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Abstract. A theoretical foundation constraining the forms of mechanical damage models for
viscoelastic-viscoplastic energetic materials is developed. The theory is cast in terms of a viscoelastic-
viscoplastic deviatoric stress tensor and a scalar viscoelastic-viscoplastic distention strain rate model.
The constitutive forms of the deviatoric stress tensor and the distention strain rates are constrained by
the second law of thermodynamics ensuring that the models will be dissipative. Additionally a damage
model is formulated that is driven by the mechanical response of the material and which modifies the
constitutive models for the stress deviator and the distention strain rates. The models are implemented
in the CTH shock physics code, and comparisons to test data are made.

INTRODUCTION

There is great interest, as well as need, to
address hazardous environments and events
associated with energetic materials. High explosives
and solid rocket propellants are two energetic
materials that share many of the same hazard issues
as well as physical attributes. Mechanical behavior
governing internal damage evolution owing to a
mechanical insult is investigated for this class of
materials. The ultimate goal is to include chemical
kinetics driven by damage processes in the theory to
provide predictions for postulated hazardous events.

The foundation of the internal darnage model is
based on the mixture theory of Baer and Nunziato”2
for reacting granular explosives. For this study the
gas phase, as well as all interphase processes, are
omitted.

The theory is extended to include viscoelastic-
viscoplastic behavior of the solid phase. The
Viscous-Elastic-Plastic (VEP) model of Olsen et
al.3 is adopted for this purpose. Some changes to
VEP were required to adapt it to the theoretical
framework developed here.

Th~ damage model follows the work of Seaman
et al. in the development of the BFRACT
microfracture damage model. Our model is greatly

.

simplified relative to BFRACT, and damage
nucleation is substituted with a damage process that
simulates decohesion of the binder system from the
solid particles.

The mixture theory of Baer and Nunziato is
further extended per the theory of Drumheller et
al 5’6~is adaptationleads to development of a
viscoelastic-viscoplastic distention model that
describes the opening and closure of the pores
around decohered particles as well as microcracks
caused by scission of the binder system.

These models are inserted into the CTH
hydrocode7, and comparisons are made to test data.

THEORETICAL DESCRIPTION

Following the work of Drurnheller et al. the
motion of a distended or porous material may be
described as follows:

F=ct ;, (1)
s

where F is the apparent deformation gradient tensor_
observed at the boundaries of a volume element, F

* Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the
United States Department of Energy under Contract DE-AC04-94AL85000.
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50 eV higher than the two pinch systems providing more capsule design flexibility. However,
the penalty for the high coupling efficiency and high temperature is the close coupling of the
capsule with the z-pinch; this means a designer must be concerned with direct shock coupling
to the capsule and the details of the Rayleigh-Taylor unstable z-pinch sheath which may
influence the radiation field. A two pinch system essentially de-couples the capsule from the
z-pinch which improves symmetry but at a reduced drive temperature. Hence for the dynamic
hohlraum concept, the risk is concentrated in the target while for the two-pinch systems, the
risk is mostly in the pulsed power which demands precise timing of two nearly identical
stagnqtigg z-pinch plasmas. With both common and complimentary risk factors, the dynamic
hohlraum and z-pinch driven hohlraum are the two concepts being pursued for achieving
high-yield on a future z-pinch machine.

2. Concept Design

The high-yield dynamic hohlraum point design that has recently been developed is shown
graphically in Figure 1. This design embeds a 5.5 mm diameter cryogenic capsule in a low-
density (5 mg/cc) polystyrene foam. Dimensions of the A-K gap, wire array radius, wire
array length and foam radius are similar to those currently in use on the Sandia Z machine.
Table I contains the physical dimensions and capsule specifics for the high-yield design
shown in Figure 1. The peak current for this high-yield design is 54 MA with an implosion
time of - 125 ns which is based on a pulsed power design option for the next generation
Sandia z-pinch machine named 2X. Having a 2X machine at 54 MA would allow full-scale
design testing with high yield on a future machine achieved only through addition of
cryogenics and blast containment.

The radiation field seen by the capsule is produced in three phases: shock and PdV heating
‘of the foam; collision between expanding capsule ablator mateyial and imploding wire array
and foam mass; and shock and material stagnation on the axis. As current starts flowing in the
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Figure 1: Dynamichohlraumhighyielddesigngeometry.

wire array plasma, magnetic field and radiation interact with the low density polystyrene
foam. The result of this interaction is a weak shock in the foam that quickly attenuates.
However, once the wire array plasma impacts the fo~, a strongshock is created which starts
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heating and compressing the foam. From simulation it is observed that the shock velocity is
only slightly higher than the imploding wire array plasma velocity resulting in a
“snowplowing” of the foam. At the shock front, the foam heating is equally divided between
shock heating and PdV heating while between the shock front and the wire array plasmrdfoam
materiaPinterface, PdV heating is the dominant mechanism.

This heating of the foam produces radiation that forms the initial foot-pulse for driving the
capsule. For this phase of radiation production it is important to note that the 52 mg of
imploding wire array mass (tungsten) has sufficient opacity to form a radiation case trapping
the raditition produced in the foam. However, calculations have shown that Rayleigh-Taylor

‘ instability growth can result in regions of low-optical depth ( -1 ) allowing radiation IOSS.

Future fully-integrated calculations will be required to ultimately determine the R-T impact
on the capsule-observed radiation field. During this foam heating phase, radiation transport is “
a critical physics issue as the foam ahead of the radiation front is still optically thick until the
radiation wave has burned through. It should be noted that for most of the foot-pulse duration
the radiation field is slightly “equator hot” resulting in an initially asymmetric implosion.

Table 1. High yield designdimensionsand parameters.

-

Wirearra material:
Wire arra radius:
Wirearra len th:
Wirearraymass:

E!zE

w

1.8cm
1.4cm
52 mg

3.5 mm

1.4 cm
5 mglcc
CH

43 mg

Capsule ablator:

Ablator radius:

Ablator thickness:

Capsule preheat
laye~

Preheat layer
thickness?

Fuel:

Fuel thickness:

Fill gas:

Fill density:

7
Be

0.2750cm
0.0220cm
Be+ 3% Cu

0.0040cm I

3
DT

0.0240 cm

DT

0.00050 cc

The main radiation drive pulse begins when the expanding ablator material (beryllium)
meets the inrunning shock and imploding foam and tungsten. This collision results in a
significant increase in the radiation temperature and a slowing of the imploding foam and
tungsten. Effectively, the expanding capsule ablator is able to “standoff” the imploding mass
allowing the tungsten to forma quasi-spherical case surrounding the capsule. This is known
as “ablative standoff” and is a critical physics issue for this concept. In reality this collision
interface will be unstable and further complicated by both the ablator and foarnhungsten
surfaces being perturbed due to R-T instability. Understanding “ablative standoff’ is key to
credibility of this design.

The third and final phase of radiation production. occurs when the shock and material start
to stagnate on the axis beyond the capsule position. The result is a significant increase in the
radiation temperature that is higher at the capsule pole. Consequently the current capsule is
designed to implode such that the late-time pole hot drive will not heat the fhel and spoil
ignition. However, since the stagnation occurs very near ignition time, the design needs to be
tested for robustness to variations which alter the drive temperamre history since this can
impact the “race” to ignition and bum. The capsule performance parameters for this high
yield dynamic hohlraum design are given in Table H.
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Table H. Hohlraum and capsule parameters for present high yield dynamic hohlraum design.

Peak drive temperature eV 350

FAR 48 .
f. Implosion velocity cd~ 33

Convergence ratio 27

Peak density glee

Total pr glcm’ 2.14
-~ DT I@ @ ignition 50%

Driver energy MJ 12

Absorbed energy MJ 2.3

Percent absorbed ~ 19% “

lD clean yield MJ 527

Bumup fraction 34%

Outer shell radius mm 2.75

Inner shell radius mm 2.49

3. Physics Issues and Credibility

Discussing the prospects for achieving high yield with a dynamic hohlraum fundamentally
addresses the issue of credibility for a given design. Establishing credibility must be done
both computationally and theoretically for the design and experimentally by demonstrating an
understanding of the critical physics and scaling. Since high yield is destined for a fiuure

Table 111.Partial listing of dynamic hohlraum’ high yield design critical physics issues.

— . — .—

Z-pinchlconverter interaction and radiation production
Array/converter collision hydrodynamics
Radiation production via shock & PdV heating
Radiation trapping I

Radiation transport
Transport through converter
Transport in capsule materials

Standoff
Ablative standoff
Shock wave standoff
Imploding material standoff

Radiation symmetry
Macroscopic (cylinder to sphere)
Macroscopic (azimuthal)
Microscopic (R-T instability)

ICF Capsule performance
Ignition margin
Instability & mix
Yield sensitivity
Implosion symmetry
Preheat tolerance

machine and we must rely on scaling, the critical physics issues (Table Hl) are determined
from the design simulations and the need to establish computational credibility. A
complementary experimental program will be also be needed to validate our modeling tools
and investigate issues beyond our cument modeling capability (e.g. 3D features). Ultimately
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the credibility for the high yield design will be based on confidence in the design calculations
and our ability to successfully validate the modeling and simulation.

With both advantages “and disadvantages, credible design calculations for the dynamic
hohlrau,rn concept are inherently fully integrated. Over the past year we have made
significant progress in our ability to credibly model these complex dynamic hohlraum
systems. At this point all of our design simulations have been performed with the 2D
radiation magnetohydrodynamics code Lasnex [8]. Inclusion of the Rayleigh-Taylor unstable
z-pinch dynamics has required a significant effort in the development of ALE algorithms to
handle Complex computational mesh evolution. Figure 2 shows a snapshot taken from a
Lasnex simulation of the high-yield design. Adequate resolution of the R-T instability along
with detailed atomic physics leads to very expensive simulations which currently limit our
modeling progress. This is clearly a disadvantage to performing fully integrated simulations;
faster processors and a parallel capability will greatly help this effort.
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Figure 2: Shaded log(density) contour plot horn 2D Lasnex design simulation showing
unstable z-pinch plasma wrapping around imploding capsule.

Lengthy fully integrated simulations have led to a two-step iterative desi-m process. From
the 2D simulations a capsule drive temperature history is extracted which is used in very
finely zoned ID capsule implosion calculations. These ID capsule simulations are very fast
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and quickly allow determination of “clean” capsule performance. Due to the close coupling
between the capsule and the imploding z-pinch, the capsule dynamics affect the radiation field
and vice-versa. Hence any significant changes to the capsule design are made in the 2D .
simulations and the process continues iterating. This process is required since this design
critically depends on the “ablative standoff” of the capsule ablator material against the
imploding foam and z-pinch mass for producing radiation. Table 11shows that the high-yield
capsule used in this dynamic hohlraum design has performance parameters very similar to the
NIF ignition designs [9J and hence has a high degree of lD credibility.

Recently we have started to examine the inherent implosion stability of the high yield
capsule utilized in this design. While the fully-integrated design simulations allow
investigation of low-order mode instability growth, limitation on capsule zoning due to
simulation run time prohibits investigation of the full mode spectrum instability development.
Hence separate capsule stability calculations are required. These are finely zoned 2D
simulations of a small angle (- 15 degrees) capsule sector that have been seeded with both ice
layer surface and ablator surface perturbations. Perturbations are based on measured ~-
layered DT ice surface [10] and Nova plastic shell surface roughness for determining the
mode spectrum (modes 12-160) and rms roughness. The numerical procedure for configuring
these multimode simulations is outlined in Dittrich et al. [11]. Figure 3 shows the impact of
ice and ablator surface roughness on capsule yield. At an intrinsic ice surface roughness of 1
micron, the yield is degraded by only 10% demonstrating that no ice layer smoothing will be
required for this capsule. Further optimization of the capsule design will explore the inherent
capsule stability increasing the tolerance to surface roughness.
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Figure 3: Ice and ablator surface roughness degradation of capsule yield.

In addition to the development of computer simulation capability for the dynamic
hohlraum, an analytic theory has been developed (s. A. Slutz, manuscript in preparation) for
determining radiation temperature scaling. This model currently uses an annular foam
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converter and includes radiation transport, detailed energy accounting and radiation losses to
electrode walls and the capsule. Figure 4 shows scaling curves of radiation temperature
versus z-pinch drive current for various case-to-capsule ratios along with data points from ID
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Figure 4: Dynamic hohlraum analytic scaling model temperature as a function of
tungsten/converter minimum radius and inititial capsule radius ratio. Dashed curve
correspondsto Z machine (20 MA, R.,P= lmm) with solid curve a futuremachine(60 MA,
&P=2mrn). Singlepoints are fromoptimizedLasnexsimulations.

Lasnex simulations. The model shows that even without benefit of ablative standoff, a 60
MA driver can produce temperatures necessary for driving ICF capsules. Currently work is
underway to include ablative standoff in this analytic model; this will aid in fast coverage of
parameter space for optimization of the design and minimization, of the required z-pinch
driver.

4. Summary

Based on recent success with fast z-pinches for x-ray sources and the high-temperatures
obtained in dynamic hohlraum configurations, we have designed a high yield ICF target
configuration for a future z-pinch facility. Significant progress has been made in developing a
necessary fully integrated modeling capability for these highly coupled systems. The current
design is moving. toward credibility computationally with key capsule performance
parameters similar to NIF designs. Further work is being done to determine the effects of the
wire array R-T instability on the capsule. Additionally, the experimental effort is being
restructured and focussed on issues required to validate our modeling capability and
understand the fundamental physics issues for this high yield concept.
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