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Abstract: 

  UV, 266-nm wavelength, laser probing diagnostics were developed for the investigation 

of the dense plasma on the 1-MA pulsed power generator, Zebra, located at the 

University of Nevada, Reno.  These new diagnostics complemented the 532-nm laser 

probing diagnostics, whichwere not highly applicable for a z-pinch with an electron 

density higher than 10
19

 cm
-3

, due to strong absorption and refraction of the beam as it 

passes through the plasma.  The UV laser diagnostics, shadowgraphy and interferometry, 

have been successfully tested at the ablation, implosion, stagnation, and dissipation 

phases of wire-array z-pinches.  Probing simultaneously with 266-nm and 532-nm 

lighthas shown that the UV laser probes deeper into the z-pinch plasma, with higher 

resolution.  The UV laser probe enjoys a significant advantage over the 532-nm laser 

probe, because the inverse bremsstrahlung absorption increment and refraction in the 

plasma column is proportional to the wavelength squared.  For interferometry, the phase 

shift of the laser beam is proportional to the wavelength.  UV interferometry was 

employed to measure the plasmadensity profile up to an electron density of 1.2∙10
20

 cm
-3

. 

  A high resolution laser probing channel was developed for further study of the dense z-

pinch plasma. Specially designed anode and cathode plates allowed installation of the 

objective lens inside of the vacuum chamber.  A spatial resolution of 4 μm was achieved 

with UV.  Instabilities in the dense plasma pinch were directly observed.  The micro-

structure of the dense pinch was unfolded for the first time.  Micro-pinches, small-scale 

and mid-scale instabilities, large kink and sausage instabilities, and breaks in the plasma 

column were studied with UV high resolution shadowgraphy and interferometry. 
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  To investigate the dynamics of the dense plasma, a second, time-delayed, frame was 

developed for the UV laser diagnostics.   Large velocities, greater than 100 km/s, were 

measured. These demonstrate the generation of kinetic energy in the stagnation phase of 

the z-pinch.  
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I Introduction 

 1.1  Z-Pinch 

  Z-Pinches are self-constricted plasma pinches produced when a short high current pulse 

is sent through a medium, normally parallel to or on the z-axis.  The Z letter is to 

distinguish pinches with an axial current, designated the z-axis, with those with an 

inducted azimuthal (θ) 

current, see figure 1.1 [1].  

When the current passes 

through the medium, it 

creates an azimuthal 

magnetic field.  A JxB 

force accelerates and 

compresses the plasma 

column toward the center/ 

z axis.  A number of naturally occurring well-collimated plasma formations are seen in 

nature including lightning and astrophysical jets.  Z-pinches are the most powerful 

laboratory x-ray radiation sources, leading them to be valuable research tools in plasma 

physics, atomic physics, astrophysics, and for alternative energy sources like ICF (Inertial 

Confinement Fusion).  The medium can be many different materials in a variety of forms 

including gas puff, fibers, foam, wires arrays, and liners.  The current at different z-pinch 

machines varies.  Zebra at the University of Nevada, Reno is a 1-MA machine with a 

80 ns rise time [2], similar to other university-scale machines like Imperial College‟s 

 

Figure 1.1: (a) A simplified drawing of a z-pinch.  (b) A simplified 

drawing of an θ pinch 
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MAGPIE (1 MA, 240 ns rise time) [3], or Cornell University‟s COBRA (1 MA, 100-

150 ns rise time) [4].  Sandia National Laboratory (SNL) employs the use of a 9 MA 60-

180 ns rise time machine [5], Saturn, and the recently refurbished 26 MA 100-600 ns rise 

time Z machine [6].   Z-pinches have a record conversion coefficient to x-ray radiation.  

The Zebra machine has >15% conversion efficiency from the energy in the capacitors, 

150 kJ, to total x-ray energy, >25 kJ.  

 1.2  A Brief History of the Z-Pinch 

  In 1934 the first characterizations of self-constricted plasma were done by Bennett [7].  

In the 1950s, the z-pinch was widely investigated for controlled thermonuclear fusion.  

However, it was discovered that the inherent magnetohydrodynamic (MHD) and 

Rayleigh-Taylor (RT) instabilities in the plasma pinch caused disruptions in the current 

and voltage surges.  Another approach to ICF used the powerful x-rays produced by a z-

pinch could to heat and compress a small capsule made of hydrogen isotopes (deuterium, 

tritium) to a high temperature and density [8].  The system needed a high temperature and 

compression of the capsule by the x-rays for a sufficient amount of fusion energy to be 

released.  Preliminary experiments at the Sandia National Lab Z-machine showed its 

potential for controlled thermonuclear fusion. 

  In the 1970s came an important advancement in pulsed power.  A technique was 

developed involving Marx generators switching from parallel to being in series.  This 

leads to an increase in voltage.  Both the Z-machine at Sandia National Laboratory and 

Zebra at the University of Nevada, Reno use this technique to obtain high currents [9]. 

  New configurations of wire arrays including loads with a higher symmetry mitigated 

some instabilities and increased the x-ray power produced by z-pinches in the last decade 
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of the 20
th

 century [10].  The increased power that can be generated by z-pinches has 

caused a resurgence of the z-pinch as a possible radiation source for ICF.  Attempts to 

heat and compress a capsule of fuel with the new higher x-ray pulse of the z-pinch evenly 

have led to multiple hohlraum designs.  Higher current pulsed-power generators were 

constructed and produce a higher x-ray pulse.  The 9 MA Saturn produced 85 TW of x-

ray power from a 192 wire Al load in 1995.  The 20 MA Z machine at SNL pushed the x-

ray power to over 200 TW [11].  In 2007, the Z machine was upgraded to 26 MA, and 

now can produce an x-ray pulse greater than 350 TW. 

 1.3  Phases of Z-Pinch 

  There are five phases a wire-array z-pinch goes through during implosion.  These phases 

are initiation, ablation, implosion, stagnation, and dissipation.  Figure 1.2 shows a graph 

of the integrated current (red line) and the x-ray pulse (purple, yellow and black lines) of 

a compact cylindrical load, please see figure 3.2 in chapter 3.  The vertical dashed lines 

indicate the approximate position that each of the five phases begins. 

  1.3.1  Initiation 

  The initiation phase begins when the beginning of the current pulse or with the current 

prepulse from the Zebra machine passes through the wires.  The prepulse is a measurable 

electrical current before the main current.  This produces a flashover, in which the 

surfaces of the wires break down to form a heterogeneous, core/ corona structure.  The 

corona is hot and has a lower density, while the core is cool and dense.  The 

characteristics of the current prepulse effect the core/ corona structure of the plasma 
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produced after the flashover, and the homogeneity of the ablating plasma [12]. 

 

  1.3.2  Ablation 

  The ablation phase is characterized by the non-uniform movement of the corona plasma 

to the z-axis, while the cores are still at the initial positions of the wires [13].  The global 

magnetic field B is perpendicular to the current through the wires and wraps around the 

wire array.  The ablating plasma is pushed from the corona to the z-axis by the J x B 

force from the global magnetic field.  The velocity of the ablating plasma, assuming the 

core of the wire is stationary, can be approximated by: 

𝑉
𝑑𝑚

𝑑𝑡
= −

𝜇0𝐼
2

4𝜋𝑅0
, 

 

Figure 1.2:  The integrated current (red) and x-ray emissions (other colors) of a compact cylindrical 

wire array.   (a)initiation phase, (b) ablation phase, (c) implosion phase, (d) stagnation phase, 

(e) dissipation phase 
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Figure 1.3: Two-frame 532nm 

shadowgrams of the imploding plasma 

from an Al, 8 wire, load.  (b) has a time 

delay of 7ns from (a).  (1) and (2) are 

two imploding bubbles. [16] 

where V is the velocity of the ablating plasma, dm/dt is the rate of the ablating mass with 

m as the mass per unit length, µ0 is the permeability of free space, I is the current, and R0 

is the radius of the wire array.  In the previous equation, R0 is constant in time due to the 

assumption of stationary wire cores [14, 15].   In the ablation phase, a precursor of 

plasma can form on the z-axis from the ablated plasma. 

  1.3.3  Implosion 

  The wire cores break due to the non-uniform ablation of the corona plasma.  

Immediately following, the majority of the mass rapidly moves to the z-axis in the 

implosion stage.  As a result there is a large increase in density at the z-axis.  The non-

uniformity of the ablating plasma can seed magnetohydrodynamic (MHD) instabilities, 

please see the next section 1.4, in the implosion 

phase [6].  Figure 1.3 shows implosion bubbles 

forming and expanding after the core breaks.  

The bubbles push large amounts of material to 

the axis with a non-uniform distribution of mass.  

The rapid sweeping motion of the imploding 

plasma was described first in the 0D snowplough 

model which assumes infinite conductivity where 

the current flows on a thin layer on the outer part 

of the plasma [1, 9].  Many of other physical 

effects have been involved to describe the implosion of the z-pinch plasma to the axis 

including the shock model, the slug model, and the accelerating shell model [9, 13]. 
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  1.3.4  Stagnation and Dissipation 

  Once the majority of the mass has relocated to the z-axis the pinch enters the stagnation 

phase, in which the plasma is confined on the axis until the inherent instabilities cause the 

column to break apart.  The main plasma column stays relatively stationary on the z-axis 

during the stagnation phase.  The kinetic energy of the plasma during the implosion stage 

is thought to be converted to x-ray radiation.  The powerful x-ray pulse is generated 

during the stagnation phase, the most important phase in z-pinch evolution.   

  Once the column breaks, the current stops, and the plasma begins to expand and 

dissipate.  This is known as the dissipation phase.  Late shadowgrams and interferograms 

of wire array z-pinches depict area of high density surrounded by low density plasma.  

The current path is interrupted when the plasma column breaks.  As a result the J x B 

force decreases and the plasma begins to expand, eventually dissipating completely. 

 1.4  Instabilities of Z-Pinches 

  The z-pinch is unstable, inhomogeneous, and asymmetric.  All stages of the z-pinch are 

subject to instabilities.  Figure 1.4 is an illustration of the two prominent MHD 

instabilities observed in z-pinch plasma column, m=0 and m=1.  Past calculations have 

shown a z-pinch to be unstable to m=0 and m=1 modes [9].  The m=0 MHD, or sausage, 

instability occurs when one area of the z-pinch is smaller in diameter than the plasma 

next to it.  The magnetic pressure is increased where the plasma column is thin, pushing 

plasma out of the „neck‟ which increases the pressure more.  This cycle is 
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continued until the column breaks and the current path is interrupted.  The m=1 is the 

kink instability.  This occurs when there is a slight bend in the plasma column.  The 

magnetic pressure on the inner side of the kink increases, thereby increasing the severity 

of the bend, and in turn increasing the pressure more.  Eventually the plasma column 

breaks, and the current is disrupted. 

  Z-pinches are also subject to the 

magneto-Rayleigh-Taylor (MRT) 

instability during the implosion 

phase.  RT instability is especially 

damaging in ICF.  The classical RT 

instability is the instability of the 

interface between a heavy fluid and 

a lighter fluid.  A force, normally gravity, is pushing downward on the heavy fluid.  The 

 

Figure 1.4: (a) An illustration of the MHD m=0 instability. (b) An illustration  of the MHD m=1, kink, 

instability.  The red lines represent the magnetic field lines, the yellow arrows represent the direction of 

the current and the blue represents the plasma. Shadowgraphy images on the Zebra machine with a 

m=0, (c), and m=1 instability (d). 

 

Figure 1.5:  An illustration of the Rayleigh-Taylor 

instability. ρ1 > ρ2, where ρ is the density of the liquids. 
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interface between the fluids becomes unstable, with the heavy fluid accelerating 

downward, and the light fluid accelerating upward π out of phase.  Figure 1.5 shows an 

illustration of the Rayleigh-Taylor instability.  In z-pinch plasma where the plasma 

implodes due to the pressure from the aximuthal magnetic field, the magnetic field acts as 

a massless liquid.  This instability is known as MRT [1].  Other instabilities like a flute-

mode perturbation can also rise in z pinches [30]. 
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II. Plasma Diagnostics at the Zebra Generator 

 2.1 Laser Probing Diagnostics 

  The study and observation of plasma instabilities is important for the optimization of the 

x-ray pulse, and the formation of a more homogeneous z-pinch.  A variety of diagnostics 

are available for z-pinches.  These include photoconductive diodes (PCDs), bolometers, 

x-ray diodes (XRDs), time-gated spectrometers and pinholes, time-integrated 

spectrometers and pinhole cameras, time-gated intensified charged coupled device 

(ICCD) cameras, streak cameras, and laser probing diagnostics.  Laser probing 

diagnostics include; shadowgraphy, interferometry, schlieren, Faraday rotation, and 

Thompson scattering diagnostics.  Instabilities in the pinch can be clearly observed with 

the laser probing diagnostics on the 1 MA Zebra. 

  2.1.1 Shadowgraphy 

  Shadowgrams are images of a backlit objects shadow.  The absorption of the laser beam 

as it travels through the plasma creates a semi-transparent image, which is relayed to the 

CCDs.  Strong gradients in the plasma column may cause the beam to refract outside of 

the acceptance angle for the beam path, contributing to the „shadow‟ image.  Both the 

absorption increment and refraction of the beam in the plasma is proportional to the 

wavelength squared, see chapter 4 for more details.  Several frames of shadowgraphy can 

show the dynamics of the imploding plasma. A series of shadowgraphy images taken in 

succession shows the dynamics of the plasma column as they change in time. 

  2.1.2 Interferometry 

  Interferometry is an optics technique that is used to measure the phase shift of light 

through a transparent medium.  A probing beam will experience a phase shift when the 
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Figure 2.1 (a) A schematic of a Mach-Zehnder interferometer.  (b) A schematic of a differential, shearing 

interferometer. 

laser pulse propagates through the plasma in the z-pinch.    The density profile of the z-

pinch can be obtained by measuring this phase shift.  The phase shift is measured by 

calculating the movement of the interfermetric pattern between a reference frame without 

plasma, and a frame with plasma.  Two beams are necessary to form an interferometric 

pattern. 

  Two-beam interferometers form the interference patterns by a combination of an object 

beam (phase shifted), and a reference beam (has not been phase shifted).  In figure 2.1 

above, (a) shows a basic Mach-Zehnder interferometer.  The initial beam is split into two.  

Only one of the beams propagates through the transparent object.  The beams are then 

recombined on a CCD.  Any phase shift from the beam object beam will be seen as a 

shift of fringes in the image.  Mach-Zehnder interferometers are too sensitive for the 

dense z-pinch plasma.  The large phase shifts decreases the fringe width, which causes a 

significant loss of fringes for several reasons [17].  Loss of fringes can occur from the 
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optical resolution limit, plasma motion, and/ or a loss of coherency.  The density 

gradients located close to the stagnated pinch are especially high. 

  A shearing interferometer works by superimposing two of the same images with some 

spatial distance between them.  The fringe width is dependent upon the angle between the 

images.  The fringes are the result of the differences in the phase shifts of two points on 

the same image.  To acquire the density profile of a shearing interferometer, the true 

phase shift must be calculated.  An air-wedge differential interferometer was used at the 

Zebra facility.  A more in-depth explanation for processing differential interferograms 

will be presented in a later chapter [18, 19, 20]. 

  2.1.3 Schlieren Diagnostics 

  A schlieren diagnostic is 

easily installed on the Zebra 

generator 532 nm laser 

channels using a knife edge 

at the foci of the laser 

beampaths.  The schlieren 

diagnostic can be used to image density gradients in transparent plasma.  The knife-edge 

is placed at the focal spot of a lens, after the pinch, and is used to block the parallel, non-

refracted light from the 150 ps pulsed laser.  The refracted rays are not blocked by the 

knife-edge, and create the image on the CCD camera.  This diagnostics is useful for 

gradients in lower density plasma transparent at the wavelength of the light source [21, 

20]. 

 

 

Figure 2.2: A 2D representation of a simplified dark field Schlieren 

diagnostic. 
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  2.1.4 Faraday Rotation 

  Faraday rotation is the rotation of the polarization of an electromagnetic wave by a 

strong magnetic field.  A linearly polarized beam traveling through a transparent medium 

with a magnetic field undergoes a rotation of the plane of polarization which is 

proportional to the strength of the magnetic field and the length of the medium.  In high 

energy density plasma, Faraday rotation diagnostics may be used to measure the 

magnetic fields in the plasma, as well as to approximate the path of the current.  A 

shadowgram, and interferogram from the same beam path are needed to process the 

Faraday images.  The magnetic field in the plasma column can be calculated with the 

formula below: 

𝛼 = 2.62 ∙ 10−17  𝐵 ∙ 𝑛𝑒𝑑𝑙
𝐿

0
 (1)       

where ne is the electron denisty, α is the rotation of the polarization plane, l is the size of 

the plasma column, and B is the magnetic field as a function of l.  The shadowgram is 

used as a reference to compare the intensity of the images and determine β(y).  The 

interferogram image should be processed to calculate the electron density, ne,of the 

plasma column. 

  On the Zebra generator, the Faraday rotation diagnostics consist of a commercial Nd: 

YAG at the second harmonic (532 nm), ~2 ns pulse duration laser, a polarizer, an 

analyzer, and a CCD camera.  The beam is linearly polarized before the chamber.  Once 

it passes through the plasma, it goes through the analyzer (another polarizer) to determine 

the change in polarization.  By analyzing this change, the magnetic field distribution and 

current path can be approximated [21, 20, 22, 16]. 



13 
 

  2.1.5 Thomson Scattering 

  Thomson scattering is the scattering of electromagnetic radiation from free particles.  

The incident or probing beam interacts with a charged particle.  The particle is 

accelerated due the interaction and emits a scattered wave in every direction [21].  

Thomson scattering has been used to measure the velocity of ablating plasma during the 

early stages of the z-pinch in [31].   

 2.2  X-ray Diagnostics 

X-ray diagnostics are widely used on z-pinch facilities around the world.  A variety of 

these types of diagnostics exist.  Some of the most common include: time-integrated and 

time-gated spectrometers, x-ray diodes (XRD), photoconductors detectors (PCD), 

bolometers, faraday cups, and time-gated photomultipliers.  X-ray spectroscopy is used 

for measuring the temperature, Te, and density, Ne, of high temperature plasmas.  On 

Zebra, a multi-channel plate (MCP) pinhole is used to for x-ray imaging.  The MCP 

pinhole‟s resolution is limited by the size of the pinhole. 

  A "core" diagnostic five-channel 

head placed at 2 meters from the load 

contains XRDs, PCDs, and a 

bolometer.  The bolometer is used for 

energy measurement from 10 eV to 

5 keV.  It records a time-integrated 

pulse from the x-ray energy.  XRDs 

and PCDs are used to detect the x-ray radiation from the pinch, and record a time-

dependent pulse. 

 

Figure 2.3: A graph of two PCD, 8μm Be (black) and 

25μm Kapton (yellow) filters, XRD, 6μm Lexan 

(purple),and integrated current (red), signals. 
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Figure 3.1 (a) A picture of the Zebra pulsed power machine at the Nevada Terawatt Facility in Reno, 

NV. (b)  A virtual cut-away image of Zebra.  (c)  The vacuum chamber on Zebra.  (1) Vacuum Chamber   

(2) RimfireSwitch  (3) Vertical Transmission Line  (4) Intermediate Storage  (5) Marx Capacitor Bank   

(6) Optical Diagnostics Screen Box  (7) Wire Array Load 

III. Zebra at the Nevada Terawatt Facility 

 3.1 Zebra 

  The Zebra machine, pictured in figure 3.1, is a 2 MV, 1.0 MA, 2 TW pulsed power 

machine with an impedance of 1.9 Ω in the transmission line.  The rising edge of the 

current pulse is approximately 80 ns from 10% to 90%. The current is measured by B-dot 

probes before and after the wire array.  Zebra was formally HDZP-II at Los Alamos 

National Laboratory [23, 24].  Zebra is a three-stage pulsed power generator.  The first 

stage is the Marx Capacitor Bank stored in approximately 6000 gallons of transformer 

oil.  The capacitors are charged to a maximum voltage of 85 kV.  The capacitors are 
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charged in parallel to a given voltage and then quickly connected in series inducing a 

large voltage.  The second stage involves the intermediate storage capacitor, see figure 

3.1.  Lastly the intermediate storage capacitor is coupled to the vertical transmission line 

that directs the current to the load.  Both the intermediate storage capacitor and the 

vertical transmission line are kept in deionized water [24]. 

  The vacuum chamber of Zebra measures 60 cm in diameter.  The load is located in the 

center of the vacuum chamber at a radius of ~30 cm.  Z-pinch loads encompass a variety 

of materials and configurations.  In the experiments discussed, wire arrays of various 

configurations were used on the 1 MA Zebra at the University of Nevada, Reno.  Two 

centimeter long thin wires (4-25 µm in diameter) were placed parallel to the z-axis of 

Zebra.  The materials of the wires used were an Aluminum Magnesium alloy, Gold, 

Aluminum, Copper, and Tungsten.  Wire Arrays on Zebra range from four to thirty two 

wires. 

 3.2 Wire Arrays 

  The wire arrays discussed were limited to cylindrical, planar, nested and star-like 

configurations, see figure 3.2.  The implosion dynamics and structure of the stagnated z-

pinch strongly depends on the configuration of the load [25].  Wires in the cylindrical 

arrays are placed in a circle around the z-axis.  Planar array wires are arranged in a 

straight line forming a plane that includes the z-axis.  A nested load is two concentric 

cylindrical arrays with different diameters placed one inside the other.  A star-like wire 

array is several, normally 3 or more, concentric cylindrical wire arrays.  The wires are 

aligned in „rays‟ or planes that point to the z-axis.  Star wire arrays endure a cascade 
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implosion from the outermost wires.   Plasma from the previous, outer, cylinder collides 

with plasma from the next wire in the ray, thereby mitigating instabilities already forming 

in the plasma [26, 32]. 

 3.3 ‘Core’ 532nm Laser Probing Diagnostics at the Zebra Facility 

  The multi-frame laser probing diagnostics on the 1-MA Zebra machine are capable of 

imaging the instabilities in the z-pinch.  The laser probing diagnostics on Zebra consist of 

two commercial Nd:YAG lasers, one at the 2
nd

 harmonic 532 nm, and the second at the 

4
th

 harmonic 266 nm, and several continuous wave alignment lasers.  Each beam is 

directed to CCD cameras located in a screen box (Faraday cage) next to the Zebra 

machine.  The screen box protects the apparatus against a strong electro-magnetic pulse 

after the Zebra shot.  The laser probing diagnostics are flexible, meaning different optical 

 

Figure 3.2: (a) Top views of three load configurations.  The red circles depict the positions of the wires.  

Red dots that are on the same dashed circle are being shown to be at the same radius from the center of 

the load.  The written diameter is the diameter of the outer cylinder. (b) Pictures of three different types 

of loads. 
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Figure 3.3: (a) A general schematic of the delay lines of the 532nm core optical diagnostics. The green lines 

correspond to channel one, the blues to channel two, and the red to channel three. (b) The direction of 

propagation for each of the channels through the Zebra vacuum chamber.  (c)  The order in which each 

pulse takes a picture through time. (d)  A basic schematic of the cameras, and splitting of each channel after 

the chamber.  BS = Beamsplitter  QWP = Quarter Wave Plate  SPC = Split Polarization Cube  DL = Delay 

Line  CH = Channel  P = Polarizer AW = Air Wedge  CCD = Charged Coupled Device 
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diagnostics, and timing schemes can be installed with relative ease.  B-dots and V-dots 

located in the bottom of the water tank of Zebra are used as for triggering of for the laser 

probing diagnostics and oscilloscopes.  Additional fine-tuning of the timing is possible by 

tuning the length of the triggering cable between the low-water V-dot, and the pocket 

cells of the laser.  Laser diagnostics include: shadowgraphy, interferometry, schlieren, 

and Faraday rotation. 

  “Core diagnostics” on Zebra include XRD, PCD, bolometer, x-ray pinhole cameras, and 

emission spectroscopy for x-ray diagnostics and the 532 nm laser probing diagnostics at 

regular resolution.  The term „regular resolution‟ applies to beam-paths with all lenses 

outside of the chamber.  Due to the flexibility of the optical system and the nature of the 

experiments, there have been several configurations of core laser diagnostics used on the 

Zebra machine.  The schematic discussed in detail was the main configurations used in 

several experimental campaigns.   
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Figure 3.4: Images taken with the 532nm laser probing diagnostics.  The images connection to the black 

arrow depicts the time they were taken with respect to each other.  # = channel  „s‟ = shadowgram   „f‟ = 

Faraday  „i‟ = interferometry  „ds‟ = delay shadowgram 

1s

3s

2s

3f 3i

2ds1ds

t, ns

  The 532 nm laser produces a 150 ps pulse of approximately 50 mJ.  Figure 3.3 shows a 

general, not spatially accurate, schematic of the 532nm main setup on Zebra.  Before the 

laser pulse enters the Zebra Chamber it is split into five separate individually delayed 

pulses, shown in figure 3.3 (a).  The five pulses enter the Zebra chamber through three 

channels 22.5 degrees apart, 3.3 (b).  Each pulse is directed to a specific CCD camera, 3.3 

(d).  The 150 ps pulse duration provides high contrast, 'frozen' images of the plasma 

column.  The five pulses create a „movie‟ of the dynamics of the plasma during a shot.  A 

9 ns train, the time from the first pulse to the last pulse, and a 34 ns train of images could 

be easily installed.  The timing of each pulse can be altered relative to the others by 

increasing the path length of the channels or delay lines.  Figure 3.3 (c) shows the typical 
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temporal location of each pulse when they pass through the plasma.     

  Channels one and two each have two pulses at orthogonal polarizations propagating to 

separate CCD cameras.  Channel three has only one pulse however it is approximately 

70% of the energy of the original beam and is separated into three pulses after the 

chamber for shadowgraphy, interferometry, and Faraday rotation diagnostics.  Channels 

one and two are mainly used for shadowgraphy, however it is relatively simple to change 

the diagnostics to schlieren or interferometry.  The spatial resolution of the 532nm laser 

probing diagnostics varies from 15 to 35 µm, and depends on the positions of the optics, 

and magnification of the channel [22, 27, 33]. 

  Figure 3.4 shows an example of a 34 ns, long train, 532 nm images taken during a Zebra 

shot.  The black arrow shows the images‟ temporal location with respect to each other.  

The first two images were taken during the very beginning of the implosion stage.  A 

precursor had already formed on the z-axis and the core of the wires had broken.  

Bubbles pushing the plasma inward to the z-axis are seen on the edges of the wire array.  

Due to the increasing density of the plasma at the z-axis, the forming pinch cannot be 

seen through the imploding plasma at the wavelength of 532 nm.  3s, 3f, and 3i were all 

taken at the same time.  By comparing 3f with 3s, the current dynamics of the imploding 

pinch can be investigated.  The differential interferogram, 3i, shows the presence of lower 

density plasma around the pinch and trailing mass that is transparent to the 532 nm laser 

probing diagnostics.  1ds and 2ds were imaged during the stagnation phase.  The „feelers‟ 

seen on either side of the center pinch is the lower density trailing plasma, and is a small 

fraction of the mass of the load. 
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IV: Development of UV Laser Diagnostics 

 4.1 Benefits of 266nm over 532nm 

  The core laser diagnostics at 532 nm on Zebra are very useful for investigating the pinch 

when the internal volume of the load is transparent.  In large diameter cylindrical loads, 

Ø8 to 16 mm, the internal volume is transparent during ablation and early implosion 

stages. As the plasma moves to the center of the array, the density of the plasma column 

rapidly increases.  The critical density, nc, is the density in which the laser beam no 

longer propagates through the plasma.  The critical density of a laser through highly 

ionized plasma can be calculated using: 

𝑛𝑐 =
𝜀0𝑚𝑒𝑤𝑝

2

𝑒2
= 1.12 · 1013𝜆−2 (2) 

where ε0 is vacuum permittivity, me is the mass of an electron, ωp is the plasma 

frequency, e is the electron charge, and λ is the wavelength.  nc is in cm
-3

 and the 

wavelength is in cm.  The critical density of the 532 nm diagnostics is 4·10
21

 cm
-3

.  The 

critical density is inversely proportional to the wavelength squared.  The 266 nm 

diagnostic critical density was computed to be 1.6·10
22

 cm
-3

, four times greater than 

532 nm laser.  However, the 532 nm diagnostic is only practical to densities up to 

10
19

 cm
-3

 due to the strong absorption and refraction in the plasma [27, 28]. 

  Inverse bremsstrahlung is the absorption of a photon by an electron.  The absorption 

increment of the inverse bremsstrahlung is proportional to the wavelength λ squared: 

𝛿 = 8.73 · 10−30 · 𝜆2
𝑛𝑒
2𝑍𝛬

𝑇𝑒
3/2

 1−
𝑛𝑒
𝑛𝑐

 
1/2 (3) 
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Figure 4.1: The transmission of the 532nm (green) and 266nm (blue) 

through a plasma of Z=10 and L=1mm [17]. 

ne is the electron density in cm
-3

, Z is the ionic charge, Te is the electron temperature in 

eV, Λ is the Coulomb logarithm Λ=23-In(𝑛𝑒
1/2

*Z*𝑇3/2).  The transmittance of a laser 

through z-pinch plasma can be approximated by: 

𝑇 = 𝑒−𝛿𝐿  (4) 

where T is the transmittance, and L is the width of the plasma that the laser travels 

through.  Figure 4.1 shows an approximation of the transmission of the 532 nm (green) 

and 266 nm (blue) 

lasers through plasma 

with Z=10 and 

L=1 mm.  The 

dashed lines show the 

transmission for an 

electron temperature 

of 100 eV, the solid 

lines are for an 

electron temperature of 200 eV.  The red dashed square is an approximation of the 

density of the z-pinch at the 1 MA generator, Zebra.  At 2x10
20

 cm
-3 

the UV has a 

transmittance that is four times higher than the 532 nm.  The difference increases to 200 

times higher when the plasma density reaches 4x10
20 

cm
-3

.   
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  The index of refraction in plasma is n=[1-ne/nc]
1/2

. For a plasma column with cylindrical 

symmetry the refraction angle θ can be approximated by: 

𝜃 = −4.55𝑥10−30𝜆2
𝑑

𝑑𝑦
 𝑛𝑒𝑑𝑥 (5) 

[21].  θ is proportional to the wavelength of the light squared.  Figure 4.2 shows the 

refraction angles of the laser beam through plasma as a function of the radius and 

approximated electron density.  The top two graphs show how the electron density 

changes in the plasma column.  The bottom two graphs depict the refraction angle, 

calculated using formula (5) above, of the 532 nm (left) and 266 nm (right) beams.  The 

plasma column was assumed to have a radius of .5 mm, and the maximum electron 

 

Figure 4.2: (a) and (b) Plots of approximations of the electron density of the plasma column.  The x-

axis is the radius and the y-axis is the density.  The maximum density is 2x10
20

 cm
-3

.  (c) and (d) the 

calculated refraction angle in degrees as a function of the radius using the approximated density from 

(a) and (b).  Plots were calculated using MatCad. 
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density was assumed to be 2x10
20

 cm
-3

.  The origin of the graphs is at the center and 

densest region of the z-pinch.  The UV has a refraction angle of approximately four times 

less compared to the 532 nm [21].  The refraction angle is important due to the angle of 

acceptance of the beam path.  In channel three at regular resolution, see figure 3.3, the 

angle of acceptance is limited by one of the lenses in the system, depending on the optical 

setup. 

  Interferometry is an important diagnostic of dense plasma and may be used to calculate 

the electron density of the plasma column, as was stated in chapter 2 section 1.2.  The 

phase shift of a laser beam traveling through is directly proportional to the wavelength, 

and can be calculated (in XY coordinates) using: 

𝛼 =
𝑒2

2𝜋𝑚𝑒𝑐2
𝜆  𝑛𝑒𝑑𝑥

𝐿

0
 (6) 

where α is in radians, and λ and L are in cm [21].  For cylindrical geometry, the formula 

can be modified by substituting x = (r
2
-y

2
)
1/2

 and dx=2rdr(r
2
-y

2
)
-1/2

.   

𝛼 𝑦 =
𝑒2𝜆

𝜋𝑚𝑒𝑐2
 

𝑛𝑒(𝑟)𝑟

 𝑟2−𝑦2
𝑑𝑟

𝑅0

𝑦
 (7) 

The 266 nm probing laser is ideal for interferometry of the stagnation phase due to its 

smaller sensitivity, half of the 532 nm probing laser, and greater penetration into the 

plasma column. 

 4.2 Experimental Setup 

  The second Nd: YAG laser, used at the fourth harmonic was installed for UV laser 

probing diagnostics, henceforth called the UV laser.  Both the 532 nm and UV lasers 

produce a 150 ps pulse with up to 80 mJ of energy.  The laser pulses propagate down 

separate beampaths to probe the z-pinch plasma from three directions.  The beampath for 
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Figure 4.3 Schematic of the beam paths for each of the channels around the Zebra vacuum chamber.  

The channels are color coded.  Red = channel 3, Blue = channel 2, Green = channel 1, Purple = UV  

Colors red, blue ,and green all represent a the 532 nm wavelength. 

the 532 nm probing laser was described in detail in chapter 3 section 3.  The UV laser 

propagates through the plasma in the third channel.  Dichroic optics were used to direct 

both wavelengths through the same channel.  Figure 4.3 shows a schematic of the optics 

around the Zebra‟s vacuum chamber.  A dichroic optic is circled in yellow in the figure.  

The UV probing beam is represented by the purple dashed line. 

  After the beams enter the screen box, a dichoric mirror and interference filter separates 

the two wavelengths of channel 3.  Channel 3 has four CCD cameras, two for each 
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Figure 4.4:  Simplified schematic of the timing between Zebra and the diagnostic lasers. 

wavelength.  For each wavelength, one CCD camera is used for an air-wedge shearing 

interferometer and the other is for shadowgraphy. 

  To screen out the self-emission plasma light, narrowband interference filters are 

installed before the CCDs.  The CCD cameras integrate light for .2 seconds.  The contrast 

of the images depends on the relation of intensity of the laser beam after the chamber to 

the self-emission of the plasma in the range of the interference filters, about 3 to 10 nm. 

  Timing is very important to image the plasma in a z-pinch.  Figure 4.4 shows a diagram 

of the timing between Zebra and the laser diagnostics, about ±3 ns.  The start arrow 

shows the beginning of the sequence of triggering pulses for an actual shot.  These pulses 

ignite lamps in the lasers.  The gas switch is the main source of jitter.  For this reason we 

use two pulses to trigger the laser.  The second triggering pulse comes from the V-dot 

placed on the transmission line of Zebra between the gas switch and water switch.  This 

pulse opens the pockel cells in the lasers and initiates lasing.  Manual triggering for 

reference images of the load without plasma and alignment purposes is done by the 
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second digital delay unit, DG 535, located in the laser room.  Further timing 

considerations are the distances each laser pulse must travel to the Zebra chamber from 

their respective lasers.  Timing between the two lasers is controlled by the cable lengths 

to each laser in the laser room.  The use of two separate lasers allows for greater 

flexibility in timing. 

  The 266 nm laser was synchronized to image the plasma with the 532 nm channel 3 

pulse ±2 ns for “two-color” probing of plasma.“Two-color” probing of the z-pinch 

involves two wavelengths probing at the same temporal and spatial locations.  Initial 

comparison of the different wavelength probing diagnostics was made using “two-color” 

probing.  Due to the inhomogeneous beam profile in the commercial laser, the subsequent 

high intensity, and smaller damage threshold, the dichroic optic before the chamber was 

damaged.  When two-color experiments were completed, the dichroic optics were 

replaced with UV mirrors and the 532 nm diagnostic was removed from the third 

channel. 

 4.3 Comparison of Results at 266 nm and 532 nm 

  4.3.1  Shadowgraphy 

  UV shadowgraphy has shown significant improvement over 532 nm in the ablation, 

implosion, and stagnation phases.  The UV laser diagnostic probes deeper into the dense 

plasma than the 532 nm laser diagnostics and has been effective in probing higher density 

areas of the pinch.  This is very important to image loads with a higher density during the 

ablation and implosion phase, as well as the stagnation phase of all loads.  Compact loads 

with a higher plasma density in the internal volume earlier in the current pulse are 
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Figure 4.5: Shadowgrams, (a) and (c) 532 nm, (b) and 

(d) 266 nm, of a 24 wire, 8 mm diameter Tungsten 

cylindrical load. 

compact cylindrical and stars, as well 

as loads with a large number of wires. 

The UV laser probing is able to probe 

the inner pinch, through the trailing 

mass plasma, and outer lower density 

plasma. As a result strong kinks, 

micron-scale 'necks', and breaks in the 

higher density plasma have been 

observed, please see chapter 5. 

  Figure 4.5 shows a 24 wire, 8 mm 

diameter cylindrical tungsten load 

during the ablation stage imaged with two-color laser diagnostics.  The precursor is 

clearly visible in the 266 nm shadowgram as opposed to the 532 nm shadowgram.  The 

ablation of the corona plasma is clear at both wavelengths.  The „wires‟ are noticeably 

thinner at 266 nm than the 532 nm.  The coronal plasma has a lower density than the core 

plasma, and is thus mostly transparent to the 266 nm probing laser but opaque to the 

532 nm probing laser, meaning 'thicker' wires with the 532 nm.  Figure 4.5 (c) and (d) are 

magnified portions of (a) and (b) respectively.  In (c) the ablation of the coronal plasma is 

seen.  In (d) the core structure of the wires are visible.  Areas of weakness or thinning of 

the cores can be seen as small necks.  Eventually these areas will break and the majority 

of the mass will move to the z-axis in the implosion phase. 
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Figure 4.6:  Two shadowgraphy images, (a) 532 nm, 

(b) 266 nm, of an eight wire, two-component linear 

wire array during the implosion stage.  The red lines 

indicate the initial position of the wires.  (c) The timing 

diagram for both images, the green diamond, with 

respect to the x-ray pulse, black, and the integrated 

current, red. (d) The direction of probing.  The red dots 

are Al wires, and the yellow are Titanium. 

 

Figure 4.7: Two-color shadowgraphy, (a) 532 nm, (b) 

266 nm, of the stagnated pinch of a 16 wire, 12 mm 

diameter, aluminum cylindrical load. (c) and (d) are 

magnified images of the yellow and red circles 

respectively. 

  Figure 4.6 shows a linear aluminum 

and titanium eight wire load during the 

early implosion stage.  The outer wires‟ 

implosion bubbles are clearly seen in 

both shadowgrams.    Implosion bubbles 

move mass and current to the z-axis, and 

may be responsible for necks in the 

stagnated pinch [17].  The 532 nm 

shadowgram is very dark, as most of the 

plasma is opaque to the probing laser 

therefore the dynamics of the plasma 

cannot be seen.  In the 266 nm 

shadowgram, the dynamics are easily 

visible.  The inner wires are seen 

imploding to the z-axis and the precursor 

is seen on the z-axis.  Areas of higher 

density are easily distinguished from 

lower density by the amount of 

transparency. 

  During the stagnation phase of the z-

pinch large MHD instabilities can be 

seen with the UV laser diagnostics.  
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Figure 4.8: Shadowgrams, (a) 532 nm, (b) 266 nm, at the beginning of 

the dissipation phase from a fifteen wire Aluminum star-like wire 

array load.   

However, lower density plasma surrounding the pinch obscures the inner denser pinch 

and the MHD instabilities from view in the 532 nm laser probing diagnostics.  The lower 

density trailing mass and plasma surrounding the inner pinch is transparent to the UV 

laser.  Figure 4.7 shows the stagnated pinch of a 16 wire, aluminum, 12 mm diameter, 

cylindrical load with „two-color shadowgraphy.  The highlighted area in the red circle of 

image (a) shows a neck in the plasma column produced by a MHD m=0 sausage 

instability.  The same area, highlighted in yellow in image (b), shows a much more 

complicated picture including a neck and a strong m=1 kink instability.  The 266 nm 

shadowgram shows the inner pinch dynamics unobstructed by the surroundinglower 

density plasma. 

  In the dissipation phase the plasma column has broken due to the growth of the MHD 

instabilities.  Figure 4.8 

shows a fifteen wire 

aluminum star-like array 

in the dissipation phase.  

The 532 nm image 

shows a large, blocky, 

connected pinch with 

pronounced instabilities.  

The accompanying 

266 nm image shows a 

broken inner pinch with 

some refraction indicating the presence of lower density plasma that can be seen in the 
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Figure 4.9:Interferograms of a 12 mm diameter cylindrical load comprised of 16 wires each with a 

diameter of 10 µm (shot #1687). (a) The 532 nm interferogram. (b) The 266 nm interferogram. (c) and 

(d) Magnified sections of a and b respectively, shown by the yellow square [17]. 

532 nm shadowgram.  The relatively large diameter of the plasma suggests that the 

column has begun to dissipate.  The red circles on the images indicate the areas of lower 

density.  Results with the UV laser diagnostics were confirmed by statistics, greater than 

100 shots were taken on Zebra of varying wire arrays.   

  4.3.2  Interferometry 

  Interferometry images from the 532 nm laser diagnostics on Zebra are difficult to 

process due to the lack of reference fringes, and moderate to severe widening and 
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splitting fringes.  Reference fringes are essential to processing differential interferograms.  

Any fringe on the shot interferograms without a change in position, when compared to 

reference shots, is referred to as a reference fringe.  The 266 nm interferometry images 

probe deeper to measure a higher electron density due to the smaller absorption and 

refraction of the UV in the z-pinch, as shown by the equations in section 4.1. 

  In figure 4.9, two interferograms taken with the same temporal and spatial locations 

with different wavelengths are displayed.  The interferograms were imaged during the 

late stagnation phase when the majority of mass is located on the z-axis.  Reference 

fringes on interferograms taken during a shot are essential to measuring the relative phase 

shift and calculating the absolute phase shift.  The 532 nm interferogram lacks reference 

fringes.  The area 

highlighted by the green 

circle in figure 4.9 (b) shows 

sufficient reference fringes.  

In the corresponding area in 

the 532 nm interferogram, 

the fringes are squeezed and 

shifted from their initial 

positions.  The plasma 

causing the phase shift in the 

red area is of relatively low 

density, and nearly transparent to 266 nm.  Figure 4.9 (c) and (d) are magnified images of 

the yellow boxed areas in (a) and (b).  The fringes disappear at a close proximity to the 

 

Figure 4.10: A 266 nm interferogram image from the same shot as 

figure 4.9.  The red lines are the location of the reference fringes.  

The blue lines represent the chosen axis for processing.  The 

yellow dashed line depicts the processed cross-section. 
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Figure 4.11: (a) The relative phase shift of figure 4.10.  The red line is the polynomial fit line of the 

data, the blue line.  (b) The absolute phase shift of figure 4.10.  

pinch in the 532 nm interferogram; however they are distinct in the 266 nm 

interferogram.  The phase shift is larger for the 532 nm laser diagnostics, see section 4.1 

equation (7), therefore the fringes close to dense pinch cannot be resolved due to the 

spatial resolution of the 532 nm interferometry.  Other limiting factors to resolving the 

fringes in interferograms are the fast moving plasma and loss of coherency in the laser 

beam due to the dense plasma.  A velocity ~ 100 km/s has been observed in the some 

areas of the stagnated pinch, see chapter 5 section 4.  In such fast moving plasma, during 

the .2 ns laser pulse, the plasma may move ~20 μm, causing blurring. 

  Figure 4.10 shows the left side of the 266 nm interferogram from figure 4.9.  The 

reference fringes have been imposed onto the image for processing.  The relative phase 

shift, δrel, can be measured starting from the undisturbed fringes on the left.  The radius of 

the z-pinch plasma is measured from the center of the plasma column at the cross-section 

outward.  Differential interferometers are discussed in chapter 2 section 1.2. 
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Figure 4.12: A 2D representation of axis for Abel 

inversion.  The angle φ is small. The blue circles 

represent the plasma, the darker the blue the denser 

the plasma.  The blue rectangle is the film, and the 

red line is the laser.   

 

Figure 4.13: The density profile of the interferogram from 

figure 4.9.  The upper line is the calculated density for a 1D 

pinch. The lower line is the Abel inversion of figure 4.12 

(b).Thanks to G. Sarkisov for Abel Inversion processing 

using his program 

  The absolute phase shift, δabs, can be 

reconstructed using the relative phase 

shift, the undisturbed fringes, and the 

formula δabs(nΔy)=δrel(nΔy)+δabs((n-1)Δy).  

Where δrel is the relative phase shift, δabs 

is the absolute or true phase shift, Δy is 

the shift of the interferemeter calculated 

for every shot from reference images, 

and n is an integer.  At the undisturbed fringes δabs = δrel.  Figure 4.11 shows the relative 

phase shift (a), and the absolute phase shift (b) corresponding to the interferogram in 

figure 4.10.  In 4.11 (a) the blue line indicates the measured phase shift, and the red line 

is a polynomial best fit line of the 

data.  The polynomial fit line is 

used to calculate the absolute 

phase shift at intervals of Δy.  In 

4.11 (b), the x-axis was reversed 

with the center of the pinch set at 

zero.  The non-transparent area is 

shown on both graphs as grey, and 

can be used as a reference for 

comparison of data, as the edge or 

non-disturbed fringes are not in 

the same spot on a shot to shot basis.   
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  Once the absolute phase shift is obtained, the electron density of the measured area can 

be approximated using the Abel inversion, and the assumption that the plasma is axially 

symmetric [21].    Figure 4.12 depicts a 2D representation of the axis used for Abel 

inversion.  The density of the pinch as a function of r can be calculated with  

𝑛𝑒 𝑟 = −
2

𝜅𝜆
 

𝑑𝐹(𝑦)

𝑑𝑦

𝑑𝑦

 𝑦2−𝑟2 1/2

𝑅0

𝑟
 (8) 

F(y) is the absolute phase shift in the y direction, κ=e
2
/mec

2
, y is the distance between the 

axis of the pinch and the fringe, and ne(r) is the density as a function of r, and λ is the 

wavelength.    Figure 4.13 shows the density of the z-pinch depicted in figures 4.9 and 

4.10.  Using Abel inversion, an electron density of 5x10
19 

cm
-3

 was measured for this shot 

during the stagnation phase of the z-pinch implosion.  As a comparison a 1D 

approximation using a ~1mm path length though the plasma was included on the graph.   
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Figure 5.1: (a) The old anode and cathode inside of the Zebra vacuum chamber.  (b) The new anode and 

cathode configuration used for high resolution laser diagnostics. (c) An image of the new anode plate with the 

dampening table, and long distance microscope installed. 

V. High Resolution UV Diagnostics 

 5.1  Experimental Setup 

  To observe the fine details of the plasma dynamics high resolution laser diagnostics were 

developed.  In previous optical schemes all of the optics were placed outside of the chamber.  

The resolution of the regular resolution channels was limited by the acceptance angle of the 

beam path.  To achieve higher resolution, the objective lens was installed inside of the Zebra 

vacuum chamber.  The resolution of the optical system is limited by the acceptance angle.  The 

diffraction angle from the small object with a size of d is φ~1.22(λ/d).  Assuming the smallest 

object is 1 μm, and knowing the wavelengths to be 266 nm the minimum size of the objective 

lens to resolve the object must be ~1.3 cm at 5 cm.  Assuming the image is close to the focus of 

the objective lens we can say D >F·λ/d, where D is the diameter of the lens, F is the focal length 

and d is the object.  Optical aberrations can also limit the resolution, however, the objective lens 
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Figure 5.2:  Schematic for the high resolution UV channel and two-frame UV laser diagnostics. (a) Simplified 

schematic of the screen box for two-frame and high resolution probing. (b) The Zebra chamber. (c) Simplified 

schematics of the delay channel in the laser room.  Sh = shadowgram, In = Interferometry, IF = Interference 

Filter, NF = Neutral Density Filter, P = Polarizer, I = Air Wedge Interferometer, BS = Beam Splitter, S = slide, 

L = lens, WP = Half Wave Plate  The color scheme established with previous figures applies, green is 532 nm 

channel 1, blue is 532 nm channel 2, and purple is channel 3 UV. 

inside of the chamber is a high quality compound lens so they are negligible in our system.  The 

anode and cathode were redesigned to allow easy access, and ample room for the necessary lens.  

Figure 5.1 shows the old anode/ cathode design, (a), and the redesigned anode/ cathode, (b).  A 

return current cage was installed around the load and the cathode and anode were lowered to 

accommodate the lens inside of the chamber.  An air-spaced two-component lens was used for 

the objective lens to accept the high laser intensity and strong after-shock.A dampening table 

was installed on the anode plate, as see in figure 5.1 (c), to protect the lens from ~200g shock 

that is produced when Zebra is fired.  A shield is placed directly in front of the lens to protect its 

surface from any debris of the z-pinch. 

  Figure 5.2 above, shows the basic setup for UV high resolution laser probing in the Zebra 

chamber.  The 532 nm high resolution channel was a similar setup in channel 1.  In the regular 

resolution optical scheme, the incidence angle of the radiating z-pinch into the optical 
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Figure 5.3: (a) A high resolution UV shadowgram. (b) A high 

resolution UV interferogram. (c) A 532 nm  shadowgram. 

diagnostics was limited by two inch windows at radii of 30 cm.  The incidence angle for the high 

resolution laser diagnostics is significantly higher due to the objective lens closer proximity to 

the z-pinch.  The higher incidence angle allows more of the self-radiated plasma light to pollute 

the probing channel.  As a result, a higher intensity was required for sufficient contrast in the 

3 nm range of the installed interference filters immediately before the cameras.  The intensity of 

the beam was increased by collimating the beam diameter to 5 mm using a two lens system 

before the chamber for the UV high resolution.  Reference shots were taken for the co-alignment 

of channels and to install acceptable intensities on the CCDs.  In some shots, a neutral density 

filter was removed immediately before the CCD cameras after reference shots to compensate the 

loss of intensity in dense plasma.  The UV light intensity was typically increased by a factor of 2 

to 5.  To increase the intensity of the beam for the 532 nm high resolution probing diagnostics in 

channel 1, the beam splitter for channel 2 and the delay path was removed.  Some plasma forms 

on the slide placed before the lens 

due to its close proximity to the z-

pinch.  These losses were also 

compensated for by the removal of 

neutral density filters before the 

CCDs. 

  A removable needle is installed 

with wire arrays for reference shots.  

The needle allows spatial alignment 

of seven images at 532 nm and 

266 nm.  The needle is removable 
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while the chamber is under vacuum through a hole in the top of the load.  Some compact 

cylindrical wire arrays and all linear wire arrays could not use the removable needle, thus a 

„bottom needle‟ was imaged in the location of the load and removed before every shot.  

Reference shots with both lasers were taken with and without the needle on all channels.  A 

small shot to shot variation in the laser intensity is common due to laser instability.  Figure 5.3 

shows a high resolution UV shadowgram (a), a high resolution UV interferogram (b), and a 

regular resolution 532 nm shadowgram (c) with the needle.  The distance between the two 

images in the differential interferometry, Δy, discussed in chapter 4 section 3.2, was measured 

using the needle reference images. 

  Once the 266 nm high resolution laser probing was established, a delay channel was installed 

for two-frame laser probing diagnostics at 266 nm.  Figure 5.2 (c) shows a simplified schematic 

of the delay channel.  The UV laser pulse is split immediately after the laser and orthogonally 

polarized.  The delayed pulse travels along a longer path to install the delay required.  The beam 

paths are recombined and both pulses probe the plasma from the same direction.  The two-frame 

system was used to understand the evolution of plasma dynamics of the stagnated pinch.  2.7 ns, 

5 ns, and 7 ns delay lines have been used in experiments on Zebra.  The delay line was limited by 

available space and hardware. 

 5.2  532 nm High Resolution Shadowgraghy 

  High resolution laser diagnostics were first installed in channel one with the 532 nm probing 

laser.  The channel had a spatial resolution of 6-8 µm, depending on the magnification of the 

channel.  The high resolution setup uses a two-component lens for the objective lens placed 

inside the Zebra vacuum chamber. 
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  Figure 5.4 (a), (b), and (c) depict 

532 nm high resolution shadowgrams 

taken of the stagnated z-pinch at the 

peak of the generated x-ray pulse.    

Images (a) and (c) show an opaque 

thick plasma column. Image (c) 

shows a .5 to 1 mm diameter column.  

Despite the high intensity of the laser 

beam, the central area of the pinch is 

opaque.  Figure 5.4 (d) and (e) are 

shadowgrams of the same shot as (c) 

taken a short time later from 

channel 3.  The red squares are the 

locations of the image (c).  The 

stagnated pinch is thick in (d), nearly 

filling the red square similar to (c).  

However, the UV shadowgram at 

regular resolution, (e), shows a 

smaller pinch with large kink instabilities as was observed in previous UV images of the 

stagnated pinch.  The lower density trailing mass surrounding the dense inner pinch is opaque to 

the 532 nm probing diagnostics due to the strong absorption of the probing beam.  This is evident 

in figure 5.4 (a), (b) and (c).  Plasma created on the protective slide during the shot may also 

become opaque to the 532 nm laser diagnostics at later stages in the z pinch. 

 

Figure 5.4: (a), (b) and (c) High resolution 532 nm shadowgrams 

of a 12 mm, (a), and two 8 mm, (b) and (c), diameter cylindrical 

loads.  Shadowgrams at regular resolution, 532 nm (d), and 

266 nm (e).  (f) The probing directions of the three images with 

respect to each other.  (g) The timing diagram for the shot. The 

green arrows represent the 532 nm and the blue the 266 nm. 
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 5.3  266 nm High Resolution Diagnostics 

Utilizing the same technique as the 532 nm high resolution diagnostics, a high resolution UV 

channel was installed in channel three, see figure 5.2.  The shorter wavelength of the UV probing 

beam has the potential for a better spatial resolution due to its smaller diffraction limit.  The 

spatial resolution of the UV high resolution laser diagnostic was 4 µm, depends on the 

magnification of the channel, and was limited by the pixel sizes of the CCD cameras.  The 

resolution of the channel was measured with a fused silica resolution plate place at the location 

of the load.  The acceptance angle of the UV high resolution diagnostics is limited by the second 

lens, and was calculated to be 14 degrees.  The field of view is 3.5 to 5 mm depending on the 

optical setup.  The high resolution channel includes two cameras, one for shadowgraphy and one 

for differential interferometry.  Due to the higher resolution of the channel, fringes next to large 

density areas with large phase shifts can be resolved and measured.  Images with the needle were 

taken in all cameras before the shot for spatial calibration between images. 

 5.4  Study of the Small-Scale Structure in the Dense Z Pinch 

  UV laser probing diagnostics have been instrumental in observance of the structure of the inner 

dense pinch.  The core/ corona structure of the 'wires' during the ablation stage, and the presence 

of a dense inner pinch with strong instabilities in the stagnation phase were observed directly 

with the regular resolution UV laser probing diagnostics.  With the high resolution UV laser 

diagnostics small scale instabilities on the order of 10-30 µm, and mid-scale instabilities on the 

order of 70-270 µm were observed [25].  Large density gradients, micro-pinches and current 

'loops' were observed during the stagnation period.  Breaks in the plasma column were observed 

after the main x-ray pulse in the late stagnation phase or early dissipation phase.  The properties 

of z-pinch radiation depend on the instabilities present in all stages of the z-pinch. 
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  Observations of the dynamics of the high density inner pinch plasma may lead to information 

about „hot spots‟ observed with x-ray diagnostics.  Micro-pinches in the plasma column may be 

responsible for the generation of „hot spots‟.  Figure 5.5 shows the stagnated pinch of a 16 mm 

diameter cylindrical load with 16 aluminum wires.  The blue dashed square on image (a) is the 

location of image (b).  A micro-pinch, measured at .063 mm in diameter is clearly seen in the 

magnified UV shadowgram, (d).  This micro-pinch corresponds to the larger „neck‟ seen in the 

532nm shadowgram (a), and the bright spot seen on the x-ray images in (e).  Micro-pinches are 

commonly observed in aluminum cylindrical wire arrays at stagnation.  Strong sausage and kink 

instabilities are also often observed at the peak of the x-ray pulse [25]. 

 

Figure 5.5: Shadograms, (a) 532 nm, (b) and (d) 266 nm, of a 16mm diameter, 16 wire cylindrical load.  (d) is a 

magnified image of the area inside the yellow box in (b).  (c) indicates the direction of probing for each 

wavelength. (e) Frames from x-ray pinhole diagnostics filtered for E>3 keV. [25] 



42 
 

  Figure 5.6 (b) and (d) shows a cylindrical load during the stagnation phase with large sausage 

and kink instabilities.  The magnified images (c) and (e) were taken from the yellow dashed 

rectangles in images (b) and (d) respectively.  The shadowgram image (c) shows a sausage 

instability inside the large kink instability, seen in image (b).  The shift in fringes seen in the 

interferogram, (d), is evidence of the presence of trailing mass plasma surrounding the dense 

inner pinch.  Kink or sausage instabilities may increase the current path and resistance in the 

pinch.  They may produce an enhanced heating of the pinch, and may contribute to the radiated 

energy in excess of the kinetic energy [25].  There are multiple possible current paths.  These are 

shown with the red arrows on image (d).  The current may pass through the high density inner 

pinch or through the lower density trailing plasma surrounding the pinch.   

 

Figure 5.6:Shadowgrams, (a) 532 nm, (b) and (c) 266 nm, and interferogram, (d) and (e) of the stagnated pinch 

of a 8 mm diameter cylindrical wire array.   Magnified images (c) and (e) are taken from the yellow dashed 

rectangles in (b) and (d) respectively.  The red arrows indicate possible current paths. 
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Figure 5.8:  (a) Shadowgram of a Ø16 mm, 15 wire 

aluminum star-like wire array during stagnation.  (b) 

Interferogramof a Ø20 mm, 18 wire star-like wire array 

during stagnation.  Magnified images (b), (d) and (e) are 

of  images (a) and (c). 

  Figure 5.7 shows two shots, a star-like (a), 

(b), and (c), and cylindrical load (d) and (e).  Strong kink instabilities are clearly seen in figure 

5.7 (a), (d), and (e).  The stagnated pinch in both images displays a loop-like configuration.  In 

image (a) the pinch is split at the top of the image.  In images (d) and (e) the large split is 

centered in the frame.  Loops or split pinches were observed in different types of wire arrays 

[29].  The red lines in images (a) and (d) show the presumed current path.  A UV Faraday 

rotation diagnostic was applied later to determine the current path(s) in the stagnated z-pinch 

[34]. 

 

Figure 5.7: (a) Interferogram of a large diameter star-

like array with a split pinch.  (b) and (c) are magnified 

images of (a) [29].  (d) Shadowgram and (e) 

interferogram of a cylindrical load during stagnation 

with a large kink instability and loop. 
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  Two star-like wire arrays are imaged in figure 5.8.  Figure 5.8 (a) and (b) are UV shadowgrams 

of the stagnated pinch of an optimized Ø16 mm, 15 wire aluminum star-like wire array.  

Figure 5.8 (c), (d) and (e) are interferograms of the stagnated pinch of a large diameter Ø20 mm, 

18 wire star-like load.  The magnified image, (b), is taken from the green rectangle in image (a).  

Images (d) and (e) are the magnified images of the dashed square and solid square respectively.  

Figure 5.8 (b), (d), and (e) show mid-scale instabilities on the edge of the plasma column.  Mid-

scale instabilities have a period of 

70 to 270 µm, and have been 

observed in several shots.  It is 

possible that these perturbations 

may be related to the magneto-

Rayleigh-Taylor or flute instability 

[25].   

  Smaller instabilities were imaged 

with the high resolution UV laser 

probing diagnostics during 

different phases of the z-pinch.  

Figure 5.9 shows a cylindrical wire 

array during the implosion stage.  

The area in purple on image (a) is magnified and false colored for image (b).  Small scale 

perturbations, 10 to 30 µm are seen in the imploding plasma.  These small scale instabilities were 

also measured at 10 to 30 µm and may seed instabilities during the stagnation phase [25]. 

 

Figure 5.9: (a) UV shadowgram of the implosion stage of a 16 wire 

cylindrical load.  (b) Magnified image of purple rectangle in image 

(a).  (c) The timing diagram of the shot.  (d)  The direction of probing. 
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Figure 5.10: Shadowgrams, (a) 532 nm, (b) 266 nm, of a large diameter star-like, Ø20 mm, wire array.  (c) A 

magnified image of (b).  (d) A magnified and false colored image of (c) showing the small scale instabilities. (e) 

is the experimental setup of the slit used for image (b).  (f) shows the direction of probing for the laser 

diagnostics with respect to each other.  

  Figure 5.10 shows observed small scale instabilities in the stagnated pinch of a large 20 mm 

outer diameter star-like wire array.  A 1.5 mm slit was placed in front of the CCD camera to 

block about 50% of the laser probing beam, figure 5.10 (e).  The slit was aligned to the stagnated 

pinch by using a needle located on the z-axis.  The light intensity on the slit was increased 30 

times during the shot to mitigate any loss of intensity due to absorption in the dense pinch and 

surrounding trailing mass.  Image (a) is a 532 nm shadowgram of the same shot.  The light blue 

rectangle indicated the location of the UV shadowgram, (b), at the width of the slit.  The 

magnified image (d) is a false color image of the edge of the dense plasma.  Small-scale 

instabilities can be seen on the edge of the dense plasma in image (d). 
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 5.5  Interferometric Study of the Stagnated Z Pinch 

  Breaks in the plasma column have been observed in cylindrical and large diameter star-like 

arrays.  The UV images, (d) and (e), in figure 5.11 

show a distinct break in the inner pinch.  The UV 

shadowgram and interferogram were taken at the 

peak of the x-ray pulse.  The majority of the 

fringes in the interferogram, (e), are not shifted, 

indicating a lack of lower density plasma in the 

break.  The beginning of the break can be seen in 

image (a) taken at the end of the implosion stage.  

High energy electron beams play a role in the 

energy balance of the z-pinch and can be initiated 

by breaks in the plasma [25].   

  High resolution interferometry was used in 

conjunction with the shadowgraphy.  Some lower 

density plasma can be „seen‟ with interferometry 

that is transparent on the shadowgram.  The 

trailing mass in figure 5.6 (d) and figure 5.7 (b) are 

examples.  Strong gradients are seen on the edge of 

the dense plasma column in several shots.  Figures 

5.6 (e) and 5.7 (b) are magnified images of image 5.6 (d) and 5.7 (a) respectfully.  The fringes in 

these interferograms are not distinguished in the differential shift of the interferogram [29].  

However, some of the shots have distinguishable fringes up to the dense inner pinch. 

Figure 5.11: Shadowgrams, (a) and (b) 532 nm, 

(d) and (e) 266 nm, of the stagnated plasma 

column.  (c) is the direction of probing.  (f) is the 

timing diagram. 
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  Figure 5.12 (a) is a high resolution interferogram of an aluminum star-like array in the late 

stagnation phase.  Image (b) shows a 

magnified area of image (a) in the yellow 

rectangle.  The cross section, indicated by 

the yellow arrow was processed using Abel 

Inversion to acquire the density profile, 

figure 5.12 (d).  For the Abel Inversion 

formula please see chapter 4.  The same 

basic process outlined in chapter 4 

section 3.2 was used to process the high 

resolution interferometry.  An electron 

density of 1.2x10
20 

cm
-3

 was calculated 

using Abel inversion.  Due to the differential 

interferometer, the true phase shift must be 

calculated using evenly spaced points with 

nΔy intervals.  To prevent the loss of data 

for points close to the pinch but outside of the interval, a linear approximation was used for one 

more „imaginary‟ point at the correct interval.  Upper and lower approximations were used in 

calculating the „imaginary‟ data point.  The true phase shift was calculated for the upper and 

lower values.  These were in turn used to determine the true phase shift at the „true‟ data point.  

The calculated densities of the „true‟ data point for the upper and lower differed by only 1%. 

 

 

Figure 5.12: (a) Interferogram of a aluminum star-like 

load during the late stagnation phase.  (b) Magnified 

image of the area surrounded in a yellow square in (a).  

(c) Timing diagram.  (d) The calculated density profile 

of yellow arrow in (a). 
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 5.6  Study of Plasma Dynamics in the Stagnated Pinch Using Two-Frame UV  

  Laser Probing 

The two-frame UV high resolution diagnostics was developed on the Zebra generator to study 

the dynamics of the inner stagnated z-pinch as they change in time.  The UV laser beam is split 

and polarized into two beams with orthogonal polarizations immediately after the commercial 

laser.  One of the polarized laser pulses travels along a longer path called the delay line before 

continuing along the same path as the second polarization, please see figure 5.2 (c).  A polarizer 

was installed before each CCD camera to block the other polarization.  Good contrast between 

polarizations is needed for clear images at each CCD camera.  It is necessary to minimize the 

depolarization of the beam for contrast between polarizations.  Dielectric mirrors were installed 

due to experimental confirmation of depolarization due to aluminum mirrors [19].  The time 

delay between the two orthogonally polarized pulses is variable by modifying the length of the 

delay line. 

 

Figure 5.13:  Shadowgrams, (a) and (b) UV, (c) and (d) 532 nm, of a stagnated linear load.  (e) is the timing 

diagram.  (b) and (d) are delayed shadowgrams from the same channels as (a) and (c) respectively. 
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Figures 5.13 and 5.14 show two eight wire linear wire arrays during the stagnation phase.  The 

532 nm shadowgram images, (c) and (d), in both figures show lumpy columns obscured by 

trailing mass.  However, the UV high 

resolution two-frame shadowgrams show 

columns with small necks and large 

bulges.  The stagnated pinch of small 

diameter cylindrical and linear wire arrays 

are described as 'bead chains' [29]. 

  In figure 5.14 (a) and (b) the areas circled 

in red are necks in the plasma column.  

These necks stay in the same positions, 

however the beads between have a large 

measured velocity.  Figure 5.13 shows this 

fast expansion of the bulges.  The area 

within the yellow dashed squares, figure 

5.14 (a) and (b), has a velocity greater than 

100 km/s.  Plasma bridges, indicated by 

the yellow arrows, are seen forming in the 

column between images (a) and (b) in both 

figures.  Large expansions of the bulges 

indicate that the stagnated pinch generates 

kinetic energy which may have a large role in the energy balance of the z-pinch. 

 

Figure 5.14 High resolution UV shadowgrams of an eight 

wire aluminum linear load.  (b) is the delayed image.  (c) 

and (d) are 532nm shadowgrams with 7 ns between 

frames. (d) is the delayed image. (e) The orientation of 

the load and the probing beams.  (f)  The timing diagram 

of the images, blue = UV, green = 532nm. 
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VI Conclusion 

  The diagnostics at 532 nm and 266 nm were compared in one optical beampath.  The 

266 nm laser probing diagnostic on the 1 MA pulsed power generator, Zebra shows a 

significant improvement over the 532 nm laser probing diagnostic in probing the 

ablation, implosion, stagnation, and dissipation phases of wire array z pinches.  The 

absorption increment and refraction of the beam in the plasma column is proportional to 

the wavelength squared.  Therefore, the smaller wavelength probes deeper into the 

plasma column to image the dynamics of the dense plasma through the trailing mass.  

The lower density plasma is transparent to the UV laser probing.  Improvements between 

the two wavelengths can be seen in the ablation, implosion, stagnation, and dissipation 

phases. 

  UV interferometry was used to create a density profile of the pinch.  The undisturbed 

fringes, unavailable in 532 nm, on the edge of the interferogram were necessary to 

calculate the true phase shift and density.  Interferometry allows measurement of plasma 

electron density up to 2-3·10
20

 cm
-3

. 

  A high resolution optical diagnostic was developed on Zebra first with the 532 nm 

probing then the 266 nm laser probing.  The objective lens and protective slide were 

installed inside of the chamber in close proximity to the z-pinch on the dampening 

platform.  The UV high resolution was a marked improvement over the 532 nm high 

resolution.  The UV high resolution channel was used to investigate the structure of the 

dense pinch through the trailing plasma.  The micro-structure of the dense pinch was 

unfolded for the first time.  Micro-pinches, small-scale and mid-scale instabilities, large 
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kink and sausage instabilitites, and breaks in the plasma column were studied with UV 

high resolution shadowgraphy and interferometry predominately in the stagnation phase. 

  Two-frame UV shadowgraphy was developed.  The two-frame UV probing was 

employed toward investigations of the dynamics of the inner high density stagnated 

pinch.  Large velocities, greater than 100 km/s, in the inner high density pinch were 

measured during the stagnation phase, showing a generation of kinetic energy.  Further 

investigations of the fast dynamics of the dense stagnated pinch with the two-frame 

system will allow for a better understanding of the complicated physics of the dense z-

pinch. 
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