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1. INTRODUCTION

This report documents General Atomics’ (GA) fiscal year 2008 (FYO0S8) activity for Inertial
Confinement Fusion (ICF), a research and development program of the U.S. Department of Energy
(DOE) National Nuclear Security Administration (NNSA). The program goals are controlled nuclear
fusion at laboratory scales using large laser and pulsed power facilities in the U.S., and conducting
experiments relevant to high energy density physics (HEDP) using those same facilities. The ICF
Campaign, which includes the National Ignition Campaign (NIC) and HEDP experiments, is
presently executed at six sites: Los Alamos National Laboratory (LANL), Lawrence Livermore
National Laboratory (LLNL), Sandia National Laboratories (SNL), the University of Rochester
Laboratory for Laser Energetics (UR/LLE), the Naval Research Laboratory (NRL) and GA. There are
three major ICF facilities where this work is performed: the OMEGA glass laser at UR/LLE, the Z
pulsed-power facility at SNL, and the National Ignition Facility (NIF) at LLNL to be completed in
FYO09. These facilities are supplemented by LANL’s Trident laser, NRL’s Nike laser and other
smaller lasers.

General Atomics’ Inertial Fusion Technology (IFT) division concentrates on producing the
targets and doing the R&D for the targets for experiments which are carried out at the above facilities
and SNL’s Z pulsed power facility. Through target fabrication, GA supports the ultimate goal of the
ICF Campaign to develop laboratory capabilities to create and measure extreme conditions of
temperature, pressure, and radiation density, including thermonuclear burn conditions that approach
those in nuclear weapons, and to conduct weapons-related research in these environments and
achieving HEDP conditions, critical to validate codes and to characterize weapons component
performance. In this effort, GA supports all four of the strategies of NNSA’s ICF Campaign to
accomplish this long-term goal:

1. Achieve ignition in the laboratory and develop it as a scientific tool for stockpile stewardship.

2. Support execution of HEDP experiments necessary to provide advanced assessment
capabilities for stockpile stewardship.

3. Develop advanced technology capabilities that support long-term needs of stockpile
stewardship.

4. Maintain robust national program infrastructure and attract scientific talent to the SSP.

In FY0S8, GA continued its support of NNSA’s ICF program by on time delivery of nearly 3000
fully characterized target components and targets, necessary to enable ICF and HEDP experiments at
the various facilities. In doing so, the GA target fabrication group, an ISO 9001:2000 registered
program, maintained excellent communication with the users of the targets to ensure adherence to the
required quality and quantity, while continually seeking to improve processes to increase efficiency
and enhance the performance of the team. As well as getting extensive and generally very positive
feedback from its customers in FYOS8, the GA staff authored a number of papers in refereed journals
and presented work at major international conferences. Highlights of the GA ICF technology work

General Atomics Report GA—A26340 1-1
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performed under DOE Contract No. DE-AC52-06NA27279 in FYO08 comprises the subject of this
report.

In FYO8, the OMEGA laser accounted for the majority of experiments for ICF and HEDP. Each
shot requires a new and generally completely different type of tightly specified and well-characterized
target for each day or half day of shots. The Z facility had a major refurbishment in FY07 and is now
back online. In FY08, GA produced many different types of components for these facilities. Many of
the components are novel and were made by techniques requiring significant development. As the
targets are the initial conditions for the experiments, the targets and components need to be accurately
measured and characterized for each shot, which destroys the target.

In Section 2 we give a brief overview of the fabrication centers within GA’s IFT group that
ensure delivery of the various components needed for ICF experiments. In Section 3, we summarize
the target deliveries for these facilities and include descriptions of some target deliveries of note. In
FYO08, GA worked closely with LLNL — and the other sites — to manage the rolling specification of
hundreds of targets per year required for OMEGA, through weekly teleconference and video
conference meetings under a Change Control Board (CCB). Such meetings ensured that target
specifications for each facility shot day, which is essentially a new experimental campaign, were
specified well enough in advance for complete manufacture and characterization of the target to
specification.

In Section 4, we summarize research and development work for the ignition campaign on the NIF
(NIC Target Development); in Section 5 for supporting current deliveries for OMEGA (NIC x-ray
drive target production and NIC direct drive target production); and in Section 6 for Z (SNL Target
Development and Production). This development work has been presented to peers in the inertial
fusion and HEDP community at major international conferences (e.g., Inertial Fusion Sciences and
Applications, IFSA, in Kobe, Japan and the American Physical Society Division of Plasma Physics,
APS/DPP). These sections have selected work presented at these major meetings; also included in
these technical sections is closely related target work on fast ignition and inertial fusion energy
funded via related contracts.

Demonstration of laboratory ignition is the highest priority and a major objective of NNSA. This
work is encompassed in the NIC, which is an enhanced management activity of the NNSA, managed
with the rigor of a project. There is a point design for the ignition target for the NIC. Major R&D is
required to produce this target for 2010 due to the demanding specification on the ignition targets, the
cryogenic capability required for ignition, and the higher quality standards required for experiments
on the NIF.

In FY08, GA was the major program participant in the development of the non-cryogenic
components of the new NIC targets. These include fuel capsules with graded doped ablators with
micron-scale fill tubes. The specifications on the surface finish, roundness, uniformity, doping
fraction, fill tube fillet, etc., are demanding. The cryogenic hohlraum that contains the capsules is
continuing to evolve. GA is fabricating the prototypes and pieces used in current cryogenic fuel
layering experiments. An accelerated program of R&D and preparing for facilitization to produce
hundreds of targets per year is ongoing to ensure the success of the NIC. GA also supports the
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Cryogenic Target System (CTS) for the NIF by supplying LLNL-onsite engineering and technician
staff.

Development for current x-ray drive targets on OMEGA includes surrogate target components
that are shot on OMEGA in preparation for NIC development work. For current direct drive targets
on OMEGA, development includes novel ways of attaching fill tubes to direct-drive targets, ways of
making targets to achieve enhanced implosion performance and x-ray yield for backlighting.
Research for SNL includes a design to create targets for Z with many fill tubes on the large Z targets
enabling several experiments on one shot to help examine the way the fill tube itself perturbs an
implosion.

Comments and requests for further information may be directed to the GA Inertial Fusion
Technology Program Manager, Abbas.Nikroo@gat.com, (858) 455-2931.
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2. FABRICATION AND DEVELOPMENT CENTERS WITHIN GA IFT

2.1, CAPSULES

The Center for Capsule Production is responsible for the manufacturing of thin-layer
microcapsule components and targets for experiments carried out at OMEGA, Z, NIF and other laser
facilities for LLNL, LANL, UR/LLE, NLUF and SNL. In FYO0S8, the Capsule Production Center
produced approximately 1300 components and targets for 100 line items.

Capsule development for FY08 included improved Hoppe glass capsule production via a new
agitation technique to reduce the incidence of wall wrinkling, and, expanded the experimental scope
of Hoppe glass by introducing germanium doping. Silicon doped GDP capsule production was
supplemented with additional characterization to study IR absorbance. The largest diameter
(4000 pm) hemi shell ever produced in IFT was fabricated in a joint effort with the Center for
Precision Manufacturing.

LANL deliveries focused on Hoppe glass and GDP capsules with gas permeation barriers. We
again provided a special order of GDP capsules implanted with C" isotope for the LANL Betamix
experiment.

UR/LLE cryogenic experiments on OMEGA were supported by production of thin walled
(~10 pum) strong CD and standard density (100 mg/cc) resorcinol formaldehyde (R/F) foam capsules
with a GDP permeation barrier. Capsules were also delivered for use in qualifying the OMEGA-EP
lasers. Deuterium-filled drop tower glass capsules were delivered for Fusion Science Center,
HXRCal, Proton Backlighter, and MIFEDS experiments. High density (200 mg/cc) R/F foam
capsules with a GDP layer and an attached fill tube were produced for room temperature surrogate
shots.

NLUF deliveries included GDP capsules with a Ti-GDP layer for Core Imaging, and drop tower
glass as well as polymer capsules for Prad.

SNL deliveries expressed reduced deliveries due to the Z machine shutdown, however, we
continued support for developmental Fast Igniter targets supplying the GDP hemi-shells.

2.2. CENTER FOR PRECISION MANUFACTURING

The Center for Precision Manufacturing is responsible for the manufacturing of micro-machined
components and machined targets for experiments carried out at OMEGA, Z, NIF and other laser
facilities for LLNL, LANL, SNL, UR/LLE and several Universities. The Center for Precision
Manufacturing in FY08 produced a total of 1284 components and targets. The majority of the
components and targets are new and unique and required the development of new fabrication and
characterization techniques.
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The Center for Precision Manufacturing has fabricated, characterized and assembled several new
types of targets in FYOS8, examples include: Shock Timing targets for UR/LLE, Fast Ignition targets
for SNL, Implosion Symmetry targets for LANL, Thin Wall Hohlraums for LLNL-HEDP, and Super
Nova Raleigh Taylor (SNRT) targets for the University of Michigan.

2.3. FOAMS AND MATERIALS CENTER

The Foams and Materials (FMS) Center produces a wide range of components and performs
R&D work towards fabricating first of a kind targets. These targets were for experiments performed
by LLE, LLNL, AWE and various universities. The FMS center in FY08 produced a total of 147
components and targets. (Not counting routine internal production of items such as PAMS mandrels
for NIC capsules.) A number of these targets required extra development beyond ordinary production.

Several new targets were produced by the FMS center in FYO0S8. In support of the NIF direct drive
campaign, 3 mm diameter foam capsules with fill tubes for cryogenic layering experiments were
developed, fabricated and delivered. We also developed the techniques necessary to produce foam
shells at this large diameter with a thin (gas retentive) GDP layer. For OMEGA National Laser User
Facility (NLUF) shots, we provided targets with two embedded spheres suspended only by the foam
matrix, as well as targets with a tracer layer of titanium on the spheres. These targets were made with
no visible density perturbations to the foam layer.

2.4. NIF CENTER

The center for NIF target development and fabrication is focused on developments necessary for
producing NIF target components. These include areas that deal with fabrication and metrology of
beryllium and CH capsules, laser machining of capsules and hohlraums, uranium hohlraums,
subassemblies of capsules with fill tubes as well as thermomechanical package components used for
fielding cryogenic targets. It also draws from the center for precision machining described above.
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3. DELIVERY SUMMARY

3.1. DELIVERIES FROM SAN DIEGO

GA supplied nearly 3000 target and target components to LLNL, LANL, SNL, UR/LLE and
others in FY08. Capsules and micromachined components comprise the majority of the components
built at GA in support of this work. Figure 3-1 shows the deliveries for FYO8 by laboratory or
program on a quarterly basis. Table 3-1 summarizes these deliveries by major component types,
capsules, micromachined and foam components, and “miscellaneous” components, such as flat plates
with various precise surface perturbations, which in some cases can be more challenging to build.
Table 3-2 shows a list of different types of components broken down more specifically by type, such
as foam or beryllium shells.
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Fig. 3-1. FYO8 deliveries by laboratory by quarter.

Table 3-1
FYO08 Deliveries by High Level Components
Miscellaneous
p#Machined Including
Orders Capsules Components Foams Assemblies
LLNL 75 71 513 0 71
LANL 31 110 202 0 0
SNL 20 0 51 0 41
UR/LLE 130 999 263 19 47
NLUF _63 104 331 128 10
TOTAL 319 1284 1360 147 169
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Table 3-2
Deliveries Broken Down by Specific Types of Components

Component Type Total

Capsule-Be capsule 32
Capsule-CRYO 365
Capsule-Drop Tower Glass capsules 185
Capsule-Fill tube 12
Capsule-Germanium doped for CRYO 8
Capsule-Glass shell with fill 102
Capsule-Hoppe Glass capsules 53
Capsule-Other 25
Capsule-polymer capsules 455
Capsule-RF foam 20
Capsule-Si-GDP shells 33
Hohlraum-Hard 107
Hohlraum-Medium 94
Hohlraum-Simple 257
Package-Beryllium foil without a pattern 12
Package-Disk 136
Package-Foam 49
Package-Foil 389
Package-Other 121
Package-Patterned Be 13
Package-Patterned Foil 48
Polystyrene 16
Special-Ball in foam 10
Special-ball on cone 45
Special-Cone 72
Special-FI ball on cone 28
Special-Fill tube 7
Special-IR diffuser 7
Special-Laser Hole 15
Special-Other 129
Special-Saturn ring 6
Special-washer _105
Grand Total 2960
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3.1.1. Capsule Deliveries

GA delivered a total of 1284 precision, fully characterized capsules of many different types.
These included a wide variety of capsules ranging from plain CH, to cryogenic thin wall CD, to glass
capsules. These deliveries and the some of the related developmental types are summarized below by
laboratory.

LANL. The capsule group coordinated delivery of 110 capsules in 2008. This included CH capsules
with gas permeation barriers for the symmergy campaign in support of the NIC OMEGA
experimental series. We also provided beryllium capsules with fill tubes for this campaign, a first of
kind for OMEGA (Fig. 3-2). We leveraged the developmental activities discussed later to fabricate
Be shells, drill holes to allow fill tube attachment and verify gas filling capability and fielding of
these capsules. The LANL assembly team installed these capsules in hohlraums made by GA.
Neutron yields were measured in these symmetry experiments as precursors for those to be performed
on NIF in FY09-10.

Fig. 3-2. Beryllium shell with fill tube.

We provided a special order of CH capsules implanted with upwards of 90% C" isotope for the
Betamix experiment. The C" capsule was utilized for spectra analysis on OMEGA. We advanced
Hoppe glass capsule production methods by developing agitation techniques and modifying process
conditions to reduce the incidence of wall wrinkling in thinner walled capsules for improved surface
quality, and expanded the experimental scope of Hoppe glass by introducing a high Z doped glass,
specifically germanium. This development is discussed later in the OMEGA development section.

LLNL. We provided 30 bismuth coated CH shells for the Re-emit experiments that were designed to
prove the technique to be used on NIF. Figure 3-3 shows a Bi coated shell.

We also supplied 8 very thin beryllium shells that were used in the “thin shell” experiments on
OMEGA that again provided data to allow a decision as to the utility of this technique for future NIF
experiments. In addition, 15 multilayer Be:Cu shells were supplied and 48 standard GDP shells.
Figure 3-4 shows a radiograph of a thin walled (~12 ym) Be shell.
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glue spot: 175-um

Fig. 3-3. Bi coated shell fabricated at GA.
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Fig. 3-4. Radiograph of a 2 mm Be shell with a 12 ym wall and 27 ym fill hole.

il

LLE. In FYO08, our group coordinated delivery of 999 capsules to UR/LLE with special focus on
capsules for cryogenic shots on OMEGA.

Cryogenic experiments at UR/LLE were supported by the production of thin walled, strong CD
capsules. Capsule wall thicknesses varied from 13 ym to as thin as 2 ym. Each delivered shell was
wallmapped for wall uniformity and spheremapped for comparison to the NIF standard. Shells from
each batch were analyzed for buckle pressure.

In addition, 3 mm foam shells were delivered for cryogenic tests. Standard density (100 mg/cc)
R/F foam shells with a GDP permeation barrier were also delivered for cryogenic experiments.

A new type of target that was produced and delivered in FY08 was a high density (200 mg/cc)
R/F foam shell with a fill tube (Fig. 3-5). This target was developed due to the difficulties in
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producing a reliable permeation barrier on such foam shells. The development of such targets is
discussed later in Section 5.

-
“

Fig. 3-5. 900 ym GDP coated R/F foam shell with fill tube attached.

Thin-walled Si-GDP shells were developed and delivered for cryo experiments, with additional
characterization to study IR absorbance. Shells with walls from 12 to 40 pgm in thickness were
delivered for experiments such as Diagnostic Development, Ablator Proton, and Polar Direct Drive,
and for use in qualifying the EP lasers. Deuterium-filled drop tower glass shells were delivered for
Fusion Science Center, HXRCal, Proton Backlighter, NLUF and MIFEDS experiments. High density
(200 mg/cc) R/F foam shells with a GDP layer and an attached fill tube were produced for room
temperature surrogate shots. Developments in foam shells and SiGDP shells are discussed in more
detail in Sections 4 and 5.

NLUF Capsules. GA coordinated delivery of 104 capsules in FY08 to NLUF. Capsules for NLUF
experiments included GDP shells with a Ti-GDP layer for Core Imaging and glass backlighter and
polymer shells for Prad. Backlighter shells were used by Rich Petrasso in a variety of experiments to
use protons to radiograph Rayleigh-Taylor evolution of perturbations on flat plates. This work was
published in the journal Science.

3.1.2. Micromachining Deliveries

LLE. We delivered 263 target components for LLE. The majority of the deliveries were cone-in-
shell targets, which included machining and production of CH shells as well as gold components and
precision assembly of these components into full targets. These targets were used for the very
important shock timing experiments on OMEGA. Shock Timing experiments use the cone-in-shell
target to observe shock-breakout on imploding capsules. Figure 3-6 shows a photomicrograph of an
assembled cone-in-shell target. The special characteristic of this type target is the accurate position of
the tip of the cone with respect to the top of the capsule both in the radial and axial directions and a
leak tight and cryogenic capable joint between the cone and capsule. To facilitate the positioning of
the cone with respect to the capsule, both are machined utilizing high precision diamond turning
lathes and precision fixtures. During assembly, the position of the cone with respect to the capsule is
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checked using high precision measuring equipment. To facilitate viewing and focusing of the inside
of the capsule at the OMEGA facility, the cone is machined with a 14 ym wide annular feature on the
inside of the cone as shown in Fig. 3-7.

Fig. 3-6. Shock timing Fig. 3-7. Alignment feature for
cone-in-shell target used two-piece hohlraum. Cone is
to observe the shock- machined with a 14 um wide
breakout on imploding annular feature on the inside of the
capsules. cone.

LANL. We delivered 202 target components for LANL. These included hohlraums, halfraums, cone
targets and tantalum washers.

Collaboration between the Center for Precision Manufacturing and the Target fabrication group at
LANL resulted in the design of a two-piece hohlraum intended to study implosion symmetry of CH
and Be capsules. The two hohlraum halves were machined with male and female alignment features
on their flanges that allow proper registry of the hohlraum halves and proper alignment of the
diagnostic holes. Figure 3-8 shows a schematic of the type of alignment feature that was used.
Figure 3-9 shows a photomicrograph of the two-piece hohlraum.

Section A-A
. Detail B
Scale 9:1 Scale 75:1 i
Fig. 3-8. Alignment feature for two-piece Fig. 3-9. Symmergy target
hohlraum. with two-piece hohlraum.
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LLNL Deliveries. We delivered 513 micromachined target components for LLNL including
hohlraums, halfraums, cones and washers. We provided hohlraums that were used in the experiments
supporting NIC, such as convergent ablation with precision slots to allow streak image recording of
the implosion, and for the Re-emit campaign.

NLUF Deliveries. We delivered a total of 331 components for a number of NLUF campaigns. These
included halfraums and other machined parts for Astroshock, precision washers and discs for Prad as
well as perturbed foils for Supernova Rayleigh-Taylor (SNRT) experiments. The SNRT targets were
particularly challenging from both fabrication and metrology points of view and we discuss these here
in more detail.

Astrophysical phenomena such as Supernova hydrodynamics can be scaled down and studied in a
laboratory system. The Center for Radiative Shock Hydrodynamics at the University of Michigan is
studying these hydrodynamic effects by observing the growth of instabilities produced on drive disks
machined with known perturbations. A complicated 51-mode perturbation was machined on a
Polyimide — CHBr drive disk using a Fast Tool Servo. Figure 3-10 shows a photomicrograph of the
machined drive disk and the resulting hydrodynamic instabilities. The Center for Precision
Manufacturing had previously made periodic patterns using the Fast Tool Servo and these were easily
characterized by white light interferometry or Confocal microscopy and simple 1-D line outs. For the
non-periodic 51-mode perturbation, a 1-D line-out comparison is not possible so a new
characterization technique had to be developed to analyze the machined pattern to determine the
mode structure and compare it to the desired pattern. Figure 3-11 shows the desired pattern and the
actual pattern in X-Y space. The 51 mode pattern was analyzed by doing a 2-D Fast Fourier
Transform of the height data of the pattern. The height data was obtained from interferometric
metrology data obtained with a WYKO. The 2-D Fast Fourier Transform of the height data provides
the amplitude of the various modes and by plotting the intensity in kx and ky space it can be
compared to the analytical expression describing the 51 mode pattern. The machined pattern was able
to match the desired pattern up to mode 15. Frequency response of the piezoelectric stack, tool size,
and phase lag limits of the Fast Tool Servo limited the machining of high mode numbers for the
complex 51-mode perturbation.
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Fig. 3-10. SNRT drive disk and resulting hydrodynamic instability.
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Fig. 3-11. Fifty-one mode perturbation pattern.

3.1.3. Foam Deliveries

We delivered a total of 147 foam-containing components, mainly spheres, multi-layer films, and
cylinders.

LLE. We delivered 6 R/F foam capsules with fill tubes and 13 multi-layer films consisting of a Si-
GDP/GDP/RF foam.

NLUF Deliveries. We delivered a total of 128 components consisting of disks, foams with
embedded spheres, and foam cylinders.

3.1.4. Miscellaneous Deliveries

We delivered a total of 169 components that were outside the traditional capsule and
micromachined component categories. These included witness plates made using various deposition
and laser cutting techniques and foam components.

LLE. We provided a number of rippled flat targets for use at OMEGA, including rippled CH flats
and multi-layer flats. We also produced multilayer flats with perturbations where one of the layers
was a low density foam. Perturbations were machined into the full density layer which was
overcoated onto the foam layer using an Excimer laser. While periodic perturbations of desired
wavelength could be machined, the second harmonic amplitude compared to the desired fundamental
was deemed too large as the experiments become more precise. Our goal in FYQ9 is to improve this
process to reduce the second harmonic amplitude. Figure 3-12 shows the machined features and the
associated power spectra.

We also delivered flats of CH and Ge doped CH to LLE for examining signals in tracking shocks
through such materials in measuring their equation of state.

LLNL. We made a series of flat Be and plates with and without perturbations which were polished
or roughened to mimic the surface finish of Be and CH capsules designed for NIF. These were made
by Be deposition on flat mandrels, laser cutting the deposited material into the required dimensions
and leaching from the mandrels. We worked to metrologize these more precisely (beyond the usual
surface finish metrology) using capabilities at LLNL, which included transmission electron
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microscopy and ultra-small angle x-ray scattering (performed at Advanced Photon Source). These
targets provided crucial data on how capsule imperfections can seed instabilities in the capsule
implosion process and compromise ignition.
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Fig. 3-12. Machined features and the associated power spectra of rippled flat targets.

NLUF. We provided foam components for both the Astroshock and Prad campaigns. These included
shock or jet tubes, which in some cases contained embedded spheres to mimic astrophysical
phenomena. The embedded sphere targets are discussed in Section 5.

Foam cylinders were fabricated and delivered for the Prad and Astroshock NLUF experimental
series. For the Astroshock shots, we were able to provide targets with two embedded spheres
suspended only by the foam matrix, as well as targets with a tracer layer of titanium on the spheres.
These targets were made with no visible density perturbations to the foam layer.

NLUF targets were fully assembled in most cases by the GA team. The majority of these targets
were assembled onsite at SNL while Z was being refurbished. Some examples include the Astroshock
targets as shown in Fig. 3-13.

Fig. 3-13. Astroshock target.
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3.1.4. Onsite Support

The GA/Schafer team provided onsite support for assembly and other related activities at all three
sites primarily involved in OMEGA experiments, i.e., LLNL, LANL and LLE. GA had four onsite
personnel at LLNL in support of OMEGA experiments at the beginning of the fiscal year. One of
these personnel was transferred to support the NIF development described later. We continued to
have one onsite person at LANL and one at UR/LLE in FY09.

3.2. SNL DELIVERIES

The effort at Sandia National Laboratories (SNL) provided targets for both drivers operated at
SNL, Z and Saturn, and for SNL sponsored experiments at OMEGA. Table 3-3 shows the number
and types of targets fabricated for these facilities.

Table 3-3
Target Fabrication Support Provided at SNL
SNL FY08
Targets Foams

Z shots 82 12
Saturn 40
OMEGA SNL 25
OMEGA others 84 21

Z was refurbished in FY07 and resumed experiments in mid October 2008. During FYO0S, the
facility worked to increase its power and its shot rate. It finished the year with 82 shots, very reduced
from the FYO06 level of 200 shots. The targets fielded at Z were of three types: wire array, equation of
state (EOS) and cylindrical ICF targets. The targets fielded on Saturn were unique wire arrays.

3.2.1. Onsite Support

A major on site effort at Sandia was performed for Z by the GA/Schafer and Ktech team.
Through this effort, components were fabricated as needed, assembled into targets and then
incorporated into load assemblies for shots on Z. In addition to this effort, components were
fabricated at GA for a significant fraction of target assemblies listed in Table 3-3. A number of these
targets were developmental as described in Section 6. Some involved capsules and traditional
micromachined components.

3.2.2. Capsule Support for SNL

Our group coordinated delivery of 19 capsules to SNL in 2008, expressing reduced production
quantities due to the Z machine shutdown for most of FY07. We continued support for developmental
Fast Igniter targets, supplying the inner and outer GDP hemi-shells. Target production included the
fabrication of the largest diameter hemi-shell ever made at GA with a 4000 ym inner diameter. These
developments are discussed in Section 6.
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3.2.3. Micromachined Components for SNL

Sandia National Laboratory is exploring using single-sided Z-pinch radiation drive for Fast
Ignition experiments. In Fast Ignition, compression and ignition are two separate steps. In this
experiment, the compression step is achieved by radiation drive, single-sided Z-pinch. A Petawatt,
short pulse laser, achieves the ignition step. A schematic of the Fast Ignition Target is shown in
Section 6. This particular target consisted of six precision-machined components that are assembled
together into a target with very tight tolerances. The machining of the inner capsule is a complicated
process. A capsule cutting process had to be developed to ensure the survivability of the 4 ym thick
hemi-shell. The process was developed in collaboration with SNL and consists of accurately
positioning and gluing a GA produced thin walled capsule to a mounting fixture at SNL, sending the
glued capsule assembly back to GA where it is placed in a special fixture, and then cutting away half
of the capsule with a diamond tool. The resulting hemi-shell is sent back to SNL for final assembly.
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4. NIF TARGET DEVELOPMENT AND SUPPORT

Although NIF is scheduled to be completed in FY09 and was not shooting targets in FYOS, we
produced a variety of components for the NIF target assembly developmental effort at LLNL. We
also produced components for studies in forming cryogenic DT layers that meet specification
including the design of the thermomechanical package (TMP) structure used to provide the required
cooling and housing for the hohlraum. In this effort, we continued our development of capsules and
hohlraums, as well as being integral in TMP design development. We also delivered over 1000
components for this effort, often demonstrating the agility to keep up with the design changing on a
weekly basis. Finally, we also supported the construction of the cryogenic target system for handling
and fielding cryogenic targets on NIF. This section describes our effort in these various areas.

GA also had four onsite personnel in target fabrication, mainly in final assembly, at LLNL in
support of NIF target fabrication activities. GA provided three onsite personnel for the cryogenic
insertion system under construction for NIF.

4.1. INDIRECT DRIVE NIF TARGET DEVELOPMENT
4.1.1. NIF Capsule Fabrication and Metrology Development

In FYO8, we continued our collaborative efforts with LLNL to produce beryllium and CH shells
that meet all NIF design specifications and evaluated the yield of the process. In this effort, we also
made a series of capsules to support the effort at LLNL on cryogenic layering of NIF capsules. These
included CH shells (which allow optical examination of the layers) as well as Be shells. These shells
were fitted with a fill tube as described later to allow filling of the capsule cryogenically.

Development of Be shells concentrated on reduction of argon content in the shell wall while
keeping gas retentiveness of the shells. We also continued improving hole drilling in Be shells as the
microstructure of Be changed upon changes in the deposition process. We also focused on fill tube
attachment and matured that process into one that supplied a steady supply of shells for the layering
work. CH shell development was mainly focused on further reducing the isolated defects on CH
shells to allow scale up fabrication capacity.

Metrology of both CH and Be shells was further enhanced through implementation of the shell
flipper system developed at LLNL on the phase-shifting diffraction interferometer (PSDI) to fully
map the shell for such isolated defects. Also, the PSDI was further improved at GA to allow more
rapid examination of the shells using batch processing of the images by software enhancement. An
x-ray edge absorption technique was also developed to provide an independent measure of total shell
dopant content. These developments are discussed below.

4.1.1.1. Beryllium Capsule Coating Developments for NIF Targets. Beryllium is the baseline
material for the capsule ablator for the National Ignition Facility (NIF) target due to its relative high
density and low x-ray opacity. Be capsules are fabricated using a magnetron sputtering technique. In
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order for NIF to attempt inertial confinement fusion, there are a number of specifications for the Be
capsule. These specifications include surface data, chemical composition data and dimensional data.
One of the challenges is to produce gas retentive capsules, which meet all the requirements.

In our previous investigations, we have found that gas retentive shells can be produced reliably
and reproducibly using ion-assisted magnetron sputtering. This process ensures ion bombardment of
the substrate. The energetic species attracted to the substrate will deposit energies to the substrate and
modify the film microstructures, which lead to gas retentive capsules with half-lives of well above the
7 day specification.

The advantage of ion-assisted deposition to produce gas retentive shells is reliability. Figure 4-1
shows a plot of the D, gas retention half-lives of the shells versus substrate biasing. The plot shows
that at -80V biasing across the substrate, gas retentive shells can be produced reliably. However, since
deposition is carried out in an Ar environment, the process of attracting energetic species to the
surface also introduced excessive Ar to the film. In the NIF specifications, there is an explicit
requirement for Ar incorporation in the film. The allowable Ar concentration in the film is 0.25 +
0.1 at.%. In a typical coating, Ar incorporation varies with thickness and the highest level can reach
1.5 at. %.

To fabricate Be capsules meeting NIF specifications, we have to reduce the Ar incorporation and
still maintain gas tight capsules. By varying the deposition conditions, the argon content can be
reduced while maintaining the gas retentiveness of the capsules as shown in Fig. 4-2.
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Fig. 4-1. A plot of D, gas retention half-lives versus Fig. 4-2. A plot of Ar distribution in a shell coated
substrate biasing. The reliable gas retentive shells are using ion assist in different coater configurations.
produced at -80V substrate biasing. Using the proper configuration, argon level is

within specification of ~0.25 + 0.1 at%. When ion
assist is not used, the argon level is very low
(below 0.1 at%) but the shells do not retain gas.
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4.1.1.2. Beryllium Shell Laser Drilling. In FY2008, we have further optimized the beryllium shell
laser drilling parameters by decreasing the total laser drilling energy used by a factor of ~21 — from
~113 to ~5.4 mJ. It can approximated that the theoretical lower threshold of laser energy needed
(vaporization energy only) to remove material to form a ~5.4 um cylindrical hole in a full-thickness
Be capsule is ~0.27 mJ. This reduction is significant since excessive laser energy can lead to
microstructural changes in the parent material surrounding the hole. This present 5.4 mJ is only 20
times the theoretical minimum which is an excellent achievement in such a small, high aspect, hole.

A problem that can occur when laser drilling metals with a nanosecond laser is material
redepositing on the sample surface which forms a crown-like structure around the circumference of
the hole entrance. We have observed these crowns projecting up to 40 ym above the sample surface
in the worst cases. We have developed a technique to eliminate this debris through the use of
sacrificial foils.

A capsule holding apparatus was engineered to stretch a thin foil over the apex of a capsule
during laser drilling. Using this technique, material is redeposited on the surface of the foil and can
subsequently be peeled off after laser drilling leaving a clean hole entrance on the capsule surface.
Several foils with varying thicknesses were tested during process development of which we found
9 um silver foil to work best.

We have developed a process to produce counterbores with entrance diameters ranging from
~15-60 pm and depths of up to ~60 pm, drilled over a fill-hole with mass deficit less than NIC specs.

Laser drilling a counterbore is a two-step in-situ process utilizing the percussion drilling
technique. Figure 4-3 shows an x-ray image of such a counterbore. The parameters used for a NIC
specification counterbore are as follows: (1) the counterbore is drilled first using 30 double-pulse
shots with an energy of 92.5 mJ/pulse pair, with ~80% of the energy in the first pulse and ~20% in the
second pulse; 2) the through-hole is then drilled using 150 double-pulse shots with an energy of
22.5 mJ/pulse pair, with equal energies in each pulse. The double-pulse energy described in step 1) of
the counterbore process is split 80/20 as it was found empirically that material redeposition, or slag,
was inhibited on the bore walls near the counterbore entrance using this energy ratio. We postulate
that the strong primary pulse in the counterboring shots produces a relatively energetic ablation
plasma that leads to strong radial ablation.

Consequently, counterbore diameters can be controlled by altering the laser power setting, depth
can be controlled by altering the exposure energy. Experiments have shown that counterbore
diameters and depths can be controlled to a tolerance of + 2 ym for capsules fabricated with similar
layers of dopants and beryllium densities. Figure 4-4 shows the repeatability of counterbore diameters
in capsules drilled to date. The three different subsets of data represent similar laser drilling
parameters that were used during the ongoing development phase. Greater than 90% of the
dimensions in each subset fall within a = 2 ym range.
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Fig. 4-3. X-ray image of laser Fig. 4-4. Repeatability of counterbore diameters is shown by
drilled counterbore hole in three different subsets of data representing similar laser drilling
beryllium capsule. parameters. Greater than 90% of the dimensions in each subset

fall within a + 2 ym range.

4.1.1.3. Scale-Up and Current Yields of Germanium-Doped CH Capsule Production. We made
initial attempts to scale-up the production of Ge-doped CH capsules. We were aiming for NIF-quality
capsules and focusing on reproducibility and defining yields. Eight batches with batch sizes of 15, 24,
36, 40, 43, 46, 54, and 57 mandrels were made using rotation agitation to evaluate our production
setting. Individual NIF specification yields as well as the overall yield (i.e., meeting all NIF
specifications) were examined.

The NIF specifications have been modified from Rev. 2 to Rev. 3.1 in May 2008. Batches made
before June 2008 were aimed to meet Rev.2 specification and batches made after June were aimed for
Rev. 3.1 specification and SymCaps scale 0.9 and 1.07 design.

Nanometer-height domes appeared on capsule surfaces when the batch size was more than 20
capsules and the wall thickness was more than 70 pym (Fig. 4-5). Many nm-sized seeds and
micrometer-sized beads were also observed on the capsule surface under SEM. This appearance of
nm-height domes is often associated with static-charge-like behavior.

The dome formation mechanism was attributed to be abrasion of capsules in the middle of the
coater pan under the weight of surrounding capsules leading to nm-sized seed formation from which
domes started to grow. The odds of forming abraded, nm-beads increased with batch size due to a
greater tendency of capsules to slip and slide, adding friction to the rolling. Limiting batch size to 15
capsules after the third layer reduced the chance of nm-height dome formation. Four batches and a
total of 154 capsules were made using the “sub-batch” approach for surface reproducibility and yield
evaluation. Approximately 80% of capsules from 15-shell batches met the NIF surface smoothness
specification characterized by AFM (atomic force microscope). In addition, 85% of the capsules also
met the isolated defect specification characterized by the PSDI.
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Fig. 4-5. (a) Tiny domes appear on the surfaces of NIF-size capsules
for batch sizes of more than 20 capsules and thicknesses of greater than
70 um. (b) Micron-size beads and nm-size seeds were observed on
capsule surfaces after capsules started to slide. Round beads and seeds
form by prolonged rolling of abraded surface patches.

Of the few inner surfaces scanned to date with the PSDI, the scans show that the inner surface
met the surface roughness specification in high modes (>100). The inner smoothness of CH capsules
is also an imprint of the outer smoothness of the mandrel used. The mandrel batches selected for
capsule production have power spectra one order of magnitude below the NIF inner surface standard.

The yields of the first layer, the second layer, the third layer and wall thicknesses are 100%, 88%,
100% and 58%, respectively. Most out-of-specification capsules are ~2-3 ym too thick. It was later
found that in a rolling agitation each capsule’s layer thickness is related to its mandrel diameter, since
smaller capsules move toward the coater edge where coating rate is lower. These findings led to
sampling two shells out of a batch, one shell from the center and the other shell from the outer edge.
This coating interruption sampling was done in order to determine the average wall thickness and
fine-tune the remaining coating time. Since then, the yield of targets meeting the wall thickness
specification has improved to near 100%. However, pyrolysis shrinkage (4+1%) will also introduce a
variation in the wall thickness of ~2 ym.

Previously, cryogenic thermal shrinkage was not added to the outer diameter (OD) specification
and 40% of the capsules met the OD specification. If linear thermal shrinkage of 1.27% from room
temperature to cryogenic temperature is taken into consideration, the yield becomes 28% at cryogenic
temperature. The current mandrel diameter selection has factored in thermal shrinkage at cryogenic
temperature. However, the outer diameter yield is affected by available mandrel diameters and its
spread. A typical mandrel batch diameter has a standard deviation of £10 ym and a range of +20 ym.
Therefore, mandrels have to be culled to a narrower range before CH coating for OD yield
improvement. Capsule diameter is also influenced by pyrolysis shrinkage variations. A 1% shrinkage
variation in a 2 mm capsule would give rise to ~20 ym variation in the final capsule diameter.

The germanium layers in the CH coatings have been well defined in the NIF specification. The
two different designs that were explored in the last year are Rev. 2 (target: 0.8 and 0.4 Ge at.% layers)
and Rev 3.1 (target: 0.6 and 0.3 Ge at.% layers). Fabrication of Rev. 2 CH capsules have produced
average values in the germanium layers of 0.77 = 0.15 and 0.50 + 0.13 at.%, respectively. However,
both layers had spreads of ~0.48 at.%, which lead to a 13% yield (Rev. 2; + 0.1 at.% tolerance) or if
we compare to Rev 3.1 specification a 50% yield (Rev.3; + 0.2 at.%). The low yield is due to the
inability of the capillary flow element and differential pressure transducer to consistently maintain
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zero or stable flow levels at 0.04 and 0.08 sccm (standard cubic centimeter per minute). The capillary
flow control was replaced with a 0.2 sccm full-scale mass flow controller and the Ge-doping accuracy
has greatly improved. The 9 batches for Rev. 3.1 specification runs had an average and standard
deviation of 0.55 + 0.06 at.% and 0.34 + 0.04 at.% (target 0.6 at.% and 0.3 at.%) (Fig. 4-6). The
yields of both Ge layers are 100% (+ 0.2 at.%). The standard deviations are now half as compared to
before the replacement of the flow controller.

Planned Versus Obtained
Yield = 13% (+0.1 atom%); 50% (+ 0.2 atom%)
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Fig. 4-6. Ge-doping levels of eight scale-up batches (07-1 to 07-8)
shown in column plot. The precision of contact radiograph measurement
is = 0.05 at.%. Each dark-light column pair represents two Ge-doped
layers in a batch. The dark-colored columns aimed for 0.8 Ge at.%, and
the light-colored columns targets 0.4 at.% (a) or 0.6 and 0.3 at.% (b).
Previously one batch meets both layers when tolerance is + 0.1 at.%, and
four batches meet both layers if tolerance is relaxed to + 0.2 at.%. Since
replacement of the low-flow mass flow controller, all batches are within
+0.2 at.% of Rev. 3.1 specification.

Overall scale-up yield is 14% (i.e., meeting all NIF specifications) which is dominated by the low
yields of Ge doping accuracy (Fig. 4-7). When a batch does meet both Ge doping levels, the overall
yields of 15 shell batches are ~40%—-50% which is limited by the wall thickness accuracy and high
mid-modes roughness in AFM power spectra. Mid-modes of the capsule can only be improved by
removing the large shallow depressions on the mandrel surface.
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4.1.14. Capsule Fill Tube Assembly (CFTA). FY08 saw major improvement in the NIC
subassembly area including CFTAs. CFTA production was transferred to General Atomics at the end
of calendar year 2007. Throughout 2007, we had worked on the research and development of
producing a CFTA. We were concerned with making the assembly a robust process and determining
validation techniques. By the beginning of 2008, most of the techniques were in place. The rest of
2008 included increasing our capacities and meeting the NIC specification.

The NIC specification requires the adhesive fillet volume between the capsule and fill tube to be
< 2.5 ng. We embarked on an experiment to reduce the adhesive fillet volume; current volumes were
30-50 ng at the time. This led to assemblies that were leak tight and had high integrity, yet they did
not have a noticeable fillet extending beyond the outer diameter of the capsule, effectively a O ng fillet
volume. In experimental testing with the Instron at Lawrence Livermore Laboratory, and with the
assistance of Suhas Bhandarkar, we determined that CFTAs without a noticeable fillet were
approximately 80% as strong as “bulky” fillets (around 30-50 ng). Most CFTA failures had occurred
due to poor handling techniques that led to a massive failure that even a bulky fillet could not
withstand. Therefore, we deemed these results acceptable.

The material of the fill tube in the CFTA was borosilicate glass made by Humagen. This material
type was chosen due to its strength and flexibility properties. Due to needing a specific material type,
the need for a tube-tube subassembly arose. The tube-tube subassembly specifications were
determined throughout the course of the year due to target physics and dimensional requirements. The
tube-tube subassembly process was tested, validated, and ultimately recorded in an ISO procedure by
the year’s end.

Final assembly of the target at LLNL was made easier due to the on-time and consistent
deliveries of the CFTA. Both CH and Be CFTAs were made to meet the demand. The CFTA did not
contribute to any target failures in 2008 that could have been prevented in the subassembly process. If
the CFTA failed during final assembly it was due to a final assembly mishap that put undue stress on
the CFTA to cause failure. We produced approximately 100 CFTAs in FY08 with a yield of ~60%.
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4.1.1.5. X-ray Absorption Spectroscopy for ICF Target Characterization. NIF targets not only
have complex geometries and layered dopant compositions, but also impurities [4-1]. The NIF point-
design ablator capsules are 2 mm shells with five beryllium layers doped with different atomic
percent of copper. X-ray Absorption Spectroscopy (XAS) is used to supplement the profiling
techniques that have been developed [Contact Radiography (CR), Differential Radiography (DR), and
Energy Dispersive Spectroscopy (EDS)]. As it is a bulk method, XAS measures the areal density of
each element accurately, without a need for a calibration standard.

In materials research that requires high sensitivity to the sample structures and compositions,
XAS is often associated with a large synchrotron source with high intensity and highly collimated
beams. In our project, however, there is no need to distinguish between the pre-edge, near edge, and
extended fine structures in typical XAS analysis. Our main goal is to ascertain the presence of an
elemental content to ~0.05 at.%. For this purpose, it suffices to analyze the general transition of the
transmitted x-ray spectrum in the vicinity of an absorption edge. We developed a simplified version
of XAS that uses a table-top x-ray source, a silicon detector, and dedicated software that makes it
efficient in analyzing NIF scale samples.

This method utilizes the existing asset of a contact radiography system [4-2, 4-3]. As shown in
Fig. 4-8, the ablator shell sits on top of an aperture within a holder mounted on the x-ray detector.
(The detector in turn is mounted inside the contact radiography vacuum chamber.) The tungsten
aperture has a 300 um hole and a tapered front surface to self-center a NIF scale shell. Different
apertures can be used for different shell sizes and for other (such as flat) samples. A tungsten-anode
x-ray source is located 80 cm away from the holder. The x-rays go through two walls of the capsule
in a nearly parallel beam, and the transmitted photon spectrum is measured by a XR100CR x-ray
detector (by Amptek Inc. with a 160 eV FWHM resolution) [4-4]. To avoid detector saturation, the
current is adjusted at a specific voltage to give a count rate of ~4000 counts/s for a given shell. The
transmitted photon spectrum is acquired for 5 to 20 minutes to minimize statistical noise.

X-ray
{
= = _— Ablator
| |1
! '
{U < Aperture
Spectro «—— Holder
-meter

Fig. 4-8. The experimental XAS apparatus.
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The measurement theory is very straightforward. It is based on the exponential attenuation of
x-rays in a sample. For a given photon energy and a given element i,

(I/To); = exp[~(ui/pi)pit] (1)

where Iy is the incident intensity and I is the transmitted intensity. The x-ray absorption of each
element is independent of the other elements and the effect is cumulative.

I/ly = [[U/1y); ()
Therefore, Eq. (1) can be rewritten as
I/1o = [Texp[-(ui/p)(pi1)] 3)

The attenuation model is based on the element attenuation constant, m;/r; from the Lawrence
Berkeley National Laboratory on-line x-ray database compiled by Henke et al. [4-5]. The same
database is also used for contact radiography modeling [4-2, 4-3]. Because each element has
distinctively different absorption edges, the areal densities of multiple elements in the same sample
can be obtained simultaneously as long as there are sufficient counts to resolve the absorption edge.
The areal density of all elements heavier than z = 17 can be measured to + 3% 1 sigma accuracy. For
beryllium samples, we record transmitted photon spectra at both 7 and 20 keV for sensitivity to argon
and copper respectively.

The same methodology, in principle, can be applied to even lower z elements but the
experimental set-up would have to be improved to provide a larger flux at lower energies. The current
system uses an x-ray tube with a 127 pm thick beryllium window which absorbs almost all photons
with energy below 1500 eV. The vacuum system with 5x10-3 Torr base pressure is not equipped to
support open cathode x-ray tubes.

XAS for use with ICF targets has been validated by benchmarking with metal foils. The areal
density of thin metal foils from Goodfellow [4-6] with a typical 99.9+% purity was determined
independently through the measurements of the weight and the foil area.

pi = MI(A*1)
pit = M/A

)

Through the use of a microbalance to weigh the sample to ~1 g and measuring a large sample to
minimize area uncertainty, it was found that the areal density can be determined to below 1%. The
foil uniformity is proven by comparing the areal density of multiple smaller samples cut from a larger
piece. Using this information, XAS can be proven to accurately measure the areal density to + 3%
when compared against the foil standards. Figure 4-9 shows the validation on copper foils from 1 to
10 pm pertinent to capsule measurement. The 1:1 slope proves there is no other physical phenomenon
affecting the experiment, which establishes the measurement accuracy. The measurement sensitivity
can be demonstrated one of the two ways: (1) how much areal density change is needed to produce a
visible change in the attenuated reference spectrum; (2) if different operators measure the same
unknown sample multiple times, how much is the typical difference? Either way, the areal density
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sensitivity is = 0.3 mmeg/cc or 0.03 mm copper foil thickness. In other words, a full thickness NIF
capsule can be characterized to + 3% of the reported value.
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Direct benchmarking against XRF on PAMS shell permeation filled by argon to 1 atm has also
been done. Two identical PAMS shells, with a 2 h decay time, were stored in an argon fill station for
4 days. The shells were retrieved from the fill station simultaneously and immediately loaded into the
XRF and XAS chambers. Two operators performed repeated measurements every several minutes
over the course of 2 h. As shown in Fig. 4-10, the two sets of argon decay curves are statistically
indistinguishable. It is worth noting that, because the argon is uniform inside the shell and PAMS has
a perfectly known composition, the shells can be modeled accurately by the “XRFer” program.

One source of systematic error is due to the non-zero aperture size. Unless the x-ray passes
through the shell center, the actual x-ray path length is slightly larger than the two-wall thickness.
This is a simple geometric effect that can be areal-averaged accurately: On a NIF sized 2 mm
diameter shell, a 300 ym diameter aperture would inflate the measured dopant value by 0.6%, and a
400 ym diameter aperture would inflate the measured dopant value by 1.2%. In both cases, we
assumed the operator simply uses the two-wall thickness as the x-ray path length without being aware
of the distinction.
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Fig. 4-10. XRF and XAS agree in the leak test of argon-filled PAMS shells.

The insensitivity of XAS to elemental distribution cuts two ways: On the one hand, it improved
areal density measurement accuracy by not having the matrix effect. On the other hand, it cannot be
used as a profiling technique. In practice, we use it to calibrate profiling methods such as EDS. EDS
measures ICF capsules dopant (Be, Ar, Cu) count profiles very well, but it needs a scaling factor to
convert into the atomic percent profiles. The missing scaling factor can be determined by requiring
the integrated areal density of the argon and copper profiles to be equal to those measured by XAS
[4-7]. The consistency between the XAS data and the contact radiography data can also be used to
screen for gross measurement error.

Because XAS measures the areal density, the measurement sensitivity in atomic percent scales
inversely with the sample thickness. For full thickness shells, we can measure argon and copper
averages to ~0.03 at.% accuracy. For half thickness shells, we can measure to ~0.06 at.% accuracy.
XAS is not sensitive to trace elements because a concentration below 0.01 at.% does not produce an
identifiable absorption edge.

In conclusion, the XAS instrumentation was developed to measure the areal densities of
individual elements in a sample without the need for a calibration standard or a concern for the
unknown spatial dopant uniformity. The method can identify all elements above Z = 17 and measure
the elemental areal densities to + 3% accuracy. It complements existing tools and has found
applications on many ICF and HED samples.

4.1.1.6. Characterization of Isolated Defects for NIF Targets Using PSDI with an Analysis of
Shell Flipping Capability. NIF ignition targets demand full shell characterization of isolated defects
to determine whether they meet specification (Fig. 4-11) [4-8]. These defects are defined as being
elongated ridges or troughs and circular bumps or divots. Previously, the extent of surface mapping
involved the atomic force microscopy (AFM), which takes ~40 pm orthogonal traces and is sufficient
for low mode surface analysis, but can miss isolated defects (Fig. 4-12). The phase shifting diffraction
interferometer (PSDI) apparatus allows for the precise mapping of shell surfaces by examining
~500 pm diameter regions to capture the surface over an entire hemisphere [4-9]. Using capsules with
drilled holes for alignment, we compared the equatorial bands from AFM and PSDI measurements for
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defect patterns, detectability, and defect height. Characterization capability improved to full shell
mapping when a shell flipper was added to the system to precisely transfer a capsule to another chuck
to view the opposing hemisphere. This section discusses the application and accuracy of the PSDI
with the Shell Flipper, [4-10], defect statistics obtained from the analysis software developed at
Lawrence Livermore National Laboratory [4-11], and the automated data processing tool from
General Atomics.

NIF Isolated Defect Specifications
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Fig. 4-11. Current NIF specifications for isolated Fig. 4-12. Diagram of AFM traces for low

defects on a layered CH or uniform beryllium capsule. mode analysis can miss large regions of

Plot extrapolated from Haan [4-8]. capsule. The arrows show the trace paths and
the spots represent defects that can be missed.

The PSDI apparatus utilizes linear and rotary Aerotech stages with 5 axis capability in the x, y, z,
0, and ¢ directions that provide submicron accuracy. The apparatus is controlled by data acquisition
software developed by LLNL, which allows for surface mapping of an entire hemisphere [4-12,
4-13]. The PSDI functions by passing a single 532 nm laser beam through a beam splitter, that divides
the beam into a reference and measurement beam. These beams are reflected back to the
interferometer and undergo constructive and destructive interference. Fringes are captured on a CCD
camera. Captured CCD images have a lateral resolution of ~1 ym and height accuracy of ~5 nm peak
to valley (P-V) [4-14]. Figure 4-13 depicts how 71 images are acquired to capture surface defects on a
hemisphere for analysis.

The PSDI data propagation software “LiteProp” developed at LLNL converts data into a format
that can be readily analyzed. This software produces a height map of each image taken by the CCD.
These data are plotted against the NIF specification, inspected for anomalous data points, and given a
pass or fail determination as a NIF ignition target (Fig. 4-14).

These results revealed limitations of PSDI surface imaging and analysis software that prevent a
pass or fail determination. The contribution of unwrapping errors to anomalous defect data are almost
always present around larger defects with heights typically greater than 600 nm. In our initial studies
with over fifty hemisphere data sets, about 20% of CH NIF shells have at least one defect that cannot
be unwrapped. Preliminary studies indicate that unwrapping errors are governed by the Nyquist
sampling theorem, which requires the defect slope to be less than a quarter wavelength per pixel for
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the measurement to give an accurate height [4-15]. When the defect slope is greater than a quarter
wavelength, there are an infinite number of solutions for the height. By reducing the pixel size, we
will reduce the height difference between pixels, allowing us to resolve high slope defects.
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Fig. 4-13. Schematic of hemisphere mapping possible with Fig. 4-14. Typical plot generated by
5 axis stage to output seventy-one 500 um diameter images defect data extracted from height maps
for defect analysis. of a NIF ignition target with Labview.

A Wyko optical profiler was used to study “undeterminable by PSDI” defects and provided
promising data for quantifying the defects to increase the yield of capsules that can be measured.
Figure 4-15 shows a typical unwrapping error and the same defect captured successfully by the Wyko
with a 0.75 pym height and 35 pym width. We confirm that the correct defect is being analyzed by
optically matching defect patterns around the defect of interest with images from the data processing

software.
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Fig. 4-15. High magnification of a typical unwrapping error on the PSDI
successfully captured and measured on the Wyko.

In order to validate PSDI surface data, we mapped the equatorial bands of four shells on the AFM
and PSDI and compared the surface defect patterns. The results of this can be found in Ref. [4-16].

The Shell Flipper developed at LLNL increased PSDI mapping to a full sphere by integrating a
linear transfer stage, transfer chucks, and a novel pressurized chamber [4-9]. The system isolates the
capsule onto the chuck in the chamber and preserves the shell orientation. After data acquisition is
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performed for the first hemisphere on the PSDI, the chuck and capsule are tranferred to the receiving
chuck (Fig. 4-16). The transfer chuck and receiving chuck are aligned using two orthogonal cameras,
a 2X vertical camera view and 5X horizontal camera view. The shell is transferred, or flipped, to the
receiving chuck, and the chamber is again used to bring the new shell orientation to the PSDI to map
the second hemisphere.

Fig. 4-16. Snapshots of capsule on (a) PSDI stage, (b) N, pressurized
transfer chamber, (c) PSDI Shell Flipper, and (d) closeup (gravity acts
downward in each image).

The Shell Flipper’s ability in maintaining the capsule orientation was also studied and showed
that the average drift of ~25 ym is the cumulative effect of two flips, during which the marker also
underwent ~10 ym non-repeatable random walk.

The cause of the linear drift can be attributed to the non-concentricity between the sending and
receiving chucks, and is quantifiable by a calculation from Montesanti [4-17]. Therefore, we expect
the single flip error encountered in the normal PSDI measurement would lead to an average ~13 ym
orientation shift, which is less than 1° on a NIF scale capsule. Such a small shift does not affect the
full surface defect counting and is a factor of ~5 better than manual capsule transfer.

Finally, we improved the process by making data analysis more rapid as this was limiting the data
processing rate to one shell per day. LiteProp mentioned above, unwraps the CCD image and filters
out low mode information to produce a two dimensional height map [4-11]. Initially a bottleneck, this
was a manual process that required individual inspection and focusing of the 71 images for a
hemisphere. The software was modified and automated at General Atomics to increase throughput
from 15 capsules to 30 capsules a week, necessary for NIF metrology requirements [4-18]. The wave-
front propagation algorithm in IGOR Pro 6® from WaveMetrics™, through paraxial propagation
along the optical path, generates a phase map and an amplitude map at the capsule surface, which
cover a 500 ym diameter area on a NIF capsule. The phase map can be readily converted to a surface
height map through a simple correlation, that 2 p equals half a wavelength. The amplitude map is
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indicative of the data quality (No measurement can be made if the reflected intensity is zero).
Attention was paid to minimizing artifacts: (1) use two soft masks on two stops along the optical path
to minimize the concentric ring artifact that would otherwise result from the propagation; (2) remove
piston and tilt artifacts due to imperfect alignment, (3) use a high path filter to remove low mode and
thereby increase the visibility of localized defects. Through these processes, the useable area of the
image is maximized (~80% or 400 ym diameter area within the image) for defect identification
purposes, but the low mode (modes < 50) information is lost.

GA improved the propagation codes to allow batch processing of 71 images (one hemisphere)
based on the manual focus of the first image. The routine requires the user to focus the first image and
save its optical information including the focus distance. Once completion of the initial focusing, the
auto batch propagation will search for the rest of the images, then extract the positions of q, f and read
the value at each position. Then the data propagation commands of the algorithm described above are
executed for each image. The processed data is then saved in windows in ASCII and binary formats.
Data from the two hemispheres is then input into the data analysis software described above. The
process time for the data propagation of 142 images is reduced from about 3 h to 1.5 h.

At the end of the data propagation step, we obtained 142 surface height maps. Examples of the
surface maps are shown in Fig. 4-17. These continuous topological maps are not yet immediately
useful because they cannot be benchmarked against the NIF surface roughness and point defect
specifications. GA developed automated data analysis software to perform this task.

Fig. 4-17. Surface height maps (a) GDP capsule and (b) Be capsule.
The automated routine finds the measured area (the larger circle) and
quantitatively analyzes the area not affected by the artifacts around the
circumference (the smaller circle).

We first developed batch processing software to convert Igor binary height maps into ASCII
height maps to interface with LabVIEW Vision software for image analysis. Defect finding
procedures must be defined precisely to gather reproducible isolated defects stats. Most image
processing software uses a fixed threshold to turn a gray scale image into a binary image, and then
uses blob analysis to tabulate localized regions above the threshold. This approach is problematic
because the size of the defect is dependent on the threshold level: The lower the threshold, the larger
the defect. We used a three step approach to solve this problem: (1) use a global threshold (such as
100 nm) that is low enough to capture all defects of NIF relevancy in binary analysis; (2) Find the
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center height of each identified defect; (3) apply a local threshold to each defect with the threshold set
to be half the defect height, then perform blob analysis to obtain the defect area above the local
threshold, and calculate FWHM based on the area (Fig. 4-18). By comparing defect tabulations using
different height thresholds, we experimentally verified that the defect height and FWHM calculated
by this method does not have threshold dependency and can be compared directly against the NIF
point defect specifications. The surface roughness power spectrum can also be computed and
benchmarked against the NIF surface roughness specifications.

Defect 2

H Defect 1

Iy gl bpuedy Gy dORRURS A NI N | - - Global threshold
Capsule Surface

“FWHM~ *FWHM~+

Fig. 4-18. Setting a local threshold at half height on
each defect eliminates the threshold dependency in
FWHM calculation.

We then automated the data analysis software to batch process all images. As shown in
Fig. 4-17(b), the software automatically locks onto the active areas of a height map (the large circle)
and performs analysis in the areas less affected by the artifacts near the circumference (the small
circle). For most images, 80% radius is a good approximation, which reduces the 500 ym medallion
size to 400 pm. The batch process reduces the data processing time from one hour to eight minutes,
and tabulates all defects in a summary report that benchmarks against the NIF point defect
specifications [Fig. 4-19(a)]. Similarly, the surface roughness is benchmarked against the NIF surface
specifications [Fig. 4-19(b)]. The definition for power spectra is the same as for the spheremapper.
However, there are two important distinctions: (1) PSDI power spectrum covers the entire capsule
surface whereas the Spheremapper power spectrum only covers a few traces. (2) Spheremapper power
spectrum measures low modes accurately whereas the PSDI power spectrum below mode 50 is
meaningless. For capsules without significant local defects, the PSDI and Spheremapper power
spectra have been proven consistent along common equators for modes 50—1000.

In conclusion, PSDI has become an important tool in NIF metrology for surface characterization
of CH and Be capsules to qualify targets for NIF ignition experiments. Although the PSDI cannot
capture low modes, the defect data extracted from the images are valuable for high mode analysis.
Where the PSDI cannot define defects beyond the Nyquist sampling requirement, the Wyko can be
used to determine the quality of undeterminable shells. The PSDI complemented with the Shell
Flipper has improved performance with only a 1-2° capsule shift observed, experiments are still
needed to eliminate orientation shift altogether. Future studies are needed to understand and reduce
the unwrapping error events. In addition, studies with the AFM and Wyko are needed to fine-tune
PSDI defect statistics and explain the trends. This effort can potentially be applied to identify poor
mandrels and coating runs in advance, which can make capsule fabrication more efficient. Due to the
limited numerical aperture of the focusing lens, 142 images are needed to cover the capsule surface,
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which leads to a throughput bottleneck. Prior to automation, it took 6 h for data acquisition, 5 h for
data propagation, and 2 h for data analysis. Only 3 to 4 capsules could be measured per week.
Through engineering of the data acquisition hardware, and the development of sophisticated
automation software packages in hardware control, wave-front propagation and data analysis, the
required times have been cut to 20 min, 90 min and 10 min respectively. As a result, the 20 capsules
per week throughput required by the NIF program can now be achieved. Furthermore, the improved
software algorithms remove the operator dependence in data analysis and enable the defect and
surface statistics to be quantitatively benchmarked against the NIF specifications for production
quality control.

PSDI Defect Statistics
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; Fig. 4-19. (a) Isolated defect statistics of a CH
10 100 1000 capsule. (b) Surface roughness power spectrum of a
Mode # beryllium capsule.

4.1.2. Hohlraum Development and Fabrication

4.1.2.1 Fabrication of AuB-lined Gold and Uranium Hohlraums for the National Ignition
Facility. In response to requirements for NIF, a magnetron co-sputtering process has been developed
to fabricate AuB liners on the interior of hohlraums made of either gold or depleted uranium (DU).
Simulations and an experiment on the OMEGA Laser Facility at the University of Rochester
Laboratory for Laser Energetics show that the addition of boron to the gold layer lining the interior of
the hohlraum likely reduces laser reflection from this surface by reducing the stimulated Brillouin
scattering [4-19, 4-20]. By reducing this backscatter through the laser entrance hole (LEH), the
amount of energy that is available to compress the inertial confinement fusion capsule is increased.
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Depleted uranium (DU) hohlraums are being routinely fabricated by rotating a hohlraum mold in
front of a DU sputter source to build up the desired wall thickness [4-21, 4-22]. The mold is removed
to leave a freestanding hohlraum half. Two halves are assembled to complete the hohlraum to
specifications. Since DU oxidizes in air as well as in the chemicals required to dissolve the mold from
the hohlraum [4-23], the main experimental challenge is to protect the hohlraum from damage.
Oxidation leads to unacceptable expansion of the DU lattice, resulting in severe structural damage to
the hohlraum. Also, the presence of oxygen increases the ionization heat capacity of the hohlraum
wall, effectively canceling the efficiency gains gleaned with the addition of DU to a gold-only wall
[4-24, 4-25]. By varying the deposition conditions, much progress has been made in the successful
fabrication of hohlraums containing DU, including increased yield as well as an improved shelf-life.

Fusion ignition experiments at the National Ignition Facility (NIF) will be done in the indirect
drive configuration during the first few years of operation. In the process of conversion of laser light
to the symmetric x-ray drive, energy is lost by penetration of x-rays into the hohlraum wall. To
mitigate this loss, calculations show that adding depleted uranium to the traditional gold hohlraum
increases the efficiency of the laser to x-ray energy conversion by making the wall more opaque to
the x-rays [4-26-4-30]. Previous attempts to produce hohlraums containing uranium were
unsuccessful from the point of view of the longevity of the parts. Due to oxidation of uranium, the
parts would typically break apart during the leaching of the hohlraum mold, or if it survived that step,
would blister, crack, or contort, becoming unusable within a few days of leaching.

During the initial attempts to fabricate hohlraums containing DU, it was observed that after the
part was leached from the mold, the material near the laser entrance hole, a flat area facing the sputter
sources during deposition, did not degrade at the same rate as the material along the barrel. The flat
area would persist unaffected for many months when the barrel of the same part would degrade and
begin to disintegrate within weeks. Material purposefully coated onto flat substrates also fared much
better over time than similarly coated 3-D substrates, suggesting that the structural stability of DU-
coated onto flat substrates was superior. Not only was the material more structurally sound, but the
oxygen pickup over time was also less in the flat materials as compared to leached hohlraums [4-21].
Sputtering onto inclined substrates is well studied. In general, as the angle of incidence increases from
90 deg, it is observed that the microstructure of the resulting material changes, tending towards an
angular columnar structure [4-31, 4-32], which can lead to voids in the material. The cause for this
change is self-shadowing of the material depositing at the substrate growth surface. It is therefore
conceivable that the material coated on the curved portion of the hohlraums is morphologically
different — and potentially less dense — than that coated on the flatter end cap region, due to the fact
that the sputtered material constantly lands at a glancing angle along the circumference of the rotating
mandrel.

Knowing the importance of directionality of the depositing material, an ion assisted plasma
deposition technique has been adapted for the DU hohlraum deposition process. The general
technique, originally developed to fill high aspect ratio trenches in integrated circuits, works by
sputtering metal atoms into a high-density plasma to create higher than usual ionized metal flux
fractions [4-33]. Subsequent ion energies at the deposition surface are controlled by the low voltage
dc bias of the substrate, the electric field from which collimates the metal ions so that they approach
the surface at a normal incidence angle, minimizing the effect of shadowing on a 3-D substrate. In
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this way the density of the deposited film is maximized, improving the stability of the microstructure
and therefore making it more resistant to oxidation by minimizing the presence of internal voids and
open grain boundaries.

4.1.2.1.1. Experimental Setup for AuB Deposition. For AuB-lined gold hohlraums, the AuB is
deposited onto a rotating copper mandrel by a magnetron co-sputtering process, one hohlraum-half at
a time. By varying the sputter rates of each gun, the concentration of the resulting AuB co-mix can
be controlled in the as-deposited film. The base pressure prior to film deposition must be less than
1.5x10°6 Torr and the coating pressure used is 5 mTorr, maintained with Ar. For the work discussed
presently, the Au and B guns were conditioned for 5 min prior to film deposition with shutters
covering the targets so no material is deposited on the mandrel. It was later observed that the self-bias
of the B gun was found to become steady after an hour at 200 W, meaning that the plasma has not
reached a steady-state condition until this amount of time. The base-line production recipe has
therefore been updated to include the longer gun conditioning time. The gold gun is conditioned for
that entire period so that no boron is deposited on the gold sputter target, to avoid rendering the target
non-conducting to the point that the DC gun will not ignite. The part is plasma etched in-situ during
the gun conditioning step to remove any oxide from the copper mandrel surface to promote good
adhesion. Once the gun conditioning step is complete, the sputter source shutters are opened and the
film deposition occurs for a set amount of time, depending on how thick of an AuB layer is required
using the known sputter rate. Following AuB deposition a thin (< 0.1 gm) capping layer of Au is
deposited over the AuB liner for 2 min. Three mandrels can be separately coated in this way in the
same vacuum pump down with the use of a trolley mounted to a slide, the position of which is
controlled with a magnetic feed-through. A shield with hinged doors is in place to prevent the
sputtered material from coating onto the other mandrels in the set. For AuB-lined gold hohlraums, the
AuB deposition step is followed by electroplating and the subsequent processes outlined in Fig. 4-20.
AuB-lined DU hohlraums, are made similarly, with the AuB deposition step being done immediately
before the DU deposition. The deposition of the AuB and DU layers are done in separate sputter

systems.
—> = - -
Mold Coat Au CoatUor Electroplate Back- Leach
Liner CT Au machine Mold
Fig. 4-20. This cartoon outlines the steps to fabricate a hohlraum containing uranium.
4.1.2.1.2. Experimental Setup for DU Deposition. Sputter deposition hohlraums containing

DU is done with systems that were custom designed and built at General Atomics [4-19]. The base
pressure in the systems is in the low 107 Torr regime, and the deposition is done with a background
Ar pressure of a few mTorr. A residual gas analyzer is run throughout the deposition to monitor water
and oxygen levels, which are typically below a partial pressure of nitrogen of <1x10-7 Torr. New to
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previous work is the introduction of ionized plasma and a dc bias applied to the rotating mandrels
used as a mold for the hohlraums.

The fabrication steps are outlined in the cartoons in Fig. 4-20. The molds for the hohlraums, also
referred to as mandrels, are diamond turned from Al1100 rod to a surface finish less than 100 nm
RMS. A thin (< 2 ym) layer of copper is sputtered onto the Al before DU deposition to promote good
adhesion to the mandrel throughout the fabrication process. The U layers are sputtered up to > 7 um,
after which gold is electroplated to a total hohlraum wall thickness of 30 ym. This thickness is
calculated at the various fabrication steps by measuring the diameter of the part on the mandrel with a
laser interferometer. The uranium and gold is back-machined away at the mid-plane of the hohlraum
and at the laser entrance hole (LEH) to the correct dimension of the hohlraum half, after which the Al
mandrel is leached out in a 5SM solution of NaOH. This leaching step takes up to 24 h. Nitric acid is
used to remove the thin Cu liner during a quick etch of < 1 min.

Auger electron spectroscopy (AES) is done in house to characterize the composition and
thickness of the AuB liner as well as to measure the amount of oxygen contained in both the AuB and
U layers.

4.1.2.1.3. Uranium Hohlraum Longevity and Yield Improvement. Significant improvement
has been made in the longevity and yield of hohlraums produced containing uranium by invoking an
ion-assisted sputter deposition technique. An example of a part that exceeds the shelf-life requirement
is shown in Fig. 4-21(a). Qualitatively the part is completely defect-free when observed under the
microscope. The AES depth profile for the same part is shown in Fig. 4-21(b), which shows ~3
relative at.% oxygen in the bulk, which is under the maximum of 5 at.% oxygen allowed in the
current NIF point design. The AES depth profile shown in Fig. 4-22 is from a similarly defect-free
part, but contains a measurable oxygen uptake (< 20 relative at.%) at the interface of the Au liner and
bulk uranium. Because the width of this peak takes up < 7% of the total thickness of the layer
containing uranium, the average oxygen content in the bulk uranium is again under the specification
for the NIF point design.
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Fig. 4-21. (a) Pictured is a uranium-only hohlraum half cut in half length-wise for AES depth profiling after
storage in laboratory air for 4 weeks. The uranium is encased by a 0.2 pm-thick sputtered Au liner on the
interior and a thick (>30 um) electroplated Au exterior overcoat. (b) Plotted is the AES depth profile for the
hohlraum half shown in (a). The oxygen content in the bulk U is ~3 at. % relative to U and Au. Note that the Au
appears in the bulk of the U because of an overlap of the AES peaks, not because there is any Au present in this
layer; the Au sputter source was turned off during the entire deposition time of the U.
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Fig. 4-22. This AES depth profile was made on a
hohlraum half that was stored for over 7 weeks in
dry air (<2% RH), with a 0.2 pm-thick sputtered
Au liner. The part looked pristine on the day that it
was cut open for AES analysis.

Because of the improvement in structural stability, we have shown that a variety of different Au
liner thicknesses, from 0.5 ym down to 0.1 um are an effective barrier from oxidation, as shown in
Fig. 4-23. It can be seen, however, that a U-only part with no passivating layer has a large oxygen
uptake in the bulk compared to the other samples, showing that at least a thin passivating layer is
necessary.
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Fig. 4-23. The average atomic percentage of oxygen (O) in the
bulk of the U is plotted as a function of the time in storage. The
dotted line represents the maximum allowed O level in the bulk.

Before the change in the deposition technique, the yield of hohlraums containing DU that
survived the leaching of the mold in an intact state was < 40%. Of those parts, the yield of those that
survived the minimum of two weeks required for assembly of the target package was 0%. For
uranium-only hohlraums, the yield of intact parts through the leach was 0%. Using ion-assist, the
yield of uranium-only parts through the leach is 74%. Work is ongoing to understand why the 26%
fail at the leaching step. Of those parts that survive fully intact, 94% survive with no observable
degradation for 2 weeks, and 82% last > 4 weeks, with typically degradation being small cracks,
bubbles, or blisters, which are on the order of several hundred micron in diameter. Yield on cocktail
hohlraums is forthcoming over the next several months.
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In conclusion, AuB-lined gold and uranium hohlraums for use on the NIF are being routinely
processed to the required specifications. Not only are hohlraums containing DU structurally sound for
a long enough time for them to be built and shot on NIF, but are also demonstrating acceptable low
levels of oxygen pickup during the leach and subsequent storage. Current and future work
concentrates on improving the production capacity and yield, which is currently at 10 hohlraum
halves per week with a 44% yield (2 complete hohlraums per week), to levels that will be required for
NIF ( > 2 shots per day). To this end, an additional DU sputter deposition system is being built, for a
total of three systems for NIF production.

4.1.3. Thermomechanical Package Components

The Center for Precision Manufacturing has been working with the National Ignition Campaign
and is an integral part in the fabrication of components for the demonstration of laboratory ignition.
The center has fabricated all of the R&D prototype components for layering targets, target assembly
testing and gluing experiments. The center works in close proximity with the engineers and designers
at LLNL responsible for the design of the Thermo Mechanical Package (TMP). The center has
dedicated two of its diamond turning lathes and one of its precision mills exclusively for production
of TMP components and this included the aluminum shell, diagnostic bands, LEH inserts, window
washers and hohlraum machining. Figures 4-24 and 4-25 are photomicrographs of an aluminum shell
and a diagnostic band respectively. The good working relationship with LLNL and the dedicated
equipment has allowed for quick turn-around of parts when the design changes or when test parts are
needed quickly. Recently, with a modification on how holes made by milling are protected from the
final diamond turning finishing operation on the parts, the presence of burrs has been completely
eliminated. Previously, each part had to be de-burred by hand which was time consuming and there
was always the risk of damaging the part. With continuous component fabrication improvements and
the TMP design maturing, the center is evolving into a production facility able to produce the
hundreds of components per year needed to ensure the success of NIF.
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Fig. 4-24. TMP aluminum can. Fig. 4-25. TMP diagnostic band.

The TMP shell needs to be attached to the proposed Si cooling arms (fabricated at LLNL). This
subassembly work is also being done at GA and has been transferred to production mode that was
ramped up during 2008. For the first time, subassemblies were produced that used arms which had
gold traces to allow connection to heaters and sensors that are also placed on the arms at GA to allow
thermal control in the cryogenic implementation of the targets. The silicon arms with gold traces
provided an additional challenge to the mere one micron thickness which were susceptible to losing
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continuity due to scratching during assembly. Assembly processes were implemented to prevent such
scratching that would otherwise lead to faulty subassemblies. The initial challenges of adhering
together the components of the subassembly were overcome. We determined which articles would
work with the subassembly in the curing process and which articles would not.

The first of a kind tooling for the TMP subassembly process had to be designed and
manufactured. The tooling requirements included meeting specifications for concentricity between
the inner diameter of the silicon arm and the outer diameter of the aluminum can, and the bond line
thickness between the silicon arm pads and the aluminum can flange. The concentricity specification
was met due to changing the design of the target to an interference fit. Much of the year was spent
determining how to accurately measure the bond line thickness. The difficulty of this measurement
was compounded by the inaccurate measurements of the silicon arm thickness as received from the
production facility and high-error methods of measuring the bond line thickness post-production.
Experiments later validated the new tooling design with respect to bond line thickness by showing a
reduction in ice-layer asymmetry.

The final assembly team changed target designs often and—many times—late in the assembly
process. Due to the flexibility of the TMP subassembly team, the end user was still able to meet all
deadlines and milestones. All orders were delivered on-time and as-requested by the end user. The
subassembly team had the opportunity to make 0.7 scale subassemblies, PIL subassemblies, and 1.0
scale subassemblies throughout the course of the year. By the year’s end, the subassembly process
was documented in an ISO procedure.

4.1.4. The NIF Cryogenic Target System

General Atomics personnel assigned onsite at LLNL are participating in the design and imple-
mentation of the NIF Cryogenic Target system (CTS), as shown in Fig. 4-26. This work is under the
direction and management of LLNL staff, and is part of the National Ignition Campaign [4-34, 4-35].

Load, Layer and
Characterization System
(LLCS)

Ignition Target
Inserter Cryostat
(ITIC)

' Target
Positioner

Fig. 4-26. The Cryogenic Target System provides the systems
necessary to cool, characterize, and position the NIF ignition target.
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The process begins when the target assembly is delivered to the NIF with its target base reservoir
filled with DT fuel. The target assembly is first mounted to the end of a target positioner which sits
just outside the NIF target chamber. After mounting the target, the positioner vessel is pumped to
high vacuum and the cryogenic system begins to cool the target.

During cool down, temperature differentials are used to drive the DT fuel from the reservoir into
the capsule. Once the capsule is filled, further cooling begins to form the fuel ice layer. The processes
of fuel transfer and ice layer formation are monitored with three axes of x-ray imaging. During these
steps, the target remains just outside the NIF target chamber in the high vacuum environment of the
CTS.

After the DT ice meets the smoothness specification, the CTS boom extends the target into the
NIF target chamber. Near target chamber center, the Target Alignment System (TAS) provides
feedback for positioning of the target. The TAS can also image the NIF alignment laser beams and is
used to align all beams to the upper and lower hohlraum windows. After the shot, the boom is
retracted, the spent target is removed, and the CTS is readied for the next shot cycle.

The NIF Cryogenic Target System can be divided up into three subsystems: 1)the Target
Positioning System, 2) the DT Ice Layer Imaging System, and 3) the Cryogenic System.

The CTS positioner is based on the existing and proven NIF room temperature target positioner
and is used to place the target at the center of the 10 m diameter spherical NIF target chamber. The
body of the positioner consists of a 304 stainless steel cylindrical vacuum vessel. Inside the vacuum
vessel is a 0.5 m diameter by 7 m long low coefficient of thermal expansion carbon composite boom
that rides on linear rails. The CTS positioner design incorporates five degrees of freedom to adjust the
position of the target. The target’s position along its axis is controlled by adjusting the stroke of the
boom along the rails. The two transverse directions are adjusted by lengthening or shortening the
struts that support the rear of the vacuum chamber. Two rotations of the nose cone, roll and nod, are
adjusted by a geared mechanism at the end of the boom.

The error budget for laser-on-target positioning has allocated 7 ym rms to positioning of the
target. The existing room temperature target positioner has demonstrated the ability to meet this
requirement. The primary source of positioning error is vibration, which has been measured using
accelerometers to be < 1.5 ym rms. Target positioning with the CTS will more fully utilize the 7 ym
rms budget. The cryogenic system is designed to eliminate cryocooler vibration so that the CTS
positioner vibration component should be nearly identical to that of the room temperature target
positioner. The remainder of the positioning error budget, approximately 5 um, is allocated to longer
term drift primarily caused by imperfect control of the temperature of both the positioner and
surrounding equipment.

The CTS positioner also holds the target during DT fuel ice layer formation. The stability
required is dictated by ice layer characterization requirements and the x-ray imaging system. The
stability requirement is + 1 ym during the 6 s x-ray image frame integration time. Measurements
made on the existing warm target positioner with the boom retracted, as it will be during ice layer
characterization, are just above this requirement. To insure the CTS design can meet this requirement,
the positioner design was augmented with stabilizers that can be used with the boom in the retracted
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position. These stabilizers extend from the vacuum vessel inward and clamp on the end of the boom,
effectively locking the two objects together.

The CTS design also includes a component called the Load, Layer and Characterization
System (LLCS). As its name implies, this system is used to load the target into the CTS, to provide
the environment for the DT ice to form a smooth layer, and to characterize the quality of the layer.

The LLCS vessel is a rectangular box 1.2 m tall by 0.8 m wide by 2.1 m long. It was fabricated
using 304 stainless steel and has been electropolished to enhance tritium cleanup. The vessel operates
as a vacuum vessel during cryogenic operation and characterization of the target. During installation
or removal of a target, the vessel can be operated as a glovebox. In this mode, the operators work
through gloveports, which include integral gate valves. During major maintenance operations, the
vessel side door is opened and the vessel functions as a fume hood.

The purpose of the LLCS characterization equipment is to measure the smoothness and
uniformity of the DT ice layer inside the spherical capsule. The ideal arrangement would be to image
the ice layer from a large number of different orientations around the capsule. Since the capsule is
inside a cylindrical hohlraum, however, it is only possible to image the capsule along three orthogonal
axes. Two axes are horizontal through slits in the hohlraum wall and one axis is vertical through the
circular laser entrance holes. The imaging of the DT ice layer is performed using the phase-contrast
x-ray imaging technique [4-36]. Each imaging axis incorporates a microfocus x-ray source in close
proximity to the target. Since these x-ray devices are designed to operate in air, each source is
enclosed in an air box. All three air boxes are arranged on a single strongback that can be raised up to
allow the boom to stroke into the NIF target chamber. X-ray CCD cameras are used to collect the
image and are positioned to give an 11X magnification of the capsule. The CCD cameras are located
outside the LLCS vacuum vessel and hence the x-rays must pass through the vacuum vessel wall. In
both this location and in the x-ray source air boxes, the x-rays cross the pressure boundary through
beryllium windows.

The CTS design also incorporates a cryogenic system called the Ignition Target Inserter
Cryostat (ITIC), shown in Fig. 4-27, to cool the target. The ITIC is mounted at the end of the 7 m
long boom using a kinematic mount. The ITIC employs a Gifford-McHahon cryocooler to cool the
target base to temperatures as low as 7 K. Multiple control points, consisting of pairs of temperature
sensors and heaters, are used to control the target hohlraum temperature as specified (~18 K) with
1 mK precision.

= _Cryocooler
Thermal Ci ce Device

Fig. 4-27. The Ignition Target Inserter Cryostat (ITIC)

cryogenic system (a) is assembled into the ITIC
Target Shroud structure (b).
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The ITIC provides cryogenic temperature control of the target while ensuring that all structure
influencing target position is maintained at room temperature. Figure 4-27(a), shows a prototype of
the cryogenic system. It consists of the cryocooler (left edge), connected to the cryogenic thermal
capacitance device, followed by a coaxial structure reaching to the target base (right). The inner most
conductive path, called the cold rod, is connected to the second stage of the cryocooler and operates
near 4 K. Surrounding the cold rod is a 60 K thermal shield which limits heat transfer to the cold rod
and is connected to the first stage of the cryocooler. Surrounding the 60 K cold shield is a warm
shield that is controlled to 293 K using heaters. The cold rod, cold shield and warm shield are all
fabricated using oxygen-free high-conductivity copper and are gold plated to reduce radiation heat
transfer. The ITIC cryogenic system [Fig. 4-27(a)], is packaged into the ITIC structure [Fig. 4-27(b)].
The structure was fabricated from 6061 aluminum and has a conical geometry with a length of 2 m
and a base diameter of 0.5 m.

Ignition targets are installed on the ITIC gripper at room temperature by operators working
through the glove box ports integrated into the LLCS vessel. The target is then surrounded by a two
layer thermal shroud. The inner layer of the shroud is thermally connected to the cold shield and
operates at approximately 80 K. The purpose of the inner shroud is to minimize both thermal
radiation and condensation on the target [4-37]. To minimize cooling of nearby equipment, the outer
layer is controlled to 293 K. The shroud opens in a clamshell manner a few seconds before the shot to
expose the target to the laser. Structural analysis and laboratory tests have been performed to ensure
that the vibration imparted by the opening of the shroud will damp down to acceptable values before
the shot.

A common challenge when using mechanical coolers in precision applications is the significant
vibration disturbance caused by the pulsed nature of the Gifford-McHahon design. The NIF cryogenic
target positioner has overcome this problem by utilizing a thermal capacitance device [4-37] that
permits the cryocooler to be turned off during periods requiring positioning stability. X-ray imaging
of the ice presents the most difficult challenge. An x-ray image is constructed from a series of 20
frames, each requiring 6 s of image integration time. The cryogenic system must maintain target
temperature within +1 mK with the cryocooler off for the duration of the x-ray imaging time. This is a
difficult challenge since most engineering materials lose almost all of their heat capacity at
temperatures below 100 K. The ITIC cryogenic system uses the thermal capacitance of high-pressure
helium at cryogenic temperatures. The helium is confined in a copper structure that minimizes the
heat transfer time constant by assuring that all helium is within a few millimeters of a copper
conduction path. Figure 4-28 presents laboratory test results using the cryogenic system in
Fig. 4-27(a) that demonstrate better than the required +1 mK hohlraum temperature control with the
cryocooler cycling on and off. The stability was demonstrated over a 48 h period with a 4 min
off/6 min on duty cycle.

A room temperature positioner is operational and has demonstrated the viability of the design
architecture. The cryogenic system has been prototyped and has demonstrated the necessary precision
of cryogenic target temperature control. The first Ignition Target Inserter Cryostat (ITIC) has been
assembled and will be fielded on the existing NIF positioner to demonstrate integrated performance
of the system. Assembly of the first complete CTS system will begin late in 2008 with installation in
NIF by 2010.
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Fig. 4-28. The required +1 mK temperature stability has been

demonstrated with cryocooler cycling 4 min off / 6 min on for a
test duration of 48 h.

4.2. DIRECT DRIVE TARGET DEVELOPMENT

4.2.1. Fill Tube Development for Foam Shells for OMEGA, NIF and Fast Ignition Application

A process for successfully attaching fill tubes has been developed for indirect drive NIF Shells as
described in Section 4.1.1.4. We have extended this technology to attach a 10 ym fill tube to a variety
of relevant shells for direct drive experiments. These include NIF scale CD and low-density R/F foam
shells used in cryogenic layering experiments at LLE, as well as high density R/F foam (HDRF)
OMEGA size shells used in room temperature gas filled surrogate shots (Figs. 4-29 and 4-30).

Fig. 4-29. The length of the stainless steel tube serves as
a reservoir increasing the effective volume of gas in the
shell for this room temperature OMEGA cryo surrogate.

Fig. 4-30. The fill tube comes in from the top with a

side support stalk attached for the NIF scale CD and
RF foam shells.
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An assembly station is utilized for all three types of fill tube attachments to shells. For each
target, the stage on the assembly station is slightly modified to accommodate certain needs for the
specific attachments. Everything else stays in the same position. Two tilted microscopes interfaced
with CCD cameras are positioned 90° from each other, while two manipulators are also positioned
90° from each other. Figure 4-31 shows the specifications for the HDRF assembly and a radiograph
of a completed target with fill tube attached.

20um glass |55 m glass I

fil tube fill tube —
Glue fillet: ' Glue fillet:
<60 um <60 um ‘
5 um GDP
HDRF

(@) (b)

Fig. 4-31. Specifications for the HDRF assembly (a) and imaging by XRADIA (b).

Once the targets are assembled on the assembly station, the fill tube attachments are tested for
conductance and leaks. X-ray fluorescence (XRF) is used to confirm that gas can flow into the shell
and that the fill tube is not blocked somewhere along the attachment. After testing for conductance
with XRF, HDRF foam targets are placed on the D, fill station to check for leaks in the glue joints at
room temperature. For NIF scale RF/CD cryo-targets and fast ignition targets, each are tested on a
mass spectrometer (MS) to check for leaks at cryo-temperatures after the XRF test.

The gas retention test of all the shells is done on an apparatus consisting of a SRS RGA 200 mass
spectrometer, roughing pump, and sample chamber all connected to a T-fitting. To determine whether
a shell is pinhole free, the gas-filled shell is transferred to the sample chamber on the MS after filling
with D,. If the shell holds the fill gas, the pressure of gas permeating through the GDP produces a
signal on the MS. To determine if the shells are truly pinhole free at cryogenic temperatures, shells
producing a signal on the MS are then tested using liquid nitrogen (LN3). For pure permeation, the
leak rate follows the Arrhenius equation and has a strong dependence on temperature. For a pinhole
free barrier, the leak signal should drop several orders of magnitude at cryogenic temperatures versus
room temperature.

We used this process to produce high density foam shells for OMEGA shots in FY08 as well as
beginning to supply the cryo test station at LLE for layering of direct drive shells. The yield of this
process for the room temperature targets is currently ~90% in the fill tube attachment stage (although
the foam fabrication steps early in the process are much lower.

4.2.2. Development and Fabrication of NIF-Scale Resorcinol Formaldehyde Foam Shells for Cryogenic
Ice Layering Experiments

Fabrication techniques for resorcinol formaldehyde foam shells were adapted for use making
diameters from 2 — 5 mm. A foam capsule of this size is part of a design for future direct drive targets
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at the National Ignition Facility (NIF), which calls for a 3.5 mm diameter resorcinol formaldehyde
(R/F) foam shell with a 100-200 gm wall. For the near term, these NIF R/F foam targets are needed
at LLE for cryogenic layering experiments. Ultimately, the foam capsules will be used in direct drive
experiments on NIF. One of the critical specifications for these targets is wall uniformity. The
specifications for the mode 1 wall uniformity for these R/F foam targets are usually quoted in terms
of non-concentricity (NC), defined by Eq. (1).

A Wall Thickness

NC =
2 (Avg. Wall Thickness)

(1

The current NC requirement for these targets is similar to the OMEGA R/F foam shells, which is
<5% [4-38]. The wall uniformity of these foam shells is important because wall non-uniformity
adversely affects the implosions.

The density, viscosity and the interfacial tension of the emulsion components and the gelation of
the R/F precursor solution all affect the R/F foam fabrication process [4-38]. For these experiments
the R/F precursor solution was not altered from the OMEGA R/F shell fabrication process because
the foam density required for both experiments are similar. Therefore, the gelation time, precursor
viscosity and density remained unchanged [4-38]. The viscosity of the oils and interfacial tension
between the emulsion components in these experiments were also similar to the OMEGA fabrication
process [4-38]. In contrast, it was found that the density and the density matching of the emulsion
components had to be altered in order to fabricate a high yield of the NIF-scale shells (90%). The
density of the emulsion components was measured with an Anton Parr, DMA 4500 densitometer. The
densitometer measures the density of the emulsion components as a function of temperature and is
accurate to 0.05 mg/cc over a temperature range of 0°C to 90°C. The viscosity of the oil solutions was
measured with a rheometer (Bohlin Instruments, CVO050). The interfacial tension of the emulsion
system was measured by an interfacial tensiometer (Future Digital Scientific OCA-15) via the
pendant drop method [4-39]. This allows measurement of interfacial tension to +0.10 dyne/cm.

Some of the initial changes that were made to the OMEGA R/F shell fabrication process to
fabricate NIF-scale R/F shells were the size of the W1 and O1 needle, and the collection tube. The
OMEGA size needles and collection tube were not suitable to produce a NIF-scale double emulsion.
(The largest size shells that we were able to fabricate with the OMEGA setup were 2200 ym diameter
R/F shells.) In order to fabricate a NIF-scale double emulsion, it required that the diameters of the W1
and Ol needles needed to be 2x bigger than what was used in the OMEGA process. The collection
tube used in the OMEGA process was also replaced with a collection tube that was 3x larger in
diameter than the OMEGA-scale collection tube. Modifications to the droplet generator (DG) were
also done in order to accommodate the larger needles and collection tube. Similar modifications were
previously made when fabricating larger size (3—5 mm) full density Poly alpha Methyl Styrene shells
(PAMS) [4-40]. Another parameter that was adopted by the NIF size PAMS fabrication process was
reducing the speed of the rotary flask to agitate the shells when cured in the 70°C water bath. This
was done to help stop these larger shells from breaking up during the curing process.

Another necessary modification was made in the relative densities in the double emulsion used to
make the R/F shells. For the OMEGA settings, the density mismatch between the W1 and O2
components was 0.01 g/cc at 25°C, the density mismatch between the W1 and O1 needed to be
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+0.005 g/cc at its curing temperature of 70°C. In order to see if the density mismatch made a
difference in the yield of intact shells we fabricated NIF size shells with different O2 densities. This
resulted in a mismatch of 0.02, 0.015, 0.01, 0.005, and 0.001 g/cc with the W1 solution at 25°C. The
density of the O1 solution and its density mismatch with the W1 was unchanged and was in the same
range as the OMEGA shell process. The results of these experiments showed that a density mismatch
between the O2 and W1 solution of less than or equal to 0.005 g/cc resulted in a high yield of 90%
intact NIF size R/F shells (Fig. 4-32). When the density mismatch was greater than 0.005 g/cc, the
yield of intact R/F shells decreased to 20% or lower.

Fig. 4-32. (a) Shows a batch of NIF-scale R/F foam shells. (b)
Shows the size difference between an OMEGA- and NIF-scale
R/F foam shell.

Shells fabricated with this process were measured for wall uniformity using a white light
interferometer and the results show that less than 5% of the shells fabricated meet the NC wall
uniformity specification of < 5%. In order to improve this yield, a small amount of polymer additive
(0.60 wt% styrene-butadiene-styrene (SBS) was added to the O2 solution which increased the
interfacial tension of the emulsion components and the viscosity of the O2 solution [4-38]. This
method was used to improve the wall uniformity of the OMEGA sized R/F shells, and a similar
method was also found to help the sphericity and wall uniformity of the full density PAMS shells
[4-38, 4-41, 4-42]. This modification was found empirically, but provides a hint for future theoretical
work and provides a practical guide for increasing yield of shells with low NC. The addition of the
SBS to the O2 solution increased the interfacial tension of the emulsion components by 4X as it
increased to 4 dynes/cm, without the SBS additive the interfacial tension was 1 dyne/cm. The SBS
addition to the O2 solution increased its viscosity from 10 to 18 cps at room temperature and at its
curing temperature of 70° C the viscosity increased from 7 to 12 cps. This modification to the O2
helped improve the wall uniformity of the NIF-scale shell and improved the yield of shells that
satisfied the 5% NC specification from less than 5% to 15%. The results of this can be seen in
Fig. 4-33. Future work on improving the wall uniformity of these NIF R/F foam shells will include:
optimizing the O1/W1 density mismatch for NIF size shells, as well as testing new types of oils, and
polymer additives in order to increase the interfacial tension of the compound droplet.

By making the necessary modifications to the OMEGA R/F shell fabrication process we were
able to successfully develop a process to fabricate a high yield of NIF-scale direct drive R/F foam
shells. By optimizing foam shell fabrication parameters such as the rotation speed of the beakers, the
density mismatch of the emulsion components, and increasing the size of DG dispensing needles and
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the collection tube we were able to produce a 90% yield of intact foam shells. This method can be
also used to successfully fabricate shells ranging from the 2 to 5 mm range.

501 NC yield of NIF R/F shells
~ 40- .
E |
£ 304 ® | & Noadditive
© n
o eye
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0 5 10 15
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Fig. 4-33. Nonconcentricity wall uniformity plot showing
the yield of shells in a batch that have <5% NC and <10%
NC. Shells made with the additive in the O2 solution
have a higher yield of shells with good NC (15% with NC
<5%) than shells that were fabricated using no additive
(<5% with NC <5%) in the O2 solution.
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5. OMEGA TARGET DEVELOPMENT

5.1. INDIRECT DRIVE TARGET DEVELOPMENT

5.1.1. High Z Doping of Glass Shells

A new process for making High Z doped glass shells is based on the Si-GDP to glass conversion
method (Hoppe process) and allows for the manufacturing of large, thick and exceedingly uniform
shells [5-1]. Germanium (Ge) doped glass shells are made essentially by the same process as pure
silica glass shells except a Ge dopant is added during the glow discharge polymer (GDP) coating step
(Fig. 5-1).

PAMS Si-GDP/PAMS Si-GDP Sio,
1 2 3
— — .
Si-doped Pyrolyze Sinter
GDP . inN, in air

(SiGe}GDP  (8iCe)O,

e — =
(SiGe)-doped Sinter
GDP 2 e g in air

Fig. 5-1. Ge doped glass is made using the SiGDP to glass process.

PAMS mandrels were made by the droplet generator technique. These shells were roll coated in a
plasma polymerization system based on a helical resonator and piezo bouncer described by previous
authors [5-2]. Tetramethyl silane (TMS), tetramethyl germane (TMG), trans-2-butene (T2B) and
hydrogen were used as feed-stock gases for the plasma coater. After the SiGe-GDP coating step was
completed, the PAMS mandrel was removed by a controlled heating process in which the temperature
was slowly ramped to 300°C under nitrogen to decompose and volatilize the PAMS polymer. The
resulting SiGe-GDP mandrels were then successfully converted into a Ge doped glass shell by slow
pyrolysis in air.

Measurement of the surface finish by an atomic force microscopy spheremapping technique and
wall uniformity by optical interference [5-3] show the Ge doped shells are extremely round and
uniform in thickness (Fig. 5-2). The ~1130 x 12 ym Ge doped glass shell depicted in this figure
essentially meets the National Ignition Facility (NIF) requirements (smooth bold line) for surface
smoothness and has a A wall (wally,,x — wallyiy) of only .04 gm.
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X-ray Fluorescence (XRF) measurement of a doped glass shell confirms the presence of Ge and
the absence of any other high Z contaminants. Ge concentration of 0.43 g/cc was measured. This
corresponds to about a 5:1 Si:Ge ratio, or ~6 at.% Ge doped glass as shown in Fig. 5-3.
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Fig. 5-3. First successfully doped glass shells as determined by XRF is ~6 at.% germanium.

The air conversion conditions still need to be fully optimized. Pyrolysis of a Ge and Si doped
GDP mandrel in air at increasingly higher maximum temperatures yield differing results (Fig. 5-4).
At around 450°C the SiGe-GDP appears to be essentially completely converted to glass. Up to
~750°C the only observed change was an apparent densification as the diameter and wall thickness
continued to shrink slightly. However, when heated to around 900°C, the appearance of the shells in-
dicates possible phase separation is occurring in the glass. Figure 5-5 shows the SEM/EDXS image of
a shard of a glass shell pyrolyzed to ~900°C along with the image of a shard pyrolyzed to only 750°C.
The surface of the higher temperature pyrolyzed shell has significantly more texture than the lower
temperature shell. The Ge content also appears to be somewhat higher in these roughened patches.
Additional work is planned to further investigate exactly what is occurring here and to determine the
temperature that will lead to maximum density and shell strength with lowest permeability to helium
and hydrogen.
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Fig. 5-4. Pyrolysis to different
temperatures results in signifi-
cantly different results. Optimum

SiGe GDP SiGe0, (T1) SiGe0, (T2) SiGe0,(T3)  pyrolysis temperature needs to be
*5% Si *28% Si *28% Si *28% Si found that results in maximum
*1% Ge *6% Ge *6% Ge *6% Ge density (i.e., highest shell strength
* Remainder CHO *66% 0 *66% 0 *66% 0 and lowest permeability).
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Fig. 5-5. SEM/EDXS analysis of SiGe shells reveals changes in surface texture at high temperatures.
At higher temperature, formation of nodules indicates possible phase separation is occurring.

The results of measurements to determine some of the properties of Ge doped glass shells
pyrolyzed to 750°C are summarized in Table 5-1.

Table 5-1
Properties of 6% Ge Doped Glass

SiGe Glass Si Glass

Index of refraction 1.48 = 0.02 1.47 + 0.02
Density (g/cc) 244+ 0.1 220+ 0.1
He time constant t (min) 22 67

Young’s modulus 3.4x100 6.0x10°

The index of refraction of these capsules was determined interferometrically by measuring the
change in path length of white light traveling through the glass shell wall relative to air. Density was
determined by a combination of optical measurement of shell diameter and wall thickness coupled
with weighing of the shell on a precision microbalance. The buckle strength (Pp) of an ideal defect-
free spherical shell of wall thickness w and diameter d, can be utilized to determine Young’s Modulus
from the equation [5-4],

E = [3 (W2 = 1)]0-5/8Py(d/w)? .
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Where E and v are the Young’s Modulus and Poisson’s ratio for the material respectively; v was
assumed to be 0.24, typical for glass.

The densification of the glass has not been fully optimized so it is conceivable that the density,
He time constant, and Young’s modulus could increase with further optimization. As currently
pyrolyzed, the shells are close to full density based on comparison of the measured density (2.44 g/cc)
to the expected density of 6% Ge doped glass of 2.48 g/cc (ignoring lattice expansion caused by
replacing an atom of Si with Ge).

5.2. DIRECT DRIVE TARGET DEVELOPMENT
5.2.1. Properties of Silicon-Doped GDP Shells used for Cryogenic Implosions at OMEGA

One suggested approach to decreasing preheat of LLE Cryo-targets is to add a silicon dopant of
~4-6 at. % to the normal plasma polymer. As in the case of pure CH and CD shells used previously,
the physical properties of these shells, are of utmost importance to allow proper fielding for cryogenic
shots. We fabricated and characterized two types of Si-doped GDP capsules: single layer Si-doped
glow discharge polymer shells (SiGDP) and double layer Si-doped GDP/SCD shells (SiGDP/SCD).

SiGDP shells were made by the depolymerizable mandrel technique using poly-alpha-methyl
styrene (PAMS) mandrels [5-5, 5-6] as described in previous Section 5.1.1. In particular, the slow
PAMS removal profile, developed for fabrication of glass shells from silicon doped GDP shells, was
adopted for the SiGDP cryogenic shells [5-7, 5-8].

The roughness, uniformity and strength of Si-GDP shells were measured and compared to those
of CD cryo shells. Although the addition of Si does affect some of these properties slightly, the shells
still meet the requirements. These differences are discussed here. The effect on IR transparency is
much more profound. IR heating is used to layer and smooth the ice in cryogenic shells including
SiGDP shells. If the shell wall material absorbs at the IR heating wavelength, it will interfere with the
smoothing process. Oxygen pick up in polymer shells results in an OH stretch in the IR spectra at the
3200-3700 cm! region that interferes with IR heating at 3160 cm-! [5-9]. SiGDP shells have been
found to be more reactive to air than regular “strong” carbon deuterium (SCD) shells. An
investigation of absorption in the OH region (3160 cm!) was carried out using Nicolet Fourier
Transform Infrared Spectroscopy Continuum microscope (FTIR microscope) analysis. The OH
absorption coefficient of SiGDP at 3160 cm™! has been determined for comparison to absorption
coefficient of D5 ice at 3160 cm-!.

A “witness” technique was developed to determine the OH absorption of SiGDP shells. In this
technique, SiGDP witness shells and SCD witness shells were cut into pieces under a microscope.
FTIR scans were taken of the pieces over time in air. The data were used to gain insight into the
capsule’s OH pick up rate at 3160 cm™1, which is the wavelength used for IR heating. The OH
absorption of the SiGDP shells wall interferes with IR heating for smooth ice layering at this specific
wavelength. Results of OH pick up over time for SiGDP and SCD are presented in Fig. 5-6. SiGDP
IR absorption at 3160 cm™! shows a rapid OH pick up rate compared to SCD shells. In Fig. 5-7, a
close up view of the region between 3200-3700 cm-! shows the OH growth as a function of time for
5 um Si doped GDP polymer coating. The baselines of each scan were normalized at 3800 cm1.
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The FTIR spectra were quantitatively analyzed to determine the absorption coefficient at
3160 cml. The plot of IR absorption coefficients over time for 5 and 26 ym SiGDP, are shown in
Fig. 5-8. The absorption coefficient was calculated by measuring the absorbance difference on
3800 cm ! and 3160 cm!, dividing by shell wall thickness and converting to natural log scale.
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Fig. 5-6. SiGDP and SCD IR absorption at 4000-2000 cm™! over time in air.
SiGDP absorption shows a rapid OH pick up rate compared to SCD.
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Fig. 5-7. SiGDP IR absorption at 3200-3700 cm™! shows a rapid OH
pick up over time. The broad OH stretch interferes with IR heating for
smooth ice layering.
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Fig. 5-8. Plot of 5 ym, 26 ym SiGDP and 5 ym, 10 yum SCD IR OH
absorption coefficients over time. The absorption coefficient calculated
from the 26 ym SiGDP test agrees with the absorption coefficient calculated
from the 5 yum SiGDP test. The absorption coefficient was calculated by
measuring the absorbance difference on 3800 and 3160 cm!, dividing by
shell wall thickness and converting to natural log scale.

In order to limit air exposure, special handling was required. “Witness” shells, shells removed
from the batch for analysis and not delivered for experiment, were used to determine the batch
characteristic. After the controlled heating process, two shells were set aside for IR analysis, and the
rest were immediately transferred to a nitrogen storage box upon removal from the pyrolysis oven.
Shells were later removed from the nitrogen storage for dimensional analysis by interferometry, then
returned to the nitrogen box immediately upon completion of measurement (~1 h). Air exposure time
was monitored and recorded. “Witness” shells were removed for buckle test [5-10], wallmapper
[5-11], AFM spheremapper [5-12], XRF spectrometry [5-13] and DD permeation test [5-14]. The use
of “witness” shells allows SiGDP shells to be delivered with only 2 h air exposure.

The quality of the ice layer is dependent on shell wall uniformity [5-15]. The SiGDP shell wall
must not vary more than 0.25 ym from maximum to minimum thickness. Shell wall thickness uni-
formity is driven by proper agitation during the coating process and the proper selection of mandrels
with uniform walls as in the case of undoped shells. Orthogonal wall thickness traces of representa-
tive shells show that SIGDP shells can be produced with wall non-uniformity of less than 0.05 ym.

To determine the buckle strength, the shells are exposed to increasingly higher pressures and the
buckle pressure is recorded when the shells are broken. Compared with the SCD shells of the same
dimensions, which buckled at ~50 psi, SiGDP shells have higher average buckle strength of ~70 psi.
Since SiGDP shells have higher buckle strength, it allows filling them in higher pressure steps for
cryogenic experiments.

To determine the time constant, permeation rates were measured on 900x5 ym SiGDP shells.
Two SiGDP shells from the same batch were filled with deuterium in a pressure vessel at 30 psi at
room temperature and allowed to permeate for at least one hour. The pressure vessel was vented and
each shell was measured in the mass spectrometer. For 900x5 ym SiGDP shells, a 12 s D, half-life
was measured. The experiment was repeated on 900x26 um SiGDP shells that confirmed the
calculated time constant. The permeation time constant of the 900x26 ym shells measured as 70 s,
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about five times that of the 900x5 ym shells. SiGDP shells have higher D, permeability than SCD
shells; 2.4 x 10-14 (mol x m/m2 x Pa x s) as compared to 9.0 x 10-15 (mol x m/m? x Pa x s). The
higher permeability of SiGDP shells allows for faster D> fill rate compared to SCD shells.

Si concentration was measured on three shells from each batch using XRF spectrometry. With the
flow rate of tetramethyl silane, trans-2-butene and hydrogen regulated by a mass flow controller,
4-6 at. % silicon concentration was attained. For 7 batches of SiGDP shells measured, the average Si
at. % is 5.7 + 0.4. The range of silicon atom percent achieved meets the OMEGA cryogenic target
design.

5.2.2. Improved Gas Retention of GDP Coated R/F Foam Shells for Cryogenic Experiments on OMEGA

For cryogenic experiments using foam capsules, the shells must be able to hold a fill gas such as
DT or Dj. This issue has led to the investigation of ways to improve the yield by modifying the
coating conditions of the GDP over-coating process. Specifically, by changing the background
coating pressure from the constant 75 mTorr throughout the run to a two-step coating process of a
high pressure coating at 250 mTorr followed by low pressure coating of 75 mTorr. This modification
has increased the yield of gas retentive styrene butadiene styrene (SBS) modified R/F shells from
~15% to 60%. The surface roughness of these shells is also improved from ~45 nm RMS to ~20 nm
RMS with this modification to the coating conditions.

Once the R/F shells are over-coated, the GDP coating thickness is measured by white light
interferometry. The uniformity of the over-coating is measured using a wall mapping process [5-16],
and the surface roughness of the over-coating is analyzed by a Wyko interferometer. Once the shells
are over-coated and characterized, they are tested for gas retention. The capsules are permeation filled
with D5 on a fill station and the permeation rate measured using a SRS RGA200 mass spectrometer
(MS) [5-17] at room temperature and cryogenic temperatures.

Increasing the background coating pressure during the GDP deposition was investigated with the
intent to improve the gas retention of SBS R/F shells. The background coating pressure affects the
random walk of the hydrocarbon fragments; this can influence the way the fragment is deposited on
the shell through diffusion limited aggregation (DLA). When coating a foam shell, the constituent
strands act as the substrate for arriving atoms. If the deposition is more ballistic in character, the
coating is less likely to bridge the strands and cover the intervening holes. The previous standard
75 mTorr (coating pressure) deposition creates a rough coating with many surface domes as shown in
Fig. 5-9(a). Therefore, by increasing the pressure so that the deposition has a more DLA nature than
ballistic, it could lead to a coating that is more likely to bridge the strands and cover the pores of the
foam. Changing the random walk of these particles by increasing the background pressure can also
lead to a slower coating rate because the mean free path of the fragments is decreased. For example,
by increasing the background coating pressure to 250 mTorr, the measured coating rate is one tenth
the typical coating rate for GDP using the standard process at 75 mTorr. This slower coating rate can
also slow roughness growth of the coating [5-18].
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Fig. 5-9. SEM images of the surface of GDP coated R/F shells at various background
pressures. Changing the background pressure of the CVD coater from 75 to 250 mTorr
results in an improvement in surface roughness.

The first experiment was to overcoat the shells with 1-2 yum of GDP at various background
coating pressures. The coating pressures that were used were 500 mTorr, 250 mTorr and the
previously standard background coating pressure of 75 mTorr. The scanning electron microscopy
(SEM) images of these over-coatings are shown in Fig. 5-10, which illustrates that the coatings done
at 250 mTorr [Fig. 5-10(b)] are qualitatively smoother than the standard coating process at 75 mTorr
[Fig. 5-10(a)]. But, DLA deposition at its extreme approaches fractal growth and cannot lead to a
better surface finish by itself. In fact, the surface finish will degrade if the deposition is purely DLA
and is the bulk of the coating. We observe this surface degradation when the coating were increased
to 500 mTorr as shown in Fig. 5-10(c), and appears to be the roughest over-coating out of the three.
This is empirically observed, of course, in terms of the observation that there appears to be an optimal
initial pressure of 250 mTorr (about 3 times the normal pressure) to obtain the best surface finish.
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Fig. 5-10. Gas retention yield of OMEGA-scale GDP
coated SBS R/F shells using the standard and High/Low
GDP over-coating methods. The data shows that using the
High/Low GDP method improves the yield of gas
retentive shells from 15% to 60%.

In order to take advantage of the smoother coating observed, the next step was to overcoat a shell
at 250 mTorr to the standard GDP thickness of 4-5 um for SBS R/F shells. The overcoat at
250 mTorr was not possible because at this pressure the shells began to agglomerate after 24 h of
coating. This caused rips and tears in the over-coating, and resulted in non-gas-retentive shells. At a
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coating of 20 h the coating thickness of the GDP is only 0.8—1.0 ym. At this thickness the coating is
not strong enough to hold the required fill gas.

The results observed by increasing the coating pressure to 250 mTorr led to the development of a
dual pressure coating process. This coating process begins with a high pressure coating at 250 mTorr
that was used to promote the smooth surface and create a more omni-directional coating which
bridges the foam gaps in R/F. The high pressure coating was done for roughly 19-22 h, which was
right before the shells were about to agglomerate. At this time, the background coating pressure was
lowered to 75 mTorr for the remainder of the coating up to the required thickness of 4-5 ym (for the
shells to hold gas). The Wyko interferometry data shows that the surface roughness RMS of the GDP
over-coating done with the High/Low over-coatings improved from ~45 nm RMS to ~20 nm RMS in
comparison to the standard process. Wallmap analysis of these over-coatings show that the coating
uniformity using the High/Low process is comparable to the standard GDP coating process, and falls
within the target specification (Coating A wall of < 0.4 ym). The shells coated with the High/Low
coatings were then tested for gas retention. The gas retention results shown in the plot in Fig. 5-10
show that the yield of gas retentive SBS R/F shells improved from ~15% to 60%. Factors affecting
the gas retention of the shells in a negative way using this method are the final thickness of the GDP
over-coating (if >4 ym) and the duration of the high pressure coating (if > 18 h).

Although the focus of this work was ~900 um OMEGA size shells, this was applied to ~2 mm
NIF shells that were fabricated with the GA roto-coater glow discharge polymer system. The result
from the roto-coater using the high-low coating method was similar to the gas retention yield of 70%
for NIF shells at a coating thickness of 13—15 gm [5-19]. The yield of gas retentive shells using these
methods is shown on the plot depicted in Fig. 5-11. Future work will include optimizing the coater
conditions in efforts to see if this process could create thinner pinhole free over-coatings. These R/F
foam shells may need to have a thinner pinhole free permeation barrier than the current GDP
thickness (12—15 pm) for future experiments.

100%
Gas retentive NIF shels vs. coating type
75% 1 a
GDP Thickness a
15-20 um |
50% 1
High/Low 1:
40hH/60hL Std
25% 1 High/Low 2: ) _
60hH/40hL m = High/Low1
0% r = r — 4 High/Low2
0 2 4 6 8 o1 L
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Fig. 5-11. The gas retention data of NIF SBS R/F shells that were over-
coated with GDP using a variety of coating methods. Shells that are coated
with the roto-coater and the High/Low methods are the only NIF-scale R/F
shells that hold gas. Future work will include experiments to confirm this
observation, as well as combining the two methods (Roto-coater and
High/Low).
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In summary, by changing the background coating pressure parameters during GDP deposition, we
were able to develop a process that produces a smoother GDP over-coating with a higher yield of gas
retentive, OMEGA-scale, SBS R/F foam shells. This work has been extended to improve the yield of
gas-retentive shells of larger size R/F foam shells that are required for the NIF and HAPL programs.

5.2.3. Modifying the Pore Size of Resorcinol Formaldehyde Aerogels for Fabrication of Hollow Spheres
for Direct Drive ICF Experiments

Cryogenic ice layering experiments at LLE using hollow R/F shells have shown advantages of
larger pore aerogels compared to the pore sizes of the standard R/F formulation. This led to the
request for hollow R/F shells with larger pores (Fig. 5-12) for cryogenic ice layering experiments.
This work describes our success at making an improved formulation of large pore size R/F that is
more suited to the shell fabrication process.

900 pm

(a) (b)
Fig. 5-12. (a) Standard R/F shells that are transparent. (b) Large pore
R/F shells made with the PA Method (using PVA) that are opaque.

The R/F aerogel, first developed by Pekala, et al., begins with a precursor solution that forms into
an aerogel by a polycondensation reaction using a two-step (base/acid catalysis) polycondensation
reaction [5-20]. The precursor solution starts off with a base catalysis reaction using resorcinol,
formaldehyde, water and a base catalysis (0.58M sodium bicarbonate) that creates the hydroxymethyl
aggregates that react with one another to form the primary particles. These particles then go through
an acid catalysis step (0.01M benzoic acid) that brings these particles together to form the gel by
forming methylene ether bridges. Controlling solvent and precursor quantities can control the density
of the aerogel. The gel is then solvent exchanged into isopropanol to remove any water in the porous
gel network, then dried using a supercritical CO, drier to prevent shrinkage and cracking, preserving
the low density structure of the resulting aerogel.

Previous work on modifying the pore size of the R/F aerogel to produce hollow shells was done
by decreasing the base catalyst to resorcinol ratio, creating a large (~0.5 ym) pore R/F aerogel
through reaction limited aggregation [5-21, 5-22]. We refer to this as the low-catalyst (LC) method. A
drawback to the LC method is that the final density was 30% lower than the calculated target density
(based on reactant mass) [5-22]. The density reduction is due to less catalyst in the base catalysis part
of this two-step polycondensation reaction, which forms less hydroxymethyl adducts due to un-
reacted monomer in the reaction. Another drawback was the instability of the precursor solution at
room temperature.
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These results lead us to investigate alternative ways to produce larger pore R/F aerogel that would
be more compatible with our current shell fabrication process. This work describes an alternative way
to modify the pore size of the R/F aerogel without any significant change to the aerogel target density.
This was accomplished by an addition of hydrophilic polymer additive [Poly Vinyl Alcohol (PVA) or
Poly Acrylic Acid (PAA)] to the R/F precursor solution which acts as an impurity in the reaction. We
will refer to this as the polymer addition (PA) method. The polymer (0.10 wt% PAA or 0.30 wt%
PVA) was dissolved into the water portion of the R/F precursor solution. Bulk samples of these
aerogels were produced using the PA, standard (STD) and LC methods and were analyzed for pore
and aerogel structure. The polymer impurity modified the cross linking and aggregation of the
primary particles thus changing the formation of the aerogel structure, and changing the pore size.
This modification successfully increases the pore size of the R/F aerogel with little or no change to
the precursor’s gelation time when compared to the standard process which made it possible to use
the same shell fabrication process used for standard pore size R/F aerogel shells [5-23 — 5-25].

The resulting aerogels were characterized for aerogel structure using scanning electron
microscopy (SEM), nitrogen gas absorption (Micromeritics ASAP 2020), and ultra-small angle x-ray
scattering (USAXS) using the Advanced Photon Source (APS) instrument at the Argonne National
Laboratory. USAXS is a nondestructive measurement technique in which the intensity of elastically
scattered x-rays at small and ultra-small angles is recorded after they pass through the sample. As
these x-rays scatter from inhomogeneities within a sample they deliver structural information about
the sample [5-26]. The APS USAXS instrument is sensitive to more than 3 decades (1 nm to above
1 mm) of microstructural feature sizes, measured in a single 15-minutes long scan [5-26].

Prior to shell fabrication, bulk samples of the aerogel were produced to observe the precursors
stability, gelation time, and optical clarity. The standard pore R/F that we use is transparent. A
modification that resulted in larger pores would produce a more opaque aerogel due to the increased
amount of visible light scattering caused by the larger pores near the wavelength of visible light. This
was also observed in our initial large pore modification experiments [5-22] and was observed in our
new modifications using the PA method.

Bulk R/F aerogel samples were analyzed using nitrogen absorption which provided the BET
(Brunauer, Emmett and Teller method) [5-27] surface area of these aerogels. The results in Fig. 5-13
show that the modified R/F aerogels have a smaller surface area then the standard R/F aerogel. Since
the surface area decreases as the pore diameter increases due to the increase in volume occupied by
larger sized pores, this is a good indication that the pore size of the foam increased.

These bulk samples were then imaged using SEM. The results of the SEM images from these
samples are shown in Fig. 5-14. The SEM images show that these modifications have changed the
structure when compared to the standard transparent aerogel [Fig. 5-14(a)], and these modifications
have larger voids or pores. The LC method [Fig. 5-14(b)] shows that the primary particles are larger
than the other three samples analyzed, and that this increase leads to the increase in the pore size of
the aerogel. The PA method samples are both similar to each other in that its primary particle size did
not change when compared to the standard R/F, but we do see a web-like structure in the SEM images
[Fig. 5-14(c,d)] which shows larger voids or pores than the standard R/F sample.

General Atomics Report GA-A26340  5-11



FYOS8 IFT Annual Report Project Staff

Std
PA (PAA)
PA (PVA)
Low Cat. Condition vs. surface area
200 300 400 500 600
Surface Area (m’/g)

Fig. 5-13. Nitrogen absorption data of the large pore and standard
small pore R/F foams. The surface area increases as pore diameter
decreases due to the increase in volume occupied by larger sized
pores.

SEM Images at 50,000 0.5 um

Fig. 5-14. SEM images of the R/F aerogels made with different
methods, showing the structure and pores of the aerogel. The
LC, and PA methods show that it has larger pores and a
different structure than the R/F fabricated using the standard
method.

After acquiring this data, we sent these bulk R/F samples to be analyzed for aerogel structure
using the APS USAXS instrument. Because the aerogel is ~5% solid material and is mostly empty
space, most of the scattering is from the solid material and not the voids. Usually, for more common
low porosity materials, the scattering is dominated by the scattering from the voids, in which case the
structure of the pores can be analyzed. However, in the present case of high-porosity materials, the
USAXS provides information about the solid structure of the aerogel, at least at high-scattering vector
(Q) data. At small Q values, where the microstructure is probed on large length scales, the dominating
inhomogeneities in this material can be caused by a large void or structure. As this microstructure is
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quite complex, we must use a combination of both the USAXS and the SEM to deduce the changes to
the overall aerogel structure by processing modifications.

A plot showing the scattered intensity vs. Q from the USAXS is shown in Fig. 5-15. Information
on the particle size and structure can be determined from this scattering data using, for example, the
Unified fit method by Beaucage, et al. [5-28]. To analyze the structural features of these aerogels
using this method, we need to analyze the Guinier areas, also referred to as knees, which supply
information on the size of scatter using radius of gyration (Rg) approximation. The Ry values are
related to various sizes of the primary particles as well as any inhomogeneities in the aerogel. These
knees are followed, at higher Q values, by regions of power-law exponential decay, which can either
provide information about the shape and structural arrangement of the scattering features or their
specific surface area, depending on the power law slope. The detailed analysis of the exponential
decay areas has not been attempted in this short work, but may be addressed in future publications.
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Fig. 5-15. Reduced data of the USAXS scans of these R/F
aerogels made with different methods. This data along with
the SEM data can provide a way to interpret the pore and
structure change of the R/F aerogel due to the various process
changes using the LC and PA methods.

Significant change in the scattering curve, Fig. 5-15, for an LC method produced sample indicates
major change in the structure of this sample as compared with STD and PA produced samples. The
shift in the knee between 0.01 and 0.06 A-! to smaller Q values indicates that an LC manufactured
sample has larger primary particle size than an STD sample, in agreement with SEM data. A PA
method produced sample exhibits more complex behavior, which is discussed later, but the high Q
data agreement between STD and particle size curves indicates that the primary particles for the STD
and PA method are similar, also in agreement with the SEM data. Unique to USAXS, very valuable
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information about the structures is obtained from the second knee region at Q values below 0.001 A~
where the aggregation of the primary particles manifests itself. In this region, the three methods of
sample manufacturing produce significantly different curves indicating major structural differences in
these modified aerogels.

In summary, we developed a method to produce a larger pore R/F that was more compatible with
our fabrication process to produce hollow R/F spheres. This new method did not have the dramatic
density change that was seen using the previous large pore fabrication method. In addition to looking
at methods that were used to analyze the structural modifications to R/F with the previous work, we
also investigated USAXS as another method to analyze these structural changes.

5.3. NLUF TARGET DEVELOPMENT

5.3.1. Embedding Sapphire Spheres in Resorcinol Formaldehyde Aerogel for Astrophysical Jet
Experiments

Traditionally, astrophysical jets and shocks have been observed through telescopes, and have only
recently been studied through computer simulations and scaled laser experiments [5-29, 5-30]. A
series of these scaled laser experiments for astrophysical jet studies was conducted on OMEGA at the
Laboratory for Laser Energetics (LLE) [5-31]. These experiments involved using cylindrical R/F
aerogel targets embedded with a sapphire sphere or spheres. Previous work done on fabricating
generation 1 targets used a 100 ym thick stalk to place the sphere in the required position [5-32]. This
stalk results in a large density perturbation in the target, which can cause issues with the
hydrodynamics of the experiment. Because of this concern, recent experiments required the stalk to
be < 1 ym thick in order to minimize the density perturbation in the foam when compared to the
target. Another requirement change from the generation 1 target was the embedded sphere changed
from a 1 mm diameter CH sphere to a 500 ym diameter sapphire sphere. In order to maintain a
similar density ratio between the sphere and the foam, the aerogel densities for these new targets
increased from 100 mg/cc to 300 mg/cc. Additionally, the generation 2 targets required targets with
both one and two embedded spheres for these experiments.

The single and double sphere targets were successfully fabricated without a supporting stalk by
modifying parameters such as the density of the dry R/F, gelation time and stability of the aerogel
precursor solution, and use of a micromanipulator with a vacuum chuck for the sphere placement.
When the R/F solution reached the appropriate viscosity, the sphere was released by turning off the
vacuum pump. The vacuum chuck was then removed, creating a target with a suspended sphere.
Fabrication of a single sphere target was also developed using a sub-micron thick spider silk support
that will remain in the foam. This support stalk is approximately 100 times thinner than the stalk used
with the generation 1 target. Simulations have shown that a perturbation at that size (< 1 ym) will
have minimal effect on the hydrodynamics of the astroshock experiment.

The sphere placement is very critical in order to compare the simulation with the experiment, and
needs to be within the given specified target tolerances. The generation 2 targets required a 300 mg/cc
R/F aerogel cylinder with a diameter of 4 mm and a length of 5 mm. The single sphere targets
required the sphere to be placed within 500 um of the center axis; the z offset of the sphere was
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required to be 650 ym (£200 pym) from the drive face of the foam cylinder to the center of the sphere.
The double sphere targets required the spheres to be within 700 xm from the center axis. The z offset
for the first sphere needed to be 650 ym (£200 xm) from the drive face of the foam cylinder to the
center of the sphere. The second sphere needed to be placed no more than 500 ym from the first
sphere and the spheres should not contact each other. Initial characterization of the ball placement
was done using optical microscopy. Characterization of perturbations and density variations in the
aerogel was done by radiography. Radiography was also used to verify the optical measurements for
sphere placement. These measurements showed that the ball was accurately placed and the aerogel
matrix was not significantly altered by perturbations or density variations in the foam.

The targets were fabricated on an assembly station consisting of a 70°C water bath to gel the R/F
precursor solution, a micromanipulator that was connected to a vacuum chuck and pump to hold/
release and position the sphere, and cameras to monitor and measure the position of the sphere. A
similar station was used for both the stalk-and-release method and the spider silk method.

The stalk-and-release method uses a vacuum chuck that is connected to a vacuum pump to hold
the sphere in place. A dual vacuum chuck is used for double sphere targets. The vacuum chuck is then
connected to the micromanipulator on the assembly station to position the sphere or spheres in the X,
Y and Z directions. The R/F precursor solution is poured into a jar containing the cylindrical mold
and placed into the 70°C water bath on the assembly station. The sphere is then placed and positioned
into the mold using the vacuum chuck and micromanipulators, and the position of the sphere is
measured and monitored with cameras that provide two orthogonal views. Once the solution becomes
thick enough to suspend the sphere without creating a perturbation in the foam, the sphere is released
and suspended, and the vacuum chuck is removed. The solution stays in the bath until it gels. Once
gelled, the jar is placed into a post-cure oven to increase the gel’s crosslink density. After post-cure,
the target is removed, solvent exchanged, and dried as previously described. A picture of a single
sphere and double sphere R/F foam target fabricated using this method is shown in Fig. 5-16.

.
*
- Fig. 5-16. Xradia images of R/F foam
500 pm targets embedded with one and two free
— standing spheres with little to no

_ perturbations in the foam.

The second method investigated was the spider silk method, which uses spider silk to support the
sphere in the foam. Spider silk suspension has been a technique used at LLE for various fusion
experiments [5-33]. The thickness of the spider silk is < 1 gm. At this thickness, the spider silk would
create such a small perturbation in the foam that it would not affect the hydrodynamics of the
experiment. Before a target is cast, the stalk, spider silk, sphere attachments must be fabricated. The
spider silk attachments are assembled on an assembly station, which allows us to position and attach
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the silk to the stalk and sphere. The attachments are held together by UV glue (Norland 68, Norland
Products Inc.). The dispersion of the glue in controlled by dispensing the glue with a Femtojet micro-
injector (Eppendorf). Once assembled, the spider silk attachment is attached to the vacuum chuck
holder that is connected to the micromanipulator on the assembly station to position the sphere in the
cylinder R/F foam target. This fabrication process is similar to the stalk-and-release method, except
that the sphere was not to be released because it was held in place with a thin strand of spider silk that
remains in the foam.

In order for the stalk and release method to be successful, the timing of the release of the sphere
in the R/F solution is very critical to produce a target. For this to be a repeatable process it was critical
that the viscosity of the R/F solution was stable at room temperature (RT) and had a consistent
gelation time at 70°C. Results from the rheometer show that the R/F solution remains stable at RT
with little to no viscosity change for 4-5 h, long enough to cast 6 targets. The results (Fig. 5-17) show
that the viscosity change is very consistent when RT R/F solution (left at ambient conditions for
0-5 h) is heated at 70°C. In order for the viscosity to be high enough to suspend the ball, the sphere
needed to be released before the 21st minute (when in the 70°C water bath) or the removal of the
vacuum chuck would create a perturbation in the foam. At its optimal release time of 20 minutes, the
R/F precursor solution would be viscous enough to suspend the sphere and backfill the area that the
vacuum chuck takes when the chuck is removed, resulting in the desired free suspending sphere in an
R/F foam cylinder with little or no perturbations. At 20 minutes, the viscosity of the solution was
4.7-5.2 Pa+s. The optimal release time was also found to be consistent within the 4-5 h time period.
Pictures of targets when the sphere is released or not released at the optimal release time are shown in
Fig. 5-18. Once the optimal release time is obtained, the stalk and release process can consistently
produce a target having one or two free suspended spheres with little or no perturbations in the foam
~90% of the time.

® ® Gel Time 24 min
~200 PaS
30 o
-a—Target 1
20 Suspended Target 2
(Trails) < Target 3
10 Sink Slisperitea 00" Target 4
s ye > d < Target 5
0.'L‘.—.\‘t B -@-Target 6
18 19 20 21 22 23 24
Time (min)

Fig. 5-17. Viscosity was measured for R/F solution sitting at
ambient conditions at RT at 6 different times representing a
target made during a production run. The viscosity data over time
for each sample overlaps, indicating a consistent behavior for all
6 targets.
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Fig. 5-18. Pictures of targets fabricated using the stalk and release method.
Each picture shows the outcome of the placement of the sphere when it was
released at various times.

Another requirement for these targets is that the spheres are positioned in the foam cylinder to the
desired specifications. Measurements of the sphere placement in the foam targets show that 70% of
the targets fabricated with the stalk-and-release method meet the sphere placement specifications.
Placement of the sphere in the final target was less precise using the spider silk method with just 45%
of the targets meeting the specifications. Because of the issues with the spider silk method that
produce a lower yield of targets that meet the sphere placement specifications, the stalk-and-release
method became the method of choice to fabricate the single and double sphere targets. The spider silk
method may be revisited for future astroshock targets.

The double sphere targets were also fabricated using the stalk-and-release method. The yield for
targets that meet the sphere placement requirements is 35%. This yield is lower when compared to the
single sphere targets. This lower yield is the result of the limitations that we have with the spacing of
the two stalks on the dual vacuum chuck. In the future, we will look at ways to improve this yield, by
improving the design of a the dual vacuum chuck system. Figure 5-19 shows an assembled generation
2 astroshock target that was shot on OMEGA.

Fig. 5-19. Final assembled generation 2 astroshock target with
shield, hohlraum and stalk that was shot on OMEGA.
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6. SNL TARGET DEVELOPMENT

Z and Saturn targets though much larger than OMEGA targets are very complex and present
many challenges as illustrated in Figs. 6-1, 6-2, and 6-3. For example, the Astroshock targets had one
or two spheres embedded in an often opaque foam. The challenge was to center the sphere with
respect to the radiation entrance hole of the hohlraum.

Fig. 6-2. These images are (a) a Saturn wire array, (b) a foam OMEGA target (whose
assembly challenge was to center the optically invisible spheres in the aperture of the
hohlraum), and (c) a radiograph of the same target showing the two spheres in the aperture.

i

E | |
Fig. 6-3. This photo shows the difference in scale between an OMEGA
hohlraum on the left and a dynamic (foam) Z hohlraum on the right.
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It is important to remember that the differences in scale and requirements between the Z/Saturn
targets and the OMEGA targets have required the SNL support staff to be flexible and diverse in their
abilities and their equipment.

In spite of the reduced shot rate on Z due to its refurbishment, FYO8 was a very constructive time
for GA support of Z. There was the restructuring of the labor force that added the Load Assembly
personnel from Ktech Corp. to this effort making a cohesive unit out of the two groups, Target
Fabrication and Load Assembly, responsible for assembling the target and the load. ISO processes
were combined, a single production meeting was instituted and cross training was begun. The success
of this integration is demonstrated by a successful semi-annual ISO audit in February 2008 and a
successful recertification audit in June 2008.

The total staff includes 9 FTEs which is reduced from the full staff of 17 FTE that had been
required when Z was firing at its maximum rate of ~200 shots per year. This reduced staffing will
need to be augmented as the shot rate increases.

6.1. CYLINDRICAL TARGET DEVELOPMENT

In addition to the standard operations at Z, GA and SNL, we began a joint effort to bring on line
new cylindrical target capabilities of the type shown in Fig. 6-1. The goal of these efforts was to stand
up facilities at both locations, have the GA facility produce targets first, then transfer the production
of targets to SNL and maintain the facility at GA for target research and development. To begin the
effort, equipment was set up in the vault at the GA San Diego facility and test parts were fabricated.
As this was being pursued, SNL refurbished Building 984, converting it to a vault type room and
outfitting it with two Precitech single point diamond turning machines, a Wyko profilometer, and an
Xradia.

GA added significant equipment to both the GA and SNL facilities. For the GA laboratory in San
Diego two items were purchased:

1. Laser micrometer ($15K)

2. Measuring Nikon microscope ($55K)

For the effort at SNL, GA purchased:

1. A custom Xradia radiography system for cryogenic targets ($451K)
Zygo interferometer for characterizing large surface areas ($80K)
Two micrometers including a three axis laser micrometer ($23K)

Three video microscopes for characterization and image capture ($12K)

A

Measuring Nikon microscope with polarizer and differential interference contrast (DIC)
capabilities ($83K)

Experienced machinists and material scientists led the development work and a dedicated
machinist was trained on the techniques needed to produce the targets with the goal of transferring the
work to SNL in FY09. At the end of FY0S8, the Precitech machines were ready to begin making
prototype targets, the radiography system and 3 axis micrometer are collecting data and the
profilometer is operating in the manual mode.
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The development effort required to characterize the cylindrical targets occurred at GA and
included: 1) optical techniques to measure external physical dimensions, 2) pressure testing to ensure
target integrity and monitor deformation under pressure, 3) radiography to measure wall thickness
and uniformity (including concentricity of OD/ID) and 4) surface finish measurement. The optical
characterization is very straightforward, but the other techniques deserve some discussion.

The pressure test has two phases. In the first phase, the target is pressurized and the incoming line
is sealed. The pressure in monitored for 24 hours to determine if there are any leaks. In the second
phase, the target again starts at atmospheric pressure and is pressurized. This time the deformation of
the part is monitored. The part is placed in a polycarbonate chamber under an interference microscope
and the change in diameter is monitored (Fig. 6-4). Deformations of over 4 microns have been noted
for a pressure of 800 psi. Catastrophic failures have occurred but the polycarbonate enclosure has
prevented damage or injury very well.

Fig. 6-4. (a) Interference microscope with polycarbonate safety enclosure (colored
aqua). (b) A prototype target that catastrophically failed during the pressure testing.

The radiography characterization is done using a commercial system microcomputed tomography
system (MicroCT) supplied by Xradia. This system can generate x-rays in the 40 to 150 keV regime.
Images are collected on a CCD with typically 1 to 2 minute exposure times. The radiographs are used
to characterize the wall thickness and wall uniformity (most notably, the wall non-uniformity caused
by any misalignment of the OD and ID), the appearance of the glue bond and the depth of the end cap
into the cylinder (Fig. 6-5). The complete characterization of a target requires 22 radiographs using
three magnifications and requires the rotation of the target by 90° to obtain orthogonal views.

The surface characterization is complicated by the cylindrical surface of the target. To obtain a
full scan of the surface the part must be rotated. This is done using a Newport programmable
controller and rotary stage. The part is held in a custom fabricated vacuum stand placed on a Wyko
NT3300 profilometer (Fig. 6-6). The two are coordinated using a LabView program that synchronizes
the rotation, image collection and image saving. The images are stitched together to compile the
location, size, quantity and distribution of sub-micron and larger defects. Defects can be caused by
machining or handling issues, but more importantly can be intrinsic in the material as a function of
the alloy being used. Figure 6-7 is an example of the compiled data and a representation of that data
on a representation of a target. To date, the proof-of-principle for this characterization technique is
done but it is not yet able to do targets on a routine basis.
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Glue Joint

Fig. 6-5. (a) The Xradia system has computer controlled stages, source and
camera systems contained within an intrinsically safe lead lined enclosure. (b)
The radiograph shows typical features of the cylindrical target.

Microscope objective

Fig. 6-6. This image shows the Wyko objective lens above the
part being characterized. The red dot is the illumination from the
Wyko. The disk to the left is the Newport rotary stage.
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Fig. 6-7. (a) A 2D surface map compiled from 40 scans. (b) The schematic on the
right shows those scans overlaid on a hypothetical target.

In summary, the development and production task for cylindrical ICF targets has been extensive,
and very successful. As a measure of that success, please note that 17 targets were characterized and
successfully shot on Z in FY08.
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6.2. CRYOGENIC FAST IGNITION TARGET DEVELOPMENT

In addition to the cylindrical target development there was a cryogenic target development task.
This target is designed to show proof-of-principle for a cryogenic fast igniter target compatible with
the Z driver. This target development was begun in FY07. The assembly of this target proved to be
unsuccessful until the design underwent a revision (in the beginning of FY08) that allowed for a
larger fill tube. This fill tube is required to supply the hydrogen. Thanks to the redesign, three
completed assemblies have been supplied and are undergoing testing to determine the strength on the
inner thin walled shell (Figs. 6-8 and 6-9).

Outer hemisphere\A

Inner hemisphere
(4 pm thick)

Gap for liquid

Fill tube

Fig. 6-8. This CAD drawing shows the redesigned cryogenic fast igniter target. The
larger fill tube was required to prevent clogging of the fill tube during assembly.

Fig. 6-9. This is a partial assembly showing the outer and inner
hemispheres and the careful alignment. This alignment is required to
produce a uniform hydrogen layer during the experiment.
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Summary for Section 6

The refurbishment of Z has been a success. Z fired 82 times in FYOS8 and the rate of 3 shots a
week is being exceeded in FY09. Understanding of the new machine design is developing and will
result in innovations in target designs. The on-site and GA personnel in San Diego are actively
contributing to target design, fabrication and fielding and look forward to many achievements.
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