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Abstract

Capsules with a thin aerogel shell were prepared by the OO/W/OI emulsion process. (Phloroglucinol carboxylic acid)/
formaldehyde (PF) was used as the water phase (W) solution to form the shell of the capsule. PF is a linear polymer
prepared from phloroglucinol carboxylic acid. The viscosity of the PF solution can reach a high level of 9�1025 m2/s
without gelation while resorcinol/formaldehyde (RF) gelates at �3–4�1025 m2/s. Using the viscous PF solution, capsule
with a 17mm gel shell was fabricated. This thickness satisfies the specification of the first phase of Fast Ignition Realization
Experiment (FIREX-I) at Osaka University. When PF gel was extracted to remove the organic solvent, shrinkage of 9%
occurred. The final density of the PF aerogel was 145 mg/cm3. Both the shell thickness and density can satisfy the
specification of FIREX-I. The pore size of the PF aerogel was less than 100 nm while that of RF was 200–500 nm. The
SEM showed that PF had particle-like foam structure while RF had fibrous-like foam structure.
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1. INTRODUCTION

Fuel target technology (Nagai et al., 2004a) is a key issue in
fast ignition research (Yamanaka, 1983; Tabak et al., 1994;
Fernandez et al., 2005; Hora, 2007; Nobile et al., 2006). The
invention of the hollow cone shell geometry (Kodama et al.,
2001; Nakamura et al., 2006; Sakagami et al., 2006) was criti-
cal in demonstrating the heating of a deuterated hydrocarbon
plasma to a temperature of about 1 keV using Gekko XII and
the petawatt laser at Osaka University (Kodama et al., 2002,
2004; Kitagawa et al., 2002). Even for the fast ignition
scheme, highly compressed implosion is required (Azechi
et al., 1991), and fuel shell structure is necessary. In the first
phase of fast ignition realization experiment (FIREX-I)
(Tanaka et al., 2004; Kodama et al., 2004; Johzaki et al.,
2007), a cryogenic deuterium tritium (DT) fuel target
(Norimatsu et al., 2003, 2006; Mima et al., 2007; Azechi
et al., 2006) was designed. The target includes a �500 mm
capsule which has a 20 mm thick low density foam shell
(Nagai et al., 2005) to support liquid or solid DT (Iwamoto
et al., 2007) to develop a uniform, shell-shape-tailored fuel

layer. In FIREX-I, the density of this foam shell is allowed
to be 100 mg/cm3. Various materials have been studied for
this support foam shell (Streit et al., 2003; Khalenkov et al.,
2006; Nemoto et al., 2006; Yamanaka et al., 2007;
Borisenko et al., 2007) in which phenol-formaldehyde resin
has been used and investigated because of its transparency in
the visible region.

By using the OO/W/OI emulsion process to fabricate cap-
sules for these cryogenic targets, a high viscosity of the shell
material allows for thin shell thickness (Ito et al., 2006a). It is
difficult to reach the high viscosity needed for thin shell fab-
rication with the traditionally used resorcinol/formaldehyde
(RF) because of its cross-linking structure. Therefore, the
thickness of RF shells are 50–100 mm (Lambert et al.,
1997; Nikroo et al., 2004; Ito et al., 2006b; Paguio et al.,
2007). (Phloroglucinol carboxylic acid)/formaldehyde (PF),
another phenolic resin, is a linear polymer, and the viscosity
of its solution can reach a high value without gelation. In a
previous study, PF was used as an additional precursor
for RF solution to adjust its viscosity (Ito et al., 2006a), but
the properties of PF solution can satisfy the requirement
better for the fabrication of thin shell capsules.

In this study, the viscous PF solution was used to fabricate
thin shell capsules. The gel shell was extracted by CO2
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supercritical fluid to remove the solvent, resulting in the foam
structure filled only with air, which is called aerogel.
The nano-structure of PF aerogel shell was compared with
that of RF aerogel shell obtained the same way. The fine
nano-structure endows PF and RF aerogel with not only
the ability to serve as a fuel supporter, but also provides
good transparency in visible region to observe fueling with
DT and to allow the routine characterization of shells using
optical techniques.

2. EXPERIMENT DETAILS

2.1. Materials

Phloroglucinol carboxylic acid (1.25 g, Tokyo Chemical
Industry, Co., LTD) was uniformly dispersed into 12 ml of
pure water by ultrasonication, and then 8 ml of 1 mol/l
NaOH (Sigma Aldrich Japan) and 1.71 ml of 37% formal-
dehyde (Nacalai Tesque, Inc.) were added and stirred at
708C. Sixty-five minutes later, the solution was cooled down
in an ice bath for 30 min. Then the PF solution was kept at
room temperature while waiting for the viscosity to increase.

The viscosity of the PF solution was checked during the
gelation process. When the viscosity reached 9�1025 m2/s,
it was used as the water phase solution to fabricate capsules
with the OO/W/OI emulsion process. Encapsulation of the
PF solutions to form a compound emulsion was accom-
plished using a triple-orifice droplet generator (Nagai et al.,
2000; Norimatsu et al., 1998; Lambert et al., 1997; Yang
et al., 2006). The fabrication conditions were as following:
the flow rate of W, OI, and OO liquid are 0.083 ml/min,
0.130 ml/min, and 93 ml/min, respectively.

The shell of the obtained capsules made of the PF solution
then gelated during the rotation in a drum. The PF gel shell
was washed by 1�1026 m2/s silicon oil (Shinetsu, Japan)
and then exchanged with acetone solutions (Vacetone:Vwater ¼

1:3, Vacetone:Vwater ¼ 1:1, Vacetone:Vwater ¼ 3:1 and 100%
acetone step by step) to remove water gradually (every solution
for 1 h). The completely exchanged PF gel was extracted
by supercritical CO2 to remove the acetone in the gel porous
structures to form the aerogel. The extraction condition was
80 atm and 333 K for 24 h.

2.2. Measurements

The viscosities of the PF solutions were measured by a digital
viscometer, DV M-E, Tokyo Keiki Co. LTD, Japan. The SEM
image was taken with a JEOL JSM 7400 FS. The PF gel was
extracted by ISCO SFX 220 supercritical fluid extractor.

3. RESULTS AND DISCUSSION

3.1. The Viscosity Change and Minimum Shell Thickness

In order to get capsules with 20 mm thick shells, shell material
solution with a viscosity higher than 9�1025 m2/s is required

in the OO/W/OI emulsion process (Ito et al., 2006a).
The time-dependent viscosity of the PF precursor solution is
shown in Figure 1. From the figure, we can see that after a
reaction time of 40 h, the viscosity of PF solution reaches
9�1025 m2/s.

The catalyst concentration of 0.4 mmol/ml was chosen to
fabricate hollow spherical shells because the rate of viscosity
increase with this catalyst concentration was suitable for
capsule fabrication using OO/W/OI emulsion process and
the droplet generator. By using a PF solution with the
viscosity of 9�1025 m2/s, the minimum gel shell thickness
obtained was 17 mm.

3.2. Microstructure Morphology of the PF
Aerogel Shell

Although both RF and PF aerogel have three-dimensional
(3D) nano-networks, there are two differences between
their microstructures. First, the pore size of RF is about
200–500 nm (Fig. 2a) while the pore size of PF is smaller
than 100 nm (Fig. 2b). Besides, the pore size uniformity of
PF aerogel is better than that of RF aerogel (Fig. 3). The
average diameter of the pores of RF and PF foam were
114+54 nm and 32+10 nm.

Second, the network morphology of RF and PF aerogel is
different. The pore of RF is formed by strings of the gel
network (Fig. 2a). This structure has clear junctions
(Ito et al., 2006a, 2005). The pore of PF was formed by
polymer particles sticking together. There is no fibrous-
shaped structure but just particle-like structure (Fig. 2b).
This is because the gelation mechanism of RF and PF is differ-
ent. Resorcinol has only four subsistent groups and thus it is
possible to form cross-links with formaldehyde via methyl-
ene groups (-CH2-) (Pekala et al., 1989; Ruben et al.,
1992) which are inert. Phloroglucinol carboxylic acid has
only two subsistent groups on the benzene ring and can
only form a linear polymer with formaldehyde. The linear
polymers are linked via non-covalent interactions such as

Fig. 1. Shown is the viscosity change of PF solution at room temperature as
a function of time. The precursor PF solution was obtained by stirring the
uniform mixture of 1.25 g phloroglucinol carboxylic acid, 1.71 ml formal-
dehyde, 12 ml H2O and 8 mmol NaOH at 708C for 65 min.
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hydrogen bonding which is labile and thus it is possible to
reorient the 3D network structure. In general, particle-like
structures are more stable because they minimize the
surface energy between the phases of polymer and solvent.
Therefore, in the case of labile bonding network, such a par-
ticle structure would be more stable than a fibrous structure.

Such particle-like structure has been observed in the more
labile bonding case (van der Waals interaction) of PMP
(poly (4-methyl-1-pentene)) aerogel (Nagai et al., 2004b).
Pores of 100 nm minimize light scattering so that the final
dried gel shell is transparent, allowing one to observe the
fuel layer formation optically.

Fig. 2. SEM images: (a) RF aerogel (b) PF aerogel. The pore size of PF aerogel is smaller than 100 nm. The pore size of RF aerogel is
200–500 nm.

Fig. 3. Shown are the distribution of the pore diameters of (a) RF foam and (b) PF foam along linear lines of 4 mm.

FIREX-I targets using high viscosity formaldehyde solution 451

https://doi.org/10.1017/S0263034608000451 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034608000451


3.3. The Volume Shrinkage During Organic Solvent
Extraction

We monitored the volume change during extraction. Here is
shown one example. Before the extraction, the gel volume
was 2.45 mm3 while after the extraction the aerogel volume
was 2.28 mm3. The shrinkage due to extraction was about
9% in volume. The density was calculated to be 145 mg/cm3

from the volume and the mass (0.33 mg). This shrinkage rate
was smaller than that of RF aerogel.

4. CONCLUSION

(Phloroglucinol carboxylic acid)/formaldehyde is a linear
polymer and linked by non-covalent interactions at gelation.
Therefore, the viscosity of the precursory PF solution before
gelation can be controlled at a high value of 9�1025 m2/s.
By fabricating capsules using such a viscous solution, the
shell thickness can be reduced to 17 mm which satisfies the
requirement for fast ignition cryogenic targets. The PF gel
during extraction had shrinkage of 9% in volume resulting
in a final density of 145 mg/cm3. The SEM of PF aerogel
showed a fine uniform porous structure with a pore size
smaller than 100 nm. Because of different crosslink bonds
in the RF and PF foam structure, the inert bond of methylene
in RF and the labile bond of hydrogen bonding in PF, RF has a
string-like gel network while PF has a particle-like structure.

ACKNOWLEDGEMENT

A part of this work was supported by a Grant-in-Aid for Scientific
Research from MEXT Japan.

REFERENCES

AZECHI, H. & THE FIREX PROJECT (2006). Present status of the FIREX
programme for demonstration of ignition and burn. Plasma
Phys. Contr. Fusion 48, B267–B275.

AZECHI, H., JITSUNO, T., KANABE, T., KATAYAMA, M., MIMA, K.,
MIYANAKA, N., NAKAI, M., NAKAI, S., NAKAISHI, H., NAKATSUKA,
M., NISHIGUCHI, A., NORRAYS, R.A., SETSUHARA, Y., TAKAGI, M.,
YAMANAKA, M. & YAMANAKA, C. (1991). High-density com-
pression experiments at ILE, Osaka. Laser Part. Beams 9,
193–207.

BORISENKO, N.G., KHALENKOV, A.M., KMETIK, V., LIMPOUCH, J.,
MERKULIEV, Y.A. & PIMENOV, V.G. (2007). Plastic aerogel
targets and optical transparency of undercritical microhetero-
geneous plasma. Fusion Sci. Technol. 51, 655–664.

FERNANDEZ, J.C., HEGELICH, B.M., COBBLE, J.A., FLIPPO, K.A.,
LETZRING, S.A., JOHNSON, R.P., GAUTIER, D.C., SHIMADA, T.,
KYRALA, G.A., WANG, Y.Q., WETTELAND, C.J. & SCHREIBER, J.
(2005). Laser-ablation treatment of short-pulse laser targets:
Toward an experimental program on energetic-ion interactions
with dense plasmas. Laser Part. Beams 23, 267–273.

HORA, H. (2007). New aspects for fusion energy using inertial
confinement. Laser Part. Beams 25, 37–45.

ITO, F., NAGAI, K., NAKAI, M. & NORIMATSU, T. (2005).
Resorcinol-formaldehyde foam balls via gelation of emulsion

using phase-transfer catalysts. Macromol. Chem. Phys. 206,
2171–2176.

ITO, F., NAGAI, K., NAKAI, M., NORIMATSU, T., NIKITENKO, A.,
TOLOKONNIKOV, S., KORESHEVA, E., FUJIMURA, T., AZECHI, H. &
MIMA, K. (2006a). Low-density-plastic foam capsule of resorci-
nol/formalin and (phloroglucinol-carboxylic acid)/formalin
resins for fast-ignition realization experiment (FIREX) in laser
fusion research. Jpn. J. Appl. Phys. B 45, L335–L338.

ITO, F., NAGAI, K., NAKAI, M. & NORIMATSU, T. (2006b).
Optimization of gelation to prepare hollow foam shell of
resorcinol-formalin using a phase-transfer catalyst. Fusion Sci.
Technol. 49, 663–668.

IWAMOTO, A., MAEKAWA, R., MITO, T., SAKAGAMI, H., MOTOJIMA, O.,
NAKAI, M., NAGAI, K., FUJIMURA, T., NORIMATSU, T., AZECHI, H. &
MIMA, K. (2007). Preliminary results of fuel layering on the
cryogenic target for FIREX project. Fusion Sci. Technol. 51,
753–757.

JONZAKI, T., SAKAGAMI, H., NAGATOMO, H. & MIMA, K. (2007).
Holistic simulation for FIREX project with FI3. Laser Part.
Beams 25, 621–629.

KHALENKOV, A.M., BORISENKO, N.G., KONDRASHOV, V.N.,
MERKULIEV, Y.A., LIMPOUCH, J. & PIMENOV, V.G. (2006).
Experience of micro-heterogeneous energy transport in plasma
near critical density. Laser Part. Beams 24, 283–290.

KITAGAWA, Y., SENTOKU, Y., AKAMATSU, S., MORI, M., TOHYAMA, Y.,
KODAMA, R., TANAKA, K.A., FUJITA, H., YOSHIDA, H., MATSUO, S.,
JITSUNO, T., KAWASAKI, T., SAKABE, S., NISHIMURA, H., IZAWA, Y.,
MIMA, K. & YAMANAKA, T. (2002). Progress of fast ignitor
studies and petawatt laser construction at Osaka University.
Phys. Plasmas 9, 2202–2207.

KODAMA, R., AZECHI, H., FUJITA, H., HABARA, H., IZAWA, Y., JITSUNO, T.,
JOZAKI, T., KITAGAWA, Y., KRUSHELNICK, K., MATSUOKA, T., MIMA,
K., MIYANAGA, N., NAGAI, K., NAGATOMO, H., NAKAI, M.,
NISHIMURA, H., NORIMATSU, T., NORREYS, P.A., SHIGEMORI, K.,
SHIRAGA, H., SUNAHARA, A., TANAKA, K.A., TAMPO, M., TOYAMA,
Y., TSUBAKIMOTO, K., YAMANAKA, T. & ZEPF, M. (2004). Fast
plasma heating in a cone-attached geometry-towards fusion
ignition. Nucl. Fusion 44, S276–S283.

KODAMA, R., NORREYS, P.A., MIMA, K., DANGOR, A.E., EVANS, R.G.,
FUJITA, H., KITAGAWA, Y., KRUSHELNICK, K., MIYAKOSHI, T.,
MIYANAGA, N., NORIMATSU, T., ROSE, S.J., SHOZAKI, T.,
SHIGEMORI, K., SUNAHARA, A., TAMPO, M., TANAKA, K.A.,
TOYAMA, Y., YAMANAKA, T. & ZEPF, M. (2001). Fast heating of
ultrahigh-density plasma as faster towards laser fusion ignition.
Nature 412, 798–802.

KODAMA, R., SHIRAGA, H., SHIGEMORI, K., TOYAMA, Y., FUJIOKA, S.,
AZECHI, H., FUJITA, H., HABARA, H., HALL, T., IZAWA, Y.,
JITSUNO, T., KITAGAWA, Y., KRUSHELNICK, K.M., LANCASTER,
K.L., MIMA, K., NAGAI, K., NAKAI, M., NISHIMURA, H.,
NORIMATSU, T., NORREYS, P.A., SAKABE, S., TANAKA, K.A.,
YOUSSEF, A., ZEPF, M. & YAMANAKA, T. (2002). Fast heating scal-
able to laser fusion ignition. Nature 418, 933–934.

LAMBERT, S.M., OVERTURF, G.E., WILEMSKI, G., LETTS, S.A.,
SCHROEN, D. & COOK, R.C. (1997). Fabrication of low-density
foam shells from resorcinol-formaldehyde aerogel. J. Appl.
Polym. Sci. 65, 2111–2122.

MIMA, K., TANAKA, K.A., KODAMA, R., JOHZAKI, T., NAGATOMO, H.,
SHIRAGA, H., MIYANAGA, N., MURAKAMI, M., AZECHI, H., NAKAI,
M., NORIMATSU, T., NAGAI, K., TAGUCHI, T. & SAKAGAMI, H.
(2007). Recent results and future prospects of laser fusion
research at ILE, Osaka. Eur. J. Phys. D 44, 259–264.

H. Yang et al.452

https://doi.org/10.1017/S0263034608000451 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034608000451


NAGAI, K., AZECHI, H., ITO, F., IWAMOTO, A., IZAWA, Y., JOHZAKI, T.,
KODAMA, R., MIMA, K., MITO, T., NAKAI, M., NEMOTO, N.,
NORIMATSU, T., ONO, Y., SHIGEMORI, K., SHIRAGA, H. & TANAKA,
K.A. (2005). Foam materials for cryogenic targets of fast ignition
realization experiment (FIREX). Nucl. Fusion 45, 1277–1283.

NAGAI, K., NAKAJIMA, M., NORIMATSU, T., IZAWA, Y. & YAMANAKA, T.
(2000). Solvent removal during curing process of highly spheric
and monodispersed-sized polystyrene capsules from density-
matched emulsions composed of water and benzene/1, 2-dichlor-
oethane. J. Polym. Sci. A Polym. Chem. 38, 3412–3418.

NAGAI, K., NORIMATSU, T. & IZAWA, Y. (2004a). In Encyclopedia of
Nanoscience and Nanotechnology. (Nalwa, E.H., ed.), Vol. 10,
pp. 407–419. Stevenson Ranch, CA: American Scientific
Publishers.

NAGAI, K., NORIMATSU, T. & IZAWA, Y. (2004b). Control of micro-
and nano-structure in ultralow-density hydrocarbon foam.
Fusion Sci. Technol. 45, 79–83.

NAKAMURA, T., SAKAGAMI, H., JOHZAKI, T., NAGATOMO, H. &
MIMA, K. (2006). Generation and transport of fast electrons
inside cone targets irradiated by intense laser pulses. Laser
Part. Beams 24, 5–8.

NEMOTO, N., NAGAI, K., ONO, Y., TANJI, K., TANJI, T., NAKAI, M. &
NORIMATSU, T. (2006). Polystyrene based foam materials for
cryogenic targets of fast ignition realization experiment
(FIREX). Fusion Sci. Technol. 49, 695–700.

NIKROO, A., CZECHOWICZ, D., PAGUIO, R., GREENWOOD, A.L. &
TAKAGI, M. (2004). Fabrication and properties of overcoated
resorcinol-formaldehyde shells for OMEGA experiments.
Fusion Sci. Technol. 45, 84–89.

NOBILE, A., NIKROO, A., COOK, R.C., COOLEY, J.C., ALEXANDER,
D.J., HACKENBERG, R.E., NECKER, C.T., DICKERSON, R.M.,
KILKENNY, J.L., BERNAT, T.P., CHEN, K.C., XU, H., STEPHENS,
R.B., HUANG, H., HAAN, S.W., FORSMAN, A.C., ATHERTON,
L.J., LETTS, S.A., BONO, M.J. & WILSON, D.C. (2006). Status
of the development of ignition capsules in the US effort to
achieve thermonuclear ignition on the national ignition facility.
Laser Part. Beams 24, 567–578.

NORIMATSU, T., HARDING, D., STEPHENS, R., NIKROO, A., PETZOLDT, R.,
YOSHIDA, H., NAGAI, K. & IZAWA, Y. (2006). Fabrication, injection,
and tracking of fast ignition targets: status and future prospects.
Fusion Sci. Technol. 49, 483–499.

NORIMATSU, T., NAGAI, K., TAKEDA, T., MIMA, K. & YAMANAKA, T.
(2003). Update for the drag force on an injected pellet and
target fabrication for inertial fusion. Fusion Sci. Technol. 43,
339–345.

NORIMATSU, T., TAKAGI, M., IZAWA, Y. & MIMA, K. (1998).
Fabrication of vacuole-free polystyrene over a wide diameter
range using a W/O/W emulsion method. J. Moscow Phys.
Soc. 8, 71.

PAGUIO, R.R., TAKAGI, M., THI, M., HUND, J.F., NIKOO, A., PAGUIO, S.,
LUO, R., GREENWOOD, A.L., ACENAS, O. & CHOWDHURY, S. (2007).
Improving the wall uniformity of resorcinol formaldehyde foam
shells by modifying emulsion components. Fusion Sci. Technol.
51, 682–687.

PEKALA, R.W. (1989). Organic aerogels from the polyconden-
sation of resorcinol with formaldehyde. J. Mater. Sci. 24,
3221–3227.

RUBEN, G.C., PEKALA, R.W., TILLOTSON, T.M. & HRUBESH, L.W.
(1992). Imaging aerogels at the molecular level. J. Mater. Sci.
27, 4341–4349.

SAKAGAMI, H., JOHZAKI, T., NAGATOMO, H. & MIMA, K. (2006). Fast
ignition integrated interconnecting code project for cone-guided
targets. Laser Part. Beam 24, 191–198.

STREIT, J. & SCHROEN, D. (2003). Development of divinylbenzene
foam shells for use as inertial fusion energy reactor target.
Fusion Sci. Technol. 43, 321–326.

TABAK, M., HAMMER, J., GLINSKY, M.E., KRUER, W.L., WILKS, S.C.,
WOODWORTH, J., CAMPBELL, E.M., PERRY, M.D. & MASON, R.J.
(1994). Ignition and high gain with ultra powerful lasers.
Phys. Plasmas 1, 1626–1634.

TANAKA, K.A., KODAMA, R., KITAGAWA, Y., KONDO, K., MIMA, K.,
AZECHI, H., CHEN, Z., FUJIOKA, S., FUJITA, H., JOHZAKI, T., LEI, A.,
MATSUOKA, T., MIYANAGA, N., NAGAI, K., NAGATOMO, H.,
NISHIMURA, H., NORIMATSU, T., SHIGEMORI, K., SHIRAGA, H.,
TANPO, M., TOHYAMA, Y., YABUUCHI, T., ZHENG, J., IZAWA, Y.,
NORREYS, P.A., STEPHENS, R. & HATCHETT, S. (2004). Progress
and perspectives of fast ignition. Plasma Phys. Contr. Fusion 46,
B41–B49.

YAMANAKA, T. (1983). Kansei Kakuyuugou Kenkyuu Keikaku (Plan
of Laser Fusion Research at ILE). Osaka, Japan: Osaka
University: Institute of Laser Engineering.

YAMANAKA, K., NAGAI, K., NEMOTO, N., NOMURA, K., SHIMOYAMA,
T., TANJI, K., TANJI, T., NAKAI, M. & NORIMATSU, T. (2007).
Foam structure of xerogel prepared via ring-opening reaction
between epoxy groups attached on the side chain of polystyrene.
Fusion Sci. Technol. 51, 665–672.

YANG, H., HAN, Y.H., ZHAO, X.W., NAGAI, K. & GU, Z.Z. (2006).
Thermal responsive microlens arrays. Appl. Phys. Lett. 89,
1121-1-1121-1123.

FIREX-I targets using high viscosity formaldehyde solution 453

https://doi.org/10.1017/S0263034608000451 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034608000451

