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Abstract

Targets for low-adiabat direct-drive-implosion experiments on OMEGA must meet rigorous specifications and tight tolerances on the
diameter, wall thickness, wall-thickness uniformity, and presence of surface features. Of these, restrictions on the size and number of defects
(bumps and depressions) on the surface are the most challenging. The properties of targets that are made using vapor-deposition and solution-
based microencapsulation techniques are reviewed.

Targets were characterized using confocal microscopy, bright- and dark-field microscopy, atomic force microscopy, electron microscopy, and
interferometry. Each technique has merits and limitations, and a combination of these techniques is necessary to adequately characterize a target.

The main limitation with the glow-discharge polymerization (GDP) method for making targets is that it produces hundreds of domes with a
lateral dimension of 0.7—2 pum. Polishing these targets reduces the size of some but not all domes, but it adds scratches and grooves to the
surface. Solution-made polystyrene shells lack the dome features of GDP targets but have hundreds of submicrometer-size voids throughout the
wall of the target; a few of these voids can be as large as ~12 pum at the surface.
© 2018 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction Energetics (LLE) and the National Ignition Facility (NIF) (see
Fig. 1). Targets for the experiments on OMEGA are typically

Millimeter-size plastic shells are used as targets for  0.86 mm in diameter with an 8- to 27-um-thick wall and are
implosion physics experiments at the Laboratory for Laser  filled with a mixture of deuterium and tritium (DT). A subset
of these shells (those with an 8-pum-thick wall) are filled to

high gas densities (~0.1 g/cm?), then cooled to 19.6 K to form
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Fig. 1. Schematic of the plastic shells containing DT ice for experiments on (a)
OMEGA and (b) the National Ignition Facility (NIF).

internal goal is to increase the core pressure to 100 Gbar, a
value that scales to near ignition with MJ energy at the NIF
[2]. Achieving this goal requires a smooth target with few
defects on the surface, which can perturb the implosion. This
paper describes a thorough characterization of targets made by
using two different processing techniques to quantify the type
and number of defects and to identify other criteria that are
important such as control of the target's diameter, wall thick-
ness, and wall-thickness uniformity.

Features on the surface must be as small and few as
possible. Features represent a variation in mass at the ablation
surface (whether they are a dome or a depression), which af-
fects the local velocity of the surface; since the implosion is
hydrodynamically unstable, this perturbation grows as the
target implodes. The effect of this perturbation on the
imploded core pressure and yield depends on the height and
lateral dimension of the features; simulations and modeling
show that those features with lateral dimensions of 0.7—2 pm
have the most-restrictive height constraint [3]. The length of
all features above the curve is summed in quadrature, and the
target is rejected if the resulting area is more than 100 pm?.
(The curve is presented together with the results from a target
in Section 3.)

Plastic shells are made using two different processes: glow-
discharge polymerization (GDP), which is a vapor-phase
process [4], and microencapsulation [5]. The first method
deposits a highly cross-linked polymer on a depolymerizable
mandrel which is subsequently removed thermally. This
method has been used to make shells for the Inertial
Confinement Fusion (ICF) Program for decades. The advan-
tages of this method are that the thickness of the shell wall can
be precisely controlled (to within +0.3 pm, the measurement
accuracy) and dopants can be added to the polymer. The
disadvantage is that shallow “dome-shaped” features resulting
from the growth mechanism are common [4].

The second method uses a microfluidic solvent process to
encapsulate an organic liquid (a polymer dissolved in a sol-
vent) between two immiscible liquids to form a doubly
encapsulated droplet [5]. This technique was used in the early
1990s to make plastic shells for the ICF Program, but more
recently has been used to make the depolymerizable mandrels
onto which the GDP material is coated. The advantage of this

method is that the interfacial surface tension between the
immiscible fluids smooths the surface, which is not possible
with vapor-deposited films. A limitation of this method is that
voids form in the polymer wall during the solvent-extraction
process, which is used to form the solid plastic shell; those
voids near the surface can form a blister or can erupt to form a
depression. The polystyrene shells evaluated in this study were
provided by General Atomics and Hamamatsu Photonics K.K.

2. Experimental setup and instrumentation

The shells' outer diameters and wall thicknesses were
measured using a compound microscope and white-light
interferometer. This microscope has a long-working-distance
Mitutoyo optic (M Plan Apo SL 50x, 0.42 N.A., 2x vari-
able magnifier) and a Heidenheim Quadracheck digital
readout for the x- and y-translation stages which was used in
both transmitted and reflected white-light modes. Images were
captured using an Imperx CCD IXP-4M15 camera. The shells'
diameters were determined from the position in the image
between the first bright and dark diffractive fringes using
transmitted light and a 50x objective lens; the translation-
stage encoders have a precision of 0.1 um. The measure-
ment accuracy of this equipment was calibrated to be 1 um
using a NIST (National Institute for Standards and Technol-
ogy) traceable sapphire bead. Nine measurements around the
circumference were acquired and fit to a circle using a least-
mean-square method. The circle fit is reported as the shell
diameter.

The wall thickness was measured using a Leica DCM 3-D
confocal microscope with a 150x objective lens, 0.95 N.A.,
460-nm LED illumination, and a material index of refraction
of 1.611. The thickness was measured at 90° increments along
one great circle of the shell.

A separate measurement of the wall thickness was made
using a Filmetrics interferometer (model FZO) with nanometer
resolution. The shell was rotated about the vertical axis and the
interferometer calculated the wall thickness as a function of
the angle using the index of refraction of each medium (air,
polystyrene, air) and Filmetrics software. The shell was
repositioned and remeasured twice along orthogonal great
circles to obtain a low-mode 3-D map of the thickness varia-
tion. The greatest variation among the three measurements is
reported as the shell's “delta wall.”

Features larger than 5 pm (footprint) on the surface of the
shells were characterized using a compound microscope with
Mitutoyo optic (M Plan Apo SL 5x magnification, 0.14 N.A.).
Smaller features, down to the detection limit of 1 um (foot-
print), were identified using a 100x Mitutoyo objective lens
and Imperx camera (M Plan Apo SL 100x, 0.55 N.A., 75-
pm x 75-pum field of view, 1.6-um depth of field). The di-
mensions of these features were measured using calibrated x-
and y-translation stages (0.1-pm precision).

The height was measured and a more-accurate spatial
measurement of all features was made using an atomic force
microscope (AFM, NanoSurf Lens). The equipment has a
noise floor of +2 nm, and the accuracy of the height
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measurement is ~10 nm. The spatial accuracy of the mea-
surement was determined by the size (<10 nm) and conical
shape of the probe's tip. One limitation to this technique is the
time required to scan the surface; an 82-pm x 82-um area
requires 4 h to characterize at a linear scan rate of 15 pm/s,
which extrapolates to 22 days for an OMEGA target. Using a
faster linear scan rate of 40 um/s increased the noise floor to
+10-nm rms and distorted the shape of the larger features (<1-
pm lateral dimension).

Confocal microscopy (Leica DCM 3-D microscope using a
150x objective lens, 0.95 N.A) can characterize the entire
surface of an OMEGA target in less than a day (if automated)
but at a lower spatial resolution: the equipment can resolve
~0.3-pum features (footprint) without simultaneously acquiring
height information or 0.8-pm features with 10-nm height
resolution. One advantage of the confocal microscope is that it
can operate as a dark-field microscope: Features are illumi-
nated using scattered light rather than standard bright-field
illumination, which improves the detection threshold.
Detectability depends on the contrast, which depends on the
geometry of the feature [6].

The dark-field capability is especially valuable for identi-
fying spherical voids inside the shell's wall. The confocal
microscope scanned in 0.5-um vertical increments (with 10-
nm vertical resolution and 0.8-um lateral resolution) through
the shell's wall to identify scattering sites. The depth-of-focus
for this equipment is very narrow (<0.5 pm), so features are in
focus only at specific depths within the wall. Larger voids
appear as defocused features at different depth positions, so
multiple images at different depths of the same area of the
shells are compared to form a 3-D map of the void structure
inside the shell's wall. The images were processed using
Mountains and Imagel software [7,8].

Scanning electron microscope (SEM) images were ac-
quired with two Zeiss field emission microscopes operating at
low electron energies (<2 keV): one was an Auriga crossbeam
(FIB-SEM) workstation and the other was a Sigma HD VP
microscope, each of which provided improved sensitivity to

identify surface features than SEMs (scanning electron mi-
croscopes) equipped with LaBg or tungsten electron sources.
The Sigma HD microscope operates in a variable pressure
mode that allows the surface of shells to be imaged without
adding a metallic overcoat to prevent the surface from
charging.

3. Results and discussion
3.1. Shell dimensions

The capability of the GDP process to produce shells with
precisely controlled dimensions has been well established and
needs no further elaboration [9]. Conversely, the capability to
manufacture polystyrene shells using a focused-flow micro-
fluidic device is new to the ICF program in the U.S., so the
diameters, wall thicknesses, nonconcentricities, and “out of
roundness” (OOR) of 30 shells made by Hamamatsu photonics
K.K. are summarized. These values are 874.5 + 0.9 pm,
9.00 + 0.13 pm, 2.04, and 0.1, respectively, for a sample of
shells taken from a single production batch. The OOR was
calculated from multiple diameter measurements of a single
target acquired at different orientations and expressed as the
percentage difference between the largest value and the
average of all the values ((maximum diameter—average
diameter) x 100%/average diameter). The nonconcentricity
is calculated from multiple wall-thickness measurements of a
single target acquired at different orientations and expressed as
the percentage difference between the largest value and the
average of all the values ((largest wall thickness — average
wall thickness) x 100%/average wall thickness).

The variation in the thickness of the wall of a single
polystyrene shell (supplied by Hamamatsu Photonics K.K.)
ranged from 0.9% to 5.6% (Fig. 2(a)), which is greater than
the average variation of the shells' wall for a single production
batch of targets. The wall thickness measurement is cross
referenced with a second measurement technique that uses the
Filmetrics™ wall-mapper unit. Three shells, taken from the
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Fig. 2. (a). The wall thickness of ten polystyrene targets was measured at 90° increments along one great circle of the shell using confocal microscopy. (b) The
variation in the thickness of the wall of one polystyrene target (9 pum thick; 0.54 um peak-valley) was measured along three orthogonal great circles using

interferometry.
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same production batch of shells, had a maximum thickness
variation of 0.54 um, 0.32 um, and 0.36 pum; the data for three
orthogonal great circles around the shell with the greatest
variation is shown in Fig. 2(b). The goal is to limit the
thickness variation to less than 0.1 pum, so further refinement
of the centering process [4,9] for making shells is needed to
produce targets that meet the direct-drive specification.

3.2. Defects on the surface and within the wall of the
shell

3.2.1. GDP targets

A 400-pm x 200-um region of the surface of two shells
(3.5% of the total surface) was imaged using electron micro-
scopy (Fig. 3). These areas contained approximately 120 and
200 dome-like features (approximately shaped like a spherical
cap), respectively, with a footprint smaller than 5-um diam-
eter. Scaling this number proportionally to the total surface
area suggests that 3000—5000 features are presented on the
shells. Importantly, these features were not stochastically

10 ym
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Fig. 3. Domes and dirt are seen in an electron micrograph image of a 180-
pm X 130-pm region of a typical target used for cryogenic implosion ex-
periments. The domes are smaller than 5 pm, and many of them are clustered
closely together. The dirt pieces are circled and presented in two sizes: two
pieces are 2—3 um and six pieces are smaller than 1 pm. The larger pieces that
are loosely attached to the surface are more readily charged by the electron
beam and appear to be brighter.
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distributed; many of these features were domes that were
clustered near to each other—a configuration where their
combined presence will affect the implosion much more than
if they were more distantly distributed.

Domes were observed on the inner surface of the shell that
was fractured to allow the surface to be inspected
(Fig. 4(a)—(b)). These domes are presumed to result from
depressions in the plastic mandrel that were filled with GDP
during the vapor-deposition process and were left projecting
from the surface when the mandrel was removed. (The de-
pressions in the mandrel are attributed to vacuoles in the poly-
a-methylstyrene mandrel). Additionally, a nodule (<0.5-pm
diameter), which would be a dome at the surface, and a void
(~1 wm) were observed inside the wall of the shell
(Fig. 5(a)—(b)). The nodular shape of the features was unex-
pected since domes were presumed to grow in width with
increasing wall thickness and did not self-terminate, which
was what these features did [10]. The smooth shape of the
nodules suggested that the shell fractured around the boundary
of the nodules rather than through them, and that the nodules
were a natural part of the shell wall and not an artifact of the
fracture process. Elliptically shaped features like this have not
been reported previously, but conically shaped features in the
wall of the GDP shell were reported when the GDP process
was first developed and were believed now to be absent [10].
These features were observed only in the target that was
fractured for this study, so no comment can be made about
their prevalence. Such statement will require multiple targets
to be prepared following a standard metallographic method
(ASTM E2015-04(2014) protocol “Standard Guide for Prep-
aration of Plastics and Polymeric Specimens for Microstruc-
tural Examination”) and analyzed.

The void in the wall was presumed to result from the
fracturing process that caused a portion of the shell wall to
delaminate and detach; this feature was more an indication of
a flaw in the structural integrity of the wall than the presence
of a void in an unfractured wall.

One shell imaged with the SEM was also imaged with the
confocal and atomic force microscopes (Figs. 6 and 7). The
height and base dimensions of the domes with a footprint
larger than 1 pm, as measured by each technique, were in good

6.0mm 12.72KX 29Aug2017 BRIAN

Fig. 4. Electron micrograph images of the wall and inner surface of a fractured target show (a) a dome-like structure ~0.6 pm wide and ~0.2 pm high on the inner
surface (see the arrow in center of the image). (b) Very small domes are visible in the wall and on the inner surface. The inner and outside surfaces are indicated.
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Fig. 5. A highly magnified image of the wall of a fractured target shows (a) two dome-like nodular structures within the wall and close to the inner surface of the
target, and (b) a shallow dome/bulge on the inner surface and a 1-um-long crack inside the wall. The crack is parallel to the surface and ~1.5 um away from the

inner surface.
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Fig. 6. (a) An electron micrograph and (b) a confocal microscopic image of the same region of a target which are rotated to a position where features common to
both images can be more easily correlated. The circled region shows a cluster of features common to both images.
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Fig. 7. A region of the surface of a target that was imaged by both AFM and confocal microscope, which is rotated to align the features in each image. The height
and base dimensions of the features as measured by each technique are annotated on the respective images. A lineout profile through one submicrometer feature in
the AFM image is inset: this feature has a smaller footprint and is higher than what the confocal measurement shows.
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agreement. Small domes (<1 pm) were slightly larger when
measured using confocal microscopy than when measured
using AFM; the shape of these domes was more peaked (larger
height-to-base aspect ratio) when measured using AFM than
when measured using confocal microscopy. In this size range,
the AFM-measured value provides a more-accurate represen-
tation of the shape of the feature.

The surface of seven shells intended for implosion experi-
ments was analyzed using bright-field microscopy. An
example of the images is shown in Fig. 8. Features closest to
the center of the image where the microscope was focused
appear as discrete black dots; features farther removed from
the center are increasingly out of focus and appear as rings—a
consequence of the curvature of the shell's surface and the
narrow depth of field of the microscope objective. The size of
the features ranged from the detection threshold (<1 pm) to
~10 um. The observed features are either on the surface or in
the wall of the shell: the depth-of-field for the objective is
1.6 um. No out-of-focus features were observed in the center
of the images, which would be expected if the features were on
the inner surface of the shell's wall. Focusing down through
the shell's surface brings the features on the perimeter of the
image into focus. (The curvature of the shell places the object
plane at the perimeter of the image 5.7 um below the object
plane for the center of the image, well out of the depth-of-
focus for the microscope objective.)

The number of features in each image, and for each shell, is
shown in Fig. 9. The total number of features on each shell is
131, 126, 434, 253, 119, 518, and 538. These numbers are for
an area that is 16% of the total area. Extrapolating the number
of features to the total surface area of the shell gives numbers
of 793, 762, 2626, 1531, 715, 3291, and 3483. The uncertainty
in extrapolating the observed numbers to represent the total
surface cannot be quantified; to do so will require the entire

Fig. 8. A bright-field microscope image of the surface of an implosion target
shows micrometer-size features on the surface. This technique has been the
standard method for characterizing targets until now when features smaller
than the detection threshold and resolution of white-light microscopy need to
be quantified. The area of the image is 150 pm x 150 pm (100x magnifi-
cation). Features outside the center of the image appear circular and are out of
focus.
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Fig. 9. The number and distribution of features in adjoining 150-um x 150-pum
areas around the equator of seven targets which are randomly distributed.

surface of a statistically significant number of targets be fully
characterized so that the number of defects in differently sized
smaller areas, that are randomly distributed over the surface of
the target, can be assessed. This task is beyond the scope of the
current work, but is planned for future studies.

3.2.2. GDP targets

Targets for X-ray-driven-implosion experiments at the NIF
are polished to reduce the height of features (domes) that are
typically much larger in those thick-wall shells than they are in
direct-drive targets [9]. The same polishing protocol that is
used for the NIF targets was used to polish the OMEGA-size
targets. This protocol is proprietary to General Atomics and
Lawrence Livermore National Laboratories and is not dis-
cussed here. The results are shown in Figs. 10—13. In general,
polishing reduces the height of some of the domes; however,
this process can form a groove around the perimeter of the
dome (Fig. 10). Polishing does not remove all the domes on
the surface (Figs. 11 and 12), and there are instances where
artifacts such as grooves and scratches are added to the surface

0.8 T

o3

um

Fig. 10. (a) An AFM 3-D profile of the shape and size of a dome on a polished
target. The typical dome-like structure of the feature is truncated by the pol-
ishing process. (b) A 1-D lineout across the dome shows the presence of a
~0.1-pum groove around the perimeter of the dome that was formed by the
entrapped polishing medium.
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Fig. 11. An AFM 3-D profile of a 50-um x 50-um area of a polished target
shows the presence of an ~0.8-um groove running across the surface of the
target and a cluster of domes up to 3.5 pm high and with a base of ~14 pm.
The inset 1-D profiles show the height and length of the groove and dome
cluster.

Mm

Fig. 12. A high-resolution AFM 3-D profile of a 13-pm x 13-pm area of a
polished target shows the size and shape of domes on the surface that do not
appear to have been affected by the polishing process. A 1-D lineout through
the cluster of domes shows the height and base dimensions.

(a) (b)

200 n
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by the polishing process (Figs. 11 and 13(a)). One of the
features on the surface was analyzed using the electron
dispersive analysis feature of the SEM and was shown to
contain only carbon and oxygen atoms, proving in this case
that the feature is not the polishing media or a particulate from
the environment (Fig. 13(b)).

A compilation of the number and size of defects on an area
of 0.031 mm? (1.3% of the total area) on a single shell, as
measured by AFM, is shown in Fig. 14. These data are
superimposed over the acceptance profile [3] and show that a
majority of the features fall above the acceptance threshold. A
similar analysis of polystyrene shell (discussed below) is
shown in Fig. 14(b).

3.2.3. Polystyrene shells

Defects in polystyrene shells differ from those in GDP
shells because of the different surface-energy forces and sol-
ubility parameters that control the liquid-based microencap-
sulation process. Surface tension provides a flat interface
between two immiscible liquids that prevents domes from
forming. However, the slight mutual solubility of the nomi-
nally immiscible liquids that are used to make the double
emulsion (which is the liquid precursor to the solid shell) re-
sults in vacuoles forming inside the shell's wall. These vacu-
oles become voids when the liquids are extracted to form the
solid shell, and the dissolved secondary-liquid phase separates
into discrete submicrometer-size liquid-filled spheres (vacu-
oles) [11]. Those vacuoles near the surface may burst during
the solvent-extraction process and form depressions (Fig. 15),
while others may create a bulge in the surface that appears to
be “dome-like.” Other mechanisms in the manufacturing
process can compromise the smoothness of the polystyrene
shells—primarily the shell cracking while drying; however,
these features are large (over 100 um in diameter) and the
shells are easily identified and eliminated, thus they do not
require the same level of detailed characterization.

Polystyrene targets were characterized using electron,
confocal, dark-field, and atomic force microscopy to measure
the shape and size of the surface and subsurface features. Ten
of the 14 shells had depressions in the surface that were

(c)
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Fig. 13. Scanning electron microscope images of the surface of two polished glow-discharge polymerization (GDP) targets. (a) Scratches longer than 10 um are
from the polishing media grinding into the surface. (b) Dirt on the surface is smaller than 1 pm and is composed of only carbon and oxygen. The energy dispersive
X-ray spectrum of the “dirt” particle is inset (the Pt signal is from the ~50-nm-thick charge-dissipating metallic overcoat). (c) The surface of a polished target has

no charge-dissipating metallic overcoat.
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Fig. 14. The dimensions (height and lateral) of the features on: (a) a 0.031-
mm? area (1.3% of total area) of a polished GDP target and (b) a 0.065-
mm? area (2.8% of total area) of a polystyrene shell, are shown super-
imposed over the acceptance curve [3]. Approximately 1% of the area of the
GDP shell analyzed does not meet the OMEGA specification, while 0.04% of
the area of the polystyrene shell analyzed does not meet the OMEGA
specification.

derived from burst vacuoles. Seven shells were imaged using
confocal microscopy at four random locations along a great
circle: an area of 0.005 mm? (0.2% of the total surface area)
contained an average of 15 dome-like defects (averaging

Fig. 15. (a) Atomic force and (b) confocal microscopic images of the same
depression in the surface of a polystyrene shell.

Fig. 16. AFM scans of different regions of the surface of a polystyrene shell:
(a) a 44-nm x 0.9-pum (height versus lateral dimension) dome in an otherwise
smooth surface; (b) larger dome-like features, attributed to subsurface voids,
with  dimensions  of  0.31 um  (diameter) X 1.9 pum,
3.1 pm x 4.1 pm X 0.49 um, and 6.0 pm x 4.9 um x 1.2 pm; (c) the largest
feature in (b) with a crater-like depression in the center.

1.5 pm in diameter and 48 nm in height) and two depressions
(4 pm in diameter and 0.4 pm in height; 0.3 pm in diameter
and 0.5 um in height, respectively). The domes were too
shallow to exceed the acceptance threshold, but the de-
pressions were unacceptable [3]. An additional shell was
imaged around a great circle (~7% of the total surface area)
and had 13 defects between 1 and 2 um (lateral dimension)
and no defects smaller than 1 pm; the diameter-to-height ratio
was ~10:1.

Shells provided by General Atomics were imaged using the
AFM. Areas ranging from 100 to 3000-um? were scanned at
linear rates up to 15 pum/s and required 1.5 h to completely
characterize, a rate that if extrapolated to characterizing an
entire target would require several months to complete. As a
result, only features observed with bright-field microscopy
were measured with the AFM. These surfaces were mostly
very smooth (Fig. 16(a)); however, a few domed structures
ranging in size from <1 pm x 0.1 um (lateral x height) up to
~6 um X 1.2 um were present (Fig. 16(b)). These features
were presumed to be caused by unruptured vacuoles just
beneath the surface of the shell. The largest of the dome
features, shown at higher resolution (Fig. 16(c)) possessed a
crater-like depression in the middle of the dome, which is
difficult to explain by any physical model. A SEM analysis of
other shells revealed a mostly featureless surface containing
domes smaller than 0.1 um (Fig. 17(a)), scratches, tiny dirt
particles (Fig. 17(b)), and larger dirt particles (Fig. 17(c)).
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(a) ®

EHT=5.00kV Signal A=VPSE G3 Date:8 Mar 2018 ﬁ
WD=10.0mm_Photo No.=9 Time: 10:38:27

(c)

EHT=5.00kV Signal A=VPSE G3 Date:8 Mar 2018 ﬁ EHT=5.00kV Signal A=VPSE G3 Date:8 Mar 2018
WD=10.0 mm_Photo No.=8

Time: 10:28:12 WD=9.9mm _ Photo No.=6 Time: 10:22:27

Fig. 17. Electron micrographs of the surface of a polystyrene shell acquired without any metallic coating show (a) a swelling from a subsurface void; (b) a scratch

and tiny (<0.2 pm) dirt particulates; and (c) larger (5 pm) dirt particles.

E27185J1

Fig. 18. Dark-field images of the wall of a polystyrene target. The field of view of each image is 85 um x 64 um. Each image is in focus at discrete depths within
the wall of the target; the indicated values are the distance from the top surface of the target. Features that are present in one image are not present in the other

images.

(These shells were handled and characterized in a Class-100
clean room, but they were not made in a clean room.)

Submicrometer voids inside the shells' walls were charac-
terized using the dark-field microscopy feature of the Leica
DCM3D confocal microscope. The microscope was focused
into the wall of a polystyrene shell at different depths (0.5-um
increments), and light-scattering features were observed at
each of these discrete positions within the wall (Fig. 18).
These features are presumed to result from vacuoles formed
during the manufacturing process.

4. Conclusion

The highest-quality GDP targets produced to date possess
up to several thousand domes, most with footprints smaller

than 5 pm and heights smaller than 0.3 pm. These shells have
too many defects to be suitable for high-yield implosions that
are driven with low-adiabat laser pulses. Efforts to improve the
surface quality of the shells by polishing them using the same
protocol that is used for indirect-drive targets for the NIF had a
marginal effect: the height of some of the larger domes was
reduced, but many domes were unaffected by the polishing
process and grooves and gouges were ground into the surface.
Polishing may be a viable method for improving the quality of
GDP shells sufficiently to meet the acceptance criteria for
direct-drive experiments, but further development is needed.
The development of polystyrene shells for experiments on
OMEGA began only recently (2016), and the progress that has
been demonstrated so far is encouraging: the diameter and
wall thickness of the shells is well controlled, although the
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wall-thickness uniformity must be improved. A significant
number of shells (up to 75%) from a production batch are
rejected; because they have large cracks that form during the
drying process; however, those shells are easily identified and
rejected; this failure mode should be resolved with time.
Similarly, scratches in the surface of the polystyrene shells that
result from impact with the surface of the containers during
the manufacture process should be eliminated as the fabrica-
tion process improves. The greater technical challenge is
eliminating hundreds to thousands of voids in the wall of the
polystyrene shells. The majority of the voids are smaller than
0.5 pm (in diameter) and are randomly distributed through the
shell's wall. More problematic are those voids near the surface
of the shell that either erupt into craters or create a dome-like
swelling in the surface. These features are considerably fewer
than the features that are present on GDP shells.

Properly characterizing targets for ICF experiments re-
quires a combination of confocal, dark-field, scanning elec-
tron, and atomic force microscopy: Confocal microscopy
provides height and spatial information of features on the
surface that are larger than ~0.8 um (footprint) and a target can
be characterized using this method in one day using an auto-
mated system, which is an acceptable pace for identifying
targets for implosion experiments; dark-field microscopy
provides information about the number of features and how
they are distributed throughout the wall of the shell and can be
acquired rapidly; atomic force microscopy provides informa-
tion about the shape and size of features over a wide size range
(below 50-nm lateral sizes) but requires an unacceptably long
time to fully characterize the shell's entire surface (>1 month);
and, finally, electron microscopy provides a quick and accurate
measurement of the lateral dimensions of features but requires
extensive effort and time to provide height information.
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