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Abstract

The wire array z-pinch is an e�cient x-ray source [1] which hasbeen proposed for use

in indirect drive inertial con�nement fusion schemes[2]. The z-pinch can become a

more e�cient x-ray source if its stability is improved. Cylindrical wire array z-pinch

experiments where the Rayleigh-Taylor instability was suppressed showed increased

x-ray yield and power [1]; however the pressure driven MHD instabilities (sausage

and kink instabilities) were still present and possibly limited the x-ray production of

the pinch. Linear MHD calculations of z-pinch stability with an axial velocity shear

predict that a supersonic axial 
ow with a radial gradient iscapable of stabilizing the

MHD instabilities [3][4][5]. A sheared 
ow can be introducedto a pinch by using a

conical wire array with a �ne metallic wire on axis [6]. The wire on axis will carry

a fraction of the total current during the implosion which will cause the center wire

to create a conducting plasma column while a 
ow passes over it. This presentation

will compare the experimental results of a z-pinch with and without a sheared 
ow.

From this comparison it will be shown that the sheared 
ow in these experiments has

a stabilizing e�ect on the MHD instabilities present in the z-pinch plasma column.
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Chapter 1

Introduction

The Z-pinch is a fascinating physical phenomenon. It is one ofthe few times that

nature works with us in achieving high energy densities. In a simpli�ed concept, the

Z-pinch is a cylindrical current carrying plasma column which creates a magnetic �eld

that compresses the plasma column radially through theJ � B force, whereJ is the

current density in the plasma column andB is the magnetic 
ux density created by

the current 
owing through the plasma column. The simplicity of the concept has

led to several scienti�c endeavors utilizing the Z-pinch tocreate a deuterium plasma

with high enough temperature and density to achieve fusion. Unfortunately, it was

discovered that a current carrying plasma column is highly unstable [7] and therefore

unable to achieve the desired temperatures and densities.

Although Z-pinches were unable to achieve fusion directly, Z-pinch research has

found a new niche in x-ray production. The wire array Z-pinchis currently the most

e�cient generator of x-ray energy [1]. The wire array Z-pinchconcept exploits the

fact that wires carrying parallel currents are attracted toone another due to the

J � B force, whereJ is the current density in each wire andB is the magnetic
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ux density created from the current 
owing through all the wires. Traditionally,

the wire array Z-pinch refers to the cylindrical wire array which consists of several

�ne metallic parallel wires, equally spaced along the circumference of a circle and

placed between an anode and a cathode. A large current is then passed through

the array. Ohmic heating causes the wires to turn into a highly conductive plasma.

Current then 
ows through the plasma, and the magnetic �eld created by all the

wires accelerates the plasma to the axis of the cylinder. When the plasma stops

on axis, the kinetic energy of the imploding plasma is converted to thermal energy

which is then partially radiated as x-rays. This process hasbeen used in several novel

concepts studying various types of phenomena, including photoionized plasmas [8].

Additionally, the wire array Z-pinch has been proposed as a driver for indirect drive

fusion [2]. However, these fusion concepts require a 60MA pulsed power driver [2],

unless the Z-pinch process can be made more e�cient.

The e�ciency of the pinch converting power from a wall outlet to x-ray power

can be improved by stabilizing the instabilities that are inherent to the Z-pinch.

Several experimental techniques have been exploited in order to reduce the growth of

interchange instabilities. These methods include decreasing the spacing between the

wires in the cylindrical wire arrays [9], using two nested cylindrical wire arrays [1], and

using starlike arrays to control the implosion [10]. Each ofthese methods has shown

an improvement in the x-ray emission which is linked to the stability of the plasma.

Additional control is required to further mitigate the growth of magnetohydrodynamic

(MHD) instabilities in the pinch
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Although the Z-pinch is inherently unstable, not all current carrying plasmas

are unstable. Observations of astrophysical jets have revealed that they carry a

current [11]. These astrophysical phenomena are highly collimated jets which can

span for parsecs in some cases. If these highly collimated plasma jets carry a current,

then why do they not succumb to the instabilities common in Z-pinches? One possible

answer is that astrophysical jets are stabilized by sheared
ows [11]. The astrophysical

jets typically propagate in the interstellar medium which isstationary compared to

the jets. As a jet propagates through the interstellar mediumthe edges of the jet are

decelerated. This creates a radial derivative in the axial velocity (a sheared 
ow) of

the jet.

Theoretical studies have shown that a sheared 
ow can have a positive e�ect on

the stability of the plasma column [3][4][5][12][13]. The sheared 
ow stabilization can

have profound implications, such as creating a more e�cientZ-pinch, which could

expand the current horizon of high energy density physics. Authors have proposed

various applications for these more stable pinches such as fusion concepts [14][15] and

space craft propulsion [15].

Although theoretical studies have investigated extensively the role of sheared 
ows,

few experiments have attempted to demonstrate the stabilization [16][17]. Using a

conical wire array [18] with the addition of a wire on axis, a sheared 
ow has been

produced in the laboratory [6]. This sheared 
ow stabilization concept is apparently

similar to a previously proposed fusion concept [19][14] where a uranium rod is in-

jected into a Z-pinch with velocities on the order of 3km=s. However, this fusion
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concept used a uranium rod to stabilize the plasma by enhanced stagnation pressure,

whereas the experiments contained in this dissertation usedan Al center wire to drive

magnetohydrodynamic instabilities and an external 
ow with a radial pro�le of the

axial velocity for stabilization by sheared 
ow.

The aim of this dissertation is to understand the e�ect a sheared 
ow has on

the pinching plasma column. This investigation has found experimentally that the

sheared 
ow produced from conical wire arrays has a stabilizing e�ect on the plasma

column. In Chapter 2, the cylindrical wire array Z-pinch andthe instabilities excited

by the implosion and stagnation of the plasma will be discussed. In addition, theories

of sheared 
ow stabilization and how to create sheared plasma 
ows in the labora-

tory are presented. The experimental setup and investigation methodology will be

discussed in Chapter 3. The diagnostics used in the experiment are outlined and de-

scribed in Chapter 4. The results of the experiments will be presented in Chapter 5,

where the fastest growing modes will be identi�ed for the cylindrical and conical wire

arrays with and without a center wire. Chapter 6 will summarize the results and

discuss the implications of this research.
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Chapter 2

Theory

The e�ects of sheared 
ows on magnetohydrodynamic (MHD) plasmas have been

investigated theoretically for the past thirty years. Several independent theoretical

investigations predominately agree that the sheared 
ow can reduce the growth of

instabilities commonly found in the Z-pinch as long as the 
ow is supersonic and

superalfv�enic.

In Section 2.1 a review of the cylindrical wire array Z-pinchwill be discussed.

Section 2.2 will discuss the MHD instabilities present in theZ-pinch plasma and

will give approximations for their growth rates. Sheared 
ows and their e�ect on

the plasma column will be discussed in Section 2.3, including the various stability

criteria established by previous authors and an argument fora phenomenological

model. Sheared 
ows often excite the Kelvin-Helmholtz instability and the theory

for this instability will be presented in Section 2.4. Section 2.5 will close the chapter

with the conical wire array implosion and how it is used to create a sheared 
ow.
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Figure 2.1: Cylindrical wire array. (Spielmanet al. 1998 [21]).

2.1 Cylindrical Wire Array Z-pinch

The Z-pinch is a cylindrical current carrying plasma columnwhich creates a magnetic

�eld that compresses the plasma column radially through theJ � B force, whereJ is

the current density in the plasma column andB is the magnetic 
ux density created

by the current 
owing through the plasma column. One method for creating a Z-

pinch is using a cylindrical wire array. This is an array of �ne metallic wires equally

spaced along the circumference of a circle, bridging the gapbetween an anode and

a cathode such that the array has a cylindrical shape (Figure 2.1). A pulsed power

device, such as Zebra1 [20], is used to pulse large currents (of order 1 MA) through

the array.

When the current is pulsed through the wires, the array undergoes several stages

1Zebra [20] is the 2T W pulsed power generator housed by the Nevada Terawatt Facility at UNR
and will be presented in detail in Section 3.1
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Figure 2.2: During the precursor phase, the plasma shell formed around the dense
wire cores is accelerated toward the axis by theJ � B force. (Image provided by
Dr. J. P. Chittenden.)

in the implosion. Early in time, when the wires are still cold, the current heats up

the wires through ohmic heating. The outside surface of the wires turns to a highly

conductive plasma. This phase is often referred to as the wire initiation stage. The

current then 
ows predominantly through the highly conductive plasma shell around

the dense wire core.

The current 
owing through the wires creates a global azimuthal magnetic �eld

around the entire array. The current and the resulting magnetic �eld create a J � B

force which accelerates the plasma radially inward. The plasma then streams from

the wires toward the axis of the array (Figure 2.2). The streaming plasma does not


ow as a solid sheet but as jets or streams with a \natural wavelength" in the axial

direction. This wavelength is material dependent:� � 0:5mm for Al, � � 0:4mm for

Ti and � � 0:2mm for W [22]. The streams from each of the wires coalesce in a small

cylinder centered on axis forming the precursor plasma, thus starting the precursor



8

phase. The radial kinetic energy of the plasma streams is thermalized creating a soft

x-ray pulse.

Eventually, the current and the mass loss become su�cient that the wire cores are

accelerated toward the axis of the array and start the implosion phase. As the wires

are accelerated toward the axis the magnetic �eld increases,further accelerating the

plasma. When the plasma reaches the axis the radial kinetic energy of the accelerated

wires is thermalized creating a plasma column pinch accompanied by an intense x-

ray pulse. The creation of the plasma column starts the stagnation phase of the

implosion. Non-uniformities from the streaming plasma seed perturbations in the

plasma column and eventually become unstable, preventing the pinch from reaching

best compression.

2.2 Magnetohydrodynamic Instabilities

In the wire array Z-pinch, several instabilities can createproblems. The �rst and

most discussed in the Z-pinch literature is the Rayleigh-Taylor (RT) instability. Next

are the magnetohydrodynamic (MHD) instabilities known as the sausage and kink

instabilities. These instabilities take energy away from the pinch. The RT instability

in the wire array Z-pinch is created during the implosion of the array wires. As the

magnetic pressure on the wires pushes the material inward, the magnetic �eld pushes

through the wire cores. Thinking of the magnetic �eld as a light 
uid and the wires

as a dense 
uid, the wire cores are supported by the magnetic �eld, which is an RT

unstable con�guration. This instability is considered to beone of the most important



9

instabilities in the wire array Z-pinch because it seeds non-uniformities in the plasma

column. These non-uniformities excite the growth of the MHD instabilities which

disrupt the plasma column and prevent the plasma from achieving higher energy

densities. This dissertation will focus on the MHD instabilities, in particular the kink

instability.

Unlike the RT instability discussed above, the sausage and kink instabilities occur

when current 
ows through the plasma column. These instabilities are seeded from

the non-uniformities of the implosion. During the stagnation phase, the kink and

sausage grow to destructive levels. The best way to understand these instabilities is

to investigate the ideal Z-pinch, where the plasma column isperfectly smooth and

ideal MHD is applicable. The system is assumed to be in equilibrium and the plasma

is radially perturbed. The radial displacement is described by

� (r; �; t ) = � ei (kr + m�  !t ) (2.2.1)

where� is the displacement vector,k and m are the axial and azimuthal wavenumbers

and ! is the angular frequency of the oscillation. The resulting MHDequations

are then linearized and solved for! . If ! is imaginary, then the displacement is

exponentially growing. For the Z-pinch there are two azimuthal modes which are of

particular interest: the m=0 (sausage) mode and the m=1 (kink) mode. Reviews of

Z-pinch stability can be found in Freidberg 1982 [7].
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2.2.1 Sausage Instability

The sausage instability is commonly found in Z-pinch plasmas. This instability is

responsible for the constriction or necking of the plasma column which can create

\bright spots", an intense x-ray emitting region, in the plasma column. From a

theoretical standpoint, this instability is an m=0 azimuthal mode from the Fourier

representation of the displacement vector. This instability isnamed for its periodic

constriction of the plasma column, making the plasma columnlook like a series of

sausage links (Figure 2.3a). When the plasma column is in equilibrium, the magnetic

pressure and plasma pressure are balanced. Considering that a constant pressure

plasma column has a reduced radius at a certain location the magnetic pressure will

increase locally,

P / B 2 /
1
r 2

;

surpassing the plasma pressure. Due to the pressure imbalance the plasma column

will become narrower enhancing the original perturbation. The growth of the m=0

instability will continue until the plasma column is interrupted.

The high compression results in a high temperature and density plasma which

causes a bright x-ray burst. For this reason, the location ofan m=0 constriction is

often called a bright spot. The bright spots found in a Z-pinch do not occur at the

same time and will extend in time the x-ray pulse decreasing the achievable x-ray

power.
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Figure 2.3: Illustration of the sausage (a) and kink (b) instabilities[7].

2.2.2 Kink Instability

The kink instability is the axially asymmetric m=1 Fourier mode of the displacement

vector. As Figure 2.3b suggests, the instability is named for the bending structure

resulting from the instability. The curvature of the bend creates a hoop stress on the

concave surface of the bend. This results in an increase of theazimuthal magnetic

�eld near the center of curvature. On the convex surface the bend has a reduced

magnetic �eld. The di�erences in the magnetic �eld create a pressure imbalance,

pushing the plasma away from the axis of the Z-pinch.

2.2.3 Growth Rates

The instability growth rate depends on the initial equilibrium pro�le of the plasma

column. For this dissertation two major pro�les are brie
y discussed. The �rst is

the skin current Z-pinch where there is no magnetic �eld inside of the pinch. In
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Figure 2.4: Growth rate for the kink (dashed) and sausage (solid) modes in an
incompressible plasma with only skin current. Growth ratesare normalized to the
Alfv�en transit time and the wavenumber to the pinch radius.

this con�guration, only perturbations formed on the surface become unstable. This

type of instability growth is often referred to as the surfacemodes of the instabili-

ties. The fastest growing modes have short wavelengths and the growth rate for an

incompressible plasma is given by [23][24]


 =
VA

R

s �
1 +

m2K m (kR)
kRK 0

m (kR)

�
kRI 0

m (kR)
I m (kR)

; (2.2.2)

where VA is the Alfv�en velocity, R is the radius of the plasma column,K m (x) and

I m (x) are modi�ed Bessel functions. Plotted in Figure 2.4 are the growth rates for

the sausage and kink instabilities normalized to the inverseAlfv�en transit time ( R
VA

).

If the current is able to di�use through the plasma column (�nite conductivity)

then internal modes can grow. This can be interpreted as a di�use plasma. The

internal modes can grow at any radius in the plasma column. Fora pinch with a
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Gaussian current distribution and a Gaussian density pro�le, the plasma is unstable

to all axial modes of them = 0 instability. The growth rate saturates when k ! 1 ,

where


 =
VA

R
(2.2.3)

which is the inverse of the Alfv�en transit time. For the same con�guration the plasma

is also unstable to the kink instability and has a growth ratelower by a factor of 2.

For both the surface current and the di�use pinch the growth time for both the kink

and sausage instabilities is on the order of the Alfv�en transit time.

2.3 Z-pinch with Axial Sheared Flow

Introducing an axial 
ow to a Z-pinch can greatly alter the stability of the plasma

column. If a uniform axial 
ow is present over the entire cross section of the plasma

column, its stability is the same as in the case the stationarypinch since, the column

just moves with the 
ow [5]. From a theoretical standpoint, the system of equations

can always be modi�ed by a coordinate transformation which could remove the axial


ow from the equations. However, if the axial 
ow is non-uniform across the plasma,

then the stationary system can not be recovered by a change inreference frame.

The introduction of the sheared 
ow into the plasma causes the system of equations

to no longer be self adjoint [25][5], which makes the theoretical analysis di�cult.

This prevents the equations from being treated by the energy principle to establish

stability conditions. In addition, the angular frequency of the displacement vector is

now mixed complex [4][5] which suggests that each mode can have an oscillating term
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and a growing term. This makes it di�cult to analyze the resulting equations because

the Fourier modes couple to each other through nonlinear interactions. Physically,

this means that an oscillation occurring in the plasma column can interact with or

transfer energy to a di�erent oscillation. This mode mixingis what stabilizes the

instabilities in the plasma column with an axial sheared 
ow[3][12]. Several di�erent

studies have identi�ed stability conditions for various Z-pinch con�gurations [3][4][5].

2.3.1 Stabilization Conditions

The stability of sheared 
ows has been investigated by many authors. To the knowl-

edge of the author, the �rst study of the e�ects of sheared 
owwas done by Hameiri

in 1976 [26]. His analytic approach showed that adding a sheared 
ow to the Z-pinch

changes the stability spectrum. Most notable results on sheared 
ow stabilization

were derived by Hassamet al. 1992 [3], Shumlak and Hartman in 1995 [4] and Arber

and Howell in 1996 [5]. Hassam's work investigated the sheared
ow e�ects on the

Rayleigh-Taylor (RT) instability. In his analysis, a constant sheared 
ow (v = V 0xŷ)

normal to the gravitational force lines (g =  gx x̂) was applied to an inverted density

pro�le ( n = n0e�x ) which is normally unstable to the RT instability, with a magnetic

�eld across the interface (B = Bzẑ). The theory showed that the nonlinear behavior

of the 
ow stabilizes the RT instability if the shear exceedsg�
 
ln

�
(g� )1=2=�k y

�� 1=2
[3],

where� is the density scale length and� is the cross �eld viscosity which was assumed

to be small.

Shumlak and Hartman [4] studied the e�ects of a linear sheared
ow on the
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Kadomtsev equilibrium pro�le, which is inherently stable to the sausage instabil-

ity, to investigate the e�ects on the kink instability. A stab ility condition for the kink

instability was also obtained,

v0
z > 0:1kV 0

A (2.3.1)

where thev0
z is the radial derivative of the axial velocity,k is the axial wavenumber

and V 0
A is the nominal Alfv�en speed where the maximum magnetic �eld and maximum

plasma density were used.

Arber and Howell's work [5] was the most comprehensive study where several

equilibrium and sheared 
ow pro�les were investigated. Of interest for this work are

the internal and surface modes of the parabolic and Bennett equilibrium pro�les.

This work has shown that the sheared 
ows can have an appreciable e�ect on the

plasma column stability when the maximum velocity of the sheared 
ow values exceed

four times the ion thermal speed (vmax > 4vitherm ), for surface modes. For internal

modes, a maximum axial velocityvmax > 2vitherm is needed to stabilize both the

kink and sausage instabilities. The analysis of Arber and Howell did not address

the nonlinear behavior of the sheared 
ow which is responsible for the mode mixing,

possibly lowering the required velocity.

Other investigations using 2D simulations looked at the nonlinear e�ects of the

sheared 
ows and have found that the sheared 
ow can be used torecover the pinching

plasma column. In a study done by DeSouza-Machadoet al. 2000 [12] the pinch was

simulated without a sheared 
ow initially, and the pinch would quickly go unstable.

After the discharge became unstable, a 
ow was added to the pinch. Through a
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Figure 2.5: The velocity shear 
ow pushing the upper part of a protruding plasma
such that it moves into the indentation, thus smoothing the plasma column

no-slip boundary condition, the 
ow had an inherent shear with a zero shear on axis.

Partial recovery of the plasma column was obtained showing that the sheared 
ow

does not only prevent the growth of the instability it can also dampen the unstable

modes.This was also demonstrated by Volponiet al. in 2000 [13] who used Kelvin's

method to treat the non-Hermitian properties of the system.

2.3.2 Phenomenological Stability Model

One particular way of explaining how the sheared 
ows can stabilize the plasma

column is through smoothing. Imagine a plasma column with a sheared 
ow. As a

sinusoidal perturbation forms on the surface of the plasma column, the protruding

section of the column will experience a di�erent velocity than the rest of the plasma

column. The protruding section will eventually overlap theindented section of the

original sinusoidal perturbation (Figure 2.5). If the mass transport happens on a time

scale faster than the growth time then the perturbation willnot grow. The time it

takes for the protruding section to overlap with the indented section is
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Tf ill =
�

2(v(rp)  v(r i ))
(2.3.2)

where � is the wavelength of the sinusoidal perturbation,v is the velocity with a

radial dependence andrp and r i are the radii of the protruding and indented sections

of the plasma, respectively. The growth time of the instability can be estimated by

the Alfv�en transit time

Tinst �
a

VA
(2.3.3)

werea is the average radius of the plasma column andVA is the Alfv�en velocity. If

Tf ill < T inst (2.3.4)

then the plasma column would be smoothed faster than the instability can grow.

Substituting Equation 2.3.2 and 2.3.3 into equation 2.3.4 the following relation can

be obtained

v(rp)  v(r i )
VA

>
�
2a

(2.3.5)

Substituting � = 2�
k , where k is the axial wavenumber and using the Alfv�en Mach

number, MA = v
VA

, Equation 2.3.5 can be simpli�ed to

MA (rp)  MA (r i ) >
�
ka

(2.3.6)

This condition states that the larger the wavenumber the easier it is to stabilize. This

means the fastest growing modes present in a Z-pinch should be strongly in
uenced by

the sheared 
ow and will push the fastest growing modes to longer wavelengths. This

condition is similar to the stability condition described in Hassam [3] and DeSouza-

Machadoet al. [12] and shows a similar trend as in Arber and Howell's 1996 paper [5].
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Figure 2.6: Illustration of the Kelvin-Helmholtz instability [27]. A) Two parallel

owing 
uids separated by an in�nitely thin layer, moving at d i�erent velocities. B)
perturbations of the interface are ampli�ed between the 
uids. Arrows depict the
growth of the instability. C) and D) The instability goes into the nonlinear stage.

However, this condition contradicts Shumlak's stability condition [4] which has a

similar form except the dependence of the wave number is inverted.

2.4 Kelvin-Helmholtz Instability

As the reader may be aware, the inclusion of a velocity shear can excite the Kelvin-

Helmholtz instability (KHI). Figure 2.6 graphically depicts the KHI, where two 
uids

with di�erent 
ow velocities, depicted in di�erent shades of green, are 
owing in the

same direction but are separated by an in�nitesimally smallshear layer, where the

velocity presents a discontinuity. The interface may be deformed through thermal

variations, for example, as shown by Figure 2.6B. If the cross section of the 
uid

is reduced (increased), its speed will increase (decrease). Assuming the system was
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originally in equilibrium, it can be described by Bernoulli's principle, the increase in


uid velocity will decrease the pressure while the 
uid with the slower velocity will

increase the pressure at the interface. This will increase the amplitude of the original

modulation, thus growing the instability. As the amplitude of the perturbation grows,

the instability will eventually reach a nonlinear state, where the typical roll-ups form

(Figure 2.6C). The linear growth rate for the Kelvin-Helmholtz instability is [28]


 = k
p

� 1� 2 jU1  U2j
� 1 + � 2

(2.4.1)

wherek is the wave number of the instability,� i and Ui are the density and velocity

of the respective 
uid, and 
 is the growth rate of the instability. In this example,

the Kelvin-Helmholtz instability always grows. However, there are stabilizing e�ects,

such as surface tension, a �nite shear layer and compressibility. In the MHD case, a

magnetic �eld along the 
uid 
ow can also suppress the Kelvin-Helmholtz instability.

2.5 Creating a Sheared Flow

The experimental investigation of the e�ect of sheared 
ow on a plasma column

utilized conical wire arrays with a center wire, which were previously shown to create

a sheared 
ow [6]. The conical wire array (Figure 2.7) has unequal cathode and anode

diameters. This introduces a slant to the wires which adds anaxial component to the

J � B force. The plasma streams are accelerated toward the axis perpendicular to the

wires' surface. When the streaming plasma reaches the axis, the radial momentum

is thermalized, while the axial momentum persists, creating an axial plasma jet [18].

These jets have been used to study astrophysical jet phenomena [18]. Adding a center
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Figure 2.7: a) Current (blue arrows) 
ows through the wires, generating a local
magnetic �eld around each wire and a global magnetic �eld (green) around the whole
array. b) Ohmic heating causes all wires to ablate. Plasma originating from the
outer wires will be accelerated perpendicular to the wire surface toward the array
axis (red arrows). The plasma from the center wire will expand (orange) and will
be con�ned by its own magnetic �eld. c) The interaction of the plasma streaming
from the outer wires (red) with the center wire plasma (orange yellow) leads to the
formation of a conical shock (delineated in light blue). Onceit traverses the shock, the
plasma originating from the outer wires will be redirected in axial direction, creating
a sheared 
ow (red)[6].

wire to the axis of the array creates a target for the imploding plasma. The resulting

jet in this con�guration interacts with the center wire through viscous e�ects. Using

a no slip boundary condition on the surface of the center wireleads to [29]

vz(r ) = Vedge
ln (rw) r 2  r 2

w ln(r )
R2 ln (rw)  r 2

w ln(R)
(2.5.1)

whereVedge is the velocity at the edge of the jet (vz(R)), rw is the radius of the center

wire and R is the 
ow radius. The radius of the center wire is typically much smaller
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than the radius of the of the jet, so the pro�le can be simpli�ed to

vz(r ) = Vedge
r 2

R2
(2.5.2)

which is parabolic. The parabolic pro�le from Arber and Howell's analysis [5] would

suggest that the 
ow velocity needs to exceed the ion thermalvelocity by a factor of

4 in order to reduce the growth of sausage and kink instabilities.
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Chapter 3

Experimental Setup

The experiments presented in this dissertation investigated the e�ect of sheared 
ow

on the stability of a Z-pinch. The experiments were conducted at the Nevada Terawatt

Facility located at the University of Nevada, Reno. This studyused conical wire arrays

to generate an imploding plasma with an axial plasma 
ow. A center wire added to

the axis of the conical array, interacts with the axial 
ow through viscous e�ects as

described in Section 2.5, thus generating a plasma 
ow with a radial pro�le of the

axial velocity. This velocity pro�le is established during the precursor phase of the

implosion. As it will be shown in Section 5.5, this smooths theinstability growth

during the precursor phase producing a more uniform implosion. The e�ects of the

sheared 
ow are assessed by comparing the conical wire arrayimplosions to cylindrical

wire array implosions with a similar implosion time. The conical wire arrays were

constructed with an 18mm anode diameter and a 6mm cathode diameter, while the

cylindrical wire arrays had a 12mm diameter. All arrays were 22mm tall. Each

array consisted of eight Al wires with 15�m diameter. The Aluminum alloy used

was either Al 1199 (pure Al) or Al 5056 (95% Al and 5% Mg, Mg being used as an
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Figure 3.1: Typical load current on the Zebra Z-pinch generator.

optically thin tracer for spectroscopy). The center wires were made of Al 5056 with

various diameters ranging from 10�m to 100�m . These arrays were imploded on the

Zebra Z-pinch generator that delivers a 1MA current pulse with a 90ns rise time to

the load (Figure 3.1).

3.1 The Zebra Z-pinch Generator

Zebra (Figure 3.2) is a Z-pinch generator [20] now residing atthe Nevada Terawatt

Facility. It was originally developed at Los Alamos National Laboratory, where it was

used to investigate the Z-pinch of solid deuterium �bers [20]. Zebra's Marx bank is

typically charged to 85kV with a stored energy of 150kJ . The resulting voltage pulse

is sent to an intermediate storage capacitor which is then discharged by closing a gas

switch. The pulse is then sent through a vertical pulse forming line where the pulse

is further shortened. The resulting current pulse through aload has an amplitude of

1MA and a rise time of 90ns.
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Figure 3.2: Zebra Z-pinch generator.

3.2 Estimated Implosion Times

The implosion times of a wire array can be estimated with a \zero dimensional" (0D)

implosion model [30]. This model treats the array as an in�nitely thin cylindrical

liner with the same mass as the wire array. The force per unit length on the liner is

F
L

=
� 0

4�
I 2

r
(3.2.1)

where I is the total current as a function of time. This equation can be solved

numerically to obtain the position of the liner as a functionof time.

Using the 0D imploding shell model and using the parameters ofthe arrays used

in the experiment, the implosion times of the cylindrical and conical wire arrays can

be estimated. An equivalent circuit of Zebra was coupled to the 0D implosion model
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to simulate self-consistently the Zebra load current pulse.The simulation terminated

the implosion at a radius of 1:0mm, which is approximately the pinch radius obtained

in experiments as is shown later in Chapter 5. From this simulation, the cylindrical

wire array without a center wire implodes at 103ns with the \0" time set at 100 kA

current through the load. If a 2mm �nal radius is used, the implosion time changes to

99ns suggesting that the cut o� does not greatly a�ect the implosion time. In order

to estimate the implosion time of the conical wire array, the 0D implosion model was

applied to various cross sections of the conical wire array with the radial projection

of the force vector. The cathode section of the array has an implosion time of 73ns,

the mid section of the array implodes at 101ns, while the top of the array, which is

closest to the anode, implodes at 127ns. The average implosion time of the conical

wire array is 100ns which is similar to the implosion time of the cylindrical wire

array.

3.3 Current Through the Center Wire

In the conical wire arrays, the sheared 
ow forms during the precursor phase (30ns-

60ns into the current rise). However, the MHD instabilities of interest typically occur

during the implosion and stagnation phases. Thus, in order to study the e�ects of

sheared 
ow on the MHD instabilities, the plasma column must be unstable during

the precursor phase, meaning that the growth time of the MHD instabilities must

be less than the time frame of the precursor plasma formation.The main driver for

the MHD instabilities is the magnetic �eld, which can be estimated by treating the
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Figure 3.3: Simpli�ed circuit used for current division calculations, where R is the
resistance of the center wire (in) and the array wires (out), Lis the inductance and
M is the mutual inductance between the center (in) and array (out) inductors. The
dashed line illustrates the coupling between inductors.

array wires and the center wire as di�erent parallel elements of a circuit (Figure 3.3).

Expressing the voltage drop across the array and the center wire

V = Rin I in + L in
@Iin
@t

+ M
@Iout

@t
(3.3.1)

V = Rout I out + Lout
@Iout

@t
+ M

@Iin
@t

(3.3.2)

where I is the current through the center wire (in) or the outer array(out). R and

L are the resistance and the self-inductance of the respective component andM is

the mutual inductance between the two elements. Assuming the current only 
ows

through the wires, the total current is

I 0 = I in + I out (3.3.3)

Subtracting Equation 3.3.1 from Equation 3.3.2, using Equation 3.3.3 to eliminate

I out , and substituting it into the resulting equation gives

I in (Rin + Rout ) + ( L in + Lout  2M )
@Iin
@t

= Rout I 0 + ( Lout  M )
@I0
@t

(3.3.4)
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where all terms with I in were moved to the left side. Assuming harmonic time varia-

tion

I (t) / ei!t

the following solution is obtained for the fraction of total current through the center

wire

I in

I 0
=

i! (Lout  M ) + Rout

i! (L in + Lout  2M ) + Rout + Rin
: (3.3.5)

This solution is the same as the solution developed by Velikovich et al. 2002 for nested

arrays [31]. The self inductance of a wire on axis is

L in =
� 0l
2�

ln
�

rwall

r cw

�
(3.3.6)

where rwall is the radius of a current return structure coaxial with the array, r cw is

the radius of the center wire andl is the length of the array. The inductance of an N

wire cylindrical wire array with radius rarray is

Lout =
� 0l
2�

�
ln

�
rwall

rarray

�
+

1
N

ln
�

rarray

Nr aw

��
(3.3.7)

whereraw is the radius of the array wires. The mutual inductance between the array

and the center wire is

M =
� 0l
2�

ln
�

rwall

rarray

�
(3.3.8)

Using this formulation, estimates for the cylindrical wire array were obtained and

showed that the current through an Al 10�m diameter center wire was approximately

5:8% of the total current while an Al 100�m center wire carried approximately 18%

of the total current. Figure 3.4 shows the percentage of the total current through the
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Figure 3.4: Calculated current division for cylindrical wire arrays (solid line) and
conical wire arrays (points) as a function of center wire (CW)diameter. The arrays
have 8 15�m diameter Al outer wires (OW). The dashed line is the current through
each outer wire for cylindrical arrays.

center wire as a function of the center wire diameter. The self and mutual inductance

of the conical wire arrays were estimated by calculating theinductance of a narrow

axial slice of the conical array and using the inductance equations for a cylindrical

wire array. Adding these contributions together gives a closeapproximation to the

inductance of the conical wire array. From this analysis, the percentage current

through the center wire closely resembles the values for thecylindrical wire array

with only a slight deviation (Figure 3.4)

These values were obtained using the cold resistivity of thewires. During the

prepulse and the main current pulse, the wires increase in temperature and expand.

As the array wires expand, the self-inductance of the array decreases. When the

inductance of the array drops to the value of the mutual inductance (Equation 3.3.5)

the current through the center wire approaches zero (assuming the resistance of the
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Figure 3.5: Current pulse used in Gorgon simulations. Also plotted are the synthetic
x-ray pulses from conical wire arrays with 50�m and 10�m diameter center wires.
Graph from Dr. J. Chittenden, private communication [32]

array is negligible). This means that the array behaves likea liner and the current

inside is negligible. Thus, the center wire will only have a current in arrays with a

low wire count such as the ones investigated.

3.4 Gorgon Simulations

The implosion dynamics observed in the experiment were also compared to Gor-

gon simulations. Gorgon is a three dimensional Eulerian resistive MHD code which

performs explicit hydrodynamics on a Cartesian grid using second order Van-Leer ad-

vection [33][34]. The code was used to simulate the implosion of conical wire arrays

with 50 �m and 10�m center wires. The conical wire array had the same parameters

as the conical wire arrays imploded in experiments, including a bridge over the top of
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the array which held the center wire. The current pro�le usedwas taken from a Zebra

shot (Figure 3.5). The simulations were coded and executed byDr. Jerry Chittenden

from Imperial College. The information provided by the simulations gives insight into

the velocity, density and magnetic pressure at various times during the implosion.
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Chapter 4

Diagnostics

The conical wire array with the addition of a center wire can produce a sheared 
ow

around an unstable plasma. The question quickly becomes howdoes one determine

if the implosion is more stable. The �rst indication of plasma stability is from the

plasma dynamics. It can be obtained by comparing the observed dynamics of a system

with a sheared 
ow with a similar system without sheared 
ow and identifying the

fastest growing modes. Complete stabilization would be indicated by a smooth and

narrow plasma column. Additionally, a stable plasma column would create a uniform

x-ray emission pro�le. However, the implosion dynamics of the cylindrical wire array

and the conical wire array are di�erent enough that comparing the x-ray emission is

di�cult. Thus, laser shadowgraphy and both time integrated and time gated x-ray

pinhole imaging were used to determine the dynamics and emission pro�le of the

pinch.

For this particular investigation, it was not enough to observe improved stabil-

ity, it was also important to understand the stabilization mechanism. Theoretical

models of sheared 
ow stabilization state that the plasma 
ow must be supersonic
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and superalfv�enic [3][5]. Thus it was important to obtain estimates for the plasma

velocity, density, temperature and magnetic �eld. For the magnetic �eld, magnetic

probes (referred to as B-dots) and Faraday rotation were used. The temperature and

density of the pinching plasma were estimated using x-ray spectroscopy from the Mg

impurity in the plasma. Additionally, x-ray diodes were alsoemployed to study the

e�ects the sheared 
ow would have on the x-ray emission during the experiment.

4.1 Laser Diagnostics

The morphology of the plasma can be determined by using laserdiagnostics such

as laser shadowgraphy, sensitive to the plasma density distribution, and Faraday

rotation, sensitive to the plasma density and magnetic �eldin the plasma. These

diagnostics were implemented using a commercial Ekspla laser with 532nm wave-

length, 150ps pulse duration and 100mJ of energy. The laser beam is expanded to a

100diameter. The laser beam can be split into multiple channelsand used to observe

the plasma at multiple angles and times.

4.1.1 Shadowgraphy

In this diagnostic, laser light transmitted through a plasma is imaged onto a CCD

camera. Although this sounds very simplistic, the diagnostic is highly useful in deter-

mining plasma dynamics. When �rst working with laser shadowgraphy it is important

to understand that the laser light is able to propagate through the plasma due to the

free electrons in the plasma. When a weak electromagnetic wave propagates through

the plasma, the electric �eld from the laser accelerates thefree electrons. These
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electrons oscillate and re-emit the laser wave. If the plasma electrons can oscillate

faster than the laser oscillations then the laser will be unable to propagate in the

medium. This can be seen from the dispersion relation for an electromagnetic wave,

with frequency ! , propagating in an unmagnetized plasma

k c =
q

! 2  ! 2
p (4.1.1)

where! p is the plasma frequency for electrons, which is expressed as

! p =

s
nee2

� 0me
(4.1.2)

wherene is the electron density,e is the electron charge,� 0 is the permittivity of free

space andme is the electron mass. From equation 4.1.1 the laser light is only able

to propagate through the plasma ifk is real and greater than zero. If the frequency

of the laser light is less than the plasma frequency, then the plasma is no longer

transparent to that particular electromagnetic wave and thelaser light is re
ected by

the plasma. Setting the two frequencies equal and using equation 4.1.2 to solve for

the plasma density we can �nd a relation for the critical plasma density

nc =
� 0 me 4� 2 c2

� 2 e2
(4.1.3)

where� is the probing laser wavelength andc is the speed of light. For the Ekspla laser

operating at a wavelength� = 532 nm, the critical density is nc = 3:92� 1021 cm 3.

This value is the maximum density the laser light can in principle propagate through

the plasma.

The re
ection at the critical density is not the only mechanism that can prevent

light from propagating through the plasma. As the free electrons are accelerated, they
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can collide with charged ions in the plasma causing the ion toabsorb some of the

laser energy. This process is known as inverse bremsstrahlung and it can attenuate

the laser beam below the detection limit for the cameras. Theamount of laser energy

absorbed is given by [35]

� = 3:1 � 10 7 Zn2
e ln(�)

T3=2! 2

1
p

1  ! p=!
[cm 1] (4.1.4)

where ! is the angular frequency of the probing laser in terms ofrad=s, ne is the

electron density in cm 3, T is the electron temperature of the plasma ineV, Z is

the charge state of the plasma and ln(�) is the coulomb logarithm. Although this is

an important e�ect, it was ignored in this dissertation as the plasma motion holds

higher importance. In addition it is vital to understand that density gradients in the

plasma lead to refraction of the laser light. If the density gradient is large enough,

then the light can be de
ected out of the optical system. In addition, the lensing

e�ect can create bright and dark regions in the plasma image.This is commonly seen

in the streaming plasma coming o� the array wires and headingtoward the precursor

plasma. Figure 4.1 shows this e�ect.

The laser shadowgraphy diagnostic used for the presented experiments was con-

structed by Dr. Vladimir Ivanov. The shadowgraphy diagnosticconsisted of three

lines of sight through the experimental chamber, denoted asCh1, Ch2 and Ch3. The

paths are illustrated in Figure 4.2. The angle di�erence between two neighboring

channels was 22:5� . Ch1 and Ch2 had a delayed pulse which was separated from the

initial pulse by a 90� polarization.

Each of the shadow images was recorded by a CCD camera from Finger Lakes
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Figure 4.1: Images showing the lensing e�ect from density gradients. a) plasma
streams from the wires have large density gradients which creates the bright and dark
horizontal features. b) The conical shock produces a lensing e�ect which appears as
a narrow bright line.

Instrumentation. The optical system used to image the plasma shadow was di�erent

for each line of sight. The high resolution channel was Ch1 which imaged the laser

using a single lens, which had to be changed depending on the magni�cation desired.

Ch2 imaged the shadow of the plasma with a three lens system consisting of a two

lens relay with a 50cm focal length and an imaging lens with a 50cm focal length.

The radiation incident on the CCD cameras was �ltered with a laser line �lter at

532nm to reject the light emitted by the plasma. Although the CCD images are time

integrated over the experiment, the diagnostic relied on the short duration of the

Ekspla laser to capture a snapshot of the plasma. Since plasma 
ows are important

in this diagnostic, it becomes necessary to calculate the minimum velocity that would

smear the laser image. For an image with spatial resolution of 50�m (for typical

Ch2 parameters), the minimum velocity of the plasma that would smear the image
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Figure 4.2: Diagnostic laser paths through the Zebra vacuum chamber. Dashed line
means there is no delay line.

is 300km=s. As for an image with 25�m resolution (typical Ch1 resolution) the

minimum velocity is 150km=s. Expected velocities in the shear region during the

time of the experiment are of the order 100km=s, thus the resolution of the images

could be reduced due to plasma motion.

Shadowgraphy images were taken at various intervals between50ns and 100ns

after the current reached 100kA. The images were used for studying the plasma

dynamics during the precursor and zipper/implosion phases when the plasma created

a sheared 
ow and was unstable to the kink and sausage instabilities. This diagnostic

was used to determine the fastest growing modes in the plasmaand to measure the

plasma 
ow velocity.
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4.1.2 Faraday Rotation

Laser diagnostics can also determine the distribution of the magnetic �eld in the

plasma. Going back to the electromagnetic wave propagatingin the plasma, the free

electrons are accelerated by the electric �eld in the laser light. If an ambient magnetic

�eld is present parallel to the laser path, then the accelerated electrons will oscillate

turning around the �eld line due to the resulting Lorentz force. The change in the

electrons' oscillation plane causes the orientation of theelectric �eld to also change

resulting in the rotation of the electromagnetic wave's polarization. The rotation

angle from the Faraday e�ect is [36]

�  =
e3 �

2�m 2c4

Z L

0
neB dl (4.1.5)

where �  is the angle change in the polarization plane,e and m are the electron

charge and mass receptively,� is the wavelength of the laser,c is the speed of light,

ne is the electron density andB is the magnetic �eld parallel to the direction of

propagation.

Measuring the rotation angle�  was accomplished by using a polarization sen-

sitive optical system that �rst set the polarization plane of the probing laser beam

before interacting with the plasma and then analyzed after rotation to determine the

rotation angle. The diagnostic setup replaced the Ch1 shadowgraphy line and did

not use a delayed pulse. The diagnostic consisted of a Glan prism polarizer placed

before the chamber to set the incoming beam to a well de�ned polarization. Once

the laser propagated through the plasma, the pinch plane was relay imaged onto a
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horizontal slit used to reduce the area of the laser beam. The beam was then sent

through a calcite wedge which splits it based on polarization. For each polarization,

the slit plane was reimaged using a 30cm focal length lens onto a single CCD chip.

The Faraday rotation images are analyzed by comparing the intensity in the two

images. The polarization plane of the calcite wedge analyzer was set at approximately

45� to that of the polarizer. The system was designed by Dr. Gennady Sarkisov from

K-Tech Corporation.

4.2 X-ray Detectors

In Zebra experiments, the x-ray emission power is measured with diamond photocon-

ducting detectors (PCD) [37] and X-ray diodes (XRD) [38] housed in a �ve channel

head apparatus The spectral response curves for the XRD and PCD with di�erent

�lters were di�erent, thus several detectors can give the power and energy of various

photon energy bands (Figure 4.3 and Figure 4.4). The detectors were paired with

various �lters to limit the spectrum detected, which changed between experimental

campaigns. Two PCD detectors, however remained unchanged throughout the ex-

periment (PCD#1 with 25 �m kapton and PCD#2 with 8 �m of Be) such that the

experiments could be compared.
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Figure 4.3: Response curves of the X-ray diodes (XRD) with di�erent �lters. Filter
transmission data obtained from Henkeet al. 1993 [39].

4.3 X-ray Pinhole Imaging

For the experiments, both time integrated and time gated x-ray pinhole images were

recorded. Both diagnostics are crucial in determining the stability of the plasma col-

umn during the implosion and stagnation phases. The time integrated pinhole cam-

era uses a three pinhole mask with separate photon energy �ltration. Each campaign

used di�erent �lters. The transmission curves for the �lters are given in Figure 4.5.

Pinhole images were recorded with a three layer stack of Kodak Biomax-MS �lm,

and later digitized using an EPSON perfection V750 Pro Scanner. Using three �lms

stacked together allowed for higher levels of �ltration to be recorded without the loss
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Figure 4.4: Response curves of the photocunductive detectors (PCD) with di�erent
�lters. Filter transmission data obtained from Henkeet al. 1993 [39].

of lower photon energies.

The time integrated pinhole images reveal the distributionof x-ray self emission

which is correlated with the plasma density and temperaturedistribution. When

a plasma goes unstable the self emission, captured through pinhole imaging, will

illustrate the nature of the instability. A time integrated pinhole image illustrating

an unstable pinch is shown in Figure 4.6a. Taking the wavelength of these instabilities

gives the dominant modes in the stagnating plasma column.

The drawback of time integrated pinhole imaging is that the time history of the

pinch cannot be determined from the diagnostic. Through theuse of the �ltered x-ray

detectors, the time when the pinhole camera is integrating at various �ltration levels
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Figure 4.5: Transmission curves of �lters used for the time integrated x-ray pinhole
camera [39]. The \7:5�m Kapton +3 �m Mylar +0 :4�m Al" combination is common
for several �lters (base).

can be determined. However, plasma dynamics are still impossible to determine.

Thus, time gated pinhole imaging was also employed. This diagnostic consisted of 12

pinholes split into two groups based on di�erent levels of �ltration. The six image pairs

were separated in time by using a pulse generator and sendingvoltage pulses across

the microchannel plate (MCP) strips at di�erent times. The electrons generated by

the MCP were accelerated onto a phosphor screen which illuminated a Kodak TMax

�lm. The signal was later digitized using an EPSON perfection V750 Pro Scanner.

The voltage pulse was 3ns full width at half maximum and the time separation

between the MCP strips was nominally 6ns. Assuming that the plasma velocity was

of the order 100km=s the maximum resolution the images were able to record without
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Figure 4.6: a) Development of the sausage and kink instability in time integrated
pinhole images of a cylindrical wire array b) time gated image of the same shot. The
kink instability is visible as a bending structure in the images. Sausage instability
is noted by the beaded dark regions. The two instabilities are superimposed. (c)
The time integrated and time gated images were recorded along mutually orthogonal
directions.

smearing was 300�m

The time gated pinhole images were taken during the implosion phase and on

select shots during the precursor phase. This captures the growth of instability at

this time (Figure 4.6b). In addition, the time resolution allows for the phase velocity

of the zippering pinch to be analyzed.

4.4 Spectroscopy

The experiments presented in this dissertation investigated the implosion of cylindri-

cal and conical wire arrays. These arrays consisted of eightAl 5056 alloy (95% Al and

5% Mg) wires with a diameter of 15�m . The cylindrical wire arrays had a 12mm

diameter while the conical wire arrays had a cathode diameter of 6mm and an anode

diameter of 18mm with an anode and cathode separation of 22mm. Shots presented
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in this dissertation had various center wire diameters ranging from 10�m to 50�m

which were compared to wire array implosions without a center wire. The Al 5056

alloy was used in the array for its Mg component, which enabled the spectroscopic

analysis (described below). Previous work [40] determinedthat the Al plasma from

Z-pinch implosions is optically thick to the Al k-shell radiation, which can make mea-

surements particularly di�cult to undertake. However, the magnesium radiation is

optically thin due to its low abundance in the plasma. With theMg homogeneously

mixed in with the Al, the Mg and Al ions share the same pool of freeelectrons which

drive atomic collision processes in both elements. Thus, the Mg lines can be used to

determine the plasma temperature and density.

The spectrometer used in this experiment was a de Broglie spectrometer with

a cylindrical convex KAP (2d = 26:6�A) crystal with a radius of 5:08cm. It was

equipped with which had an 8�m Be �lter and a 0:5mm entrance slit perpendicular

to the pinch axis. The horizontal slit gives the spectrometer 1:5mm spatial resolution

along the pinch axis. The x-rays meeting the Bragg conditionfor the KAP crystal are

re
ected toward the cylindrically bent �lm with a radius of 7 :62cm as illustrated in

Figure 4.7. The de Broglie instrument records a broad spectral range. For this disser-

tation the spectral range of interest was 5�A (2:48keV) to 10�A (1:24keV). The light

re
ected o� the crystal is recorded using Kodak Biomax MS �lm. Since the broad

section of the slit is along the dispersion direction, the spectrum is highly susceptible

to the pinch diameter. Using an excel spread sheet developed by Dr. Radu Presura

based on a ray tracing algorithm [41], this contribution to theinstrumental spectral
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Figure 4.7: Graphical depiction of the de Broglie spectrometer. The incoming x-ray
radiation is depicted with a large black arrow. The x-rays are dispersed by a KAP
crystal (smaller circle, blue section). The resulting spectrum is collected by a �lm
along the larger circle (red). The KAP crystal and �lm are denoted as analyzer and
detector in the �gure, respectively. The centers for the KAP crystal and �lm are
denoted as centerA and centerD respectively. The units on axes are mm.

line broadening can be estimated. The calculation is based ona 
at source that is

located at an arbitrary distance from the crystal, which in our case was 50cm. Assum-

ing a source size of 2mm, typical for the pinch diameter, the calculation estimates a

spectral broadening of approximately 40m�A. Assuming the pinch had a plasma tem-

perature 1000eV, which is far greater than expected, the Doppler broadeningwas

calculated to be 4m�A. Since the system is imploding, there is a continuous spectrum

of Doppler shifts due to the plasma motion toward and away from the instrument.

From previous work [6] the ablation velocity is of the order 100km=s which then

leads to a broadening of only 3m�A. This shows that the instrumental broadening will

dominate the spectra. However, this neglects other broadening e�ects such as Stark
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broadening and \broadening" due to opacity. The latter was previously shown to be

unimportant for Mg in Al 5056 Z-pinch experiments [40]. The Stark broadening be-

comes comparable to the source broadening for unrealistically high plasma densities,

higher than 1022cm 3.

Although the plasma is optically thick to most of the Al K-shell radiation, the

plasma is optically thin to the Mg K-shell radiation due to its low concentration,

making it a useful diagnostic tool. In addition, the Mg Helium alpha line transition

(Mg-w) and the Lyman alpha transition (Mg-Ly) are outside of the range of tran-

sitions of the Al K-shell band. Furthermore, the Mg is mixed with the Al plasma

homogeneously, thus the Mg ions share the same free electrondensity and temper-

atures as the Al plasma. Theories have been developed for using such a tracer to

measure the plasma temperature and density based on line intensity ratios between

the helium alpha line (Mg-w) with its satellite lines (Mg-j+k) [42] and with its inter-

combination (Mg-y) [43], respectively.

The intercombination transition (Mg-y) is similar to the resonance line transition

Mg-w except for a spin 
ip. The intensity ratio between the intercombination and

resonance lines can be used to extract information about theelectron density, as-

suming certain conditions are met [43]. There are some limitations to this ratio, for

instance there are two regimes when the ratio is independent to the electron density.

The �rst is the low density limit ( Ne < 1011cm 3) when the system is dominated

by radiative decay and collisional de-excitation is small (coronal limit). At electron

densities greater than 1019cm 3, the ratio has a strong dependence on the electron
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Figure 4.8: Stou�er step wedge for calibrating the pixel value of the scanner to
optical density. The numbers in the wedge represent di�erent optical densities where
2 corresponds to a nominal optical density of 0.2 and the optical density of each
following step increases nominally by 0.15.

density due to the depletion of the 1s2p3P level through electron impact ionization.

In addition the electron collisions also cause an energy level transfer to the singlet

state (1s2p1P). These density limits are valid for 345eV plasma temperature. An

increase in density leads to increases in the line intensityratio.

The emission spectra were recorded using Kodak Biomax-MS �lm and digitized

using EPSON Perfection V750 Pro Scanner. The physical characteristics of the �lm

have been determined [44] and the �lm itself has been calibrated using various x-ray

sources [45]. The emulsion layers are separated by a nominal 180�m thick Mylar

base. For simplicity the angle of incidence was assumed to be90� , however for a more

accurate model the angle of incidence will need to be considered. When the �lms

are scanned, the scanner determines the transmission through the �lm and assigns

it a pixel value. To determine the �lm density, a relationship between the scanner

pixel values and the optical density was determined. For thecalibration process, a

transmission Stou�er step wedge (Figure 4.8) was used. The step wedge consisted of

21 steps in optical densities with a known tolerance for each. The wedge was scanned

using the transmission scanning feature and was saved in a 16bit gray scale format.
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Figure 4.9: Location of the B-dots in the Zebra vacuum chamber.

Once the wedge was scanned a line out was taken along it. Averaging over each step

we can �nd the associated pixel value to a speci�c optical density. Next the standard

deviation of each step is taken, and this gives the approximate error that is present

in each associated pixel value. Using a spline interpolationscheme, any intermediate

pixel values can be converted into optical density values.

4.5 Magnetic Probes

During a Zebra experiment, the load current is measured using magnetic probes.

These probes are small loops of wire that exploit Faraday's Law which states that

changing magnetic �elds induce a voltage in a conducting loop. Several magnetic

probes (also known as B-dots) monitor the current at three locations along the power


ow, illustrated in Figure 4.9. For the experiments described in this dissertation,

the third B-dot pair was added inside of the array (Figure 4.10). This B-dot was

designed to monitor the change in the magnetic �eld inside ofthe array. The voltage
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Figure 4.10: Internal B-dots were constructed to observe the magnetic �eld inside
of the array. To improve sensitivity the B-dots were constructed with two turns.

the magnetic probe will produce for a given magnetic 
ux variation is estimated using

Faraday's law,

@�
@t

=  V (4.5.1)

where � is the magnetic 
ux through the loop measured in Webers and V is the

induced voltage measured in Volts. The magnetic 
ux is simplyexpressed as

� =
Z

A

~B � d ~A (4.5.2)

whereA is the area enclosed by the loop. As current 
ows through the array a global

magnetic �eld is generated around the array. Assuming a symmetric cylindrical load,

the magnetic �eld will be azimuthal. Using Amp�eres law, the magnetic �eld from an

in�nitely long cylindrical wire, is

B =
� 0

2�
I
r

�̂ (4.5.3)
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where I is the current through the wire, r is the distance from the center of the

wire both measured in SI units and� 0 is the permeability of free space. Using

Equation 4.5.1 with Equation 4.5.2 and Equation 4.5.3, the current in the Zebra

circuit is related to the voltage generated by the magnetic probe by

V = Fcal
@I
@t

(4.5.4)

whereFcal is the calibration factor of the magnetic probe which in thissimpli�ed case

is,

Fcal =
� 0

2�
NA

r
cos� (4.5.5)

where� is the angle between the normal vector of the loop surface andthe magnetic

�eld vector. Equation 4.5.5 gives the theoretical calibration factor of the magnetic

probes. The model used assumes that the magnetic probe has a fast enough response

time such that the voltage generated is not integrated by theinductor. In addition,

the model assumes that the magnetic loop geometry and location do not change as

a function of time. This includes magnetic di�usion through the wire that makes up

the loop. In most cases this can be ignored. However, if the wireis su�ciently thin,

the e�ect has to be taken into account.

Although the theoretical calibration factor is useful for designing the B-dot probes,

it is still necessary to calibrate the magnetic probes individually. For this a 50kV

pulser was used to drive a current through a thick cylindrically symmetric load. The

current through the rod was monitored with a current viewingresistor (CVR) with a

resistance of 9:87m
. The B-dots were placed at a distance of 7:5cm away from the
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Figure 4.11: Lumped element equivalent circuit of the B-dot probe system.Larray is
the inductance of the array. LBdot is the self inductance of the B-dot,M is the mu-
tual inductance between the B-dot and array inductors andRterm is the termination
resistance on the oscilloscope (50 
).

center of the cylindrical rod. The B-dots and the CVR signals were recored on an

oscilloscope (Textronic TDS 3054B digitizer). Representing the magnetic probe and

the magnetic �eld generator as a lumped element circuit (Figure 4.11), the current

through the load can be determined from

@MIz
@t

+ L
@Is
@t

+ I s R = 0 (4.5.6)

whereM is the mutual inductance between the pulser's circuit and the magnetic probe

circuit, L is the self inductance of the magnetic probe andI z and I s are the currents

through the load and magnetic probe circuit respectively and R is the resistance in

the magnetic probe circuit (50 
). Now I s R is just the voltage measured on the

oscilloscope,Vs. If we assume that M does not change as a function of time, Equation
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4.5.6 can be integrated to get

I z =
1

M

�
L
R

Vs +
Z t

0
Vsd t0

�
(4.5.7)

where all instances ofI s were expressed asVs=R. In practice, the L
R term is smaller

than the integration time and then

I z =
1

M

Z t

0
Vsd t0 (4.5.8)

Comparing equation 4.5.8 with equation 4.5.4 it becomes clear that Fcal = M in

this approximation. In general, the inductanceL may be signi�cant and the mutual

inductanceM may vary in time. In this case Equation 4.5.6 can be written as:

M
@Iz
@t

+ I z
@M
@t

+
L
R

@Vs
@t

+ Vs = 0 (4.5.9)

which is a �rst order di�erential equation with respect to I z, with the solution

I z = e M 0
Z t

0

eM 0

M

�
Vs +

L
R

@Vs
@t

�
d t0 (4.5.10)

where

M 0 =
Z t

0

1
M (t0)

@M(t0)
@t0

d t0 (4.5.11)

This is the full treatment of the lumped element circuit ignoring e�ects from the

transmission line connecting the probe to the oscilloscope and the capacitive coupling

between the B-dot loops and the high voltage generator. If M isassumed to be a

function of time of the form M (t) � Aet=� and the self-inductance is negligible,

Equation 4.5.10 can be simpli�ed to the result obtained by Wagoneret al. 2008 [46],

namely

I z =
e t=�

M

Z t

0
et0=� Vsd t0 (4.5.12)
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where� is the di�usion time of the magnetic �eld through the B-dot probe conductor.

Both M and � are determined experimentally for each calibrated probe.
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Chapter 5

Experimental Results

As described in Chapter 3, the arrays used in this investigation consisted of eight

Aluminum wires with a 15�m diameter bridging a 22mm gap between the cathode

and anode. Cylindrical versions of the array had a 12mm array diameter while

the conical arrays had an 18mm anode diameter and a 6mm cathode diameter.

The array diameters were chosen such that the implosion times are comparable for

the cylindrical and conical wire arrays. The experiments were conducted in several

phases. First, cylindrical wire arrays were investigated todetermine the dominant

instability modes for this con�guration used as reference. Second, conical wire arrays

were investigated to determine the velocity of the 
ow they generated, the implosion

time and the instability characteristics. Next, a wire was added to the axis of the

cylindrical wire array to determine if the additional mass on the axis of the array

would a�ect the stability. The conical wire arrays were thenimploded on a center

wire to investigate the e�ect of sheared 
ows on plasma stability. The last study

conducted used a helically perturbed center wire in order toinvestigate the e�ect of

a sheared 
ow when the kink instability is deliberately seeded.
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Figure 5.1: The timing of the di�erent stages of the implosion for a conical wire array.
Typical times of the laser and gated pinhole images (MCP frames) were overlapped
for reference. The �lters used with PCD#1 and PCD#2 transmitted x-rays with
hv > 1keV and hv > 0:5keV respectively. X-ray signals were normalized to peak
value.

5.1 Imploding Plasma Characteristics

5.1.1 Cylindrical Wire Array Implosion

When current, J is passed through a cylindrical wire array, the wires are heated

to high temperatures through ohmic heating. The surface of the wires will ablate,

creating a plasma shell around the wires (the wire initiationphase). The plasma shell

has a lower resistance than the dense wire core and the majority of the current will


ow through the plasma shell. The magnetic �eld,B created by all of the wires creates

a J � B force which acts on the plasma shell. Plasma from the shell is accelerated

toward the array axis in the form of plasma streams [22]. The streams from each of
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the array wires will collide on axis and create there a plasmawhich is a precursor

for the main implosion (precursor phase). When su�cient massis depleted from the

wires and the current reaches a su�cient level, the wires will be accelerated toward

the array axis (the implosion phase). Once the wires have reached the axial region, a

Z-pinch is formed (the stagnation phase).

For this dissertation, the precursor phase, implosion phase and stagnation phase

were examined to investigate the instability growth. Thesestages are highlighted in

Figure 5.1. The timing of the stages is approximated based on the x-ray emission. The

precursor phase is noted by a soft x-ray emission from the thermalization of the plasma

streams kinetic energy. This is noticed by a small pedestal to the main implosion as

noticed in PCD#2 ( h� > 0:5keV) x-ray power signal in Figure 5.1. The precursor

formation was detected by time gated pinhole imaging (h� > 0:5keV). Laser images

around 50ns, after the stack current reaching 100kA, also show the development of

the precursor plasma. Figure 5.2a shows the development of the cylindrical wire array

precursor plasma. Plasma from the array wires is seen streaming toward the array

axis. The plasma formed on the axis is the precursor plasma, ashighlighted in the

images.

The nonuniform ablation (or heating) of the plasma causes the wires to have less

mass (or be more conductive) at certain locations. These sections will be acceler-

ated by the magnetic �eld early thus breaking the wires. Largebubble structures

are observed which are formed by the magnetic �eld pushing theplasma inward

(Figure 5.2b). The wire breaking is the start of the implosionphase, where the wire
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Figure 5.2: Di�erent stages of implosion as seem from laser images. a) The precursor
phase (time: 55ns) b) implosion phase (time 68ns) c) just before stagnation (time
84ns). The \0" time is when the stack current reaches 100kA. The diagram located
in the bottom left corner of each image represents the orientation of the diagnostics
line of sight through the array.

cores are being accelerated to the axis. During this phase, the magnetically acceler-

ated bubbles snowplow and compress the plasma in the interior of the array which

creates a rise in the x-ray power. Once the accelerated wire plasma reaches the axis

(Figure 5.2c), there is an increase in the x-ray emission caused by the thermalization

of the kinetic energy. After the mass has imploded the resulting plasma column will

conduct the majority of the current. The pinched plasma column will stagnate on

axis and instabilities quickly grow.

5.1.2 Conical Wire Array Implosion

The implosion of the conical wire array is similar to the cylindrical wire array im-

plosion. The precursor phase starts at about 30ns as seen from time gated pinhole
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Figure 5.3: Zero dimensional simulation of the zippering trajectory for the conical
wire array implosion. Measured (square) and simulated (diamond) heights of the
zippering show good agreement. For comparison, the normalized hard x-ray pulse
(h� > 1keV) from the same shot (1084) was overlapped. A linear regression of the
experimental data was used to estimate the start of the zippering implosion.

images. At this time a jet begins to form on the axis of the array due to the slanted

wires. This shape also causes the imploding plasma to reach the axial region of the

array at di�erent times based on the axial position. Thus, theimplosion is often

referred to as a zippering implosion. The zippering implosion starts at the base of

the array at about 60ns, as determined by linear regression of the axial position of

the zipper implosion measured from time gated pinhole images (Figure 5.3). The zip-

pering phase continues until the zippering implosion reaches the anode, which signals

the stagnation phase. Zero-dimensional (0D) simulations and the zippering trajec-

tory (both plotted in Figure 5.3) suggest that this occurs at 110ns. The phases of

the implosion are outlined in Figure 5.4, overlapped with a hard x-ray power signal

(h� > 1kev) and the stack current.
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Figure 5.4: The timing of the di�erent stages of the implosionfor a conical wire
array. The times of the laser and time gated pinhole images (MCP frames) were
overlapped for reference. The x-ray power signal is from PCD#1 which has a 25�m
kapton �lter sensitive to h� > 1keV. The phases of the implosion are plotted at
di�erent heights for readability

The simpli�ed 0D calculations show good agreement with the measured zipper

trajectory which suggest that the 0D simulations are an adequate approximation for

the timing of the implosions (Figure 5.3). In addition the start of the zippering

implosion occurs at the start of the x-ray pulse. This shows that the start of the

zipper implosion causes an increased in x-ray emission.

5.1.3 Stagnating Plasma Parameters

The temperature and density of the stagnating plasma column were determined from

time integrated x-ray spectroscopy. As described in Section4.4, the spectrometer

recorded photon energies between 5�A (2:48keV) to 10�A (1:24keV). For this analysis,

the intensity of the Magnesium resonance Helium like line transition, He� (w) , was

compared with the intensity of the He� companion intercombination lineHe� (y)



59

Array T (eV) ne (cm 3)
Conical CW: { 350 8 � 1019

Conical CW: 50�m 325 8 � 1019

Cylindrical CW: { 300 5 � 1019

Cylindrical CW: 50 �m 375 9 � 1019

Table 5.1: Spectral line intensity ratio values from conicaland cylindrical
wire array Z-pinches with and without a center wire.

to estimate the electron density [43]. Comparing the intensity of the Mg He� (w)

transition with the intensity of the dielectronic satellite transitions,He� (j + k), allows

the estimation of the plasma temperature [42]. Listed in Table5.1 are the results of

the line intensity ratios for select shots. The temperature of the resulting pinch was

on the order of 300eV while the resulting electron density was 1020 cm 3. Comparing

the results without a center wire with previous literature we �nd that the electron

temperature and density are in the same order of magnitude [47].

5.1.4 Implosions with Center Wires

A wire added on the axis of the wire array can have several e�ects which are important

to understand. The �rst and most desired e�ect is that a centerwire can establish

a shear in a 
ow along its surface in a conical wire array implosion. The second is

the wire can a�ect the growth of instabilities in the pinch. The current carried by

the center wire can drive instabilities during the precursorphase of the implosion. In

contrast, the additional mass added on the axis may stabilize the internal kink modes

through inertia, which can prevent the instability from growing in an observable time

frame. Observations show that a center wire with su�cient mass can hinder the

growth of the kink instability; however the kink instability is still observed during
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the time frame of the experiment as discussed later in Section 5.6. In cylindrical

wire arrays is the x-ray pulse was delayed for su�ciently massive center wires. Also

observed was a reduction in the zippering phase velocity.

5.1.5 Magnetic Field Inside the Array

When working with Z-pinch plasmas it is always important to know the current that

is driving the experiment and its distribution through the load. In Zebra, the to-

tal current through the load is measured with magnetic probes located in the anode

plate. Although the total current passing through the array is measured, the frac-

tion of current through the center wire, when present, is unknown. As described in

Chapter 3, the experiment required a magnetic �eld inside ofthe array to drive the

central plasma unstable during the precursor phase of the experiment. Basic analyti-

cal theory suggested that a conductor on the axis should receive a signi�cant current

(Section 3.3). However, experimental veri�cation is required. In order to measure

the magnetic �eld, two di�erent diagnostics were used, magnetic probes and Faraday

rotation (see Chapter 4). The B-dot probes were used to measure the magnetic �eld

4mm from the center of the array with a 0:5ns time resolution. Faraday rotation was

used to measure the spatial distribution of the magnetic �eld during the precursor

phase of the implosion.
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Figure 5.5: Current inside of the array (center Bdot) is compared to the current
measured at the stack and the soft X-ray pulse. The array was a typical cylindrical
wire array with a 25�m diameter SS 304 center wire. A soft x-ray power signal
measured with XRD#3 ( 3�m of Al and is sensitive for photon energies 20eV to
80eV and > 500eV) was included for timing.

Magnetic Probes Inside Array

Data collected from the magnetic probes for the cylindrical wire arrays showed that

the current through the center conductor was close the values was expected (as dis-

cussed in Section 3.3). Figure 5.5 shows the current in the interior of a cylindrical

wire array with a 25�m stainless steel 304 alloy (SS 304) wire located on the axis.

The integrated and scaled B-dot signal is overlapped with the current from the stack

and a soft x-ray signal (photon energies between 20 to 80eV and h� > 500eV). The

current inside of the array and the soft x-ray pulse start at about the same time. The

current from the center reaches a plateau around 100ns. The current through the

center wire at this time is � 100kA. The current inside of the array then increases
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Figure 5.6: Calibrated center B-dots show current inside of aconical wire array
starting about the time the soft x-ray pulse starts. The array was a typical conical
wire array with a 25�m diameter center wire. A soft x-ray power signal measured
with XRD#3 ( 3 �m of Al and is sensitive for photon energies 20eV to 80eV and
> 500eV) was included for timing.

further, starting at 110ns and reaching a peak value of� 250kA at 160ns. From

the center current value, at the time of the stack current peak, the current though

the center wire was about 10% of the stack current.

Magnetic probe signals from conical wire array implosions onto a 25�m SS304

center wire (Figure 5.6) have a similar time evolution. The B-dot signals start around

50ns, the same as the start of the soft x-ray pulse (photon energies between 20 to

80eV and h� > 500eV). The center B-dots then reach a value of about 70kA around

130 ns. After peak load current, the internal magnetic probe signals increase to an

undetermined peak value since the signal cannot be measured past this time.

Although the signals thus far discussed are from arrays with a stainless steel
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Figure 5.7: The current derivatives inside of the array is compared to the current
derivative measured at the stack and the soft X-ray pulse. Thearray was a typical
cylindrical wire array with a 15�m diameter Al 5056 center wire. XRD#2 was �ltered
with 6�m of lexan for a photon sensitivity of 200eV to 300eV and > 800eV. Stack
current is plotted negative for reference.

center wires, similar behavior is observed for Al center wires. Figure 5.7 shows the

raw magnetic probe signals from a conical wire array with a 15�m diameter Al 5056

center wire. The B-dots used in this shot where uncalibrated. Again the magnetic

probe signals start simultaneously with the soft x-ray pulse(with photon energies

between 200 to 300eV and h� > 800eV). In this case the peak current is around

100ns and the sudden rise in magnetic �eld happens around 160ns.

Faraday Rotation

The investigation of the magnetic �eld inside of the array also involved the Faraday

rotation diagnostic. This diagnostic uses a linearly polarized laser light. If the plasma

contains a magnetic �eld parallel to the direction of the laser propagation, the electric

�eld oscillation plane of the traveling electromagnetic wave will be rotated. The
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Figure 5.8: Faraday rotation from a conical wire array with a 150�m diameter
Al center wire. The same plasma region is imaged in the two frames with a 90�

polarization di�erence between the two. The estimated rotation angle, as a function
of radius from the laser images, is illustrated below. The red dotted curve is a moving
average �t to the data, which includes an intensity cuto�. Sharp spikes in this curve
indicate the edge of the wires.

resulting polarization plane rotation angle is [36]

�� = 2:62� 10 17� 2
Z L

0
neB jj dl [cgs] (5.1.1)

where �� is the resulting rotation angle from the original polarization, � is the

wavelength of the probing laser measured in cm (5:32� 10 5 cm in the experiment).

The rotation angle is dependent on the magnetic �eld parallelto the direction of

propagation, B jj measured in Gauss, and the electron density,ne measured incm 3

along the propagation path through the plasma. Measuring themagnetic �eld requires

knowledge of the electron density along the path. Typically,interferometry is used to
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Figure 5.9: Abel inversion of Faraday rotation angle obtainedin Figure 5.8 for
positive values of the radius. The rotation angle was assumedto be zero after 0:2cm.
a) The rotation angle (left axis) plotted with the resulting product of the magnetic
�eld and electron density (right axis). b) Assumed plasma density pro�le. c) Magnetic
�eld pro�les from di�erent density pro�les. d) The total cur rent enclosed up to the
plotted radius.

determine the electron density, however such a diagnostic is di�cult to use with a wire

array as there is no point of reference to determine the actual line density. However an

estimate of the magnetic �eld can be extracted by assuming various density pro�les.

Figure 5.8 shows Faraday rotation images of a conical wire array with a 150�m

Al center wire, 70ns after the stack current reached 100kA. The Faraday rotation

images were obtained by �rst polarizing the 532nm wavelength diagnostic laser beam

with a Glan prism before propagating through the plasma. Thetransmitted light was

imaged with a 3 lens system which consisted of 40cm, 10cm and 30cm convex lenses.

The laser beam is then analyzed with a calcite wedge which wasoriented 45� o� the
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original polarizer, which splits the laser beam into two nominally equal intensity laser

beams. Both beams were imaged onto a single CCD camera, with asmall vertical

separation (Figure 5.8a). Any occurring Faraday rotation would brighten one image,

while darkening the other. The Faraday rotation images were analyzed by taking

equivalent lineouts in the two images. From these lineouts a rotation angle was

calculated (Figure 5.8b).

The rotation angle plot was �tted with a smooth curve which was inverted with

an Abel inversion algorithm. The data was assumed to go to zeroat r = 0:2cm

due to the dense wire plasma in the line of sight. From this, the average product

B � ne was extracted (Figure 5.9a). The magnetic �eld was then estimated by using

a Gaussian density pro�le and a 
at density pro�le (Figure 5.9b). The Gaussian

density pro�le had a peak density of 1020 cm 3 and a full width at half maximum of

0:19cm. The 
at density pro�le had a value of 5 � 1019 cm 3. The magnetic �eld

distribution was extracted from this analysis (Figure 5.9c)giving �elds of the order

0:1MG (10T). From the magnetic �eld distribution, the total enclosed current was

calculated (Figure 5.9d).

The magnetic �eld distribution obtained from this analysis shows a maximum

inside of the array. This particular feature can occur either from a build up of advected

magnetic �eld or from the compression of the magnetic �eld from the center wire.

However, the distribution of electron density is not known which could greatly alter

the pro�le of the magnetic �eld. The magnetic �eld from Gorgon simulations of a

conical wire array with a 50�m center wire (Figure 5.10), has a peak next to the
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Figure 5.10: Magnitude of the magnetic �eld distribution predicted by Gorgon. Sim-
ulated is a conical wire array with a 50�m center wire. Increased magnetic �eld is
noticed at the location of the conical shocks. Times of the frames are a) 47ns b)
57ns c) 67ns and d) 77ns. The magnetic �eld inside of the array peaks around 30T
(0:3MG). The �eld of view of the Faraday rotation diagnostic in experiment is given
in c).

axis. Although the reason for the increase in the magnetic �eld is unclear, the fact

that the magnetic �eld is present inside of the array shows that the kink instability

can grow during the precursor phase of the implosion.

5.1.6 Delayed X-Ray Production

Experimental evidence suggests that the dynamics of the cylindrical wire array is

a�ected by the presence of the center wire. The x-ray power pulses from various

cylindrical wire array implosions, plotted in Figure 5.11, show the di�erences in the

x-ray emission history. A 10�m center wire does not seem to a�ect the x-ray pulse



68

Figure 5.11: X-ray pulses from cylindrical wire array with di�erent size center wires
on axis as indicated in the legend. Larger center wire diameters show a delay in the
x-ray pulse and an amplitude decrease.

signi�cantly. However, increasing the center wire diameterto 50�m produces a delay

of about 15ns. One possible explanation is that the center wire takes a signi�cant

portion of the array current, which reduces theJ � B force accelerating the material

and delaying the implosion. Assuming the center wire carries10% of the array current,

which was reported in Section 5.1.5, the 0D implosion model only predicts a 4ns delay.

According to the 0D implosion a 15ns delay requires a 40% reduction of the force

acting on the wires which corresponds to the center wire carrying 40% of the total

current, which is not observed. This, however, assumes a very simplistic model of the

implosion, where the array does not compress the interior magnetic �eld and does not

snowplough the ablated material from the center wire, whichwould counteract the

imploding J � B force. Either of these explanations would delay the implosion, which
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would delay and lower the x-ray pulse due to the resulting reduction in pinch energy

density. Additionally, it was assumed that the plasma immediately emits x-rays when

the implosion reaches the precursor plasma.

5.2 Baseline Stability of Cylindrical Arrays

The experimental investigation of the e�ects of a sheared 
ow on the plasma stability

requires knowledge of the instability growth in the absence of 
ow. This was investi-

gated through a series of shots with a 22mm long cylindrical wire array with a 12mm

diameter. The array consisted of eight Al 5056 alloy wires with 15�m diameter dis-

tributed symmetrically around the axis. Instability growth was determined using the

laser, time gated and time integrated pinhole images.

5.2.1 MHD Instability Growth in the Precursor

The initial seed and development of instabilities are observed in the precursor phase.

During this phase, the material ablated from the wires coalesces on axis creating the

precursor plasma column. However, the non-uniform ablationcauses the streams to

terminate at di�erent distances from the axis. This createsan initial perturbation

of the plasma column. The precursor plasma column will carry aportion of the

current, either from magnetic �eld advection or through current division (Section 3.3

and Section 5.1.5). The initial perturbations grow due to the current through the

precursor. The instability development is then interrupted by the implosion of the

array. However, the modulations developed in the precursor plasma are re
ected in

the instabilities growing during the stagnation phase.
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Figure 5.12: High resolution image of the cylindrical wire array. In the center of the
image is the precursor plasma.

High resolution shadow images show the development of modulations in the pre-

cursor plasma column. Modulations developed during the precursor phase are seen

in Figure 5.12. The measured wavelength of these modulationsis � � 0:55mm.

The amplitude of the plasma modulations was around 0:26mm. The plasma full

width at half maximum averaged over the plasma column lengthis 0:45mm. These

modulations re
ect the initial perturbation from the streaming plasma.

5.2.2 Transition from Precursor to Stagnation

Looking at the �rst few frames of the time gated x-ray pinhole image in the low

photon energy region (h� > 0:5keV) in Figure 5.13, modulations are observed before
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Figure 5.13: Time gated pinhole images of a cylindrical wire array (Zebra shot 1095).
The two sets of images are from di�erent levels of photon �ltering. The exposure was
3ns for each frame with the time of each frame below the images. The x-ray images
show the transition from the precursor phase to the stagnation phase of the implosion.
Upper set of images are obtained with low photon �ltration (h� > 0:5keV) and the
lower set records the hard x-ray emission (h� > 2keV)

the implosion. At t = 69 ns, the majority of the modulations have a wavelength

of 2:2mm and an amplitude of 0:6mm. Located at 6:5mm above the cathode,

there is a large protrusion with an amplitude of 2:8mm. The next frame in the

low photon energy �ltration set, at t = 75 ns, shows no growth for the majority of

the modulations. This may be a problem with the resolution ofthe images which is

300�m due to the micro channel plate element. In addition, the images have reduced

resolution because a gap existed between the phosphor plate and the �lm, which

produces a blur that could mask growth of the modulations. However, the large
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modulation at 6:5mm now has an amplitude of 3:7mm. Assuming the instability in

its linear stage then the amplitudeA can be expressed as

A(t) = A0et=� (5.2.1)

where� is the growth time. If the amplitude changes fromA1 to A2 in a time interval

�t , the growth time is

� =
�t

ln A2=A1
: (5.2.2)

Thus the growth time for the observed perturbation in Figure 5.13 is 21:5ns.

At t = 82 ns (Figure 5.13), images obtained with both levels of �ltrationshow the

implosion of the array. The plasma column is now visible in the high photon energy

range (h� > 2keV) of the �lm. The next frame ( t = 88 ns) shows the stagnating

plasma column in the high photon energy set of images. Beadedx-ray structure

emission along the plasma column is noticeable. The wavelength of the bead structure

is � 2:75mm, which is larger than the asymmetric modulations noticed inthe earlier

frames. Located between 2mm and 7mm above the cathode in the higher photon

energy �ltered set at 88ns, there is a large bend forming in the plasma column with

an amplitude of 1:6mm. In the next frame (t = 94 ns) the modulation amplitude is

observed to be 2mm which gives an expansion velocity of 55km=s and a growth time

of 27ns. The peak amplitude of the modulation is located 6:5mm above the cathode,

which is the same location as the large modulation noticed at earlier times. This

shows that the growth observed in the precursor phase is re
ected in the instability

development in the stagnation phase.
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Figure 5.14: X-ray pinhole images �ltered forh� > 1keV of Z-pinches produced
by cylindrical wire arrays without a center wire (Zebra shot1095 (left) and 1096
(right)). The time integrated images show the kink instability in both images. The
wavelengths of the instabilities are slightly di�erent. The diagram to the left of the
images shows the orientation of the array to the line of sightof the diagnostic.

5.2.3 Stagnation

The stagnating plasma column, as seen in the time integratedpinhole images, shows

modulations similar to those noticed during the precursor and stagnation phase in

Figure 5.13. Figure 5.14 shows x-ray self emission from the pinch obtained from

a time integrated pinhole camera which �ltered out photon energies below 1keV.

The dominant modulation has a wavelength around 2:5mm and an amplitude of

� 0:5mm. The time integrated pinhole camera has a viewing directionthat is 90�

from that of the time gated pinhole camera. This would suggest that the modulations

observed in both the time gated and time integrated images have a helical structure

which is the m = 1 kink instability.
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5.2.4 Theoretical Growth Rate

The time gated and time integrated pinhole images verify thatthe modulations ob-

served have a helical structure which indicates the growth ofthe kink instability.

Calculating the theoretical growth rate of the kink instability will reveal if the kink

instability is in fact growing during the experimental time frame. For this analysis,

the plasma column will be assumed to start from equilibrium, where the linear growth

rate of the kink instability is applicable. This will give anorder of magnitude estima-

tion of the expected growth time of the instability. The plasma column will also be

assumed to be a di�use Z-pinch, where the current is distributed through the plasma

column. This approximation is fairly correct due to the advection of the magnetic

�eld and the trailing mass noticed after the stagnation. Withthese assumptions the

growth rate 
 (the growth time is � = 
  1) can be estimated by the Alfv�en transit

time across the plasma column:


 � VA =rpinch (5.2.3)

whereVA is the Alfv�en velocity and rpinch is the radius of the pinch. Calculating the

Alfv�en transit time for the stagnating plasma column with the current at 0:9MA ,

pinch radius of 1:5mm, an electron density of 1020 cm 3 and charge stateZ = 10,

gives a growth time for the fastest growing mode slightly under 10ns. This result

is on the same order of magnitude as the measured growth rate which con�rms that

the instability observed is the kink instability. The growth for the precursor plasma

can be calculated assuming 10% current through the precursor, with a total load
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Figure 5.15: Time gated pinhole images of a cylindrical wire array (Zebra shot 1096).
The two sets of images are from di�erent levels of photon �ltering. The exposure
was 3ns for each frame with the time of each frame below the images. The x-ray
images show the transition from the precursor phase to the stagnation phase of the
implosion. The image is blurred due to an unintended gap between the phosphor
screen and the �lm.

current of 0:7MA during the precursor, and an ion density of 1017 cm 3 to obtain

approximately 10ns, which is within a factor of two of the growth time estimated in

the previous section.

5.2.5 Reproducibility of the Instabilities

To assess the reproducibility of the instability growth, the same analysis is applied

to a second cylindrical wire array. Figure 5.15 shows a di�erent wavelength in the

initial three frames obtained with the time gated pinhole camera. These modulations

range from 4mm to 5mm in wavelength. It is possible that the smaller wavelength

structure is not observed due to the blurring of the image (the �lm was not prop-

erly pressed against the phosphor screen). However, the stagnating plasma column
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also shows longer wavelength structure than in Figure 5.13. It is interesting to note

that the observed wavelength measured in the time integratedpinhole image (Fig-

ure 5.14)is between 2 and 3mm, with an average wavelength which is comparable

with the previous cylindrical wire array. One possible explanation is that the implo-

sion may have been asymmetric which would have caused large sections of the plasma

to implode at di�erent locations along the pinch height. This could lead to large scale

deformation of the plasma column. If these modulations werenot the fastest growing

mode it is possible for the fastest growing mode to surpass the longer wavelength

modes. In addition, the blurring in Figure 5.15 could preventthe observation of the

smaller wavelength structures if the amplitude is still small.

The laser images do not show any noticeable di�erence between the two cylindrical

wire arrays with the exception of the Ch3 laser images (Figure5.16). There is a

noticeable bend in the shock region in Figure 5.16 with an estimated wavelength

of 6mm. The bending observed in the shadow image corresponds to thebending

observed in the low photon energy time gated pinhole image, suggesting the long

wavelength structure was seeded during the precursor formation.

Comparing the two cylindrical wire array shots shows that the modulations in

the plasma column, as recorded by the time dependent diagnostics, are di�cult to

reproduce. One explanation for the lack of reproducibilityis that the implosion is

sensitive to wire placement and defects in the wires. Also thefastest growing modes

tend to dominate in the stagnating plasma column as seen in the time integrated

pinhole images Figure 5.14.
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Figure 5.16: Laser shadow image of the precursor of Zebra shot1096. The dark
regions around the center of the array are caused by high density gradients most
likely from a shock. In between the shock regions is the precursor plasma. The shock
shows a large bend which suggests the precursor plasma is bending.

5.3 Generating an Axial Flow

The addition of a 
ow to the z-pinch is accomplished by imploding an array with

di�erent anode and cathode diameters, thus giving the arraya conical shape. Since

the current path must follow the wires, theJ � B force now has a radial and an axial

component. The anode was located above the cathode in the labframe, so often the

cathode region of the array is referred to as the \base" while the anode is referred

to as the \top" of the array. Conical wire arrays have three key di�erences from the

cylindrical wire arrays. The �rst is the axial velocity intr oduced by the angle of the

array wires. The second is that creation of a conical shock. The third di�erence

between the conical array and the cylindrical array is that the conical wire array
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experiences a \zippering implosion".

The axial velocity component is the key di�erence and is exploited in order to cre-

ate a sheared 
ow. As for the conical shock, during the precursor phase the plasma

streams will interact with the precursor plasma. Assuming the electron temperature

is of the order 100eV in the precursor plasma with an adiabatic index of
 = 5=3 and

Z=10, the sound speed is 80km=s. With a streaming velocity above the precursor

sound speed, the 
ow will shock the precursor plasma as it is observed in the cylin-

drical wire arrays (Figure 5.12). The converging conical streams will then generate a

conical shock [48]. This conical shock can redirect the 
owing plasma, increasing the

axial velocity of the 
ow.

As for the third di�erence, the zippering implosion is a result of the nonuniform

magnetic pressure along the length of the array. As the cathode end of the array is

closer to the axis than the anode end, the base of the array will implode before the

rest of the array. This causes the implosion to propagate upward like a zipper. Since

the implosion does not occur uniformly, as in the cylindricalwire array, it is di�cult

to use the x-rays as an indicator for stability. This is so because e�ects that are

not present in the cylindrical wire array, such as electron beams or the plasma 
ow

interacting with the anode, could drive x-ray production inthe conical wire array.

5.3.1 Measuring the Axial Flow Velocity

The axial velocity of the resulting plasma jet was determinedusing two di�erent

methods and was then compared to that inferred from simulated conical wire array
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Figure 5.17: Laser shadow images showing the progression of the conical shocks. The
average displacement is 1:22mm. The time di�erence between frames is 16ns. The
resulting velocity is 76km=s.

implosions. The �rst method used multi-frame laser images to track features in the

plasma jet in time (Figure 5.17). Shown in Figure 5.17 are two features highlighted

in a shadow image at two points in time. The time di�erence between the frames is

16ns and the image shows the features to move about 1:2mm giving a 
ow velocity

of 76km=s. Although this method gives a direct measurement of the plasma motion,

it can also be misleading as it is di�cult to determine if the feature in one frame is

the same in the other. In addition it is also di�cult to tell th e di�erence between

phase velocities and actual 
ow velocities. The second method is an extension of

Ampleford's [47] method for determining the streaming velocity, by measuring the

zippering phase velocity of the conical implosion from timegated pinhole images. This
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Figure 5.18: Measuring the propagation of the zippering pinch can give an estimate
of the axial 
ow velocity. Shown is Zebra shot 1084

method is based on three assumptions: �rst it was assumed that the plasma streaming

from the wires had a constant velocity. Second, the materialthat arrives on axis

immediately begins to radiate its energy. It also assumes that the axial momentum of

the plasma streams remains constant (meaning no additionalacceleration mechanisms

or viscous e�ects). Based on these assumptions, the streaming velocity is related to

the zippering velocity by

Vstream = Vzip sin(� ) (5.3.1)
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where � is the half opening angle of the array. The plasma streams are accelerated

perpendicular to the wires. Thus the axial component of the plasma streams, assum-

ing the axial momentum of the plasma streams remains unchanged as it crosses the

conical shock, is the axial velocity of the plasma jet, whichis expressed as

Vz = Vstream sin(� ) (5.3.2)

or

Vz = Vzip sin2(� ): (5.3.3)

Figure 5.18 shows the position of the \zipper" as a function oftime. Using a linear

regression, the phase velocity of the zippering implosion is obtained. For a particular

shot without an object on axis, the zippering velocity was measured to be� 420km=s.

The implied streaming velocity was� 110km=s, which results in an axial velocity of

30km=s. This is about a factor of two lower than the estimations madeby tracking

features in the plasma 
ow. As stated above, this method ignores hydrodynamic

processes that could accelerate the jet once it is formed, such as the pressure gradient

that forms at the base of the array [48][49].

5.3.2 Axial Flow Velocity from Simulations

Gorgon simulations of conical wire arrays, performed by Dr.Chittenden show that

the velocity varies as a function of height and time (Figure 5.19). Radial lineouts

of the axial velocity are plotted in Figure 5.20. At 47ns after the current reaches

100kA, the velocity at the base of the array is around 30km=s, however the velocity

at the top of the array reaches a peak value of 300km=s, while the mid section of the
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Figure 5.19: Plasma axial velocity from Gorgon simulation ofa conical wire array
with a cathode diameter of 6mm and anode diameter of 18mm. The array wires are
15�m thick Al and the center wire is 50�m Al center wire. Times are zeroed to the
current reaching 100kA. The axial velocity is measured inm=s. The locations of the
lineouts plotted in Figure 5.20 are shown in a).

array has a maximum axial velocity around 100km=s. The velocity pro�le observed

from the simulations shows the plasma jet being acceleratedalong the plasma column

creating a strong axial velocity shear next to the center wire. Later in time (57ns)

the lineouts at the base of the array show a strong increase in the axial velocity. The

simulations show that this is created by a magnetic bubble which forms at the cathode

during the implosion. Around the mid section of the pinch the 
ow velocity is the

lowest with a peak axial velocity just under 100km/s, while atthe top of the array it

peaks around 250km=s. At 67 ns after the current reaches the 100kA, the simulation

predicts that material at the base of the array is accelerated by the magnetic bubble

and reaches velocities around 500km=s while the rest of the jet slows down. At
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Figure 5.20: Radial variation of the axial velocity from Gorgon simulations. The
lineouts were taken at 2mm (blue), 10mm (red) and 18mm (green) from the cathode,
as shown in Figure 5.19.

the end of the simulation (77ns) the velocity at the base and mid-section slows to

50km=s, while at the top, the plasma 
ows with velocities around 150km=s. The

axial velocity distribution predicted from the simulations indicates that the plasma

streams are continually accelerated.

5.3.3 Slower Zipper with Center Wires

The axial 
ow velocity was not measured directly in these experiments, however it

was inferred from the zippering pinch as seen in time gated x-ray pinhole images.
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Figure 5.21: The zipper implosion velocity decreases as the center wire diameter
increases.

As stated in Section 5.3.1, the zippering velocity from a conical wire array without a

center wire was about 400km=s. Figure 5.21 shows the zippering velocities, measured

for conical wire arrays with di�erent diameter Al 5056 center wires. The zippering

velocity decreases for larger diameter center wires. This is a particularly interesting

phenomenon since slower zipper velocities suggest slower streaming velocities. This

may be due to the fact that, as described in Section 3.3, larger diameter center

wires carry large fraction of the total current, which reduces the force acting on the

outer wires therefore the acceleration of the streams. Thiswas investigated using a

0D implosion model, where the conical wire array implosionswere assumed to be a

series of cylindrical wire array implosions at di�erent radial positions. A simulated

zippering pinch was constructed assuming the streams had a trajectory that was

radially inward and perpendicular to the surface of the wire. The implosion of the

various sections was assumed to terminate at a radius of 1mm from the axis. The
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Figure 5.22: Zero dimensional predictions of the zippering velocity with a change in
the center wire current.

synthetic zippering results were then analyzed in the same way as the experimental

data, where the zippering velocity was determined by a linearregression �t. Plotted

in Figure 5.22 is the zipper velocity as a function of the reduced force acting on the

wires due to the current 
owing through the center wire, as predicted by the 0D

implosion model. Using the current division model describedin Section 3.3, a 100�m

diameter center wire would only carry 20% of the total current which would produce

375km=s velocity while the zippering velocity was measured to be around 250km=s.

Thus, the reduction in the force accelerating the implodingplasma is insu�cient to

explain the slower zippering velocities.
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5.4 Instability Growth in Conical Wire Array Im-
plosions

Although a rough baseline for instability growth in cylindrical wire arrays was estab-

lished, it is also important to identify the instabilities inherent to the conical wire

array. Conical wire arrays without a center wire generally have a sheared 
ow at

the boundary of the conical shocks [49]. However, the sheared
ow established is

small and the axial velocity has mostly a 
at pro�le through the plasma column thus

the conical implosions should be unstable. Thus, a similar analysis to that used for

the cylindrical wire arrays was repeated for conical wire array implosions, with some

modi�cations because of the zippering implosion.

For the baseline, three shots were chosen to represent the conical implosion (Zebra

shots 1084, 1445 and 1446). Each used a conical wire array with a 6mm cathode

diameter and a 18mm anode diameter. The anode and cathode were separated by

22mm which gave the array a half opening angle of 15:25� between the vertical and

an array wire. All arrays used eight 15�m Al wires and had no center wire. Zebra

shots 1084 and 1445 used Al 5056 array wires and Zebra shot 1446used Al 1199 array

wires. For this presentation, Zebra shot 1084 is presented in detail and Zebra shots

1445 and 1446 are used to discuss reproducibility and the dependence on array wire

material.

Two laser images from the conical wire array without a centerwire (Figure 5.23)

show the propagation of the precursor plasma. The precursorplasma is the dark

region located on the array axis and is highlighted. In Figure5.23a shocks are seen
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Figure 5.23: The precursor formation in the conical wire array without a center wire
(Zebra shot 1084) as viewed from the laser shadow images. Plasma streams are seen
perpendicular to the array wires. The laser path with respectto the array is depicted
in the diagram in the lower right corner.

on the top edge of the precursor plasma. The cathode side of the array seems to be

very turbulent since �lament structures form around the plasma column. A higher

resolution image, Figure 5.24, taken at 45� from the line of sight in Figure 5.23, reveals

small wavelength modulations which range from 0:6mm to 0:9mm on the edge of the

plasma.

The time gated pinhole images (Figure 5.25) also show modulations in the zip-

pering implosion in the high photon energy region (hv > 2keV). In Figure 5.25 at

t = 79 ns the zippering implosion is seen at the base of the array in thelow photon

energy frames. There is also a large bend which covers the entire length of the pinch,
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Figure 5.24: High resolution laser image of the a conical wire array without a center
wire showing short wavelength modulations on the surface ofthe precursor plasma.

that the zippering implosion follows. Smaller modulations,with a wavelength around

1mm, are observed in the precursor plasma column right above thezipper implosion

when t = 79 ns. Further up the plasma column, around 16mm above the cathode,

the wavelength of the instabilities increase to 2:3mm in the low photon energy set

of pinhole images, where a large bend in the plasma is noticed. At 85 ns and 91ns

in the low �ltration set, the modulation grows and is pushed closer to the anode.

The axial displacement of the growing modulation is 2:4mm in 12ns which gives

an axial velocity measurement of 200km=s. This estimate is much larger than the

previous measurements, which was 75km=s from tracking features in the multiframe
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Figure 5.25: Time gated pinhole image of the imploding conical wire array (Zebra
shot 1084). The zippering implosion is noticed in the �rst frame where the mass from
the array is arriving on axis creating a harder radiation in the lower image.

laser shadow images. The Gorgon simulations, at 90ns and a height of 16mm from

the cathode, predict a velocity of approximately 130km=s, which is still smaller than

the measured velocity, however at earlier times the measured velocity at the top of

the array (close to the anode) was around 250km=s (Figure 5.19). This measure-

ment of the axial velocity shows that the velocity could potentially be higher than

the previous estimation of 75km=s obtained by tracking features in conical wire array

implosions without a center wire.

The high photon energy (h� > 2keV) gated images in Figure 5.25 show a large

bend at the cathode end of the array. Later in time, Figure 5.25shows instability
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Figure 5.26: Time integrated pinhole images of conical wire array Z-pinches without
a center wire. Similarities in the instabilities are noticed. The base of the arrays
has a short wavelength which measures between 2mm and 3mm, while the upper
section has a wavelength that is much longer. The line segregates the long wavelength
structure from the short wavelength structurer. The height mark is at 8mm from the
cathode.

growth at the base of the array. It is most noticeable at 91ns, where the initial

bend in the plasma column has a sinusoidal structure with a wavelength between

2-3mm. The next frames show rapid growth of the modulation. An interesting

feature from the growth of the instability is the emission ofa burst of hard x-rays at

the location of the growing modulation, which corresponds tothe main x-ray power

pulse in the photoconducting detector signal, �ltered for photon energiesh� > 1keV,

in Figure 5.4. After the x-ray burst, the plasma column dissipates, as shown in

Figure 5.25 in the 104ns and 110ns frames of the hard x-ray images.

The time integrated pinhole image (Figure 5.26, shot 1084) shows that the base
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of the array emits more x-rays than the top of the array implosion. The plasma

column is 1:8mm in diameter at the base (cathode) of the array and then expandsto

4:3mm at the top of the array. Modulations are observed at the base of the plasma

column with wavelengths ranging from 2-3mm. Due to the perpendicular line of sight

between the time integrated and time gated images, the similarity in wavelength at

the base of the array suggests that the instability has helical structure.

5.4.1 Reproducibility of Zipper Implosion

The instability development described above is from a single shot (Zebra shot 1084)

and its reproducibility must be checked. This is done by comparing Zebra shot 1084

with Zebra shot 1445 and 1446 which also used conical wire arrays without center

wires. The array wires in Zebra shots 1084 and 1445 were made of Al 5056 (95% Al

with 5% Mg) wires and those in 1446 were made of Al 1199 (pure Al) wires. This

comparison reveals di�erences in the x-ray emission power, fastest growing mode and

time of instability development.

This is seen especially in the x-ray emission power, displayed in Figure 5.27. The

three x-ray pulse signals show di�erent x-ray power emission and the number of

spikes in the x-ray emission tends to vary. This informationsuggests that the conical

implosions tends to be sensitive to the initial conditions. For each shot, the condition

and the placement of the wires can vary. This ranges from a wire having a bend, the

array twisting slightly and dust on the wires. Although this isa common problem,

these e�ects were minimized by inspecting the wires before and after they are placed
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Figure 5.27: Comparison of the x-ray power from conical wire arrays without a center
wire. X-ray peaks are highlighted with arrows. The detector used is sensitive to
photon energies above 1keV

in the Zebra load chamber. Other initial di�erences can havelarge e�ects on the

x-ray emission and plasma dynamics of the implosion. For example, Zebra shot 1445

and 1446 di�er by the alloy of Al used in the array. Shot 1084 and 1445 used Al

5056 which has a 5% Mg component, while 1446 used Al 1199 which is99% Al. This

di�erence caused a signi�cant change in the delay between thex-ray pulses changed.

The spacing between the �rst and second x-ray pulse in both shots, 1084 and 1445

was about 25ns, while shot 1446 and another pure Al conical wire array (Zebra shot

1548 not shown) had a 33ns time delay from the �rst peak to the third peak and

15ns from the second to the third peak.

Plasma dynamics di�erences are also noticed when comparing the time gated pin-

hole images of Zebra shots 1446 (Figure 5.28) and 1084 (Figure 5.25). Initially,
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Figure 5.28: Early time gated pinhole images of Zebra shot 1446 show the formation
of the precursor plasma in a conical wire array without a center wire.

the time gated pinhole images show a straight precursor plasma (61 to 67ns in

Figure 5.28). At 73ns the column begins to develop a kink instability, as shown

in both photon energy frames. The time of this frame corresponds to the second

x-ray peak in the PCD signal in Figure 5.27. The wavelength of the instability is

about 4mm at 73ns, but changes to 2-3mm in the next frame (80ns). The observed

modulations at t = 73 ns and 80ns are just before the start of the zippering implosion

which is noticed next to the cathode att = 86 ns. The formation of the modulations

right before the start of the implosion is similar to that observed in Zebra shot 1084

where modulations were observed just above the zippering implosion. However, unlike

in Zebra shot 1084, the modulations do not propagate with thejet.
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Although the timing of the implosion and the emission of the x-ray pulses tend to

be unpredictable, it is noticed that the wavelength of the instabilities in the zippering

pinch are similar. Time integrated pinhole images (Figure 5.26), suggest a growing

mode with wavelength around 2-3mm in the lower 8mm of the array. This wavelength

is the same as that of the instability developed in the stagnating plasma column in the

cylindrical wire array. However, above 8mm the cathode, the wavelength increases

to 5-6mm. The increase in wavelength in the upper half of the images suggests a

suppression of instability growth. This could occur from thesheared 
ow formed by

the conical shocks. However, the resulting plasma column is still unstable and the

uniformity of the plasma column can be improved.

Another feature noticeable in the time integrated pinhole images (Figure 5.26) is

the drop in x-ray emission above 8mm from the cathode. This is expected, since the

upper part of the array implodes after the current peak, which reduces the magnetic

energy available to compress the plasma column. In addition,the bottom of the array

implodes early and emits for a longer period of time which gives a brighter signal in

the time integrated pinhole images. This results in lower plasma temperatures as

noted by Ampleford et al. in 2007 [47].

5.5 Z-pinch with Sheared Flow

Adding a center wire to the conical wire array will introduce asheared 
ow to the

plasma. Comparing the fastest growing modes between the cylindrical and conical

wire array cases with a center wire will reveal if the sheared
ow introduced has
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a stabilizing e�ect on the precursor plasma column and ultimately the stagnating

plasma column. This investigation used a conical wire arraywith a cathode diameter

of 6mm and an anode diameter of 18mm with a 22mm separation between the two.

Eight 15�m diameter Al wires were used for each array. The center wires investigated

ranged from 10 to 50�m diameters of Al 5056. The arrays were investigated using

time integrated and time gated x-ray pinhole imaging as wellas laser imaging. The

time integrated pinhole images were used to look at the overall stability of the radi-

ating plasma while laser images were used to look at the precursor plasma column.

Lastly, time gated pinhole images were taken to look at the evolution of the x-ray

emission in the plasma column in order to determine stability.

From the theory presented in Section 3.3, the center wire is expected to carry a

signi�cant portion of the current. This current is expectedto create a surface plasma

around the center wire. The plasma streams from the conical wire array, which have

both radial and axial momentum, will interact with the axially stationary plasma.

The radial momentum thermalizes once the streams interact with this plasma, how-

ever the axial momentum will persist. The stationary centerplasma and the axially


owing plasma will interact and create a sheared 
ow. If the center wire still has a

dense core, as suggested by the cylindrical wire arrays datathe plasma at the surface

of the center wire core can be considered a no slip boundary condition for the 
ow.

The interaction thus creates a sheared 
ow [6].
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Figure 5.29: Laser images of conical wire array implosion during the precursor stage
show that adding a center wire changes the plasma stability. The diagram located in
the bottom right corner of each image represents the orientation of the array to the
diagnostic's line of sight

5.5.1 More Stable Precursor

Laser shadowgrams (Figure 5.29) indicate that the precursor plasma is indeed more

stable when a center wire is added on axis. The case with no center wire is displayed

in Figure 5.29a. Near the cathode, the shocks are bent, which suggest instabilities

in the precursor. For the 10�m case (Figure 5.29b) the instabilities appear to be

of longer wavelength then for the conical wire array withouta center wire. The

conical shocks in Figure 5.29b show modulations with length of the order 5mm and

2mm. For a 22�m thick Al center wire, (Figure 5.29c) the conical shocks become

very smooth and lack the large scale modulations noticed in Figure 5.29a and b.
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Figure 5.30: Instability growth is noticed inside the location of the conical shock in
a conical wire array with a 50�m diameter center wire. The images a) and b) were
obtained along the same line of sight at the times indicated. a) Laser shadow images
show the conical precursor. Modulations are forming at the base of the array. b)
The modulation now extends the full length of the visible shock on the right side. c)
High resolution image recorded along a line of sight making 45� with that of images
a) and b) shows a modulation suggestive of a shearing instability. This image covers
the region highlighted in green on a). The occurrence of the instability on the inside
of the bend in the center wire suggests the instability is seeded by the bend.

Increasing the thickness of the center wire to 50�m , seems to be detrimental to the

stability (Figure 5.29d). Figure 5.30 shows the growth of modulations on one side

of the precursor of the conical wire array with a 50�m center wire. The center wire

was bent in this shot and it appears that the bend created a favorable condition for

instability growth. Figure 5.30c shows the high resolution image of the precursor. It

shows Kelvin-Helmholtz-like roll-ups located between the wire and the conical shock.

Two vortices seen in the image are about 1:2mm apart. The roll-ups are located on

the inside of a bend which was on the same side as the turbulentbehavior next to
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Figure 5.31: Time integrated pinhole images show the change instability as the
diameter of the center wire is increased. The cartoons in the lower right hand corner
of each image depict the line of sight of the diagnostic with respect to the array wires.
Shots 1101, 1555 and 1092 show a hollow emission pro�le. Shot1555 shows that this
hollow emission pro�le is not due to the presence of an array wire in the line of sight.

the conical shock (highlighted in Figure 5.30b). The direction of the roll-up suggests

that the plasma 
ow close to the shock is slower then the 
ow close to the center

wire. This evidence suggests that the turbulence observed in the conical shock region

in Figure 5.29d is actually a shearing instability and not thekink instability.

5.5.2 Straighter Pinch

The e�ect of a center wire on the overall stability of the stagnating pinch can be

assessed from the time integrated pinhole images in Figure 5.31. Increasing the di-

ameter of the center wire has a stabilizing e�ect, as evidenced by the increase in
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Figure 5.32: Lineout of a portion of the time integrated pinhole image (as indicated
on the left) from a conical wire array with a 10�m diameter center wire. The x-ray
emission dip in the center indicates that most of the x-rays are emitted from a hollow
plasma shell.

the wavelength of instabilities and the more uniform x-ray emission pro�le. As was

shown in Figure 5.26 (and again in Figure 5.31) the kink instability develops during

the implosion of the conical wire array without a center wire.Adding a center wire

with a 10�m diameter increases the observed wavelength of the instabilities. In addi-

tion, the x-ray emission is brighter and more uniform along the pinch, which suggests

better compression. Increasing the diameter of the center wire shows better stability.

However, a hollow emission pro�le is observed.

A lineout of the image recorded for the 10�m center wire case (Zebra shot 1101)

reveals a hollow emission structure (plotted in Figure 5.32). Plotted is a lineout

integrated over 1mm along the pinch. The plot shows that a 0:47mm wide dip in

the x-ray emission. this does not represent the shadow of thearray wire intervening in

the camera line of sight because a similar emission structureis observed when no wire
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is present in the line of sight ( as the 15�m case in Figure 5.26). The width of the dip

increases with the center wire diameter. The shape and the size of the dip in x-ray

emission suggests that the plasma forms a shell around a dense and cooler plasma

from the center wire. In the precursor of the plasma ablated from the center wire,

the kinetic energy of the imploding plasma is thermalized at some distance from the

array axis. This produces a hot plasma shell surrounding a denser but cooler plasma

on axis. The outer shell emits x-rays, while the emission of the central plasma occurs

at lower photon energies, not recorded in the time integrated pinhole images. This

behavior is not observed along the entire length of the pinch. The lower 5mm of the

pinch do not display a shell structure. Instead, a bright andrelatively uniform x-ray

source is observed. This region is also unstable with a fastest growing mode similar to

that identi�ed for the cylindrical wire arrays without a center wire. One explanation

for this behavior is that the narrow region of the conical wire array pinches before

current peak. The resulting plasma column then carries the majority of the current.

The sausage instability quickly develops at the narrow end of the array, compressing

the plasma. Later, the kink instability develops. The narrow region produces hard

x-rays (h� > 1keV), as seen in Figure 5.31, where the x-ray plasma image next to

the cathode is very exposed (dark). Higher �ltration images show that the spectrum

of the x-rays emitted from this region extends to energies above h� > 3keV.

Also noticed in Figure 5.31 is a drop in x-ray emission intensity as a function

of axial position along the plasma. For the 10�m center wires the zippering pinch

reaches a height around 14mm. This decreases to about 10mm for 50�m center
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Figure 5.33: Progression of the zippering pinch on a 10�m diameter Al wire. The
kink instability is observed after the zipper has passed. Thediagram in the lower
left corner denotes the orientation of the array to the line of sight of the diagnostic
(Zebra shot 1089).

wires. This may be explained by an increase in the implosion time which was previ-

ously discussed in Section 5.1.6. The delayed implosion would then reduce the kinetic

energy coupled to the upper half of the array because the implosion occurs after peak

current.

5.5.3 Kink Instability Growth
During the Zippering Implosion

Although the precursor and the pinch appears to be more stable, the time gated

images do show growth of the kink instability during the zippering implosion. Shown

in Figure 5.33 are the time gated pinhole images of the zippering implosion for a 10�m

diameter center wire conical implosion. The low photon energy (h� > 0:5keV) images
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Figure 5.34: Time gated pinhole images showing the progression of the zippering
implosion of a conical wire array onto a 50�m diameter Al center wire (Zebra shot
1092).

in Figure 5.33 show the precursor plasma above the zippering implosion as a straight

plasma column. During the zippering implosion, instabilities quickly grow after the

tip of the zippering implosion passes. The growing instability has a wavelength around

1:5mm which is smaller than the 2:5�m wavelengths observed for both the cylindrical

and conical wire arrays without center wire. Zippering implosions with a 15�m center

wire diameter exhibit similar behavior. The plasma column becomes unstable as the

zippering implosion progresses. The fastest growing wavelength is around 3mm.

Even with a larger diameter (50�m ) center wire, the pinch becomes unstable after

the zipper passes. Figure 5.34 shows the development of a kinkinstability with a

3mm wavelength (in the last frame) after the zippering implosionhas passed. This

suggests that, during the zippering implosion, the sheared 
ow seems to have little

e�ect on the growth of the kink instability. The growth of the instability during

the zippering implosion shows that the sheared 
ow is insu�cient to stabilize the

stagnating plasma column.
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Figure 5.35: Shadow image reveals roll-up structure on one sideof a 50�m center
wire. The cartoon on the right illustrates the Kelvin Helmholtz instability growth.

5.5.4 Observation of Vorticity

By creating a sheared 
ow in the plasma column it is possible to excite shearing

instabilities such as the Kelvin-Helmholtz instability (KHI). In an incompressible

plasma, where two 
uids have a relative velocity along the separation surface in

the absence of surface tension, transverse acceleration, and longitudinal magnetic

�eld, the interface between the two 
uids is always unstable(Section 2.4). The

instability grows when the second transverse derivative ofvelocity pro�le is non-

zero [28], which in the conical wire array case occurs between the conical shock and

the center wire. The roll-ups observed in Figure 5.35 are at this location. However,

with the requirement of supersonic 
ows for sheared 
ow stabilization, the 
uids are

considered to be compressible, which can have a stabilizinge�ect on the KHI [50].

Roll-up structure was observed on the edge of the precursor plasma in Zebra shot
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Figure 5.36: Roll-ups observed on one side of the 10�m center wire. A wire was in
the �eld of view of the array axis.

1089 which used a 10�m wire on the axis of a conical wire array (Figure 5.36) [6].

The separation distance between the two roll-ups is 1:1mm which is similar to the

separation distance observed in the 50�m center wire diameter case (Figure 5.35).

The direction of the roll-ups, however, is di�erent than in the 50�m case.

Complementary laser shadowgrams of these shots show that the laser images, the

side where the roll-ups developed also presents an unstableconical shock (the images

in Figure 5.29b and Figure 5.36 are obtained from the same shot along lines of sight

making a 45� angle; the angle between the lines of sight for 5.29d and 5.35is 22:5� ).

The conical shocks in these cases are also asymmetric, the modulation only developing

on one side of the center wire. The wavelength of the modulations in the conical shock

for the 50�m case matches with the separation between the two observed roll-ups.

This suggests that the turbulence observed in the conical shock is related to this

shearing instability and not to the kink instability.
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Figure 5.37: Time integrated pinhole images of cylindrical wire array Z-pinches. a)
without a center wire, b) with a 10�m diameter center wire, c) 15�m center wire, d)
22:5�m center wire and e) 50�m center wire.

5.6 Role of Center Wire on Stability

As the conical wire arrays with a center wire showed improved stability, it is important

to clarify whether the reduction in the instability growth was due to the sheared 
ow

or to the center wire by itself. The additional mass that the center wire adds to the

axis of the array can hinder the growth of the internal modes ofthe kink instability

by inertia.

From the time integrated images of cylindrical wire arrays with an Al wire on axis

(Figure 5.37), the growth of instabilities appears to be suppressed when the diameter

of the center is increased. For small center wires (10�m and 15�m diameters), the
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plasma column structure is similar to that of the plasma columnwithout a center

wire. Thus the small diameter center wire does not have a major stabilizing e�ect

on the resulting plasma column. However, as the center wire diameter is further

increased, the instability wavelength increases and the amplitude decreases. This is

likely due to the increased mass on the array axis For the 50�m center wire case, a

non-emitting region is observed along the pinch axis. The orientation of the array, as

indicated by the diagram below the pinhole images, shows thata wire is in the �eld

of view of the diagnostic. This could explain the non-emitting region observed on the

implosion axis. However, if this were the case then the non-emitting regions would

occur in all cases where a wire is in the line of sight of the diagnostic regardless of

center wire, which is not observed. This would suggest that the center wire causes

the pinch to form a shell around a dense plasma.

The pinhole images also reveal bright spots along the plasmacolumn. These

bright spots occur periodically along the length of the pinch with a measured average

axial spacing of 2:7mm. The wavelength is the same regardless of the center wire

diameter which suggests that the periodicity of the sausage instability is insensitive

to the center wire diameter.

Although it appears that a longer diameter center wire has a stabilizing e�ect on

the kink instability, early time gated pinhole images show the growth of the kink in-

stability during the precursor phase. For a 50�m diameter center wire (Figure 5.38),

at 82ns, modulations with an average wavelength of 2:4mm. Although the pinhole
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Figure 5.38: Implosion of a cylindrical wire array with a 50�m diameter Al 5056
center wire. Development of instabilities is visible at 82ns and 95ns in the low
photon energy frames. The stagnating pinch is seen in the last frame. The diagram
in the lower left corner denotes the orientation of the arrayto the line of sight of the
diagnostic.

image at 76ns is out of focus, some information can be extracted using an edge de-

tection technique to determine where the largest pixel countgradients are located.

Figure 5.39 shows that the modulations observed att = 82 ns are present in the pre-

vious frame. Unfortunately the blurred images prevent the analysis from accurately

recovering the amplitude of the modulations in the second frame, thus the growth

rate of the instability could not be determined.

Laser images of the precursor plasma also show the instability growth in the

precursor phase. Figure 5.40 reveals the instability growthinside of the array during

the precursor phase of the implosion. In these images the precursor column width

was estimated to be 2:6mm. The dark region on axis had a 0:6mm width and had
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Figure 5.39: Edge detection used on images to determine the structure of the pinch.
Low energy frames frames at 76ns and 82ns in Figure 5.38.

modulations with an average wavelength of 1:3mm. The time di�erence between the

two laser frames is 16ns which shows minimal growth of the instability amplitude.

Figure 5.40b shows the start of the implosion phase which is similar to the time when

instabilities were observed in the precursor plasma in gated x-ray images (Figure 5.38).

Similar behavior is observed for the case of a 50�m diameter center wire, with the

di�erence that the wavelength is longer.

5.7 Seeded Kink Instability in Cylindrical Arrays

In Section 5.5, it was shown that a center wire present in the conical wire array a�ects

the plasma dynamics in a way that is favorable to the stabilityof the plasma column.

Although this shows that the sheared 
ow is capable of reducing the growth of the kink

instability, it is not clear what the e�ect is on the individu al modes of the instability.
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Figure 5.40: Laser shadow images of a cylindrical wire array with a 22:5�m diameter
Al center wire during the a) precursor phase and b) implosion phase.

In order to determine these e�ects, helically perturbed center wires were placed on the

axis of both cylindrical wire array and conical wire arrays. The cylindrical wire arrays

implosions showed that a helically perturbed center wire can seed the kink instability

with a wavelength of an experimenter's choosing. The purpose of placing a perturbed

wire in conical arrays was to observe the e�ects of the sheared 
ow on the instability

growth. The helically perturbed center wire had a 15�m diameter and was made of

Al 5056. The perturbation was seeded into the wire by wrappingit around a drill

bit. The wire was then stretched to reduce the initial perturbation amplitude. The

wavelength of the seeded perturbations ranged from 1:2mm to 1:4mm as measured

with the laser diagnostics before the shot.

For the cylindrical wire array case, a helical center wire with a wavelength of
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Figure 5.41: Precursor phase of the cylindrical wire array imploding onto a helically
perturbed center wire. a) The center wire has expanded and still has the same shape
of its initial seed. b) The kink instability is growing from the initial seed during the
precursor phase.

1:4mm and an amplitude of 60�m imposed the initial perturbation. For these mea-

surements, more care was taken to �nd the growth rate of the instabilities. The width

and the amplitude of the expanded plasma were determined by measuring the major

and minor diameters of the kink instability. De�ning the amplitude as the magnitude

of the displacement vector from an original pinch radius, themajor diameter is

dmajor = 2r0 + 2� (5.7.1)

where r0 is the radius of the pinch and� is the displacement fromr0. The minor

diameter is

dminor = 2r0  2� (5.7.2)

where dminor can be negative if the displacement is larger than the radiusof the
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Figure 5.42: Time integrated pinhole images of cylindrical (a) and conical (b) wire
array implosions onto a 15�m diameter helically perturbed center wire.

plasma. Combining Equations 5.7.1 and 5.7.2, the amplitudeof the instability is

� =
dmajor  dminor

4
(5.7.3)

and the diameter of the plasma is

d0 =
dmajor + dminor

2
= 2r0: (5.7.4)

Figure 5.41a shows the precursor plasma at 52ns after the current reaches 100kA. At

this time the center wire has expanded to an average diameterof 0:5mm. The mea-

sured average wavelength of the modulations retained the initial average wavelength

of 1:4mm. The amplitude of the perturbation is around 64�m . After 16 ns, growth

of the seeded perturbation is observed. The resulting instability has an average wave-

length of 1:5mm and the amplitude of the perturbation has grown to 250�m with

a 0:9mm thick plasma. Thus, the growth time is� � 12ns. Assuming 10% current

through the center, with a load current of 0:7MA and estimating the ion density by
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assuming the center wire mass is distributed evenly across the 0:9mm column, the

growth time of a di�use pinch is of the order 7ns which is within a factor of two of

the measured growth time.

Figure 5.42a shows a time integrated x-ray pinhole image of thepinch from a

cylindrical array with a helically perturbed center wire. The average wavelength of

the kink instability at the core of the emission is 1:7mm and the amplitude is 0:3mm,

with a diameter of the emitting region of 0:5mm. The changing of the wavelength

from a 1:4mm wavelength to a 1:7mm wavelength is due to the fact that we are not

exciting the fastest growing mode, which was previously measured to be around 2 to

3mm. The growth of the seeded mode has shown that a particular instability could

be seeded into the heart of the imploding array. In addition, the growth of the kink

instability happened during the precursor phase of the implosion, showing that the

plasma is being driven unstable before the implosion of the array wires.

5.8 Suppressed Kink Instability in Conical Arrays

The conical wire array with a helically perturbed center wire illustrates the stabiliz-

ing e�ect a sheared 
ow on a plasma column. The conical wire array used a 15�m

diameter Al helically perturbed center wire with a 1:3mm wavelength and an 80�m

amplitude. As shown in Figure 5.43, the evolution of the centerregion is initially sim-

ilar to that observed for the cylindrical wire array. The center wire expands to 250�m

at 38ns. The wavelength of the perturbation is unchanged and the amplitude of the

perturbation is 70�m . After 16 ns the precursor plasma has expanded to a thickness
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Figure 5.43: Laser shadow images of a conical wire array implosion on a helically
perturbed center wire during the precursor phase. a) Early stages of the implosion
show the center wire expanding. b) The amplitude of the initial perturbation was
reduced. c) The original position of the center wire (yellowline) is overlapped onto
image b) to illustrate the reduction in amplitude.

of 400�m but the perturbation amplitude has decreased to 50�m . The wavelength

remained unchanged. The reduction in amplitude illustrates the stabilizing e�ect a

sheared 
ow can have on the plasma column. The improved stability of the plasma

column is also illustrated in the time integrated pinhole image (Figure 5.42b) which

shows a narrow pinch with only a large bend in its lower 8mm.

5.8.1 Excitation of Shearing Instabilities

Although the narrow pinch indicates the plasma column is morestable to the kink

instability, it does not prove the plasma column is devoid of instabilities. Later in

time, the laser shadowgram of another conical wire array with a helically perturbed

center wire shows the growth of roll-ups in the plasma column(Figure 5.44). The

helically perturbed center wire for this case had a 15�m diameter, 1:2mm wavelength
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Figure 5.44: The seeded perturbations drive the formation of roll-ups on the left
side of the center wire. The perturbations are much less developed on the right side.
The diagram in the lower left corner denotes the array orientation to the diagnostics
line of sight [51].

and an initial amplitude of 100�m . Those roll-ups are reminiscent of the nonlinear

stages of the Kelvin-Helmholtz instability (KHI). The roll-ups appear at an average

wavelength of 1:2mm, which shows that the instability was seeded by the perturbed

center wire. Overlapping the initial position of the centerwire with the laser image

reveals that the roll-ups come from the troughs of the seededperturbation. However,

the laser image is a 2D projection of the 3D plasma column and the asymmetric

nature of the roll-ups makes it di�cult to determine the azimuthal location of the

instability. The asymmetric formation of the roll-ups has been observed previously

for unperturbed center wires (Figure 5.35). It is possible that the center wire was not
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located on the axis of the pinch, which would make the system asymmetric since the

wire would be pushed toward the array axis.

The roll-ups are generated by the interaction of the sheared 
ow with a axially

modulated plasma formed around the center wire. The initial modulation is most

likely the helical structure of the perturbed center wire however other e�ects can

excite the shearing instabilities. It is possible that if the center wire was not located

on the axis of the array that the material from the perturbed center wire would be

accelerated toward the axis. The helical structure of the perturbed center wire would

create plasma streams with the same period as the seeded perturbation [52]. The

streams formed by the perturbed center would originate fromthe farthest points in

the wire from the center of the array. These streams would then be redirected by

the axial 
ow of the imploding plasma. To check this hypothesis we can look back

at Figure 5.41. The development of the kink instability displaced the center wire

from its original position which suggests that the center wire was not initially located

on the array axis. However, at the bottom of Figure 5.41a, streams are observed

on both sides of the array which suggest that plasma can stream from either side

even if the wire is on axis. Another odd feature, is that the streams appear to be

turned upward even when an axial 
ow is not present. One possible explanation is

that the streams from the center wire produce breaks in the shock region around

the helically perturbed center wire and give the illusion that the streams are turned

upward. Although it is unclear what the driving perturbation is, the observation of

roll-ups shows that the plasma has a sheared 
ow which can excite velocity shearing
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instabilities.

The observation of the roll-ups appears to favor one side of the array. This was

also observed in other shots where the roll up structure was observed. The axial

asymmetry suggests that the 
ows are in a parameter space that is marginally stable

to the shearing instabilities.

Theory for the Kelvin-Helmholtz instability is outlined in Section 2.4. Using

Equation 2.4.1, assuming the plasma is incompressible, lacks surface tension, transver-

sal acceleration, and longitudinal magnetic �eld, with density ratio between the

two 
ows of 10 and the plasma 
ow di�erence 30km=s the resulting growth rate

is 4:5 � 107 s 1. Inverting the growth rate, the instability growth time is 22ns. This

growth rate assumes an equilibrium 
ow with an in�nitely thin jump layer in the


ow, from an in�nitesimally small seed. In the presented case, the instability starts

at a much larger amplitude thus the growth to the non-linear regime would be much

faster. Lastly, the 30km=s is the lowest estimate for the axial 
ow, thus the growth

could also be faster.
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Chapter 6

Conclusions

The experimental endeavor has shown that a 12mm diameter and 22mm tall cylin-

drical wire array with eight Al 15 �m wires imploded on Zebra, produces a kink

(m=1) unstable precursor plasma column and a kink unstable pinch. The fastest

growing modes in the precursor plasma column have a wavelength � � 2:2mm and a

� � 20ns growth time. After the implosion, the fastest growing mode transitions to

a wavelength of� � 2:7mm with a growth time also around� � 20ns. The growth

time of the kink instability matches well with the theoretical growth time of � � 10ns

for a di�use Z-pinch with a Gaussian density pro�le.

The parameters for the plasma column used to estimate the theoretical growth

rate for the kink instability were obtained from magnetic probe measurements and

spectroscopy analyses. From the experiments, the magneticprobes showed that the

current division estimates, derived in Section 3.3, are good approximations. The order

of magnitude estimates for the electron temperature and density were obtained from

spectroscopy line intensity ratios of the He-like Mg ions. These estimates contribute

a factor of about three to the error of the theoretical growthrate.
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Conical wire array implosions were studied to estimate the 
ow velocity, and

determine the unstable modes in the zippering pinch. From estimates of the zippering

pinch, the minimum axial velocity wasvz � 30km=s. This method ignores shock

redirection and pressure gradients which accelerate the 
ow. From tracking features in

the precursor plasma with the multiframe laser diagnostics, the axial 
ow velocity was

estimated to be aroundvz � 75km=s. From the low photon energy time gated pinhole

images the estimated velocity isvz � 200km=s. The estimates from tracking features

in the plasma compare well with Gorgon simulations which estimates 
ow velocities

between 130km=s and 250km=s when a 50�m wire is present, which shows that the


ow velocity is much greater than the estimate based on the zippering implosion and

therefore the 
ow acceleration mechanisms are important.

Comparing the fastest growing modes of the kink instabilityin cylindrical and

conical wire array implosions without a center wire, it was found that the wavelengths

are quite similar near the cathode, with the fastest growing wavelength measured

between 2 and 3mm. The x-ray pinhole images of the upper portion of the array

mostly re
ect the precursor structure. Instabilities had a much longer wavelength,

of 5-6mm. The longer wavelengths in the conical wire arrays are due tothe small

discontinuity in axial velocity across the onical shock, shich represents a sheared 
ow.

sheared 
ow. The short wavelength structure at the narrow end of the array would

suggest that, in that region, the conical wire array is unstable, like the cylindrical

wire arrays.

With the addition of a center wire to the axis of a conical wire array, a straighter
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Name Parameter Precursor Pinch
Radius r (mm) 1:5 1:5
Temperature T (eV) 100 300
Ion density ni (cm 3) 1017 1019

Charge state Z � 10 11
Magnetic �eld B (MG) 0:07 1:3
Adiabatic index 
 5=3 5=3
Sound velocity Vs (km=s) 78 140
Alfv�en velocity VA (km=s) 90 180
Ion thermal velocity Vi therm (km=s) 19 33
Alfv�en transit time r=VA (ns) 16 8:5

Table 6.1: Typical plasma parameters for the conical wire array implosions

pinch was noticed. This would suggest that sheared 
ow stabilization is the reason,

however the additional mass on the axis of the implosion can also have a stabilizing

e�ect. Looking at the cylindrical wire array implosions withdi�erent diameter center

wires (Section 5.6) it was noticed that the cylindrical wirearray goes unstable during

the precursor and stagnation phases. For larger center wires (50�m wires), the im-

plosion, as seen from the time integrated pinhole images (Figure 5.37) was straighter

than the implosion without the center wire and smaller diameter center wires. This

means that for su�ciently large center wires the instability growth can be reduced.

However the smaller diameter center wires in the cylindrical wire arrays did not sig-

ni�cantly reduce the instabilities. Thus the improved stability from the conical wire

arrays with smaller diameter center wires was due to the presence of an axial velocity

shear.

Plasma parameters for the conical wire array are outlined in Table 6.1. Using the

lowest estimate for the 
ow velocity of 30km=s, and an upper velocity estimate of

200km=s, the thermal Mach number is between 1:6 to 10 for the precursor plasma
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and 0:9 to 6 for the pinch.

From Arber and Howell [5], an ion thermal Mach number (Vz=Vitherm ) of 4 is

required for stabilization. The experiments show that thisvalue is achieved for the

precursor plasma. However, the Mach values for the pinch are low, and therefore the

plasma is expected to be unstable. Experimental data from conical wire arrays with

a wire on axis show the development of instabilities at the narrow end of the array

after the implosion, which indicated the 
ow was unable to suppress the instabilities,

which agrees with the predictions of Arber and Howell.

In the case of the phenomenological model (Section 2.3.2), using the fastest grow-

ing mode from the cylindrical wire arrays (� � 2:5mm) the required di�erence in

the Mach number is 0.8. Assuming the indented section is stationary, the model pre-

dicts that the precursor plasma should be stabilized for a 
ow velocity greater than

72km=s, however the pinch requires thatvz > 142km=s which is in the range of the

achievable 
ows. However, the instability growth, for the conical wire arrays, was

noticed at the bottom (near the cathode) where the 
ow velocity is estimated to be

around 50km=s during the pinch. Further up the pinch the 
ow velocities approach

the required 
ow velocity. Thus the pinch should transition from short wavelength

instability behavior near the cathode where the 
ow is slowest and transition to long

wavelength instability modes near the anode where the 
ow isfastest. This behavior is

seen in the conical wire array time integrated pinhole images (Figure 5.31). Thus the

experimental data for the precursor and the pinch agree withthe phenomenological

model.
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Using the same numbers for Shumlak's stabilization criterion[4], the required


ow velocity to stabilize the precursor is 0:78km=s and for the pinch it is 4:17km=s

which disagrees with the predictions of the previous theories. This theory predicts

that the precursor and the pinch should both be stabilized, in contradiction with

the experimental observations which show that the conical wire array pinch, near

the cathode is unstable to the kink instability. This disagreement indicates that

the theory presented by Shumlak and Hartman is inapplicable to the experiments

presented.

In closing, the conical wire array is capable of generating a sheared 
ow when a

center wire is placed on its axis. As shown by cylindrical wirearray implosions, for

small diameter center wires (10-22�m ), the additional mass on axis is not su�cient to

stabilize the plasma column. Compared with the cylindricalwire arrays, the conical

wire arrays create a more stable precursor plasma column anda more stable pinch.

By seeding the kink instability in the precursor plasma column the amplitude of the

kink instability was reduced for conical wire arrays, whileit grew for cylindrical wire

arrays. This improved stability is linked to the sheared 
ow created by the imploding

conical array. Thus, the MHD instabilities of the Z-pinch canbe mitigated through

the use of a sheared axial 
ow.
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