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Abstract

In order to realize an effective implosion, the beam illumination non-uniformity and implosion non-uniformity must be
suppressed to less than a few percent. In this paper, a direct-indirect mixture implosion mode is proposed and discussed
in heavy ion beam (HIB) inertial confinement fusion (HIF) in order to release sufficient fusion energy in a robust
manner. On the other hand, the HIB illumination non-uniformity depends strongly on a target displacement (dz) in a
reactor. In a direct-driven implosion mode dz of ~20 um was tolerance and in an indirect-implosion mode dz of ~100
pnm was allowable. In the direct-indirect mixture mode target, a low-density foam layer is inserted, and radiation
is confined in the foam layer. In the foam layer the radiation transport is expected in the lateral direction for the HIB
illumination non-uniformity smoothing. Two-dimensional implosion simulations are performed and show that the
HIB illumination non-uniformity is well smoothed. The simulation results present that a large pellet displacement of
~300 um is tolerable in order to obtain sufficient fusion energy in HIF.

Keywords: Heavy ion beam; Implosion non-uniformity; Inertial confinement fusion; Pellet gain; Radiation

transport

1. INTRODUCTION

In heavy ion beam (HIB) inertial confinement fusion (ICF),
critical issues include an accelerator design, a reactor design,
an efficient HIB transport, a HIB-target interaction and
more (Lindl et al., 1992; Hogan et al., 1992; Tabak & Miller,
1998; Callahan, 1995; Welch et al., 2002; Qin et al., 2001;
Barnard et al., 2003; Davidson et al., 2002; Kawata et al.,
2002; Someya et al., 2004). Generally, ICF has two implo-
sion schemes, that is, indirect-driven (Tabak & Miller, 1998;
Callahan, 1995; Callahan et al., 2002), and direct-driven
(Basko, 1993; Kikuchi et al., 2005) implosion schemes.
Each implosion scheme has merits and demerits: the indirect-
driven scheme may be robust against the beam non-uniformity
in spite of low beam number, although its structure may be
complicated and may be relatively expensive. The direct-
driven pellet structure may be simple, although the scheme
may be sensitive to the HIB illumination non-uniformity. In
this paper, a direct-indirect mixture implosion mode is pro-
posed and discussed in HIB ICF (HIF) in order to release
sufficient fusion energy in a robust manner. After impinging
of the HIB particles onto the fuel target, the pusher layer is
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ablated by thermal expansion due to the HIB deposition
energy. Then the pusher layer pushes the DT fuel to the
central direction. The DT fuel is compressed and must
achieve a high-density high-temperature state after the void
close. During the DT compression (target implosion), the
ablation front must be uniform to realize an effective implo-
sion, and a fuel burning (Emery et al., 1982, 1991). How-
ever, the limited-HIB-number illumination may induce the
non-uniform ablation front and non-uniform target implo-
sion in realistic cases. Moreover, the pellet displacement
from the chamber center influences the non-uniform implo-
sion and the gain reduction. In order to calculate a fuel target
implosion more realistically, we couple a hydrodynamics
code with a HIB illumination code (Ogoyski et al., 2004),
and analyze the target implosion.

The target energy gain required for energy production by
ICF can be evaluated by considering a reactor energy bal-
ance as shown in Figure 1. A driver pulse delivers an energy
E, to the target, which releases an amount of fusion energy
Ej,,. The energy gain is G = E,,/E,. The fusion energy is
first converted into thermal energy of a blanket in a reactor
chamber and then converted into electricity by a standard
thermal cycle with an efficiency 7,. A fraction f of the
electric power is recirculated to a driver system, which
converts it into beam energy with an efficiency 7,. The
energy balance for this cycle can be written fn;n,,G = 1.
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Taking 1,, = 40% and requiring that the recirculated frac-
tion of electrical energy be smaller than 1/4, we find the
condition Gn,; > 10. For a driver efficiency in the range of
n, = 10-33%, the condition leads to a target gain of G =
30-100 required for power production. Especially, the required
pellet gain is about 30 for the HIF because the HIB driver
efficiency is about n; = 30%.

2. SIMULATION MODEL

In HIF, the pulsed HIBs are illuminated on a fuel target.
During the HIB illumination, the fuel target temperature
becomes higher and higher. Therefore, the behavior of the
target can be treated as a plasma hydrodynamics. In our
developed hydrodynamics code, we solve basic hydro-
dynamic equations as follows:
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Here, p, u, T;, T,, and T, are a target mass density, a
velocity, an ion temperature, an electron temperature, and a
radiation temperature, respectively. The P,,;, Py,., and P,
are an ion, an electron, and a radiation pressures, respec-
tively. The q is an artificial viscosity. The C,;, C,,, and C,,
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Fig. 1. Energy balance of ICF.

show ion, electron, and radiation specific heats for constant
volume, respectively. The K;, and K, are an energy exchange
terms between an ion-electron and a radiation-electron,
respectively. The H; and H, are an ion and electron heat
conduction terms. The S; and S, represent source terms of an
ion and electron from a stopping power. The F shows a
limited radiation flux (Turner & Stone, 2001). To calculate
advection terms in Egs. (1)—(5), we use the R-CIP method.
To capture a target material, we employ a color function
(Xiao, 2001). We use an equation of state which is fitted the
SESAMI library data (Bell, 1981).

In order to study relationship between the HIB energy
deposition on an energy absorber of a fuel pellet and the
non-uniformity smoothing effect by the radiation transport
effect on a pellet implosion, we calculate the target plasma
hydrodynamics and fuel ignition by using the hydrodynam-
ics code coupling with the HIB illumination code. Figure 2a
shows the fuel target without a foam layer. The Pb, Al, and
DT layer thicknesses and mass densities are 0.03 mm,
0.40 mm, 0.10 mm, 11.3 g/cm?, 2.69 g/cm? and 0.19
g/cm?, respectively. Figures 2b and 2c show the target in the
cases with a 0.5 mm and 1.0 mm thickness foam layers. As
widely known, the radiation energy can be confined at a low
density region. The radiation energy confined may smooth
the HIB illumination non-uniformity. Therefore, we employ
a foam layer to increase the confined radiation energy at the
low density region (we call a “direct-indirect mixture mode”
in this paper). The mass density of the foam layer is 0.01
times Al solid density in this study. The HIB pulse consists
of alow power part (foot pulse) and a high power one (main
pulse) as shown in Figure 3. In this case, the total HIB
energy is 4.0 MJ. We employ a 32-HIBs illumination system
as shown in Table 1. We evaluate the beam illumination
non-uniformity at the target. In HIB ICF, the Bragg peak
deposition area plays the most important role for a target
implosion. Therefore, we define the total relative root-mean-
square (RMS) as follows:
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Fig. 2. Target structure of (a) without the foam layer, (b) the 0.5 mm foam, and (c) the 1.0 mm foam case.

ny

Oruis = 0 Wi Opugsi Table 1. The HIB illumination angle on the target in the
i 32-HIBs system

1 \/E 2 (E), - E,;,'k)z 0 [degree] ¢ [degree]
ORrMSi = T\ Lt 0 0
(E), ngng 180 0
37.38 0
E, 37.38 72
w; = — (6) 37.38 144
E 37.38 216
37.38 288
Here, o5 is the RMS non-uniformity of beam irradiation. 63.44 36
Orusi 1s the RMS non-uniformity on the i-th (r = constant) 63.44 108
surface of deposition. w; is the weight function in order 63.44 180
to include the Bragg peak effect or the deposition profile. gg‘ii g;i
n,, ng, and n, are mesh numbers in each direction of the 79.19 0
spherical coordinate. (E); is the mean deposition energy on 79.19 72
the i-th surface, E; is the total deposition energy on the i-th 79.19 144
79.19 216
79.19 288
100.2 36
Power[TW] 100.2 108
4 100.2 180
100.2 252
100.2 324
320 116.6 0
116.6 72
116.6 144
116.6 216
116.6 288
6 142.6 36
s 142.6 108
142.6 180
20 24 34 Pulse [ns] 142.6 250
142.6 324

Fig. 3. The HIB pulse consists of the low power part (foot pulse) and the

high power one (main pulse).

https://doi.org/10.1017/50263034606060526 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034606060526

362 T. Someya et al.
(@) =0.37ns (b) t=34.9ns (©) =36.2n5
12000 0.005 1800 03 3000 04
1600 3
10000 0.004 025 2500} 033
1400 03
& 8000 = 1200 02 = 2000
£ 0003 F % ', = ‘”g 025
= 6000 < 2 100 *, 2 2 500 02 2
z radiation temperature .. . = =3 w1 018 ==y [ R
2 0.002 g 800 K z
5 \ z 5 015
4000 s 600 = 1000} .
e E
2000 [ x 0.001 400 sool oo
density 200 -
0 0 o K . . . . . . o 0 0
28 30 32 34 3 38 40 0 1 3 4 5 6
radius [mm] R P S radius [mm]

Fig. 4. The mean density and the radiation temperature averaged over the 6 direction at (a) 0.37 ns, (b) 34.9 ns, and (¢) 36.2 ns in the

case without the foam.

surface, and E is the total deposition energy. In this paper,
two-dimensional (in spherical coordinate) simulations are
performed, and the two-dimensional HIB illumination time-
dependent pattern at ¢ = 90 deg is employed from the HIB
illumination code (Ogoyski et al., 2004).

3. SIMULATION RESULTS

3.1. Without foam

Figure 4 presents a mean density and a radiation tempera-
ture averaged over the 6 direction at: (a) 0.37 ns, (b) 34.9 ns,

(b) t=24ns
0

(a) initial condition
0

and (c) 36.2 ns for the target shown in Figure 2a, respec-
tively. This case shows a direct-driven implosion mode. The
averaged HIB illumination non-uniformity is 2.3% due to
32-HIBs irradiation on the target in this case. The Pb beam
ions impinge the pellet surface as shown in Figure 4. The
HIB deposition energy distribution induces an ablation region
at the outside of the DT fuel, and then about one-third of Al
pusher mass pushes the DT fuel. Figure 5 shows the target
materials at: (a) the initial, (b) 24 ns, (¢) 33 ns, and (d) 35 ns
in the case without the foam. The limited number of HIBs
induces the large non-uniform compression. Especially, we
can see that the fuel DT is compressed non-uniformly near
the void closure time.
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Fig. 5. The target materials at (a) the initial, (b) 24 ns, (c)
33 ns, and (d) 35 ns in the case without the foam.
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Fig. 6. The mean density and the radiation temperature averaged over the 6 direction at (a) 0.29 ns, (b) 40.4 ns, and (c) 44.6 ns in the

case of the 0.5 mm foam.

3.2. With foam

In the direct-indirect mixture mode target, a low-density
foam layer is inserted as shown in Figure 2b, and radiation is
confined in the foam layer. In the foam layer, the radiation
transport is expected in the lateral direction for the HIB
illumination non-uniformity smoothing. Figure 2b presents
the fuel target, and consists of five layers of solid Pb, a solid
Al, a foam Al, a solid Al, and DT. The foam Al density is
0.01 times the Al solid density. In this section, we also
employ the 32-HIBs illumination system. Figure 6 shows
the mean target density and the mean radiation temperature
at: (a) 0.29 ns, (b) 40.4 ns, and (c) 44.6 ns in the case of the

(a) t=42ns, radiation transport ON

0.5 mm foam, respectively. In Figure 6a, the target and HIB
parameter are selected so that all the HIB particles deposit
their energy at the outer higher-density Al layer outside of
the Al foam layer in order to present a fuel preheating. The
heated Al layer produces the radiation energy. The radiation
energy is confined in the foam layer, and smooths the HIB
illumination non-uniformity. To check the radiation trans-
port effect on the implosion non-uniformity smoothing, we
compare the results for the cases with the radiation transport
(ON) and without the radiation transport (OFF).

Figures 7a and 7b show the target materials in the case of
the radiation transport ON at 42 ns and 46 ns, respectively.
Figures 7c and 7d present the target materials in the case of
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target materials in the case of the radiation transport
OFF at 42 ns and 46 ns, respectively.
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Fig. 8. The radiation temperature profile at 34 ns and 42 ns as a function of the 6 angle in the cases of the 0.5 mm foam (radiation

transport ON and OFF) and without the foam.

the radiation transport OFF at 42 ns and 46 ns, respectively.
In Figure 7, the number 1, 2, and 3 represent the DT fuel, Al
and Pb, respectively. From Figure 7, we can confirm that the
more uniform implosion is realized in the case of the radia-
tion transport ON compared with the case of the radiation
transport OFF. Especially, the fuel DT is compressed uni-
formly near the void close in the case of the radiation
transport ON. To confirm the radiation transport effect on
the implosion non-uniformity smoothing, we pick up the
radiation temperature profiles at 34 ns and 42 ns as a
function of the 6 angle in the cases with the 0.5 mm foam
(radiation transport ON and OFF) and without the foam (see
Fig. 8). The radiation temperature large non-uniformity in
the 6 direction can be seen in the case of the radiation
transport OFF and the case without the foam. In Figure 8,
the radiation transport effect is included in the case without
the foam. Therefore, the high-order ripple modes are smoothed
by the radiation transport effect in the case without the foam
compared with the case of the radiation transport OFF. On
the other hand, the radiation non-uniformity becomes small
in the case of the radiation transport ON compared with the
case of OFF. From the above results, we can also confirm
that the non-uniformity is smoothed by the radiation trans-
port effect.

Figure 9 presents the time dependence of the RMS non-
uniformity of the radiation temperature at the ablation front
in the cases of the radiation transport ON and OFF. From
Figure 9, we can see that the implosion non-uniformity at
the ablation front becomes small effectively by the main
pulse in the case of the radiation transport ON. The foam
layer is compressed gradually during the main pulse. During
the main pulse and the compression of the foam layer, the
implosion non-uniformity can be smoothed by the radiation
transport effect.

Figures 10 present (a) the gain curve, (b) the mean pR,
and (c) the maximum ion temperature versus dz of the target
displacement in the cases of radiation transport ON, OFF,
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and without the foam, respectively. As described in the
Introduction, the pellet gain must be larger than 30 in order
to obtain the sufficient energy production in HIF. In our
calculation results, the pellet gain is ~23 in the case of dz =
0 without the foam. Moreover, the gain decreases dramati-
cally with the increase in the pellet displacement in the case
without the foam. Therefore, it may be difficult to use a
fusion electric power generation system in the case without
foam. On the other hand, we can confirm that the pellet gain
in the case with the foam is larger than 30 up to dz of about
~300 pum pellet displacement. However, the gain becomes
smaller with the increase in the pellet displacement in the
cases of the radiation transport OFF and without the foam.
The maximum ion temperature and the mean pR decrease
for a large pellet displacement in the case of the radiation
transport OFF. On the other hand, the mean pR and the max-

main pulse region

1"\/" radiation off |

radiation on

l

0 5 0 15 20 25 30 35 40 45

time [ns]

Tr non-uniformity at ablation front [%]

Fig. 9. The time dependence of the RMS non-uniformity of the radiation
temperature at the ablation front in the cases of the radiation transport ON
and OFF.
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Fig. 10. Figures (a), (b), and (c) present the pellet gain, the mean pR and the maximum ion temperature as a function of the pellet
displacement dz from the chamber center in the cases of the radiation transport ON, OFF and without the foam.

imum ion temperature in the case of the radiation transport
ON are still large compared with those in the cases of the
radiation transport OFF and without the foam. From these
results, the radiation transport at the low density region plays
an important role to release the effective power production
by ICF. In ICF, the tolerable pellet displacement from the fusion
reactor center was about 20 um for direct-driven implosion
and about 100 um for indirect-driven implosion, respec-
tively (Goodin et al., 2001; Petzoldt et al., 2003; Someya et al.,
2004). From our results, the allowable dz in the direct-indirect
mixture drive mode in HIF is about 300 pm.

Figure 11 shows the implosion non-uniformity of (a) the
target density, (b) the total pressure, (c) the ion temperature,
and (d) the radial velocity at the void close time as a function
of the pellet displacement dz in the cases of the radiation
transport ON, OFF, and without the foam. From Figure 17,
the implosion non-uniformity becomes large in the cases of
the radiation transport OFF and without the foam compared
that with the radiation transport ON case. These results also
indicate that the radiation transport effect at the low density
region can relax the non-uniform implosion. Especially at
the maximum pR, the non-uniformity is small compared
with that at the void close time. This result shows that an
effective fuel burning can be realized in spite of the large
pellet displacement of dz ~ 300 pm.

3.3. Effect of foam thickness

In this section, the effect of foam thickness on the direct-
indirect mixture implosion is presented. We employ the
target with the 1.0 mm thickness foam as shown in Fig-
ure 2c. Figure 12 presents the radiation temperature at the
ablation front as a function of  angle at the (a) 34 ns and (b)
42 ns in the cases of 1.0 mm and 0.5 mm foams, respec-
tively. The radiation non-uniformity in the case of the 1.0 mm
foam is almost the same in the case of the 0.5 mm foam.
Figure 13 shows the time dependence of the RMS non-
uniformity of the radiation temperature at the ablation front
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in the cases of 1.0 mm and 0.5 mm foams. From Figure 13,
we can see that the radiation temperature non-uniformity at
the ablation front becomes small effectively at the main
pulse region in both the cases.

Figure 14 displays the time dependence of the radiation
energy confined at the low density region in the cases of the
1.0 mm foam, the 0.5 mm foam and without the foam.
The peak conversion efficiencies of the HIB total energy to
the radiation energy are ~4.5% in the case of the 1.0 mm
foam, ~4.5% in the case of the 0.5 mm foam and ~1.5% in
the case without the foam. From these results, we find that
the implosion mode in the case with the foam is a mixture of
direct- and indirect-driven modes.

Figures 15 show (a) the gain curve, (b) the mean pR, and
(c) the maximum ion temperature in the cases of 1.0 mm and
0.5 mm foams, respectively. We can see that the required
pellet gain is satisfied in the cases of 1.0 mm and 0.5 mm
foams for the displacement of dz = 0. However, the pellet
gain is small in the case of the 1.0 mm foam compared with
that in the case of the 0.5 mm foam. The implosion velocity
is not high enough to ignite the DT fuel efficiently because
the 1.0 mm foam thickness was too thick to create a suffi-
cient implosion driving pressure. Therefore, the pellet gain
decreases for the large pellet displacement in the case of the
1.0 mm foam.

Figure 16 shows the implosion non-uniformity of (a) the
target density, (b) the total pressure, (¢) the ion temperature,
and (d) the radial velocity at the void close time as a function
of dz in the cases of the 1.0 mm foam, the 0.5 mm foam, and
without the foam. The implosion non-uniformity in the case
without the foam becomes large for the large pellet displace-
ment. In the case of the 1.0 mm foam, the non-uniformity is
also small. However, the pellet gain is small compared with
that in the 0.5 mm foam case as described above. These
results indicate that the foam thickness is important to
obtain a sufficient fusion energy output. These results indi-
cate that the foam thickness is important to obtain a suffi-
cient fusion energy output.
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Fig. 11. The implosion non-uniformity of (a) the target density, (b) the total pressure, (¢) the ion temperature, and (d) the radial
velocity at the void close time as a function of dz in the cases of the radiation transport ON, OFF and without the foam.
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Fig. 12. The radiation temperature at the ablation front as a function of 6 angle at the (a) 34 ns and (b) 42 ns in the cases of 1.0 mm and

0.5 mm foams.
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Fig. 13. The time dependence of the RMS non-uniformity of the radiation
temperature at the ablation front in the cases of 1.0 mm and 0.5 mm foams.

5. CONCLUSIONS

In this paper, we discuss the target implosion using the
32-HIBs illumination system. The direct-driven fuel target
implosion is weak against the beam non-uniformity. How-
ever, in the low density foam region, the radiation energy
can be confined and the implosion non-uniformity is smoothed.
Therefore, we employ the foam layer for the fuel target in
order to increase the radiation energy confined and to expect
a uniform target implosion. In our target with the foam, the
direct-indirect mixture implosion mode is realized. From
our calculation results, the trapped radiation energy at the
low density region in the case with the foam (direct-indirect
mixture mode) is large compared with that in the case
without the foam (direct-driven mode). The peak conver-
sion efficiencies are ~4.5% in the case of the 1.0 mm foam,
~4.5% in the case of the 0.5 mm foam, and ~1.5% in
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Fig. 14. The time dependence of the radiation energy confined at the low
density region in the cases of the 1.0 mm foam, the 0.5 mm foam and
without the foam.

the case without the foam. The foam thickness is important
to release sufficient fusion energy. For the 0.5 mm thickness
foam case, the implosion non-uniformity is suppressed effec-
tively and a sufficient fusion energy is obtained in HIF. It
was also found that the direct-indirect mode target is robust
against the target displacement of dz. Our results present
that a large pellet displacement of ~300 um is allowed in
order to obtain a sufficient fusion energy in HIF.
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