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The infrared (IR) heating method for a central ignition target with spherical symmetry is modified for the
axisymmetric Fast Ignition Realization EXperiment (FIREX) target. The challenge is that the FIREX target
pretends to be a thermally spherical shell. Our previous simulation studies (A. Iwamoto et al., Fusion Sci.
Technol. 56, 427 (2009), A. Iwamoto et al., J. Phys.: Conf. Ser. 244, 032039 (2010)) have shown that the
combination of volumetric heating in a fuel and cone temperature control has the potential to finish a uniform fuel
layer. We have developed the IR heating system, dedicated to the FIREX target, with exclusive cone temperature
control. The ability of solid fuel layering was examined by using an 826 um polystyrene (PS) shell with a gold
cone of 1.2 mm in length instead of the 500 um FIREX target for easy observation. The system could control the
profile of a solid fuel layer in the PS shell target. Eventually, the solid layer with the best sphericity of 92% was
formed, and the RMS roughness of the inner surface was 44 - 49 um in modes 1 to 100 and 14 - 26 wm in modes

5 to 100.
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1. Introduction

The fast ignition scheme does not require the forma-
tion of a central hot spot for ignition [1,2]. The compressed
fuel is heated by fast electrons generated by irradiating
a high-power short-pulse laser to a gold cone attached to
a fuel shell. The scheme would have tolerance against
Rayleigh-Taylor instability which is the largest obstacle
in the central ignition scheme[3]. In order to verify the
fast ignition scheme, the Fast Ignition Realization EXperi-
ment (FIREX) has been conducted using the GEKKO XII
(GX1I) laser and the Laser for Fusion EXperiment (LFEX)
at the Institute of Laser Engineering (ILE), Osaka Univer-
sity [4-6].

For central ignition targets, a spherical shell with high
uniformity of a fuel layer is required [7, 8]. Fuel layering
methods utilizing infrared (IR) irradiation and tritium de-
cay heat, the so called IR heating and beta layering meth-
ods, respectively, have been developed [9—-12]. The meth-
ods are dedicated for a spherical shell target. The energy
from irradiated IR or emitted beta rays is absorbed in the
solid fuel, and then the solid fuel becomes a uniform volu-
metric heat source. The heat source drives the solid fuel to
uniformly redistribute in the spherical shell by a sublima-
tion process. Targets layered with IR heating and beta lay-
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ering are supplied to the National Ignition Facility (NIF)
and the OMEGA experiments [13, 14].

A typical FIREX target is shown in Fig. 1. The fast ig-
nition target is not spherically symmetric but axisymmetric
because of the existence of the cone. A uniform solid deu-
terium (D) layer must be formed in the target. The fast

Glass fill tube

Plastic shell

Gold cone

Solid fuel layer

Fig. 1 Typical FIREX target with a 500 um diameter plastic
shell. A uniform solid fuel layer with a ~20 um thick-
ness must be formed.

© 2021 The Japan Society of Plasma
Science and Nuclear Fusion Research
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ignition scheme should require a fuel layer sphericity of
~99% [15] lower than that of the central ignition scheme.
Furthermore, the cone causes a perturbation at mode 1, and
therefore, the solid fuel layer sphericity should be judged
with the exception of the solid fuel layer around the cone.
To date, two types of FIREX targets with a foam shell or
a Polystyrene (PS) shell have been developed. The foam
shell FIREX target is suitable for mass production because
the uniformity of a fuel layer depends on that of a foam
shell [16]. The mass production process of the uniform
foam shell has been established [17]. The research on the
fuel layering in the foam shell is advanced [18, 19]. How-
ever, the mixture of a foam material and a fuel reduces the
efficiency of fusion burning [20]. A pure fuel layer is pre-
ferred for fusion experiments. The PS shell FIREX target
will realize pure fuel experiments; however, it is difficult
to form a uniform fuel layer in the PS shell because the
gold cone works as a heat exchanger. Previous research
has simulatively shown the ability of the temperature con-
trol of the gold cone for uniform fuel layering [21,22]. In
order to apply a volumetric heating method to the PS shell
FIREX target, an IR heating system has been installed in
the cryogenic apparatus at the National Institute for Fusion
Science (NIFS) [23], and its performance has been charac-
terized [24].

To meet the specifications for the FIREX target, we
suggest that the IR heating method is modified for the ax-
isymmetric FIREX target. The challenge is that the FIREX
target pretends to be a thermally spherical shell. We have
simulated that the combination of fuel volumetric heating
and cone temperature control has the potential to finish
a uniform fuel layer [21]. Furthermore, the possibility of
cone temperature control has already been studied in order
to develop another fuel layering method [22]. In the re-
search on the keyhole target, whose appearance is similar
to the fast ignition target, J. D. Sater ef al. have succeeded
in preventing the solid deuterium-tritium (D-T) from con-
densing to the cone by a heater attached to the cone and in
forming the solid layer partly on the opposite side of the
cone [25]. We study the IR heating method, modified with
cone temperature control, to realize uniform fuel layering
in the FIREX target.

2. Target Fabrication and Experiment

2.1 Target fabrication for modified IR heat-
ing with cone temperature control

Figure 2 shows the target to study the IR heating
method modified with cone temperature control. The tar-
get consists of a PS shell, a gold cone with a gold band
and copper filament, and a glass fill tube for fuel supply.
For gas leak tightness, ultraviolet light curing resin was
applied to glue the PS shell, the gold cone, and the fill
tube together. For the convenience of optical observation,
a PS shell of 826 um diameter and 16 um thickness was
used, which is larger than that of the FIREX target. The

Fig. 2 The target with the temperature controllable cone. The
cone temperature is controlled via the copper filament
and gold band.

height and the angle of the cone was 1.2mm and 30 de-
grees, respectively. The thickness of the cone and the band
were ~10 um. The width of the band was approximately
~500 um. The copper filament and the gold band were sol-
dered to make thermal conduction good. High temperature
soldering deforms the shape of the band. Therefore, a low
tin solder with the melting point of 438 K was applied. As
the band was very fragile, the filament with the band was
glued to the glass fill tube by epoxy resin for structural
rigidity.

We conducted two steps of a target inspection. In the
first step, it was shown that the target had the strength to re-
sist cooling down. Because of different thermal contraction
coefficients among the assembling materials, the thermal
stress is loaded and may break the target. An end of the
copper filament was immersed into liquid nitrogen (N»),
and the target was gradually cooled to liquid N, tempera-
ture. No crack was observed in the target. In the second
step, the gas continuity from the fill tube to the shell and
the leak tightness of the target were tested. The technique
developed by T. Fujimura et al. was utilized [26]. Gaseous
sulphur exafluoride (SF¢) was filled into the shell and the
fill tube. Then, the pressure variation was observed by
the change of the interference pattern through the shell.
In our inspection, the pressure was directly measured by
a pressure gauge attached to the gas supply system. The
vibration noise could be ignored in contrast to the optical
measurement by interference patterns. This system had the
ability to detect a hole of 0.6 um in diameter. Eventually,
the pressure variation was measured with higher accuracy
than that in the reference. The gas continuity from the fill
tube to the shell and the leak tightness of the target were
confirmed.

2.2 Experimental setup
We have developed a dedicated system with the func-
tion to make the shell temperature thermally spherically

1404099-2
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Fig. 3 System of modified IR heating for a FIREX target.

symmetric. The IR heating was modified for the axisym-
metric cone-attached target. The system is shown in Fig. 3
which is designed to use a hydrogen (H,) surrogate fuel.
The system was installed in the apparatus for the cryo-
genic target of the FIREX project[23]. The target was
set at the center of the integrating sphere within an accu-
racy of 0.5 mm. The target was cooled by the heat trans-
fer of gaseous helium (He). The integrating sphere was
cooled by a Gifford-MacMahon (GM) cryocooler with a
temperature control system and also worked as a heat ex-
changer to cool gaseous He and the thermal shield. The
IR light from a semiconductor laser (a 2220 nm DFB laser
diode, Nanoplus Nanosystems and Technologies GmbH)
was led into the integrating sphere through optical fibers
and feedthroughs. Its wavelength of ~2219.8 nm cor-
responds to the vibrational-rotational band of H,. The
laser emitted IR with 3mW. The power was degraded
to ~0.4mW through the optical fibers and feedthroughs.
The IR intensity incident on the target was estimated to be
~0.66 mW/cm?. We have already reported the ability of
the IR heating system in detail [24]. The cone temperature
was indirectly controlled by the thermal conduction via the
copper filament and gold band. Another side of the copper
filament was connected to a thermal anchor where the tem-
perature was controlled with 1 mK precision. The accuracy
of temperature measurements in the experiment was within
several mK. The target was illuminated with a white light
source and was imaged on a CCD camera with a macro
lens (DS-5M with AF Micro-Nikkor 200 mm, NIKON).

2.3 Fuel layering

The sequence of the layering experiment is described

(a) Liquid gm13.65 K (b) Solid

Integrating
sphere

Fig. 4 Liquefaction and solidification of H,. The temperature of
the thermal anchor was controlled at 13.65K for lique-
faction and 13.35 K for solidification. (a) Liquid and (b)
Solid.

in Table 1. A brief explanation is given as follows. After
the temperature of the integrating sphere reached ~13 K,
gaseous He of ~20Pa was filled in the target can as a re-
frigerant. The temperature of the integrating sphere was
set at 13.70 K. Gaseous H, was filled in the shell through
the fill tube. When the pressure reached ~7 kPa of the sat-
uration point, liquid H, appeared around the cone because
of surface tension. Liquid H, was filled into the shell at
a rough estimation, because we have not yet developed a
system to fill the fuel with precise quantity control. Then
the temperature was lowered to 13.50 K, and liquid H, was
solidified. Figure 4 represents the liquefaction and solidifi-
cation of H, in the shell. Then the IR laser was illumi-
nated into the integrating sphere, which became a volu-
metric heat source for solid H, redistribution. The shell

1404099-3
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Table 1 Sequence of the layering experiment.

Time Temperature control [K] Pressure [Pa] IR
[min] Integrating ~ Thermal H, He heating Event Photograph
sphere anchor
0 13.16 - 0 20 - Start
45 13.70 13.65 7000 l - Just below the triple point
85 1 l l 1 - Liquefaction of H,. Fig.4 (a)
86 13.60 l l l -
99 13.50 13.35 N/A after - Solidification of H,. Fig. 4 (b)
solidification.
15 ! L Heating
started.
Partially liquefied again. Then slightl
275 1351 13:50 ! l refill th)e/ sl?ell with fliquid. =
13.50 13.50 1 ! Solidification again.
1189 l ! 1 ! Solid at the bottom of the shell. Fig.5(a)
In order to keep the solid state without
1365 13.30 11.80 ! L the dependence on the con<'3 tempe.ra-
ture, the temperature of the integrating
sphere is lowered to 13.3 K.
1439 ! l l l A solid around the cone. Fig.5(b)
1665 ! 12.60 l !
1673 1 l 1 ! Observation of solid layer variation. Fig.7 (a)
l 12.7 i) l
2514 1 ! 1 ! Observation of solid layer variation. Fig.7 (b)
1 12.8 l )
3030 1 l 1 l Observation of solid layer variation. Fig.7(c)
1 11.80 l )
Confirmed a solid around the cone. No
3951 1 1 1 1 difference was observed as compared
to Fig. 5 (b).
3953 ! 12.90 ! L Sta.rt for the redistribution speed obser- Fig. 6 (a)
vation.
3963 1 ! 1 ! 10 min later. Fig. 6 (b)
4013 1 l 1 ! 60 min later. Fig.6(c)
4183 ! ! 1 l 230 min later. Fig.6(d)
4195 1 ! 1 ! Observation of solid layer variation. Fig.7 (h)
! 12.88 l 3
4298 1 ! 1 ! Observation of solid layer variation. Fig. 7 (f)
l 12.86 l !
4340 ! ! 1 ! Observation of solid layer variation. Fig.7 (e)
l 12.84 l !
4380 ! l l l Observation of solid layer variation. Fig.7 (d)
! 12.89 l !
4470 1 l 1 l Observation of solid layer variation. Fig.7(g)
End.
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was slightly refilled with liquid H; at 13.51 K of the tem-
perature of the integrating sphere, and liquid H, was solid-
ified again. The temperature of the integrating sphere was
set at 13.30 K. As the temperature of the thermal anchor
changed, the profile of a formed solid layer was character-
ized using backlight shadowgraphy.

3. Results

To confirm the ability of the cone temperature control,
temperatures were controlled at 13.50 K and 13.30 K of the
integrating sphere and at 13.50 K and 11.80 K of the ther-
mal anchor, respectively, with IR heating. Figure 5 shows
accumulated solid H, on the shell bottom and around the
cone. It was confirmed that the temperature control of the
cone was effective in redistributing solid H,.

Figure 6 shows the variation of the solid H, layer af-
ter the temperature of the thermal anchor was changed
from 11.80K to 12.90K. The temperature of the inte-
grating sphere was controlled at 13.30K. At 11.80K of
the temperature of the thermal anchor, solid H, was accu-
mulated around the cone (see Fig. 6 (a)). After irradiating
IR to the integrating sphere and raising the temperature
of the thermal anchor to 12.90K, solid H, started to re-
distribute. 10 min later, a large number of seeds of solid
H, were formed in the shell on the opposite side of the
cone (see Fig. 6 (b)). Then the seeds grew individually (see
Fig. 6 (c)). Eventually, a polycrystalline uniform solid H,
layer was formed (see Fig. 6 (d)). This phenomenon is re-
ported by C. W. Collins et al. [27].

The thermal anchor temperature was sought from
12.60K to 12.90K to make a solid H; layer uniform. The
formed solid H, layer variation is shown in Fig.7. The
temperature of the cone must be lower than that of the inner
shell surface in Figs. 7 (a) and (b). The cone has high cool-
ing ability because of higher thermal conductivity of gold
than that of PS and therefore was covered with the solid
H,. As the temperature of the thermal anchor rose, solid

13.50 K

Thermal anchor

11.80 K

Integrating
sphere

Fig. 5 Accumulated solid H, at the thermal anchor temperatures
of 13.50 K and 11.80 K and at the integrating sphere tem-
peratures of 13.50 K and 13.30 K, respectively.

H, on the cone was distributed to the shell, as shown in
Figs. 7 (c)-(h). The detailed profiles of the solid H, layers
at 12.88K, 12.89K and 12.90K are shown in Fig. 8. The
inner surfaces are characterized using a shadow graph tech-
nique. Amplitude of mode 1 and root-mean-square (RMS)
roughness up to mode 100 are evaluated. Figure 9 shows
models of roughness from mode 1 to mode 12. The am-
plitude of mode 1 ranges from 33 to 36 um. The RMS
roughness is 44 - 49 um in modes 1 to 100 and 14 - 26 um
in modes 5 to 100. The unsystematically growing poly-
crystalline solid H, layer causes irregular reflections and
might affect the measurement of the RMS roughness. The
roughness with high modes is lower than that with low
modes. The trend is consistent with that of the central
ignition target [28, 29]. There is no significant difference
in the amplitude of mode 1 and the RMS roughness in
the temperature range of 12.88 - 12.90 K; however, higher

1330K "
t =10 min

13.30 K .
t=0 min

d)

\

13.30 K =™

=G 13.30 K

t =230 min

Fig. 6 Time variation of the solid H, layer; (a) The temperature
of the thermal anchor was set to 11.80 K, and solid H,
was condensed around the cone. Then the temperature of
the thermal anchor was set to 12.90 K. (b) 10 min later;
(c) 60 min later; (d) 230 min later (in equilibrium).

13.30K 13.30K

Fig. 7 The profile change of the solid H, layer at each ther-
mal anchor temperature. (a) 12.60K; (b) 12.70K;
(c) 12.80K; (d) 12.84K; (e) 12.86K; (f) 12.88K; (g)
12.89K; and (h) 12.90K.
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Fig. 8 The angular variation in the thickness of the solid Hs.
The temperature of the thermal anchor was (a) 12.88 K,
(b) 12.89K and (c) 12.90K.

Mode 1

Mode 2 Mode 4 Mode 8 Mode 12

Fig. 9 Models of roughness from mode 1 to mode 12.

cone temperatures seem to reduce the solid H, around the
cone, judging from the photographs. The RMS roughness
around the cone could not be evaluated properly by the
present measurement. Thus, the RMS roughness and the
resultant mode 1 amplitude were insensitive to the temper-
atures. The smallest difference of the center of the solid
layer from the center of the shell is within 33 um, i.e., 92%
sphericity at 12.89 K. The thickness of the solid H, layer
at 12.89 K is estimated to be 68 um. The cone temperature
control can thermally compensate the mode 1 perturbation
of the cone as the simulation in Ref.[21]. We cannot dis-
cuss the comparison between the previous simulation re-
sults [21] and the present experimental results because the
assumptions for the simulation are different from the con-
ditions in this experiment. Eventually the cone-attached PS
shell target successfully pretended to be a thermally spher-
ical shell. The solid layer perturbation around the cone
remains under discussion with regard to the consequence
of the implosion performance. Therefore, we should not
assess the achievement of the formed solid layer, as of this
moment. The performance of our layering system is valid
to form a solid layer with high sphericity.

The RMS roughness of several ten um remained in
our experiments. For comparison, the first cryogenic D,
targets imploded on OMEGA showed the inner surface
roughness of 9 - 19 um. in the ~930 pm polymer shell with
a 100 pm solid D, layer [29]. The initial surface roughness
of a polycrystalline solid H, layer cannot be controlled ac-
cording to Ref. [27]. The polycrystalline surface roughness
decays with the dependence of the heat flux incident on
the solid-gas interface. For the OMEGA cryogenic target,
the heat flux incident on the solid D, surface must be high
enough to decrease the initial surface roughness. However,
the IR intensity of ~0.66 mW/cm? to the solid H, layer
was not effective for reducing the inner surface roughness
in our experiments. Higher IR intensity will be applied
in our future experiments. Another layering process suc-
ceeds in realizing low RMS surface roughness. In order to
meet the requirement within 1 wm RMS roughness for cen-
tral ignition experiments, a monocrystal solid fuel layer is
formed [30,31]. Starting from a seed crystal is required to
grow a monocrystal solid layer. For the FIREX target, we
should also study the process of the solidification started
with a seed crystal.

4. Summary

The IR heating method was modified for the FIREX
target. The dedicated layering system with the combina-
tion of uniform IR irradiation and cone temperature con-
trol has been developed and was adjusted to use a sur-
rogate fuel of Hy,. The 826 um PS shell target with the
gold cone successfully pretended to be a thermally spher-
ical shell. Amplitude of mode 1 and RMS roughness up
to mode 100 were evaluated. The amplitude of mode 1
ranged from 33 to 36 um. The solid layer with the best
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sphericity of 92% was formed. The RMS roughness was
44 - 49 um in modes 1 to 100 and 14 - 26 um in modes
5 to 100. Our layering system has the ability to form a
solid layer with high sphericity. Future high IR intensity
experiments would achieve a sphericity of 99%.
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