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Abstract

The wire array z-pinch is an e cient x-ray source [1] which ha®een proposed for use
in indirect drive inertial con nement fusion schemes[2]. Ta 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 symgessed showed increased
x-ray yield and power [1]; however the pressure driven MHD itabilities (sausage
and kink instabilities) were still present and possibly linted 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 introducedo a pinch by using a
conical wire array with a ne metallic wire on axis [6]. The wie on axis will carry
a fraction of the total current during the implosion which wil cause the center wire
to create a conducting plasma column while a ow passes over This presentation
will compare the experimental results of a z-pinch with and ithout a sheared ow.
From this comparison it will be shown that the sheared ow in hese experiments has

a stabilizing e ect on the MHD instabilities present in the zpinch plasma column.
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Chapter 1

Introduction

The Z-pinch is a fascinating physical phenomenon. It is one tie few times that
nature works with us in achieving high energy densities. In anspli ed concept, the
Z-pinch is a cylindrical current carrying plasma column widh creates a magnetic eld
that compresses the plasma column radially through th& B force, whereld is the
current density in the plasma column andB is the magnetic ux density created by
the current owing through the plasma column. The simpliciy of the concept has
led to several scienti c endeavors utilizing the Z-pinch tereate a deuterium plasma
with high enough temperature and density to achieve fusion. Wortunately, it was
discovered that a current carrying plasma column is highlynstable [7] and therefore
unable to achieve the desired temperatures and densities.

Although Z-pinches were unable to achieve fusion directly,-ginch 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, whered is the current density in each wire andB is the magnetic



ux density created from the current owing through all the wires. Traditionally,
the wire array Z-pinch refers to the cylindrical wire array viaich consists of several
ne metallic parallel wires, equally spaced along the cireaference of a circle and
placed between an anode and a cathode. A large current is theasped through
the array. Ohmic heating causes the wires to turn into a higilconductive plasma.
Current then ows through the plasma, and the magnetic eld ceated by all the
wires accelerates the plasma to the axis of the cylinder. Whehé plasma stops
on axis, the kinetic energy of the imploding plasma is conted to thermal energy
which is then partially radiated as x-rays. This process haseen used in several novel
concepts studying various types of phenomena, including gioionized plasmas [8].
Additionally, the wire array Z-pinch has been proposed as a ider for indirect drive
fusion [2]. However, these fusion concepts require aNd@ 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 outletto x-ray power
can be improved by stabilizing the instabilities that are iherent to the Z-pinch.
Several experimental techniques have been exploited in erdo reduce the growth of
interchange instabilities. These methods include decreagithe spacing between the
wires in the cylindrical wire arrays [9], using two nested diyndrical wire arrays [1], and
using starlike arrays to control the implosion [10]. Each dhese methods has shown
an improvement in the x-ray emission which is linked to the stality of the plasma.
Additional control is required to further mitigate the growth of magnetohydrodynamic

(MHD) instabilities in the pinch



Although the Z-pinch is inherently unstable, not all current arrying plasmas
are unstable. Observations of astrophysical jets have raled that they carry a
current [11]. These astrophysical phenomena are highly kwlated jets which can
span for parsecs in some cases. If these highly collimatedspie jets carry a current,
then why do they not succumb to the instabilities common in Zinches? One possible
answer is that astrophysical jets are stabilized by shearenlvs [11]. The astrophysical
jets typically propagate in the interstellar medium which isstationary compared to
the jets. As a jet propagates through the interstellar mediunthe edges of the jet are
decelerated. This creates a radial derivative in the axialelocity (a sheared ow) of
the jet.

Theoretical studies have shown that a sheared ow can have a$tive e ect on
the stability of the plasma column [3][4][5][12][13]. The slared ow stabilization can
have profound implications, such as creating a more e cienZ-pinch, which could
expand the current horizon of high energy density physics. Awrs have proposed
various applications for these more stable pinches such asiin concepts [14][15] and
space craft propulsion [15].

Although theoretical studies have investigated extensivethe role of sheared ows,
few experiments have attempted to demonstrate the stabibtion [16][17]. Using a
conical wire array [18] with the addition of a wire on axis, aleared ow has been
produced in the laboratory [6]. This sheared ow stabilizabn concept is apparently
similar to a previously proposed fusion concept [19][14] e a uranium rod is in-

jected into a Z-pinch with velocities on the order of 8m=s. However, this fusion



concept used a uranium rod to stabilize the plasma by enhantstagnation pressure,
whereas the experiments contained in this dissertation usad Al center wire to drive

magnetohydrodynamic instabilities and an external ow wih 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 shead ow has on
the pinching plasma column. This investigation has found @erimentally that the
sheared ow produced from conical wire arrays has a stabiligy e ect on the plasma
column. In Chapter 2, the cylindrical wire array Z-pinch andhe instabilities excited
by the implosion and stagnation of the plasma will be discus$eln addition, theories
of sheared ow stabilization and how to create sheared plasmows in the labora-
tory are presented. The experimental setup and investigatn methodology will be
discussed in Chapter 3. The diagnostics used in the experimare outlined and de-
scribed in Chapter 4. The results of the experiments will berpsented in Chapter 5,
where the fastest growing modes will be identi ed for the ciidrical and conical wire
arrays with and without a center wire. Chapter 6 will summaize the results and

discuss the implications of this research.



Chapter 2
Theory

The e ects of sheared ows on magnetohydrodynamic (MHD) plasas have been
investigated theoretically for the past thirty years. Seveal independent theoretical
investigations predominately agree that the sheared ow careduce the growth of
instabilities commonly found in the Z-pinch as long as the w is supersonic and
superalfenic.

In Section 2.1 a review of the cylindrical wire array Z-pinctwill be discussed.
Section 2.2 will discuss the MHD instabilities present in th&-pinch plasma and
will give approximations for their growth rates. Sheared ws and their e ect on
the plasma column will be discussed in Section 2.3, includirthe various stability
criteria established by previous authors and an argument faa phenomenological
model. Sheared ows often excite the Kelvin-Helmholtz instality and the theory
for this instability will be presented in Section 2.4. Sectio 2.5 will close the chapter

with the conical wire array implosion and how it is used to ciee a sheared ow.



Cathode

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 columnvhich creates a magnetic
eld that compresses the plasma column radially through thd B force, wherel is
the current density in the plasma column and® is the magnetic ux density created
by the current owing through the plasma column. One methoddr creating a Z-
pinch is using a cylindrical wire array. This is an array of re metallic wires equally
spaced along the circumference of a circle, bridging the gaptween an anode and
a cathode such that the array has a cylindrical shape (FigureD. A pulsed power
device, such as Zebtfa[20], is used to pulse large currents (of order 1 MA) through
the array.

When the current is pulsed through the wires, the array undeaogs 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



Figure 2.2: During the precursor phase, the plasma shell foeh around the dense
wire cores is accelerated toward the axis by th& B force. (Image provided by
Dr. J. P. Chittenden.)

in the implosion. Early in time, when the wires are still coldthe current heats up
the wires through ohmic heating. The outside surface of the meis turns to a highly
conductive plasma. This phase is often referred to as the wimnitiation 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 azimutal magnetic eld
around the entire array. The current and the resulting magre eld createaJ B
force which accelerates the plasma radially inward. The @ma then streams from
the wires toward the axis of the array (Figure 2.2). The streamng plasma does not
ow as a solid sheet but as jets or streams with a \natural wavdength" in the axial
direction. This wavelength is material dependent: ~ 0:5mm for Al, 0:4mm for
Tiand 0:2mm for W [22]. The streams from each of the wires coalesce in a $ma

cylinder centered on axis forming the precursor plasma, teustarting the precursor



phase. The radial kinetic energy of the plasma streams is tmealized creating a soft
X-ray pulse.

Eventually, the current and the mass loss become su cient thizthe wire cores are
accelerated toward the axis of the array and start the implasn phase. As the wires
are accelerated toward the axis the magnetic eld increasefsither accelerating the
plasma. When the plasma reaches the axis the radial kineticengy of the accelerated
wires is thermalized creating a plasma column pinch accompad by an intense x-
ray pulse. The creation of the plasma column starts the stagtion phase of the
implosion. Non-uniformities from the streaming plasma seedepurbations in the
plasma column and eventually become unstable, preventinge pinch from reaching

best compression.
2.2 Magnetohydrodynamic Instabilities

In the wire array Z-pinch, several instabilities can creatg@roblems. The rst and
most discussed in the Z-pinch literature is the Rayleigh-Téor (RT) instability. Next
are the magnetohydrodynamic (MHD) instabilities known as th sausage and kink
instabilities. These instabilities take energy away fromhte pinch. The RT instability
in the wire array Z-pinch is created during the implosion ofle array wires. As the
magnetic pressure on the wires pushes the material inwardhet magnetic eld pushes
through the wire cores. Thinking of the magnetic eld as a ligt uid and the wires
as a dense uid, the wire cores are supported by the magnetield, which is an RT

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



instabilities in the wire array Z-pinch because it seeds nemiformities in the plasma
column. These non-uniformities excite the growth of the MHD istabilities which
disrupt the plasma column and prevent the plasma from achiewy higher energy
densities. This dissertation will focus on the MHD instabiliies, in particular the kink
instability.

Unlike the RT instability discussed above, the sausage andnki instabilities occur
when current ows through the plasma column. These instabilies are seeded from
the non-uniformities of the implosion. During the stagnatio phase, the kink and
sausage grow to destructive levels. The best way to undersththese instabilities is
to investigate the ideal Z-pinch, where the plasma column gerfectly smooth and
ideal MHD is applicable. The system is assumed to be in equilibom and the plasma

is radially perturbed. The radial displacement is descritekby

(r; ;t)= ¢krrm ') (2.2.1)

where is the displacement vectork and m are the axial and azimuthal wavenumbers
and ! is the angular frequency of the oscillation. The resulting MHDequations

are then linearized and solved fot . If ! is imaginary, then the displacement is
exponentially growing. For the Z-pinch there are two azimudtal modes which are of
particular interest: the m=0 (sausage) mode and the m=1 (kik) 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 plasmasThis instability is
responsible for the constriction or necking of the plasma ewhn which can create
\bright spots”, an intense x-ray emitting region, in the plesma column. From a
theoretical standpoint, this instability is an m=0 azimuthal mode from the Fourier
representation of the displacement vector. This instability isxamed for its periodic
constriction of the plasma column, making the plasma columlook like a series of
sausage links (Figure 2.3a). When the plasma column is in egjoilum, the magnetic
pressure and plasma pressure are balanced. Consideringtthaconstant pressure
plasma column has a reduced radius at a certain location theagnetic pressure will
increase locally,

1-
r_za

P/ B2/
surpassing the plasma pressure. Due to the pressure imbalarthe plasma column
will become narrower enhancing the original perturbation. fie growth of the m=0
instability will continue until the plasma column is interrupted.

The high compression results in a high temperature and detysiplasma which
causes a bright x-ray burst. For this reason, the location acin m=0 constriction is
often called a bright spot. The bright spots found in a Z-pinic do not occur at the

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

power.



11

Larger

wegker 4 Stronger
Smaller . B

-

-

/ \
m=0 “sausage” m=1 “kink”

(a) (b)

Figure 2.3: lllustration of the sausage (a) and kink (b) insthilities[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 fohé bending structure
resulting from the instability. The curvature of the bend ceates a hoop stress on the
concave surface of the bend. This results in an increase of themuthal magnetic
eld near the center of curvature. On the convex surface the bd has a reduced
magnetic eld. The dierences in the magnetic eld create a pessure 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 briey discussed. The rst is

the skin current Z-pinch where there is no magnetic eld insle of the pinch. In
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15 20 25
kR

— SAUSAEE e = Kink
Figure 2.4: Growth rate for the kink (dashed) and sausage (sojJiadnodes in an

incompressible plasma with only skin current. Growth ratesire normalized to the
Alf\en transit time and the wavenumber to the pinch radius.

this con guration, only perturbations formed on the surfae become unstable. This
type of instability growth is often referred to as the surfacenodes of the instabili-
ties. The fastest growing modes have short wavelengths anuetgrowth rate for an

incompressible plasma is given by [23][24]

S
Va oy, MKn(kR) KRI(KR).
R KRKO(KR)  Im(kR)

(2.2.2)

where V, is the Alfien velocity, R is the radius of the plasma columnK ,(x) and
Im(x) are modi ed Bessel functions. Plotted in Figure 2.4 are the gwth rates for

the sausage and kink instabilities normalized to the inversilfien transit time ( %).

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 dise plasma. The

internal modes can grow at any radius in the plasma column. Fa pinch with a
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Gaussian current distribution and a Gaussian density prod, the plasma is unstable
to all axial modes of them = 0 instability. The growth rate saturates whenk!'1 |
where

LY (2.2.3)

which is the inverse of the Alfien transit time. For the same on guration the plasma
is also unstable to the kink instability and has a growth ratdower by a factor of 2.
For both the surface current and the di use pinch the growth ime for both the kink

and sausage instabilities is on the order of the Alf\en transititne.

2.3 Z-pinch with Axial Sheared Flow

Introducing an axial ow to a Z-pinch can greatly alter the stbility of the plasma
column. If a uniform axial ow is present over the entire cros section of the plasma
column, its stability is the same as in the case the stationaminch since, the column
just moves with the ow [5]. From a theoretical standpoint, he system of equations
can always be modi ed by a coordinate transformation whichauld remove the axial
ow from the equations. However, if the axial ow is non-unifem across the plasma,
then the stationary system can not be recovered by a change iaference frame.
The introduction of the sheared ow into the plasma causes #hsystem of equations
to no longer be self adjoint [25][5], which makes the theore&l analysis di cult.
This prevents the equations from being treated by the energyripciple to establish
stability conditions. In addition, the angular frequency & the displacement vector is

now mixed complex [4][5] which suggests that each mode cawvéan 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 tactions. Physically,
this means that an oscillation occurring in the plasma columcan 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 ow3][12]. Several di erent

studies have identi ed stability conditions for various Zpinch con gurations [3][4][5].

2.3.1 Stabilization Conditions

The stability of sheared ows has been investigated by manyughors. 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 shedr ow to the Z-pinch
changes the stability spectrum. Most notable results on saeed ow stabilization
were derived by Hassanet al. 1992 [3], Shumlak and Hartman in 1995 [4] and Arber
and Howell in 1996 [5]. Hassam's work investigated the sheareav e ects on the
Rayleigh-Taylor (RT) instability. In his analysis, a constnt sheared ow (v = V%¥)
normal to the gravitational force lines § = gx®) was applied to an inverted density
pro le (n = nge* ) which is normally unstable to the RT instability, with a magnetic
eld across the interface B = B,2). The theory showed that the nonlinear behavior

of the ow stabilizes the RT instability if the shear exceedg In (g )=k, 1

[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 shearedw on the
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Kadomtsev equilibrium pro le, which is inherently stable b the sausage instabil-
ity, to investigate the e ects on the kink instability. A stability condition for the kink
instability was also obtained,

V9> 0:1kV) (2.3.1)

where theV? is the radial derivative of the axial velocity,k is the axial wavenumber
and V? is the nominal Alf\en speed where the maximum magnetic eld ath maximum
plasma density were used.

Arber and Howell's work [5] was the most comprehensive study ete several
equilibrium and sheared ow pro les were investigated. Ofriterest for this work are
the internal and surface modes of the parabolic and Bennett @itjorium pro les.
This work has shown that the sheared ows can have an apprebia e ect on the
plasma column stability when the maximum velocity of the steged ow values exceed
four times the ion thermal speed\{hax > 4Vimerm ), fOr surface modes. For internal
modes, a maximum axial veloCityVmax > 2Vimerm 1S Needed to stabilize both the
kink and sausage instabilities. The analysis of Arber and HoWelid not address
the nonlinear behavior of the sheared ow which is responséfor the mode mixing,
possibly lowering the required velocity.

Other investigations using 2D simulations looked at the ndimear e ects of the
sheared ows and have found that the sheared ow can be usedrecover the pinching
plasma column. In a study done by DeSouza-Machadw al. 2000 [12] the pinch was
simulated without a sheared ow initially, and the pinch woul quickly go unstable.

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

no-slip boundary condition, the ow had an inherent shear wih a zero shear on axis.
Partial recovery of the plasma column was obtained showindpat the sheared ow

does not only prevent the growth of the instability it can ale dampen the unstable
modes.This was also demonstrated by Volpoeit 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 dbilize the plasma
column is through smoothing. Imagine a plasma column with éheared ow. As a
sinusoidal perturbation forms on the surface of the plasma loonn, the protruding

section of the column will experience a di erent velocity thn 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 @nsport 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 indentd section is
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Ten = 20(r) V() (2.3.2)

where is the wavelength of the sinusoidal perturbationy is the velocity with a
radial dependence and, andr; are the radii of the protruding and indented sections
of the plasma, respectively. The growth time of the instabily can be estimated by
the Alfien transit time

a

Tinst W (2 . 33)

werea is the average radius of the plasma column and, is the Alf\en velocity. If
Tein < Tinst (2.3.4)

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

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

be obtained
v(rp)  v(ri)
—_— > — 2.35
Va 2a ( )
Substituting = 27 wherek is the axial wavenumber and using the Alf\en Mach
number, M = % Equation 2.3.5 can be simpli ed to
M Ma(ry) > — 2.3.6
Al Ma(r) > — (2:3.6)

This condition states that the larger the wavenumber the eaai it is to stabilize. This
means the fastest growing modes present in a Z-pinch shoulkeltrongly in uenced by
the sheared ow and will push the fastest growing modes to Iger wavelengths. This
condition is similar to the stability condition described h Hassam [3] and DeSouza-

Machadoet al. [12] and shows a similar trend as in Arber and Howell's 1996 payB].
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Figure 2.6: lllustration 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 uig. Arrows depict the
growth of the instability. C) and D) The instability goes into the nonlinear stage.

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

similar form except the dependence of the wave number is imted.
2.4 Kelvin-Helmholtz Instability

As the reader may be aware, the inclusion of a velocity shearrcaxcite 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 smalshear layer, where the
velocity presents a discontinuity. The interface may be defmed through thermal
variations, for example, as shown by Figure 2.6B. If the crosgaion of the uid

is reduced (increased), its speed will increase (decreas@ssuming the system was
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originally in equilibrium, it can be described by Bernoulls 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 increasbda amplitude of the original
modulation, thus growing the instability. As the amplitude d the perturbation grows,
the instability will eventually reach a nonlinear state, wiere the typical roll-ups form
(Figure 2.6C). The linear growth rate for the Kelvin-Helmholk instability is [28]

p___. :
Sl 2JUr Uy (2.4.1)
1t 2

wherek is the wave number of the instability, ; and U; 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, thee are stabilizing e ects,
such as surface tension, a nite shear layer and compresstii In the MHD case, a

magnetic eld along the uid ow can also suppress the KelviRHelmholtz instability.

2.5 Creating a Sheared Flow

The experimental investigation of the e ect of sheared ow b a plasma column
utilized conical wire arrays with a center wire, which werengviously shown to create
a sheared ow [6]. The conical wire array (Figure 2.7) has unagl cathode and anode
diameters. This introduces a slant to the wires which adds aaxial component to the
J B force. The plasma streams are accelerated toward the axigpendicular to the

wires' surface. When the streaming plasma reaches the axibgtradial momentum

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

These jets have been used to study astrophysical jet phenamag18]. Adding a center
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Figure 2.7: a) Current (blue arrows) ows through the wires, geerating a local
magnetic eld around each wire and a global magnetic eld (gren) around the whole
array. b) Ohmic heating causes all wires to ablate. Plasmaigmating from the
outer wires will be accelerated perpendicular to the wire siace toward the array
axis (red arrows). The plasma from the center wire will expah(orange) and will
be con ned by its own magnetic eld. c) The interaction of the pasma streaming

from the outer wires (red) with the center wire plasma (orang yellow) leads to the
formation of a conical shock (delineated in light blue). Onciétraverses the shock, the
plasma originating from the outer wires will be redirectedn axial direction, creating

a sheared ow (red)[6].

wire to the axis of the array creates a target for the implodig 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 wileads to [29]

B In(ry)r? r2In(r)
Vz(r) - VedgeR2 In (rw) f\?\, In(R) (2.5.1)

whereVgqqe is the velocity at the edge of the jet¢,(R)), ry is the radius of the center

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

r2

= (2.5.2)

Vz(r) = Vedge

which is parabolic. The parabolic pro le from Arber and Howels analysis [5] would
suggest that the ow velocity needs to exceed the ion thermaklocity by a factor of

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

Experimental Setup

The experiments presented in this dissertation investigadethe e ect of sheared ow
on the stability of a Z-pinch. The experiments were conductkat 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 cdar wire added to
the axis of the conical array, interacts with the axial ow thraugh viscous e ects as
described in Section 2.5, thus generating a plasma ow with adial pro le of the
axial velocity. This velocity pro le is established during he precursor phase of the
implosion. As it will be shown in Section 5.5, this smooths thestability growth
during the precursor phase producing a more uniform implasi. The e ects of the
sheared ow are assessed by comparing the conical wire arnaaplosions to cylindrical
wire array implosions with a similar implosion time. The coital wire arrays were
constructed with an 18mm anode diameter and a 6hm cathode diameter, while the
cylindrical wire arrays had a 12nm diameter. All arrays were 22nm tall. Each
array consisted of eight Al wires with 15m diameter. The Aluminum alloy used

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

optically thin tracer for spectroscopy). The center wires ere made of Al 5056 with
various diameters ranging from 10n to 100 m . These arrays were imploded on the
Zebra Z-pinch generator that delivers a MA 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 #te Nevada Terawatt
Facility. It was originally developed at Los Alamos National Laoratory, where it was
used to investigate the Z-pinch of solid deuterium bers [J0 Zebra's Marx bank is
typically charged to 85kV with a stored energy of 15&J. The resulting voltage pulse
is sent to an intermediate storage capacitor which is then stharged by closing a gas
switch. The pulse is then sent through a vertical pulse formgqline where the pulse
is further shortened. The resulting current pulse through éoad has an amplitude of

1MA and a rise time of 9(hs.
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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 \ze dimensional” (0D)
implosion model [30]. This model treats the array as an in ely thin cylindrical
liner with the same mass as the wire array. The force per uniéhgth on the liner is

| 2

o
4

F
T (3.2.1)

where | is the total current as a function of time. This equation can b solved
numerically to obtain the position of the liner as a functionof time.

Using the OD imploding shell model and using the parameters thfe arrays used
in the experiment, the implosion times of the cylindrical ad conical wire arrays can

be estimated. An equivalent circuit of Zebra was coupled to 0D implosion model
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to simulate self-consistently the Zebra load current pulsélhe simulation terminated
the implosion at a radius of 10mm, which is approximately the pinch radius obtained
in experiments as is shown later in Chapter 5. From this simuii@n, the cylindrical
wire array without a center wire implodes at 108s 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 imploson time. In order
to estimate the implosion time of the conical wire array, the D implosion model was
applied to various cross sections of the conical wire arrayitiv the radial projection
of the force vector. The cathode section of the array has an pesion time of 73s,
the mid section of the array implodes at 10ds, while the top of the array, which is
closest to the anode, implodes at 12¥%5. 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 recursor phase (30s-
60ns into the current rise). However, the MHD instabilities of inteest typically occur
during the implosion and stagnation phases. Thus, in ordeotstudy the e ects of
sheared ow on the MHD instabilities, the plasma column must be nstable during
the precursor phase, meaning that the growth time of the MHD stabilities must
be less than the time frame of the precursor plasma formatiof.he 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 calalations, where R is the
resistance of the center wire (in) and the array wires (out), s the inductance and
M is the mutual inductance between the center (in) and array (at) inductors. The
dashed line illustrates the coupling between inductors.

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

Expressing the voltage drop across the array and the centeirev

- R. 1. ) @Ih @(Lut

V = Rijnlin + Lin @t+ ot (331)
@t @ih

V = Routlout + Lout— ot +M "ot (3.3.2)

wherel 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 respeeticomponent andM is
the mutual inductance between the two elements. Assuming theicent only ows

through the wires, the total current is
lo = Tin + lout (3.3.3)

Subtracting Equation 3.3.1 from Equation 3.3.2, using Equ@an 3.3.3 to eliminate

lout, @nd substituting it into the resulting equation gives

l'in (Rin + Rout) + ( Lin + Louw 2M ) % = Routlo * ( Lowt M ) %’[ (3-3-4)
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where all terms withl;, were moved to the left side. Assuming harmonic time varia-
tion

1)/ €&

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

wire

o (Lo M)+ Rou : (3.3.5)
|0 I! (Lin + I—out 2M)+ Rout + Rin

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

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

| r
L, = -2 |p -l 3.3.6
in > n fow ( )

wherer 4 is the radius of a current return structure coaxial with the aray, rqy IS
the radius of the center wire and is the length of the array. The inductance of an N

wire cylindrical wire array with radius raray IS

ob oy Twan L Taray (3.3.7)

Lou =
2 larray N NT aw

wherer 4, is the radius of the array wires. The mutual inductance betven the array
and the center wire is

| Iwall
M= -2|p 3.3.8
2 rarray ( )

Using this formulation, estimates for the cylindrical wire aay were obtained and
showed that the current through an Al 10m diameter center wire was approximately
5:8% of the total current while an Al 100m center wire carried approximately 18%

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

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

of the conical wire arrays were estimated by calculating thimductance of a narrow
axial slice of the conical array and using the inductance egtions for a cylindrical

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

inductance of the conical wire array. From this analysis, # percentage current
through the center wire closely resembles the values for tloglindrical wire array

with only a slight deviation (Figure 3.4)

These values were obtained using the cold resistivity of theires. During the
prepulse and the main current pulse, the wires increase in tperature and expand.
As the array wires expand, the self-inductance of the array deeases. When the
inductance of the array drops to the value of the mutual indu@nce (Equation 3.3.5)

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

array is negligible). This means that the array behaves lika liner and the current
inside is negligible. Thus, the center wire will only have aucrent in arrays with a

low wire count such as the ones investigated.
3.4 Gorgon Simulations

The implosion dynamics observed in the experiment were alsongpared to Gor-
gon simulations. Gorgon is a three dimensional Eulerian reive MHD code which
performs explicit hydrodynamics on a Cartesian grid usingesond order Van-Leer ad-
vection [33][34]. The code was used to simulate the implasiof 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, includj a bridge over the top of
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the array which held the center wire. The current pro le usedvas taken from a Zebra
shot (Figure 3.5). The simulations were coded and executed By. Jerry Chittenden
from Imperial College. The information provided by the simwtions gives insight into

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

Diagnostics

The conical wire array with the addition of a center wire can ppduce a sheared ow
around an unstable plasma. The question quickly becomes how@es one determine
if the implosion is more stable. The rst indication of plasna stability is from the
plasma dynamics. It can be obtained by comparing the obse/dynamics of a system
with a sheared ow with a similar system without sheared ow ad identifying the
fastest growing modes. Complete stabilization would be ifrgated by a smooth and
narrow plasma column. Additionally, a stable plasma column euld create a uniform
X-ray emission pro le. However, the implosion dynamics of #hcylindrical wire array
and the conical wire array are di erent enough that comparinghie 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 esien pro le of the
pinch.

For this particular investigation, it was not enough to obsese improved stabil-
ity, it was also important to understand the stabilization mechanism. Theoretical

models of sheared ow stabilization state that the plasma w must be supersonic
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and superalfienic [3][5]. Thus it was important to obtain stimates for the plasma
velocity, density, temperature and magnetic eld. For the nagnetic eld, magnetic
probes (referred to as B-dots) and Faraday rotation were ude The temperature and
density of the pinching plasma were estimated using x-ray sgeoscopy from the Mg
impurity in the plasma. Additionally, x-ray diodes were alscemployed to study the

e ects the sheared ow would have on the x-ray emission durghthe experiment.
4.1 Laser Diagnostics

The morphology of the plasma can be determined by using laséiagnostics such
as laser shadowgraphy, sensitive to the plasma density dibution, and Faraday
rotation, sensitive to the plasma density and magnetic eldn the plasma. These
diagnostics were implemented using a commercial Ekspla dasvith 532nm wave-
length, 150ps pulse duration and 100nJ of energy. The laser beam is expanded to a
1%diameter. The laser beam can be split into multiple channeBnd used to observe

the plasma at multiple angles and times.

4.1.1 Shadowgraphy

In this diagnostic, laser light transmitted through a plasna is imaged onto a CCD
camera. Although this sounds very simplistic, the diagnogtiis highly useful in deter-
mining plasma dynamics. When rst working with laser shadowgphy it is important

to understand that the laser light is able to propagate throgh the plasma due to the
free electrons in the plasma. When a weak electromagnetic wegwropagates through

the plasma, the electric eld from the laser accelerates th&zee electrons. These
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electrons oscillate and re-emit the laser wave. If the plaselectrons can oscillate
faster than the laser oscillations then the laser will be utde to propagate in the
medium. This can be seen from the dispersion relation for afeetromagnetic wave,

with frequency! , propagating in an unmagnetized plasma

kc= 12 12 (4.1.1)

where! , is the plasma frequency for electrons, which is expressed as
s
Ne€?

oMe

=

(4.1.2)

whereng is the electron density,e is the electron charge, o is the permittivity of free
space andme is the electron mass. From equation 4.1.1 the laser light is lgrable
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 thegsma is no longer
transparent to that particular electromagnetic wave and thdaser light is re ected by
the plasma. Setting the two frequencies equal and using egoa 4.1.2 to solve for

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

e

(4.1.3)
where is the probing laser wavelength andis the speed of light. For the Ekspla laser
operating at a wavelength = 532nm, the critical density isn. =3:92 10?*cm 3.
This value is the maximum density the laser light can in priniple propagate through
the plasma.

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

light from propagating through the plasma. As the free electrts are accelerated, they
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can collide with charged ions in the plasma causing the ion t@bsorb some of the
laser energy. This process is known as inverse bremsstraigand it can attenuate
the laser beam below the detection limit for the cameras. Themount of laser energy

absorbed is given by [35]

ZnZln() = 1

= P o
T212 51 1=

=3:1 107 [cm Y] (4.1.4)

where! is the angular frequency of the probing laser in terms ohd=s, n. is the

electron density incm 3, T is the electron temperature of the plasma iV, Z is

the charge state of the plasma and In() is the coulomb logathm. Although this is

an important e ect, it was ignored in this dissertation as tke 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 adient is large enough,
then the light can be de ected out of the optical system. In adition, the lensing

e ect can create bright and dark regions in the plasma imagélhis is commonly seen
in the streaming plasma coming o the array wires and headingpward the precursor
plasma. Figure 4.1 shows this e ect.

The laser shadowgraphy diagnostic used for the presentecheximents was con-
structed by Dr. Vladimir lvanov. The shadowgraphy diagnosticconsisted of three
lines of sight through the experimental chamber, denoted &h1, Ch2 and Ch3. The
paths are illustrated in Figure 4.2. The angle di erence beteen two neighboring
channels was 2% . Chl 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 Eng.akes
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Conical shock

Figure 4.1: Images showing the lensing e ect from density giegents. a) plasma
streams from the wires have large density gradients whicheates the bright and dark
horizontal features. b) The conical shock produces a lengie ect which appears as
a narrow bright line.

Instrumentation. The optical system used to image the plasmmshadow was di erent
for each line of sight. The high resolution channel was Chl wh imaged the laser
using a single lens, which had to be changed depending on thagni cation desired.
Ch2 imaged the shadow of the plasma with a three lens systemrmswting of a two
lens relay with a 5cm focal length and an imaging lens with a 56m focal length.
The radiation incident on the CCD cameras was lItered with a dser line lter at
532nm to reject the light emitted by the plasma. Although the CCD imags are time
integrated over the experiment, the diagnostic relied on #hshort duration of the
Ekspla laser to capture a snapshot of the plasma. Since plasnows are important
in this diagnostic, it becomes necessary to calculate the nmmum velocity that would
smear the laser image. For an image with spatial resolutiorf 60 m (for typical

Ch2 parameters), the minimum velocity of the plasma that woul smear the image
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Zebra chamber

Figure 4.2: Diagnostic laser paths through the Zebra vacuum amber. Dashed line
means there is no delay line.

is 300km=s. As for an image with 25m resolution (typical Chl resolution) the
minimum velocity is 150km=s. Expected velocities in the shear region during the
time of the experiment are of the order 1d0n=s, thus the resolution of the images
could be reduced due to plasma motion.

Shadowgraphy images were taken at various intervals betweBfins and 100ns
after the current reached 10KA. The images were used for studying the plasma
dynamics during the precursor and zipper/implosion phaseshen the plasma created
a sheared ow and was unstable to the kink and sausage insthfies. This diagnostic
was used to determine the fastest growing modes in the plasmad to measure the

plasma ow velocity.
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4.1.2 Faraday Rotation

Laser diagnostics can also determine the distribution of éhmagnetic eld in the

plasma. Going back to the electromagnetic wave propagatinig the plasma, the free
electrons are accelerated by the electric eld in the laseght. If an ambient magnetic
eld is present parallel to the laser path, then the accelerad 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 thelectric eld to also change
resulting in the rotation of the electromagnetic wave's pakization. The rotation

angle from the Faraday e ect is [36]

e L

= i . neB dI (4.1.5)
where is the angle change in the polarization planes and m are the electron
charge and mass receptively, is the wavelength of the laserg 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 d the probing laser beam
before interacting with the plasma and then analyzed afterotation to determine the
rotation angle. The diagnostic setup replaced the Chl shadgraphy line and did
not use a delayed pulse. The diagnostic consisted of a Glanspn polarizer placed

before the chamber to set the incoming beam to a well de ned |awization. Once

the laser propagated through the plasma, the pinch plane waslag imaged onto a
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horizontal slit used to reduce the area of the laser beam. Thee&m was then sent
through a calcite wedge which splits it based on polarizatioror each polarization,
the slit plane was reimaged using a 3fin focal length lens onto a single CCD chip.
The Faraday rotation images are analyzed by comparing thetemsity in the two
images. The polarization plane of the calcite wedge analyzeas set at approximately
45 to that of the polarizer. The system was designed by Dr. Gendg Sarkisov from

K-Tech Corporation.
4.2 X-ray Detectors

In Zebra experiments, the x-ray emission power is measurediwdiamond photocon-
ducting detectors (PCD) [37] and X-ray diodes (XRD) [38] houskin a ve channel

head apparatus The spectral response curves for the XRD and BQvith di erent

Iters were di erent, thus several detectors can give the pwer and energy of various
photon energy bands (Figure 4.3 and Figure 4.4). The detectorsewe paired with
various lters to limit the spectrum detected, which changed btween experimental
campaigns. Two PCD detectors, however remained unchangeddhbghout 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 ent Iters. Filter
transmission data obtained from Henket al. 1993 [39].

4.3 X-ray Pinhole Imaging

For the experiments, both time integrated and time gated x-napinhole images were
recorded. Both diagnostics are crucial in determining theability of the plasma col-
umn during the implosion and stagnation phases. The time iagrated pinhole cam-
era uses a three pinhole mask with separate photon energyrdtion. 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 Kad&8iomax-MS Im,
and later digitized using an EPSON perfection V750 Pro ScanneUsing three Ims

stacked together allowed for higher levels of Itration to ke recorded without the loss
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Figure 4.4: Response curves of the photocunductive deteddPCD) with di erent
Iters. Filter transmission data obtained from Henkeet al. 1993 [39].

of lower photon energies.

The time integrated pinhole images reveal the distributiorof x-ray self emission
which is correlated with the plasma density and temperaturalistribution. When
a plasma goes unstable the self emission, captured througmhmple 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 waveletingof these instabilities
gives the dominant modes in the stagnating plasma column.

The drawback of time integrated pinhole imaging is that the tine history of the
pinch cannot be determined from the diagnostic. Through thase of the Itered x-ray

detectors, the time when the pinhole camera is integrating @arious lItration levels
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Figure 4.5: Transmission curves of lters used for the time tegrated x-ray pinhole
camera [39]. The\75 m Kapton +3 m Mylar +0:4 m Al" combination is common
for several lters (base).

can be determined. However, plasma dynamics are still impddsi to determine.
Thus, time gated pinhole imaging was also employed. This @jaostic consisted of 12
pinholes split into two groups based on di erent levels of Itation. The six image pairs
were separated in time by using a pulse generator and sendvatage pulses across
the microchannel plate (MCP) strips at di erent times. The dectrons generated by
the MCP were accelerated onto a phosphor screen which illumted a Kodak TMax
Im. The signal was later digitized using an EPSON perfectio V750 Pro Scanner.
The voltage pulse was 8s full width at half maximum and the time separation
between the MCP strips was nominally &s. Assuming that the plasma velocity was

of the order 10(km=s the maximum resolution the images were able to record withbu



42

(c)

Array wires

(@)lineof % ° o

sight \
(b)line

of sight

Figure 4.6: a) Development of the sausage and kink instabyliin time integrated
pinhole images of a cylindrical wire array b) time gated imagof the same shot. The
kink instability is visible as a bending structure in the im@es. Sausage instability
is noted by the beaded dark regions. The two instabilities arsuperimposed. (c)
The time integrated and time gated images were recorded apmutually orthogonal
directions.

smearing was 300n
The time gated pinhole images were taken during the implosiophase and on
select shots during the precursor phase. This captures theogth of instability at

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

of the zippering pinch to be analyzed.
4.4 Spectroscopy

The experiments presented in this dissertation investigatl the implosion of cylindri-
cal and conical wire arrays. These arrays consisted of eigkit5056 alloy (95% Al and
5% Mg) wires with a diameter of 15m . The cylindrical wire arrays had a 12nm

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

diameter of 18mm with an anode and cathode separation of 2Bm. Shots presented
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in this dissertation had various center wire diameters ramgg from 10 m to 50 m
which were compared to wire array implosions without a centavire. The Al 5056
alloy was used in the array for its Mg component, which enaldethe spectroscopic
analysis (described below). Previous work [40] determingilat the Al plasma from
Z-pinch implosions is optically thick to the Al k-shell radidion, 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 freelectrons which
drive atomic collision processes in both elements. Thus, thegMines can be used to
determine the plasma temperature and density.

The spectrometer used in this experiment was a de Broglie sp@meter with
a cylindrical convex KAP (2d = 26:6A) crystal with a radius of 5:08cm. It was
equipped with which had an 8m Be Iter and a 0:5mm entrance slit perpendicular
to the pinch axis. The horizontal slit gives the spectrometel:5mm spatial resolution
along the pinch axis. The x-rays meeting the Bragg conditiofor the KAP crystal are
re ected toward the cylindrically bent Im with a radius of 7:62cm as illustrated in
Figure 4.7. The de Broglie instrument records a broad spectnange. For this disser-
tation the spectral range of interest was B (2:48keV) to 10A (1:24keV). The light
re ected o the crystal is recorded using Kodak Biomax MS Im Since the broad
section of the slit is along the dispersion direction, the spgum is highly susceptible
to the pinch diameter. Using an excel spread sheet developed br. Radu Presura

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

line broadening can be estimated. The calculation is based anat source that is
located at an arbitrary distance from the crystal, which in ar case was 56m. Assum-
ing a source size of &im, typical for the pinch diameter, the calculation estimates a
spectral broadening of approximately 4MmA. Assuming the pinch had a plasma tem-
perature 100GV, which is far greater than expected, the Doppler broadeningas
calculated to be 4mA. Since the system is imploding, there is a continuous spegin
of Doppler shifts due to the plasma motion toward and away fra the instrument.
From previous work [6] the ablation velocity is of the order 1km=s which then
leads to a broadening of only B1A. This shows that the instrumental broadening will

dominate the spectra. However, this neglects other broadegi e ects such as Stark
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broadening and \broadening" due to opacity. The latter was peviously shown to be
unimportant for Mg in Al 5056 Z-pinch experiments [40]. The Stk broadening be-
comes comparable to the source broadening for unrealistlgehigh plasma densities,
higher than 1G?cm 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 gbha line transition
(Mg-w) and the Lyman alpha transition (Mg-Ly) are outside of he range of tran-
sitions of the Al K-shell band. Furthermore, the Mg is mixed wih the Al plasma
homogeneously, thus the Mg ions share the same free electdmmsity and temper-
atures as the Al plasma. Theories have been developed for gssuch a tracer to
measure the plasma temperature and density based on line ingity 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 iercombination and
resonance lines can be used to extract information about theectron density, as-
suming certain conditions are met [43]. There are some lirattons to this ratio, for
instance there are two regimes when the ratio is independent the electron density.
The rst is the low density limit ( Ne < 10''cm 3) when the system is dominated
by radiative decay and collisional de-excitation is small gronal limit). At electron

densities greater than 1&cm 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 vale of the scanner to
optical density. The numbers in the wedge represent di erg¢roptical densities where
2 corresponds to a nominal optical density of 0.2 and the op#l density of each
following step increases nominally by 0.15.

density due to the depletion of the 1s28P level through electron impact ionization.
In addition the electron collisions also cause an energy &wransfer to the singlet
state (1s2p'P). These density limits are valid for 346V plasma temperature. An
increase in density leads to increases in the line intensitgtio.

The emission spectra were recorded using Kodak Biomax-MSnland digitized
using EPSON Perfection V750 Pro Scanner. The physical chatadstics of the Im
have been determined [44] and the Im itself has been calilieal using various x-ray
sources [45]. The emulsion layers are separated by a nominal B80thick Mylar
base. For simplicity the angle of incidence was assumed to &@, however for a more
accurate model the angle of incidence will need to be consiel® When the Ims
are scanned, the scanner determines the transmission thrbuthe Im and assigns
it a pixel value. To determine the Im density, a relationship between the scanner
pixel values and the optical density was determined. For thealibration process, a
transmission Stou er step wedge (Figure 4.8) was used. Theegt wedge consisted of
21 steps in optical densities with a known tolerance for eacfihe wedge was scanned

using the transmission scanning feature and was saved in ablibgray 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. Avaragover each step
we can nd the associated pixel value to a speci c optical desity. Next the standard
deviation of each step is taken, and this gives the approxirteaerror that is present
in each associated pixel value. Using a spline interpolati@cheme, any intermediate

pixel values can be converted into optical density values.
4.5 Magnetic Probes

During a Zebra experiment, the load current is measured uginmagnetic probes.
These probes are small loops of wire that exploit Faraday's Wwawhich states that
changing magnetic elds induce a voltage in a conducting Ipo Several magnetic
probes (also known as B-dots) monitor the current at three tations along the power
ow, illustrated in Figure 4.9. For the experiments describé 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 @he array. The voltage
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Figure 4.10: Internal B-dots were constructed to observe theagnetic eld inside
of the array. To improve sensitivity the B-dots were constrated with two turns.

the magnetic probe will produce for a given magnetic ux vaation is estimated using
Faraday's law,

@ _
o V (4.5.1)

where is the magnetic ux through the loop measured in Webes and V is the

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

Z

= B dA (4.5.2)
A

whereA is the area enclosed by the loop. As current ows through the ey a global
magnetic eld is generated around the array. Assuming a symrme cylindrical load,
the magnetic eld will be azimuthal. Using Amperes law, the ma@netic eld from an

in nitely long cylindrical wire, is

(4.5.3)

I\)|CJ
= | —
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where | is the current through the wire, r is the distance from the center of the
wire both measured in Sl units and ( is the permeability of free space. Using
Equation 4.5.1 with Equation 4.5.2 and Equation 4.5.3, the ctent in the Zebra

circuit is related to the voltage generated by the magneticrpbe by

_ g @
V= Fa gy (4.5.4)

whereF, is the calibration factor of the magnetic probe which in thisimpli ed case
is,
o NA

Feal = Z_TCOS (4.5.5)

where is the angle between the normal vector of the loop surface attte magnetic
eld vector. Equation 4.5.5 gives the theoretical calibrabn factor of the magnetic
probes. The model used assumes that the magnetic probe haast £nough response
time such that the voltage generated is not integrated by thenductor. In addition,
the model assumes that the magnetic loop geometry and loaati do not change as
a function of time. This includes magnetic di usion through te wire that makes up
the loop. In most cases this can be ignored. However, if the wiesu ciently thin,
the e ect has to be taken into account.

Although the theoretical calibration factor is useful for dsigning the B-dot probes,
it is still necessary to calibrate the magnetic probes indigually. For this a 50kV
pulser was used to drive a current through a thick cylindridéy symmetric load. The
current through the rod was monitored with a current viewingesistor (CVR) with a

resistance of 87m . The B-dots were placed at a distance of %5cm away from the
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Figure 4.11: Lumped element equivalent circuit of the B-dot mbe system.L 5ay IS
the inductance of the array. Lgqot IS the self inductance of the B-dotM is the mu-
tual inductance between the B-dot and array inductors andR,, is the termination
resistance on the oscilloscope (50 ).

center of the cylindrical rod. The B-dots and the CVR signals werrecored on an
oscilloscope (Textronic TDS 3054B digitizer). Representy the magnetic probe and
the magnetic eld generator as a lumped element circuit (Fige 4.11), the current

through the load can be determined from

@Ml @, rRoo (4.5.6)

@t et
whereM is the mutual inductance between the pulser's circuit and #amagnetic probe
circuit, L is the self inductance of the magnetic probe anld and | ¢ are the currents
through the load and magnetic probe circuit respectively ahR is the resistance in
the magnetic probe circuit (50 ). Now IgR is just the voltage measured on the

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

Z

t
Vo+  Vedt? (4.5.7)
0

1
M

pvilin

where all instances of ; were expressed a¥;=R. In practice, the% term is smaller

than the integration time and then
Ved t° (4.5.8)

Comparing equation 4.5.8 with equation 4.5.4 it becomes alethat F.,; = 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 @+ |Z@M+ E@/

@t @t R @t

+V;=0 (459)

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

Z, o
o teM L@y
l,=e M — Vet+ ——= dt° 4.5.10
o M R Ot ( )
where
Zt
1 @Mt9
MO= i dt® 4.5.11
o M) @t (4511

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

transmission line connecting the probe to the oscilloscopadthe capacitive coupling
between the B-dot loops and the high voltage generator. If M igssumed to be a
function of time of the form M (t) Ae and the self-inductance is negligible,
Equation 4.5.10 can be simpli ed to the result obtained by Wgoneret al. 2008 [46],

namely

z
t= t
I,=2 e™ V. dt° (4.5.12)
M
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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 investigatn consisted of eight
Aluminum wires with a 15 m diameter bridging a 22nm gap between the cathode
and anode. Cylindrical versions of the array had a X@m array diameter while

the conical arrays had an 1&m anode diameter and a éhm cathode diameter.
The array diameters were chosen such that the implosion timeare comparable for
the cylindrical and conical wire arrays. The experiments werconducted in several
phases. First, cylindrical wire arrays were investigated tdetermine the dominant
instability modes for this con guration used as reference.e8ond, conical wire arrays
were investigated to determine the velocity of the ow they gnerated, the implosion
time and the instability characteristics. Next, a wire was aded to the axis of the
cylindrical wire array to determine if the additional mass a 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 stalily. The last study

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

a sheared ow when the kink instability is deliberately seesd.
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Figure 5.1: The timing of the di erent stages of the implosiondr a conical wire array.
Typical times of the laser and gated pinhole images (MCP fra@s) were overlapped
for reference. The Iters 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 he=al
to high temperatures through ohmic heating. The surface ohe wires will ablate,
creating a plasma shell around the wires (the wire initiatiopphase). The plasma shell
has a lower resistance than the dense wire core and the matpf the current will
ow through the plasma shell. The magnetic eld,B created by all of the wires creates
aJ B force which acts on the plasma shell. Plasma from the shell iscalerated

toward the array axis in the form of plasma streams [22]. Thereams from each of
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the array wires will collide on axis and create there a plasmahich is a precursor
for the main implosion (precursor phase). When su cient masss depleted from the
wires and the current reaches a su cient level, the wires wilbe accelerated toward
the array axis (the implosion phase). Once the wires have résd the axial region, a
Z-pinch is formed (the stagnation phase).

For this dissertation, the precursor phase, implosion phasand stagnation phase
were examined to investigate the instability growth. Thesstages are highlighted in
Figure 5.1. The timing of the stages is approximated based ondlx-ray emission. The
precursor phase is noted by a soft x-ray emission from the tingalization of the plasma
streams kinetic energy. This is noticed by a small pedestad 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 imagingh( > 0:5keV). Laser images
around 50ns, after the stack current reaching 10KA, also show the development of
the precursor plasma. Figure 5.2a shows the development oétbylindrical wire array
precursor plasma. Plasma from the array wires is seen streiag toward the array
axis. The plasma formed on the axis is the precursor plasma, lkighlighted in the
images.

The nonuniform ablation (or heating) of the plasma causes ¢éhwires to have less
mass (or be more conductive) at certain locations. These #eas will be acceler-
ated by the magnetic eld early thus breaking the wires. Largdubble structures
are observed which are formed by the magnetic eld pushing thelasma inward

(Figure 5.2b). The wire breaking is the start of the implosiorphase, where the wire
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Figure 5.2: Di erent stages of implosion as seem from laserages. a) The precursor
phase (time: 5%s) b) implosion phase (time 6&1s) c) just before stagnation (time

84ns). The \0" time is when the stack current reaches 10RA. The diagram located

in the bottom left corner of each image represents the oriatton of the diagnostics

line of sight through the array.

cores are being accelerated to the axis. During this phaséetmagnetically acceler-
ated bubbles snowplow and compress the plasma in the intariof the array which
creates a rise in the x-ray power. Once the accelerated wirlagma reaches the axis
(Figure 5.2c), there is an increase in the x-ray emission caasby the thermalization
of the kinetic energy. After the mass has imploded the resutiy plasma column will
conduct the majority of the current. The pinched plasma colon 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 cyhdrical wire array im-

plosion. The precursor phase starts at about 3% as seen from time gated pinhole
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Conical Wire Array Implosion
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Figure 5.3: Zero dimensional simulation of the zippering tjactory for the conical
wire array implosion. Measured (square) and simulated (diamd) heights of the
zippering show good agreement. For comparison, the nornzad hard x-ray pulse
(h > 1keV) from the same shot (1084) was overlapped. A linear regressiof the
experimental data was used to estimate the start of the zippag implosion.

images. At this time a jet begins to form on the axis of the arsadue to the slanted
wires. This shape also causes the imploding plasma to reatte taxial 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 implosiostarts 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 imagéFigure 5.3). The zip-
pering phase continues until the zippering implosion reach¢he anode, which signals
the stagnation phase. Zero-dimensional (OD) simulationsnd the zippering trajec-
tory (both plotted in Figure 5.3) suggest that this occurs at 10ns. The phases of
the implosion are outlined in Figure 5.4, overlapped with a hd 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 implosiorfor a conical wire
array. The times of the laser and time gated pinhole images @P frames) were
overlapped for reference. The x-ray power signal is from P@&D which has a 25m
kapton Iter sensitive to h > 1keV. The phases of the implosion are plotted at
di erent heights for readability

The simplied 0D calculations show good agreement with the nasured zipper
trajectory which suggest that the OD simulations are an ade@te approximation for
the timing of the implosions (Figure 5.3). In addition the stat of the zippering
implosion occurs at the start of the x-ray pulse. This showshat 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 columnese determined from
time integrated x-ray spectroscopy. As described in Sectich4, the spectrometer
recorded photon energies between?y(2:48keV) to 10A (1:24keV). For this analysis,
the intensity of the Magnesium resonance Helium like line treition, He (w) , was

compared with the intensity of the He companion intercombination lineHe (y)
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Array T (eV) | ne (cm 3)
Conical CW: { 350 8 10°
Conical CW: 50 m 325 8 10°
Cylindrical CW: { 300 5 109
Cylindrical CW: 50 m 375 9 10Y

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

to estimate the electron density [43]. Comparing the intenity 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 Tabl&.1 are the results of
the line intensity ratios for select shots. The temperaturefahe resulting pinch was
on the order of 30@&V while the resulting electron density was 8cm 2. Comparing
the results without a center wire with previous literature ve 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 tsovhich 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 impsion. 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 precursophase of the implosion. In
contrast, the additional mass added on the axis may stabikzthe internal kink modes
through inertia, which can prevent the instability from graving in an observable time
frame. Observations show that a center wire with su cient mas 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 Seati®.6. In cylindrical
wire arrays is the x-ray pulse was delayed for su ciently masge 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 kiow 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 prokselocated in the anode
plate. Although the total current passing through the array $ measured, the frac-
tion of current through the center wire, when present, is untown. As described in
Chapter 3, the experiment required a magnetic eld inside ahe array to drive the
central plasma unstable during the precursor phase of themiment. Basic analyti-
cal theory suggested that a conductor on the axis should réee a signi cant current
(Section 3.3). However, experimental veri cation is requed. In order to measure
the magnetic eld, two di erent diagnostics were used, maggtic probes and Faraday
rotation (see Chapter 4). The B-dot probes were used to measuhe magnetic eld
4mm from the center of the array with a 05ns time resolution. Faraday rotation was
used to measure the spatial distribution of the magnetic el during the precursor

phase of the implosion.
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Figure 5.5: Current inside of the array (center Bdot) is compad to the current
measured at the stack and the soft X-ray pulse. The array was gpical cylindrical
wire array with a 25 m diameter SS 304 center wire. A soft x-ray power signal
measured with XRD#3 ( 3m of Al and is sensitive for photon energies 2/ to
80eV and > 500eV) was included for timing.

Magnetic Probes Inside Array

Data collected from the magnetic probes for the cylindrical ine arrays showed that
the current through the center conductor was close the valsevas expected (as dis-
cussed in Section 3.3). Figure 5.5 shows the current in the émtor of a cylindrical
wire array with a 25m stainless steel 304 alloy (SS 304) wire located on the axis.
The integrated and scaled B-dot signal is overlapped with ehcurrent from the stack
and a soft x-ray signal (photon energies between 20 toe80and h > 500eV). The
current inside of the array and the soft x-ray pulse start at hout the same time. The
current from the center reaches a plateau around 188. The current through the

center wire at this time is  10kA. The current inside of the array then increases
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Figure 5.6: Calibrated center B-dots show current inside of aonical wire array
starting about the time the soft x-ray pulse starts. The arrg 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 28/ 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 peakthe current though
the center wire was about 10% of the stack current.

Magnetic probe signals from conical wire array implosionsntm a 25 m SS304
center wire (Figure 5.6) have a similar time evolution. The Rlot signals start around
50ns, the same as the start of the soft x-ray pulse (photon energidetween 20 to
80eV andh > 500eV). The center B-dots then reach a value of about #0A around
130ns. After peak load current, the internal magnetic probeignals increase to an
undetermined peak value since the signal cannot be measurebpthis time.

Although the signals thus far discussed are from arrays with aasnless steel
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Figure 5.7: The current derivatives inside of the array is copared to the current
derivative measured at the stack and the soft X-ray pulse. Tharray was a typical
cylindrical wire array with a 15 m diameter Al 5056 center wire. XRD#2 was lItered
with 6 m of lexan for a photon sensitivity of 20@V to 300eV and > 800eV. Stack
current is plotted negative for reference.

center wires, similar behavior is observed for Al center wise Figure 5.7 shows the
raw magnetic probe signals from a conical wire array with a 1, diameter Al 5056
center wire. The B-dots used in this shot where uncalibratedAgain the magnetic
probe signals start simultaneously with the soft x-ray puls€with photon energies
between 200 to 308V and h > 800eV). In this case the peak current is around

100ns and the sudden rise in magnetic eld happens around 168.

Faraday Rotation

The investigation of the magnetic eld inside of the array ao involved the Faraday
rotation diagnostic. This diagnostic uses a linearly polaed laser light. If the plasma
contains a magnetic eld parallel to the direction of the lasr propagation, the electric

eld oscillation plane of the traveling electromagnetic wa will be rotated. The
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Figure 5.8: Faraday rotation from a conical wire array with a 30 m diameter
Al center wire. The same plasma region is imaged in the two fras with a 90
polarization di erence between the two. The estimated rot@on angle, as a function
of radius from the laser images, is illustrated below. The dedotted 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]
Z L

=2:62 10%' 2 ngBjdi[cgd (5.1.1)

0
where is the resulting rotation angle from the original polarizatbon, is the
wavelength of the probing laser measured in cm:@ 10 °cm in the experiment).
The rotation angle is dependent on the magnetic eld paralleto the direction of
propagation, B; measured in Gauss, and the electron density, measured incm 3
along the propagation path through the plasma. Measuring thmagnetic eld requires

knowledge of the electron density along the path. Typicallynterferometry is used to
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Figure 5.9: Abel inversion of Faraday rotation angle obtainedh Figure 5.8 for
positive values of the radius. The rotation angle was assumembe zero after G2cm.
a) The rotation angle (left axis) plotted with the resulting product of the magnetic
eld and electron density (right axis). b) Assumed plasma derity pro le. ¢) 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 diagnostgdi cult to use with a wire
array as there is no point of reference to determine the actidane density. However an
estimate of the magnetic eld can be extracted by assuming viaus density pro les.
Figure 5.8 shows Faraday rotation images of a conical wire ayr with a 150 m
Al center wire, 70ns after the stack current reached 10RA. The Faraday rotation
images were obtained by rst polarizing the 532nm wavelenigtdiagnostic laser beam
with a Glan prism before propagating through the plasma. Th&ansmitted light was
imaged with a 3 lens system which consisted of dt, 10cm and 30cm convex lenses.

The laser beam is then analyzed with a calcite wedge which wasented 45 o the
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original polarizer, which splits the laser beam into two nomally equal intensity laser
beams. Both beams were imaged onto a single CCD camera, witts@mall vertical
separation (Figure 5.8a). Any occurring Faraday rotation wold brighten one image,
while darkening the other. The Faraday rotation images werenalyzed by taking
equivalent lineouts in the two images. From these lineouts aotation angle was
calculated (Figure 5.8b).

The rotation angle plot was tted with a smooth curve which wa inverted with
an Abel inversion algorithm. The data was assumed to go to zeai r = 0:2cm
due to the dense wire plasma in the line of sight. From this, #haverage product
B ne was extracted (Figure 5.9a). The magnetic eld was then estinbad by using
a Gaussian density prole and a at density prole (Figure 5.9). The Gaussian
density pro le had a peak density of 1&° cm 2 and a full width at half maximum of
0:19cm. The at density prole had a value of 5 10°cm 3. The magnetic eld
distribution was extracted from this analysis (Figure 5.9cpiving elds of the order
0:1MG (10T). From the magnetic eld distribution, the total enclosed arrent was
calculated (Figure 5.9d).

The magnetic eld distribution obtained from this analysis iows a maximum
inside of the array. This particular feature can occur eithefrom a build up of advected
magnetic eld or from the compression of the magnetic eld frm the center wire.
However, the distribution of electron density is not known with could greatly alter
the pro le of the magnetic eld. The magnetic eld from Gorgon simulations of a

conical wire array with a 50m center wire (Figure 5.10), has a peak next to the
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Figure 5.10: Magnitude of the magnetic eld distribution prelicted by Gorgon. Sim-
ulated is a conical wire array with a 50m center wire. Increased magnetic eld is
noticed at the location of the conical shocks. Times of thedmes are a) 4ns b)
57ns c¢) 67ns and d) 77ns. The magnetic eld inside of the array peaks around 3D
(0:3MG). The eld of view of the Faraday rotation diagnostic in expeiment is given
in c).

axis. Although the reason for the increase in the magnetic @lis unclear, the fact

that the magnetic eld is present inside of the array shows @t 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 awirical wire array is
a ected by the presence of the center wire. The x-ray power fges from various
cylindrical wire array implosions, plotted in Figure 5.11, lsow the di erences in the

x-ray emission history. A 10m center wire does not seem to a ect the x-ray pulse
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Figure 5.11: X-ray pulses from cylindrical wire array with dierent size center wires
on axis as indicated in the legend. Larger center wire dianees show a delay in the
x-ray pulse and an amplitude decrease.

signi cantly. However, increasing the center wire diameteto 50 m produces a delay
of about 15ns. One possible explanation is that the center wire takes a sigcant
portion of the array current, which reduces thel B force accelerating the material
and delaying the implosion. Assuming the center wire carrid®% of the array current,
which was reported in Section 5.1.5, the OD implosion modetly predicts a 4ns delay.
According to the OD implosion a 1%is delay requires a 40% reduction of the force
acting on the wires which corresponds to the center wire cgng 40% of the total
current, which is not observed. This, however, assumes a vemnplistic model of the
implosion, where the array does not compress the interior maetic eld and does not
snowplough the ablated material from the center wire, whiclwvould counteract the

implodingJ B force. Either of these explanations would delay the implosipwhich
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would delay and lower the x-ray pulse due to the resulting redtion in pinch energy
density. Additionally, it was assumed that the plasma immedigly 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 w on the plasma stability
requires knowledge of the instability growth in the absencd ww. This was investi-
gated through a series of shots with a 28m long cylindrical wire array with a 12mm
diameter. The array consisted of eight Al 5056 alloy wires witl5 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 obsexd in the precursor phase.
During this phase, the material ablated from the wires coaless on axis creating the
precursor plasma column. However, the non-uniform ablatiocauses 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 portion of the
current, either from magnetic eld advection or through curent division (Section 3.3
and Section 5.1.5). The initial perturbations grow due to tk current through the
precursor. The instability development is then interrupte by the implosion of the
array. However, the modulations developed in the precursorgdma 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 aay. In the center of the
image is the precursor plasma.

DAAS

High resolution shadow images show the development of modigas in the pre-
cursor plasma column. Modulations developed during the prersor phase are seen
in Figure 5.12. The measured wavelength of these modulatiois 0:55mm.
The amplitude of the plasma modulations was around:B6mm. The plasma full
width at half maximum averaged over the plasma column lengtls 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 mage in the low

photon energy regionlf > 0:5keV) in Figure 5.13, modulations are observed before
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Figure 5.13: Time gated pinhole images of a cylindrical wireray (Zebra shot 1095).
The two sets of images are from di erent levels of photon Iteng. The exposure was
3ns for each frame with the time of each frame below the images. &lx-ray images
show the transition from the precursor phase to the stagnatn phase of the implosion.
Upper set of images are obtained with low photon Itration i > 0:5keV) and the
lower set records the hard x-ray emissio( > 2keV)

the implosion. At t = 69 ns, the majority of the modulations have a wavelength
of 22mm and an amplitude of 06 mm. Located at 65mm above the cathode,
there is a large protrusion with an amplitude of Bmm. 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 ofhe images which is
300 m due to the micro channel plate element. In addition, the imags have reduced
resolution because a gap existed between the phosphor platedahe Im, which

produces a blur that could mask growth of the modulations. Hosver, the large





































































































































































