasma

In many of the experiments done with W wires, a small number of alloyed Al(5056) wires

were also included as diagnostic tracers. Al(5056) makes a good tracer for W due to it having

K-shell Al and Mg emission lines that are near the M-shell W lines of interest, but without

significant overlap. This means that the well-resolved Al and Mg lines can be helpful for

wavelength calibrations of the resulting films, particularly in cases where the W lines are

not easily discernible. Just as importantly, the more fully developed methods for diagnosing

Al data using spectral feature comparisons are useful for determining plasma parameters of

the pinch (Yilmaz 2012), and it has also been shown (Safronova 2006) that mixture with a

lighter material can produce better quality and resolution M-shell W spectra.

Figure 4.1: Identification and modeling of diag-
nostically important Al and Mg lines in a com-
bined Al/W Zebra experiment, recorded with the
TIXRS.

Modeling of Al plasma parameters was

done using a variant of the Spectro-

scopic Collisional-Radiative Atomic Model

(SCRAM) (Hansen 2003). In particular, the

electron temperature Te and density ne were

calculated for the Al plasma in each com-

bined Al/W shot. In the cases where the

Al plasma was relatively optically thin, the

Al lines were modeled directly, but due to
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Ion Line Transition l (Å) Ar (s-1)
He Mg He-a 1s2p 1P1 → 1s2 1S0 9.1695 1.97E+13
H Mg Ly-a 2p 2P3/2 → 1s 2S1/2 8.4192 1.31E+13
He Mg He-b 1s3p 1P1 → 1s2 1S0 7.8507 5.48E+13
He Mg He-g 1s4p 1P1 → 1s2 1S0 7.4733 2.23E+12
H Mg Ly-b 3p 2P3/2 → 1s 2S1/2 7.1058 3.49E+12
He Al He-a 1s2p 1P1 → 1s2 1S0 7.7578 2.78E+13
H Al Ly-a 2p 2P3/2 → 1s 2S1/2 7.1709 1.80E+13
He Al He-b 1s3p 1P1 → 1s2 1S0 6.6349 7.70E+13
He Al He-g 1s4p 1P1 → 1s2 1S0 6.3140 3.10E+13
He Al He-d 1s5p 1P1 → 1s2 1S0 6.1734 1.58E+12
H Al Ly-b 3p 2P3/2 → 1s 2S1/2 6.0543 4.76E+12

Table 4.1: Transitions of K-shell Al and Mg spectral features prominent in z-pinch experiments,
where λ is wavelength and Ar is rate of radiative decay.

Figure 4.2: Spectrogram tracing from leopard shot #556, a low contrast (105) laser shot with
pulse length 0.8 ns with a thin pure Al target. Lines are identified in accordance with Table 4.1 with
modeling shown.

film saturation caused by opacity, the more

optically thick plasmas had to be analyzed via Mg lines. The most prominent and highly

resolved Al and Mg lines observed by the TIXRS for these experiments are shown in Table

4.1, and modeling focused on the He-a, Ly-a, and He-b Al and the He-a and Ly-a Mg lines,

which are shown in Fig. 4.1. In this Zebra shot, #1021, electron temperature was calculated

to be approximately 475 eV with a density of 5�1018 cm-3.

This model was also tested against laser produced plasma from the Leopard laser at

NTF, with the intention of benchmarking and ensuring its reliability for simulating different

types of plasmas beyond those generated in a z-pinch. The same TIXRS from Zebra was used

for the Leopard experiments (with no slit, so there was no spatial resolution) with the same
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crystal (KAP), and all procedures for film development, wavelength calibration, and intensity

corrections were identical. The results of a spectrogram tracing and the corresponding

theoretical modeling are shown in Fig. 4.2. Interestingly, the calculated electron temperature

(Te = 520 eV) was higher and the density (ne = 4�1019 cm-3) was approximately the same

compared to typical z-pinch Al measurements.

4.2 Charge State Balancing of 3d-5l Transitions in Z-Pinch Spectra

Charge state balancing can be a useful diagnostic for z-pinch W plasmas and is important in

the analysis of experiments discussed in later sections. As with the charge balancing of EBIT

spectra, all ion species were summed together after multiplying by their respective balancing

coefficients. The most prominent spectral features that were modeled and balanced from the

z-pinch data included Ni3, Ni4, Zn1, Zn2, Cu1, Cu2, Ga1, Ga2, and Ge1 as listed in Table

3.2. A sample of a z-pinch shot taken on Zebra with modeling and balancing of W 3d→5l is

shown in Fig. 4.3, where all relevant Al lines have also been identified and labeled. Charge

state fractions calculated for this spectrum are 0.329 for Ni-like, 0.208 for Cu-like, 0.149 for

Zn-like, 0.173 for Ga-like, and 0.142 for Ge-like W, which corresponds to an average ion

charge <Z> = 44.45.

4.3 Wire Array Plasma Absorption Spectroscopy with Semi-Backlighter

Source

Spectroscopic analysis provides a nonintrusive and accurate method for diagnosing electron

temperature, electron density, and optical thickness in wire array z-pinch plasmas. One

drawback to this, however, is that emission spectra are primarily only produced in the

most energetic stages of the z-pinch when the plasma is at its most radiative, which means

plasma parameters are more difficult to extract for early and late times. Luckily, absorption

spectroscopy offers a method for extracting information at pre- and post-stagnation times,

which occur when the backlighting plasma is radiative enough to photoionize the cooler and

less dense plasma surrounding it. The radiation field from the inner plasma must be intense

enough that photoionization dominates over collision processes in the outer plasma, which
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itself must be low density to mitigate collisional excitation. Such conditions have been

achieved using combined W/Al single planar wire array (SPWA) loads on Zebra, where

a single Al wire is placed on the edge of a row of W wires. This allows the resulting

W plasma to act as a semi-backlighter source for Al K-shell absorption features (Osborne

2012). As previous experiments in the generation of absorption features have traditionally

used external sources, such as colder laser-produced plasma [see, for example, (Ivanov 2011)],

this new method has the advantage of allowing absorption to occur in a single z-pinch load.

All Al wires used in these experiment were alloys with a 5% Mg impurity.

Figure 4.5: Configuration and orientations of
spectroscopic diagnostics of Zebra shots #1297
and #2453. Light circles indicate tungsten wires
where the dark circle indicates the aluminum
tracer. (Osborne 2011)

The two shots presented in Fig. 4.4 were

both of the same configuration, each being

an 11-wire single planar array (Kantsyrev

2007) with a 0.7 mm inter-wire gap com-

posed of W wires and, at one end, a single

Al wire (for 12 total wires). In shot #1297,

where absorption lines were observed, the

orientation of the load was 22.5° from being parallel to the field of view of the TIXRS,

whereas shot #2453 was done exactly parallel to (with the Al wire facing) the spectrometer,

as shown in Fig. 4.5. It had 16 mm (linear mass 38.8 mg/cm) diameter W wires and a 30 mm

(19.1 mg/cm) Al wire for a total load mass of 446 mg/cm where 4.5% was composed of Al.

Although the specific mechanics that cause absorption lines in regards to ablation dynamics

and the z-pinch lifecycle are not yet fully understood, the purpose of orienting the arrays

in this manner is to put the W plasma “behind” the Al wire (as viewed by the TIXRS) and

allow it to act as a semi-backlighter for Al K-shell absorption features. Shot #2453 used 8.9

mm W (111.3 mg/cm) wires and a 49.8 mm Al (73.6 mg/cm) wire for a total linear mass of 185

mg/cm and Al concentration of 39.8%. Another primary difference between these two loads

is that shot #1297 utilized the LCM, reaching a current maximum of 1.2 MA, whereas shot

#2453 was imploded by Zebra in its standard configuration and reached a current maximum

of 0.91 MA. Films and positions of spectrogram tracings for both shots are shown in Fig.

4.4 along with corresponding pinhole images.
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Figure 4.3: Spectrum from z-pinch combined W/Al experiment. Prominent Al lines are indicated
and model for charge state balancing of 3d-5l transitions is shown. (Osborne 2010)

Figure 4.4: Film scans of experimental results from shots (a) #1297 and (b) #2453, with time-
integrated spectrometer data on the left. Positions where tracings were taken (shown in Fig. 4.7) are
indicated by a corresponding line number, and regions where spectral features are most prominent
are indicated above. Pinhole images are shown to the right of their appropriate spectrometer film,
with (a) being a time-gated pinhole image and (b) a time-integrated pinhole image. The letters A
and C indicate the orientation of the film images, denoting anode and cathode positions, respectively.
(Osborne 2011)
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Figure 4.6: Wire Ablation Dynamics Modeling for shot #1297. Experimental signals (XRD, PCD,
and Current, as labeled) in (a) use arbitrary units, the estimated absolute value of the maximum
distance where wire mass of each material is relative to the center of the array is given on the left
axis, and the current scale is shown to the right. The horizontal axis scales the time evolution of
the shot from the beginning of the current rise. A graphical representation showing the motion of
plasma from each individual wire is given in (b).
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Figure 4.7: Spectrogram tracings of shot #1297 with axial locations as indicated in Fig. 4.4.
Prominent lines are labeled accordingly along with groupings of features shown in greater detail in
Figs. 4.8 and 4.9. Vertical axis is in arbitrary units. (Osborne 2011)

WADM (Esaulov 2009) calculations were also performed for shot #1297, and are shown

in Fig. 4.6. More specifically, Fig. 4.6(a) shows the experimental XRD, PCD, and current

signals overlaid with the modeled distance of Al and W plasma from the central axis, and

Fig. 4.6(b) gives a graphical representation of the individual wire ablations. As is common

with planar array experiments on Zebra, the outer wires receive current first and begin

ablating first (see part IV for more details), and this is reflected in the modeling shown.

More importantly, however, it shows clearly how the Al wire is ablating completely and

moving to axis before the W wires.

One of the most notable features of the two films from shots #1297 and #2453 shown

in Fig. 4.4 is that the absorption lines occur spatially in regions of the plasma source where

Al K-shell emission lines are least prominent, if they’re present at all, indicating a cold Al

plasma at those locations. They also accompany areas where M-shell W features are most

intense. More specifically, the prominence of 3d→5l M-shell W features in the 4-5 Å range

suggests a relatively hot W plasma. Comparison with pinhole images also indicates that

areas where absorption features occur correspond to sections of the plasma column with

high radiation yields.

Spectrogram tracings of shot #1297 are displayed for four different spatial locations

throughout the plasma column, as indicated in Fig. 4.4. Each of these tracings are inte-
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Label Ion Species Wavelength (Å) Expected Electron Temp. (eV)
Al1 Al He-a 7.75 150 - 350 eV
Al2 Al Ly-a 7.17 450 - 600 eV
Al3 Al He-b 6.63 150 - 350 eV
Al4 Al He-g 6.31 150 - 350 eV
Ni3 W Ni 4.31 1000 - 1500 eV
Ni4 W Ni 4.41 1000 - 1500 eV
Ni8 W Ni 5.69 1000 - 1500 eV
Ni10 W Ni 6.16 1000 - 1500 eV
Ni12 W Ni 7.03 1000 - 1500 eV
Cu1 W Cu 4.36 800 - 1000 eV
Cu2 W Cu 4.46 800 - 1000 eV
Zn1 W Zn 4.40 760 - 900 eV
Zn2 W Zn 4.51 760 - 900 eV
Ga1 W Ga 4.56 720 - 850 eV
Ge1 W Ge 4.51 700 - 800 eV

Table 4.2: Listing of prominent spectral emission features found in Fig. 4.7 along with estimations
for the electron temperatures each line is commonly found at in Zebra-generated plasmas.

Label Ion Species Wavelength (Å) Expected Electron Temp. (eV)
Be Al Be 7.94 20 - 40 eV
B Al B 8.01 20 - 40 eV
C Al C 8.10 10 - 40 eV
N Al N 8.19 10 - 40 eV
O Al O 8.26 10 - 40 eV

Table 4.3: Listing of prominent spectral absorption features found in Fig. 4.7 along with estima-
tions for the electron temperatures each line is commonly found at in Zebra-generated plasmas.
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grated axially over a narrow strip to reduce noise and are shown in Fig. 4.7. Prominent

Ni-like W lines that represent the most intense 3d→4l M-shell transitions shown are labeled

in accordance with a previous publication (Osborne 2011). In particular, line Ni8 is 3d10 1S0

– 3d94f (3/2,5/2)o1, Ni10 is 3p63d10 1S0 – 3p53d104s (3/2,1/2)o1, and Ni12 is 3d10 1S0 – 3d94p

(5/2,3/2)o1. Al K-shell emission and absorption lines are also defined appropriately. Al1 is

the He-a line at 7.75 Å, Al2 is the Ly-a line at 7.17 Å, Al3 is the He-b line at 6.63 Å, and Al4 is

the He-g line at 6.31 Å. Fig.

Figure 4.8: Spectrogram tracings of lines 1 and
2 shown in Fig. 4.7 with emphasis given to the
K-shell absorption features in line 1 (with line
2 shown for comparison). Clusters of lines are
labeled according to their respective ion species.
Vertical axis is in arbitrary units. (Osborne 2011)

4.8 displays Al K-shell absorption in greater

detail, with clusters of lines labeled by their

respective ionization species (from O-like to

Be-like Al) (Ivanov 2011, Renaudin 2006),

and the spectrum from line 2 is shown

for reference. Comparison with modeling

in previous publications (Ivanov 2011) and

charge-state balance of absorption features

suggests an electron temperature between

10 and 40 eV, which is significantly lower

than the expected values for emission lines.

A full listing of all resonant Mg and Al emission lines and prominent W lines are given in

Table 4.2 and Al absorption lines in Table 4.3, along with estimates for the expected electron

temperature for which they’re generally observed in z-pinch plasma on Zebra. The 3d→5l

M-shell W lines from the same tracing are shown in greater detail in Fig. 4.9, where the

prominent Ge- to Ni-like lines clearly indicate a high temperature tungsten plasma.

Additional shots with slightly varying load configurations were also performed in an

effort to create more highly resolved and intense Al K-shell absorption features. All load

variations were SPWA arrangements with 0.7 mm inter-wire gaps, but the placing of the Al

wire within the array was altered in each shot. Experiments were carried out both with the

LCM and without. One alteration, which was named an “edge” shot, placed a comparatively

heavier Al wire 2.1 mm from the end of the W array instead of the original 0.7 mm. Another,



44

Figure 4.9: Spectrogram tracing of 3d→5l M-shell W lines labeled in accordance with (Osborne
2010) from the first line indicated in Fig. 4.4. Vertical axis is in arbitrary units. (Osborne 2011)

Shot Type Bolo (kJ) Peak Current (MA) Al/W Mass Percent Absorption Lines?
1297 End 22.8 1.15 4.47% Yes
2453 End 14.3 0.91 39.8% Yes
2572 End 24.9 0.98 39.8% No
2573 Wing 28.2 0.88 39.8% No
2574 Edge 28.2 0.95 39.8% No
2608 End - 1.37 45.5% No
2609 Wing 25.8 1.34 45.5% Yes
2610 Edge - 1.46 45.5% Yes

Table 4.4: List of Zebra shots performed with the intension of creating K-shell Al absorption
features. Shot configurations are given along with bolometer energy readings, the peak current
through the load, the percentage of Al to W mass in the initial wire array, and whether or not the
experiment produced absorption lines. Entries with ’-’ marks indicate data that was unobtainable
for that particular experiment.

dubbed a “wing” shot, again used a heavier Al wire and placed it 2 wires from the end,

creating an array that consisted of 9 W wires, an Al wire, and then 2 more W wires. The

original load type was named an “end” shot to delineate it from the modified configurations.

Of all the attempted shots, absorption features were only observed in a limited number.

Absorption spectra were observed in at least one of each of the three tested configurations,

with the “wing” shot having the least intense absorption lines between them. Nearly all shots

that were performed without the LCM did not show noticeable absorption features, with

the exception of shot #2453. Table 4.4 shows a list of all shots that attempted to generate

absorption features, including the load type, maximum current and energy readings, and

the percentage of the load mass that was composed of aluminum. One important thing
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to note from the data presented in the table is that the original shot, which had the most

intense absorption lines of all experiments listed, had the smallest percentage of Al material

in comparison to the total load mass.

Results from each of the modified configuration shots that produced absorption lines

are shown in Figs. 4.10 and 4.12 for the edge and wing shots, respectively, along with

accompanying WADM calculations (which are continued in Figs. 4.11 and 4.13). Visual

comparison of the TIXRS films from these two experiments to those from the original two

shots (Fig. 4.4) shows an obvious decrease in intensity of the alternate configurations.

Since changes in geometry using heavy Al wires did not produce expected results, further

experimentation will be required in the future to test the dependency of the intensity of

absorption features against Al/W mass ratios for each load type.
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Figure 4.10: Configuration (a) and film scans (b) of experimental results from shot #2609, with
time-integrated spectrometer data on the left. A pinhole image (with cutoff wavelength < 2.7 Å) is
shown to the right of the spectrometer film and is labeled (c). Wire Ablation Dynamics Modeling is
shown in (d). Experimental signals (XRD, PCD, and Current, as labeled) in (d) use arbitrary units,
the estimated absolute value of the maximum distance where wire mass of each material is relative
to the center of the array is given on the left axis, and the current scale is shown to the right. The
horizontal axis scales the time evolution of the shot from the beginning of the current rise.
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Figure 4.11: A graphical representation showing the motion of plasma from each individual wire
from shot #2609, calculated using Wire Ablation Dynamics Modeling.
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Figure 4.12: Configuration (a) and film scans (b) of experimental results from shot #2610, with
time-integrated spectrometer data on the left. A pinhole image (with cutoff wavelength < 2.7 Å) is
shown to the right of the spectrometer film and is labeled (c). Wire Ablation Dynamics Modeling is
shown in (d). Experimental signals (XRD, PCD, and Current, as labeled) in (d) use arbitrary units,
the estimated absolute value of the maximum distance where wire mass of each material is relative
to the center of the array is given on the left axis, and the current scale is shown to the right. The
horizontal axis scales the time evolution of the shot from the beginning of the current rise.
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Figure 4.13: A graphical representation showing the motion of plasma from each individual wire
from shot #2610, calculated using Wire Ablation Dynamics Modeling.
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Part III

The Z-Pinch Ablation “Bubbling”

Phenomenon

Observed in this research is an effect in which incoming ablated plasma from outer wires

of an array is hindered from converging on axis, as would normally occur due to Lorentz

forces, due to interactions with plasma expanding out from the central wire of a different

material (for detailed information regarding the z-pinch lifecycle, see section IV). The

term “bubbling” arose from the appearance of bubble-shaped instabilities at the interaction

points of these two plasmas. This phenomenon was first witnessed in SPWA loads where

a 10 mm W wire was placed central to an array of widely spaced (2 mm) Al(5056) wires

with thickness 28 mm. The wire diameters were chosen such that they would have similar

linear mass, which combined made the array 82 mg/cm. Shadowgraphy and TIPH images

for this shot are shown in Fig. 4.14(a), and the timings for all shadowgraphs are given in

Fig. 4.16. The bubbling that occurs around the central W wire is shown clearly in contrast

to the comparatively much more stable and uniform Al ablation plasma on either side. An

ICCD camera image is also shown in Fig. 4.14(a) and gives evidence of the aluminum wires

ablating much earlier than the tungsten. The inverse case where the Al wire is placed on

the center and is surrounded by tungsten wires is show in Fig. 4.14(b) for comparison; it

shows “standard” plasma column formation on its central axis where the Al wire resides.

Comparing the two TIPH images reveals that the amount of x-ray output with energy > 4

keV is substantially less in the case of the shot where bubbling occurred than when it did

not. Additionally, the comparison of XRD signals shown in Fig. 4.16 (with significant values

tabulated in Table 4.5) show that while both the original bubbling load and its inverse case
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Table 4.5: Comparison of parameters of W and W/Al shots. Single planar configurations are
denoted using dots that represent single wires and multi planar arrays are shown using bars that
indicate wire rows. Black indicates Al wires, gray indicates W, and light gray indicates Au. Implosion
time measured from current start to PCD x-ray peak. The section of time between the start of the of
x-ray output on the XRD signal and the implosion peak is given as Zone 1, and the section between
the pre-pulse peak and the implosion peak is given as Zone 2. Pre-pulse percentage is calculated as
the integral of the XRD signal from time t = 0 to the minimum point between the pre-pulse peak
and the implosion peak divided by the integral of the entire signal.

implode at nearly the same time, each with gradually increasing x-ray output of nearly the

same duration (approximately 20 ns), only the bubbling load forms a pre-pulse. It should

also be noted that the bubbles observed are relatively stable for a period of time, as shown in

Fig. 4.15, where Fig. 4.15(b) takes place approximately 6 ns after Fig. 4.15(a). Comparing

these two images shows that there is little discrepancy between the two images taken at the

two different times.

One of the earlier hypotheses about the cause of the bubbling instabilities was that

they were due to the method in which the tungsten wires are manufactured, which leaves

a thin coating of hydrocarbons on the wire that could be blown off during the current

rise and cause destabilization of the imploding plasma. Tungsten wires also tend to be

less uniform than thin wires of other materials, so it was postulated that the wire shapes

could possibly seed instabilities, despite recent publications to the contrary (Chittenden

2008). To test both of these postulates, a load was developed that replaced the cen-

tral tungsten wire with gold, which is more uniform and lacks any hydrocarbon coating.

The results of this experiment are shown in Fig. 4.14(c). Evidence of bubbling in this

shot shows that neither of tungsten’s manufacturing imperfections are the cause, and it is

more likely due to the differences in radiative properties of high-Z and low-Z elements.
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Figure 4.14: Shadowgraphy (shown at the left four positions of each row of images, viewed parallel
to the laser probe with the exception of the first row, which is at a 12.5° angle) and pinhole imaging
(resolution of 220 μm and lower cutoff wavelength λ1/10 < 3.1 Å, viewed at a 45° angle, shown to the
right of the shadowgraphy image) for shots (top row) 1765 – SPWA with wires spaced 2 mm apart,
taken 24 ns before stagnation, (second row) 1955 – SPWA with wires spaced 2 mm apart, taken 39
ns before stagnation, (third row) 2162 – SPWA with wires spaced 2 mm apart, taken 28 ns before
stagnation, and (fourth row) 2161 – SPWA with Al wires spaced 1.4 mm apart and 2.8 mm from
the central W wire, taken 66 ns before stagnation.
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Figure 4.15: Shadowgraphy images of bubbling
shot showing time evolution of instabilities over an
approximately 6 ns time frame, cropped for em-
phasis on the center of the array.

Slight variations in load geometry were

also investigated in an attempt to better un-

derstand the mechanics behind the bubbling

phenomenon. First, it was postulated that

if the effect was caused by a pinching of the

magnetic field around the tungsten wire, it

could be significantly mitigated by reduc-

ing the inter-wire gap of the entire load,

and indeed, the results of these experiments

showed no noticeable evidence of bubbling.

Furthermore, investigation of the radiation

output indicates a lack of pre-pulse x-ray

radiation output commonly associated with

bubbling, however this hypothesis was later

proven incorrect by modeling (see section

4.5). Second, the converse case was consid-

ered, where the aluminum wires were moved

a greater distance from the central tungsten

wire, such that the gap between Al and W

was 2.8 mm and the distance between the

Al wires was 1.4mm. This was done to investigate whether or not the instabilities would

be localized around the tungsten wire, however the shadowgraph displayed in Fig. 4.14(d)

shows clearly that this is not the case, and the bubbling spans the entire 2.8 mm gap be-

tween the W and Al wires. Comparison of the signal data shown in Fig. 4.16(c) displays a

much earlier (by approximately 9 ns) and more pronounced pre-pulse peak than the original

bubbling load, as well. This ability to adjust the time of the pre-pulse with minor changes

to load geometry is one of the reasons these shots could be of particular interest in the

development of Z-pinch driven hohlraum configurations (Vesey 2007).
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Figure 4.16: Signals for shots a) 1955 – Al/W/Al SPWA, 2 mm inter-wire gap, b) 1765 – W/Al/W
SPWA, 2 mm inter-wire gap, c) 2456 – Al/W/Al SPWA, 1.4/2.8/1.4 mm inter-wire gap, and d) 2162
– Al/Au/Al SPWA, 2 mm inter-wire gap. Arrows indicate timing of shadowgraphy images shown
in Fig. 4.14.
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4.4 Spectroscopic Analysis of “Bubbling” Shots

Analysis of time-integrated, spatially resolved spectral data was performed in an attempt to

make comparisons between plasma parameters of bubbling shots of various configurations

and non-bubbling shots. Spectral tracings were taken at axial positions where the plasma

column was radiating most brightly, as these areas are not only the most feature-rich, but also

because these bright spots are formed early in the plasma’s lifecycle, during the ablation

phase, and so plasma parameters extracted at those locations from the time-integrated

spectra tend to correlate closely with data taken at pre-stagnation times (Ouart 2010). All

aluminum used in this research was the alloy Al(5056), which contains 95% Al and 5% Mg,

so spectroscopic modeling was done for both K-shell Al and Mg, as well as M-shell W, to

estimate the density and temperature of the Al plasma and the charge balance of the W ions,

respectively. The K-shell Al and Mg data was generated using a model developed at UNR.

In most cases, the Al lines could be modeled and parameters extracted from them directly,

however in optically thick cases, film saturation of the most intense Al lines often occurs.

In the converse case (more optically thin plasma), K-shell Mg lines are barely observed at

all, which makes it a simple matter to determine which model should be applied. A more

detailed discussion of this method is available in (Osborne 2008). The Hebrew University

Lawrence Livermore Atomic Code (HULLAC) was used to calculate charge balancing and

average atomic number <Z> of the W lines (Safronova 2000). All spectra were calibrated

against prominent and well known Al He and H-like (particularly He-a, He-b, He-g, Ly-a)

and W Ni-like lines.

Modeling for the K-shell Al or K-shell Mg lines for each shot (see Table 4.5) do not

show any obvious gradients in density, but do indicate significantly lower temperatures for

K-shell plasma in the shots with bubbling compared to without. Examples of this modeling

are provided in Figs. 4.17, 4.18, and 4.19, where the optically thin K-shell Mg lines for shot

#1955 were modeled in Fig. 4.18 and optically thin K-shell Al lines of shot #1765 were

modeled in Fig. 4.17. Of particular note are the calculations from shot #2456 (modeling

shown in Fig. 4.19), where the Al wires were spaced further from the central W wire than
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Figure 4.17: Time-integrated spectra of shot 1765 (W/Al/W non-bubbling load with 2 mm inter-
wire gap), with prominent K-shell Al/Mg and M-shell W lines marked. W lines follow the identifi-
cation labels used in section 3. Modeling of W 3d -5l transitions is shown, with model indicated in
color and experiment in black.

in other experiments. While it might be expected that the wider spacing would cause a

decrease in density in the Al plasma, it’s actually high in comparison to other bubbling

shots, which is in agreement with the shadowgraphy image shown in Fig. 4.14(d) where it

appears that the ablated Al material is accumulating near the inner-most Al wire instead of

passing directly into the broad gap, as would happen in a non-bubbling configuration. It

is also worth noting that the change in geometry for this experiment also altered the load

impedance in such a way that current distribution favored the central wire more than in

other experiments, resulting in the W wire carrying higher current at an earlier time. This

is the primary reason the central wire visually appears less stable than in shadowgraphy

images for other shots shown in Fig. 4.14(a-c) and is also a large contributing factor to why

bubbles were witnessed at such early times (66 ns before stagnation).

Charge state balancing of the W 3d -5l lines (which are much les optically thick than

the most intense 3d-4l lines) show no discernible trend toward higher or lower ionization

states, suggesting that the tungsten plasma undergoes no significant temperature change in

shots where the instabilities occur. Examples of the W modeling are shown in Figs. 4.17,

4.18, and 4.19. The calculated <Z> for all of the SPWAs considered in Table 4.5 is 44.4
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Figure 4.18: Time-integrated spectra of shot 1955 (Al/W/Al bubbling load with 2 mm inter-wire
gap), with prominent K-shell Al/Mg and M-shell W lines marked. W lines follow the identification
labels used in section 3. Modeling of W 3d -5l transitions is shown, with model indicated in color
and experiment in black.

Figure 4.19: Time-integrated spectra of shot 2456 (Al/W/Al bubbling load with 1.4/2.8/1.4 mm
inter-wire gaps), with prominent K-shell Al/Mg and M-shell W lines marked. W lines follow the
identification labels used in section 3. Modeling of W 3d -5l transitions is shown, with model indicated
in color and experiment in black.
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± 0.3. The benefit of modeling these lines instead of the more intense 3d -4l transitions is

discussed in further detail in section 4.2, and lines in Figs. 4.17, 4.18, and 4.19 are labeled

in accordance.

4.5 Wire Array Dynamics Modeling

In an attempt to better understand the mechanisms behind bubbling instabilities, the Wire

Array Ablation Dynamics Model (WADM) (Esaulov 2008) and a radiation magnetohydro-

dynamic (RMHD) (Esaulov 2008, Esaulov 2009) model were employed. Previous studies

of numerous planar wire array configurations (see, for example, (Esaulov 2008)) don’t in-

dicate any cause for magnetic field strengthening around the central wire regardless of its

material, so focus was given instead to understanding the differences in parameters between

the tungsten and aluminum plasmas. Results from the WADM for wire ablation at times

corresponding to the shadowgraphy image shown in Fig. 4.14 for shot #1955 are presented

in Fig. 4.20. It also shows the approximate boundaries of the bubble region around the

central tungsten wire, averaged vertically, or along the array axis. In order for the ablated

aluminum plasma flow to be stopped from converging on the central tungsten wire due to

Lorentz forces, the following condition should be fulfilled at the boundary between the two

materials:
ρAlv

2
Al

2
+ pAl

γ

γ − 1
=
ρW v

2
W

2
+ pW

γ

γ − 1
(4.1)

Equation 1 is derived from the Bernoulli Equation for compressible flow, where the

indexes Al and W correspond to the parameters of the aluminum and tungsten plasmas,

respectively. Velocity of ablated plasma is denoted as v, p corresponds to pressure, r to

flow density, and g to the adiabatic index. Since the spatial gradients of the magnetic field

at the center of single planar arrays has been shown to be negligibly small (Esaulov 2008),

the magnetic pressure terms on both sides of the equation can be neglected. It can also

be assumed that the velocity of incoming aluminum plasma at the interaction region in the

center of the array is much larger than the radial expansion velocity of the tungsten plasma,

such that vA >‌> vW (in fact, modeling predicts vA ≈ 150 mm/ns and vW ≈ 15 mm/ns), which
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Figure 4.20: Quasi-continuous two dimensional (overhead view) distribution of the (a) plasma
mass density ρ(x,y) and (b) current density through the plasma jz(x,y) calculated by the WADM
for Zebra shot #1955 (Al/W/Al bubbling load with 2 mm inter-wire gap) at time t = 65 ns, where
the shadowgraphy image shown in Fig. 4.14 (second row) is taken. Dotted lines show approximate
boundaries of the bubble region.

means that the first term from the right-hand side of the equation can also be neglected.

WADM calculations predict the flow density of aluminum plasma at the boundary to be

rA = 3 x 10-4 g/cm3. The pressure of the aluminum plasma can be estimated assuming a

temperature of Te = 20 eV (Esaulov 2006) as pA = 1.3 x 108 Pa. The adiabatic index at

this condition can be taken as g = 1.3 (Esaulov 2006), and as a result, the second term on

the left side of Eq. (1) comes out to approximately 15% of the value of the right-hand term,

so its contributions are insignificant as well. The reduced formula, then, is

pW ≈
γ − 1

γ

ρAlv
2
Al

2
= 8× 108 Pa. (4.2)

Unfortunately, this equation is still unable to determine parameters of the tungsten plasma,

since pressure itself is a function of plasma mass density r (or ion number density ni) and

temperature. To calculate the pressure of the tungsten plasma using the ion number density,

if we assume that Ti ≈ Te, it can be written that

pW = ni(1 + Z̄)Te , (4.3)

where Z̄ is the mean ion charge.
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Figure 4.21: Volume densities of the radiation power losses Prad and Ohmic heating PW in (a)
tungsten and (b) aluminum plasmas at constant pressure 8 x 108 Pa, as a function of electron
temperature Te or the ratio of total wire mass M to the mass of the ablated plasma Mb.

Fig. 4.21 shows the volume power density for the radiation emission Prad and Ohmic

heating PW in both tungsten (a) and aluminum (b) plasmas, calculated by the RMHD model.

The current through the bubbling region is calculated by the WADM to be Ib = 60 kA (9%

of the total 670 kA being delivered to the load at time t = 65 ns, which corresponds to

shadowgraphy imaging shown previously). Calculations from the WADM indicate that the

ablated mass of the central tungsten wire at t = 65 ns is approximately 10% of its total

starting mass, or M / Mb ≈ 10, where M is the total wire mass and Mb is the ablated

mass. This corresponds to a parameter window shown in Fig. 4.21 where Ohmic heating is

fully compensating the plasma radiation and therefore fulfilling power conservation, leading

to the conclusion that the instabilities observed in shadowgraphy images are likely to be

formed by higher temperature (Te ~ 200 eV) tungsten plasma. A higher temperature (and

consequently lower density) would explain the transparency of the bubble formations to

laser optical probing. The appearance of instabilities between these two plasmas can then

be explained by the large differences in density and temperature.

The modeling remains consistent for the gold comparison as well, since its plasma prop-
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erties and radiation features are quite similar to that of tungsten. The reason bubbling is

not observed in the inverse case, where Al is central and W surrounds it, is apparent in Fig.

4.21(b) where we can see that the only parameter window for Ohmic heating compensation

occurs at high ablation mass (M / Mb ≈ 2, or 50% of the initial wire mass). This means

that the Al won’t be able to ablate material fast enough to create the pressures required for

creating bubbles before the plasma from the outer wires has already reached axis.
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Part IV

Z-Pinch Radiation Pulse Shaping with

Combined Tungsten and Aluminum Planar

Wire Array Loads

Planar wire arrays are currently being considered for driving hohlraum-based inertial con-

finement fusion experiments at Sandia National Laboratory (Jones 2010). Pre-pulses are

important for driving these hohlraums (Vesey 2007), so it has become a point of interest

to study the dependencies of variations in pulse shapes, particularly with regard to load

configuration. These pre-pulses are generally caused by precursor plasma, which is the con-

vergence of ablated material onto the central axis, due to Lorentz forces, during the ablation

phase, which is the first stage of the z-pinch lifecycle, as shown in Fig. 4.22. Precursors for

traditional single planar wire arrays can be described in three distinct stages (Bott 2006);

the first stage is the formation, which is characterized by a plasma column with large diam-

eter. In the second stage, the plasma column contracts, and during this period also radiates

intensely. The column then expands throughout the third stage until the z-pinch implosion.

The initial precursor column diameter is highly dependent on the plasma collisionality (Sher-

lock 2004). Precursor formation for planar wire arrays roughly follow the same mechanics,

and a detailed discussion implosion dynamics for planar arrays can be found in (Williamson

2011).

Plasma collisionality is defined as the likelihood that the ions within the plasma will inter-

act with one another, and is primarily dependent on their kinetic energy, Eion = 1
2mionv

2
abl.

Since ablation velocity is nearly constant (Jones 2010), this means ion mass is almost solely
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Figure 4.22: Sample shot with z-pinch lifecycle phases indicated. Signals shown are current (red),
XRDs (blue), EUV (green), and PCDs (purple).

responsible for variations in collisionality. Greater kinetic energy leads to a higher mean free

path, so plasmas of various materials get less collisional the more massive their ions are. For

example, aluminum has a mean free path ~0.5 mm and tungsten has a mean free path of ~10

mm (Bott 2006), resulting in tungsten being much less collisional than aluminum. Highly

collisional plasmas like aluminum experience a large amount of interaction on axis with flows

from other ablating wires, where ions from less collisional materials like tungsten will often

pass through the convergence point entirely, undisturbed; this is a major contribution factor

to the differences in precursor plasma column width.

The second stage of the precursor formation, the contraction of the plasma column and

subsequent radiation burst, is due to a complex process in which the column is subjected

to external kinetic pressure from incoming plasma flows (Bott 2006). As more material

converges and is compressed on axis by this pressure, ion density is gradually increasing

as well, and both processes cause additional heating of the coronal plasma. Radiation loss

rate is proportional to the square of the ion density, so as the column becomes denser, it

begins to radiate more strongly and shed thermal energy. As thermal pressure is the primary

force counteracting the external kinetic pressure, decreases in temperature result in more

compression and a greater ion density of the precursor plasma column.

Ideally, the soft x-ray emission period for a z-pinch ICF scheme caused by a precursor

will include three steps: a pre-pulse 20-25 ns before the main x-ray burst, a foot pre-pulse at
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Figure 4.23: Radiation yields (PCD with 10 μm Be filter and EUV Si-Diode with 0.2 μm Al filter)
of a cylindrical wire array experiment on COBRA, with current and a cartoon representation of the
load configuration shown. All wires in the array were 10 μm Al (5005), an alloy consisting of 99.2%
Al and 0.8% Mg.

the front of the main x-ray burst, and then the implosion peak itself. The first two steps fall

within the z-pinch ablation phase during precursor formation, while the last step composes

the implosion phase.

Previously, nested cylindrical wire arrays were the focus of driving core foam targets

(Cuneo 2005) and have been studied extensively (Safronova 2008, Cuneo 2006, Deeney 1998)

in various configurations. A typical sample of one such shot from the COBRA generator

at Cornell University is shown in Fig. 4.23 for reference, where a standard “foot” pre-pulse

can be seen leading into the primary x-ray burst. More recently, however, PWAs have been

shown to have radiation yields that exceed those of cylindrical loads (Kantsyrev 2007) and

have demonstrated near quadratic scaling factors between peak current and total power

yield, where CCWAs have only shown linear scaling. These radiation yields exceed what

can be accounted for through direct kinetic energy conversion EK (EK < 4-6 kJ) by a factor

of 3-5 times. It is theorized that this is caused by an energy coupling mechanism due to

the enhanced resistivity of the strongly inhomogeneous plasma (Chuvatin 2006). PWAs also

benefit from the advantage of low opacity effects.

All multi-planar and many single-planar geometries that were tested in this survey re-

sulted in cascade-type wire array implosions with complex multi-step precursor formation

(Chuvatin 2006, Kantsyrev 2008). In the case of the multi-planar arrays, it is also of interest
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that the individual planar arrays in a multi-planar load can implode independently and at

different times in cases where they are not identical, such as when the arrays are composed

of different materials or are of different initial wire mass. The studies presented in this

section focus on the results of pulse shaping experiments performed with both pure and

mixed aluminum and tungsten loads. The data presented from this research is not intended

to show which loads are “best” for fulfilling precursor and pre-pulse requirements for any

specific application, but simply to explain results from various loads in an attempt to better

understand how pulse shapes are dependent on initial array configuration. The wire array

geometries that were investigated include single, double, and triple planar loads of varying

configurations. Complete tables for all shots in the survey are shown in section 9. It should

be noted that all timings given throughout this section are subject to experimental error,

with an estimated typical discrepancy of ±3 ns.

5 Single Planar Bubbling Arrays

The single planar wire array offers implosion characteristics that are significantly different

than the traditional cylindrical wire arrays that have been the primary focus of pulse shaping

experiments in the past (Cuneo 2005). Most importantly, the amount of magnetic energy

coupled to the plasma compression during the ablation and implosion phases is reduced,

which causes a fundamental change in ablation dynamics and the formation of magneti-

cally driven instabilities. Ultimately, this also causes differences in pulse shape. Due to

the SPWA’s “open” configuration, it also allows for improved diagnostic viewing, whereas

in CWAs, outer wire ablation often makes it difficult to see to the central axis where pre-

cursor formation is taking place. One other major difference worthy of note is that for all

experiments on Zebra, the outer wires of the array received current before the inner wires,

whereas in a CWA, the current is evenly distributed between the wires, since each wire is

equidistant from the return current path.

The results from SPWA loads presented here are from bubbling configurations (see sec-

tion III), specifically. Of these, many different configurations that generate bubbling effects
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have been surveyed in an attempt to collect information on the magnitudes and timings

of the x-ray radiation pulses from these implosions. This study on how bubbling effects

pulse shape is then also extended to non-uniform triple planar wire array (TPWA) loads

(discussed further in section 8) and non-uniform DPWA loads (discussed further in section

6). Each of these load types utilize various arrangements of W and/or Al wires only, with

the exception of a single Au shot that was done for the purpose of comparison.

The SPWA bubbling load that was shown in previous sections in Fig. 4.16(a) clearly

shows the formation of a strong pre-pulse that occurs 7 ns before the primary x-ray peak on

both the x-ray diode and the photo-conducting detector. Comparing to the other bubbling

shots surveyed (shown in Table 9.1), we can see that this configuration had the fastest total

implosion time, due primarily to its relatively small size and low number of wires. The ratio

of pre-pulse output to total x-ray output shown in Table 9.1 is calculated by integrating

the XRD signal. First, the pre-pulse is calculated by integrating from the signal start to

past the first peak and ending at the minimum point between the pre-pulse peak and the

primary peak. Then an integration of the entire signal is performed and is used to calculate

the ratio.

Two more SPWA configurations were also tested. The first was the same as the original

bubbling load, except that the wires were each spaced 1 mm apart instead of 2 mm. This load

was attempted numerous times, and in each attempt, no bubbling instabilities were witnessed

on shadowgraphy and pre-pulse formation was nonexistent. In the second configuration, the

Al wires were spaced further away from the central W wire. While the original uniform

2 mm gap configuration often shows pre-pulse formation near the implosion peak, it was

postulated that this load with wider spacing would have a much more pronounced pre-

pulse. Indeed, both XRD and PCD pre-pulses are apparent, and though they are smaller in

magnitude than the shots with uniform 2 mm spacing, the pre-pulse signal on the XRD is

still approximately 25% of the total integrated output.
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6 Double Planar Wire Arrays

As described previously, a double planar wire array (DPWA) consists of two parallel SPWAs

arranged off-axis an equal distance from the center of the chamber. As with SPWAs, the

outer wires of each array receive current and begin ablating before the wires at the center of

the arrays. This means that the streaming coronal plasma that forms the precursor is driven

initially by the four edge wires. Because the ablated plasma from each wire does not cascade

across other wires during their journey to the central axis, these loads are characterized by

unique implosion dynamics. This is further complicated by the fact that the global magnetic

field penetrates between the arrays at the edges, so the position of the arrays with respect

to one another has a significant impact on the implosion characteristics of the load as a

whole. It should also be noted that this configuration is even more beneficial to diagnostic

viewing than the SPWA, as precursor formation takes place in the gap between the two

arrays, where it can be easily seen. These characteristics have made DPWAs a source of

extensive study on Zebra since their inception (Kantsyrev 2010).

Figure 6.3: Time-gated pinhole image of shot
#1965, taken ~30 ns before the implosion peak,
filtered to show radiation energies > 1 keV.

First, two asymmetric double planar

wire arrays (DPWA) were tested in which

both were composed of 6 mm W and 15 mm

Al arrays, putting the two planes at similar

total linear mass. Both shots yielded similar

results. While shadowgraphy, displayed for

a sample of one of the shots in Fig. 6.1(c),

shows some formation of instabilities simi-

lar to bubbling where the two arrays meet,

the signals in Fig. 6.1(a) lack the promi-

nent pre-pulse witnessed in other bubbling

shots. A pre-pulse still exists at the foot of

the primary implosion peak on the XRD signal, however one is not apparent on the PCD,

suggesting that it’s formed by soft radiation only, as is often common for precursors. No-
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Figure 6.1: Sample shots from two of the DPWA configurations tested. Arrows on signals indicate
the approximate times when the corresponding shadowgraphy images were taken. Initial positions
of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted markers
representing arrays that are viewed at an angle rather than parallel to the field of view.
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Figure 6.2: Sample shots from two of the DPWA configurations tested. Arrows on signals indicate
the approximate times when the corresponding shadowgraphy images were taken. Initial positions
of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted markers
representing arrays that are viewed at an angle rather than parallel to the field of view.
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tably, the pre-pulse to total output ratio is much lower than in other bubbling shots (17%).

A configuration in which the two end wires of a W DPWA were replaced with Al tracers

was also included in the survey and is shown in Fig. 6.1(d-f). Shadowgraphy clearly shows

the Al wires ablating and disintegrating first (the Al wires are located at the left sides of the

arrays in the image) and a small x-ray burst prior to the implosion peak can be seen on the

PCD signal. The corresponding XRD signal indicates a gradual (compared to other z-pinch

shots illustrated in this section) build-up of soft radiation during this time period leading up

to the peak radiation pulse. This small precursor pulse is most likely due to the formation

of a coronal plasma at the center of the array composed primarily of Al material from the

tracer wires, which ablate much earlier and more quickly than the W wires. It is also worth

noting that this shot had the lowest total percentage of integrated precursor signal to total

radiation output out of all shots surveyed in this research.

Two other less complex load configurations were tested that were similar to one another,

the first being two arrays of 10 Al wires of the same linear mass, and the second exactly the

same, except that each array was composed of only 6 thicker, heavier wires. Despite their

similarities, the two shots showed distinctly different pre-pulse shapes, as indicated in Fig.

6.2. Shadowgraphy for the second shot, shown in Fig. 6.2(f), sheds some light as to why,

namely through the observation that there is no precursor formation in the center of the

array despite the fact that the image was taken during the pre-pulse. This suggests that the

two arrays must have simultaneously formed precursors independent of each other, and this

is further reinforced by examining the TGPH images, a sample of which is shown in Fig.

6.3 (taken 10 ns before the shadowgraphy image in Fig. 6.2(f) at the start of the pre-pulse)

that clearly illustrates intense radiative output from two separate columns in the E > 1 keV

range. This is due to the low aspect ratio, defined as the width of the array Warray divided

by the inter-planar gap D, or K = Warray/∆, allowing the magnetic field to completely

penetrate the area between the arrays. For a detailed discussion of these ablation dynamics,

see (Williamson 2011).
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7 Skewed Double Planar Wire Arrays

Results were recently obtained and published (Kantsyrev 2011) from a novel DPWA configu-

ration that introduces an axial component to the magnetic field by leaning the wires in each

of the rows opposite directions from their original angles along their respective planes. An

optical image taken with the ICCD camera during the early stages of the ablation phase is

shown in Fig. 7.2 to illustrate this new configuration, where the angle of view is perpendic-

ular to the two planes. The purpose of testing this geometry is to explore how the precursor

formation and subsequent pre-pulse radiation yield is affected by the introduction of an axial

magnetic field component Bz to the j×B Lorentz force, which in a traditional DPWA load

is dependent almost entirely on the azimuthal magnetic field BJ. This axial component to

the magnetic field generally counteracts precursor formation and array implosion because

the Lorentz force component that it introduces is directed away from the center of the array

toward the load periphery.

The angle of the wires in the skewed double planar wire array (Sk-DPWA) loads tested

were 16˚ and 28˚, and all loads that showed evidence of precursor formation had 6 mm gaps

between wire planes, whereas a number of experiments with 3 mm gap configurations that

were also tested showed little to no pre-pulse on either the XRD or PCD, despite evidence

of precursor column formation. Results from sample Al and W shots with 6 mm gaps that

did generate pre-pulses are shown in Fig. 7.1.

As with straight DPWA loads with low aspect ratio discussed in the previous section, the

independent precursor formations occur locally for each array, however the shadowgraphy

image taken at the start of the pre-pulse signal in Fig. 7.1(c) indicates that the primary

source of radiation that forms the pre-pulse is emitted during the convergence of the two

plasma columns into a centralized precursor. A shadowgraphy image taken at a much earlier

time for a shot with the same configuration, shown in Fig. 7.3, reinforces this theory by

showing a lack of centralized precursor formation prior to the pre-pulse burst measured on

the XRD. The appearance of the V-shaped gap at the top of the shadowgraphy image in

Fig. 7.1(c) is a result of the two precursor columns being formed at an angle relative to
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Figure 7.1: Sample shots from two of the skewed DPWA configurations tested. Arrows on signals
indicate the approximate times when the corresponding shadowgraphy images were taken. Initial
positions of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted
markers representing arrays that are viewed at an angle rather than parallel to the field of view.
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Figure 7.2: ICCD image of shot #1783, a skewed planar wire load, taken early in the implosion
phase perpendicular to the planes of the array.

Figure 7.3: Shadowgraphy image of shot #1778, a skewed planar wire load, taken 54 ns before the
implosion peak at an angle parallel to the planes of the wires.
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the lean of the wire planes. It should be noted that the suppression of m = 1 and m = 2

instabilities observed in (Kantsyrev 2011) were for loads with 3 mm gaps and wide array

widths, suggesting that the presence of sausage-like instabilities shown in the shadowgraphy

for the two shots in Fig. 7.1 may be due to the decrease in aspect ratio.

8 Triple Planar Wire Arrays

Triple planar wire arrays, which consist of three SPWAs arranged parallel to one an-

other, have previously been shown to have implosion dynamics similar to that of a DPWA

(Kantsyrev 2008, Kantsyrev 2009). Most importantly for this pulse shaping survey is that

they also undergo multi-step precursor formation. Furthermore, it was observed that TP-

WAs also typically form precursors in multiple off-axis locations prior to their convergence

to the center of the array and subsequent implosion. Like the DPWA, the global magnetic

field penetrates between the arrays at their edges, so variations in their configurations and

positions relative to each other can significantly alter the load’s implosion characteristics.

These traits make TPWAs particularly interesting for applications in pulse shaping, so a

large variety of different configurations were included in this survey.

Samples of each TPWA configuration that were tested are shown in Figs. 8.1, 8.2, and

8.3. The first of these shots, #1617, is analogous to shot #1765 from the SPWA bubbling

loads and is composed of two outer W arrays with wire diameter 5 mm, while the central

array is 12.7 mm Al wires. These wire diameters were chosen to equalize the linear mass of

the two arrays (each Al wire is 3.42 mg/cm and each W wire is 3.79 mg/cm). The purpose of

this configuration was to take advantage of the generally slower ablation rate of the W wires

and place them in the outer arrays to mitigate the speed of precursor formation enough

to that the ablation plasma of the inner Al wires would converge on axis at nearly the

same time. The result was a complex multi-step pulse generation of which it is difficult to

differentiate at what point the precursors are radiating and when the radiation peak itself

occurs. For the sake of the survey, the primary radiation peak was taken as the highest

point in the XRD signal. While further investigation of this load arrangement may reveal
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Figure 8.1: Sample shots from two of the TPWA configurations tested. Arrows on signals indicate
the approximate times when the corresponding shadowgraphy images were taken. Initial positions
of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted markers
representing arrays that are viewed at an angle rather than parallel to the field of view.
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Figure 8.2: Sample shots from two of the TPWA configurations tested. Arrows on signals indicate
the approximate times when the corresponding shadowgraphy images were taken. Initial positions
of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted markers
representing arrays that are viewed at an angle rather than parallel to the field of view.
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Figure 8.3: Sample shots from two of the TPWA configurations tested. Arrows on signals indicate
the approximate times when the corresponding shadowgraphy images were taken. Initial positions
of the arrays are indicated with white lines overlayed on shadowgraphy images, with slanted markers
representing arrays that are viewed at an angle rather than parallel to the field of view.
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more information regarding its implosion dynamics and pulse shape, the erratic nature of

the radiation output made it less worthwhile to pursue than other configurations.

Next, a pure Al load is tested where the two outer arrays are composed of thicker wires

and, consequently, heavier linear mass. Specifically, the outer arrays are more than twice

the linear mass of the inner array (the wires in the inner array are 10 mm or 2.12 mg/cm, and

the wires in the outer array are 15 mm or 4.77 mg/cm). The purpose of this load was similar

to that of the previous configuration, where heavier Al wires were used in the outer arrays

to delay the load implosion until after the inner array had fully ablated and formed a highly

radiative precursor column. As expected, the signals in Fig. 8.1(d) show a pronounced foot

pulse leading into the primary radiation burst lasting ~8 ns.

Following the successful generation of a foot-pulse in shot #1828 using arrays of wires

with varying mass, it is reasonable to postulate that if plasma could be ablated from the

inner array at earlier times, the pre-pulse foot would also occur sooner, effectively separating

it further from the primary radiation peak. This was accomplished with the configuration

shown in Fig. 8.2(b), where the inner array was extended well beyond the width of the two

outer arrays, allowing the outer-most wires from the inner array to receive current much

earlier than in TPWA loads with uniform planar widths. A similar configuration was also

repeated for W, shown in Fig. 8.2(e), and signals from both shots show prominent pre-

pulse formation ~13 ns before the radiation peak, which is ~5 ns earlier than the foot pulse

observed in shot #1828.

The case inverse to shot #1828 was also tested in a W configuration, where the inner

array was composed of the heavier wires instead of the outer array. In this particular

experiment, 5 mm wires with a linear mass of 3.79 mg/cm were used in the outer array and

12.7 mm wires with a linear mass of 24.45 mg/cm made up the inner array, making the center

plane ~6 times the mass of the two outer planes. This array was designed to generate a

pronounced pre-pulse from the ablated plasma of the two smaller outer arrays prior to the

later convergence of the inner array and subsequent implosion. This configuration formed a

pre-pulse even earlier than shot #1926, discussed previously, at ~16 ns prior to the primary

radiation peak. These results are shown in Fig 8.3(a).
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TPWAs were also chosen to be tested in an attempt to create bubbling effects in a new

configuration similar to the shot in Fig. 8.3(a) with the purpose of exaggerating the pre-

pulse formation by preventing the plasma from the outer arrays from converging on axis

until near stagnation time. In the TPWA bubbling shot, #2301, 12.7 mm Al and 16 mm W

was used, also making the central W array heavier in total linear mass than the two outer

Al arrays. This configuration is shown in Fig. 8.3(e). The shadowgraphy results in Fig.

8.3(f) clearly show bubble-like instabilities along the center array that are not apparent in

the pure W load. Both shots have three pronounced XRD peaks, including a pre-pulse. Of

particular note is that neither of the pre-pulses in these two shots registered on the PCD,

suggesting they radiated at a much lower energy than the SPWA loads. The bubbling shot

also took significantly longer (44 ns) to implode than its SPWA counterparts and had an

earlier pre-pulse (26 ns prior to stagnation), yet the total integrated ratio of pre-pulse to

total x-ray output was still 30%.

9 Load Type Comparisons

Table 9.1 contains a list of all shots included in the pulse shaping survey where pre-pulse

formations were observed, and Table 9.2 includes all shots where pre-pulses were not ob-

served. It is important to note while viewing these tables that all measurements shown are

subject to experimental error. In particular, all timings have errors up to ±3 ns and all

pre-pulse ratio approximations typically have value discrepancies of ±5%. It can be clearly

seen from the first table that shots of the same configuration generally have similar results.

Comparing the two tables, a number of observations are worthy of note. First, W DPWA

configurations with Al tracers that were significantly lighter than the W wires did not form

pre-pulses of any kind. The case where the linear masses of the two wire materials were

nearly equal resulted in one shot with a pre-pulse and many without, though given that

the pre-pulse signal from the first shot was one of the smallest observed, this should not

be surprising. None of the DPWA configurations with 3 mm inter-planar gaps (high aspect

ratio) made from a single material formed pre-pulses, and of the low aspect ratio loads that
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Table 9.1: List of all shots in the pulse shaping survey where pre-pulse formations were observed.
Graphical representations of each of the load configurations can be found in Figs. 8.1, 8.2, and
8.3. Pre-pulse percentages correspond to the ratios of integrated XRD signals that accounts for the
pre-pulse formations with respect to the total XRD yield for the entire z-pinch lifecycle.
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Table 9.2: List of all shots in the pulse shaping survey where pre-pulse formations were not
observed.
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did, the total array mass was proportional to the percentage of pre-pulse signal to total

radiation output as detected by the XRD. Sk-DPWAs only formed pre-pulses in cases with

low aspect ratio. Of the TPWAs surveyed, none of the loads with uniform wire material and

diameter resulted in observed pre-pulse formation. Of all the shots tested, the ones where

bubbling effects were present generated the most distinct pre-pulse shapes with the highest

yield percentages. Since the implosion and ablation dynamics of these loads is still not yet

fully understood, it should be a point of interest to advance studies regarding the bubbling

phenomenon in cases where their pulse shapes are deemed useful for practical applications.
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Part V

Conclusions

This dissertation has attempted to further the development of tungsten plasma diagnostics

while investigating phenomena and inertial confinement fusion (ICF) applications related to

high energy density z-pinch plasmas and highlights areas in which I actively participated

throughout my graduate studies. Focus was given to planar wire arrays due to their high

radiation output and diagnostic accessibility, as well as recent interest in their usefulness for

ICF. These studies combined both experimental and theoretical analysis, including spectral

modeling and simulations, to form as comprehensive an analysis as possible. This included

my personal participation in 15 experimental campaigns on the University of Nevada, Reno

generator Zebra, 2 on Cornell University’s COBRA machine, 1 on UNR’s Leopard laser, 2

at the UNR Sparky facility, and the development of a kinetic code to generate synthetic

spectra from Hullac University Lawrence Livermore Atomic Code (HULLAC) data. I took

part in the development and installation of the load current multiplier (LCM) on Zebra and

attended to the operation and reconfiguration of optical and shadowgraphy systems for all

campaigns, many of the images from which are included in previous sections. As my time

on Zebra progressed, I gradually took on more responsibilities for the day to day opera-

tion of our experimental group, including the fielding of the time-gated extreme ultraviolet

(TGEUV) spectrometer and data processing (this included the development of new signal

processing techniques), to name only a few of the more challenging tasks. Eventually I

became responsible for overseeing and training new graduate students and ensuring quality

in the daily operation of diagnostics. This expertise was also applied to campaigns that I

participated in at other facilities, as well.

The first challenge I faced in studying the tungsten and aluminum-based plasmas dis-
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cussed was the development of proper tungsten plasma diagnostics, particularly spectroscopy.

To aid in this endeavor, data from the Lawrence Livermore National Laboratory’s (LLNL)

electron beam ion trap (EBIT) was employed and has proved an invaluable resource for

both benchmarking theoretical modeling and providing a basis for charge state balancing.

This method of charge balancing, which is done using independently modeled synthetic

spectra for each ion species, is both a useful diagnostic for z-pinch-generated W plasma

research currently being conducted at (UNR) and Sandia National Laboratories (SNL) and

for identifying lines in EBIT spectra itself. In particular, the relatively optically thin 3d→5l

transitions continue to be the most promising candidates for charge balancing in the M-shell

band of high energy density (HED) plasmas on Zebra. Many of the lines within the 5-8 Å

range in z-pinch spectra were also identified with the aid of EBIT data. I developed the

kinetic code front-end for generating the synthetic spectra throughout this dissertation, as

detailed in previous sections, and employed charge balancing techniques and all line identi-

fications found here.

During our work with Al tracer wires, we were then able to develop a method for generat-

ing absorption spectra using a z-pinch wire array load without the need to utilize an external

source. Al absorption features were shown to occur in areas of the source where Al is cold

and W SPWA plasma is radiating intensely and is hot enough to produce prominent 3d→5l

features. These conditions under which absorption would be expected to occur are all shown

to be met through spectroscopic analysis. Estimates of electron temperature in the outer

Al plasma using charge-state balancing and comparisons with previous NTF publications

suggest values between 10-40 eV (Ivanov 2011). All load variations shown beyond the first,

original experment, were designed either completely or in part by myself, personally.

I also designed all bubbling effect loads used presented here, based on reasonable the-

ories that I either concluded myself or discussed with other members of our team or the

community at large. The combined W/Al planar array loads that generated bubble-shaped

instabilities in loads where a high-Z element, specifically W or Au, is surrounded by Al

wires were a result an investigation that I carried out, myself. A full analysis of these shots,

including shadowgraphy, x-ray signals, and spectroscopy has been presented and discussed.
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The possibility that these effects are caused by drastic differences in the parameters and ra-

diation features of low-Z and high-Z plasmas has been shown via modeling, while numerous

other hypotheses have also been presented and proven false. The modeling provided by one

of my close collaborators has shown to be consistent with experimental results in all cases,

including the lack of bubble-like instabilities witnessed in inverted (Al in the center, W on

the outside) configurations. More importantly, a method has been developed for identify-

ing parameter windows where bubbling can and cannot occur, allowing future load designs

to either take advantage of these instabilities or avoid them, depending on their intended

application.

Following this, I then proposed a bubbling shot in a triple planar wire array (TPWA)

configurationin order to study of the signal shapes of these loads with the expectation that

they may be used in pulse shaping experiments in the future. I have concluded that the

single planar wire arrays (SPWA) appear to implode at nearly the same times whether

bubbling instabilities are formed or not, however all bubbling shots appear to have lower

high energy radiation yield than other similar loads. I have also shown that the timing and

shape of these pre-pulses can be altered by varying the load geometry. However, with the

exception of the double planar wire array (DPWA) and Au shots, all loads consistently had

a pre-pulse to total radiation output ratio of approximately 25-30%.

Finally, I have presented a survey of the radiation output from planar wire experiments

with various mixtures of W and Al were shown to be effective in generating a wide variety

of different pulse shapes located at different times with respect to the signal peak, with the

intention of creating a compilation that will be useful for applications in inertial confinement

fusion and future radiation research. I participated in the execution and data collection of

every shot in this survey. Bubbling loads of various configurations were shown to be ef-

fective in consistently generating useful pre-pulse shapes. In fact, bubbling loads in triple

planar configurations showed some of the earliest and most prominent precursor formations.

DPWAs in both skewed and straight configurations were also shown to be effective in gen-

erating prominent pre-pulses, although only with loads of low aspect ratio or multiple wire

materials. TPWAs were primarily effective in generating pre-pulses in configurations where
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the geometry, materials, or masses of the arrays were varied in specific ways.

The development of tungsten plasma diagnostics is still very much in its infancy, partic-

ularly regarding spectroscopy. It is this my hope that these studies, which resulted in the

publication of 27 (3 first authored and 24 co-authored) refereed articles, 11 (1 first authored)

conference proceedings, and 60 (8 first authored) posters, will aid the generation of more

sophisticated diagnostics for tungsten plasmas going into the future.
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Part VI

Appendix

A List of Acronyms and Abbreviations

HED High Energy Density

SPWA Single Planar Wire Array

DPWA Double Planar Wire Array

TPWA Triple Planar Wire Array

ICF Inertial Confinment Fusion

ICCD Intense Charge-Coupled Device

XRS X-Ray Spectrometer

TIXRS Time-Integrated X-Ray Spectrometer

TGXRS Time-Gated X-Ray Spectrometer

TGEUV Time-Gated Extreme Ultraviolet Spectrometer

TIPH Time-Integrated Pinhole

TGPH Time-Gated Pinhole

XRD X-Ray Diode

PCD Photo-Conducting Diode

EUV Extreme Ultraviolet

UNR University of Nevada, Reno

NTF Nevada Terawatt Facility

SNL Sandia National Laboratory

LLNL Lawrence Livermore National Laboratory

RMBPT Relativistic Many-Body Perturbation Theory

EBIT Electron Beam Ion Trap

HULLAC Hebrew University Lawrence Livermore Atomic Code
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B Constants

Rydberg Constant Ry= 13.605 692 eV

Electron Mass me = 0.510 999 MeV/c2

Proton Mass mp = 938.272 MeV/c2

Electron Charge e = 1.602 177 x 10-19 C

Planck’s Constant ~ = 6.582 119 x 10-16 eV�s

Bohr Radius a0 = 0.529 177 Å

Speed of Light in Vacuum c = 2.997 925 x 1010 cm/s

C X-Ray Film Calibration

All digitally scanned x-ray films from experiments on Zebra must undergo a series of cor-

rections to determine relative line intensities as well as wavelength or energy scale before it

can be useful for analysis. Because certain spectral features may be more easily discerned at

one portion of the image than in an area of particular interest, it can often be useful to do a

wavelength calibration for one tracing and then apply it to another, a process that is made

possible by ensuring that the tracings are taken at the same horizontal positions on the film.

Intensity calculations must be applied to each tracing independently, however, due to the

removal of background noise that is often both horizontally and vertically inconsistent.

Many of the corrections that must be made to intensity are wavelength dependent, so

the first step in film calibration is to convert the horizontal film position in centimeters to a

scale that’s appropriate to the data, which in the case of the spectrometers used on Zebra

and COBRA, is generally angstroms or nanometers. Due to the curved nature of crystal

spectrometers, generally a second-order polynomial is used to provide the most accurate

scale. Calibrations are done using prominent and well-known lines, and for cases in which

the load materials do not produce highly resolved and easily discernible peaks, tracer wires

can be introduced (see section 4.1).

Once a satisfactory wavelength calibration has been applied, the pixel values must be
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converted to optical density, which is done using the following equation:

OD(p) = A1 + pA2 + p2A3 + p3A4 + p4A5 , (C.1)

where Ai refers to a set of coefficients that are determined by the type of film used and p

is the initial pixel value between 0 and 255. The first correction that must be calculated

once optical density has been determined for each spectrum is the subtraction of background

noise. In most cases, a simple method in which areas that are known not to contain continua

of unresolved lines provide the minimum point values from which to generate a curve that

can be subtracted out.

The raw optical density value must then be corrected for film transmission and filters,

both of which are dependant on the type of film and filters used, respectively. The film

that was used for this research was primarily Kodak BioMAX and had transmission values

calculated as

I(λ) = Idef

[
y0 +A1e

λ/t1
]
, (C.2)

where l is wavelength, Idef is

Idef = y0 +Ae

(
OD(λ)

aλb

)
, (C.3)

and y0, A1, t1, A, a, and b are constants provided by the film manufacturer. Once all of

these corrections have been made, the spectra are then normalized to emphasize relative

line intensity.

D Zebra Scope Signal Processing

A large number of oscilloscopes are used on Zebra to record measurements from a wide

variety of diagnostics, including B-dots, V-dots, diodes, bolometers, laser probe pulses, and

others. Each signal must be treated individually with corrections for RF-attenuators, cable

lengths, device delays, and device calibration factors. In addition to the various signal

adjustments that must be made, each set of data from every oscilloscope must also be

synchronized for cross-scope comparisons. As a point of reference to make synchronization
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possible, the signal from a B-dot located on the Zebra load chamber is split and sent to one

channel of each oscilloscope.

After basic data processing is complete, the first set of calculations that must be per-

formed is an integration and combination of each pair of B-dot signals. For the majority of

the B-dots used in these experiments, only a single scaling coefficient is required for each of

the B-dot coils, so the integration is simply

I(t) = M

ˆ tf

0
V (t)dt , (D.1)

where I is the resulting current, M is the experimentally determined calibration constant, tf

is the current end time, and V is the voltage output from the B-dot read on the oscilloscope.

Specialized loads occasionally require the use of small B-dots, however, where the walls of

the copper aperture that hold the B-dot coils are too thin to neglect penetration terms

from surrounding magnetic flux. Wagoner et al. (Wagoner 2008) theorized that this would

generate an effect similar to passing the induced B-dot output voltage through a high-pass

RC filter with a negative time constant, thereby amplifying low frequency signals. Their

proposed first-order correction has proven accurate for our purposes, and results in the

integral

I(t) = Me(−tf/τ)
ˆ tf

0
V (t)et/τdt , (D.2)

where the new factor t is a flux-penetration time characteristic that must also be experi-

mentally determined, effectively turning the calibration into a two-variable fitting. While

direct calibration on Zebra for most B-dots is possible, these calibration factors are generally

determined on a smaller 50 KV pulser device, a process that is detailed further in appendix

E.

Bolometer measurements must also be interpreted into meaningful data from their raw

signal outputs. Each of the two bolometers outputs a current monitor and a data signal,

which contains a time-integrated representation of the radiation incident on the Ni detector.
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The total calculated energy in joules, then, is simply

E =
Cbolo ·∆V
Imon

(J) , (D.3)

where DV is the change in voltage on the detector, Imon is taken from the current monitor,

and Cbolo is a constant that is specific to the bolometer, its cross section, and its positioning.

Cbolo can be calculated as

Cbolo =
π2R2t2ρw

lφ
, (D.4)

where R is the distance to the plasma source in cm, r is the density of the bolometer element

in g/cm3, t is its thickness in cm, w is its width in cm, l is its length in cm, and F is its

sensitivity in cm�g/J.

D.1 Power Calculations

Two types of power and total energy output estimates are possible using data from various

radiation detectors on Zebra. The first requires knowledge of the detector’s sensitivity,

which is generally given in terms of amps per watt (A/W) for the current induced within

the detector when it interacts with an incident photon. The total instantaneous power yield

P (W) at any given time t (s) for a point source located a distance r (m) from a detector

with cross sectional surface area sv (m2) can then then be calculated simply as

P (t) = V (t)

[
F (ε)A(ε)σ

4πr2

]−1

(W ), (D.5)

where F(e) and A(e) are filter transmission and device sensivity, respectively, for an incident

photon energy e. The largest source of error, then, comes from the fact that the energy of

an impacting photon is generally unknown, so estimations must be made regarding the filter

transmission and device sensitivity curves. A total energy yield can be calculated by simply

integrating this power output over the entire lifetime of the pinch:

Etotal =

ˆ t2

t1

P (t)dt (J). (D.6)
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There are cases, however, when the device sensitivity may be unknown or the photons

incident on the detector span such a wide energy range that the estimations for F(e) and A(e)

are too inaccurate for proper analysis (as is often the case with the XRDs on Zebra and their

corresponding filters). This second method, then, provides a simple means for estimating

total power output by using the bolometer - which is insensitive to specific photon energy -

in conjunction with a more time-resolved detector, such as an XRD, by taking advantage of

the fact that they are placed side by side in the same viewport on the Zebra target chamber.

While the XRDs and their filters are sensitive to incident photon energy, they have a cutoff

range (implemented via filters) that is similar enough to the bolometers’ (AXRD(e)FXRD(e)

≈ ABolo(e)FBolo(e)) to make direct comparisons of x-ray radiation output. The power for

a particular point in time t0 can be calculated, then, as a function of the bolometer energy

over the normalized, integrated XRD signal between times t1 and t2, or

P (t) = EVt0

(ˆ t2

t1

V (t)dt

)−1

(J/s) , (D.7)

where E is the bolometer energy from equation D.3, V(t) is the XRD signal as a function

of time, and Vt0 is the voltage of the signal at t0 .

E B-Dot Calibrations on a 50 KV Pulser

To minimize disruption of experiments and for testing of B-dots that might be destroyed

in Zebra’s extreme high-current environment, a 50 KV pulser was recently installed at the

NTF. The current generated by the pulser passes first down through a rod containing a

current-viewing resistor (CVR) and then to a plate, illustrated in Fig. E.2. A set of eight

return current rods connect that plate to another solid plate below, which is connected to

ground. A control B-dot is placed an equal distance on the opposite side of the rod for

calibration purposes. The magnetic fields from the return current rods must be accounted

for in the calibration calculations in addition to the position of the B-dot on the plate. B-

dots are oriented in such a way that the coils are always parallel to the direction of current

flow, thus making them perpendicular to the magnetic flux, and the return current rods are
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Figure E.1: Sample of calibration shot on the 50 KV pulser at NTF. Lines that indicate they are
combined refer to B-dot signals that have had the absolute values of their positive and negative
portions averaged together.

estimated to be at an angle of 7p/8. This results in a total correction factor of

Itotal = I

(
1

d
− 2

r

8
sin θ

)
, (E.1)

where d is the distance between the B-dot and the current source rod, r and j are the

distance and angle, respectively, between the B-dot and the two nearest return current rods.

A sample of the resulting signals can be found in Fig. E.1. It should be noted that the

B-dot being calibrated in this example is a standard size, and the small size B-dots must be

treated as described in Appendix D.
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Figure E.2: Cartoon of the plate used on the 50 KV pulser at NTF for calibration of B-dots. Gray
circles indicate rods that connect to a bottom plate (which is connceted to ground), white circles
indicate open holes where B-dots can be installed (the control B-dot position is marked with a C),
and the central circle represents the location of the CVR where the current is passed to the plate
from the pulser itself.
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