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Effects of Radial Thermal Conduction and Radiation Transport
During Fuel Pellet Implosion in Heavy-Ion Inertial Fusion∗)
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We investigated the effects of radial thermal conduction and radiation transport from a fuel pre-heating
for during the implosion process. We proposed a target structure using a Pb pusher to prevent the pre-heating
phenomenon. We compared the electron heat and radiation fluxes, optical thickness, radiation temperature of
the fuel, and fuel compression ratio for the Al and Pb pushers. For the Pb pusher, the compression ratio of the
fuel increased when pre-heating was prevented. The results indicated that a pusher with a high-Z and dense
material could minimize pre-heating and achieve a high fuel compression ratio. This is because such a material
can maintain higher opacity during the implosion process.
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1. Introduction
Heavy-ion inertial fusion (HIF) is a promising candi-

date for future electric power generation because of its de-
sirable properties, such as the high energy conversion effi-
ciency and repetition rate capability of heavy-ion beams. A
fuel should be compressed to one thousand times the solid
density in the HIF system to obtain sufficient fusion output
energy. The fuel pellet consists of a tamper layer, ablator
layer, and fuel layer. The ablator layer expands and drives
the implosion by absorbing the beam energy. The tamper
layer is heavy and prevents the fuel pellet from expanding
outward during the implosion process.

To realize a higher fuel compression ratio, the en-
ergy deposition by heavy-ion beam (HIB) irradiation is
kept lower than a few percent because of non-uniformity.
To solve this problem, a fuel target structure with a low-
density layer has been proposed to mitigate the non-
uniformity of radiation transport in the azimuthal direc-
tion [1, 2]. However, the radiation energy in the metal
foam layer is also transported in the radial direction, which
preheats the center of the fuel pellet; thus, the fuel com-
pressibility required for sufficient fusion output cannot be
obtained. While radial radiative transport causes energy
transfer from the low-density layer to the center of the fuel
pellet, the fuel is heated owing to thermal conduction by
electrons during the implosion process. Therefore, it is ex-
pected to mitigate the fuel pre-heating that occurs during
implosion by constraining the radial heat flux and radial
radiation transport into the core of the fuel pellet. Subse-
quently, we proposed a novel concept for fuel pellets that
use heavy materials in the pusher layer that can effectively
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block radial radiation transport.
In this study, we developed a one-dimensional radia-

tion hydrodynamic code and investigated the effects of ra-
dial thermal conduction and radiation transport from a fuel
pre-heating standpoint during the implosion process.

2. Calculation Model
Using a 1-D spherical coordinate radiative hydrody-

namic model, we solved the hydrodynamic and radiation
transport equations in lagrangian coordinate as follows:
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Here, ρ, ur, T , Er, and P are the mass density, ve-
locity, temperature, radiation energy density, and pressure,
respectively. The ideal gas fermion equation of state [3]
is used to obtain the equation for state of the electrons in
Eq. (6). q is an artificial viscosity term. Cvi and Cve de-
note the ion- and electron-specific heats for a constant vol-
ume, respectively. Qie and Qre are the energy exchange
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terms between the ion electron and radiation electron, re-
spectively. F is the heat flux term [4]. S e represents the
source term of the electron from the stopping power. In this
study, the stopping power is defined based on Bethe-Bloch
and LSS theories for bound electrons [5]. The ionization
state z∗ is calculated using the Saha ionization equation [6].
mu, M and kB are the atomic mass constant, mass number
and Boltzmann constant respectively. Θ = Te/TF is the
normalized temperature and X = 0.27232, Y = 0.145 and
y = 1.044. TF is the Fermi temperature. The subscripts i, e,
and r represent ions, electrons, and radiation, respectively.

3. Calculation Condition
Figure 1 illustrates the fuel target model. The fuel tar-

get structure is applied to that used in a previous study [1].
The fuel target consists of a tamper layer, ablator layer,
foam layer, pusher layer, and fuel layer. The tamper layer
is heavy and prevents the fuel pellet from expanding out-
ward during the implosion process. The ablator layer ex-
pands and drives the implosion by absorbing the beam
energy. The foam layer mitigates the non-uniformity of
the deposition energy by propagating the radiation during
the implosion process. The pusher layer prevents the pre-
heating phenomenon and compresses the fuel [7]. Subse-
quently, in this study, two pusher layers, (a) Al and (b) Pb,
were used for the calculations.

The Pb, Al, foam, and fuel (DT) layer mass densities
are 11.3 g/cm3, 2.69 g/cm3, 0.13 g/cm3, and 0.19 g/cm3, re-
spectively. The mass density of the foam layer is 0.05
times the Al solid density in this study. The thicknesses
of the tamper, ablator, foam, pusher, and DT layers are 30,
430, 1000, 70, and 180 μm, respectively.

Figure 2 shows the HIB pulse waveforms. In this case,
lead ions are used as the beam species, with foot pulses
of 6 TW (6.2 ns) and 320 TW for the main pulse (9.2 ns).

Fig. 1 Target structure with foam layer.
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Fig. 2 HIB pulse waveform.

The transition from the foot pulse to the main pulse occurs
when the foam layer begins to move. The pulse width dur-
ing this transition is set to 6 ns. The total HIB energy is
3.97 MJ.

4. Calculation Results
Figure 3 shows the layer distributions during the im-

plosion process of the targets for the (a) Al and (b) Pb
pusher layers. The HIB incident on the tamper layer is
absorbed in the ablator layer. The ablator layer drives the
ablative shock inward. The compression wave from the
ablation layer proceeds inward and reaches the DT fuel,
causing the DT fuel to accelerate inward. Subsequently,
the DT fuel is concentrated in the center, resulting in the
compression of the fuel. However, the result presented in
Fig. 3 (a) shows that the fuel is not adequately compressed
compared to the result presented in Fig. 3 (b). The fuel
layer suddenly decelerated near the center of the sphere
owing to the pressure increase during implosion. For this
reason, the fuel was not adequately compressed. This phe-
nomenon was attributed to radial heat transport pre-heating
in the fuel layer.

5. Effect of Radiation and Electron
Heat Fluxes
Figure 4 shows the fluxes in the inner pusher layers:

(a) the electron heat flux and (b) the radiation flux. The
fluxes are defined as follows:

Fr = − cλ
σR

∂Er

∂r
, (7)

(a) Al pusher

(b) Pb pusher

Fig. 3 Material distribution of a target during the implosion pro-
cess.
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         (a) Electron heat flux                        

                        (b) Radiation flux

Fig. 4 Fluxes in inner layer of pusher during implosion process.

Fe = −κe
∂Te

∂r
. (8)

Here, c, λ, σR and κe are the speed of light, flux limiter,
Rosseland mean opacity and electron hear conduction co-
efficient respectively. Because the ion heat flux is signif-
icantly lower than the radiation and electron heat fluxes,
only the radiation and electron heat fluxes are considered
in the comparison.

As shown in Fig. 4, a positive flux value indicates an
outward energy transfer, while a negative flux indicates an
inward energy transfer. In Fig. 4, inward fluxes for elec-
trons and radiation can be observed inside the Al pusher.
However, neither the electron heat flux nor radiation heat
flux can be observed in the Pb pusher. Therefore, the dis-
cussion on the fluxes will focus on the results obtained with
the Al pusher.

Figure 5 illustrates the radiation and electron heat
fluxes at the inner boundary of the Al pusher. The electron
heat flux in the inward direction increases before the radi-
ation flux does. The results indicate that the pusher layer
is heated by electron thermal conduction and becomes op-
tically thin owing to the thermal expansion of the pusher
layer and increase in the electron temperature. Conse-
quently, the radiation flux propagated inward from the ab-
lator and foam layers through the pusher layer. Because
the radiation flux is larger than the electron heat flux, we
assume that the heating of the fuel was dominated by ra-

Fig. 5 Electron heat and radiation fluxes at interface between the
fuel and pusher during the implosion process.

Fig. 6 Optical thickness at interface between the fuel and pusher
during the implosion process.

diative transport. Therefore, it is important to evaluate the
optical thickness of the inner pusher layer during the im-
plosion process.

Figure 6 shows the optical thickness at the interface
between the fuel and pusher. The opacity is estimated as
follows [8]:

σR = 1.4
Z3

M2
ρ2T−7/2

e [1/m]. (9)

Here, Z is atomic number. This shows that the optical
thickness at the fuel and pusher interface increases as the
implosion progresses. The optical thickness of the Al
pusher increases in the order of millimeters. Because the
initial pusher layer thickness was 70 μm, the optical thick-
ness is sufficiently larger than that of the Al pusher. Con-
sequently, the radiation flux can pass through the pusher
layer to the fuel. On the other hand, for the Pb pusher,
the optical thickness during the implosion process is in the
order of nanometers and sufficiently smaller than that of
the Pb pusher. Therefore, we assume that the Pb pusher
prevents the radiation transport into the fuel.

6. Effect of Pre-Heating
Figure 7 shows the radiation temperature in the fuel

layer as a function of time normalized by the time at which
the minimum fuel layer radius occurs in the Al and Pb
pushers. In Fig. 7, the temperature rise can be observed
before the time at which the minimum fuel layer radius oc-
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Fig. 7 Fuel radiation temperature during the implosion process.

Fig. 8 Fuel compression ratio during the implosion process.

curs, indicating that the radiation energy propagates to the
fuel. For this reason, the fuel is pre-heated owing to ra-
diation flux. For the Pb pusher, the radiation temperature
increases before the time at which the minimum fuel layer
radius is smaller than that for the Al pusher. This implies
that the Pb pusher interferes with the pre-heating of fuel,
contrarily to the Al pusher. These results are consistent
with the heat flux and optical thickness results, as indicated
in the previous section, and show that using a high-Z ma-
terial with high density and sufficient optical pusher layer
thickness can prevent the radiation transport from the foam
layer to the fuel layer.

Figure 8 shows the fuel compression ratios of the tar-
get for the Al and Pb pushers. As shown in Fig. 8, a high
compression ratio cannot be obtained for the Al pusher.
This is attributed to the pre-heating caused by both the ra-
diation transport and electron thermal conduction consid-
ering the discussions stated above. On the other hand, a
high compression ratio is obtained in the case of the Pb
pusher because pre-heating is effectively prevented.

Figure 9 shows the results of the fuel compression ra-
tio obtained by varying the thickness of each pusher and
calculating the change in the pusher mass. Observe that
the fuel compression ratio increases as the pusher mass in-
creases. In the case of the Pb pusher, the fuel can be com-
pressed approximately 200 times. From these figures, ob-
serve that the maximum compression ratio of the Pb pusher
is 17 times greater than that of the Al pusher.

Fig. 9 Compression ratio of fuel with respect to pusher mass.

7. Conclusion
In this study, we developed a one-dimensional radia-

tion hydrodynamic code and investigated the effects of ra-
dial thermal conduction and radiation transport consider-
ing the fuel pre-heating phenomenon during the implosion
process.

To prevent pre-heating, we proposed a target structure
using a Pb pusher, in which the electron heat and radiation
fluxes, optical thickness, fuel radiation temperature, and
fuel compression ratio were compared with those for an Al
pusher.

Based on the calculation results, in the case of the Al
pusher, a higher compression ratio could not be obtained
because of the pre-heating caused by both radiation trans-
port and electron thermal conduction. On the other hand, in
the case of the Pb pusher, a high compression ratio was ob-
tained because pre-heating was effectively prevented. The
results indicated that a pusher with a high-Z and dense ma-
terial could minimize pre-heating and achieve a high fuel
compression ratio. This is because the proposed material
can maintain higher opacity during the implosion process.
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