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This review describes and categorizes the synthesis and properties of low density porous materials,
which are commonly referred to as foams and are utilized for laser plasma experiments. By
focusing a high-power laser on a small target composed of these materials, high energy and density
states can be produced. In the past decade or so, various new target fabrication techniques have
been developed by many laboratories that use high energy lasers and consequently, many publica-
tions and reviews followed these developments. However, the emphasis so far has been on targets
that did not utilize low density porous materials. This review therefore, attempts to redress this bal-
ance and endeavors to review low density materials used in laser plasma experiments in recent
years. The emphasis of this review will be on aspects of low density materials that are of relevance
to high energy laser plasma experiments. Aspects of low density materials such as densities, ele-
mental compositions, macroscopic structures, nanostructures, and characterization of these materi-
als will be covered. Also, there will be a brief mention of how these aspects affect the results in
laser plasma experiments and the constrictions that these requirements put on the fabrication of low
density materials relevant to this field. This review is written from the chemists’ point of view to
aid physicists and the new comers to this field. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
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I. INTRODUCTION

All low-density materials mentioned in this paper are
porous with high surface areas. Strictly speaking, the defini-
tion of foam is air bubbles dispersed in a solid or liquid
medium. Although it is used in this paper for ease of reading,
foam is an oversimplified definition of low-density porous
materials, which takes no account of the pore size, its distri-
bution or whether it is an open or closed cell structure. It is a
very general term and could apply to liquid foams as well.
The International Union of Pure and Applied Chemistry
(IUPAC) classifies porous materials into three categories.'
(1) Microporous material, which is defined as having pore
sizes less than 2 nm, (2) mesoporous materials, which have a
pore size of 2-50nm, and (3) macroporous materials with
pore sizes above 50 nm. Almost all of the low density porous
materials mentioned in this review fall within the category of
macroporous materials.

In laser plasma experiments, low-density porous materi-
als give a controlled low-density plasma, which produces an
optically thin plasma, exhibiting the so-called volume heat-
ing effect and relatively uniform temperature and density
compared with bulk materials.>* Foams are useful not only
for fundamental study, but also for applications to desirable
temperature control. For example, such a low-density effect
has been studied by using a double pulse scheme, where effi-
cient x-ray generation was established 30years ago using
copper targets.4 In this study, a comparison between cases
with and without a pre-pulse shows a variation in ion ener-
gies by a factor of 2—4. More recently, practical extreme
ultraviolet light sources for semiconductor lithography adopt
a similar double pulse scheme to enhance the emission
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intensity with 100 kHz repetition.”® However, it has a dura-
bility problem due to the difficulty of controlling a dynamic
process caused by the pre-pulse expansion of liquid tin
resulting in a low density target during the main pulse.’
Generally, the gas phase has a density 3 orders lower than
those of the liquid or solid, therefore a high pressure gas
exhibits preferable density for laser absorption. By that rea-
soning, a gas puff target is promising in the production of
low density plasma and it is possible to adopt into a high rep-
etition laser® ' by using a high-pressure gas and a specially
designed nozzle. This, however, is limited to few elements
with the gaseous state.

Low density foam targets on the other hand, have a well
defined geometry and density before laser illumination, and
these have been used for laser-plasma interactions,”'*'> the
study of laser shock measurements,'®'® thermal smoothing
effect,’”?* quantum beam generation,>* coulomb explo-
sion,* and laboratory astrophysics.”>*® Additionally, low
density foams have been utilized as a mold of cryogenic
targets.ZL31

There have been several review papers on laser targets,
however, this paper is the first review focusing on low density
materials used as laser targets. The authors believe that this
review could be a good introduction to scientists that are starting
to work in this field.

Foam fabrication techniques have also been investigated
over a wide range of densities, element compositions, macro-
scopic structures, and nanostructures. These foam design, cri-
teria and material selection are overviewed in Sec. II. Foams
for laser targets are generally produced by various chemical
synthetic methods via gel which is an interconnected network

© Author(s) 2018.
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TABLE I. Foam types used in laser targets and their properties.

Phys. Plasmas 25, 030501 (2018)

Foam class Pore size range® Density range (mg/cm?)” Element composition High/low Z (el) Target dimensions (um)
Aerogels

Organic aerogels (RF) nm 10-250 CHO LowZ 200-600
Inorganic aerogels nm 1-250 (Si, Ta, Ga, Al) O, Middle-High Z 200-600
Carbonized aerogels nm 10-250 C Low Z 200-600
PolyHIPE um 30-250 CH Low Z 200-600
Acrylates and Methacrylates Hm 5-250 CHO Low Z 10-600
Templated foams nm-gm 1-250 Metal oxides HighZ 10-600
Electrospinning nm 1-250 Metal oxides HighZ 10-600
Poly(3-methyl-1-pentene) nm-/gm 3-250 CH, Low Z 200-600

“Except the template process, the pore size always has a distribution, and its dispersity depends on the synthesis condition.
"The density range shown here is not so strict and will enlarge by future development.

surrounded by a liquid. Because of the network structure, it
loses translational motion of the polymer chains, and
becomes a solid jelly-like material and exhibits no flow
instead having a steady macroscopic shape. The final step in
the synthesis involves the removal of liquid using a freeze
drying technique,”’*® or supercritical liquid CO, extraction.*
The details of these processes depend on the materials due to
the chemical interaction between the solvent and nanostruc-
ture of the skeleton and pore size of the gel. The material
properties affect low density materials, such as shrinkage dur-
ing synthesis and absorb humidity.*® Then, the paper reviews
each material property for target in the Sec. III. The target
specification is not only materials, but also macroscopic
shape and geometries. These fabrication processes are
described in Sec. IV. Characterization is an important step in
the preparation process of low-density materials and will be
discussed at the end of this review.

Il. DESIGN CRITERIA AND MATERIAL SELECTION
FOR LOW-DENSITY TARGETS

Low density porous materials must possess a combina-
tion of properties in order to be useful for laser targets.
Table I shows some of the low-density porous materials with
their properties that have been utilized in laser experiments
to date, and Fig. 1 is these mapping. Briefly these are den-
sity, pore diameter, element composition, and shape. Note
that the description is not so exact and just an overview as

[mg/em?]
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Organic aerogel
Eleg ing

100

Density

10 4

Inorganic aerogel

1 S oo
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FIG. 1. Possible specification range of density versus pore size to synthesize
as the laser target depending on materials.

mapping of materials. There is a wide range in these parame-
ters, and depends on the material choice as experimental
requirements. As for the mechanical strength, there are some
aspects such as deformation and fracture. As a fabricated tar-
get, resistance to fracture is important because the target
must keep the same shape until the laser irradiation. Shape is
an important specification and the foams produced must
either be capable of being synthesized inside the laser target
or be strong enough for micro-machining into the desired
shape.

There is a wide range of requirements on the elemental
composition of low density materials for laser targets
depending on the experimental requirements. Porous materi-
als containing high atomic number (High Z) elements are
required for some experiments, typically for high density
compression and high temperature heating of plasma.
Synthesis of targets containing high Z elements cannot be
generalized due to uniquely different chemistry of these ele-
ments, which is based on an encyclopedic inorganic chemis-
try.*! The most common inorganic low density middle and
high Z targets utilized in laser experiments are SiO,, Al,O3,
TiO,, SnO,, and Ta,0O5 aerogels, with many others reported
in the literature.**™*

As for the materials choice, chemistry is an important
parameter for designing target density and nanostructure
size. If a target designer is not so interested in material
chemistry, it would be a disadvantage in its target design.
The highest density of foam is close to the solid density of
the same material. Such high-density foam is similar to a
polycrystalline material with nanometer to micrometer parti-
cle size, and differs from a single crystal in terms of optical
transparency, macroscopic anisotropy, and mechanical prop-
erties. Currently, there is a great interest in high density
porous materials in the form of a metal-organic framework
with various functionalities,46 and there are few examples
that are of interest to laser targets.

On the other hand, the lower limit of the target density
is around 1 mg/cm’. One of the major constraints of produc-
ing such low-density materials for laser targets is the target
size (<1 mm). This is due to high power laser focused spot
size limitation, which are generally smaller than 1 mm, while
almost all commercial porous materials have a large aspect
ratio of void per frame materials.*” The region of the lowest
density of porous materials is comparable to the cut-off
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density of plasma (n.;), which allows the penetration and
interaction of laser light with the frequency of wy, and the
relation is as follows:*®

on = [(@na) me)] )

where e, ¢y, and m, are the elementary charge, vacuum per-
mittivity, and electron mass, respectively. This region is
important because it allows penetration of the laser through
the target and gives a so-called volume heating of the target,
which gives an almost uniform density as the target density
before expansion.”?

In this review, the authors’ definition of ultra-low den-
sity is materials with densities of lower than 10mg/cm . In
order to obtain ultra-low densities, the removal of the solvent
from a gel to the corresponding foam is achieved by the
freeze-drying method or the supercritical fluid (SCF) extrac-
tion method; otherwise, the gel shrinks close to the corre-
sponding solid density of the precursor. The freeze-dry
method is a straightforward method to depend on the mate-
rial used. When a low concentration gel was obtained, it will
give densities in the region of 2.5 mg/em?,*”*%° however
the resulting pore structure is ~20 um size—too large for
most laser target applications.

Generally, the lower the density of the foam the larger
the pore size which sometimes could be larger than the laser
spot size. This becomes a major difficulty for synthesizing
low density narrow diameter pore size materials. Nano/micro
structures of the target affect the properties of plasma.’® The
nanostructure control has been discussed in detail in terms of
affinity of the polymer and solvent,’'>* gelation kinet-
ics,”">3% containing nucleation and growth processes. The
nucleation is based on equilibrium® or irreversibly formed
seed such as adding particles, formation of chemical bonds,
which can be introduced not only by simple mixing but
also heating, light absorption, and pH change. The balance
of the two processes governs the size and nanostructure of
low-density materials. Generally, uniform and high density
nuclear formation gives a finer structure size rather than the
crystal growth parameter. In the review paper, three materi-
als [polyacrylate, Poly(3-methyl-1-pentene) (PMP), and res-
orcinol formaldehyde (RF)] are discussed briefly to illustrate
the point as examples.

lll. LOW-DENSITY TARGET MATERIALS
A. Polyacrylate

A reliable material to give low density is acrylic
foams,’® which have been prepared from macro monomers
containing multi vinyl groups and acrylates. To form the net-
work structure, trimethylolpropane triacrylate (TMPTA,
C,5H500¢) having three vinyl groups or ethylene glycol
dimethacrylate (EGDM, C;¢H40,4) having two vinyl groups
are commonly used as a commercially available monomer
source. As a reliable fabrication range, acrylic foams are
generally used for the density range of 20-200 mg/cm® for
various macroscopic shapes, while they can produce low
density materials as low as 2mg/cm’ in a polymer container

Phys. Plasmas 25, 030501 (2018)

to keep the shape.”” A viscous and soluble solvent with the
monomers such as nonvolatile polyoxyethylene-4-lauryl
ether (Brij 30) is chosen. The cross-linked acrylic polymer
made by this technique exhibited a fine structure of
~200nm.***

Borisenko et al. reported a polymer derived density gra-
dient polyacrylate foam in a one-step interfacial polymeriza-
tion process.®”®' The components of that density gradient
foam are 1,2-dichloromethane as the solvent, SnCl, as the ini-
tiator, and divinylbenzene as the monomer. There are two fac-
tors with this technique; (1) the solvent and monomer
densities are different, 1.20mg/cm’ vs 0.91 mg/cm® respec-
tively and (2) use of a capillary tube. The solvent and initiator
are pre-mixed, and then the monomer is added. On addition of
the solvent, the solvent and monomer separate based on the
density, and polymerization begins on monomer contact with
the solution due to the presence of the initiator. Once gelled,
supercritical CO, drying removes the solvent to leave a poly-
mer with a density gradient. The capillary tube acts as a
pseudo-mold for the process (Fig. 2). Although they produced
gradients as much as 400 mg/cm’/mm, currently this method
lacks the control to form prescribed density gradients.

B. Poly(3-methyl-1-pentene) (PMP)

PMP (poly(3-methyl-1-pentene) foams, also known by
its commercial name TPX,37’49’6244 is of interest to laser
physics experiments because it has a unique empirical for-
mula CH, (polystyrene has a empirical formula CH). Low
density materials with CH, empirical formula are valuable
for opacity experiments. Additionally, PMP porous materials

FIG. 2. (Left) A photo of a density gradient aerogel and the corresponding
SEM images of the pore structure from two different areas of the gel.
(Right) The SEM images demonstrate the morphology change from solid
(top) to aerogel (bottom). The image above shows a cylindrical density gra-
dient aerogel with a diameter of 1 mm and a length of 7mm.®' The gradient
profile ranged from 1000 mg/cm® to 400 mg/cm®. Reprinted with permission
from Borisenko et al., J. Radioanal. Nucl. Chem. 299, 961 (2014).
Copyright 2014 Springer.
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also have the following properties: (1) no oxygen in their
composition which interferes with X-ray diagnostics, (2)
have the potential for heavy atom doping which are some-
times necessary for diagnostic reasons, and (3) they can be
fabricated by dissolving the polymer in a hot solvent such as
cyclohexane or decalin. Cyclohexane and decalin are good
solvents for PMP at elevated temperatures due to their high
boiling point. By cooling the solution, it solidified into ice.
The ice can be dried via the freeze-drying technique (molec-
ular distillation drying), which gave more than several
micron pore size, to be porous PMP,*"*? while those show
larger pore sizes (~10 um) than those dried by supercritical
fluid extraction.

The pore size enlargement could be due to crystal
growth of the solvent ice, or aggregation of the foam struc-
ture during the freeze drying process. The SCF drying mini-
mizes the structure size to be in the 100nm region.
Furthermore, the size can be controlled by exchanging the
cyclohexane solvent to non-volatile alcohol (C,H,,,OH)
derivatives (n=4, 6),°'? where cyclohexane may be
removed in the boiling condition of high boiling point alco-
hol. These alcohols have three roles: (1) immediate removal
of the good solvent of cyclohexane, (2) density matching to
PMP to avoid coagulation due to gravity, and (3) miscibility
of the alcohol used in the process, with liquid CO, for SCF
drying. By changing isomers of these alcohols, the affinity of
the solvent to the side chain of the PMP branch structure can
be controlled to avoid strong intermolecular interaction. The
resultant crystal structure size can be explained with the
interaction between the solvent branch and the side chain of

PMP after SCF CO, extraction. Stronger interaction induced
larger nanocrystalline size. Furthermore, a butanol derivative
gave the finest crystal size at sub-micron, whilst keeping the
density at 2-3 mg/cm>.>* Figure 3 is a schematic view of the
mechanism.

2-methyl-1-pentanol

1-hexanol

the ratio of (r,/r;) and be correlated
with affinity between the alkyl chain of
alcohol and the side chain of poly(4-
methyl-1-pentene). Reprinted with per-
mission from Nagai et al., Fusion Sci.
Technol. 45, 79-83 (2004). Copyright
2004 American Nuclear Society.>>

2-methyl-2-propanol

2-methyl-1-propanol

C. Polysaccharides

Polysaccharide gel is commonly used for food and its
processes. When the polysaccharide gel is dried, it becomes
low density materials. A near critical density material is tri-
acetate cellulose (TAC) and agar aerogel.65 In the case of
TAC, gelation depends on the freezing process and has an
effect on the final nanostructure and mechanical strength.
The lowest density of the material with a density of 1 mg/
cm’ was reported for a 150 um thick film.®®

Other systems such as cellulose derivatives have also
been of interest. Polysaccharide derivatives have polar func-
tional groups and have affinity to metal oxide precursors. An
example of this is hydroxypropyl cellulose (HPC) solution,
which forms a liquid crystal (LC) phase depending on the con-
centration in the solution. Because of its intrinsic LC phase
and domain structure, metal oxides form a unique nanostruc-
ture after calcination. For example, 100-nm sized wavy crystal
for HPC,%” and an ellipsoidal crystal for ethyl-cyanoethyl cel-
lulose.®® It is worth noting that this cellulose derivative forms
transparent films, and is a useful method for the mass produc-
tion of a high repetition laser target (Fig. 4).%

D. Resorcinol formaldehyde (RF) and carbon aerogel

Resorcinol/formaldehyde (RF) aerogels have a phenolic
structure made by a condensation reaction. They exhibit a
fine structure (macroporous or mesoporous depending on the
synthetic pathway) and have the advantage of being opaque
to laser light. The RF aerogel was pioneered by Pekala,”®
and these low-density aerogels are synthesized in an aqueous
system via the electrophilic aromatic substitution reaction by
formaldehyde to resorcinol like the Friedel-Crafts condensa-
tion reaction.”’ Due to strong activation by two —OH groups,
RF polymerization happens at room temperature via the base
catalyzed reaction leads to a viscous solution, and pH change

FIG. 4. Rotating drum with coating
HPC-Sn before (left) and after (right)
10 Hz laser irradiation. Reprinted with
permission from Yasuda et al., Fusion
Sci.  Technol. 49, 691 (2006).
Copyright 2006 American Nuclear
Society.®”
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from neutral or acidic pH. This is a condensation reaction
with resorcinol and formaldehyde, and in this reaction, resor-
cinol with a methylol group (-CH,OH) is produced, and the
methylol group reacts with another resorcinol. Such further
addition of a methylol group to the aromatic ring extends the
molecular weight and crosslinking. The typical range of den-
sity for these aerogels is 100-200 mg/cm?, with thicknesses
of 30-60 um for the targets. RF aerogels with densities as
low as 10 mg/cm?® were reported.*?

RF aerogels have an additional advantage of transpar-
ency to visible light (>600nm), and are only composed of
the elements carbon, hydrogen, and oxygen. RF’s nanostruc-
ture can be controlled by the catalytic conditions, i.e., cata-
lyst concentration, monomer concentration, and pH.>* Larger
pore sizes are obtained when the base catalyst to resorcinol
ratio is increased (215 <R/C < 450), and it is also effective
in decreasing the gelation time (>17 min) simultaneously.
Acid catalyzed reactions also increase both the pore size and
gelation time.”?> For example, a small amount of base cata-
lyst, Na,COj3 (Resorcinol/Catalyst = 1500), formed a pore
size of ~50 nm.>*>

Carbonized RF is of interest to a number of research
fields including high energy density (HED) matter relating to
battery and capacitor technology.”>”’® These carbonized
materials are of interest because they contain only carbon
and have the advantage of being the lowest Z composition
porous materials possible. This can be achieved by furnace
heating of RF aerogels.

E. Polystyrene and polyHIPE (High Internal Phase
Emulsion)

Polystyrene has a simple element composition (C/H = 1)
and great merits of a less expensive, amorphousness, trans-
parency in the visible light region. A molecular design based
on gelation control gives more flexibility to design low den-
sity targets. Divinyl benzene is basically a styrene monomer
with an additional vinyl group on the aromatic ring, which
gives the same polymer main chain as polystyrene and is
used as a crosslinker for the synthesis of polystyrene
foams.””"°

Due to high hydrophobicity, the polystyrene derivative
can exhibit good phase separation with water, so-called High
Internal Phase Emulsion (HIPE). PolyHIPE foams have rela-
tively homogeneous pore distributions without a rigid template
and high mechanical strengths.**** Briefly, HIPEs are a com-
bination of two immiscible liquids, generally known as the oil
and water phases, which is stabilized by a surfactant. The
hydrophobicity or lipophilicity of the surfactant determines
what type of HIPE will be formed: oil-in-water (o/w) or water-
in-oil (w/0). In most cases, emulsions relating to laser targets
are of the o/w class of HIPE. In the production of porous mate-
rials using emulsions, the liquid that disperses inside the other
liquid (called internal phase) is water and the liquid that con-
tains the stabilized water is known as continuous phase. The
continuous phase is a monomer or combination of monomers,
which are polymerized after emulsification, and at the end of
the process, the water (internal phase) is removed. The resul-
tant structure has a well-defined open pore structure. The

Phys. Plasmas 25, 030501 (2018)

templated pores are typically 1-3 micrometers in diameter.
The unique feature of HIPE synthesized foams is that these
pores have “windows” originating from the volume contrac-
tion of the polymer. These “windows” have diameters of a
couple hundreds of nanometers. PolyHIPEs also have the addi-
tional advantage of being stable and have high mechanical
strengths meaning they are ideal for shaping them into simple
laser targets using precision lathes.®' 3

As described in the section of polyacrylate, generally
volume shrinkage occurs during free-radical and photo-
initiated polymerization. By contrast, cyclic carbonates and
thiocarbonates undergo cationic and anionic ring opening
polymerization resulting in volume expansion.g&88 By com-
bination of conventional free-radical polymerization and vol-
ume expansion ring opening polymerization, it would be
possible to counteract the shrinkage with volume expansion
during the polymerization process. A novel polystyrene-
based low-density material with no shrinkage was synthe-
sized and investigated.®®’ The schematic concept is
summarized in Fig. 5.

This process is carried out in two steps. The first step,
styrene was copolymerized with styrene derivatives having a
cyclic moiety to provide PS-based copolymers with a pen-
dant cyclic moiety. In the second step, the linear PS-based
copolymers are gelled by ring-opening polymerization of the

[Radical Polymerizable Group]

7
>

(First step) | Radical
Polymerization

Ring-Opening
Polymerizable
Group

Linear Polymer

(Second step)| Ring-Opening
Polymerization
(Gelation)

Low or No
Volume Shrinkage

FIG. 5. Design of polystyrene based foam materials and process via radical
copolymerization followed by cationic ring-opening polymerization.
Reprinted with permission from Nemoto et al., Fusion Sci. Technol. 49, 695
(2006). Copyright 2006 American Nuclear Society.®’
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pendant cyclic moiety resulting in no volume change. For
this purpose, two monomers 5-(4-vinylbenzyl) oxymethyl-5-
methyl-1,3-dioxane-2-thione)®” and 4-vinylphenyloxirane
were synthesized,®® and then used to synthesize polystyrene
based copolymerization.

According to their systematic study to control the
amount of crosslinker, the highest crosslinker gave the small-
est shrinkage and the finest pore size down to 10 nm.*>° In
the case of large cross linker groups, the nanostructure
(50nm) and shrinkage were small. Using smaller quantities
of crosslinker (67%), increases the pore size to about 5 um,
with negligible shrinkage. On the other hand, the crosslinker
(50%) gave rise to a large pore size and shrinkage. These
results can be explained because of the high concentration of
crosslinking molecules present rapidly forming many cross-
links, controlling the nanoporesize and without shrinkage.””

F. Ring opening metathesis polymerization (ROMP)
aerogel

There have been in depth discussions regarding nano-
structured aerogels and ring opening polymerization. The
copolymerization of dicyclopentadienyl (DCPD) and norbor-
nene (NB-R) with a different side group (R substituent
group) caused a significant change in the morphology of the
polymerized dicyclopentadienyl (PDCPD)-based aerogels.
The incorporation of NB-R with a different substituent group
could distort further growth of the primary polymerized
dicyclopentadienyl (PDCPD) fibrils by either (i) decreasing
the number of reactive sites (i.e., the crosslinking) at the sur-
face or (ii) sterically hindering inter-particle crosslinking.”’

The ROMP can be applied for thin polymeric porous
low-density films through the sol-gel process. A monomer
having multi-functional norbornene acts as the linker with a
NR monomer, and the copolymer gave gel films where add-
ing more NR monomers improved the uniformity of the gel
films. The polymerization gives a viscous solution before its
gelation. Aerogel coating with a uniform thickness from
10 um to 100 um was demonstrated.”’ >

G. Metal oxide and metal halide

The precursors of metal oxide aerogels are their corre-
sponding metal alkoxides, which are hydrolyzed and con-
densed into a metal oxide gel. Almost all of metal or
semimetal oxides are known to form a gel. In a metal oxide
aerogel, density and nanostructure control is not easy except
for SiO,, due to much faster hydrolysis rate of the alkoxide
precursor except alkoxysilane.*? In order to control the
hydrolysis, propoxides and butoxides are used, and the water
content also plays an important role. The hydrolysis rate of
the precursor strongly depends on the element and there is
less freedom to control them, nevertheless successful ZrO,,
Al,O3, Ta,Os, and SnO, have been reported.“z‘45

It is worth mentioning a beryllium hydride foam with
sufficient strength for machining.”® Beryllium hydride foams
are very important in plasma physics experiments because of
their high neutron yields.
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H. Simple substance solid

A dry process without a solvent is a possible way to
give relatively large microcrystals. Gromov et al. optimized
the condition of vapor deposition, i.e., source temperature,
chamber pressure and obtained a snowy metal like foam
structure. Its macroscopic shape was controlled to the milli-
meter scale.”*"°

A similar gas solvent process can be applied by spraying
liquid Xe from a swirl atomizer into a low-pressure atmo-
sphere to obtain low-density targets. Microparticles of liquid
Xe were then rapidly cooled to a solid micrometer-sized
powder. The predominant particle diameter was 100 um
under the liquid pressure of 0.3 MPa. The apparent density
and production rate were 0.2mg/cm® and 2.2cm’/s,
respectively.”®

I. Doping

For some laser plasma experiments, it is necessary to
load or “dope” low Z porous materials with high Z elements,
either as small diameter particles or using monomers with
high Z elements. The level of these doping is usually
1-30wt. % depending on the experimental requirements.
Doping high Z elements into the structure of a hydrocarbon
and subsequently into the polymer foam is sometimes a sim-
ple fabrication process, if the dopant required is in the partic-
ulate form. In an ultra-low density medium, the electron
density of the high Z dopant can be higher than that of the
host.®® Such targets give a low-density effect of the high Z
dopant, for example, high energy conversion efficiency from
laser to x-ray. A ceramic based on SiO, and Spectraﬂux®
mixed with varied amounts of another metal oxide such as
(SnO,) and heated in a tube furnace at temperatures between
900 and 1250°C can produce a homogeneous dispersion of
Sn in Si0,.”

Organic foams with densities in the range 2-80 mg/cm’
have been used as host materials for high Z doping. The
choice of the host polymer depends on the elemental compo-
sition, nanostructure, density range, and other factors
required for the experiment. The polarity of the side chain
group is an important factor for uniform dispersion of nano-
particles.”® The cross-linked acrylic polymer has a pore size
of ~200nm, and can be loaded with a variety of high Z
elements containing co-monomers, such as chlorine and
titanium.”"'%°

The RF foam possesses surface -OH groups which can
induce hydrolysis to anchor metal oxide as another method
for high Z doping. The doping in cases such as these is basi-
cally a surface template method.'”" PolyHIPEs, foams made
from HIPE emulsions, are a suitable medium for some dop-
ing elements and dopants such as tungsten (W) and gold
(Au) have been successfully loaded in polyHIPEs as shown
in Fig. 6.

IV. TARGET SHAPE, SIZE, AND GEOMETRY

A. General description

The shape, size, and geometry of the targets used in
laser experiments are one of the crucial issues. It is a
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boundary condition to characterize a laser-produced plasma
such as its expansion and mixing before the laser absorption.
There are two methods for achieving the required target
dimensions and shape. One is mechanical machining using
precision diamond tools and the second is in-situ molding,
whereby the porous material is polymerized or “molded”
inside the intended target vessel. Mechanical machining has
developed significantly in the past decade or so and this
method can produce complicated and intricate low-density
targets. 12719 A complicated structure, for example, a
step-joined hemishell was fabricated by the mechanical
machining technique, and discussed in detail elsewhere.'®?
Laser machining is also a useful technique.'®*'"” Machining,
however, requires the material to have sufficient mechanical
strength, resistance for deformation and fracture, to survive
the process, for example polyHIPEs can be machined
successfully.

Another useful method is a template process which does
not depend on such optimization for each element. These
processes have a capability to control the nanostructure and
macroscopic structure, then they are described in Sec. IV G.

B. Molding porous materials into target shapes using
chemical methods

The combination of molding and photopolymerization
are powerful tools for the shaping of foam targets.”® Using
molds is also an effective method to form particularly com-
plex shapes.'%®110

The most common method used for molding is photoini-
tiated free radical polymerization of a multifunctional acrylic
monomer (such as TMPTA) and photo-initiator (benzoin
methyl ether), all dissolved in a solvent with low vapor pres-
sure at room temperature. By exposing this solution of mono-
mer and initiator to UV light, free radicals generate
uniformly in the bulk. The polymerization by the uniform
radical generation produces a uniform gel. The photoinitia-
tion in this process induces fast and large crosslink density
and results in low shrinkage with small pore size.''' The
main advantage of this method is that the precursor is a liquid

Undoped 30 mg/cm®

PS foam '

4
2% W-doped 30
mg/cm® PS foam

Left; un-doped polyHIPE,

885312 5.0 YT

2% Au-doped 30 mg/cm?3

2% W-doped 30 mg/cm?

FIG. 6. SEM images of un-doped and doped W and Au polyHIPEs.
Reprinted with permission from Steckle and Nobile, Fusion Sci. Technol.
43,301 (2003). Copyright 2007 American Nuclear Society.®'
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FIG. 7. A 3 mg/cm3 acrylic foam, in-situ polymerized. Hole dimensions,
500 pm diameter, 200 um depth. The washer was mounted on the gold block.

that can be injected into small cylinders, cavities, washers
(see Figs. 6, 7 and 8), hohlraums, and other laser target com-
ponents. Ultra low-density targets as low as 3 mg/cm3 can be
made using this technique.

In-situ polymerization is invaluable in filling of small
target holes and cylinders with foam. A hollow cylinder or a
small gap can be filled with a monomer solution containing a
UV photoinitiator. When this solution is exposed to UV, the
monomer solution polymerizes into a gel and the target is
subsequently dried using a critical point dryer. This unique
method produces targets that cannot be produced by any
other physical or chemical technique. Monomers used for
these targets are selected from a whole range of poly func-
tional acrylic monomers.''? There have been a number of
targets filled with low density porous materials using this
technique, sometimes as low as 5mg/cm3, with successful
results investigating near-critical density controlled plasma
produced from ultra-low-density plastic foam.> Figure 7
shows a small washer filled with 3mg/cm® dried acrylic
foam using the in-situ polymerization technique.

X ray image of gold
particles in foam

Total Density = 50 mg/cm?
Gold loading = 15% by
weight

Gold particle =1 -3 um,
(homogeneous dispersion)

FIG. 8. Gold cylinder filled with low density foam, showing homogeneous
gold particulate distribution.
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Embedding objects in foam, a step-wise process>®'** is
deployed, while single step processes require a high viscosity
precursor and rapid gelation is also possible.''® The recent
net-shape casting technique will open further investigation
for the low density target, for example, an application for sil-
ica and ceramics has been investigated.'"?

Another advantage of this technique is the homogeneous
dispersion of micron size metal particulates in the foam
medium. It is possible to distribute gold particulates uni-
formly through the foam. A good example of this type target
was developed for targets of the radiation transport experi-
ment.”® Figure 8 shows uniformly distributed gold particles
in a low density foam, using the in-situ polymerization
technique.

Crosslinking during polymerization is important, espe-
cially in low density porous materials to increase the strength
of the porous structure. Crosslinking between polymer
chains, however, results in conformation change, which
leads to shrinkage. However, crosslinking high molecular
weight polymer chains leads to less freedom of conformation
and volume change. So, to avoid this shrinkage, a rapid and
simultaneous formation of the crosslinked structure is useful,
and it is realized by adding huge amounts of crosslinking
photo-initiators or multi-functional monomers."''°

C. Shell structure of low density materials

Hollow spherical geometry shells are the requirements
for a number of laser experiments, particularly experiments
involving plasma physics research relating to Inertial
Confinement Fusion (ICF). An emulsion process is used for
the production of these shells.”® Viscosity control is crucial
to controlling the thinness of the walls of these shells,114
density matching method also plays an important part to
achieve these high specifications.''>"''® In order to keep such
a density matching and temperature independent reaction
process, the phase transfer catalyst is a useful method.'"’
Glass capsules with a silica coating were made by casting a
glass capsule inside a solid block of SiO, aerogel with a den-
sity of 50 mg/cm?, then the aerogel was diamond turned to a
sphere of diameter 440nm concentric to the embedded
capsule.''®

Hollow spherical shell structures with high specification
are required for the isotropic implosion concept where isen-
tropic compression is achieved by using a high power multi
beam laser of the order of TW. A deuterium and tritium mix-
ture used as the fuel in these experiments are very difficult to
control because it has cryogenic boiling and melting temper-
atures of about 19 K. High quality shells with foam layers
inside act as a container for the tritium/deuterium mix-
ture.”’ ! The foam layer on the inner surface of the capsule
acts as a wick to make the cryogenic fuel disperse as uni-
formly as possible. Since the foam thickness is constant, the
thickness of the cryogenic fuel remains at a constant thick-
ness. Therefore, homogeneity, density, and pore size of the
foam become very important.''” Emulsion processes can be
optimized in order to adjust the sphericity and other impor-
tant parameters for capsule production,>®!14-116:120-122
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A new approach was shown by Biener ef al. as a coating
inside the prefabricated spherical ablator capsule.”® The
aerogel precursor solution was P(DCPD-r-NB) as described
in Sec. III F. The density was 25 mg/cm® without shrinking.
The RF aerogel has the advantage of transparency, and RF
capsules with large diameters were fabricated with a high
degree of precision.''®!'2*123125 Because RF polymerization
is carried out in aqueous solution, it emulsifies with the oil
phase. Carbon in the final foam material was considered to
be an acceptably low-content impurity for fusion plasma.®!

D. Mass production of the low density film

Film targets are an indispensable method for future
mass production of laser targets. With the recent develop-
ments in laser technology, there are an increasing number of
high repetition rate (<100Hz) systems. This of course will
be incredibly challenging for more than 1kHz solid state
high repetition rate targets because producing large number
of small dimensions of solid materials are relatively easier,
since industrial processes have been producing such micro
materials for decades. Therefore, for full density high repeti-
tion rate targets, it is only a question of miniaturization.
However, mass synthesis of low density materials, with tight
specifications of laser targets, has never been attempted
before and possesses some unique challenges. At present, a
large area film is a likely candidate to realize the high repeti-
tion laser illumination as shown in Fig. 4. Bearing in mind,
that for the high repetition rate targets to be acceptable,
all foam targets in the array must have little or no variation
in terms of their density, dimensions, and structural
morphology.

Electrospinning is a powerful mass production method
for fabricating ultra-low density (<10mg/cm®) materials
with a wide range of elemental compositions with mass pro-
duction. The microstructure, density, and thickness of the
metal-oxide fibers can be controlled by varying fabrication
conditions.

As a typical example, a tin oxide nanofiber was prepared
from a precursor of an ethanol solution of polyvinylpyrroli-
done (PVP) and SnCly, as a support and metal source,
respectively. Electrospinning can be performed in a simple
(laboratory) set-up, however, a similar one is commercially
available.'”® The precursor was loaded into a syringe
equipped with a steel needle with an inner diameter of
0.5 mm. The needle was connected to a high-voltage supply
capable of generating voltage up to 30kV. The feeding rate
of the precursor solution was controlled using an automatic
syringe pump so that a small droplet was maintained at the
needle tip.'?’

Usually, the nanofiber film is obtained as a large area
(>cm?) production. The thickness can be controlled because
it is proportional to the feeding time, while the area control
is not easy and cutting of the film is necessary for the prepa-
ration as a laser target.

Figure 9 shows examples of SnO, fibers, indicating a
diameter range between 100 to 500nm and a density range
from 0.2 mg/cm® to 0.8 mg/cm®.'*” The merit of the present
method is mass production as a flat sheet structure. By
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changing the metal source and other parameters, it is possi-
ble to synthesize various metal oxides such as vanadium and
copper,'?® with densities as low as 20 mg/cm”.

E. Control of the macroscopic shape

Accurate 3-D printers are currently used in density gra-
dient materials. Jiang et al. and Oakdale et al. show direct
writing via two photon polymerization (DLW-TPP) and
printed millimeter-sized profiles with the density ranging
from 0.06 to 0.6 g/cm>."?"!3° They have the ability to design
the size of the printed structures, polymer type, and pore
size, meaning numerous synthetic possibilities, for example
switching of layers of fragile low density materials.

F. Membrane on the porous material

Thin film coating is sometimes required as a gas barrier
for cryogenic targets containing foams. Utilizing glues
always has been a contentious issue in targets of this type,
because commercial glues contain elements that could inter-
fere with the results of the experiments.''® Additionally,
glue sometimes penetrates the pores in the porous structure
and this leads to unpredictable density changes. Coating a
film with foam is one effective way to overcome these prob-
lemx."*! Also, there are some experiments where there is a
request for coating a foam with a thin film. Low density
foams by their very nature have pores, but laser experiments
sometimes require porous materials to have a smooth sur-
face. In order to overcome this dilemma, a thin layer whose
size is less than the structure size is coated on the foam. A
kind of surface polymerization on the liquid-liquid interface
is necessary. In the interfacial polymerization reaction,
crosslinking is one of the processes to obtain a uniform and
thin membrane on the foam surface. Poly(4-vinylphenol) has
been used as a coating layer by adding a phase transfer
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FIG. 9. SEM micrographs of SnO,
mats. (a) SnCly 2.5%, 180 £ 10 nm; (b)
SnCly 5%, 200 = 10 nm; and (c) SnCly
7.5%, 460 = 10 nm. PVP concentration
is 20% for the above three experi-
ments. (d) PVP 40%, SnCl, concentra-
tion is 5%. All materials were calcined
in air at 500 °C for 2 h. Reprinted with
permission from J. Appl. Phys. 100,
016104 (2006). Copyright 2006 AIP
Publishing LLC."?’

crosslinker of m-phthaloyldichloride.”®>%'*" The coating

layer in this application was necessary to act as a gas barrier
for foam-coated cryogenic targets. In order to produce such a
barrier for RF aerogels, phase-transfer catalysis polymeriza-
tion was used simultaneously during the gelation process.
The polymerization of RF solution starts from the outer sur-
face in contact with silicone oil containing a base phase-
transfer catalyst."'”"'3? Interestingly, acetic acid and pro-
pionic acid phase-transfer catalysts did not produce a mem-
brane,''” and hexanoic acid induced a membrane
formation.'*

G. Template processes to control micro and
nanostructures

Template processes can control the nanostructure from
10 nm to several micrometers. This process can lead to mass
productivity with less energy than the top down process. For
example, the mono-dispersed and 100-nm-sized polymer
particle template is a useful process for the preparation of
porous materials. This is achieved by preparing a colloidal
solution of the polymer particles and then casting onto a
glass substrate and subsequently drying, resulting in a closed
packed polymer template film. This process utilizes a liquid
precursor that penetrates into the template. The composite
film was then heated to decompose the polymer template to
obtain a porous solid. A novel example is using metal oxides,
such as SnCly as a tin source. The SnCl, density was 1.5 g/
cm?, which was 23% of the density of the SnO, bulk (6.95 g/
cm?). The pore size was controlled by the template particle
size."** In order to obtain a lower density, SnCl, was diluted
with ethanol and water, as a precursor. After a similar pro-
cess as described before, various morphologies were
observed depending on the ratio of SnCly/ethanol whilst



030501-10 Nagai, Musgrave, and Nazarov

]

*¥ Volume template

C;HsOH/H20 =2
, EPSY :

keeping the density at 0.5 g/cm® as shown in Fig. 10. The dif-
ference was classified into volume and surface template
effects based on wettability differences of the precursor solu-
tion on the polymer particle.'** These were utilized to study
nanostructure differences of targets with keeping almost the
same density.'

Nanoparticles smaller than the voids can be filled into
the voids using a nanoparticles suspension.'®'*® A pure
metallic tin foam was prepared using electrochemical plating
on a PS particle membrane. The electrolyte for the tin plating
consisted of SnSO, and p-phenol sulfonic acid in the pres-
ence of gelatin.'*” Voids can be filled with another material,
for example lithium metal was filled by an electrochemical
plating method.'*

It is possible to control the macroscopic structure by com-
bining the mono-disperse-sized nanoparticle template and
microfluidic technique. Zhao et al. applied a microfluid device
for a nanoparticle suspension, and obtained millimeter spheres
of such nanoparticle aggregate with periodic packing.'*

Highly ordered anodic porous alumina has a self-
organized nanostructure prepared by an electrochemical pro-
cess. It is a film template used to obtain a highly periodic and
reliable structure template anode etched metal oxide (typi-
cally ALOs) is used."**'*! Lots of examples of exchanging
materials are shown by Masuda et al.

For structures smaller than 100nm, phase separation of
block copolymers has been an established technique as a tem-
plating technique. It consists of a hydrophilic part and a hydro-
phobic part where each length is controlled by the catalyst and
synthetic technique. The template provides a <100nm sized
structure as a periodic and thin membrane.'**~'%’

The concept of the biotemplating process directly bor-
rows from natural microstructures for new material fabrica-
tions. A use of three-dimensional helical feature in nature is
an example of the biotemplate in which helical microalgae,
Spirulina (Arthrospira platensis), a naturally shaping left-
handed (LH) open helical structure, was utilized. Copper
was coated via electroless plating onto the surface of
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FIG. 10. (a) SEM images of vol-
ume template and surface tem-
plates on PS particles and (b)
after removal of PS particles.
Densities for both were 1.5g/
cm® SnO,. Adapted with per-
mission from Gu et al., Chem.
Mater. 17, 1115  (2005).
Copyright 2005  American
Chemical Society.'**

= N
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Spirulina and the obtained coil had a micrometer pitch and
diameter.'*® Another example is the direct use of E-coli
cells. A few layers of micron sized bacteria coating on a
polished surface increases the laser energy coupling and gen-
erates a hotter plasma which is effective for the ion
acceleration.'*’

V. CHARACTERIZATION

In order to have a reliable and meaningful result that can
be interpreted, experimentalists must know all parameters of
the target materials used in the experiment. Target character-
ization is therefore an important step for the analysis of laser
plasma in terms of density, element composition, geometry
including pore size, porosity, and homogeneity. Density is
estimated by the use of x-ray absorption, while visible light-
scattering is used for large pore size. Such transmittance
gives information on shape by the use of the imaging tech-
nique.”® It is possible to establish the density by X-ray
imaging, 678498 1LISLIS2 5 myonochromatic X-ray source
gives high resolution. For calibration, known samples are
used. Direct measurement of density is based on measuring
the mass and volume using an accurate microbalance, but
this requires a sufficient quantity of the material with a well-
defined geometry. As for the elemental composition, chemi-
cal analysis is not suitable as it requires a large quantity
(>10mg) to measure for one piece of target, but it is possible
for the source material or if a huge quantity of targets are
available.'*> Surface roughness can be monitored by scan-
ning electron microscopy (SEM) and atomic force micros-
copy (AFM)."*'>* Energy dispersion x-ray (EDX) gives
element composition qualitatively, however this gives infor-
mation only for the focusing area, not the whole target. The
visible light optical interferometric technique can be used to
characterize not only the surface image, but also the thick-
ness and density uniformity. It is, however, limited by scat-
tering caused by the foam structure. Grazing incident small
angle x-ray scattering (GISAXS) is a typical method for
nanostructure characterization for the full target size,
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especially taken at the interval, period sample having Bragg
diffraction for the periodic sample, while the average nano-
structure is obtained from it.'>> The use of solid state nuclear
magnetic resonance (NMR) relaxometry is a promising new
technique, which gives information about the structure of the
polymer based on different orders of molecular motion.®
Nitrogen adsorption and desorption according to Brunauer,
Emmett and Teller (BET) specific surface area, distributions
of pore radii. Other porosimetry also gives such information
on pore distribution such mercury porosimetry, or even
image analysis using the software. These characterizations
are similar to higher order structure analysis in polymer
physics,'>® which discusses the relation between the first
order structure, chemical bond, and interaction between
polymeric chains, macroscopic size, and nanostructure.

VIi. SUMMARY

This review paper is focused on low density porous
materials used for laser experiments and their properties
relating to synthetic techniques, from the point of view of a
material chemist synthesizing these materials. The relation
between material chemistry and plasma physics is a key
issue and this paper attempted to show both views. The paper
would be expected to help the communication between the
material chemist and experimental plasma physicist, design-
ing targets for high energy lasers throughout the world. Most
publications to date concentrated on non-porous materials,
and this paper attempts to highlight some of the difficulties
that are by in large very different than other types of targets.
Hopefully, this review paper will help the experimentalists
and the beginners to this field equally.

Materials synthesized for laser targets and HED physics
experiments are very challenging, and in many cases,
extremely unique and often with conflicting and demanding
specifications. Quite often, the materials requested by the
experimentalist are not commercially available and therefore
need to be synthesized specifically for that/those experi-
ment(s). Even if some materials are available, they cannot be
used as supplied, and in most cases, they have to be adapted
and miniaturized in order to fit the experimental require-
ments. Generally, because there are vastly diverse fields in
HED physics and different specifications for different experi-
ments, it is not always easy to gauge the future requirements.
For these reasons, it is hoped that this review will demon-
strate the challenges of making porous materials in this field
and hopefully both groups, the users and the community that
supplies these materials, will find this review beneficial.
Dedicated target research is one option, exploring new mate-
rials science that spans not only HED physics, but other
fields that require low density porous materials. This level of
research could be self-sufficient, rather than relying on bud-
get restricted experimental campaigns.
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