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Abstract

X—Ray Ablation Measurements and
Modeling for ICF Applications .

by

Andréw Thomas Anderson

Doctor of Philosophy in Mechanical Engineering
University of California, Berkeley

~ Professor Per F. Peterson, Co-Chair |
Professor Phillip Colella, Co-Chair

X-ray ablation of material from the first wall and other components of an
ICF (Inertial Confinement Fusion) chamber is a major threat to the laser final
- optics. Material cc;ndensing on these optics after a shot may cause damage
with subsequent laser shots. To ensure the successful operation of the ICF
facility, removal rates must be predicted accurately. The goal for this
dissertation is to develop an experimentally validated x-ray response model,

with particular application to the National Ignition Faciiity (NIF).

Accurate knowledge of the x-ray and debris emissions from ICF targets is a
critical first step in the process of predicting the performance of the target
chamber system. A number of 1-D numerical simulations of NIF targets have
been run to characterize target output in terms of emergy, angular
distribution, spectrum, and pulse shape. Scaling of output characteristics with

variations of both target yield and hohlraum wall thickness are also described.




Experiments have been conducted at the Nova laser facility in Livermore
on the effects of relevant x-ray ﬂuencés on various materials. The response
was diagnosed using post?shot eXaminétiohs of the surfaces with scanning
electron microscope (SEM) and atomic force microscope (AFM) instruments.
On the basis of these observations, judgments were made about the dominant
removal mechanisms for each matérial. Meaéurements of removal depths

were also made to provide vital benchmark data for the modeling.

The finite differehcé ablation code developed here (ABLATOR) combines
the thermomechanical response of materials to x rays with models of various
removal mechanisms. The former aspeét refers to energy deposition in such
small characteristic depths (on the order of a micron) that thermal conduction
and hydrodynamic motion are significant effects on the nanosecond time
- scale. - The material removal models use the resulting time histories of
temperature and pressure profiles, along with ancillary local conditions, to
predict rates of surface ﬁaporization and the onset of conditions that would

lead to spallation.
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1. Introduction to ICF Chamber Dynamics
1.1 Background .

This dissertation investigates and explains the x-ray ablation process for a
variety of matefials under conditions generated by Inertial Confinement
Fusion (ICF). The motiffatiqn for this study is the need to design ICF facilities
to withstand the intense energy release from the driver and target
thermonuclear yield without a degradation in per_formance. ICE chamber
dynamics is the description of the events within ay target chamber from the

initiation of the driver pulse to final condensation of ablated materials.

Controlled thermonuclear fusion of deuterium and tritium atoms (DT
fusion) requires some minimum combination of ion temperature, ion
density, and confinement time. The two common approaches to achieving
the necessary conditions are magnetic confinement and inertial confinement.
Magnetic Fusion Energy (MFE) experiments. aim for a rather large plasma at
15 keV, densities well below solid density, and long confinement times
(seconds to steady state). The ICF,approach, utilizes discrete fuel pellets that
are compressed to very high densities, high temperatures (about 10 keV for

ignition), but very short confinement times ‘(sub-nanosecond).

The target for the National Ignition Facility (NIF) can be used to illustrate
the sequence of events in obtaining inertial fusion yield. Figure 1-1 shows the
baselirie NIF target design, which is based on the indirect drive concept. The
fuel capsule is contained with a gold radiation case, or hohlraum. Intense
laser beams enter the hohlraum through the holes in the end plates and
deposit their energy on the interior walls of the hohlraum. This energy is

efficiently converted to x rays by the hot gold plasma. (Some ICF reactor
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designs envision deposition of ion beam, rather than laser, energy into special
radiators, producing the same x-ray effect). With the x-ray energy largely
contained within the radiation case, the "caPsule receives a uniform energy
flux over its-entire surface. Energy depositioﬁ in the outer layers of the
capsule cause them to ablate outward at high velocity. In a rocket-like
reaction, the inner fuel layers of the capsule are driven to rapid convergence
at the center. Stagnation of the fuel kinetic energy brings the material to very
high temperatures and densities. Thermonuclear burn irﬁﬁa£éd under these
conditions can continue until hydrodynamic re-expansion drops the capsule
density significantly, é process that takes less than a nanosecond.

" An ICF chamber environment encompasses the threats.from target
emission and system response to these threatsl. Again the National Ignition
Facility design will be. used to illustrate these concepts:’. Figure 1-2 gives a
simplified view of the NIF: target chamber with some . of the major
components indicated. The chamber itself is a 10-m diameter aluminum
sphere with numerous penetrations for laser beam and diagnostic access. To
minimize the generationiof' vapor and particulates from x-ray ablation, the
aluminum chamber wall is protected by panels of refractory material (boron
carbide). Final optics assemblies support a vacuum window, frequency
conversion crystals, focusing lens, phase plate, and finally a debris.shield to
permit entrance of the 1.06 um- laser light, convert it to 0.35 pm-light, and
focus this light at chamber center. The purpose of the debris shield is to
protect the more expensive optics behind it from x rays and debris generated
in the target chamber. - Because fhe frequency conversion is only 60% efficient,

some 1.06 pm and 0.53 pm laser light enters the chamber along with the



0.35 pm light. The unconverted light from each beam is absorbed in a dump

on the far side of the target chamber from the entrance point.

A chronology of source and response terms for each system of interest in-
the chamber ‘will enable the proper integration of responses to each threat
over the wide variety of time scéles, from nanoseconds to milliseconds.
Figure 1-3 shows a representative graph of the threat chronology to the NIF
chamber ‘wall and final optics, while Table 1-1 provides a more detailed
descriptions of these events. Laser light initiates the process and drives x-ray
production, both of which occur in nanoseconds to tens of nanoseconds.
Thermonuclear burn starts near the end of the laser pulse and lasts only
about 100 psec. All of the energy in alpha particles (20% of the total) is
deposited in the capsule material, as is 5-10% of the neutron energy. The
remaining neutron energy escapes the target and passes through the chamber
iwall about 100 ns later. After disassembly of the target due to the rapid post-
burn expansion, vaporized target debris is the next energy source, arriving at
the first wall on the microsecond to millisecond time scales. The last threat to
the target chamber is the shraPnel from fragmented supports and shields
originally near the target, which reaches the chamber wall in a few

milliseconds.

Chamber dynamics concerns the interaction of driver and target emissions
with all materials within an ICF target chamber. The first stage in the analysis
is to define the energy source terms in the problem, including the driver (e-g.
laser light), x rays, target debris, and shrapnel. The second part is to determine
the response of the structures in the chamber to each of these emissions. For

x rays, the response frequently involves ablation of a thin surface layer from

3

e e e e e e - c— ——




target-facing surfaces. The materials response calculations produce two key -
results. The depth of material removed is of primary importancé, as this will
give the total mass of material released into the chamber. The velocity and
form (vapor, liquid droplets) of this material must be known to determine
how it will be transported in the chamber. Evaluation of the transport and
eventual deposition of these ablated or fragmented materials is the third step
in the analysis. = Finally, the performance degradation, if any, of each
component (e.g. laser debris shields) is determined to ensure that the target

chamber will perform accéptably on subsequent shots. -

Chamber dynamics analysis requires validated models that allow
prediction of conditions within ICF target chambers. A major part of this
effort is the development of sufficient understanding of each step in the
chronology outlined above. This understanding can then be incorporated
into computer models in a suite of codes: Predictions from these codes can be
validated with experimental data, primarily from the Nova facility at
Lawrence Livermore National Laboratory. The codes can then be used to
predict chamber environments and responses for the design of the NIF
(National Ignition Facility) and future IFE (Inertial Fusion Energy) target

chambers.

Specific needs of the ICF program drive the chamber dynamics
development effort. In the near-term, the use of updated models will penﬁit
optimization of the National Ignition Facility target chamber design. - The
relevant systems include the target inserter, first wall protection, and final
optics protection. The National Ignition Facility will be the next major step in

the development of inertial confinement fusion. Ignition of a fusion target is
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the primary goal, meaning that more energy is produced in thermonuclear
yield than required in laser driver energy. Other goals include investigation
of high energy density physics issues and IFE development. The laser system
will produce over 1.8 MJ (500 TW peak power) of ultraviolet energy with 192
beamlines. These will be directed into-a 10-m diameter target chamber
designed hold the final optics, target, and diagnostics, and contain the effects
of the laser deposition and yield (up to 20 MJ).

In:a somewhat longer-term view, chamber dynamics must be used in the
advanced design and operational phases of NIF to evaluate the impact on
chamber survival (primérily optics damage) from the use of equipment in the
target chamber. The goal is to restrict the placement of diagnostics and the
use of various targets and target shields, or at least to fully understand the
consequences of their use. Proposed experiments by various NIF user. groups
will be similarly evaluated. In the long .term are IFE uses for chamber
dynamics analysis. Many IFE credibility issues will be resolved with NIF
experiments, and chamber dynamics calculations will be necessary to field
and understand these experiments.; These validated chamber dynamics

models will then be used for post-NIF facilities and reactor chamber designs.

1.2 X-ray Ablation Physics

The short duration, high intensity x rays produced in an ICF target can
damage exposed surfaces. In a fusion reactor, ablated vapor is a concern
because the recondensation time for this material may limit the shot rate. In
the NIF, condensing vapors and spalled liquid droplets or solid particulates
can obscure optical surfaces, lowering laser damage thresholds and

transmitted beam quality. The x rays may also deposit sufficient energy to




damage these optical surfaces directly.. The ablation process must be well
understood to permit successful design of ICF target chambers.

- The interaction of. the various x-ray energy source terms: typically takes
place in a very thin layer on the surface of a material. For exa‘mp-le, most of
the energy from sub-keV x rays will deposit in just a few microns, even in
low-Z (low atomic number) materials:' Another feature of these source terms
is a very short time scale during which the energy is deposited, typically a few
nanoseconds for most ICF x-ray sources. Because méterjals can not conduct a
significant amount of energy away. from the surface layers in this time,
surfaces may be ‘driven past their. melt or vaporization points. An
accompénying pressure tise will occur in the heated-material, driving shock
waves into the bulk material and possibly ejecting the melted material from
the surface. This section addresses the complex hydrodynamic and thermo-
dynamic processes during x-ray ablation. . T i

X-ray ablation is governed by four physical phenomena. : The first is the-
energy deposition’from the x rays through the thin surface layers of material.
Transient theérmal .conduction:allows this energy  to. move. 'within the
material, which is particularly important near the s’trongly heated surface
layers. Heating causes thermal expansion, which raises pressures and causes
hydrodynamic motion as the pressures release from the surface. The fourth

process is the removal-of material through vaporization andfor. spall.

“The x-ray deposition calculation is’generally straightforward, in that.
published tables of photon cross-sections! can be used at most fluences of

interest. (less than. 10 J/cm2). The given input spectrum is divided into




numerous groups (50-100), and the energy absorption for each group is
tracked through the material. The total energy at any depth is just the sum
over all energy groups. Deposition of incident energies in excess of 10 J/cm? -
over a few nanoseconds involves more complex physics. A-plasma may be
generated, so that the atomic physics processes must be modeled. These

include ionization, differing electron and ion transpofc, and bleaching:

Laser ablation of materials is a closely related topic that has been studied
extensively. Dabby and Paek? provided an analytical description 25 years ago.
More recent work includes Kelly et al® and Ho, Grigoropoulos, and
Humphrey.# X-ray deposition generally produces different types of material
response than does corresponding levels of laser energy deposition. The
primary distinction is the depth of deposition, which is generally on the order
of microns for x-ray energy and tens of Angstroms with laser energy. One
result of the difference in deposition length scales is that models of heat
"transfer in the two cases are based on different assumptions. In the laser
deposition problem, heating is often considered as a surface flux that
eventually melts and vaporizes the target material on two moving fronis.
Conversely, for x-ray deposition (at least without surface vaporization) the
front surface can be thought of as thermally insulated on the typical short,
sub-usec time scales. As interior. material is raised in temperature, a
substantial layer of two-phase (solid/liquid) material can be created, a

phenomenon not usually observed in surface-heating laser ablation work.

The second result of the longer (x-ray) energy deposition distances is the
importance of the hydrodynamics of the interior material. The rapid increase

in internal energy due to x-ray deposition. creates high pressures within the
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material, according to its density and equation of state. This pressure drives
expansion’ (hydrodynamic motion) from the surface layers away from the
bulk of the material. As the expansion stops at the end of the x-ray pulse,
rarefaction waves (tensile stresses) propagate from the surface into the bulk of
the material. Such tensile stresses can be very important as mechanisms for

ablation of heated material.

Three distinct material 'removal mechanisms have been identified:
surface vaporization, thermal shock/spall, and liquid ejection. Vaporization |
is the flux of atoms or molecules leaving the surface of a strongly heated solid
or liquid. Brittle materials are subject to thermal shock/spall when cracks
initiate after initial melting due to thermal stress and are propagated to
failure by tensile waves on subsequent x-ray exposure. - Melt layer ejection can
be caused by several processes, including sub-surface boiling and Rayleigh-
Taylor instabilities: From combinations of these removal mechanisms,
ablated material can exist in a variety of forms, from vapor to liquid droplets

or solid particulates.

Thermodynamics and heat and mass transfer rates will determine the
state of the ablated mateﬁal that moves about the chamber. Whether this
material exists as a vapor.or as condensed droplets is one major aspect of
material state. Material initially in the vapor state may partially condense
during -its expansion and cooling, through a homogeneous nucleation
process. Conversely, liquid ablated from a surface may rapidly evaporate as
the local pressure drops, as has been observed in short-pulse laser ablation
experiments.® The final state will depend on the relative rates of heat and

mass transfer in the nanosecond-to microsecond time immediately following
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ablation. The chemical kinetics of recombination for any molecular, rather
than elemental, material may also have a significant impact on the final

material state, as noted in Chen.6

Another possible damage mechanism is spall within the bulk solid
material. Ablation pressures experienced in these materials will generate
shock waves that will propagate into the bulk solid material. The rapid
expansion of the material on the new front surface will subsequently launch a
rarefaction wave directly behind the shock. This combination of shock and
rarefaction waves may cause spall in the bulk material or debonding of a thin _
coating layer. Particularlf large tensions are possible at locations where a
rarefaction wave reflects off the rear surface of a thin material layer. Thicker
material layers (generaily more than a few millimeters) are not at risk from
shock damage, as the rarefaction wave quickly overtakes the shock, greatly
reducing the amplitude of the propagating stress pulse.. Analysis of the
failure process must include rates of void nucleation and crack growth,

because the stress pulse duration is on the order of nanoseconds.

1.3 Overview

The objective of this dissertation is to*observe, understand, and model x-
ray ablation, particularly in those materials likely to be used in NIF. The first
step is the determination of what the x-ray threat will be on NIF, to obtain the
best possible simulation with experiments. The second step is experimenta-
tion ‘on the materials of interest to determine their response to x rays. The
third step is the development of models of the ablation process. In particular,
the models of removal mechanisms are refined and benchmarked with the

experimental data. The end result is an analytical tool for prediction of
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material removal for the NIF and other ICF facilities. This will determine the
mass loading of ablated material in the target chamber and will serve to
initialize the codes that calculate material motion within the chamber. This
section describes the major results of the dissertation toward meeting its

objective.

A major improvement in the modeling of x-ray emissions from ICF
targets has been achieved with newly available computational tools.. The
primary. target of interest for NIF response calculations is the baseline indirect
drive design for 20-M]J yield with 1.8-MJ, 500-TW- input laser energy. This .
target provides the worst case loadings on the NIF chamber components.
Chapter 2 gives detailed descriptions of x-ray outputs, including fluences,
spectra, and pulse shapes.- With this information as a starting point, other.
calculations determine the source term variations caused by changes in
hohlraum wall thickness, hohlraum size, and target yield. Other targets of
interest for NIF include gold disks, or other specialized types. Another
important set of modeling runs discussed in Chapter 2 focuses on output
from Nova targets, to provide for benchmarking of code results against
experimental data. These techniques can potentially be extended to
determine the emissions from:targets relevant to.inertial fusion energy

reactors. - o .

The x-ray emission predictions are important in development of response
models because they provide a necessary understanding of x-ray conditions
relevant to NIF. The NIF output predictions also serve as a basis for selection

of the proper range of experimental conditions. Finally, these x-ray emissions
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are needed for the most immediate use of the response models developed

here, the extension of the Nova test data to NIF conditions.

Experimental investigation of the ablation process comprises the second
stage in this study. The Nova laser facility at Lawrence Livermore National
Laboratory was used to expose a variety of materials to x-ray fluences from
1 to 3.5 J/cm?. Chapter 4 describes a significant amount of new data on
material removal /depths as a function of x-ray fluence that was generated
with this unique facility. Detailed examinations of exposed surfaces with a
range of microscopy techniques provided the key to determination of likely
mechanisms of removal. The three mechanisms identified were
vaporization, thermal shock/spall of solid material, and liquid expulsion.
Knowledge of removal mechanisms guided model development and

provided benchmark data for the completed codes.

The final objective is development of validated models that capture the
essential physics of ablation process. A new code, called ABLATOR (Ablation
By LAgrangian Transient One-D Response), is the result of this development
effort. Chapter 3 presents the components of the numerical model, including
x-ray deposition, heat conduction, and hydrodynamics. An important feature
of the model is the treatments of the individual removal mechanisms
identified, which are also described in Chapter 3. Application of these models
to the results of the experimental work helped to determine the relative
importance of various removal mechanisms in a particular material.
Chapter 5 details this modeling for each of the materials examined in Chapter
4. Particularly good agfeement was found between experiments and

predictions for materials that ablateé by surface vaporization.
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Chapter 6 discusses applications of the ABLATOR code beyonid matching
the Nova experimental data. ‘The new models are used to extend
experimental results for tested materials from Nova to NIF x-ray conditions.
Another application for the code is to determine likely material removal
mechanisms and ablation depths for untested materials. Chapter 6 evaluates
the performance of each removal model to assess the code’s predictive ability
in' these applications. It is determined that minimum ablation losses (from
vaporization) can now be quantified, and removal depths due to other

mechanisms can also be estimated.

12




References

1) Cullen D.F,, et. al., "Tables and Graphs of Photo-Interaction Cross Sections
from 10 eV to 100 GeV Derived from the LLNL Evaluated Photon Data
Library (EPDL)", UCRL-50400-V 6, Oct 1989.

2) Dabby FW, Paek U., "High-Intensity Laser-Induced'Vaporization and
Explosion of Solid Material" IEEE J Quant Elec, Vol QE-8, N2, p106-111,
Feb 1972. , : -

3) Kelly R, Miotello A, Braren B, Gupta A, Casey K., "Primary and Secondary
Mechanisms in Laser-Pulse Sputtering”, Nucl Inst & Meth, B65 p187-199,
1992.

4) Ho JR, Grigoropoulos CP, Humphrey JAC., "Computational Study of Heat
Transfer and Gas Dynamics in the Pulsed Laser Evaporation of Metals",
J Appl Phys V78 N7, p4696-4709, Oct 1995.

5) Downer M.C., et. al.., "Femtosecond Imaging of Melting and Evaporation
at a Photoexcited Silicon Surface", J. Opt. Soc. Am. B, Vol. 2, No. 4, April
1985. '

6) Chen X.M., Peterson P.F., and Schrock V.E., "The Calculation of Kinetic

Rate Constants for LiF and BeF2," Fusion Technology, Vol. 21, pp. 1537-
1540, 1992.

13




Gold Hohlraum
. (1.0cm x 0.6cm diam) |

Yy

Figure 1-1: Indirect drive NIF target design showing entrance of laser
beams. Beams are arranged in two axially symmetric cones at angles of
about 25° and 47° from the hohlraum axis. Indirect drive refers to lasers
generating x rays, which then drive the capsule implosion.
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Table 1-1: Approximate Source Term Chronology (20 MJ Yield)

Start Time | End Time Event
-20 ns 0 ns laser beams enter hohlraum
0 100ps |thermonuclear burn
2ns - 21ns neutrons reach target positioner
3ns - hohlraum wall burnthrough (30 um wall)
20 ns 85 ns x rays hit first wall (0% - 90% of energy)
9% ns 100ns |neutrons reach first wall (0% - 90% dose)
130 ns 135ns |neutrons reach debris shields (0% - 90% dose)
10 ps 60 us hohlraum Wall material reaches first wall
250 ps 1 ms ablated target positioner material reaches 1st wall
1.9 ms 10 ms |target support & shield shrapnel reaches first wall
- 100 ms |ablated materials fully condensed
100% L ' . L

x
S 75%-
|18
©
b
(o]
=
Of. ot
s 50%
c
2
L 4
©
c
L 25%-

neutrons

0%
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| Time (seconds)

Figure 1-3: Approximaté chronology of x-ray, neutron, and debris
deposition at NIF first wall. Fusion burnatt=0, -
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2. X-ray Source Description
2.1 Introduction

Target chamber designs for ICF (Inertial Confinement Fusion) facilities
must ensure that all performance requirements are met. For example,
survival of the final optics is the primary goal for the NIF (National Ignition
Facility). The threat to final optics from direct (target x-rays and debris) and
indirect (debris from ablation of chamber components) sources must be
evaluated. Accurate knowledge of the x-ray emissions from NIF targets is a

critical first step in this process.

Calculation of x-ray emission from an ICF target requires complex
treatment‘ of many physics processes. LASNEX!, an LLNL 2-D radiation-
hydrodynamics code with an extensive history of ICF development and
experimental validation, incorporates detailed models for these processes and
thus-is currently considered the most accurate tool for simulating ignition
and burn of ICF targets. The x-ray emission from targets depends primarily
on the configuration and temperature of the target material before and
following ignition. Because LASNEX currently provides the best available
information on transient target-material configurations-and temperature,
here LASNEX has been used to predict x-ray emission for a variety of ICF
targets. 1 compare these predictions with experimental measurements of x-
ray emission from. hohlraums fielded on the Nova laser, to validate
LASNEX's predictive capability for numerical experiments studying ICF target

x-ray emission.

This chapter describes the calculations and details the current NIF x-ray

sourcé term predictions. The predictions presented here are based on a
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number of 1-D simulations. These have been run out to late times to
characterize target output variations with both target yield -and hohlraum
wall thickness. Validating data from some. preliminary 2-D simulations? are

also given. - S L

2.2 Model Description _ S

The baseline NIF target design is based on the indirect drive 'cohcept3'4.'
The DT fuel capsule is surrounded by a cylindrical gold hohlraum. Laser
beams enter the hohlraum through holes in the end faces'and strike the
inner surface of the gold walls. The laser pulse is 20 ns long, with 80% of the
energy coming in the last 3-4 ns. The laser energy is efficiently converted to x
rays, which provide uniform illumination of the capsule. “The x rays drive
the compression of the solid DT fuel shell by ablating the outer CH layer of
the capsule. Figure. 2-1 shows the.baseline target and the 1-D model-
approximation. Table 2-1'contains some of the key parameters for the target

and model.

The model used for this study is a 1-D spherical approximation to the NIE -
target design. The spherical capsule is modeled well in this case, except that
no nonuniformities, instabilities, or mixing of layers is possible. 'In this
respect, the 1-D model will produce the upper limit for yield in any given
target design (30 MJ in this case).- A more realistic limit is about 20'M]J yield.
The surface area of hohlraum Walll in the model matches that of the NIF

target by appropriate choice of the inner radius of the gold shell.

To approximate the effect of the laser entrance holes (LEH), radiation is

permitted to leave the interior of the 'gold sphere directly by using a "leak.
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Table 2-1: Specifications for modeled NIF indirect drive target design.

Yield 30 MJ (Max)

Laser Energy 1.8 MJ

Peak Laser Power : 500 TW

Laser Pulse Shape 16ns foot, 4 ns peak

DT Mass 326 ug

DT Temperature 0.01 eV

Capsule Inside Radius 0.0995 cm - :
Capsule Outside Radius DT 0.109 cm / ablator 0.127 cm
Hohlraum Length’ 1.0 cm (inside)

Hohlraum Diameter 0.6 cm (inside)

Hohlraum Wall Thickness 30 pm

Hohlraum LEH Diameter 0.3 cm -

Hohlraum Liner none ,

H/He Gas Mix 20%/80%

H/He Temperature - .10.01eV

H/He Density 0.001 g/cc

Window Thickness 1.0 um (not modeled)
Window Material Kapton (tho = 1.425) (not modeled)
Cryo System Copper Mass (g) |~200mg (not modeled)

Cryo System SS Mass (g) ~ 10 mg (not modeled)

source". . The model applies this leak source (actually anlc’energy sink m this
case) to the H/He region between the capsule and the gold interior. The leak
rate is 1/4 times the particle velocity times the hole~ area ciivided by the total
volume of all zones in the leak region, which gives the fraction of photons
leaked out per unit time. This equation is based on the relation fr;>m kinetic
theory that the number of molecules striking a surface per unit area per unit
time is 1/4 times the particle density times their velocity. Gold vapor
expanding from the interior walls may partially or completely ciose the LEH
openings. Resolution of this issue will require 2-D calculations and some
experimentation. Until these data are available, two limiting scenarios will

serve to bound the problem. One models a quickly closing LEH, while the
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other leaves the entrance holes open for the duration of the simulation.

These models are shown in Figure 2-2.

One parameter of the target design that can be modified without
significantly affecting the capsule yield 1s the’ thickness of the gold hohlraum
wall, prov1ded some mlmmum value is mamtamed With a wall that is
thicker than nominal, it is expected that x-ray output would be reduced at the
expense of mcreased debris generation. .A thinner wall would conversely
move the x-ray/ debris split in the opposite direction. Simulations were
performed - at. different hohlraum Wall thicknesses, using the same 1ns1de
radius as the basehne model. All runs used the nommal 30 MJ yield capsule
des1gn

ThlS study also d,etervmined” target output with a range of capsule yields.
The parameter used to give different yields was the DT gas density inside the
fuel shell. The mechanism of capsule yield reduction with increased gas
density will be discussed in the next section. Seven different gas densities

gave a range of yields from the baseline 30 MJ down to 1/2 MJ. -

All runs used the same driving enei:gy source. In the H/He regioh
between the capsule and the inside of the hohlraﬁm, the radiation field was
- specified as a functibrj of frequency and time. This source is based on the
results of more complex calculations of radiation-hydrodynamics conditions

inside a laser-driven NIF hohlraum. |

" The simulations were taken out to very long times (for LASNEX runs) of

at least 150 ns. The criterion for a minimum stop time was that the internal
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energy remaining in the hot gold had to drop to a small part (<5%) of the total
non-neutron energy. After this time, x-ray emission is negligible and the

remaining energy is in debris kinetic energy.

2.3 Physics of Hohlraum Disassembly |

The hohlraum functions as an enclosure for X-ray radlatron, providing
uniform illumination of the spher1cal fuel capsule. Laser beams initiate the
process with eff1c1ent conversion to x-ray energy through interaction with the
interior wall matenal of the hohlraum. Except for losses out the 1aser
entrance holes, this emitted energy is essentially trapped W1th1n the
hohlraum. The x rays are continually absorbed and reemitted by the wall
material, which drives the whole interior of the hohlraum to a uniformly
high temperature (~300 eV). As the wall matenal is heated strongly by the x
rays, a radiation wave starts to propagate through the thickness of the wall.
The balance among the energy input from the lasers, radiation losses out the
LEH, and d1ffus1on through the wall, determines the interior temperature of
the hohlraum Because radiative losses decrease and x-ray conversion
increases with hlgher atomic number, matenals like gold are used for the

hohlraum.

Absorption of X rays by the ablator surrounding the fuel shell heats the
material and drives it outward very rapidly. By a rocket-type reactlon, the
fuel shell is driven radially inward at high velocities. When the fuel
stagnates at the center, its kmetrc energy is converted into thermal energy If
the temperature and ion densrty are suff1c1ent1y hlgh a thermonuclear bum’
will begin and consume a s1gnrf1cant fraction of the fuel before capsule

disassembles. The energy of the burn is d1v1ded 80%/20% between neutrons
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which largely escape from the target and alpha particles which are generally

absorbed in the capsule material. - S

While the laser-driven radiation in the hohlraum is important for
1n1t1atron of fusmn burn, the dominant energy source in the hohlraum
dlsassembly comes from the mteracuon with the post—bum capsule material
with the hohlraum wall. LASNEX calculations show that about 75% of the
yield energy escapes as neutrons Since DT fusion g1ves 80% of its energy in
neutrons, a modest fraction is being absorbed in the capsule material. This is
poss1ble in spite of the generally low neutron scattering cross sections in the
target matenals because of their very hlgh pR (product of den51ty and radial
tluckness) at burn tlme For the 30—M] y1e1d cases, up to a total of 7 MJ is
depos1ted in the target compared to the input 1 8 M] of laser energy
Deposition of the burn parucles heats the capsule matenal strongly and drives
a rapid expansmn This thh energy matenal stagnates against the inner wall
of the gold hohlraum, creatmg high temperatures and pressures. Some of
this energy is rad1ated d1rect1y out the laser entrance holes and some launches
strong shocks and radiation waves mto the remammg hohlraum Wall
material. When these waves break out or burn through, the wall matenal
radiates much of the energy as X rays. The remaining energy goes to the

kinetic energy of the hohlraum and capsule expans1on

It was mentioned in the model descnptlon section that the gas fill density
in the center of the fuel capsule was used to vary the fusmn y1eld At the
baseline gas density, the capsule d1ameter is reduced by a factor of 35 from its
initial value to the value at peak compress1on Because work must be done

agamst the central gas, mcreasmg the gas dens1ty inside the shell will prevent
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the fuel from compressing as far. Witha larger minimum diameter in the
compressed fuel, the peak density falls and lower yield is achieved. Figure 2-3
shows results of calculations from Haan? for a target somewhat smaller than

the design considered here.

The baseline target hohlraum described in the previous section is filled
with a hydrogen/helium gas mixture. Calculations have shown this gas to be
necessary for suppressing the "blow-in" of the wall material until late times.
By keeping the material near its original location, the laser beams, which
intercept the wall at angles from 23° to 50°, deposit their energy in roughly the
same axial and radial locations through the pulse. This helps to maintain x-
ray illumination symmetry within the hohlraum. It is the radial motion of
gold wall material from the end caps across the LEH openings that cause the

hole closure modeled in the simulations (plotted in Figure 2-2).

X-ray emission from the NIF targets can be divided into two components.
One source is the radiation escaping directly out of the laser entrance holes
from the hot interior of the hohlraum. The bulk of this energy is emitted-
when the interior is hottest (just after burn), and so it is characterized as
having a high effective blackbody temperature and relatively short pulse
length, as the material quickly cools from its peak temperature. Because the
emission is from a hole in a blaékbody enclosure, the radiation has a
Lambertian distribution. (This is a cosine law dependence with the angle
from the normal to the hole, with a peak of twice the isotropic fluence.)
Some reduction is seen within a few degrees of the axis due to the reduced
view to the 'hot hohlraum walls. The Lambertian distribution has been

confirmed with 2-D LASNEX runs.2 Figure 2-4 plots the predicted emission

23




from these runs as a function of angle from the hohlraum axis, together with

a Lambertian distribution curve. - '

The other x-ray component emitted comes from transmission through
and emission from the hohlraum wall. The effective emission temperature
from the wall is significantly lower than from the LEH because the energy is
distributed over a larger mass. The pulse length is much longer than for the
LEH component because the large mass at lower temperature has a lower
cooling rate than a small mass at high temperature. Since the emission rate
goes as the fourth power of the temperature, more time is required to emit a
given amount of energy. Because of the initial geometry, with gold surfaces
normal to both the axial and: radial directions,. it is .assumed that the X-ray

emission from the wall is isotropically distributed.

2.4 Experimental Validation
24.1 Introduction

- LASNEX simulations are valuable in predicting the x-ray threat to compo-
nents inside the NIF target chamber. Models of igniting (and other) targets
are run well past burn to determine how the ‘non-neutron energy is
eventually partitioned. Emission from and through the gold hohlraum wall’
is expected to be in long, cold pulses (<100-eV blackbody spectrum, 60 ns).
This is not a regime where the code is often used, so there is some question of
the accuracy of its predictions. This section describes a Nova experiment to
benchmark the low energy, late time performance -of the code. A good
correlation to the test data will give confidence in using LASNEX to

extrapolate to NIF scale target emissions.
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The test case target was chosen to be an empty scale 1 Nova hohlraum
(2800 pm x 1600 pm diémeter) with a 3-um gold wall thickness. The laser
drive was taken to be 28.3 kJ of 30 (0.35 um) in pulse shape 22 (2.2 ns long).
These conditions allowed the DANTE diagnostic> to measure the spectrum

and x-ray emission as a function of time.

2.4.2 LASNEX Model Description

A 1-D spherical approximation was made for the hohlraum, based on an
existing input deck for a Nova hohlraum. The radius was chosen to give the
same surface area of gold as with the actual hohlraum. Energy input came
from a laser source depositing on the inner surface of the gold. Losses out the
laser entrance holes were simulated with a leak source, which allowed
radiation to eséape from the interior of the gold. The amount of energy
released is in proportion to the fractional open area in the original hohlraum
geometry. ‘The simulation was run from start of the laser pulse until 100 ns

had elapsed, by which time the x-ray emission had essentially decayed away.

2.4.3 Nova Experiment Description-

Two ‘thiri-walled hohlraums described in the introduction were built and
fitted with copper shields having a large rectangular opening. The hole in the
shields measured 1950 pim x 700 pm and so gave the DANTE diagnostic a
view. of a large area on the outside of the hohlraum wall. (DANTE's view is
normal to the cylindrical hohlraum surface.)- In addition to DANTE, the FXI
(flexible x-ray imager) was used, motinted in SIM 1 (six-inch-manipulator #1).
The laser drive came from 9 beams, as one was out of service at the time. By
adjusting other beam energies, however, the total laser energy in. the

hohiraum was very near the goal of 28.3 kJ (about 28.1 kJ). Pulse shape 22 was
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used to match to the LASNEX code simulation. Both Nova shots
(RET_XEMIT_01 & _02) provided essentially identical results. -

244 Results.

One measure of comparison between code and experiment is.the spectrum
of the x-ray emission as a function of time. From the code, this is obtained
from a least-squares fit of a blackbody curve to the instantaneous spectra at
several time steps. The Nova result is the curve based on DANTE data
reduction that fits area-under the measured spectral curves with appropriate
blackbody fits. The resulting curves are plotted in Figure 2-5. The peaks in
the curves agree very well, both in time(a few tenths of a nanosecond) and in
temperature (within 1.5 eV). The rate of decay from the peaks also matches
well, providing a key piece of information. on the‘validity.of the code
simulations:' The measured spectrum does rise gradually m earlier times, in-
contrast to the LASNEX predictions of a more distinct breakout of the
radiation wave. The FXI photos show that the areas under the laser spots are
quite a bit hotter than the other areas of the hohlraum wall. The early’

measured emission is likely due to this non-uniform heating effect.

Another way to examine the results is to compare the x-ray. fluxes as a.
function of time. This is shown in Figure 2-6. Here again there is good
agreement between DANTE and LASNEX in both the timing of the emission
peak and the behavior at late times. The major. difference in the curves is
that LASNEX-does predict quite a bit higher peak emission rate than' the.
measured value. This indicates that the.code may be more sensitive to some
fine details at breakthrough time than ‘during the long cool-down period. For

example, the 0.3 pm (10%) tolerance in hohlraum wall thickness may account
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for much of the differences near 2.5 ns. Part of the sensitivity comes because

the burnthrough comes just as the laser pulse ends.

' Finally, the curves in Figure 2-6 were integrated to give a running sum of
the x-ray emission as a function of time. Figure 2-7 gives the resulting plot.
A comparison of the curves shows that the LASNEX prediction is higher than
the DANTE result by about 1.5 kJ at a time of 4 ns. Because the slopes of the
emission fluxes agiee at late times, one would therefore expect this difference
to rémain essentially constant at longer times. The code predicts 11.5 kJ of x-
ray emission through the wall after 100 ns have elapsed, so the experiment
can be estimated at a total of 10 KJ. Therefore the code prediction is about 15%
too high in terms of total emission, due primarily to differences in flux at the

time of breakthrough.

2.4.5 Conclusions /

The Nova experiments have validated much of the LASNEX prediction
for x-ray emission from and through the gold hohlraum wall. Therefore we
can have confidence in the code results for the NIF x-ray threat, aithough
refinement in the details of the behavior néar the time of radiation

breakthrough might improve prédictions somewhat.

2.5 Rgsults .

Table 2-2 summarizes results for a range of yields with a 30-um thick
hohlraum wall. The target energy that does not escape as neutrons is made
up entirely of debris kinetic energy and x-ray emissions. As noted previously,
this amounts to about 25% of the yield, plus the laser input energy. The

numerical model captured the x-ray emission in two components. First is the
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radiation leak source that simulates LEH losses. The other part is -a radiation
flux contour on the outside surface of the gold for. transmission through and
emission by the gold hohlraum wall. Shapes of spectral curves for each
radiation were fit to blackbody (color) temperature (BBT) curves. A single
blackbody curve fit the LEH emission spectrum for any particular run. Two
blackbody temperatures were required to match the wall radiation spectra
because of cooling during the long output pulse.. The table lists the total

energy in each component of the total x-ray energy. Pulse lengths were

Table 2-2: Summary of NIF x-ray emissions from gold disks and 30-um wall
indirect drive targets.

. . Debris Xeray Pulse ~ Fluence  (J/em?2)
Target Yield * Energy Energy BBT 10-90% | Smeters 5meters 5 meters 5 meters

_MJ MJ My ev ns 10° 30° 50° 90°

disk (1 MJ) - 0.2 0.70 200 3 0.45 0.39 0.29 0.00

disk (1.8 MJ) - 0.3 1.26 200 3 0.80 0.69 0.52 0.00

hohlraum 0.1 0.75 1.08 - 0.57 0.51 0.41 0.12
closing 0.70 255 10.0 0.45 0.39 0.29 0.00
LEH - 0.23 52 61 0.07 0.07 0.07 0.07
0.15 12 61 0.05 0.05 0.05 0.05

hohlroum 5 1.15 1.87 ] 0.90 0.82 0.68 0.30

closing 0.94 290 9.0 0.60 - 0.52 0.39 0.00
LEH 0.78 75 60 0.25 0.25 0.25 0.25

' 0.15 18 60 0.05 0.05 0.05 0.05

hohlraum 5 0.87 2.15 1.23 1.08 0.84 0.14
open 1.70 240 19 1.08 0.94 0.70 0.00
LEH 0.29 58 175 0.09 0.09 0.09 0.09
0.16 13 175 0.05 0.05 0.05 0.05

hohlraum 20 2.05 4.54 2.03 1.87 1.61 - 0.86
closing 1.84 400 6.3 1.17 1.01 0.75 0.00
LEH - - 250 89 49 0.79 .0.79 0.79 0.79
’ 020 18 49 0.06 0.06 0.06 "0.06

hohlaum 20 ' 1.65 4.94 ‘ 2.64 2:35 1.88 0.51
open 335 320 13 213 185 137 0.0
-LEH ’ 1.38 81 67 0.44 0.44 044 - 044

0.21 15 67 0.07 0.07 0.07 0.07
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determined from the time:history plots of each component as the time for

emission of from 10% to 90% of the total energy.

Predicted outputs from disk shots are also shown in the table, to give a
more complete set of possible x-ray source terms. The disk target predictions
are based .on experience with similar targets in Nova, with a. 70% x-ray
conversion efficiency assumed for the 0.35 pm laser irradiation. The
blackbody temperatures of 200 eV ‘sho"uld'be a conservative estimate for these
sources.

Table 2-2 also gives x-ray fluences at the first wall (5 meters from the
target) at .various angles from the hohlraum\ axis. ) Eor thesé calculations, the
assumed a:glgular distributions are .isotropic*eﬂmission.for, wall radia;cion and
Lambertian distribution (cosine law) for x rays emitted frorﬁ the LEH. Disk

shot emission is assumed to be fully Lambertian.

A curve-fitting technique was used to approximate the x-ray output pulses
obtained from the 1-D simulations to permit implementation in the x-ray
reéponse ;:ode. Wall and LEH emiséions are éullvejﬁt éeparately. The form‘ of
thé curve fit is a double éxponential. The four-pa:'rametér curve-fit equation
is:

Power =a* [e—b*(t—t°) - e—c*(t—%)] for t>to ‘ (1)

o= -] e

The parameters have the following interpretations:
a - scaling to obtain the correct energy
b - time constant of decaying output pulse
¢ - time constant for pulse rise time
to - fit to starting time of pulse relative to some reference
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The double exponential fit is well suited to describing the x-ray pulse
shapes. The (usually) rapid "turn on" of the LEH and wall emissions can be
captured, as ean the slow decay. The decay in the LEH x rays comes from the
gradual hole closure and the cooling of ‘the hohlraum interior. The wall
emission decays with its temperature as energy is lost radiatively and as the
material expands into the vacuum. Table 2-3 contains the fit parameters for
the 30-um wall hohlraums at various yields.- As examples, Figures 2-8.and 2-9
show the x-ray pulses for 20 MJ and 100 kJ shots with a 30 pm hohlraum wall.

Table 2-3: Double exponential curve-fit parameters (see equations 2 & 3) for x-
ray pulses from 30-iim wall NIF hohlraums. All times are referenced to the
start of a 20 ns laser pulse.
Yield LEH | olEH bLFH olEH to-LEH | aWall bWall cWall to-Wall
MJ - model Mi/ms , nstl- . nsl - .. ns MIJ/ns ns-l . ngl - ns
0.1  closing | 0.611 0.301 0.466 1594 | 0.0109 0.0230 0.153 68.71

5 closing | 0739 0287 0450 1627 | 00420 00347 0147 4391 "
5 open | 0236 0133 3578 1676 | 0.0078' 00173 1.568  53.30
20 closing [ 0.741 0368 4332 2051 | 0.1477 00503 0.641 2233

- 20 open -| 1.354 . 0.289"  "1.021 19.07 | 0.0867 ~ 0.0446 0.241 20.50

Ermssmn from the LEH starts sooner (has a lower to) for the 100-k] shot '
than for the 20-MJ shot. This brings out the fact that there are two sources of
the target energy with different timing. First is the laser energy, Wh1ch peaks
several nanoseconds before the thermonuclear burn occurs. In the low
energy shots, the laser energy dommates, so the bulk of the emission occurs
sooner. In the high yield shots, the capsule energy is s1gmf1cantly greater than
the laser energy, as discussed in section,?2. 3. . Thus for the high y1e1ds, the

curve fit to pulse shape pnmanly follows the burn emlss1on
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The x-ray energy predictions reported in Table 2-2 were scaled up from the
1.0 MJ radiation source used in the simulations to the full 1.8 MJ laser energy
baseline case. This was done to provide a more conservative estimate of the
target output for each run. For scaling each run, total x-ray energy was
maintained at the same fraction of non-neutron energy as calculated in the
run. Similarly, the run's x-ray energy partition between LEH and wall
components was used to distribute the increased x-ray energy. Blackbody
temperature fits were not adjusted for the increased target energy because the
spectra change slowly with energy. Ignoring this small correction gives .a
slightly more conservative source prediction. Pulse lengths also were not
corrected for the increased target energy, so that the only change to the pulse
shape parameters given above was to modify "a" to produce the proper

integrated x-ray energy.

2.6 Discussion
2.6.1 General

Until this detailed study was undertaken to examine the specific target
designs envisioned for the NIF, the predictions for x-ray output were based on
general trends developed for a variety of target types. In particular, it was
assumed that the non-neutron energy (the laser energy plus 20% of the yield)
was evénly divided among x rays and target debris. The results obtained with
this series of LASNEX simulations indicate an x-ray fraction of 60 - 75% of the
non-neutron energy, rather than 50%. This represents a ‘considerable
improvement in the prediction for the NIF target chamber. In a similar way,
Inertial Fusion Energy (IFE) studies could benefit from the more detailed

predictive capability now available. For example, the HYLIFE II reactor design
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is based on the assumption of a 50/50 split between x rays and debris of the

non-neutron energy (one-third of the total target energy). .

Uncertainty in the rate of laser entrance hole closure ’required the
calculation of two bounding cases. .The open LEH model gives a total x-ray
energy emitted of about 10 - 15% higher than with the closing LEH model.
This is a modest change compared to the difference in the way the x-ray
energy is divided between LEH and wall emissions in the two cases. For
example, the Table 2-2 data show that in the closing LEH scenario, the wall x-
ray emissions are 50% and 60% of the total for the 5-MJ and 20-MJ yields,
respectively. The open LEH model gives the wall emission 21% and 32% of
the totai for these two cases. The "open” model gives a wall emission about
half that of the "closing" model. This is because the internal hohlraum
energy escapes quickly and is not able to couple into the wall material in the

open case.

The question of which of the two LEH closure models produces the most
severe x-ray threat to the chamber is a complex one that depends on the
surface material and chamber location of interest. . For-a material .that
damages according to the maximum mielt depth (as thé.NIF first wall coating
of boron carbide is thought to), the open LEH model emissions near the
hohlraum axi$ are the most stressing. For materials whose damage is more
associated with peak surface temperature (e.g., the fused silica beam dumps
on NIF), having more energy in the colder spectrum of the wall emission
may make the closing LEH the worst case. The reason for presenting both
open and closing LEH model results is to allow response calculations. to

determine the more damaging scenario for a given set of conditions.
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 The x-ray emission from the wall requires a composite of two blackbody
curves to accurately fit the time-integrated LASNEX spectrum. This is
necessary because the wall material cools significantly due to radiation losses
and expansion into vacuum. Einission .in the higher photon energy bins
(above a few hundred eV) falls off rather rapidly, while the lower energy bins

continue to emit throughout most of the simulation.

The laser entrance hole spectrum:(closing LEH model) can be fit with a
single blackbody curve because closure of the entrance holes occurs before the
temperéture on the hohlraum interior can fall significantly. With the open
LEH assumption, a single blackbody fit also serves at high yields because the
strong pulse of emission near the times of burn and collision of the capsule
material with the wall dominates the later time emission after the interior
has cooled. In the no-yield case, where the LEH output comes solely from the
laser pulse, the closure of the LEH happens late enough that there is little

difference between the open and closing LEH cases.

2.6.2 Variations with yield

Higher energy shots drive up the temperatures of both the hohlraum
interior and the bulk hohlraum wall material. - Rédiated power is directly
proportional to the fourth power of ’éemperature, so the higher energy targets
will emit more energy. than lower energy targets. The fraction of the non-
neutron energy in x rays should therefore increase with yield. As shown in
Figure 2-10, the x-ray fraction of non-neutron energy with the closing LEH
model increases from just below 60% to 72% as the yield increases from 0.45
MJ up to 30 MJ. The open LEH results show a variation from 70% to 77%
with yield.
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Figure 2-11 shows the variation in the fraction of total x-ray energy
emitted out the LEH. At the low yields, there is much less energy available to
heat the hohlraum wall material sufficiently to-radiate significant energy,
which lowers the relative contribution of the wall emission. This explains

why the LEH fraction of X-ray emission is highest at low yields.

Examination of Table 2-2 shows that the effective blackbody temperature
of the LEH emission is nearly a linear function of yield. This is expected since '
the kinetic energy and temperature of a gas.(plasma) are related by E = 3/2 kT.
The hohlraum is a good radiation case to maintain this temperature for the
duration of the x-ray output pulse. The data in the Table 2-2 show that higher
yields also cause higher emission temperatures in the wall component The
varying energy fractions in the two-BBT fit to the wall ~output make a more

complex relation between temperature and yield than for the LEH emission.

The pulse lengths, defined as the time for 10% to 90% of the energy
emission to occur, are plotted against yield in Figure 2-12. Shorter pulse
lengths at higher yields are the result of higher emission rates at the higher
temperatures. . Although energy is still emitted as the high-yield targets cool,
the integrated energy is dominated by what came off at the highest

temperatures.

2.6.3 Variations with wall thickness

One goal for the wall thickness parameter study was to determine how
much the thickness could be reduced before the internal radiation
environment was affected. The method of driving the target with a radiation

source guaranteed that capsule yield would not be degraded by extra losses
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. through the hohlraum wall. Since yield was invariant, the wall effect on
radiation drive can best be seen by plotting the input energy required to
supply the specified radiation field against hohlraum wall thickness. Figure
2-13 shows this for the closing LEH model runs. At wall thicknesses of 30 pm
and above, the input energy was constant. ' Below 30 um, the input energy.
begins to increase, though only by 7% with a 10-um wall. The one run made
with a 5-um wall thickness showed more than a 30% increase in required
input energy. Since this case violated the assumption that the radiation drive
used in the simulation was what would have been generated by the standard
laser drive, this case is not included in any of the other results presented here.
If the threshold for minimum wall fhickness must be accurately determined,
further simulations will be required using the actual laser drive (as opposed

to a fixed radiation drive) over the 10 - 40 pm wall thickness range.

The other motivation for studying wall thickness effects (besides
determining the minimum wall thickness) was to examine possible trade-offs
between x-ray and debris energy. Figure 2-14 plots the changing energy split
for the two LEH closure assumptions. It is also important to determine the
contribution of the LEH and wall components in specifying the x-ray source
term, because of the differences in effective temperature, pulse length, and
spatial distribution. Figure 2-15 presents a plot of the emitted energy in the
LEH component as a function of wall thickness. Because the thinner walls do
not retain the yield energy as well as the thick walls do, the LEH energy falls
off below about 30 pm. The wall emission, in contrast, increases quickly with
lesser wall thicknesses. The radiation wave burns through the thin walls
soon after bang time, so the material is quite hot and radiates effectively. The

thicker walls require more time to burn through and have much more mass
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to heat up. This reduces the radiated energy at the expense of increased

kinetic energy in the debris.

These variations give the opportunity to tailor the x-ray emission to
minimize damage to the target chamber, provided a minimum thickness is
maintained to prevent burn-through. A thin wall would make the x-ray
energy distribution more isotropic and would decrease the mass of target
debris. But more energy would come in the colder, generally more damaging,
spectrum of the wall emission. An increase in wall thickness would greatly
reduce the isotropic wall component. This might be a benefit for the target
positioner, for example, which has very little direct view of the LEH. Trade-
offs will have to be evaluated based on an. integrated analysis of the target

chamber response to a particular target design.
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Figure 2-1: Baseline NIF target design and 1-D model approximation
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Figure 2-2: Fraction of 1-D surface area free to radiate directly from hohlraum
interior. Laser pulse runs from t = 0 to 20 ns.
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Figure 2-3: Effect of internal gas density on capsule performance. Based on a
smaller capsule design than considered here.
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Figure 2-4: Angular dependence of LEH x-ray emission predicted by a 2-D
simulation2. Comparison with a best-fit Lambertian distribution shows good
agreement. Results for a 10-M] yield indirect drive target.
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Figure 2-5: Comparison of spectrai fits to wall x-ray output of 3-pm wall
Nova hohlraum driven by 28 KJ of laser energy.
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Figure 2-6: X-ray flux from]through 3-um Nova hohlraum wall. Late time
emission rates agree well.
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Figure 2-7: Running sums of x-ray fluence through 3-um hohlraum wall.
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Figure 2-8: 20 MJ x-ray output pulses (30-ium wall, closing LEH model).
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Figure 2-9: 100-kJ shot x-ray output pulses for 30-um wall thickness.
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Figure 2-10: Fraction of non-neutron output energies (NNE) as a function of
yield for 30-um wall hohlraum. NNE is a relatively constant 25% of yield.
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Figure 2-11: Fraction of total x-ray energy emitted from LEH as a function of
yield for 30-um wall hohlraum.
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Figure 2-12: X-ray output pulse lengths as a function of yield.
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Figure 2-13: Required source energy to maintain radiation drive conditions
inside hohlraum. Losses through the wall become significant below 15 pm.
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3. ABLATOR Transient Ablation Model
3.1 Introduction

X-ray emissions from targets can be sufficiently energetic to ablate material
from exposed surfaces in ICF target chambers. Of particular interest is the first
wall of the National Ignition Facility (NIF) chamBer, which will receive x-ray
fluences up to about 2.6 J/cm2. This is a pulsed situation, with energy released
over a few to a few tens of nanoseconds in shots occurring every few hf)urs.
Energsr deposition occurs in such a small characteristic depth (on the order of a_
micrometer), that thermal conduction and hydrodynamic motion srigm'ficantly
affect the material response during these short pulses.

The transient ablation modeling has two\goals. The first is to predict the
amount of ’material removed by the-x rays (the aBlation depth). The second goal
is to determine the state of the ablated material after it leaves the surface. This
includes information on velocity and temperature and whether the material is
vapor, ﬁquid droplets or solid parﬁculates. The primary goal is to determine
total amount and form of any material in the chamber that may deposit on the

optics and cause damage during subsequent laser shots. -

Four processes are included in the ablation model to accomplish these goals.
The first process is ’the energy deposition from the x rays ﬂu‘ough the thin surface
layers of material. A transient thermal conduction model allows this energy to
move between zones, which is particularly important in the strongly heated
surface material. Heating causes rapid thermal expansion, which raises
pressures and causes hydrodynamic - motion as the pressures release from the
surface. The fourth part of the model describes the removal of material through

surface vaporization and various spall processes.
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3.2 General Description

The ABLATOR code is a new program developed specifically for this x-ray
ablation study. It is a one-dimensional Lagrangian finite difference code for the
calculation of material response to x rays. The code name is taken from
"Ablation By LAgrangian Transiéent One-dimensional B_espénse". In the
Lagrangian scheme, zones and zone boundaries move with the material, as
opposed to pérmitting mass flow between zones in a fixed grid (Eulerian
formulation). The Lagrangian form guarantees mass conservation and is well-
suited to one-dimensional analyses where a zone can only interact with zones

immediately adjacent to it (no mixing)..

| The code uses an explicit scheme for advancing in time. This means that
conditions at the next time step are calculated directly from the state at the
current time step, plus any incremental energy input.. The advantage of this
approach over an implicit method is that rapid and relatively simple calculations
suffice to advance the solution in time. The méjor disadvantage is that numerical
stability concerns limit the maximum time step size to a rather small value, so

that many more time steps are needed to reach a given stop time.

Some typical run conditions may serve to illustrate the operation of the code.
To capture the x-ray deposition and subsequent ablation accurately, many zones
are needed near the surface, in the first micrometer or two. One grid
arrangement uses 100 zones with geometrically increasing size to cover just over
50 um depth. The first zone (at the surface) has a thickness of 0.01 pm, and each
zone into’ the material is 1.06 times as thick as the previous zone. Various

thermal and hydrodynamic stability limits give a typical time step size of about.a
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picosecond, with total problem times of a few hundred nanoseconds. A single

case will run in a few minutes on a Hewlett-Packard 735 workstation.

The flow chart in Figure 3-1 shows the order of operations in a time step. A
loop through each node in the problem occupies most of the cycle. The motion of
the zone boundary is first determined from stresses in the adjacent zones. Since
zone mass is fixed, the zone density calculation follows directly. New stresses
and work terms are then determined from the strains in the zone. Energy inputs
from the x-ray source and gains or losses from thermal conduction are next
found for the zone. By applying energy conservation, the new zone energy is
determined. Equation of state relations are then used to obtain new values for -
the pressure in the zone. ‘The pressure is combined with the deviatoric stresses
already calculated to give the new normal stress in the zone. Itis this normal
stress that drives the motion on the next time step. After the new:state has been
determined for all zones, calculations are made for the surface vaporization,
which is applied to the zone containing the moving surface on the next time step.
After finding the maximum time step size permitted by explicit stability
considerations, the problem time is advanced and the cycle through the zones is

repeated.

The code models different materials through the use of two external material
data files. The first file "matdata” contains thermal conductivity, enthalpy/
temperature relations, EOS (equation of state) data, and some mechanical
properties. These data are obtained from reports in the literature. The second
file "opacdata" gives the photon energies and corresponding absorption cross-

sections for the material. Co .
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3.3 X-ray Deposition

X rays of a particular photon enetrgy deposit according to a .simple
exponential decay. This uses a cross-section based on the cold opacity of the
material at that energy. The cross-sections used in the ABLATOR code come
from the elemental values given in Cullen, et al', appropriately combined on a
weight-fraction basis for a particular compound. The photon energy range from
1 eV to 100 keV is divided into a number bins, each of which is treated as-a
monoenergetic deposition process. Energy is deposited into the zones in each
time step according to the given x-ray energy pulse shape. The total energy at

any depth is just the sum over all energy groups.

o(l)
o= 29»() (?»(1)) - ,_ W

where Iq(i) is the incident energy in group i and A is the photon mean free path.

The photon energy group approach gives an accurate representation of the
edges in the typical opacity curves. Figure 3-2 shows the opacity curve for si]icon
dioxide (fused sﬂlca) asa functlon of photon energy for the bin structure used in
the code. Also shown are two typ1ca1 blackbody x—ray spectra Flgure 3-3 shows
the var1at10n in peak surface temperature for fused silica for several different
numbers of photon groups. The conditions were depos1t10ns of 1 ns square
pulses of: a) 0.5J/cm? of 200 eV blackbody X rays and b) 0.25 J/cm? of 100 eV
blackbody x rays. Neither case shows much change from the changing group

/ structures, so the choice of either 45 or 90 groups is suff1c1ent1y accurate.

The code allows several different Ways of specifyfng the X-ray s‘o’urce energy

spectral and temporal characteristics. A menu allows the selection of one of the
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NIF hohlraum cases presented in Chapter Two (100 kJ, 5MJ, 20M]J yields, with
either open or closing LEH models).” These options provide the code with the
complex time-varying x-ray energy from multiple blackbody components.
Alternatively, the user may choose to supply.a si'ngle“ blackbody spectral
component in either a square or gaussian pulse shape. Note that the square ‘
pulse has a 2% time ramp at the léading and trailing edges of the pulse to reduce
the instabilities resulting from an abrupt change in energy input. " Finally, a
simple exponential deposition may be selected to simulate response to a laser or
line x-ray radiation. This energy may be deposited in a square or gaussian pulse
of arbitrary length. Specifying the distance from the target and the angle from
the hohlraum axis provide the connection from total x-ray power to ﬂux on a
surface at a particular location. Note that energy deposited in the square or
gaussian pulses is assumed to have a Lambertian distribution (charactensuc ofa
simple disk target for example), while the NIF-spec1f1c sources have the

distributions discussed in the previous chapter.

' The fraction of energy from a part1cu1ar blackbody emission deposited in each
zone is deterrrrirred once at the start of the simulation. ‘This is possible because
cold opacities are used in this Lagrangian code, s0 the attenuation ina zone ata
given photon energy stays coristant through the run. The attenuation infor-
mation is stored in a two- dlmenswnal array EFRAC(zone# group#) At each
step in the run, routmes determme the mcremental change in mput energy
during that mterval for each of the photon energy groups ‘The energy depos1ted
ina parucular zone is the sum over the photon groups of the product of the

energy in a group and the EFRAC fraction for that group.

<
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One result of the treatment of x-ray deposition used in the code is that vapor
shielding is an inherent part of the formulation. Vapor shielding is the process
by which energy deposited in a surface is reduced by the attenuation of x rays in
the vapor which has already blown off the surface. Such a process might be
observed with long (several nanoseconds), high energy pulses and low boiling
point materials. The phenomenon is particularly important in laser ablation of
materials, where a strongly-absorbing plasma can be quickly formed on the
irradiated surface. Of course if a plasma is generated during x-ray deposition,

the cold-opacity assumption breaks down.

3.4 Energy Transport

The one-dimensional planar equation of energy conservation is:

10 oJh
oZE =0 Lipg+s

= FPQn ‘ ‘ )

E = internal energy per unit mass

p = pressure or normal stress

q = viscous stress (see next section)

P4 = rate of deviatoric stress work (see next section)
h = heat flux due to conduction

Qin = heat added per unit mass and time

This equation equates the rate of change in energy to work terms (pressure,
viscous, and deviatoric) plus net heat conduction plus the heat added (from x-ray
deposition). The work terms will be discussed in the next section, with the

details of the hydrodynamics and stress-wave calculations.

The code treats the internal energy of each Lagrangian zone as the primary
quantity for energy conservation, rather than using temperature as a basis. This

avoids some of the difficulties encountered in temperature-based methods near
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the solid/liquid phase ‘change. These other methods need some means to
incorporate the latent heat of melting into the heat capacity formulation for the
material. With the energy-based method, there is no difficulty in smoothly
increasing thé energy in a zone, even though the temperature may remain fixed.
However, temperatures are required for two purposes in the code. They are
used to calculate the net thermal conduction gain (or loss) for each time step,
through the temperature gradient. The zone temperature is also required for
determining certain temperature-dependent material properties, in particular the

thermal conductivity and yield strength.

Temperature is determined for each phase (solid, liquid, and vapor) as a
function of entl%alpy (u+ pv), based‘on curve fits to thermodynamic data. The
data are generally taken directly from the ]ANAE tables? for the condensed
phases and for monatomic vapors. Treatment of polyatomic vapor species
depends on pressure, temperature, and the resulting compositional changes in a
complex way. Specialized thermodynamic analyses (see Wilemski 34 for

example) have provided the necessary information in these cases.

Thermal conductivities for the solid and liquid Phases of a material are
assumed to be temperature dependent. The code accepts fifth-order polynomial
fits to whatever data is available in the literature for each phase. The vapor

phase thermal conducﬁvity is assumed to follow the form5:

1 k3 g o T ’
k=A T = [?W/W]‘/T (3)
d = molecular diameter -~k =Boltzman's constant
M = molecular weight 7 T = temperature
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The code uses a single input parameter (Ay) for this relation. This function was
derived for a monatomic gas, so if better data are available fo; the gas species, Ay
can be used as a curve fit parameter. However, as a practical matter, the vapor
cdnductivity has little effect on the calculations. Gas conductivity is generally
rathér low, the distances for conduction aré relatively large in the expanded
vépor, and the time scales are too short. ‘

Heat conduction between adjacent zones is calculated from the finite

difference form of the Fourier heat conduction equation (for planar, 1-D

geonietry).
Q._ (1,-T,) e ' ’
AT (%) ; © T eey) ‘ ©

The thermal conductivity is temperature dependent, so a geometric mean of k3
and ¥, is used with this equation. The net heat flux for a zone is calculated from
the difference between heat flow to the right and to the left.

The steep temperature gradients resulting from the x-ray deposition in a few
micrometers of surface material give rise to high heat fluxes. Fluxes on the order
of 10 MW/cm? have been calculated in various ﬁatgﬁd response simulations.
Recent work in the area of laser ablation of materials (Kar et alé and Peterlongo?,
for example) raise the issue that in very high heat flux regimes, the thermal wave
velocity may become important. The Fourier law assumes an infinite
propagation speed of thermal energy, gi%ring rise to the classical parabolic
equation for transient heat conduction. Inclusion of the real velocity of the
thermal wave changes the problem to a hyperbolic equation. A test for this

condition was discussed in. reference 7, referring to an earlier paper by
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Harrington8.. Harrington argued that the usual parabolic formulation could be
used provided that the difference in thermal gradients between two isothermial
planes was well-approximated by the second spatial derivative: Thatis,.. -

[a'r ' a'r)~ °T

poAxAt = K ~k=% ] . @8

aXi ax2

A Taylor's series expansion of the first derivatives gives -

T} — T, = T§Ax+ Tg'(

Az"!)z +T§”(A;33 f L )
Harrington argued that if T"; >> T™» (Ax/2), then the parabolic form of the
heat conduction equation could be used. A typical test case was run to
determine which heat transfer‘i:égime should govern for ‘thesé’x-fé"y_re'éponse
calculations. The thermal profile in aluminum exposed to 1.2 J/cm? of 160 eV
blackbody radiation was determined and cutve fit with a fifth order polynomial
in In(x). Derivatives were taken from the’ clirve fit to establish the ratio of the
first to second terms on the right side of equation 5. The'ratio was betwéen 5 and
9 in the first micrometef of the aluminum material, where the temperature
gradients were steepest. This reflects a possible 10 - 20% effect from the non-
Fouriet heat conduction components. “Given'that the uncertaintiés in thermal
conductivities at high temperatures are at least this large, the omission of higher-

-7

order terms seems reasonable.

The thermal boundary conditions typically used in thié code are rather simple.
The rear surface is assumed to remain at the bulk témperature throughout the
run. For this reason the overall thickness of the mesh should exceed the distance
over which conductién will increase local temperatures within the simulation

time. A thickness of 50 im has proven more than adequate for runs up fo 1000
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ns long. The front boundary (to the left of zone number one)is assumed to be
insulated. This reflects the facts that no thermal conduction or convection can
occur where there is no material (in ablation into a vacuum), and that the thermal
radiation flux is too low to be important. For example, even if the surface
remained at 8500 K for an entire 1000 ns run, only 0.03 J/cm? would be radiated

to a room temperature heat sink. : :

For an explicit method of time advance as used in the ABLATOR code, the
time step size is limited by the stability condition:

(ax)?
20

At £ 2—— (6)

where o is the thermal diffueivity If this condition is not satisfied, unstable
oscillations quickly develop. The minimum step size, called Atpeat, is found by
evaluating this criterion for each of the zones in the problem The time step size
used. for the next increment is the minimum of tlus Atheat and the Athydro
calculated based on the hydrodynaﬁdc stability requirements. This step size may
be further reduced if certain limits on maximum temperature change in a zone or

in surface vaporization rate are exceeded.

3 5 Mechanical Response Model
3 5 1 General Formulation

A f]mte-dlfference hydrodynarmc model is implemented to track stress wave
and material motion caused by the sudden energy deposition. At each time step,
the zone energy and density information, combined with a Griineisen EOS give
the pressure and stress in each zone. These data are used to compute

accelerations with F=ma, which in turn gives velocities and zone boundary
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locations. With the (constant) zone mass, densities can be determined to

continue the cycle.

The formulation used in ABLATOR is based on that uséd in the Sandia
National Laboratory code WONDY V. Kipp and Lawrence's thorough report on
the code? contained all the necessary finite difference relations for determining
mechanical response. This section will present the iinpbrtant points of the

WONDY method, with coverage of many:details left for the original report.

The structure of the finite difference mesh is that all quantities represent
averages over the zone between two adjacent node points. The exception is that
the nocie points themselves carry acceleration, velocity, and position. The
fdllowiﬁg skétch giires the generél arrangement. In the current implementation
of the éode, node 0 corresponds to the left edge of the problem, and is the surface

that first interéepts the x-ray energy.

. zonej-1 zonej . - zonej+1 e . ;
P, T,E, etc.

nodej-2 nodej-1 nodej nodej+l
a,u,x

In the time discretization scheme, all quantities are defined at time steps n, n+1,

n+2, etc. through the problem run time. The only exceptions are the velqcii:y ()

and the time step itself (At), which are established on the half time step (n-1 /2,

n+1/2, and so on).

The one-dimensional, planar equatioh for conservation of momentum in

differential form is:
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a . . v
=—-—(c+
pa==—=-(c+q) _ | (7)
and in finite difference form:

n n n n
(0' -2 t4 j—1/2) - (G 2 tq j+1/2)

a,I-l =2 n n n n n n (8)
P j+1/2(X i+~ Xj ) +p j-1/2w(X i~ Xj—l)
where: x = Lagrangian spatial coordinate  p = mass density
a = acceleration q = artificial viscous stress

¢ = normal stress in x direction
j="zone or node index (spatial discretization)
n = time index (temporal discretization)

Computation of the acceleration from current stress states starts the time-
advancement cycle. From acceleration, velocity and position are direcﬂy
determined by the following relations. Once the new zone boundary locations
are determined, the density comes directly from the known (and unchanging)

zone mass and the new zone size.

al

u j

=u.

- 1 -
}1-!71/2 ;1 1/2+§(Atn+1/2+Atn, 1/2)

‘ (9 & 10)
n+1/2 . n+1/2
U.j .

n+l _ .n ‘
Xj =X + At

The viscous stresses shown in equations (7) and (8) result from the artificial
viscosity formulation used in the code. Artificial viscosity was initially,
develdped by von Neumann and Richtmyer!0 for numerical calculation of shock
wave propagation. In regions of strong compression characteristic of material
near a shock, artificial viscosity acts to spread the shock front over several zones.
This serves to stabilize the numerical solution. There are two components of the
artificial viscosity, one linear and the other quadratic in the ‘rate of change of

density. The quadratic term is most effective near shocks, while the linear term -
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adds damping over the mesh to minimize numerical oscillations. The viscosity is
generally turned off in zones that are expanding, which is ;che scheme employed
in WONDY. The ABLATOR code permits use of either this switch or a more
sophisticated one from Moss and White.11 ' |

! . ' ‘ .
Strain rates are determined from the velocity differences between adjacent

nodes. These values are used with the material shear modulus (G) to determine

a deviatoric stress in the zone. Stress deviators are defined as

ol =0, - (-p)=o0x— E’-(ox + cy‘+)o'7;)] A o (11)

where the sign convention of stresses positive in tension and pressures positive
in compression has been applied. The deviatoric stress is found from

do a du . 19p) . dm+) _dmy . [9c8 S e '
—2 =2Gd, =2G| — + —— = —2 | At 12
ot % (ax -.’-—_3p a) = Ox ,4 % ot | (12)

The deviatoric stresses arise from the ability of the material to resist
deformation, thus they are limited by the material strengtlp The stress is taken as
the minimum of either the value calculated with equation (12) or two-thirds of
the yield strength. The local yield strength is assumed to be temperature
dependent, varying linearly from the nominal value at room temperature down
to zero at the melt temperature. This ensures a smooth transition to the liquid

state where the yield strength vanishes.

The deviatoric stress and strain rates determine the rate of deviatoric stress
work. The work term and the corresponding form required for the energy

conservation equation are givenby -
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4Pd At n+1/2

dyd d
Py ==0%d ABY = (13)
2 i +pi* 4 ply +pf
The finite difference form of the energy equation used in the code is
EM! =B +(PJ* + P} +2q7) (EAP%)+AE‘1 +AQ (14)

Here the AQ is taken as the net heat addition from x-ray deposition and thermal
conduction, as described in the energy transport section. Note that the pressure
at the next time step appears in the energy equation. The pressure is determined

from the equation of state, which has the general form

prHl fl(Pn+l) +f2(pn+1) gl (15)

Equations (14) and (15) form a set of simultaneous equations for the

unknowns P+l and Entl. The energy can be solved for explicitly to give
‘ A
E! j—(f{‘f’l +P¥ + 2q3‘) (;p%—)+AEd +AQ

+1| Ap
-a(33)

(16)

cantl
B =

With the zone energy determined, the code calls the equation of state routines
(described in the next section) to determine the pressure in the zone. Knowing

the pressure permits the calculation of the normal stress, 6, according to
- B q »
6 =-0yx =P—0% : (17)

This is the stress used in the momentum balance relation of equation (7). Note
that ¢ is taken to be positive in compression (same as the pressure term). The
final step for the hydrodynamics is to determine the maximum step size for the

next time increment. The usual criterion for an explicit wave propagation code is
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A2 - o | - (18)
c
where cis the Jocal sound speed: The WONDY formulation requires a somewhat
modified form of this equation to accountfé:\b the effects of artificial viscosity.
The minimum value of this At for any of tﬁe zones in the calculation is taken to
be Atpydro.- As described earlier, the next time step for the run is deternu'néd from

this and other stability criteria. |

Two different types of bounciary conditions are used in ABLATOR for the
hydrodynamics calculations. The front surface is handled as a free surface. This
involves using the normal equation of motion (equation 7) for node zero with
some dummy values for the stress and density of "zone zero". For expansion into
a vacuum, both dummy values are set to zero. The rear surface will generally be
set to some "1arge" distance, compared to the heat conduction t1me scales (about
50 um). Since the sound speed is on the order of a few um/ns, a "large" distance .
for the hydrodynamic calculaﬁén Woulci be on the order of 1000 pm. With the
smaller distance, using either the free boundary assumption or a fixed boundary
(un = 0, Xy fixed) will result in reverberations of the initial shock throughout the
problem run. However, these spurious waves can be largely eliminated from the
smaller problem through the use of a non-reflecting boundary condition. The
idea is to provide some measure of impedance matching in a special formulation
of the equation of motion for the last node point. A finite difference formula
giving the velocity of this last node was impleménted from thé Awork of
Halpern!2. This technique reduces the reflected wave by better than an order of
magnitude, which permits the use of the smaller’ computational domain,

resulting in substantial savings in computational time.
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3.5.2 Equations of State

The purpose of an equation of state (EOS) is to determine pressure in a zone,
given its denéify and internal energy. The ABLATOR code uses an equation of
state form that is linear in energy, according to equation (15). The functions of
density, f; and f,, vary depending on the phase of the zone under consideration.
Separate t;:eatfrients exist in the code for the condensed phase, the vapor phase,
and some mixture of the two. Therefore it is implicitly assumed in the code that
temperatures are below the critical point, so that such a phase distinction makes
sense. Other treatments of the equation of state, such as links to tabulated

SESAME!3 data, can allow extension into higher energy regimes.

Determination of which EOS to apply to a particular zone is based on location
relative to the c1‘1rrent surface of the condensed material. Thiséurfacg can move
through the zones by the advancement of the ‘vaporiZaﬁoﬁ fro;lt or by some spall
process that removés one or more zones of condensed material. Vaporization is
discussed in the next section, while the spall mechanisms are covered in the final
section of this chapter. If a zone lies to the right (bulk material side) of the front
surface of the condenséd material, then the condensed phase EOS is applied.
Any zone to the left of this surface, in the so-called ;'spalled" material, uses an
EOS routine that permits a mixture of the condensed phase and an ideal gas

phase in the zone.

The condensed phase is subject to high pressures (order 1 GPa) during
heating by short x-ray pulses. A commonly used EOS for such hot shocked
material is the Griineisen relation. The implementation used in ABLATOR is the
same as the DYNA2D EOS #4, which uses a cubic fit to shock velocity —particle

velocity data.}4 The pressure is given by the following relations.
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T A
poczu[1+(1-——2°-)u—§u?] e
. P= =~ 5+(To+aw)E  forp>0  (19)

7 - - 2.' 3 £
i i
1—(S;-1)p-S -S
I: ( 1 )_u' 2!-“'1 3(”‘*‘1)2]

p=poCou+(To+an)E

“ : fqr <0  (20)

where RN i S
U, = C+81U, +8,U2 + 8,03 =2
s 1¥pTo2YpT3Yp - up.“
o
Ty = @ _ _ Griineisen coefficient
cypK
o = thermal expansion coefficient K = compressibility

Another format compatible with the assumed linear relation between pressure

and energy is the polynonﬁél form (DYNA2D EOS #1).
;2 3 ;2’ . ,
P = C, +Cyp+Coli2 +Capt +(c4 +Capt+ClL ) E L@

where  JL=Max(1,0)

f

‘The vapor phase equation of state is based on the ideal gas relation

P=pvaPRT Y ' a (22)

i

As with the relations forv‘enthalpy and témperaturé na vapor, the gas constant is

trivial for a monatomic vapor, and a complex function of composition otherwise.

The EOS for "spalled" zones is based on the assumption of instantaneous
homogeneous equilibrium between vapor and the condensed phase. As a zone
changes from an expanded solid or liquid with the Griineisen equation of state to
a spalled zone, a small amounf of vapor is assumed to be generated to permit the
liquid portion to relax to its density at positive pressure. The amount and state
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of the vapor, presumably in the form of small bubbles, is consistent with the total
density and energy in the zone. The solution method is based on iteration of the
temperature to produce the proper quality (mass fraction of vapor) values from
density and energy considerations. A trial temperature is used to determine
liquid and vapor specific enthalpies from inverting the T vs. H relations used in

the code. Using the equation

Hiota1 = X * Hvapor +(1-X) * Hliquid ' - (23

gives Xy, the quality based on energy considerations. The trial temperature is

then applied to the equilibrium saturation equation

Log(Psat) = A-B / Tsat ‘ (24)

to determine the trial pressure. The ideal gas EOS then is used to determine the
vapor density under these conditions. Similarly, an application of the condensed

material EOS for the liquid gives its density.
Protal = X * Pvapor + (1-X) * Pliquid \ : (25)

gives the quality from density balance, Xp. Iterations are made on temperature
until the two calculated qualities are equal. This routine can accommodate both
pure vapor and pure liquid/solid phases. The formulation does not permit

negative pressures (tensile forces) in these spalled zones.

3.6 Surface Vaporization Model -

Vaporiéation is assumed to occur only at the free surface. The rate of
evaporation is govei'ned by the maximum flux of atoms per unit area that would
oceur under equilibrium vapor/liquid (or vapor/solid) conditions. The resulting
flux, given by '
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s _Per o S -
ux = 26
\27RT ‘ (26)
increases exponentially with surface temperature, through the saturation vapor
pressure term. Therefore no single "boiling temperature" exists and vaporization
occurs contihuously over a range of temperatures. The mass flux is an upper
limit, in that no recondensation is included. This approximation is reasonable for

exposures in the Nova and NIF target chambers, which are under vacuum.

The treatment of x-ray ablation in ABLATOR differs from those found in
several computer codes relevant to ICF chamber design, including CONRAD?5
from the University of Wisconsin, TSUNAMI!6 from UC Berkeley, and the codes
used by SRI, Intl (FSCATT, SRI PUFF)Y7. These models determine x-ray
vaporization depths from energy distribution profiles ‘based on typically
instantaneous deposition. The vaporized depth is typiéaﬂy taken as the point in
the energy profile where the cohesive or sublimation energy is exceeded. Such
models do not account for the limitation in surface vapor flux, or for additional
vaporization from the remaining hot liquid at just below the cutoff energy. In
strongly heated systems, where suPer—criticai conditions allow very hot "fluid" to
leave the buik material without a distinct phase changé, these models may be

quite reasonable.

Although vaporization is a continuous process, the code is Lagrangian, with
mass allocated to discrete zones. This mismatch is reconciled by treating the
surface zone with special relations unlike those for the remainder of the mesh.
The most important distinction is that the mass fraction of vapor (quality) in the
zone is imposed on it. The increase in quality in each time step is determined by

the subroutine that computes the evaporation rate. As discussed in the previous




section, other zones that have already vaporized or spalled off use a zone density
and energy balance to determine a-consistent value for quality. -

The surface zone is the one zone that is not treated as a homogeneous
material. The concept is that the expanding vapor occupies the free surface side -
of the zone, whilé the temaining Hquid is in a layer next to the bulk material.
Within this one zone there are essentially two zones with different motions ahd -
stress responses that must be reconciled into a single density and total energy.
The equation of state routine for this special surface zone must then accom-
modaté the two phases in a consistent way. It first uses iteration to determine
split in zone energy between vapor and liquid that gives the same temperature in
both phases. This rbufcine then compﬁtes 1:_1;}e_ zone pressure based on the
equilibrium vapor pressure, which is the mosf reasc;nable choice for the effects on
the zones in the bulk material;

While the vapor pressure is a good choice for the condensed material in the
zone, it is not very accurate for the vaporized part. This material undergoes an
unsteady, nearly adiabatic expansion after leaving the vaporizihg surface. Since
the pressure drops substantially during the expansion, fixing the pressure causes
a laige error by the time a zone is almost completely vaporized. The artificially
high pressure would drive an artificially high velocity at the outer boundary of
this zone. To avoid this i:roblem, a different pressure is used in the equation of
motion of this outer node. The new pressure is based on an analytical solution to
the 1-D unsteady compressible gas dynamics equations. To ensure a smooth
transition in node velocity after this zone completely vaporizes, for high qualities
the new pressure is made to asymptote to the ideal gas pressure for a zone with

its temperature and vapor density.
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- Ideally the surface temperature (and so the corresponding pressure). should
change smoothly over time regardless of the vaporizing front passing from one
zone to the next. One obvious requirement is that as the surface zone fully
vaporizes, the temperature of the condensed zone adjacent to the surface.zone
must approach the surface zone temperature. To ensure that this, temperature
matching occurs,the cénducﬁon'heat transfer is assumed to occur from the plane

of the zone boundary to the.vaporizing surface. The heat conduction rate is

governed by ... o B . S
QAT
== 2
A KAX (7,)

As the distance (Ax) tends":cor zero, the fempérétﬁfé difference must also, in
order to have a heat flux in éccordahcé with the overall energy balarice. The
difficulty with ‘this épf)roach is in the stability of the fumerical heat transfer
method. For an explicit method of time advance as ﬁsed in the ABLATOR code,
the time step size must be limited by the stability condition from equation (6):

(@x
2

At <

(6)

Obviously this would require the time step size to go to.zero as the surface zone
vaporized: To-avoid this problem, this one heat conduction component is solved
implicitly. The implicit numerical scl_léme is unconditionally stable for this heat,
conduction calculation, which means that any time step size will give stable
results. Iterations are performed on the heat flux value until equation (27) is

satisfied using the temperatures at time step n+1.

v (e
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3.7 Special Routines
3.7.1 Spall Model

The rapid deposition of the x-ray energy raises the pressure in the surface
layers of the wall material. The stress causes movement away from the bulk-
material to relieve this pressure. The interaction of this pressure relief with the
free surface constrained at low pressure generates a negative pressure wave that
moves into the material. It is well known that solid materials can withstand a
reasonable amount of tensile stress without failure. Surprisingly, this is also true
for many liquids, particularly for the short duration tensile pulses tglpical of x-ray
exposures!8. In order to spall from the bulk, a material musfc develop voids,
which form over a finite period of fime. 'Iheréfore unless the tensile forces are
excepﬁonaﬁy large, even liquids will remain intact. To allow the possibility of
this phenomenon occurring, the code sets a tensile limit for fully melted zones. If
a liquid zone exceeds this stress, it is declared a "spalled” zone for subsequent
time steps. If there are condenéed zones above this spalled zone (closer to the

surface), they are considered spalled as well.

3.7.2 Rayleigh-Taylor Instability

Another rmechanism for the ;eﬁoval of liquid layers apart from the very high
tensile stress spall phenomenon is the Rayleigh-Taylor instébility. As described
in the previous subsectioh, the liquid layer will be subject to tensile forces as the
rapid initial thermal expansion slows or stops, as at the end of the x-ray pulse.
The situation is somewhat analogous to a thin layer of liquid on a ceiling, subject

to gravitational load, which tends to come down as discrete droplets.

The ABLATOR code has an optional module to investigate Rayleigh-Taylor

instability growth in the melt layer caused by x-ray exposure. The model is
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based on work by Wolfer and Hassanein for material removal in plasma
disruptions in magnetic fusion facilitiesl?. They present solutions of a dispersion
relation developed by Feldman?0. The solution relates the critical exponent (k.)
to the surface Reynolds number (R) and the surface Weber number (W). The
critical exponent determines the amplittide growth rate, given by exp(kct), of the
most unstable wavelength for some given set of R. and W conditions. The

nondimensional quantities are defined as follows:

15 - 2 B g
R= _@__ W= &. ‘ (28)
n o c - ‘
where:©  f=force density = density x acceleration

h = melt layer thickness
‘N = liquid viscosity (temperature dependent)
¢ = surface tension (temperature dependent)

Thus the Reynolds number relates momentum to viscous forces, while the Weber

number relates momentum to surface tension.

At each time step in which a melt layer exists, the code computes average
densities and accelerations through the melt layer to get the force density. The
current surfat:é temperature is used to find the surface tension, while a mass-
averaged viscositjr‘is.compﬂéd'ﬂtough the meltxlayer zones. The Reynolds and
Weber numbers are then éomputed and ‘appliéd to Wolfer and Hassanein's
solution to give k.. The growth rate quantity exp(kcAt) is then applied to a
running product (AMP) maintained for the duration of the run. A large final
value of AMP indicates a strong possibility of liquid ejection due to Rayleigh-
Taylor instabilities. ‘
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3.7.3 Sub-Surface Boiling Médel

Another form of vaporization is considered for several materials, specifically
sub-surface boiling. The motivation for considering this removal mechanism is
the observation of very rough surfaces with evidence of droplet ejection on some
of the x-ray exposure samples. A sudden sub-surface boiling (or vapor
explosion) would generate sufficient pressures to ej;ect much of the over-lying
liquid layer. One cause of the sub-surface vaporization is the passage of the
rarefaction wave through hot liquid material just after the energy deposition
pulse ends. This wave generates sufficient tensile stresses (negative pressures) to
cause massive nucleation and growfh of vapor bubbles. Paltauf and Schmidt-
Kloiber2! describe an experimental investigation of this process in the case of
pulsed laser ablation of liquids for surgiéal' applications. Hassanein and
Konkashbaev22 discuss melt-layer splashing cfﬁe to bubble growth and explosion

in wall materials during tokamak disruptions.

A defailed treatment of the sub-surface boﬂing process would require
sophisticated ‘bubble nucleation and growth-rate models to determine the
material velocities and two-phase compositions during ablation. Such an
analysis is not attempted here. Instead, a relatively simple nucleation rate model
is employed as a test for the existence of conditions that would likely cause sub-
surface boiling to occur. The maximum depth at which these conditions exist

will serve as the estimate for material ;émox;al due to this pfdcess; ‘
The nucleation rate equation used in this modeling (from Carey??) is:

_ 3
- \/ggexp 16nG . _ (29)
| ™m Zle['nPsat (TI) - Pl] - i . ‘
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where J is the nucleation rate, N is the number density of liquid molecules, ¢ is
the surface tension, m is the weight of a molecule, k is the Boltzmann constant,

and m is given by

1‘|=eXp(Pl—‘Psat(Tl)]‘ : oo (30)
U PR : o

This relation for nucleation rate requires surface tension as the only new material
parameter bevond those already introduced. Equation (29) is the form of Carey's

equation that is valid for cavitation situations.

Cons1derauon of the Volume fractlon of bubbles Wlthm a hqu.ld ata parucular
time requires both the total number of bubbles per unit volume and some
estimate of the bubble size. The number of bubbles in a Volume is eas1ly
calculated as a running sum of the product of nucleat10n rate and time step size
for each zone at each time One conservative Way' to estimate the bubble size is
to compute the critical bubble radius that W1ll be in equ111br1um under give
superheat conditions. (The nucleauon rate is defmed in terms of the number of
bubbles that grow to exceed this size per umt time and volume.) Carey s relation

for the critical bubble radiusis

2
Pgat (Tl)eXP{[PI —Pgi(T )] / leTl} _'\Pl

(31) |

r*=

3.7.4 Thermal Shock/Stress Model” | : -

Thermal stress appears to play the major role in the x-ray ablation of several
of the brittle refractories tested. The clamage process.starts as material cools from
the peak temperatures. Any material that had meltedtvvill be in a stress-free state

70




at the melt point as it solidifies. Additional material that peaked near the melt
temperature will also soften somewhat, leading to a reduced-stress condition. As
these surface layers cool, they will be put under tension, because the underlying
bulk material constrains any lateral contraction. If the stresses exceed the tensile
strength, brittle material will develop thermal stress cracks on the surface.
Subsequent x-ray exposures can remove damaged material in two ways. One
cause is the shock and rarefaction waves generated by absorbing the x-ray pulse.
The other mechanism is thermal stress from additional hea"cing /cooling cycles on

the already damaged material.

Thermal stress arises in the 1-D geometry because no thermal expansion or
contraction can occur in the lateral (in-the—plane) directions. For a slab geometry,
the equation for thermal stress due to a terriperature differential normal to the

surface is

(32)

where o is the therrﬁal expansion coefficient, ‘E is the elastic modulus, and v is
Poisson's ratio. For the thermal stresses that develop on cooling, AT is the
difference between the temperature at which the material is stress-free and room
temperature. The stress-free temperature is just the melt terhperature for any
material that fully melted. Solid material that has been pushed to near, bu’c not
over, the melt pomt is expected to soften substantially and S0 plastically deform
in response to the initial thermal compressive stresses on heating. Therefore this
heated solid can be expected to have a modified stress-free temperature
comi:ared to the bulk of the sample, which is assumed to be stress free at room

temperature.
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The thermal stress response of the "softened solid" is treated by assuming
some residual compressive stress remains from the initial heating. The resulting

equation for thermal stress on cooling is

0LE(Tmax - To)
1-v

c= -Mm[ Oyield @T pypx * v
with Tmax as the'peak remperarure and T, as room temperature. The yield
strength at Tpax is eomputed from the relation used in the ABLATOR code,
which is a linear drop from the room temperature ualue to zero at the rrlelt
temperature. (With bnttle materials, the compress1ve strength is used in place of
a yield strength.) For the bitlk of the mater1al coolmg from the peak temperature

will simply bring it back to the original stress-free state.

3.8 Grid Size Effects

The effects of discretization must be investigated in the development of any
numerical method. The goal is to choose the best grid size for a given class of
problems. This involves a trade off between making the resoluuon fine enough
that no important details are lost, yet as large as possible to minimize run time.
Such a study was already presented (in Figure 3-3) for the number of groups
used in x-ray spectral representauon The spaual grid size was examined with a

similar approach in which the standard grid size of 0. 01 um (at the front surface)

was increased by a factor of five and also decreased by a factor of two. The

sample case used in the comparison was exposure of fused silica to 2.5 J/ cm? of
250-eV blackbody X rays in a 1-ns square pulse Figure 3-4 shows a plot of
temperature prof1les for each ABLATOR run at time equals 10 ns.” All three cases
match very well at the surface and at all depths below 0.5 um. In this ﬂrst half-
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micron, the five-times-larger grid gives temperatures somewhat below those of
the standard and half-size grids. The vaporization depths predicted were 0.111
um for both the standard and half-size grids, and 0.114 pm for the large grid.
Since there is only about ‘a 3% differeﬁéé with a five-times-larger grid, the

standard grid is shown to be a safe size choice for x-ray response calculations.
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Figure 3-1: Flow chart for ABLATOR calculation.
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4. Material Ablation Experiments s ;
4.1 Introduction

Ablation experiments are the second step in the process of developing a
validated material x-réy response model. -One goal of these tests is to
-determine removal mechanisms for various materials. This guides the
modeling efforts to predict removal under given conditions. For the tested
materials, the modeling is then a direct means of extrapolating to their
response in other ICF facilities. Also, with sufficient information on how the
relative values of various material properties indicate one removal
mechanism over another, reasonable predictions can be made for other
materials not examined in these tests. The second goal of the experiments is
to provi.de the quantitative data on ablation depths to benchmark the

performance of the models.

4.2 Mechanisms for material removal .

Several different removal mechanisms were identified during the course
of experimentation. These are vaporization, thermal shock/spall, and liquid
ejection. This section discusses the general features of each mechanism,

while the following sections detail these phenomena in specific materials. , .

X-ray energy deposition in the fluence range of interest produces high
surface temperatures, of order several thousand degrees. Vaporization from
'these hot solid or liquid surfaces into the chamber vacuum is expected for
nearly any material. However, the amount of vapor removal may or may
not be significant, depending on the parﬁéular thermal and chemical

response of a material. This is because the rate of evaporation varies
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exponentially with surface temperature, through the dependence on
equilibrium vapor pressure.

Materials that -ablate primarily through vaporization show several
common features in' the post-shot examinations.- ‘The exposed surfaces are
smooth and flat, not significantly worse than the original finish. The steps
measured by profilometry are sharp and well defined. The ablation depths
increase linearly with the.number of exposures, for multiply exposed sample -

]

regions.

Thermal shock/spall is the second material removal mechanism rioted in
the experiments. Damage starts' when the melt layer gerierated after the x-ray
exposure solidifies. This material will be in a stress-free state at an elevated
temperature somewhat below the melt point. As it cools, the surface layer
will be put under tension, because the underlying bulk material constrains
any lateral motion. If the stresses exceed the tensile strength, brittle materials
will develop thermal stress cracks on the surface. Subsequerit X-ray exposures
can remove damaged material in two:- ways. One cause is the shock and -
rarefaction waves generated by absorbing the x-ray pulse. The other
mechanism is additional thermal stress on cooling the already damaged

material.
Thermal stress cracks in the exposed surfaces are the obvious visual
indications of materials susceptible to the thermal'shock/spall process. The

other clue is the presence of angular pits of a size consistent with the spall

damage flakes.
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The final removal mechanism ‘is ejection of liquid from the exposed
surface, easily seen in the aluminum exposures. For fluences above the
damage threshold, a ‘melt layer forms quickly during the x-ray pulse. The
heating also causes thermal expansion, which accelerates the melted surface
layer away from the bulk material. After the pulse ends, so does the rapid
thermal expansion. The velocity of the surface layer then quickly drops to
near zero as a result of tensile stresses from the bulk material. Two liquid
ejection mechanisms are then possible. The deceleration of the liquid layer
can cause Rayleigh-Taylor instabilities that make the surface wavy and
eventually release material in the form of droplets. The short pulse duration
-may not allow sufficient time for instability growth in a single shot. Some
"conditioning shots" may therefore be required to alter the surface geometry
before material is removed. Kelly! noted a similar conditioning requirement
for melt removal from metals exposed to laser pulses, although the
mechanism is somewhat different. The second mechanism for melt layer
removal is sub-surface boiling. This may be initiated by the passage of the
rarefaction wave through hot liquid material just after the energy deposition
pulse ends. This wave /generates sufficient tensile stresses (negative
pressures) to cause massive nucleation and growth of vapor bubbles.
Hassanein and Konkashbaev2 discuss melt-layer splashing due to both

mechanisms in wall materials during tokamak disruptions.

Several observations are typical of materials subject to significant liquid
removal. The surfaces tend to be wavy with well-rounded crests and valleys.
Because of the lateral liquid motion, the surfaces are also very rough.
Droplets are frequently observed, either resting on the surface or attached to a

crest by a narrow neck of material. Near boundaries of regions with different
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numbers. of x-ray exposures, splash in the form of droplets or thin fibers is

also commonly seen.

4.3 Nova X-ray Ablation Experiments
"4.3.1 ‘Experiment Description
4.3.1.1 Introduction .- Lo
The Nova laser facility at LLNL is a~unique resource for exploring material
response to x rays. It is one of the most powerful laser facilities in the world.
‘Over 30KJ of 0.35 pm lasér light can be focused into hohlraums placed at the
~center of the:target chamber. This energy is converted efficiently into x rays,
providing a significant source for exposure testing. X-ray fluences, spectra,
and pulse lengths are all in a range that is relevant to future ICF facilities.
Models used to - extrapolate material responses in other conditions will
therefore have well-matched benchmark déta. Finally, since the Nova laser
has been operated for many years, the targets provide a well-characterized
source of x rays. Experience with targets identical to those used in this

campaign allows the spectra.and energy output to be known reliably.

- The material ablation studies on Nova. were conducted over the course of
27 separate laser shots (see Table 4-1). On each of these shots, ten or eleven
material samples were exposed to the x rays generated in the target hohlraum.
Because many samples received multiple exposures, the total number of
- different pieces was 67. This section describes the methods and conventions
-used in performing the tests. Later sections will provide specific sample

preparation details and present results for the different materials.
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Table 4-1: Summary of Nova ablation experiments. Lengths are distances
from target to the sample face. ‘

&

BBT

Fluence

Fluence

83

Date Target Name Laser Pulse Fluence Fluence
kd ns V- |J/ecm2 J/cm2 J/cm2 J/ecm2

22 cm 26 cm 31 cm 40 cm

Nov 17 RKK_HOHLSBS_24 25.14 2.2 . 195 3.24 2.32 1.63 - 0.98
1995 RKK_HOHLSBS_22 24.26 2.2 195 3.13 2.24 157 0.95
RKK_HOHLSBS_16 25.36 2.2 195 |-3.27 2.34 1.65 0.99

Avg Fluence{ 3.21 2.30 1.62 0.97

23 cm 27 cm 32 cm 41 cm

Dec 18 TJO_ALBEDO_ 90 25.94 1.0 250 3.06 2.22 1.58 0.96
1995 TJO_ALBEDO_ 91 27.89 1.0 250 | 3.29 2.39 1.70 1.03
TJO_ALBEDO_92 28.10 1.0 250 3.31: 2.40 1.71 1.04
TJO_ALBEDO_93 26.97 1.0 250 3.18 2.31 1.64 1.00

' " Avg Fluence] 3.21 2.33 1.66 1.01

' o : 21 cm 25 cm 30 cm 39 cm
Dec19 SGG_FBALL 29 25.49 2.2 200 3.60 2.54 177 1.05
1995 SGG_FBALL 30 24.94 2.2 200 3.53 2.49 1.73 1.02
DHK_BLIMP_08 -24.27 2.2 200 3.43 2.42 1.68 1.00
DHK_BLIMP_09 26.06 2.2 200 |:3.69 2.60 1.81 1.07
DHK_BLIMP_11 26.38 2.2 200 3.73 2.63 1.83 1.08
DHK_BLIMP_10 23.97 2.2 200 3.39 2.39 1.66 0.98

: Avg Fluence| 3.56 2.51 1.75 1.03

23 cm 27 cm 32 cm 41 cm

Jan 10 TJO_ALBEDO_94 30.25 1.0 250 3.57 2.59° 1.84 1.12
1996 TJO_ALBEDO 95 25.56 1.0 250 3.01 2,19 1.56 0.95
‘ TJO_ALBEDO_ 96 26.42 1.0 250 3.12 2.26 - 1.61 0.98
TJO_ALBEDO_97 27.35 1.0 250 3.22 2.34 1.67 1.01
TJO_ALBEDO_ 98 28.13 1.0 250 3.32 2.41 1.71 1.04
TJO_ALBEDO_99 26.92 1.0 250 3.17 2.30 1.64 1.00

Avg Fluence| 3.24 2.35 1.67° 1.02

22 cm 26 cm 31 cm 40 cm

Feb22 SGG_FBALL 34 25.26 2.2 200 3.25 2.33 1.64 0.98
& SGG_FBALL 35 26.36 2.2 200 3.40 2.43 1.71 1.03
Feb 23 DHK_BLIMP_12 25.66 2.2 200 3.31 2.37 1.67 1.00
1996 DHK_BLIMP_13 26.58 2.2 200 3.42 245 172 1.04
DHK_HEP4RT_12 24.10 2.2 200 3.11 2.22 1.56 0.94
DHK_HEP4RT_13 24.45 2.2 200 3.15 226 1.59 0.95

Avg Fluence| 3.27 2.34 1.65 0.99

. 22 cm 26 cm 31 cm 40 cm

"Feb 23 SGG_SNRT_20 11.92 1.0 210 1.54 1.10 0.77 0.46
1996 SGG_SNRT_21 11.94 1.0 210 1.54 1.10 0.77 0.47
Avg Fluence} 1.54 1.10 0.77 0.47




X-ray exposure of five materials is reported in this chapter. Three were
chosen as representative of candidate NIF first wall materials: boron carbide
(along with boron), aluminum. oxide, and silicon nitride. Fused silica was
selected for these experirnents' as an optical material to be used in NIF.
Finally, aluminum was tested because 1t is a typical structural matenal in the

target chamber system (for.supports and d1agnost1c components).

4.3. 1 2 Sample preparatron

Dragnosmg of x-ray damage rel1es on exammatlon of the exposed surfaces
after the series of shots is completed The surfaces must be sufficiently
smooth to distinguish between exposed and unexposed (masked) areas and to
quantrfy the changes. Since typ1ca1 ablatron steps are on the order of 0.1 pm
(or smaller) for these test cond1t10ns, the  initial surface finish must be
somewhat better than this. Accordmgly, samples ‘were generally polished to a
roughness of a few tens of nm. Because of some material porosity or
particularly deep initial machining marks however, .some pits were
usuallypresent in the surfaces. Since these large features appear very different
from the observed X-ray damage, , they caused little problem in the

~experiments.

747.3.1.3 Sample mounting and masking

- The nominal sample size used in- this series of shots was 12.5 mm
diameter and 5-6 mm thick; The sample fit in an aluminum cup and was
held in place by an aluminum spacer ring and a stainless steel cap. A tight
sliding fit was used for the cap to accommodate samples of various heights.

The opening in the front face of the cap was smaller than the inside diameter
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of the spacer ring, ensuring that x rays would hit the sample and not the

holder body. The sample holder is shown in Figure 4-1.

All samples were introduced into the Nova chamber using a SIM (six inch
manipuiator) cart. The SIMs allow small experiments and diagnostics to be
inserted and removed from the chamber between shots without the need for
breaking vacuum on the entire Nova chamber. Carts ride on a pair of rails
and are driven into and out of the chamber with a lead screw. In these
experiments, the cart supported a 25 mm diameter rod that held four
aluminum paddles, each of which could hold up to three individual sample
holders. This arrangement is shown in Figure 4-2. The paddles were placed
along the length of the central rod to provide varioﬁs distances to the target,
- and so a range of x-ray fluences. for the samples. The large number of
mounting locations allowed the use of all eleven sample holders, usually for

three different materials at three or four x-ray fluences on each Nova shot.

For both microscopy and profilometry, it is useful to have sharp.steps
between exposed and unexposed regions. Therefore thin (25 um) tantalum
masks were placed directly on the sample surface. These high-Z refractory
masks would prevent any x-ray transmission while producing a minimum
mass of ablated material. The primary mask had a donut shape, with a 5-6
mm central hole. This gave a clear border all around the exposed surface of

the sample.

Secondary masks were also used during the series of experiments to
multiply the usefulness of each sample. Tantalum semi-circles were used to

cover half or three-quarters of the surface for selected shots. In a typical series
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of four to six. Nova shots, the samples were first exposed over ‘the entire
region inside the donut mask for a single shot. A semi-circle was then placed
over the sample to protect half from further exposures. After an additional
one or two shots; another semi-circle- was ‘added, protecting another quarter of
the sample surface from more damage. The remaining quarter would then be
exposed for the last two to four shots. This is shown in Figure 4-3. The result
is a sample with areas that received from zero shots'up to four or six shots,

“which proved: beneficial in post-shot analyses.

- 4.3.14 Nova targets = : .o ST

All: experiments in this series were conducted on.a:ride-along basis. These
are Nova shots that would have run with SIM 5 (see below for description)
' either vacant or with a secondary diagnostic in place. Placing the material
samples in this SIM location provided an excellent source of x rays, while not

interfering with the main purpose of the Nova shot.

" ‘Hohlraums were chosen as the best x-ray sources for these material
Tesponse experiments for several reasons. The x-ray radiation inside Nova
hohlraums has been studied for many years, and so is well characterized.
This is important for these shots.where the x-ray conditions could not be
" measured.: In addition, the emission from the laser entrance holes (LEH) of
--the hohlraums has a-spectrum similar to What is expected on NIF. This

makes these exposures more relevant to predictions of NIF material response.

- All targets used in ‘this experimental series were so-called Nova scale-1
‘size. The nominal dimensions are 2.8 mm long, 1.6 mm diameter with 1.2

mm diameter-laser entrance holes. The gold wall thickness is 25-30 pum.

86



Nova targéts often have copper shields attached that protect the field of
-viéew of some diagnostic, and/or separate metal foils to be used as x-ray
backlighter éources. To the material samples, these items represent sources of
metallic shrapnel that can interfere with the interpretation of x-ray exposure
damage. Whenever possible, the shots used as ride-alongs had no shields or

backlighters, or perhaps just small shields.

4.3.1.5 X-ray environment

As mentioned above, the ride-along shots, where material exposure was
not the main purpose, could not be instrumented to measure the x-ray
fluence on the samples. Numerical modeling was used to provide this
information. The basis of the fluence calculation was a 1-D LASNEX
numerical model of a scale-1 Nova hohlraum, WMCh is the standard size
target used for all shots. The same validated techniques discussed in Chapter
2 for the prediction of NIF x-ray fluences were applied to this case. X-ray
losses from the LEHs were simulated in this 1-D model with a standard "leak
source” in the code. The resulting conclusions for x-ray emission were that,
of the laser energy in the hohlraum, 40% would be emitted out the LEH and
10% would come through or from the hohlraum wall. These fractions were
then applied to 95% of the measured 3w (0.35 um) laser beam energy from the
‘Nova shot (to allow for some scattering or back-reflection). The fluences at
the sample surfaces was then determined using a 1/R-squared law with a
Lambertian (cosine law) distribution for the LEH component and an isotropic

. distribution for the wall emission. -

Given this distribution of x-ray energy in the Nova chamber, SIM 5 was

the best choice for the exposure experiments. This tube points toward the
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target at a 25° angle from the hohlraum axis, where the dominant LEH
emission is over 90% of its peak value, based on its cosine distribution. " This
location is also out of the way of most on-axis shrapnel from- shields and from

the gold hohlraum material that expands mainly toward the waist.

4.3.1.6 Debris and shrapnel

Several sources of debris were present in these shots. The hohlraums
themselveé are totally vaporized,'so at most the material samples would
receive a rather light ion bombardinent. Copper diagnostic shields mounted
on the targets were the ﬁajor~sqmce of metal on the samples, for shots where
the shields were present. The copper tended to be in small droplets that stuck
to the samples. Other sources were the target support structure and diagnostic
snouts, generating mostly aluminum droplets. None of these debris and
shrapnel sources was a serious problem in the experiments, because the
surface area coverage of debris-affected areas tended to be small enough to

work around.

4.3.1.7 Post-shot analysis

All observations and measurements from this series of experiments are
based on post-shot analyses of the exposed samples. Optical microscopy,
combined with SEM (scanning electron microscope) and AFM (atomic force
microscope) images, provide the basis for conclusions on material removal
mechanisms. Quantitative data on material removal depths was obtained by
measuring surface height changes between regions exposed to different
numbers of shots. A Tencor alpha-step 200 was the primary instrument used

for this part of the analysis, supplemented in some cases by AFM data. -
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» 4.3.2 Fused Silica Response

. 4.3.21 Introduction
+ .Four fused silica disks were exposed to x rays in a series of four ride-along
Nova shots. Microscopy and profilometer scans performed after the shots
determined material removal rates and indicate the removal mechanisms
responsible. This section d—escribes the experiment setup, presents the post-
shot obser\rations, and discusses the. results in terms of likely removal

mechanisms.

4.32.2 Experiment set-up '

The previous section describes the sample holders, mounting fixtures, and
test procedures used in the whole series of material response experiments.
Therefore thls section will be limited to specific cond1t10ns umque to the
fused 31hca tes’ang | ‘

The fused silica samples were 12 mm diameter windows from Melles
Griot Co: The material was op’acal quahty synthetic fused silica. The 3 mm
thick samples were flat and smooth to one wave He-Ne over 25 mm, so no
additional polishing was required prior to testing. Areas of exposure with
| one, two, and four shots were produced usmg tantalum masks added after the

first and second shots.

The ‘targets" were scale-1 Nova hohlraums with a small radiation
' bﬁrnthroﬁgh patc}r on ’orte side. They had "standard drive shields" (1x2 cm)
made of copper mounted on both ends of the hohlraum. There were no
liners or windows (and so of course nol gas fill). ‘All ten ‘Nov'a beams were
pointed into the hohlraum with an energy of 2.7 K] each in a 1 ns square
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pulse. Previous spectral measurements with- similar hohlraums under
similar drive conditions showed an internal temperature of about 250 eV, so
this was taken as the spectrum of radiation source for the samples: Table 4-2

summarizes the shots and conditions-expected at-each sample face.

Table 4-2 Summary of Nova shots used for fused 8111ca exposure

'I_‘arget Nova 3w Pulse QBT 2 27cm 32cm 4em

" -Name- Shot# ' K s - eV | J/em2* J/am2 J/eam2  J/em2
TJO_ALBEDO_90 25121815 25.945 1.0sgr 250 3.06 222 158 096
TJO_ALBEDO_91 25121819 27.892 1.0sqr 250 | 3.29 239 170 1.03
TJO_ALBEDO_92 25121824 28.099 1.0sqr 250 .| 3.31 240 171 1.04
TJO_ALBEDO_93 25121828 26.969 10sqr 250 3.18 231  1.64 1.00
' Avg Fluence| 321 233 1.66 . 1.01

4.3.2.3 Observatlons and measurements for fused 5111ca )

Opt1cal m1croscopy was one 1mportant component of the post-shot
material analysis. One obvious feature of the surfaces was that they were
quite flat. Moving the lens up and down brought exposed reglons twith the
same number of shots) mto focus s1multaneously For h1gh x-ray fluence
samples it was therefore easy to see distinct steps between surface reglons W1th

different number of exposures.

Exammahon under ]:ugher magmﬁcatmn showed no ev1dence of thermal
stress crackmg or shock damage to the surface. What was ev1dent however,
was the presence of small bubbles in the surface on the h1gher-ﬂuence
samples. Figure 4-4 is a 155x view of the highest ﬂuence sample that shows
"an increase in number and poss1bly s1ze of the bubbles as the number of
exposures mcreased. F1gure 4-5 is a 750x view of the same sample in the
region exposed four times. Tl"us shows the small pits scattered among the

copper and aluminum droplets and the occas1onal shrapnel-mduced crater.
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Sample #2 (second highest fluence) has these same features, shown in the
155x view of Figure 4-6. A similar photo of sample #4 (lowest fluence) does
not show the small bubbles developing. In fact, Figure 4-7 shows little to
distinguish the regions of various exposures, apart from a few shrapnel

craters in the area that saw four shots.

' SEM sc'éns' were performed of the highest fluence sample to better
examine the small surface bubbles. Figure 4-8 shows two examples of small
clusters of bubbles in a region exposed to a single shot. Most of the features
appear to have a central depression with a raised rim, leading us to believe
that these are impact craters. The two larger craters in the top image are
rather shallow, indicating a relatively slower impact velocity. Most of the
other craters appear relatively deeper. In many of the pits, a bit of material is
visible down inside, up against one side wall. These may be: the impacting
parﬁcles. Note that the largest crater shown here is only 1 pm in diameter,
and there are many much smaller craters visible. This is consistent with the
expected shrapnel size distribution, with large numbers of very small particles
likely generated in the region of the target. Another feature seen in both
images is cracks running through the string of impact craters, indicating

penetration through the "melt" layer to the solid below.

SEM work also revealed some limited splashing from high exposure
regions to masked adjacent regions. This material takes the form of very thin
“fibers (on the order of 0.1 um diameter) that are several microns long. An
‘example is shown in Figure 4-9. This process is likely of oﬂy secondary

importance in material removal.
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Profilometer measurements were made with a Tencor alpha-step 200.
- Scans of unexposed . regions showed surface roughness of about 20 nm,
. ignoring occasional spikes from ablated material that deposited under the
masks. At the lowest fluence this was essentially unchanged, although there
was quite a bit more debris. Exposures at the next highest x-ray fluence
showed some increase in roughness, but only to about 40-50 nm. Considering
the 2.3 J/cm? fluence, the surface roughened to perhaps 100 nm, particularly
in the four exposure region. Finally, the sample at-the highest fluence had
roughness of 20 - 40 nm after a sfngle shot and about 150 nm after four
exposures. The higher fluence samples also éhowed quite a bit more debris
on the surface, because this sample was closest to the target and subtended the

largest solid angle.

Because the surfaces were overall smooth and flat, the profilometry was
able to clearly determine ablation step sizes, particularly in the higher fluence
samples. The masking arrangement made it possible to measure steps
between zero, one, two, and four exposure rggiéns. This data showed a
consistent removal for.every shot, with no conditioning or other gffects from.
the first exp;)sures. The removal data are summarized in Table 4-3 and
plotted in Figure 4-10. Also, representative profilometer scans are included as
Figure 4-11.

An interesting and ﬁngxpected observation.’ was that the aluminum disks
located behind the fused silica were discolore;l. These darkened al;eé§ were in
.patterns matching the unmasked areas of the silica. Since the silica would

stop essentially all x rays, the damage must be due to scattered laser light. -
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- Table 4-3: Summary of ablation step size measurements for silica

Silica 1 fluence = 3,21 J/em?2 0.201 + 0.031

‘exposure 1 exposure 2 ' step step/shot
A 0 - 1 0.23 0.230
0 2 0.48 0.240
0 4 . 0.75 0.188
B 0 1 0.20 0.200
C 0 1 0.22 0.220
1 2 0.15 0.150
D 0 4 0.72 0.180
Silica 2 fluence = 2.33 J/cm? 0.082 + 0.013
exposure 1 exposure 2 step step/shot
A 0 1 0.090 0.090
1 2 0.070 0.070
‘ 2 4 0.190 0.095
B 0 1 0.062 0.062
1 2 0.080. 0.080
2 4 0.186 0.093
Silica 3 fluence = 1.66 J/cm? ' - 0.027 + 0.004
exposure 1 . exposure 2 step step/shot
A ' 0 4 0.100 " 0.025
B 0 1 0.033 0.033
C 0 1 0.028 0.028
E 0 1 0.022 0.022
1 2 0.027 - 0.027
Silica 4 fluence = 1.01 Jd/em?2 0.005 + 0.001
exposure 1 exposure 2 ~ step step/shot
B 0 4 ~  0.0155 0.004
C 0 4 0.0232 0.006

4.3.2.4 Additional testing of fused silica

Two 5 cm diameter fused silica blanks were exposed to x rays and target
debris on two Nova shots. This was done as a ridealong experiment on shots
RKK_HOHISBS_ 26&27 on January 23, 1996 using a fixture mounted in SIM
5. These shots used Nova scale 1 gas-filled hohlraum targets.
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The samples received about 3.5 J/cm? x-ray fluence with a sp‘ec’a",um of 200
eV blackbody (not measured). An unknown amount of target debris (gold
and Eopper) was also incident‘ on the glass. The samples were mounted such
that the normal to the sample surface was 45° from the direction to the target.
The center of the samples was 22 cm from chamber center. Approximately
one third of each sample's surface was shielded from direct x-ray exposure by

a steel plate mounted 6 cm in front of the samples.

The silica samples were not specially polished. The substrates were
Corning 7940 fused silica. One éample ("North") was coated with a triple
thickness (240 nm)- of silica sol gel AR coating, while the other.sample

("South") was just the bare substrate material.

Interferometry was perforrhed on these two samples, producing two
significant results. First is that the removal depths are consistent with those
measured in the highest—ﬂuence half-inch sample. Second, the surfaces
which had approximately 0.5 pm of material removed appeéred to be about as
flat as the origin_al, unexposed parts of the samples. Confirmation of the
uniform material. removal helped in defining the phenomena likely

responsible. Results are shown in Figure 4-12.

4.3.2.5 Discussion of removal mechanisms for fused silica

Vaporization appears to be the —dominant mechanism of material removal
for fused silica. ‘This process is consistent With the uniform removal over a
~ fairly large area (two inches), and the essentially flat surface left behind. Also -

“the removal of the same amount every shot" pomts to a purely one-
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dimensional thermal phenomenon, in that no mechanical "pre-

conditioning” of the surface is required to remove material.

The other two primary removal mechanisms noted in the Nova material
response tests are thermal cracking/spall and liquid ejection. Thermal
cracking was not evident in any of the fused silica optical ﬁu’croscopy, nor
-~ would any be expected for a material with such a low coefficient of thermal
expansion. Liquid ejection tends to leave behind an uneven, wavy surface
from the ejection of some droplets and retention of others. The exposed
surfaces show no evidenée of this, although the fine fibers seen in Figure 4-9
do indicate d small amount of liquid motion. Also, fused silica is amorphous
and has no real melting point, but rather a decreasing viscosity with
temperature. There is no sharp. solid/liquid phase change with the potential
for a volume increase that would drive any significant unstable liquid

motion (splashing).

4.3.3 Silicon Nitride Response
4.3.3.1 Introduction ’

Three silicon nitride samples were exposed to x rays ir;a series of six ride-
along Nova shots. Microscopy and profilometer scans performed after the
shots determined material removal rates and indicate the removal mech-
anisms responsible. This section describes the experiment setup, presents the
post-shot observations, and discusses the results in terms of likely removal

mechanisms.
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4.3.3.2 Experiment set-upv

Section 4.3.1 describes the sample holders, mounting fixtures, and test
procedures used in the whole series of material response experiments.
Therefore this section will be limited to specific conditions unique to the

‘silicon nitride testing.

The silicon nitride samples were hot pressed material by Ceradyne. Their
material identification was Ceralloy 147, which had a deﬁsity of 3.16 g/cc
(99.4% of theoretical). This material is sintered with 1% MgO. The samples
were polished before testing to better than 0.1 pm roughness. One sample
was placed at each of the first, third, and fourth distances from the target. The
tantalum masking arrangement gave full exposure on the first shot, half on
the second, and one quarter on the third and fourth shots. For the fifth and
" sixth shots the masks were rotated one-eighth turn. - This produced regions

with six, four, three, two, one, and zero exposures on each sample.

Table 4-4: Summary of Nova shots used for silicon nitride exposure

Date Target 3w Pulse BBT |2 26can 3lan 40cm
Name 1 3) s eV J/an2 J/em2 J/e2 J/an2
Feb2296 SGG_FBALL_34 25.256 2.2 200 3.25 - 164 098
& SGG_FBALL_35 26.362 2.2 200 3.40 - 1.71 1.03
Feb2396 DHK_BLIMP_12  25.664 2.2 200" .| 3.31 - 1.67 1.00
‘ DHK_BLIMP_13  26.577 22 200 342 - 172 104
DHK_HEP4RT_12 24.098 2.2 200 | 311 - 1.56 094
DHK_HEP4RT_ 13 24.449 2.2 200 3.15 - 159 095
Avg Fluence| 3.27  -—. 1.65 0.99

i

The series of Nova shots covered six shots in all, and are listgd in Table 4~
4. Gas-filled, scale 1 hohlraums without shields were used in these
experiments. Backlighters were used on the targets. Eight of Nova's beams

were directed into the hohlraum at an energy of about 3.2 k] each in a shaped
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2.2 ns pulse (PS22). An internal temperature of about 200 eV can be inferred

from previous spectral measurements on similar hohlraums.

| 4.3.3.3 Observations and measurements for silicon nitride
Opt1ca1 microscopy was one 1mportan’c component of the post-shot
material analysis. One obvious feature of the surfaces was that they were
qu1te flat relat1ve to the removal steps. Movmg the lens up and down
brought exposed reglons (with the same number of shots) into focus
s1mu1taneous1y For high x-ray ﬂuence samples it was therefore easy to see

distinct steps between surface regions with different number of exposures.

Examination under higher magniﬁcation showed no evidence of thermal
stress cracking or shock damage. The surfaces also had none of the rounded
features characteristic of a material that had been melted and rapidly cooled.
As seen in Figure 4-13 for one snot at the highest‘ fluence, the surface is
composed of angular facets in the micron or submicron size range. These are

presumably due to the original grain structure.

M1croscopy also revealed some limited deposmon of material on
unexposed reg10ns from ad]acent exposed areas. The depos1ted material is in
the form of particles up to about a micron in size. Flgure 4-14 shows this
phenomenon in the sample at the third highest fluence. The lowest ﬂuence
sample had essentialiy novredeposited material. On none of the samples
could deposition be seen from high exposure regions to adjacent regions with
fewer shots. This is likely because the depos1ted part1c1es would blend in

perfectly Wlth the exposed surfaces appearance
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A Tencor alpha-step 200 profllometer was used to measure surface
topography and ablation step sizes after the X-ray exposures. ‘Table 4-5 below
summarizes roughness measured by the profllometer These values are
rather small compared to the removal depths at least for the h1gher fluences
with multiple shots. The resultmg "clean ablation stéps meant that removal
:‘measurements could be made reliably. F1gure 4-15 111ustrates some typlcal
: proﬁlometer scans. Note that removal was bas1cally linear with number of
exposures, with twice the ablation depth for twice as many shots. A summary
of the removal depth results is given in Table 4-6, and these data are plotted

as a function of x-ray fluence in Figure 416,

‘Table 4-5: Silicon nitride surface roughness Am’e,asured by profilometer

Fluence Roughness *
- 33J/em? .. -~ 04 pum:
1.7]/cm? 0.3 pm

" 1.0J/cm2 |- 0.2 pm

*.= peak to valley, excluding isolated extreme wvalues .

4.3.3.4 Discussion of removal mechanisms for s'rlicon nitride

Vaporization appears to be the dominant mechanism of matenal removal
for silicon nitride. This process is consistent with the uniform removal and
essent1a11y flat surface left behind. Also the removal of the same amount
every shot points to a purely one-dm1ens1onal thermal phenomenon, in that
no mechamcal pre—condltlomng of the surface is requlred to remove

matenal

One ihterés’dhg aspect of the vaporization is that the high ediiilibrium

vapor pressure of silicon nitride is due almost totally to decorr{position and
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Table 4-6: Summary of ablation step size measurements for silicon nitride

Sil Nit 1 fluence = 3.27 J/cm2 0.414 + 0.066
exp 1 exp2 step step/shot
A 0 1 0.42 0.420
0 4 1.39 0.348
0 6 2.29 . 0.382
B 0 1 0.52 0.520
0 4 1.41° 0.353
2 4 0.94 0.470
C 0 1 0.35 0.350
D 1 2 0.50 0.500
2 4 ~0.71 0.355
4 6 - 0.89 0.445
Sil Nit 3 fluence = 1.65 J/cm2 0.191 + 0.042
exp 1 . exp2 step" step/shot
A 0 4 0.740 0.185
4 6 0.420 0.210
B 0 2 0.280 0.140
2 6 0.890 0.223
C 0 2 0.260 0.130
2 6 0.830 0.208
D 0 2 0.480 - 0.240
Sil Nit 4 fluence = 1.0 J/cm2 0.105 + 0.006
exp 1 exp2 step step/shot _
A 2 6 0.395 0.099
B 2 6 0.430 0.108
C 0 4 0.400- 0.100
2 4 0.210 0.105
D 2 4 0.230 0.115
E 1 3 - 0.210 0.105

releése of nitrogen gas. Composition curves provided by Wilemski3 show
other gaseous species comprise less than one part in ten thousand of the total
vapor pressure. It seems. likely, therefore, that the vaporization process
produces not a stoichiometric vapor, but rather a mix of nitrogen gas and
solid (or liquid) silicon particles. The silicon would be "blown off" the surface

by the rush of underlying nitrogen gas during decomposition.
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The other two primary removal mecham'sﬁs noted in the Nova material
response tests are liquid ejection and thermal cracking/spall. Liquid ejection
tends to leave ‘be‘hi’nd an uneven, wavy surface from the ejection of some
droplets and rete\ntipn of othérs. The exposed surfaces show no evidence of
this. Because silicon nitride has a low Boiling point (~3500 K) and high melt
temperature (somewhere above 3500 K), it is likely that a melt layer never
forms on the surface. Thermal cracking was not evident m any of the silicon
nitride optical microscopy. A typical cause of cracking is'a melt layer that
solidifies then is put under tensile loading as it cools. The lack of thermal
cracking therefore supports the idea that no ‘significant melt layer forms on
the surface. Also, the crack—fre¢ surfaces are consistent with the‘ féét that
silicon nitride has a relatively high thermal shock resistance (roughly five
times better than aluminum  oxide). Siﬁce liquid ejection and thermal
cracking/spall do not seem to ‘play a role, silicon nitride vaporization islagain

supported as the dominant removal mechanism.

4.3.4 Response of Boron Carbide and Boron
43.4.1 Introduction

Twenty-eight samples of"various forms of boron carbide and boron were
exposed to x rays in four ,A:ser:ies of ride-along Nové shots. Table 4-7
summarizes the shots, x-ray fluences, and materials exposed. Microscopyl and
proﬁiometer scans performed after the shots determined material response
characteristics and indicated the mechanisms ‘responsible. This section
describes the experiment sémp, presents the post-shot observations, and

~ discusses the results in terms of likely removal mechanisms.
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4.3.4.2 Sample Preparation

Section 4.3.1 describes the sample holders, mounting fixtures, and test
' procedures used in the whole series of material ‘rééponse experiments.
Therefore this section is limited to specific conditions ﬁnique to these tests.
The sources and preparation for each of the seven sample types are
considered first. In the next part, the targets and laser conditions for each of
the four Nova shot series are discussed.

Hot préssed boron carbide samples were obtained from Ceradyne Inc. The
buik material had a purity (measured by Rutherford backscattering?) of >
99.9%. Samples were polished fo bétter than 0.1 pm surface finish, except for
isolated large pits. Because the locations of these pits were known and so
Would not interfere with the post-shot analyses, it was not necessary to
prolong the polishing operation to remove them. The samples were exposed
to three Nova shots on Nov. 17, 1995. One sample was placed at each of four
distancgs from the target, with masking to expose first one-quarter, then one-
half, then all‘of the surface on the three consecutive shots. " A fifth sample
" was half exposed at the furthest location for two shots, then the mask was
rotated and the sample moved to the second highest fluence location. This
was an attempt to observe the effects of pre-eprsure to target debris and low
x-ray fluences before exposure to a higher fluence, simulating a possible NIF

first wall scenario.

Additional hot pressed boron carbide samples were obtained from Reade
Advanced Materials. The quoted purity was 99-99.5% for their Pressure
‘Assisted Densification (PAD) material. Pblishing brought the surfaces to

better than 0.1 pm finish, except for some small remaining pits. As with the
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Ceradyne material, one sample was placed at each of four distances from the
targets. In the.series of six Nova shots on Jan. 10, 1996, the masking was
arranged to expose the full surface on the first shot, half\jqn the next two

shots, and one quarter on the remaining three shots.

Two samples of plasma sprayed boron carbide were obtained from Y-12 at
Oak Ridge National Laboratory. The bulk material had a purity (measured by
Rutherford backscattering4) of about 98.6%, with oxygen as the main
impurity. The samples were polished at Y-12 to a 0.1 - 0.2 pm surface finish,
with some larger pits still apparent. Two series of exposure 41:'ests were

‘condrqcted on Nova, the first being three shots on NQV. 17, 1995 and the
second being six‘ shots on Jan. 10, 1996. One sample (labeled #20) was placed at
the highest x-ray fluence location for all shots; with an arfangement of
tantalum masks to give regions of from zero to nine.shot exposures.. The
second sample was half exposed at thé farthest location for two shots, then the
mask was rotated and the sample moved to the second highest fluence
location for the third shot of the first series. For the second series, the sample
was placed at the t}urd highest ﬂugncg location with a sillgle 60% mask in -

place for all six shots.

Four samples each frpr‘nrtwol other sources of plasma sprayed boron
carbide, Plasmé Technology Inc. and Prometheus Technology Coatings Inc.
(ProTeC), were also tes{ed. The Plasma Tech material number was PTI 279.
The bulk material had .a purity (measured By Rutherford backscattering®) of
- 99.7%, with an.atomic concentration of 83.7% boron, ,‘16‘.0%. carbon. The
samples from ProTeC were produced by vacuum plasma spraying, and had a

purity of 99.8%, again measured by Rutherford backscattering?. The atomic
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concentration was 82.8% boron, 17.0% carbon. All samples were tested in an
as-sprayed condition, with no polishing:- One sample from each vendor was
- placed at each of four distances from the target for two shots on Feb. 23, 199.
All samples were fully exposed on the first shot and  masked on half the

surface for the second shot.

Six samples of boron were obtained from the Chemistry & Materials
Science Department at LLNL. These ‘were essentially fully dense chunks,
labeled lot #7718 from an unknown supplier. Paperwork with the samples
indicated a minimum purity of 99.9%. The boron pieces were potted in epoxy
to facilitate handling of the irregularly shaped material. Samples were
polished to better than 0.1 um surface finish, except for isolated lafge pits that
did not interfere with the post-shot measurements. Two samples were ‘tested
in Nova on Jan. 10, 1996 for a series of six shots. These were placed at the
second and fourth highest fluence locations. The masking was arranged to
expose the full surface on the first shot, half on the next two shots, and one
quarter on the remaining three shots. = An additional four samples were
exposed in another series of six shots over' Feb. 22 & 23, 1996. Here one
sample was placed at each of the four distances from-the target. The tantalum
masking arrangement gave full exposure on the first shot, half on the second,
and one quarter on the third and fourth silots. For the fifth and sixth shots
the masks were rotated one-eighth turn to produce regions with six, four,
three, two, one, and zero exposures on each sample. An exception is the
lowest fluence sample, which was smaller than the others, permitting
exposures of half for the first shot then one quarter for the remaining five

shots.
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One set of three plasma sprayed boron samples was also available for
testing. These were supplied by General Atomics, and were produced from a
powder with a stated purity of 299.9%. rThey felt that any impurities
introduced in spraying would likely be less than a percent-or-two, which was
acceptable for this testing. The samples were tested in an as-sprayed
condition, with no polishing. One sample was placed at each of the first, third
and. fourth locations from the target for two shots on Feb. 23, 1996. Each
sample was fully exposed on the first shot and masked on half its surface for
the second shot.
4.3.4.3 Nova Shot Descriptions for boron carbide and boron exposures

. The first series of Nova shots was conducted on Nov. 17, 1995, with a total
of three shots. - The targets were scale 1, 25-um wall -thickness Nova .
hohlraums with a patch on one side to study backscatter. There were no
shields mounted on the hohlraums. These were gas filled targets, using
propane on the first shot and methane on the remaining two shots. Nine of
the ten Nova beams were pointed into the hohlraum with an energy of 2.7 kJ
each in a 2.2-ns shaped pulse (PS22). Previous spectral measurements with
similar hohlraums under similar drive conditions showed an internal
temperature of about 195 eV, so this was.taken as the spectrum of radiation

-source for the samples. .

The next relevant series of Nova shots tobk place on Jan. 10, 1996, on six
consecutive ride-along shots. The targets were scale 1, 25-um Waﬂ Nova
hohlraums with a small radiation burnthrough patch on one side. They had
"standard drive shields" made .of copper mounted on both ends of the

hohlraum. There were no liners or windows (and so of course no gas fill).

- 104




All ten'Nova beams entered the hohlraum with an energy of 2.7 kJ each in a
1-ns square pulse. An internal temperature of about 250 eV can be inferred

from previous spectral measurements on similar hohlraums.

Table 4-7: Summary of Nova shots used for boron and boron carbide
exposures '

Date / ‘ 3w Pulse BBT Fluence Fluencé " Fluence Fluence

Target Name kdJ ns - & J/iem2 | J/cm?2 J/em2 J/cm2
Nov 17, 1995 22 cm 26 cm 31 cm 40 cm

RKK_HOHLSBS24 25.141 2.2 195 3.24 . 2.32 1.63 0.98
RKK_HOHLSBS22 24.264 2.2 195 3.13 2.24 1.57 0.95
RKK_HOHLSBS16 25.362 2.2 195 3.27 2.34 1.65 0.99

Avg Fluence| 3.21 = 2.30 1.62 0.97

Mat)erials: boron carbide: hot pressed (Ceradyne), plasma sprayed (Y-12)
Jan 10, 1996 23 cm 27 cm 32 cm 41 cm
TJO_ALBEDO_94 30.254° 1.0 250 3.57 2.59 1.84 1.12
TJO_ALBEDO_95 25.559 1.0 250 3.01 . 2.19 1.56 0.95
TJO_ALBEDO_96 26.424 1.0 - 250 3.12 2.26 1.61 0.98
TJO_ALBEDO_97 27.348 1.0 - 250 3.22 2.34 1.67 1.01
TJO_ALBEDO_98 28.131 1.0 250 3.32 2.41 1.71 1.04
TJO_ALBEDO_99 26.919 1. 250 3.17 - 2.30 1.64 1.00

Avg Fluence| 3.24 2.35 1.67 1.02
- Materials: boron carbide: hot pressed (Reade), plasma-sprayed (Y-12)
boron: solid chunks (LLNL C&MS)

Feb 22&23, 96 22 ecm 26 cm 31 ecm 40 cm
SGG_FBALL_34 25.256 2.2 200 3.25 2.33 1.64 0.98
SGG_FBALL_35 26.362 2.2 200 3.40 2.43 1.71 1.03
DHK_BLIMP_12 25.664 2.2 200 3.831° 2.37 ©1.67 1.00
DHK_BLIMP_13 26.577 2.2 200 3.42 2.45 1.72 1.04
DHK_HEP4RT_12 24.098 2.2 200 3.11 2.22 1.56 0.94
DHK_HEP4RT_13 24.449 2.2 200 3.15 2.26 1
g Fluence{ 3.27 2.34 1
Materials: boron: solid chunks (LLNL C&MS)

.59 0.95
.65 0.99

Feb 23, 1996 22 cm 26 cm 31 em 40 cm
SGG_SNRT_20 11.9283 1.0 210 1.54 1.10° 0.77 0.46
SGG_SNRT_21 11.940 1.0 210 1.54 1.10 0.77 0.47
' Avg Fluence| 1.54 1.10 0.77 0.47

Materials: boron carbide: plasma-sprayed (Plasma Tech & ProTeC)
boron: plasma-sprayed (General Atomics)

The third series of Nova shots occurred over Feb. 22 & 23, 1996, covering

six shots in all. Gas-filled, scale-1 hohlraums without shields were used in
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these experiments. Backlighters were used on the targets. Eight of Nova's
beams were directed into the hohlraum at an energy of about 3.2 kJ each in a
shaped 2.2-ns pulse (PS22). Previous work gives an estimated internal

temperature of about 200 eV.

The fourth set of Nova experiments was performed on Feb. 23, 1996, with
two shots. These used non-gas-filled targets with limited shields. Eight
beams were used to drive the hohlraum, at 1.5 kJ each in a 1-ns square pulse.

The peak internal hohlraum temperature was estirrrated to be 210 eV.

4.3.4.4 Observations and Measurements for boron carbide and boron

While there were differences in the x-ray résponse of the seven types of
boron carbide and boron tested, they are grouped together in ‘th1s section
because the major corrclusions erbout rernoval ratés and mechanisms are
similar. Profilometer ,scans show that these materials roughen somewhat on
exposure to high x-ray fluences. Howe\rer, even after multiple shots at the
highest x-ray fluences, no net removal (steps) could be mieasured in the
surfaces. Optical microscopy and SEM images showed isolated small plts in
the surfaces. This mdrcates that most matenal removal was in the’ form of
solid particles spalled off the surface. Fmally, with the spectra and time scales
of these experiments, the thresholds for >r-ray damageum}ere nomrnally at the

lowest exposure level, about 1 J/cm?2.

The hot pressed boron. carbide from Ceradyne provided the strongest
evidence for thermal stress damage in the material. At the highest two
fluences, a single exposure caused severe thermal stress cracking in a "dry

lake bed" pattern. The surfaces roughened at this point due to curling of the
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edges of the facets of the cracked surface. Figure 4-17 is an SEM image of this
phenomenon on the highest fluence sample. Additional exposures to x-ray
high fluences produce a rougher landscape with thermal stress cracks on the
"floors" surrounded by rounded hills and ridges. The rounded structures
appear to be locally melted edges of the facets that curled up after the first
exposure. This behavior is seen in the lower half of the optical micrograph in
Figure 4-18, in a region exposed to three high fluence shots. In the upper part
of the picture, near the edge of the region masked to receive only a single
shot, some rectangular shaped pits are evident, likely some thermally cracked
particles removed by the thermal stresses. The third highest x-ray exposure of
the Ceradyne material shows just faint cracks after the first exposure. After
two more shots, there were many small rectangular pits in the surface, clear
evidence for removal of the thermally cracked material. These features are
shown in Figure 4-19. The lowest fluence shot showed essentially no
evidence of damage either optically or with the profilometer, although AFM
(atomic force microscope) measurements indicated'that surface scratches from

the diamond polishing were annealed.

Attempts at estimating mass removed were made using both profilometry
and microscopy. At high fluence, profilometry scans of the Ceradyne boron
carbide (Figure 4-20) showed the surface roughening from the initial <0.1 um
to 1-2 pm after a single shot and 3-5 pm after three shots. The roughening,
which occurs primarily by curling of the crazes, is far larger than any material
removal. The bottom of the roughness suggests some 0.5 um pits are present,
but any net removal is significantly less than the roughness and difficult to
measure. As an alternative, material removal was estimated by combining

AFM-measured depths of specific pits observed by optical microscopy with an
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estimate of the fraction of the area covered by pits from optical n:ﬁcrographs.
At the second lowest fluence, the average pit depth was 1/3 pm and the -
fraction of area removed was 10% or less, implying a cumulative average
removal of about 0.03 pm for the three shots. At the highest fluence, the
average pit depth is close to 1 pm and the pits cover perhaps half of the area,
resulting in a cumulative .average\,removal of up to 0.5 um for the three
shots. This value has a very large uncertainty because of the difficulty of

determining the fractional area covered by pits. .

Hot pressed boron carbide from the other -supplier, Reade responded
differently to the x-ray exposures, in that there was no thermal stress cracking
evident. The surfaces were covered with small pits, which at the two highest

-fluences were surrounded by raised, rounded edges. This structure can be
seen in Figure 4-21, which shows the highest fluence sample in the six shot /
no shot region. Figure 4-22 shows typical profilometer scans across this same
boundary. The surface roughness increased from the unexposed value of
better than 0.1 pm to 0.5 - 1 pm in the multiply exposed region. There is no
material removal step discernible, even after six shots. Photographs of the
sample at the. lowest:fluence show some change‘ in surface appearance in the
exposed region. However, optical microscopy reveals no real pitting or other
damage, and profilometry showed no change .in surface roughness. This

places the x-ray damage threshold at or just above 1 J/cm?2. .

Although no surface steps were noted in the Reade profilometer scans,
there was evidence of pitting in the surface. Therefore material removal was
estimated on this basis, much as was done for the Ceradyne samples. In the

highest fluence sample, the pits measured from 0.2 - 1 um deep and covered
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50% of the area after six shots. This corresponds to 0.2 - 0.3 pm removed in
six shots, or 0.03 - 0.05 um/shot.

The plasma sprayed boron carbide had a substantially different
microstructure from the hot pressed material. The coating thickness is made
up of "splats” of molten material that intertwine, harden, and adhere in a
complex threg-dimensional arrangement. The polishing process thins the

.surface splats, leaving some unsupported edges, and perhaps weakens the
adhesion of some splats. Exposure to x rays of the polished samples from Y-12
thérefore produced a third type of boron carbide response. In this case the x
rays curled the edges of some of the thinner surface splats and removed some
that were smaller or in some way weakly bonded to the other surface
material. Figure 4-23 is an SEM image of the boundary between and
unexposedr and singly exposed region at the second highest fluence.
Although pits are visible in the unexposed region due to the original coating
porosity, the exposed area is clearly rougher. A 300x microscope photograph
in Figure 4-24 shows regions with zero, two, six, and eight exposures to high
xX-ray ﬂuencés. It appears that répeated x-ray exposure etches away the plasma
sprayed surface, leaving pits below ridges at near the original surface height.
A profilometer scan in Figure 4-25 shows the increase in surface roughness
from about 0.1 pm to 1 ~ 2 pm and the development of some pits in the 8-
times exposed surface. However, no uniform ablation step is detectable,
because there is still some polished surface remaining at the original level.
At the lowest fluence, the Y-12 material showed just a faint change in the
exposed surface region, along with a slight roughening. Therefore the

damage threshold is probably just less than 1 J/cm2.
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As with the hot pressed boron carbide, a rough calculation of material
removal was made for the Y-12 material from typical surface pit depth and
areal coverage. After six shots at the highest x-ray fluence, 1 pm deep pits
covering half the exposed surface was taken as a réasonable estimate. These
figures give a material removal rate of about 0.08. pm/shot.

The solid boron material behaved quite a bit like the boron carbide
samples. At-the higher fluences, optical microscopy revealed thermal stress
cracking of the surface. A, sample exposed to the second highest fluence
showed the same surface pattern of pits with raised, rounded edges as seen in
the Reade boron carbide after 4 - 6 shots. Figure 4-26 shows such a region
adjacent to areas exposed to one or two shots. The single shot region is
broken into small sections by the thermal stresses, where the surface
roughness comes from the curling-of the edges of the sections. ‘The doubly
- -exposed area starts to have some of the rounded ridges of the 4 - 6 shot region.
Profilometer scans, as in Figure 4-27, show the surface roughening without
producing a measurable step in the surface level. At the lowest fluence, the
surface started developing thermal stress cracks after just one shot, indicating

a damage threshold somewhat lower than boron carbide.

- Profilometer scans of the boron surface-at the highest fluence do show
rather deep pits develop after multiple exposures. These can again be used to
quantify material removal rates. Using the estimate that 30% of the surface is
covered with 2 pm deep pits after six shots, boron was removed at a rate of 0.1

pm/shot.
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Figure 4-28 summarizes the results for boron carbide and boron. Removal
depths at the lower fluences were estimated with the same procedure used at
the highest fluence. Note that these results are presented as rough
approximations principally to indicate trends and provide a' relative
comparison .of boron carbide and boron with other potential first wall
materials. For example, while the Reade material did seem to perform better
than the other materials in this test, the differences are probably not

significant.

The final series of two Nova shots on Feb. 23, 1996 was set up differently
than the other experiments. The purpose of these shots was to compare the
responsé of unpolished plasma sprayed samples from new vendors to x-ray
exposure. The boron carbides from ProTeC and Plasma Tech and the boron
from GA were included in this test. Figure 4-29 shows an SEM image of the
highest fluence sample from ProTeC with areas of no, one,.and two
.exposures. The ifnage shows evidence of melting after exposure, visible as a
loss of the finest Scales of roughness in the original surface. The exposed
- surfaces seem to have these micron-sized bumps and ridges melted out.
Some thermal stress cracking is also apparent under high magnification.. The
qualitative response was very similar in the other materials, except the GA
boron sample was more prone to.cracking.

The highest fluence sample of the GA boron was cleaned and weighed
before the shots, then reweighed after the shots to measure material removal.
The weight loss was 0.1 £ 0.1 mg, which corresponds to 1 + 1 um average
removal. Obviously the exposed area was too small to provide a useful

estimate of material removal. However, the exercise indicated that weight
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. loss measurements on a few square inches of first wall material would give

-useful results, and that method was adopted for later experiments.

4.3.4.5 Discussion of removal mechanisms for boron carbide and boron
Thermal stress / -shock is the' dominant removal mechanism for these
- materials, with the possible exception-of the hot pressed boron carbide from
Reade. The Ceradyne boron carbide and'the boron show thermal stress
cracking and all materials show su;face roughening at the higher x-ray
fluences. Continued exposures caﬁse additional roughness and the
appearance of angular pits in the 'surface. The pits seem to be locations where
small sections of thermally shocked material has been flaked off or popped

out by the additional thermal loading. - - . i

Observations of x-ray damage for these materials show evidence for
“melting of the surface in two ways. The rounded edges near pits of multiply
exposed areas ‘are a direct proof. Also, the most likely explanation for the -
“thermal stress cracking is that the materials melt then “freeze in" a stress-
relieved state ‘at high temperatures; leading:t6 surface tensile stresses on -
cooling. “However, the melting doés not appear to be the dominant material
removal mechanism, because most surface pits have. angular features
indicative of solid removal. In addition, there is no evidence of "splashing"
of the liquid near the boundaries of masked regions. At a minimum, the
viscosity of the mielt must be relatively high. - -

- Vaporization does not appear to play a role in material removal at these

fluences. This mechanism would mariifest itself as an' ablation step between

i
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regions with different numbers of exposures. Since no such steps are visible,

a rather low upper limit on the impact of vaporization can be established. .

The major difficulty with this series of experiments was that the
profilometer was unable to detect a characteristic removal depth for these
materials, even at the highest x-ray fluences. Therefore the best that can be

- done with these data is estimate the removal rate based on typical pit depths
and rough averages of surface coverage. These lead to something like less
than 0.64—0.13 pm in six exposures at 3.2 J/cm?2. Use of some other technique
will be needed to quantify the removal -of small angular particles by thermal
shock.

4.3.5 Aluminum Response
4.3.5.1 Introduction ‘
Nine aluminum disks were exposed to x rays on Nova ride—aloﬁg shots
conducted between November 1995 and February 1996. Microscopy and pro-
. filometer scans performed after the shots determined material removal rates
and indicate the removal mechanisms responsible. This section déscribes the
experiment setup, presents the post-shot observations, and discusses the

results in terms of likely removal mechanisms.

4.3.5.2 Experiment set-up

Section 4.3.1-describes the sample holders, mounting fixtures, and test
procedures used in the whole series of material response experiments.
‘Therefore this part will be limited to specific conditions unique to the

aluminum testing.
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The nine exposed samples were composed of one set of five, used in the
three November 17, 1995 shots,.and a set of four, used for six shots over
February 22 & 23, 1996. The first set of samples was made from aluminum
alloy 6061-T6 (>97.5% Al) cut to 0.5 inches diameter and 0.25 inches fhick.
These Were—polishéd to a surface finish of less than 0.1 um roughness. The
second set of aluminum samples was made from 1100 aﬂoy (>99.0% Al), with
one diamond-turned face with essentially the same level of surface roughﬁess

(<0.1pm). o

_Each sample in the first set: was exposed to a single Nova shot with
tantalum masking covering half of the surface. Three were performed in a
positio.n giving the third highest fluence, with one each at the second highest
and the lowest fluences. The second set used one sample at each of the four
distances from the target. These were all exposed to six shots, where tarital;um

masking p'rroducedv areas of 0,1,2,3,4, & 6 exposures on each sample face.

The first series of Nova shots was condticted on Nov. 17, 1995, with a total
of three shots. The targets‘ were scale 1, 25-pm wall thickness Nova
hohlraums Wi;:];l a patch on one side to study backscatter. There were no
shields mounted on the hohlraums. These were gas filled‘ targets, using
propane on the first shot and methane on the remairﬁng two shot;. Nine of
the ten Nova beams were pointed into the hohiraum with an energy of 2.7 kJ
each in a 2.2 ns shaped pulse (P522) Previous spectral measurements with
similar hohlraums under similar drive cqnditio’ns’ showed an internal
temperature of about 195_eV, so this was taken as the spectrum of radiation

source for the samples.
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Table 4-8: Summary of Nova shots used for aluminum exposure

Date Target 3w Pulse BBT | 2cm 26cn 3lecn 40cm

) Name K] s eV | /a2 J/em2 J/em2 J/em2
Nov1795 RKK_HOHLSBS_24 25.141 2.2 195 324 232 163 098
RKK_HOHLSBS_22 24.264 2.2 195 313 224 157 095
RKK_HOHLSBS_16 25.362 2.2 195 327 234 165 0.99

Avg Fluencef 321 230 1.62 0.97

Date Target 3w Pulse BBT | 2an 26an 3lecm 40am
Name k] ns eV | J/a2 J/am2 J/em2 J/am2
"Feb2296  SGG_FBALL_34 . 25.256 2.2 200. | 325 233 164 098
& SGG_FBALL_35 26.362 2.2 200 340 243 171 1.03

Feb2396 . DHK_BLIMP_12  25.664 2.2 200 331 237 167 1.00
DHK_BLIMP_13  26.577 2.2 200 342 245 172 1.04
DHK_HEP4RT_12  24.098 2.2 200 311 222 156 094
DHK_HEP4RT_13  24.449 2.2 200 315 226 159 0.95

, : ' Avg Fluence| 3.27 234 1.65 - 0.99

The second series of Nova shots occurred over Feb. 22 & 23, 1996, covering
six shots in all. Gas-filled, scale 1 hohlraums without shields were used in
these experiments. Backlighters were used on the targets. Eight of Nova's
beams were directed into the hohlraum at an energy of about 3.2 kJ eachin a
shaped 2.2 ns pulse (PS22). Previous work' gives an estimated internal
temperature of about 200 eV. Table 4-8 summarizes the shots and conditions

expected at each sample face.

4.3.5.3 Observations and measurements for aluminum

Optical -microscopy was one irﬁportant component of the -post-shot
material analysis. The obvious feature of the exposed surfaces was that they
were quite rough. The features seemed rounded, consistent with a frozen-in
liquid surface that had been splashing around. All exposed surfaces appeared
this way, though the surfaces with more exposures and at higher fluences
were rougher. Another observation was that aluminum splashed from
exposed areas, under the tantalum masks, onto unexposed regions. Figure 4-
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30 shows a typical view. This splashing is strongly evident near all exposed
areas of the highest two fluence samples of the second set. At the third
highest fluence, the splashing is only visible adjacent to the region exposed to

six shots. No splashing was visible on the lowest fluence sample.

Atomic Force Microscope (AFM) scans were performed on the low and
high' fluence samples from the ﬁrst set. The higher ﬂuencé'sample (2.3 ]/ cm?)
had a roughneés of 5 p.fn '(peak to vélley), wifh a lateral scale of 10 - 20 pm
between valleys, as seen in Figqre 4-31. Distiné"c round dropléts a feW microns
in diameter were scattered about the surface. Figure 4-‘32 éhowé the surface of
the low fluence sample (1.0 J/cm?). Here the general surface roughness
appears to be about half to one micron in a wavy pattern. ‘The craters visible
in the image are evidently the result of impacts of small droplets of target
debris. They measure 5 - 10 pm wide and about 2 pm deep. The aluminum
surface was likely liquid or recently solidified at the time of the impacts,

giving the pattern of splashed ejecta.

SEM images were obtained of these debris craters on the lowest fluence
sample. The high magnification shot seen in Figure 4-33 illustrates the
central depression with a raised, roughly circular rim. The crater floors have
an elevated portion in the center, presumably either rebounding.liquid

aluminum or the piece ‘of shrapnel that generated the crater.

One further serendipitous observation should be noted. A submicron-
diameter fiber of the glue used to hold down the tantalum masks accidentally
trailed on to the exposed area of the highest fluence sample in the second set.

There the glue fiber received 3.3 J/cm? in a single shot. Figure 4-34 shows the
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fiber as it passed from a masked to unmasked region of the sample surface.
~ The exposed side shows the presence of a channel in the aluminum
approximately ten times the width of the glue fiber. It appears that the rapid
vaporization of the glue "blew" some of the liquid aluminum melt layer

away from the fiber.

Table 4-9: Aluminum surface roughness measured by profilometer

Fluence Single Shot 4-6 Shots
3.3]/cm? 2 um 4-6 um
247/cm2! 1.5 pm 4 pm
1.7J/cm? 1.2 pm 2.5-3 pm
1.0 J/cm? 0.6 pm 1.5-2 pm

A Tencor alpha-step 200 profilometer was used to measure surface
topography and ablation step sizes after the x-ray exposures of the aluminum
samples. Table 4-9 summarizes roughness measured by the profilometer. The
single-step roughness values are comparable to the removal depths, while the
multiple shot removal depths are a factor of two or three higher. Obviously,
removal measurements could only be made for regions eprsed to four to six
shots, where the roﬁghness could be considered noise on top of the ablation
step signal. A complication in computing removal per step arose because the
profilometer measured only roughening, and no material removal, for
regions exl;osed to one or two shots. ‘Therefore the calculations for material
removal pef shot use the effective number of shots divided into the total
ablation step. Figure 4-35 illustrates the roughening without a detectable step
after two shots at the highest x-ray fluence. The 5-pm step visible after six
shots in the second scan is therefore divided into four effective shots. These

difficulties result in a large uncertainty in the removal depth measurements.
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The removal depth results are given in Table 4-10, and are plotted as a
function of x-ray fluence in Figure 4-36. No removal data is giiren for the
lowest fluence because any removal (at most a few tenths of a micron per

shot) was masked by the surface roughness.

Table 4-10: Summary of ablation step size measurements for aluminum.
Step per shot calculations reflect surface roughening only after the first two
shots (no detectable removal with profilometer). # effective shots are the
number of shots past the initial two. Only effective shots are counted in
step/shot because of this limitation in measuring removal.

A1 fluence = 3.3 J/cm2 ‘ ‘ - 1.18 + 0.196
exp 1 exp2 # eff shots step step/shot
A 0 6 4 5.10 1.28
B 0 -4 2 2.44 - 1.22
0 6 4 5.28 1.32
C 4 6 2 2.50 1.25
2 4 2 1.67 0.84
starting shots 2 0.00
and depth
- A2 fluence = 2.4 J/lecm2 . 0.95 + 0.151
exp 1 exp2 # eff shots step step/shot
A 0. . 4 -2 2.10 - 1.05
4 6 2 1.40 0.70
B -0 4 2 2.14 1.07
4 6 2 1.81 0.91
C 0 4 2 2.00 1.00
starting shots 2 0.00
and depth
A3 fluence = 1.7 J/icm2 . 0.61 + 0.210
exp 1 exp2  # eff shots step” step/shot
A 0 6 4 1.70 0.50
B 0 6 4 1.60 0.48
D 2 4 2 1.70 - 0.85
starting shots 2 -0.30
and depth -

Metallographic cross-sections were made of the five samples in the first set

and the highest fluence sample of the second set. Microscopy of these sections
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was interesting because the melt depth was clearly distinguishable as a
straight line, presumably parallel to the original surface. The surface of the
_ solidified melt layer was very uneven, in some cases dropping down to the
sohd/ melt interface, md1cat1ng complete removal of the melt. Most of the
surface did have a substantial resolidified layer remaining, however. Figure
4-37 is a representative image from the optical microscopy. The micrographs
were examined to detennine the average thickness of this layer for each of the
samples. There is a snbstantial variabilityv in the results, due to the rough
surfaces and the small sample statisties. The ‘n{easurements are plotted in
Figure 4-38 as a lfunction of fluence. As a check on the consistency of the
measurements and predictions, the remaining melt thickness is added to the
material removal estimate at each fluence, and compared to the predicted
_total melt depth. This is shown in Figure 4-39. The curves generally agree,

but there is clearly a good bit of scatter in the measurements.

4.3.5.4 Discussion of removal mechanisms for aluminum

Liquid ejection appears to be the dominant mechanism of material
removal for aluminum. This process is consistent with the rough, wavy
surface and uneven resolidified layer thickness. As mentioned, the
m1crographs and AFM scans also indicate the presence of small droplets on
tne surface. Further evidence is provided by the presence of splashed
| aiuminum on the unexposed reglons of the samples (except at the lowest
fluence, where little or no ablation step could be measured). Alummum has
a large coefficient of thermal expansion, which could generate the forces and
accelerations that would drive unstable liquid ejection. Comparisons with
the model predictions of melt depth (Figure 4-39) show that approximrately

one third of the total melt layer is removed under these test conditions.

119

s PN [ d 3 = i b

i4



Vaiporizétion was investigated as a possible contributor to the total
removal depth.. The ABLATOR model was ;applied to aluminum with the
same x-ray loading used in these experiments. As discussed in chapter 3, the
':' vaporiZé.tion is assumed to occur from a flat, 1-D interface at a rate dependent
on the surface temperafure and sehiratioﬁ ‘pressﬁre at that tefnperature.
Figure‘4-40 srtows that the vaporization from the surface is expected to be
only about 10% of the total érerrloval depth. Perhaps by includihg the added
area of the rough surfaces seen in the experlments, this eshmate m1ght be
increased to 30%. At this level, vapor1zat10n isa 31gmf1cant process to include

in modeling, but it is not the dommant effect

The other prirrlary" removal ‘mechani.sm noted in other Nova material
responSe tests was thermal cracfkmg/ spall. Thermal craokirlg was not evident
in any of the aluminum optical mioroseopy;( so this effect is likely not
significant for aluminum. This is consistent with what would be expected for

>e

a ductile metal.

4.3.6 Aluminum Oxide Response -
14.3.6.1 Introduction

Ten séim’ples of various forms of aluminiim oxide V&tere exposed to x rays
on Noxfa ride-alohg shots conduoted on December 19, 1995; 'One other sample
was tested on November 17, 1995. Microscopy and profilometer scans
performed after the shots deterrr\inea material removal rates and indicate the
removal mechanisms responsible This section descnbes the expenment
setup, presents the post—shot observa’aons, and discusses the results in terms

of hkely removal mechanisms.
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4.3.6.2 Experiment set-up'

Section 4.3.1 describés the sample holders, mounting fixtures, and test
procedures used in the whole series of material response experiments.
Therefore this section will be limited to specific conditions unique to the

alumina testing.

The eleven exposed samples were composed of four sapphire (single
crystal alumina) disks, four hot pressed alumina cubes, and three disks of
alumina plasma sprayed on aluminum substrates. The sapphire samples
wefe half-inch diameter windows from Edmund Scientific (stock #43-631).
The 1 mm thick samples were optically flat to two waves He-Ne over 25 mm,
so no additional polishing was required prior to testing. - The hot pressed
+ aluminum oxide _samplés were diamond polished to better than 0.lum
surface finish. All three of the sprayed alumina coating samples were
fabricated at the Y-12 plant at ORNL. A conventional thermal spray process
was used for two of these samples, while the third was produced with the
HVOF (High Velocity Oxygen Fuel) process. The plaéma sprayed samples
were polished to about 0.3 pm roughness.

The x-ray exposures for ten of the eleven samples were conducted in a
series of six consecutive Nova shots on December.19, 1995. One sample each
of the sapphire and hot pressed alumina was placed at each of the four
distances from the target. In addition, the HVOF material was placed at the
highest fluence location and one of the thermal sprayed samples was located
at the second highest ﬂuence position. Each sample was masked to expose the
full surface on the first shot, half on the next shot, and one quarter on the

remaining four shots. The other thermal sprayed alumina sample was tested
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on November 17, 1995, at the highest fluence location. It ‘had tantalum
masking arranged.to expose first' one-quarter, then one-half, then all the

surface on the three consecutive shots. :.

The first series of Nova shots was conducted on November 17, 1995, with a
total of three shots. The targets were scale 1, 25-um wall thickness Nova
hohlraums with a patch on one side to study backscatter. There were no
shields mounted on the hohlraums. These were gas filled targets, using
propane on the first shot and methane on the remaining two shots. Nine of
the ten Nova beams were pointed into the hohlraum with an energy of 2.7 kJ
each in a 2.2 ns shaped pulse (PS22). Previous spectral measurements with
similar hohlraums under similar -drive conditions showed an internal
temperature of about 195 eV, so this was taken as the spectrum of radiation

-source for the samples.

Table 4-11: Sumﬁaw of Nova shots used for aluminum oxide exposure

Date Target 30 Pulse BBT | 2cm 26can 3lean 40cm
' Name =~ : X ns eV | J/am2 J/em2 J/em2 J/em2

Nov 1795 RKK_HOHLSBS_24 25.141 2.2 195 324, 232 163 098
RKK_HOHLSBS_22 24.264 22 195 | 313 224 157 095
RKK_HOHLSBS_16 25.362 2.2 195 327 234 1.65 0.99

Avg Fluence| 321 230 1.62 097

Date ° Target 30  Pulse BBT |2lan 25cm 30cm 39am
-Name kJ n . eV J/am2 J/am2 J/am2 J/am2

Dec1995  SGG_FBALL_29 25.488 2.2 200 360 254 177 1.05
SGG_FBALL_30 24938 . 2.2 200 353 249 . 173 1.02
DHK_BLIMP_08 24.268 2.2 200 343, 242 168 1.00

. DHK_BLIMP_09 - 26.056 22 200 369-- 260 181 1.07
DHK_BLIMP_11 26.377 22 200 373 263 183 1.08
DHK_BLIMP_10 23.966 22 . 200 339 239 166 0.98

Avg Fluence| 356 251 175 1.03

The second series of Nova shots occurred on December 19, 1995, covering

six consécuﬁve shots. Gas—filled, scale 1 hohlraums without shields were
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used in these experiments. Backlighters were used on the targets. Eight of
Nova's bearris were directed into the hohlraum at an energy of about 3.2 kJ
‘each in a shaped 2.2 ns pulse (PSQZ). Previous work gives an estimated
‘internal temperature of about 200 eV. Table 4-11 summarizes the shots and

conditions expected at each sample face.

4.3.6.3 Observations and measurements for aluminum oxide

Optical microscopy was one important component of the post-shot
matefial analysis. One observation was the development of surface (and
possibly subsurface) bubbles from the x-ray exposures. .This was noted in all
the forrv‘n‘s' of valvumina tested. Two other observations were noted in the
sapphire and hot pressed Améterials, but not the sprayed samples. The first
was thermal stress cracking over .the exposed surfaces and the second was
éplashing at the edges of exposed regions onto unexposed or less expoéed

regions.

~ The de'xrel_opment of bubbles at the surface ig shown in the series of four
micrographs included as Figure 4-41. The material sample in these images is
sapphire exposed at the thirgi’higl‘leét fluence level (1.75 j/ cm?). The original
surface in part a of the figure has a few small bubbles scattered about the
surface. Partb sho;vs that after a single shot, a large number of submicron
bubbles appear, uniformly distributed over the surface. After the second shot
of x rays, there tends to be somewhat fewer, though somewhat larger, bubbles
at thg surface, as seen in part c of the figure. The smaller bubbles seem to
have coalesced at the thermal stress cracks. By the sixth exposure (part d),
most all the small bubbles, have vanished, leaving iny some larger (1-2 pm)

bubbles. These larger bubbles concentrated in the thermal stress cracks,
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,especially at intersections of cracks. Figure 4-42 illustrates similar behavior in
the hot pressed alumina samples. The micrographs of parts a and c are from
the sample exp;)sed to the highest ﬂuenc}e,‘ in regions of two and six
exposures. Again the smaller, uniformly distributed bubbles from the early
exposures are replaced by fewer, larger bybbles located: primarily in the

thermal stress cracks after more exposures.

Drawing on further optical microscopy, bubbles were found in sémpies at
every ﬂuence; even down to 1.0‘]/ cm2. At the ldwest 'ﬂuenée} bubbles were
riot seen in the sapphire aftet a single shot, but many were visible after two
exposures. In the hot pressed material, there were just a few bubbles seen at
the lowest fluence after six shots. As the ﬂueI{E:é ‘ihcreased, S0 aid the number

of bubbles in'the samples of either material.

Thermal stress cracking has already been shown in the imageé of !F'i‘gﬁres
4-4]1 and 4-42. All exposed areas of the sapphire and hot pressed alumina
were covered by patterns of cracks, generally with spacings on tlie order of two
to ten microns. Figure 4-42b shows éngular pits in a hot-pressed alumina
surface exposed to two shots. These are taken as evidence of the spall of ‘éolid,‘
therral sHock damaged surface material.” Few if ‘any pits were seen in

microscopy of the sapphire 's:r‘miples.

An interesting feature of the sapphire was that the cracks initially were all
aligned in ‘a regular orthdgoflal rpattérﬁ. This is erly related to the
anisotropic thermal expansion in this single crystal material. After a number
of high fluence x-ray eXposﬁfes, however, the 'crackir;g"patfei'ns became more
random, indicating some | “degra‘datiéiﬁ of the original crystal structure. This is
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illustrated, in Figure 4-43 for sapphire at the highest fluence, where regions of
‘one and five exposures are visible. At the two lower fluences, the thermal

stress cracks tended to stay aligned to the original crystal axes.

The other observation was that sapphire and hot pressed aluminum oxide
- splashed from regions of multiple shots to adjacent masked regions. A typical
view is shown in Figure 4-44, at the edge of a singly exposed area of sapphire
at the second highest fluence. The splashed material consists of submicron
diameter fibers extending 5 - 10 um into the unexposed surface. The amount
of splashed material decreases with fluence, to the point where no splashing

was visible on the lowest fluence sample.

Another surface feature was noted in the optical images of several of the
sapphire and hot pressed alumina samples. Figure 4-45 shows the surface of
the sapphire sample at the second highest fluence, in a two shot region.
There are several circular ring-shaped objects visible, in the 5 - 10 pum
diameter range. These do not appear to be related to either the thermal stress
cracking or the smaller bubbles in the surface around them. These may be
impact craters where surface melting has smoothed all featureé except the
outer rims.

The rough surfaces of the plasma. sprayed samples, and.the fact that
alumina is translucent, limited the detail that could be seen with optical
microscopy. The most useful result was that side illumination at low
magnification indicated a pitted surface. The SEM (Scanning Electron
Microscope) was able to produce more detailed images, however. A series of

micrographs was produced on the first sample tested, the thermal sprayed
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alumina exposed to three-shots. Figure 4-46 a-d shows the develbpment' of
surface features after each exposure at the highest fluence. The unexposed
surface is somewhat rough, with typical feature size of a few microns. The
single shot area shows two interesting devélopments: spherical alumina
“droplets 5 - 10 pm diameter on the surface, sometimes connected with a
similar diameter cylindrical neck; and surface bubbles a few microns in
diameter. The two exposure area has some of the dropieis and even more
bubbles. In addition, pits are how visible, up to tens of microns in diameter.
In the three shot region, there are more pits of various sizes, as m'ény or more

surface bubbles, and a few of the surface droplets. -

A Tencor alpha-step 200 profilometer was used to measure surface
topography and ablation step sizes after the x-ray exposures. Table 4-12 below
summarizes roughness measured by the profilometer. These values: are
comparable to the removal depths, which meant that removal measurements
be only made in regions exposed to four to six shots. A complication in
computing removal per step arose because the profilometer measured only
roughening, and no material removal, for regions exposed to one or perhaps’
two shots. Therefore the calculations for material removal per shot use the
effective number of shots divided into the total ablation step. Figure 4-47a
illustrates the roughening without a detectable step after one shot at the
second highest x-ray fluence. Some pits are evident after two shots, but
surface deEris makes any net removal hardly detectable. The 1.2 pm step
visible ‘after six shots in the second scan {(4-46b) is therefore divided into five
effective'shots. The difficulties with measuring the rough surfaces result in a
large uncertainty in the removal depth measurements. The removal depth

‘results are given in Table 4-13,'and are plotted as a function of x-ray fluence in
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Figure 4-48. No removal data is given for the lowest fluence sample of hot
pressed alumina because any removal (likely less than 50 nm per shot) was

masked by the surface roughness.

One further observation should be noted. The hot pressed alumina
samples turned from their original white color to a yellowish-brown after x-
ray exposure. The color change was stronger for higher fluences and more

exposures.

Table 4-12: Surface roughness measured by profilometer in 4-6 exposure
regions on aluminum oxide. ) -

Material Fluence Roughness *
Sapphire . 3.6]/cmz - 0.6 um
+ .Sapphire 2.5]/cm? 0.4pm
Sapphire 1.75]/cm? 0.3 pm
Sapphire 1.0J/cm2 0.2 pm
Hot Pressed 3.6]/cm? 1 pm
Hot Pressed -~ 25]/cm? 1 pm
Hot Pressed 1.75]/cm? 1 pm
Hot Pressed 1.0J/cm? 1 pm
Thermal Spray = 2.5]/cm? 0.5 um
HVOF 3.6 J/cm? 1 pm

* = estimated peak to valley, excluding largest spikes

Table 4-13: Summary of ablation step size measurements for aluminum
oxide. Step per shot calculations reflect surface roughening only after the first
shot (no detectable removal with profilometer). # effective shots are the
number of shots past the initial one. Only effective shots are counted in
step/shot because of this limitation in measuring removal.

Sapphire 1 fluence .= 3.6 J/cm2 0.22 * 0.020
exp 1 exp2 - #eff step step/shot
A 0 6 5 1.2 0.24
B 1 6 5 1.0 0.20
C 0 6 5 1.1 0.22
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4.3.6.4 Discussion of removal mechanisms for aluminum oxide
Vaporization was investigated as a possible contributor to the total
removal depth. It is expected that the vaporization depth will be the lower
limit for' the measured removal for any material. The difference in the two
depths is then the contribution of other removal mechanisms. The
ABLATOR model was applied to aluminum oxide with the same x-ray
loading used in these experiments. The vaporization is assumed to occur
from a flat, 1-D interface at a rate dependent on the surface temperature and
saturation pressure at that temperature, as discussed in Chapter 3. The vapor
pressure curve used was developed by Wilemski3 based on JANAF data. As
shown in Figure 4:49, vaporization from the surface is expected to cause up to
one third of the material removal at higher fluences. At lower fluences, the

'surface vaporization contribution is relatively much less.

The appearance of surface bubbles points to another removal mechanism,
subsurface vaporization. Bubble nucleation and growth rates must be very
high to have any significant effect on such short time scales. - Thermal
modeling shows peak temperatures of 4000 - 5000 K at the removal depths of
the middle two x-ray fluences. Figure 4-50 shows the peak profile for the 1.75
J/cm? case, where the removal depth was 0.1 - 0.12 pm/shot. 'I"he transient
analysis indicates that the 4000 K temperature at this depth will decay after
only 10 ns. This will be discussed further in chapter 5.

Another primary removal mechanism noted in the NIF material response
tests was thermal cracking/spall. Thermal cracking was evident in almost all
of the aluminum oxide optical microscopy. Figure 4-42b showed where this

damage led to removal of presumably solid chunks of material in the hot
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pressed alumina. SEM and optical images also showed some pitting of the
plasma sprayed material. The sapphire, however, did not show -any pits from

spall removal.

Liquid ejection is another possible mechanism of material removal for
aluminum oxide. There is evidence both for and against the relative -
importance of this process. The SEM images of the thermal sprayed alumina
in Figure 4-46 show droplets on the surface indicating a liquid removal
process. The presence of splashed alumina on the unexposed regions of the
samples (except at the lowest fluence) also shows some mobility of the liquid
phase. On the other hand, liquid ejection would be expected to produce
rounded, wavy surfaces, whereas the sapphire and hot pressed surfaces
appeared angular and faceted. Also, comparisons with the model predictions
of melt thickness, included in Figure 4-49, show that melt depth does not

correlate well to removal depth.

In summary, aluminum oxide does not appear to have. one single
dominant damage mechanism. -There is instead evidence for the
- contribution of several processes, that may change their relative effects

depending on the particular form of alumina and .x-ray exposure conditions.
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Figure 4-1: Cut-away view of sample holder -
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Figure 4-4: Optical image of silica at highest x-ray fluence.
Bubbles, target debris, and shrapnel damage evident.
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Flgure 4-5: Optlcal image of fused silica at hlghest
fluence in three shot region. Wide variety in sizes
of metal droplets and damage plts.
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Figure 4-6: Optical image of silica at second highest fluence
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Figure 4-7: Fused silica at lowest X-ray fluence. Little X-ray
damage, although some shrapnel craters appear.
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Figure 4-8: SEM images of small surface bubbles (craters) on highest fluence
silica sample, in single exposure area. Note cracks connecting impact craters.
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Figure 4-9: SEM image of highest fluence silica sample in
regions of six shots (right) and one shot. Note thin silica fibers
extending from six shot area, indicating some liquid splash.
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Figure 4-13: Surface of silicon nitride after one shot at highest
x-ray fluence. Surface appears to be composed of micron-
sized angular facets. No evidence of thermal stress cracks.
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Figure 4-14: Deposition of particulates on unexposed
region of silicon nitride from area exposed to one shot at
the third highest fluence. _— :
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Figure 4-15: Typical profilometer scans for silicon nitride
with easily mesured steps.
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Figure 4-17: SEM image of thermal sﬁess cracking in Ceradyne
boron carbide at highest x-ray fluence. Lightest regions are raised
above the mean level, showing curling of cracked surface sections.
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Figure 4-19: Ceradyne boron carbide at third-highest fluence
showing regions with from one to three shots. Surface cracks
are evident after 1-2 shots, while angular pits can be seen in
the multiply exposed regions. This is evidence for spall of
particulates as the dominant material removal process.
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Figure 4-20: Proﬁlometer scans of Ceradyne boron carbide at
highest x-ray fluence showing roughening without measureable
ablation steps.
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Figure 4-22: Proﬁldmeter scans of Reade boron carbide at
highest x-ray fluence. No measureable ablation steps seen. .
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Figure 4-23: SEM image of plasma sprayed boron carbide
from Y-12. Top half had single exposure to second highest
fluence, while bottom was masked. Some of original
polished surface was apparently flaked off by x-ray exposure.
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8 exposures

6 exposures 100 pm

Figure 4-24: Plasma sprayed boron carbide (Y-12) from zero
to eight exposures at highest fluence. Note removal of
material below original surface in multiply-exposed regions.
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Figure 4-25: Profilometer scans of Y-12 boron carbide
at highest x-ray fluence. Evidence of pits, but no
- uniform ablatlon steps.
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Figure 4-26: Boron expased to the second highesf fluence for
1, 2, & 6 shots. Initial large-area thermal stress cracks change
to smaller, rougher areas after multiple shots. o
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Figure 4-27: Profilometer scans of boron at highest x-ray fluence.
Very rough surface with evidence of pits, but no uniform steps.
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Figure 4-29: Plasma sprayed boron carbide from ProTeC, exposed to 1.5 J/cm2
x-ray fluence. The unexposed area is rough on scales of a few microns, while

in exposed areas these features are melted out. Some thermal stress cracking

is visible in exposed regions, particlularly under higher magnification..
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Figure 4-30: Optical image of splash onto unexposed o
aluminum surface from single exposure region (top) at )
the highest x-ray fluence .
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Figure 4-31: AFM image of single exposure of aluminum to 2.3 J/cm2.
Note droplets visible in lower image.
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Figure 4-32: AFM i image of presumed debris craters in aluminum
single exposure region at lowest fluence (near 1.0 J/cm2).
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Figure 4-35: Profilometer scans of aluminum at highest fluence.
Top scan shows roughening without ablation step after two
shots. Bottom scan shows removal step after four and six shots.
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