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1. INTRODUCTION

The Defense Special Weapons Agency (DSWA, formerly the Defense Nuclear
Agency) provides the ionizing radiation test capability for the Department of Defense, the
individual services, and other Government agencies. These testing capabilities are used
to ensure the ability of military systems to withstand the ionizing radiation inherent in the
space environment and produced by nuclear weapons effects in space and the atmosphere.
Over the past twenty years, the DSWA has developed simulator technologies and has
acquired, maintained, and upgraded required simulators to satisfy evolving user test
requirements for radiation environments. To address the technology required for the PRS
simulator upgrade program, a cooperative program between DSWA and Sandia National
Laboratories (SNL) has been organized. The objective of this program is to provide the
necessary simulator upgrades for production x-ray testing in the cold to warm (1-15 keV)
x-ray regime to meet other Government agency test requirements. This required total
capability has become even more essential with the cessation of underground nuclear

testing.

Initial planning and engineering studies were completed by the Joint Design
Options Study Team (JDOST), a group of Government and industry pulsed power experts
chartered by the program managers to formulate planning options for simulator upgrade
development. JDOST recommended a risk mitigation effort to answer key questions
concerning the critical design and engineering criteria to build an advanced PRS
simulator within cost and schedule constraints. The risk mitigation effort targets specific
technical areas for technology demonstrations that will help to ensure the PRS simulator

upgrade program will meet the criteria set for performance, cost, and schedule.

The technical areas the risk mitigation program addressed are: the pulsed power
drivers, power flow, prime power, testing technologies, and load physics. The results of
efforts in each technical area will be integrated with the others to assure that program

level risk is reduced to an acceptable level.



The present report addresses technical issues for the PRS simulator upgrade load
physics portion of the risk mitigation effort. The objective of this effort is to apply the
computational physics resources of the Phillips Laboratory’s Advanced Weapons and
Survivability Directorate to advance the understanding of how Raleigh-Taylor
instabilities are born, grow, and mitigated in a z-pinch plasma. The specific focus of this
effort is Raleigh-Taylor instability model development, assessment of the model’s
predictive capability on z-pinches produced by the Saturn pulsed power generator at

Sandia National Laboratory-Albuquerque, and scoping the three-dimensional effects of

plasma asymmetries during implosion.

2. Z-PINCH PHYSICS OVERVIEW

Imploding gas puff z-pinches are one method used to produce intense high energy

1,2,3,4,5.6,7,

density plasma sources for thermal and non-thermal x-ray production. ®In these

implosions an annular or cylindrical preionized plasma is accelerated by the ? xlg
Lorentz force produced by the currents flowing in the plasma toward the axis where
stagnation and radiation production occurs. The hydromagnetic Rayleigh-Taylor
instability is a well known source of nonuniform behavior in the electromagnetic
implosion of such plasmas.g’m’l1’]2‘13’14’15‘16’17’18’]9‘20’21’22’23 This instability and the
zippering effect due to nonuniform gas distribution in gas puff implosions can produce
decreased radiation yields and increased radiation times in plasma implosions24 compared
to what is expected from simple one-dimensional analysis. Understanding the implosion
and pinch dynamics is critical for optimizing and scaling load designs to obtain desired
plasma and radiation performance levels. In this report we describe
magnetohydrodynamic (MHD) simulations of a class of annular and cylindrical fill gas

puff implosions in krypton driven by the Saturn pulsed power generator at Sandia.

Saturn has been used to drive a variety of imploding plasma loads. It delivers
currents up to 10 MA with a characteristic rise time of 50 ns producing peak electrical
powers of 15 TW.” For pinch masses studied here the Saturn generator produced

implosions with final velocities of over 100 cm /s for both annular and cylindrical fill




gas injections.25 In addition to the high final velocities the uniform fill experiments
produced pinches which appeared to be more uniform than the annular gas injection

initial conditions.

In Section 3, we give a brief overview of the MHD codes used to study the Saturn
z-pinch experiments. In Sections 4 and 5, we discuss the particular simulations
performed in two and three spatial dimensions respectively. In Section 4, we obtain an
understanding of the experimental observation that the pinches from initially cylindrical
gas filled experiments appear to be more uniform than pinches from initially annular gas
filled experiments. In Section 5, we discuss the differences in the radiative yield between

2- and 3-dimensional simulations of similar initial states. Or conclusions are given in

Section 6.

3. OVERVIEW OF MHD SIMULATIONS

Simulations were carried out in two and three dimensions to study the dynamics
of the plasma implosion and the development and evolution of the hydromagnetic
Rayleigh-Taylor instability. The majority of the work on this task concentrated on two-
dimensional simulations with a small effort looking at three dimensional behavior of the
instability. The two-dimensional simulations were carried out using Mach2,?® and the
three-dimensional simulations were done with Mach3.>’ The Mach software, Mach2 and
Mach3, are time dependent Arbitrary Lagrangian Eulerian (ALE) simulation codes that
solve the resistive MHD continuity, momentum, energy, and magnetic field equations on
a computational grid composed of hexahedral cells. The codes use finite volume
differencing. They are single fluid three temperature (electron, ion , and radiation) codes
that use either analytic models or tabular values (SESAME tables” at Los Alamos
National Laboratory) for the state and transport variables. In modeling the dynamics
during the implosion, when the plasma is optically thin, a simple radiation emission
model employing non-LTE opacitieszg’30 is used. This radiation model works quite well
during the implosion when the plasma is optically thin, but is not expected to give

accurate quantitative results for the radiation pulse at stagnation.




4. TWO-DIMENSIONAL SIMULATIONS

Mach?2 is a 2 and % dimensional code that solve the MHD equations on a two-
dimensional grid but in general carries all three components of the velocity and magnetic
fields. In addition to the features mentioned above common to Mach2 and Mach3,
Mach? has a generalized Ohm’s law that includes the Hall effect and thermally generated
magnetic field terms and can be run with a strength of materials option. Neither of these

features were used in the simulations reported here.

In the 2 and % dimensional simulations, the Saturn generator was modeled with a
single-loop equivalent R-L circuit driven by the voltage waveform shown in Figure 1.
For these simulations the series resistance was 1/6 ohm and the inductance 10 nH. The
experimental anode-cathode gap was 2.0 cm, and unless otherwise stated this value was

used in the numerical calculations.

In Section 4.1 we discuss implosion calculations that were performed on initial
mass density distributions computed from separate gas injection calculations (also done
with Mach?2) to obtain physically-reasonable initial conditions. In Section 4.2 we discuss
calculations that used simple applied initial conditions that only approximately
correspond to the state that developes from the gas injection calculations. These later

calculations are done to guide the 3-D calculations discussed in Section 5.

4.1 Two-Dimensional Simulations with Gas Injection

The first two-dimensional simulations started with a calculation of the gas
injection into the implosion diode and follow the implosion dynamics to pinch.
Calculations have been made for both the annular fill (annular nozzle) and the cylindrical
fill (conventional nozzle) experiments. For both cases the initial conditions for the
calculation were obtained from a gas injection calculation also made using Mach2. The
injection calculations were started in the diode geometry to be used for the implosion
calculations. Gas was injected, using ideal nozzle exit conditions’’ by specifying the
velocity and temperature at the nozzle exit, across the cathode surface at the location of

the nozzle in the experiment. Injection velocity, mass-density, and temperature were




chosen to be those associated with the design Mach numbers of the experimental nozzles.

The injected gas for each nozzle was krypton. The annular nozzle had a 4.5 cm outer
diameter, a 2.5 cm inner diameter, a nozzle angle of 5°inward, and was designed for

Mach 8. The cylindrical fill nozzle had a 4.5 cm diameter, a nozzle angle of 0°, and was
designed for Mach 6. The anode boundary condition allowed hydrodynamic flow to pass
through the plane of the anode simulating the wire anode used in the experiment. For the
simulations reported here, the injection calculations were run until the gas distribution in
the diode reached steady state for each nozzle configuration. At this time the injected gas
from both type nozzles shows an expansion fan at the outer nozzle radius characteristic of
gas expansion from a nozzle into a region at lower pressure than the gas pressure at the
exit (underexpanded nozzle)''. The expansion fan gives the outer regions of the gas a r-z
distribution of mass-density. Additionally there is an expansion fan at the inner edge of
the annular nozzle producing an r-z mass-density distribution going inward toward the
axis. The mass isodensity contours at steady state for both types of nozzle are shown in
Figure 2. Figure 3 shows plots of mass-density versus radius at 2.0 cm axial distance

from the nozzle exit for both nozzles at steady state. The annular injection shows the

inward 5° injection angle and both inner and outer expansion fans. The mass-density
profile is two-dimensional over all of its radial extent. For the uniform injection process
at injection, the center of the gas injection region has a flat top over a wide region with
the mass-density decreasing rapidly in the wings of the expansion fan. The total masses
inferred from the experimentally-measured implosion time applied to a slug model driven
by the Saturn voltage waveform were 300 pg for the annular fill and 500 pg for the
cylindrical fill. The injection mass-density was adjusted to give these experimentally

inferred masses. For the annular nozzle case this gave a mass-density in the center of the
nozzle region of 1.5 x 1072 kg/m3, and for the uniform-fill case a center line mass-
density of 1.57 x 1072 kg/ m’.

The two-dimensional implosion calculations were initiated from these mass-

density conditions with a plasma temperature chosen to give an average ionization



fraction of approximately 0.5, consistent with the average ionization fraction obtained
from the ultraviolet flashboard used in the experiment. Using the Saturn voltage
waveform and simple single-loop lumped circuit model for the generator described
previously, the overall computational results for both cases are in agreement with the
experimental data. Current peaks for the experiment and computation were a nominal 10
MA. The implosion time for the experiment was measured by taking the slope of the
maximum current rise and extrapolating it to the time base to get a start time, and using
the time at which the radiated signal measured by XRD’s reached 10% of its peak. Note
this is not the same as the time measured from the beginning of the voltage pulse which is
the time we will be using soon in discussing the details of the simulations. This method
gives an implosion time for the annular gas fill experiment of 53 ns. Using a similar
technique for the start time in the calculations but using 10% of the radiated power from
the calculations gives an implosion time of 51 ns. For the cylindrical fill, which is of

larger mass, the experimental implosion time is 56 ns and the computational implosion

time is 55 ns.

Now we will consider some details of the implosions for both the annular and
cylindrical injection cases. We now measure time from the beginning of the voltage
pulse. Throughout much of the implosion, the behavior of the plasma is similar for both
cases. Figures-4, 5. and 6 show mass isodensity contour plots for the annular and uniform
injection cases. These figures show the two plasma implosions when they are at
approximately the same radial location. There are timing differences due to the mass
difference between the annular initial condition (300pg ), and the cylindrical fill initial
conditions (500pg). The differences in gas injection angle combined with the mass
difference produce some spatial variations as well. In both calculations the magnetic
field initially penetrates into the plasma and a current sheath a few millimeters thick
develops at the plasma vacuum interface. This sheath thickness is characteristic of the
relatively cold, low-conductivity krypton plasma initiated by the flashboards. As the
current rises the plasma heats and the field penetration distance is reduced due to the

higher conductivity of the hotter plasma. The current continues to rise and the magnetic




pressure eventually begins to act as a magnetic piston to accelerate the dense plasma
toward the axis. At the early stages of this process a relatively small amount of magnetic
flux diffuses into the plasma ahead of the magnetic piston. The main portion of the
plasma starts to move noticeably at approximately 44 ns into the voltage pulse for the
cylindrical injection case and at approximately 45 ns for the annular injection case. At
these times the field has had time to diffuse approximately 5 millimeters into high-
density region of the plasma column for both cases. As the generator current rises the
piston speed increases and a shock forms as the piston motion becomes supersonic with
respect to the injected plasma in front of it. The shock formed by the piston overtakes the
field that had diffused ahead at approximately 65 ns for the annular injection calculation
and at approximately 69 ns form the uniform injection calculation. Past these times a
shock wave / current sheath is formed ahead of the piston in both calculations. Because
of the supersonic penctration of the shock wave / current sheath, the only region
experiencing acceleration and thus subject to an instability similar in nature to the
classical Rayleigh-Tavlor instability is that between the shock and the piston. For the
piston speeds and conductivities of this simulation, this is a thin region as shown in the
mass-density contour plots at 70 ns. Figure 4. In these plots the instability can also be

seen for both cases.

The instability itself starts in the portion of the plasma being accelerated at the
plasma magnetic field interface. The origin of the instability is the two-dimensional
nature of the expansion fan produced by the injection process. The r-z mass-density
variation in the expansion fan is the seed for the instability. The axial mass-density
profile through this region at constant radius can be represented by a Fourier series. This
series contains an infinite number of terms and can be thought of as exciting an infinite
number of modes in the plasma. In a finite numerical model the number of modes is
limited by the number of zones present—48 cells per centimeter in both axial and radial
directions for the calculations presented here. Figure 7 shows the absolute value of the
Fourier transform (power spectral density) of the mass-density versus mode-number’” at

approximately 2.27 cm radius just before the current is switched on for both the annular



and the uniform injection cases. This radial location is just outside the nozzle exit. Both
cases show all the modes have small amplitudes. The long wavelength, low mode-
number, modes have the largest amplitude, and the amplitudes decrease for the shorter
wavelength, higher mode-number, modes. Fourier analysis of the mass-density using an

average over the non-uniform region of the expansion fan shows similar power spectra.

The instabilities for both the annular and uniform-fill implosions initially develop
in the same manner. The instability shows the classic bubble spike characteristics of the
Rayleigh-Taylor instability. Bubbles of light fluid, here the magnetic field, rise into the
heavy fluid, here the plasma; and spikes of plasma fall into the magnetic field. The
bubble rise is accompanied by mass being removed from the bubble region and moved
into the spikes. Both short wavelength and long wavelength modes are present and
growing. The first modes observed in the contour plots have a short wavelength,
approximately 0.8 mm for both cases. The early appearance of the short wavelength
modes is consistent with linear theory where the growth is exponential and which shows
the fastest growing modes have short wavelength. This evolution from short wavelength
to longer wavelength is the same type of behavior seen computationally and
experimentally in annular plasma implosions initiated from thin foils.”’ As the short
wavelength modes saturate, longer wavelength modes which are present and continue to

grow become more noticeable.

As the instability develops mass continues to flow into the unstable shock wave /
current sheath region from the undisturbed plasma. The mass accretion replenishes some
of the mass lost from the bubbles into the spikes. This process continues as the material
in the gas puff is swept up and accelerated to smaller radius by the magnetic piston. The
mass accretion process in the thick annular and cylindrical fill cases provides an effective
“snowplow stabilization”>?** for the early phases of gas-puff implosions. As long as
mass is present ahead of the accelerating plasma, the unstable region continues to grow
but in a non-exponential manner. This region is analogous to the penetration of the
mixing layer into the heavy fluid in the conventional hydrodynamic Rayleigh-Taylor

problem which starts as short wavelength exponential growth and evolves to a non-




exponential process.36 An additional difference here is the Atwood number of 1
characteristic of the light fluid being a magnetic field produces a mixing region where the
disturbances, while nonlinear do not show the turbulent nature of the classical mixing

layer.

The gas-puff situation is initially somewhat different from plasma implosions
initiated from thin foils or the two-dimensional models of wire implosions. For the foil
and wire plasmas the plasma is formed from the initiation of a relatively thin solid by the
high current supplied by the generator. For these cases the current flows in the entire
plasma from the time of initiation, and the entire plasma region is accelerated. The result
is that there is little or no mass available in front of the accelerated region to flow into the
unstable regions. These thin annular implosions show the same structural evolution from
short wavelength to longer wavelength as seen here, but in these thin cases while the
short wavelengths saturate, longer wavelengths show continuing exponential growth as

they run out of mass due to the thickness of the annulus.

The same situation occurs here for the annular puff, although at a later time due to
the thickness of the initial annulus and the initial magnetic field configuration in the
plasma. After the magnetic piston passes over the inner nozzle radius there is little mass
to flow into the unstable shock wave / current regions. This occurs at approximately 75
ns for both cases. Figure 5 shows the mass-density contour plots for both the annular
and uniform injection calculations at 80 ns at a time shortly after the accelerated plasma
passes 1.25 cm, the location of the inner radius of the nozzle for the annular injection
case. The reduced density near the upper electrode for the annular case results from mass
flow out of the electrode region at the anode. Inside 1.25 cm radius, the cathode is again
solid when there is an annular nozzle so mass cannot cross this surface inside this radial
location. The nozzle for the cylindrical fill extends all to the axis. Therefore, the mass-
density is reduced at both the upper and lower electrode as a result of mass flow out of
the inter-electrode region into the nozzle on the lower electrode and through the open
wire upper electrode. The characteristic wavelength in the region near the nozzle when

the shock wave / current sheath at this time is now slightly less than 2 mm. For the



annular injection case, the sheath farther away from the nozzle is still accreting mass from
the expansion fan in front of the inner nozzle radius. To this point the instability behavior

is similar in both calculations.

Past this time for the annular case the entire plasma region becomes a thin shell
accelerated by the magnetic piston similar to the foil implosion type plasmas. This
process starts at the nozzle electrode and progresses upward across the plasma as the
mass associated with the inner expansion fan is entirely swept up. With the end of the
mass accretion, the modes begin to return to exponential growth due to mass loss from
the bubbles. Figure 6 shows the mass-density contours for both cases at a radius of
approximately 0.5 cm. This location is reached at 85 ns for the annular puff and at 88 ns
for the cylindrical fill case due to the mass differences between the two cases. Both cases
show a reduced density region near the upper electrode that is caused by flow out through
the wire electrode. Additionally there is a reduced density region near the nozzle
electrode for the cylindrical fill case where mass flows into the nozzle. At this radial
location several bubbles in the annular implosion case have become quite large. These
large bubbles are just beginning to rupture. For the cylindrical fill case at this time, the
unstable region has a smaller radial extent, smaller bubbles, and the growth of the region

remains non-exponential due to the continuing accretion of mass.

Just prior to pinch for the annular case, the characteristic wavelength of the modes
which have returned to exponential growth is approximately 3 mm. The annular shell
then bursts at the bubbles in several axial locations accelerating some low-density
material to the axis ahead of the main part of the plasma shell. As this low-density
material stagnates before the main body of the shell arrives, it produces regions of high-
speed axial flow in excess of 100cm / ps along the axis. This is comparable to the final
peak average radial implosion velocity of approximately 120cm/ps. The piston
continues to accelerate the denser portion of the shell producing a stagnation of the
thickened more disk-like spike regions that remained after the bubbles burst. Stagnation
for the annular case occurs first at the anode end of the diode in a “zippering’ manner

since the low mass was mismatched for the nozzle. The combination of the separate spike
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regions and the high-speed axial flow of the low-density material in the annular case

produce a very non-uniform pinch region.

For this cylindrical fill case, however, the mass in front of the unstable region
extends all the way to the axis. This mass prevents the return to exponential instability
growth. The 'mixing’ layer continues to thicken from both the instability and the radial
convergence, but in a non-exponential manner. Just prior to pinch the characteristic
wavelength for the uniform case is slightly larger than 2 mm (2/3 the size of the annular
fill case). For the cylindrical case, the bubbles stagnate when the mode amplitude
(bubble to spike distance) is approximately the shell radius. Peak axial velocities for this
case were a few 10’s cm / pus compared to the peak radial velocities of over 100cm / ps.
This results in a thinner shell at stagnation than the annular case and a more uniform

pinch.

The instability evolution can also be seen in the Fourier spectra for the two cases.
Figure 8 shows the Fourier amplitude of the average mass-density for the annular case
and Figure 9 shows the Fourier amplitude for the uniform injection case at 70 ns and 80
ns. To obtain these spectra we first took a simple average of the radial mass-density
distribution of the unstable region of the plasma for each axial strip of the calculation.
We then took the Fourier transform of this axially-varying mass-density average. The
spectra presented have been normalized to the average background mass-density and are
plotted from mode-number 1 to mode-number 48. From this data we can see a growth in
both long wavelength and short wavelength modes. However, the longer wavelength
modes show more growth in both cases. At 70 ns the radial location for the annular case
is before the implosion has passed over the inner radius of the nozzle. For both cases the
normalized mode amplitudes are approximately equal at this time. By 80 ns the
implosion of the annular fill—which is now inside the inner radius of the nozzle—is no
longer accreting mass. At this time we see not only the evolution to longer wavelength,
Jower mode-number, mentioned previously, but also a significant difference in
normalized spectra amplitudes. The annular case is at significantly larger amplitude than

the uniform-fill implosion.
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This can be seen by direct comparison between the annular and the cylindrical
injection cases as shown in Figure 10 and Figure 11 where we have plotted the spectral
amplitude at approximately the same spatial location for each case. Figure 10 shows the
spectra when the plasma sheath has reached approximately 1.25 cm, the radial location of
the inner radius of the annular nozzle, and the conditions shown in the Figure 5 contour
plot. The time the implosion reaches this approximate radial location is 75 ns for both
cases. Up to this time both cases have been accreting mass. This direct comparison
shows amplitudes to differ only slightly. At a radial location of approximately 0.5 c¢m,
the conditions shown in the Figure 6 contour plot, Figure 11 shows the spectral
amplitudes have significantly different characteristics. The annular case clearly has
higher amplitude, as would be expected from the contour plots. The growth is
significantly higher at low mode-numbers, but there is continued growth at high mode-
number. This increase at higher mode-numbers is attributed partly to the significant
nonlinear behavior and more step-function like behavior of the mass-density profile that

occurred as the bubbles distend and burst.

4.2 Two-Dimensional Simulations from Specified Initial Conditions

Since the gas injection process adds additional computational time to the
simulation process. and since the three dimensional calculations were to be carried out on
only a small region of the problem domain, a series of two-dimensional simulations were
carried out to see if approximately the same instability growth and evolution could be
attained starting from the simpler right circular cylinder initial conditions often used to
study gas puff implosions. By approximately the same instability growth and evolution
we mean the same type of wavelength cascade and save final wavelength and amplitudes
of the most visible waves just prior to pinch. Calculations were made for right circular
uniform fill cylinders of radius 2.25 cm and of right circular annuli of inner radius 1.25
cm and outer radius 2.25 cm. For these cases there is no physical seed to the instability.
Therefore, a random density perturbation was used to initiate the growth. Calculations
were carried out with random perturbation amplitudes 0, £1%, +5% and £10% applied to

every cell. Results showed that the £5% random density perturbation gave the closest
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agreement with the gas injection calculations. The *1% case gave approximately the
same wavelength prior to stagnation but at too low an amplitude. The £10% case gave
amplitudes that were too large and wavelengths that were slightly too long. From this we
conclude that a +5% random density perturbation can be used to approximate the
behavior of the more complete gas injection calculations to study the basic instability

growth and evolution.

5. THREE DIMENSIONAL SIMULATIONS

The three-dimensional calculations were of an exploratory nature and done on a
restricted problem domain compared to the two-dimensional simulations. Calculations
were made to investigate three-dimensional effects for the uniform fill gas puff. Basic
linear theory for the growth of the hydromagnetic Rayleigh-Taylor instability indicates
that the growth in the r—6 plane should occur at growth rates roughly an order of
magnitude lower than those in the r-z plane, and that therefore the r-z (two-dimensional)

growth should dominate for perturbations started with equal amplitude.

The Mach3 simulations used a sine squared current waveform with a 55 ns quarter
cycle and a 9.5 mega-ampere current maximum. This profile is similar to the current
produced by the Saturn voltage waveform. These initial calculations were carried out for
a restricted region of the problem identified from the characteristics of the two-

dimensional simulations.

The first exploratory calculations carried out for this task involved looking at
single mode three-dimensional growth. From the two-dimensional calculations of the
cylindrical fill, the most unstable wavelength was found to be approximately 2 mm. This
wavelength was used for the periodic r-z plane mode. Additionally because there are 8
return current posts for these gas puff implosions the three-dimensional calculations were
performed to look at what affect a eight fold symmetric perturbation would have on the
instability. The r—6 plane mode was taken to be an m=38 periodic perturbation. These
simulations used a 1/8™ segment of the 27 radians of the entire gas fill. The perturbation

was chosen to be periodic in both r-z and r—0 plane with an amplitude of +5%
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corresponding to the perturbation level that best represented the gas injection calculations

and the experimental results.

The radiation model used throughout these calculations was the emission model
using non-LTE opacities.29a30 While the model has limited use in terms of accurately
predicting the radiated yield, we consider it to be reasonable for comparing differences in

instability evolution between two-dimensional and three-dimensional calculations. The

calculation showed mass flow from the bubbles to the spikes in both the r-z and r—6

planes.

Despite the somewhat increased mass loss from the spike, the stagnation time and
amplitude of the radiation pulse produced were essentially the same as for the two-
dimensional case. The addition of a perturbation in the r—6 plane had no significant
effect on the stagnation or the radiation pulse at this 5% level single wavelength

perturbation.

Next a full 27 geometry simulation was made using a large amplitude long
wavelength perturbation in both the r-z andr —© planes. The calculation used 64 cells in
the radial direction to the edge of the plasma (2.25 cm), 64 cells in the axial direction
between the electrodes (1.60 cm), and 32 cell in the azimuthal direction. The r-z plane
perturbation had a wavelength of 0.8 ¢cm and amplitude of £50%, larger than anticipated
in experimental conditions. The r—6 plane had an m=4 perturbation also of +50%
amplitude. This level of perturbation had a significant effect on the pinch characteristics.
Figure 12 shows the mass density for this simulation prior to pinch at 50 ns when the

instability is well into the nonlinear regime of growth.. The figure shows 8 planes cut

through the plasma density and an isodensity surface for density above 03kg/ m? for all
cells in the problem. The classical Rayleigh-Taylor spike and bubble structure are easily
recognized in both the r-z and r—6 planes. The large amplitude effects in both the r-z
and r— 6 planes are evident. For this large amplitude perturbation the strong azimuthal

variations are an indication of important three-dimensional effects.
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The final simulation discussed here is a full geometry simulation with features
characteristic of those in the Saturn high velocity implosions. Here a 5% random density
perturbation was applied to each cell in both the r-z and r—6 planes. The calculation
also used 64 cells in the radial direction to the edge of the plasma (2.25 cm), 64 cells in
the axial direction between the electrodes (2.00 c¢m), and 32 cell in the azimuthal
direction. Figures 13 and 14 show the mass-density at 62.5 nanoseconds slightly before
the plasma assembles on axis (pinch). The initial perturbation level is small, a 5%
random perturbation on the uniform background density in every cell in each direction.
Figure 13 shows slice planes cutting vertically through the plasma column starting at the
axis (r=0) and going to the original plasma location (r=2.25 cm). The slices are taken at
two azimuthal locations (k =2 and k = 4 azimuthal planes). Any three dimensional
features show as differences between these two slice planes. From these it is clear that
the perturbations in the r-z plane are significant, but that three dimensional effects are
small. This is consistent with linear stability theory and two-dimensional calculations.

Figure 14 shows two three-dimensional representations of the plasma implosion at this

time viewed from an angle of approximately 45°to the pinch axis (looking down at the
plasma). Figure 14a shows 16 slices made vertically through the plasma (every other cell

in the azimuthal direction). Figure 14b shows this representation again but now with an

isodensity surface enclosing density above 0.3kg/ m? included for all cells in the

problem. Again we can see the three dimensional effects are small. Figure 15 show

mass-density during pinch (t = 67.5 ns) viewed from an angle of approximately 135%to
the pinch axis (looking up at the pinch).. Figure 15a shows 16 slices made vertically

through the plasma (every other cell in the azimuthal direction) and an isodensity

enclosing density above 0.2kg/ m? for all cells. Figure 15b shows the isodensity surface
enclosing density above 0.01kg/ m> , all of the mass in the implosion, for all cells in the
problem. These figures show the plasma now has some three dimensional (possibly

helical) structure. The r-z (two-dimensional effects) are dominant however. The three-

dimensional effects even at pinch are small. Figure 16 shows radiated power vs. time for
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this case along with the radiated power for a two-dimensional simulation. There is
essentially no difference in the peak radiated power and general pulse shape despite the
fact that some three-dimensional features are present in the mass-density distribution.

From this we conclude that small three dimensional effects do not significantly affect the

pulse time or radiated power.

6. CONCLUSIONS

6.1 Conclude: Two-Dimensional MHD Simulations with Gas Injection

We have performed two-dimensional magnetohydrodynamic simulations of gas-
puff implosions driven to velocities over 100cm / ps by the Saturn pulsed power
generator. The calculations were carried out from an initial vacuum diode into which
krypton gas was injected from both annular and circular (uniform-fill) nozzles. The
implosions were driven by a numerical circuit and voltage waveform characteristic of the
Saturn generator. Implosion times and velocities were in good agreement with
experiments. Mass average radial velocities prior to stagnation were in excess of
100cm / psec for both types of gas injection schemes. Both injection cases experienced
the hydromagnetic Rayleigh-Taylor instability.  The instability started from the
nonuniform axial mass-density distribution, which always occurs for nozzles expanding
into vacuum or low-pressure regions. The instability, observed both in contour plots and
Fourier analysis. evolved with short wavelengths appearing first and with longer

wavelengths becoming dominant as the implosion progressed.

The initial nonlinear stages were characterized by the propagation of a shock
wave/current sheath containing the unstable region into the undisturbed region of the
injected plasma. This propagation becomes supersonic with respect to the undisturbed
plasma. During this phase the unstable region continued to accrete mass from the
initially undisturbed plasma in front of it, and resembled a classical hydrodynamic
Rayleigh-Taylor mixing layer. The wavelength and amplitude of the instability were

similar in both cases. The evolution of the cylindrical injection case proceeded in this
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manner until stagnation when the mixing layer like region reached the axis. The annular
injection case displayed a different behavior after the unstable region stopped accreting
mass after passing over the inner radius of the injection nozzle. After mass accretion
stopped, the annular implosion growth increased significantly and the instability bubbles
burst in a manner similar to that seen in thin foil and multiple wire array implosions.
This disruption of the plasma shell resulted in greater average thickness, a more disk like
structure, and high-speed flows on axis. These conditions produced a more nonuniform
pinch for the annular injection case than for the cylindrical injection case in the

simulations, and this is consistent with experimental behavior.

6.2 Conclude: Two-Dimensional Simulations from Specified Initial
Conditions

Two-dimensional simulations can be started from a simple right circular cylinder
or right circular annulus with a random density perturbation to reproduce the instability
characteristics of the implosion of an initial state without a random perturbation that is a
consequence of a gas injection calculation. For the high speed krypton gas-puff
implosions studied here an initial density perturbation of *5% was appropriate to
reproduce the gas injection instability characteristics seen in the simulations and in

experiment.

6.3 Conclude: Three-Dimensional Simulations

A limited number of exploratory simulations were carried out with Mach3 and to
begin the study of three-dimensional effects in z-pinch implosions. From these limited
number of simulations no general conclusions can be made on the general area of three-
dimensional effects. Some limited conclusions can be drawn form the simulations that
were completed. A small amplitude (+5%) single mode (m=3) excitation in the r—9
plane for the most unstable wavelength in the r-z plane (also initialized with a +5%
random amplitude) shows some added growth as mass moves form the bubble to spikes

in both the r-z and r— 0 planes. The growth is dominated by the r-z plane behavior and

17




while some small effects were visible it did not modify the implosion time or radiation
pulse from results seen in equivalent the two-dimensional simulations. This is consistent
with linear theory which indicates reduced growth in the r—© plane. Full 2n geometry
simulations at large amplitude, +50% periodic perturbations in the r-z (0.8cm
wavelength) and r—6 (m=4) planes, showed significant effects could be produced at
amplitudes significantly above those expected in experiment. Simulations were also
made at small amplitude, 5% random perturbations in both the r-z and r -6 planes, for
the full experimental geometry. These conditions are closer to those expected
experimentally. These produced slight visible differences in the density distribution, but
the instability was again dominated by the r-z plane growth. Implosion time and
radiation pulse were again essentially the same as the two-dimensional results. Form
these simulations we can tentatively conclude that small amplitude perturbations in the

r — 6 plane do not significantly influence the implosions.
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Figure 1. Numerical representation of Saturn voltage waveform.
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Figure 2a. Isodensity contours at t = 0; annular gas injection.
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Figure 2b. Isodensity contours at t = 0; cylindrical gas injection.
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Figure 3a. Density vs. radius at top electrode at t = 0; annular gas injection
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Figure 3b. Density vs. radius at top electrode at t = 0; cylindrical gas injection.
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Figure 4a. Isodensity contours at t = 70 ns; annular gas injection.
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Figure 5a. Isodensity contours at t = 80 ns; annular gas injection.
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Figure 6a. Isodensity contours at 85 ns; annular gas injection.
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Figure 7a. Fourier spectrum of mass density at outer nozzle radius at t = 0; annular gas injection.
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Figure 7b. Fourier spectrum of mass density at outer nozzle radius at t = 0; cylindrical gas injection.
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Figure 8. Fourier spectra of average mass density for annular injection at t=70 ns and t=80 ns.
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Figure 9. Fourier spectra of average mass density for cylindrical injection at t=70 ns and t=80 ns.
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Figure 11. Fourier spectra of average mass density for annular injection and uniform
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att = 62.5 ns for the 5% random density perturbation.
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Figure 14. Mass isodensity plots near pinch t = 62.5 ns.
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Figure 15. Mass isodensity contours at pinch, t = 67.5 ns.
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