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Abstract

Low density foam liners are seen as a means to mitigate hohlraum wall motion that can interfere
with the inner set of beams that are pointed toward the middle section of the hohlraum. These
liners need to meet several requirements, most notably the material choice, maximum allowable
solid fraction and thickness, that necessitate development of new processing capabilities. Here,
we discuss our strategy and work on fabrication of a tantalum oxide foam liner and its assembly
into targets for NIF. In particular, we discuss our approach to finding solutions to the unique
challenges that come up in working with such low density materials so as to be able establish a
viable platform for production of cryogenic targets for NIF with foam lined hohlraums.

Introduction

The core mission of the National Ignition Facility (NIF) is to investigate inertial confinement
fusion (ICF) using laser as the primary driver. Incoming light energy is used to generate a high
temperature (in the order of 1E8K) and pressure (1E11 bar) environment required for fusion of
deuterium-tritium (DT) atoms’2. This extreme environment is created through an implosion of a
hollow sphere referred to as an ablator. A highly symmetrical implosion is critical for reaching
the desired endpoint. One mode of achieving the implosion is called an ‘indirect drive’ approach
where a cylindrical hohlraum composed of high Z elements is struck by the laser beams to
produce an intense bath of X-ray radiation®*. An ~2mm diameter ablator containing the DT fuel
at about 19K placed at the center of the hohlraum (Figure 1) can thus be subjected to a more
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diffuse X-ray flux rather than a series of pointed beams impinging directly on the capsule. This is
considered to be one of the main advantages of indirect drive.

In this approach, the performance of the hohlraum in producing a spatially symmetric X-ray
drive field is key. At NIF, energy is supplied in the form of two sets of 96 laser beams or as
upper and lower beams that enter at either axial end of the hohlraum can through the laser entry
hole or LEH. Both the lower and upper beams are further split into inner and outer beams
(Figure 1) which differ in their angle of pointing inside the hohlraum.

Figure 1: Sketch of the core components of the indirect drive target and the splitting of the laser
beams into sets of uppers and lowers. Also shown is the relative pointing of the inner and outer
beams within each of the sets.

The outer beams impinge on the can closer to the LEH end compared to the inner beams. Outer
beams seek to generate the x-rays that drive mostly the polar section of ablator capsule while the
inner ones drive mostly the equatorial section. Correctly balancing the energy in the inner and
outer beams is crucial to getting a symmetrical drive.

However, interaction of the beams with the hohlraum wall also creates a plume of plasma of the
hohlraum material (typically Au with or without U) that moves inward*. This plasma field can
interfere with the inner beams causing both undesirable back-scatter and refraction. As a result,
we can lose energy and suffer from control of the accuracy of beam pointing. This blowoff of
the hohlraum material can be arrested using higher tamping gas in the hohlraum, often He, which
serves to retard the motion of the plume. However, the plasma generated by the tamping gas
itself can itself lead to undesirable laser-plasma interactions (LPI) such as stimulated Raman and
Brillouin scattering (SRS and SBS) and cross-beam energy transfer (CBET). This defeats the



purpose of using it in the first place. Indeed, implosions from low fill hohlraums show greater
symmetry.

Lining the wall of the hohlraum with a very low density foam could be an effective means of
mitigating against the harmful effects of the inward wall motion of the hohlraum while using low
tamping gas fills*®. This has a potential of greatly improving the symmetry of the implosion
(Figure 2) and hence represents an important advance.
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Figure 2: Simulation-derived cross-sectional schematic of the motion of the bubble generated by
the laser beams striking the hohlraum at different points in time with and without the foam liner.
Picket is the earliest part of the laser pulse, foot is middle and peak is last. The lines trace the
motion of the hohlraum wall plasma. In the absence of the foam, the plasma fills a significant
fraction of the space above and below the capsule which causes asymmetric pointing and affects
the roundness of the implosion which is shown by the shape of the hotspot.

In fact, this notion has been around for some time® but the renewed interest in the
implementation of this approach is only more recent and is spurred by data from NIF shots that
calls for a more radical approach for achieving better symmetry of the implosions.

The fabrication of such liners that meet the myriad of physics and target assembly requirements
is the crux of this work. Our initial goal has been to ensure that the benefits indicated by
simulations of the laser-hohlraum interaction are experimentally verified. Whereas simulations
account for the foam as a homogenous material of a certain density, practical liners can quickly
diverge from this ideality. For instance, foams can have a variety of different microstructures
depending on the process used to make them. The effect of the microstructure would need to be
explored experimentally. Likewise, the lower threshold of the density that meets the desired



functionality would be another such experimentally derived result. Hence, our approach was to
use the computer codes as a guideline to drive an experimental program of shots whose goal was
to evaluate the validity of the concept.

Requirements for the foam liner

Ideally, the foam would be simply comprised of the same material as the hohlraum, only with a
much lower density. The common hohlraum material for ICF targets on NIF is Au, therefore the
liner would be made of a Au foam with a density <<200 mg/cc (solid fraction of <<1/100).
However, there is no established process for fabrication of a gold foam of this density. This
meant that we needed to develop such a process or look for an alternate material that can reach
low densities. Keeping the hohlraum X-ray drive in mind, a logical starting material for making
the foam would be one that also has a high Z (atomic number > 60). In the long run, further
attributes of the foam material could include presence of a low Z component to mitigate for SBS
through ion-acoustic damping and incorporation of mid Z components or rare-earth oxide
material for suppression of the M band X-rays to minimize the need for a dopant in the low Z
capsule. Whereas these ideas provide room for future tweaking of the foam liner composition,
our starting point was with the use of a high based Z material.

Furthermore, we set other requirements for the liner to include:

e Density: needs to be in the order of 20 mg/cc or lower. Simulations suggest such a low
density is essential for optimal performance but, as mentioned earlier, the impact of
density on wall motion mitigation is one of our primary experimental goals. We would
like the liner to go no lower in density than is shown to be necessary. This is because the
handling yield can be expected to be lower at lower densities.

e Location: needs to include at least the region struck by the outer beams on both hohlraum
halves. The foam also may extend beyond depending on the purpose of a specific target
or technique used to fabricate it.

e Thickness: needs to be high enough that it avoids burn-through so as to avoid premature
exposure of the solid hohlraum wall to the laser pulse. General rule of thumb would be to
use a rho*t (density multiplied by thickness) of ~5um-g/cc. So, for a density of 10
mg/cc, the thickness would be ~500um.

e Pore size: needs to be small. Initial requirement is that the maximum line of sight pore be
<1% of the thickness.

e Density variability: needs to be <10% around the entire liner

We see these as starting stipulations that get refined as shot results yield more information on
each of these requirements and redistribute their relative importance.



Fabrication and characterization of Tantala aerogel liner made using machining

Several methods are being developed for the fabrication of foam liners. They can be broadly
separated into two categories: one that uses casting from a solution or a dispersion, and another
that uses a removable template upon which a small amount of the foam material is deposited to
achieve the expected density. All the work described here will be on the use of tantalum oxide
(Ta20s) aerogel as the foam material. The choice of this starting point was based on the fact that
there was an existing process for making Ta20s aerogels which grants us the ability to launch
quickly into making shot targets. Additionally, Ta-Os is a desirable material for the foam’ for
two reasons: it has significant fraction of a high Z element (Ta) which addresses the X-ray drive
requirement but also has some low Z oxygen that potentially can lower SBS. Being able to make
the foam quickly also allows us to develop all the modifications to the assembly steps for a foam
lined hohlraum based cryogenic target. As stated above, other ideas to make the initial foam
have been conceived by different groups of researchers have. These diverse approaches, which
are at varying levels of maturity of development, will not be described here but likely later in
other publications. Our intent in nurturing alternate methods is to ensure that we have multiple
options to bring to bear if we uncover unforeseen susceptibilities with our baseline process
during assembly and fielding of the integrated target.

In a nutshell, the Ta,Os aerogel process involves making a solution that gels®®°. Removal of the
entrapped liquids supercritically avoids capillary forces and preserves the initial network of the
gel with no shrinkage per se. The resultant product is called an aerogel. Density control is
achieved by changing the concentration of the active ingredients. This technique has been used
for making other components for ICF shot targets but typical densities have been greater than
100 mg/cc. Our challenge here was twofold: to cast at lower density and to form it into a liner.
In principle, molding the aerogel into a foam liner directly inside a hohlraum half with a smaller
but shape-matched mandrel to define the liner thickness is an obvious idea but the removal of the
mandrel is non-trivial. The fragility of the foam makes any stiction of the foam to mandrel a
mode for catastrophic failure.

As mentioned before, the foam does not need to line the entire inside of the hohlraum but
primarily the region where the outer beams hit the hohlraum. Thus, our starting-point design
was to have a band of foam that covers a portion of the barrel section of the hohlraum as seen in
Figure 3.
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Figure 3: Cut-out cross-section of a typical cryogenic target for NIF showing the minimum
locations of the foam liners.

This design with a cylindrically symmetric shape allows us to consider machining the foam,
albeit done by highly experienced specialists, to define the inner core of the liner. Here is how it
was done, with the steps shown in Figure 4.

j
Figure 4: Progression of the steps for machining a foam liner: a) Preparatory machining of foam
into a cylindrical billet with the starting hole in the center on a lathe b). Potting of the hohlraum

onto a post using a removable adhesive c) Aligning the billet machined in step a to the potted
hohlraum d) partial insertion of the billet into the hohlraum e) side view of the cutting of the



foam billet using a spinning wire f) separation of the billet from its holder upon completion of
the cutting g) side of the foam in the hohlraum ready for further insertion h) top view of the billet
flush with the hohlraum waist i) customized pusher readying for insertion of the billet to the right
location within the hohlraum j) billet in its final resting place inside the hohlraum k) milling of
the inner wall of the billet to achieve the right liner thickness I) final part

A Dbillet of 90 mg/cc tantala aerogel was first cast into a cylinder of diameter greater than inner
diameter of the hohlraum. This billet was then turned on a lathe such that its outer diameter was
about 20um greater than the hohlraum diameter. Additionally, the center was bored out so as to
provide a starting hole for the final machining step described below. The billet was then pushed
into the hohlraum such that the foam would be under slight compression because of the
mismatch in hohlraum and billet diameters. Once inside the hohlraum, the billet was parted from
its holder using a thin spinning wire as a precision cutting tool. Once completely separated, the
cylinder of foam was slowly pushed using a custom machined post to its final resting place.
Finally, the inside of the foam was milled to obtain the right liner thickness. The resultant final
foam lined hohlraum is shown in Figure 5.
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Figure 5: a) Optical image of a machined foam lined Au hohlraum half after cryogenic cycling.
In this case, the nominal inner diameter of the hohlraum was 5.4mm and length was 5.06mm.
Thickness of the 90mg/cc foam liner was 200um and its length was 2.5mm. b) X-ray
transmission image where the high opacity of tantala makes the liner faintly visible through the
30um of Au wall of the hohlraum, a technique that offers a means of verification of the liner.

In fact, this image of the hohlraum was taken after it was thermally cycled twice between room
temperature and 10K to simulate the temperature range that the final target would see. Even
though contraction of tantala is less than that of the surrounding Au, resulting in a slight
compressive (not tensile) stress on the foam, we wanted to ensure that there was no cryogenic



degradation of the liner. Indeed, none was seen in all four out four hohlraums tested this way.
We extracted a small piece of the liner from a spare hohlraum and characterized it with X-ray
tomography using a Zeiss Xradia 510 Versa system (Figure 6). Based on these results (Figure 5
and 6), we see X-ray imaging as an excellent characterization technique both for surface
roughness, and bulk homogeneity (discussed later in the paper) of foam liners.

b. Surface at the Au-foam interface

a. Free surface

Figure 6: Images from X-ray tomography of the inner surface (a) and the surface at the Au wall
(b) of the liner of the kind seen in Figure 5. Surface undulations from milling are clearly seen in
image a.

We made several such lined hohlraums using this process using foam density of 90mg/cc which
allowed us to move ahead with the fabrication of a full-fledged target for a cryogenic shot on
NIF. However, we found that it was too difficult to do the milling operation on tantala foams
with densities less than 55 mg/cc. The foam tended to smear rather than sever as the cutting tool
went across it. This represents a major limitation of this technique.

The target type that was built was the so-called Symmetry Capsule or SymCap, which was meant
to provide information on the implosion symmetry and back scatter without generating high
yield of neutrons. Data from the shot (N160405) indicated promise for this approach: the peak
X-ray flux was within about 7% of that from a Au hohlraum, laser coupling was 99%, and hard
X-rays (>1.8keV) were reduced by a factor of about 1.8. Additionally, analysis of the self-
emission suggested reduction in wall motion, though a definitive confirmation would need more
direct measurements. These results indicated that liners could indeed improve the performance



of the hohlraum. The hotspot, however, was seen to be somewhat pancake-shaped with a
significant structure (Figure 7) that implied a break-up of the ablator during the implosion.
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Figure 7: Uneven nature of the hot spot at 7.7ns into the implosion

One possible reason for the jagged profile of the hotspot would be the presence of foreign
particles on the capsule surface. Since the capsule was known to be largely free of any offending
particles before being assembled into the final target, this would need to happen from within the
hohlraum. Given the processing pathway for the liner, it wouldn’t be unreasonable to expect
some debris on the walls of the liner on the hohlraum.

i SUBOOO 10.0kV 11.9mm x40 LM(UL) 1.00mm

Figure 8: a) Optical image of the foam lined hohlraum where shards and debris are clearly seen
on the LEH section of the hohlraum b) SEM image of the section of interest confirm the same



Figure 8 shows images of a foam lined hohlraum where particles are readily seen on the LEH
end of the hohlraum. But presence of shards does not necessarily mean that they would fall onto
the capsule as small particles of foam attached to surfaces often tend to stay put. Surface and
electrostatic forces can be strong enough to overcome gravitational pull on a lightweight
material. In addition, once the target is assembled, it is customary to handle it gently, primarily
to safeguard against impact forces that can jostle the capsule held between two membranes that
are less than 50nm thick. So, it wouldn’t be a certainty that any particle would come from the
foam, despite their presence. But there was one source of excitation that was a bigger concern-
namely the vibration imposed by the cryostat. For a cryogenic shot, this can last at least 12
hours.

To test this, we devised a simple way to visualize the particles coming off the liner after it
experiences the vibration of the cryostat. We attached a 45nm tent membrane to the waist of the
same foam lined hohlraum seen in Figure 5, inspected the membrane surface thoroughly to make
sure that it was particle-free to start and then did the same after 30 min of vibration on the
cryostat. Figure 9 shows the result from this test, where a large number of particles are clearly
seen on the membrane.
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Figure 9: Membrane placed at the waist of a foam lined hohlraum showing the accumulation of
the particles upon 30 minutes of vibration on the cryostat that’s used for cooling NIF targets.

Though almost all of these were located closer to the hohlraum wall than the capsule surface, it
still raised the specter of contamination from within the target. Since the foam lined hohlraums
used in the Symcap target were machined identically as the one used for the test, it is entirely
possible that tantala shards fell on the capsule surface and led to the jetting of the ablator into the
hotspot during implosion.

Foam lined rings as inserts into the hohlraum

One possible source for these particles is the curved LEH region of the hohlraum, where shards
are clearly seen (Figure 8). To circumvent this, we designed a slightly modified configuration
for the foam lined hohlraums. In this concept, we had a Au ring (in general, the ring would be
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comprised of the same material as the hohlraum) which would be lined with the foam. This lined
ring would then be assembled into the hohlraum using customized manipulators and glued in
place through a small hole in the hohlraum. This obviates collector zones such as the cup-like
LEH region but adequately meets the physics need of have a band of foam liner located within
the hohlraum barrel. Figure 10, shows a machined liner within a Au ring made using the same
method shown in Figure 4.

Figure 10: Machined foam lined ring. Liner is 200um thick, comprised of 55 mg/cc tantala

The ring was designed to be 16um smaller in its outer diameter than the inner diameter of the
hohlraum so that it readily slides inside the hohlraum. We want to emphasize here that a
freestanding foam liner at the thickness (200-500 pwm) and densities (<20mg/cc) of interest is too
fragile for handling. So the ring plays the role of a vital support structure. Figure 11 shows the
steps for inserting the ring into the hohlraum.
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Figure 11: Progression of steps to secure the foam lined ring inside the hohlraum. a) Foam lined
ring of the type seen in Figure 10 placed on top a custom design post b) Hohlraum, held by a C-
shaped vacuum chuck, is lowered over the ring ¢) hohlraum lowered to a point where the ring is
at the appropriate location inside. Note that the hohlraum needs to traverse a portion of the post
as well d) Ring is tacked to the hohlraum through a small (250um) hole in the hohlraum using a
UV-cured adhesive that can sustain cryogenic cooldown process and the assembly is lifted out e)
the micromanipulator system that does tasks a-d f) final part

The ring was placed on a metal post whose outer diameter was in between the outer diameter of
the foam lined ring and the inner diameter of the hohlraum. That way, the ring sat freely on top
of the post and the hohlraum, held using a vacuum chuck, was slowly lowered using a 3-axis
micromanipulator system onto the ring from above. Once the ring was at the right location
inside the hohlraum, it was glued in place. As we found earlier, cryogenic cycling of this lined
ring showed no detrimental effects. However, under vibration, we found that the lined rings still
shed just as many particles as a lined hohlraum. Ostensibly, the loose particles that disperse
during this test are located more on the surface of the machined liner than the hohlraum surface.

A second issue that arose when dealing with the inserted foam based approach was the
propensity for the liner to slip and move during handling (Figure 12), despite the initial state of
compression provided by the deliberate oversizing of the foam billet diameter.

Figure 12: a) Machined foam liner in the hohlraum as made b) the same hohlraum 7 weeks after,
where the liner is slipped out from its original location. The duration of the time for this
occurrence was variable.

About 75% of the parts made this way ended up slipping out of place, in many cases after several
weeks of storage in a dry environment and going through multiple handling and characterization
without any problems. Presumably, the foam shrinks enough with time that it loses the
compressive retaining force. While this issue could ultimately be resolved through refinements
of design and handling protocols, the particle shedding problem, coupled with the lower limit on
density, effectively ended the prospects of using machined liners for further targets.
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Laser ablation approach

Nonetheless, these experiments had proved the viability of using of an intermediary ring as the
substrate for supporting the liner. One key attribute of this approach is the gain of axial
symmetry when the liner is being formed. This makes possible consideration of alternate
methods for forming the liner, in particular laser ablation, which greatly raises the potential of
overcoming the above problems. Firstly, there is no anticipated lower limit of foam density
when using laser cutting. Secondly, there is no mechanical cutting and abrasion action, so the
debris problem could be expected to be minimized. Lastly, by casting the foam inside the Au
ring rather than inserting it, we could expect to overcome the slippage issue.

This begged the question as to whether the as-cast tantala foam develops good adhesion to the
bare Au surface. If needed, one could conceive of enhancing the interfacial adhesion strength by
the Au surface with a thin (say 10nm) film of an oxide such as alumina or even tantala, deposited
using a process such as atomic layer deposition (ALD). The affinity for an oxide to bond another
is much higher due to surface hydroxyls but the question is one of necessity of this step. To
quickly probe the degree of bonding, we cast a foam layer on a flat Au substrate as well as an
oxide surface and tested them both against nominal impulses seen during the target handling
steps. Both samples showed no evidence of delamination due the stresses during testing. Based
on this, we proceeded with casting the foam directly inside an uncoated Au ring and avoiding the
needless burden of any extra processing steps.

Casting was done by placing the Au ring within a thicker steel ring with a bigger diameter but of
exactly the same height (Figure 13a). These rings were then sandwiched between two quartz
plates and placed in a separate container which was filled with the sol. The resultant aerogel thus
encased the entire assembly. Using a fine brush, the excess foam was carefully removed to
excavate the foam filled Au ring. The laser cutting was done using a 266nm frequency
quadrupled YAG nanosecond laser (Avia). The beam was focused at the center height of the
ring and cutting was done using a computer controlled motion system that allowed cutting to an
exact diameter. The laser had a beam diameter of about 20um at the focal point and a focal
distance of about 50mm. Pulse repetition rate was 1kHz. We used the lowest power that ablated
the foam, which turned out to be 10mW, and a translation speed of 1.67mm/s. We denote this as
our baseline process.
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Figure 13: a) The configuration for casting a foam filled ring: a thicker outer steel ring of equal
length provides reinforcement for the Au ring. This results in foam both inside and outside the
Au ring, necessitating the careful extraction of the Au ring before or after laser cutting. b) laser
cut foam lined ring with a 200um thick, 20mg/cc tantala foam using the baseline process

Figure 13b shows the image of a ring cut in this manner. For densities under 100 mg/cc, the core
was completely detached in 2 passes. In a repeat of the experiment described earlier, we shook
the ring in a cryostat with an attached membrane to catch any falling particles and found that
there were on average only 5 particles seen, a drastic improvement from the tens of particles that
we saw with the machined liners. These were all located very close to the waist of the hohlraum.
While the number on any given target will be stochastic, this tells us that there is only a small
chance that these particles would land on or near the capsule which represents a significant
mitigation of the falling debris problem. Our goal, of course, is to continue to improve the
process such that we have high confidence in keeping particles off the capsule. This result
underlines the promise of this technique in being able to meet this difficult goal. Furthermore,
cooling the lined rings down to 18K caused no degradation of the liner, with no evidence of
delamination or slippage.

The surface topography of the inner laser-cut surface for a 20mg/cc is seen in more detail in
Figure 14.
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Figure 14: a) Optical micrograph of a 20mg/cc laser cut ring showing the vertical striations that
are characteristic of the baseline laser cutting process b) SEM micrograph of a surface cut the
same way, though not inside the Au ring. In this image, surface flaws such as cavities and large
pores are readily visible

It is far from smooth, with numerous cavities and fissures. Additionally, vertical striations can
be seen both in the optical and the SEM micrographs. Neither of these two features are severe
enough to be unacceptable for early shots. But the foam lined rings showed a tendency to chip,
especially at the axial end where it would come in contact with the surface on which it was
resting. When the chipping was large enough to affect the region that is struck by the laser
beams, the ring was unacceptable. Interestingly, chipping was only seen when the liner was
touched, but not when it was shaken or vibrated. Based on microscopic evidence (Figure 15), we
inferred that the multiple fissures on the surface likely act as crack-initiation sites.
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Figure 15: Chips spall off the laser cut liner. As seen in the magnified SEM micrograph, each of
these chips follow a track defined by a network of surface flaws.

When these sites are close enough to each other to be linked and thus define a weak domain,
forces from the scraping of the ring against a surface, however light, created the risk of
propagation of cracks that track the domain boundary causing spalling. Because there was no
case of the liner sliding as a unit in any of the about 70 such rings we fabricated, yield was
essentially a function of the propensity to chip. One mitigation for this was to design a v-block
type of container so that the ring is always lying on its side and contact between the exposed
liner at the axial ends of the rings and an external surface is avoided. But for greater overall
robustness, we sought to develop the laser cutting process further to have micro-crack free
surfaces.

Optimization of the laser cutting process

There are several parameters that can be optimized in a laser cutting process which
conventionally leads to a large matrix of possible experiments. Laser ablation based machining
is now a mainstream process especially for thin substrate but they are commonly full-density
materials such as plastics, metals, and ceramics'®t. There are only a few examples in literature
of the use laser to shape these very low density aerogels, particularly ceramic aerogels!**3 and
none focused on surface quality. This meant that we needed to do our own investigation, while
being mindful of the danger of ballooning the study into an unattainable matrix. Through a
series of comparative micrographs below, we show the effect of some of the major parameters
involved in laser cutting. In almost all the cases, the cuts were made in an aerogel billet of the
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same length as out typical ring (2.5mm long) but cast within a larger stainless ring without the
Au ring. Hence these are surrogate cuts that could be metal coated for electron microscopy
without wasting the specially manufactured Au rings.

Effect of foam density:
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Figure 16: Surface features seen in a 45 mg/cc (a) and 20 mg/cc (b) cut using the baseline laser
ablation process. Both show a cavernous topography. The smooth surface in between the
cavities in (a) is symptomatic of surface melting.

In Figure 16, we compare the surfaces seen for two different densities, 45 mg/cc and 20 mg/cc
cut using the baseline process. Both surfaces are heavily pockmarked with multiple cavities
where the ablation process has caused portion of the aerogel to be ejected from the surface.
Ablation is a process where the transient temperature in the immediate laser-substrate interaction
zone reaches levels high enough to vaporize the material being cut'*. Being a brittle aerogel of a
ceramic material, this surface structure may be accounted for by the following mechanism:
proximity of set of small flaws within the matrix of the gel create weak domains that are prone to
being ejected due to temperature and pressure fluctuations that occur during the ablation process.
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Figure 17: a) Axial X-ray transmission image of a 20 mg/cc foam lined ring showing the
uniformity of liner thickness. Here the variation was + 6um, which was typical. b) Magnified
image of the laser cut liner showing a darker and rougher inner surface compared to c) the
conventionally machined liner, where the darker band is smaller and more uniform.

The glazed look seen in Figure 16a in the case of the 45mg/cc suggests a skin of molten material,
which is almost non-existent in the 20mg/cc sample. Figure 17 shows a X-ray radiograph of the
foam with a machined liner for comparison. Both showed low variability in layer thickness
circumferentially. One striking difference though is that the inner surface of the laser cut liner
has a dark band which is noticeably wider, also hinting at densification due to the laser action.
Ablation temperature are known to be very high locally, well over the melting point of even a
refractory material such as tantala. So, it is conceivable that the heat transmitted during the
ablation process into the remaining foam layer melts some of the surface. To evaluate this
further, we fractured a section of the liner and examined the junction under an electron
microscope. This is shown in Figure 18.

19



&

1 1 1
100um

SU8000 1.5kV 23.2mm x500 SE(L)

Figure 18: A fractured surface of the laser cut liner, allowing a view across its depth. The line
denotes that right angled transition from the laser cut surface to the fractured surface. Any signs
of densification was limited to the inner most 3um or so.

The structure of the aerogel is seen to be normal past a few microns into the layer, so
densification does not penetrate beyond two to three microns at the surface. Evidently, the
significant roughness of the surface results in a thicker dark band at the inner surface when
viewed axially through the full length of the liner, as was the case in the X-ray cross-section
image in Figure 17b.

Effect of pulse length

Though the implication from Figure 18 is that the densification does not penetrate too far into the
liner for this to be a concern, we investigated the impact of using a picosecond pulse laser. It is
well known that lowering the pulse width to pico or femtosecond time-scales reduces the spread
of the heat into the surface being cut' 4, Of course, our other main quest was to look for any
improvements in the blistered appearance of the surface. As seen in Figure 19, cursory trails
using standard conditions did not show any significant difference compared to the results from a
nano-second pulse laser seen in Figure 16. There was evidence of some surface glazing at the 45
mg/cc scale, and essentially none at 20mg/cc. In neither case was there any significant
improvement in the surface quality.
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Figure 19: Surface topography for a 45 mg/cc (a) and 20 mg/cc (b) cut using a 355nm
picosecond laser. Overall, these images look similar to the ones seen in Figure 16 with a
nanosecond pulse.

Effect of laser wavelength and average power:

For effective ablation, the preferred laser wavelength is one which is well absorbed by the
material for the machined so that light energy can be efficiently converted to heat'® 4. Often in
practice, the main limitation becomes the availability of high power lasers in the desired
wavelength band, so practical ablation processes need to account for the drawback of fractional
absorption by increasing the power delivered. In our case, tantala is mostly transparent over a
wavelength range of 250nm to over 2.5um*®, so optimizing for absorption is not an easy option.
Results seen in Figures 16 and 17 were both with UV lasers, so we decided to investigate the
effect of using a 1064nm IR laser (Keyence Laser Marker). Highlights of these results are seen
in Figure 20. Note that the minimum power needed to cut the aerogel was considerably greater
than that for the UV wavelength lasers mentioned above.
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Figure 20: Surface topography for a 45 mg/cc (a) and 20 mg/cc (b) cut using a 1064nm
nanosecond laser at 1.3W. Images in (c) and (d) are for surfaces cut at 0.65W. Again, these
images have the same features as each other as well as those seen in Figure 16 and 19.

Again, there were telltale signs of surface melting both in the 45 and the 20 mg/cc foams at 1.3W
but, as seen in Figure 20b, not at 0.65W, which was the threshold power needed to cut through.
One other feature that stood out as a difference is the absence of the axial striations (Figure 20c).
That was a persistent characteristic of all the cuts made with the 266nm Avia laser but was
consistently absent when using the 1064 Keyence laser. Despite these subtle differences, the
overall surfaces from the IR laser cuts resembled ones seen in our earlier efforts and the foam
was prone to chipping.

Effect of repetition rate

Interestingly, the biggest difference in surface quality came from varying the repetition rate (rep-
rate). Using the 266 nm laser, changing the rep-rate from 1 to 30 kHz gave us cut surfaces that
look like the ones seen in Figure 21. The cavity and fissure rich texture that was the staple of the
previous samples was completely gone. Some vertical striations were still visible but only
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marginally after the first 500um from top of the 2.5mm deep cut. The bulk of the surface
resembled the one seen in Figure 19b, where the pitting was reproducibly non-existent. This
surface was again seen to be independent of the power used- from 9 to 200 mW. It did however
require more circular passes (15 or more) of the laser for the core to drop out. This represents an
important advance for making better liners.

1.5kV 14.6mm x450 SE(L)

Figure 21: Remarkably different and smoother surface features seen from cuts using the 266nm
laser but at 30KHz as opposed to the 1kHz for the baseline process. Images (a) and (b) are for
20 mg/cc foam whereas was images (c), (d) and (e) are for 10 mg/cc, both of which are
remarkably similar in their absence of large pores and cuts. Images (a) and (d) are for the top
portion of the foam while (b) and (e) are representative of the midsection or the bottom section
along the liner depth. These show some difference in the manner in which the cutting
progresses. However, neither is troublesome from a requirements standpoint.

Modeling of the physics of interaction of the foam lined hohlraum with the laser points to the
need for densities as low as 10 mg/cc for obtaining the best performance. To that end, we
extended these studies done at 45 or 20 mg/cc to 10 mg/cc. These results, seen in Figure 21c-e,
show that the benefits seen at the higher densities are preserved at 10mg/cc as well. To really
appreciate the implication of working with this density, we need to convert it to the equivalent
solid fraction which is 1E-3, an astonishingly low number which constitutes an extremely
delicate aerogel. We are in the process of confirming the reliability of the process in giving us a
significant reduction in chipping and spalling as well as particle generation upon shaking.

Curiously, raising the rep-rate does not universally give us these advantages. Figure 20d is an
example where going from a baseline rep-rate of 10kHz to 80kHz while using the 1064nm laser
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(instead of the 266nm) made no noticeable difference in surface quality. It serves as a cautionary
example for not drawing general mechanistic inferences too quickly. Doing a full scoping study
to understand these phenomena was outside the purview of this work, so we cannot elaborate
further on these intriguing trends.
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Figure 22: Images showing lack of change when we used a higher rep-rate (80kHz vs the earlier
10kHz) with the 1064nm nano-second laser. The lower magnification image (a) clearly shows
the pits that happen to be less prominent in image (b). The stark contrast between the changes
seen in Figure 21 and the lack of change seen here indicates that nature of the final surface is a
result of a fairly complex interaction of the various laser cutting parameters.

Fabrication of foam-lined hohlraum targets

To better understand the role of the foam in inhibiting wall motion, two types of targets were
built. One type (Figure 23) is a simpler target where the ring is mounted on stalk with an
underlying backlighter and second Ag strip on the side of the ring to generate a probe beam.
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Figure 23: Simplified targets for exploring the role of the foam by seeking to directly visualize
the motion of the hohlraum wall. Figure 23a is a side view of this design where we can see the
tungsten backlighter underneath the ring and the Ag probe beam generator on the side. Top view
image in (b) shows the liner inside the ring shortly before the target was shot.

The goal here was to avoid the painstaking assembly of a full-fledged cryogenic target and to be
able to directly visualize the motion of the hohlraum wall. Initial results of this ongoing study
have been very promising as they indicate that the liner does hold back the wall. More such
targets are being conceived and built to systematically study the various foam properties.

In parallel, we seek to lay the groundwork for a campaign of shots using the NIF cryogenic target
platform, starting with keyhole targets, followed by Symcaps before the ultimate DT layer shots.
In Figure 24, we show as assembled 20mg/cc foam lined hohlraums inside the Al thermal-
mechanical package (TMP) just prior to placement of the capsule.

Figure 24: Images of the 20 mg/cc foam lined rings inside the TMP. The waist view (a and b) is
used for comprehensive characterization of the foam while the LEH view (c and d) is the only
option for checking the state of the liner before the target is sealed and fielded.

We need to visualize the foam liner at each of the step to ensure its integrity. In particular, once
the target is assembled, the only view is through the LEH till the sealing window is put on as the
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last step. As seen in Figure 24, the full band of foam is in the line of sight and is distinct due to
the diffused reflection from its surface. This illustrates the steady progress of this effort from
early prototypes to target-worthy components with liner densities that were considered to be too
low to be viable a short while ago.

Summary

In this paper, we have overviewed the evolution of foam liners for hohlraums which is seen a key
step in opening up the design parameter space for enhanced hohlraum performance. Our current
baseline process involves the use of tantala aerogel and a laser cutting process to shape it into a
liner. We have described the optimizations that were needed to fulfill all the physics and
fabrication requirements and provide a viable platform for building a growing number of foam-
liner based targets which seek experimental results that can be compared to simulations. Using a
variety of processing advancements, foam liner density was lowered from initial 90 mg/cc to
10mg/cc, with width varying from 200 to 500um and with low thickness variability. This has led
to a number of successful foam lined hohlraum shots, both with and without the capsule. Early
data from these exploratory shots is creating the necessary platform for a full-fledged campaign
to understand and expand the role of the foams inside the hohlraum.
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