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Chapter 1

Introduction

Our energy comes mainly from fossil fuels and nuclear fission. Both have
undesirable consequences. Nuclear fission is leaving us with an accumulat-
ing supply of depleted nuclear fuel rods, which will remain radioactive for
centuries. And though well-designed nuclear reactors are inherently safe, a
nuclear accident as happened at Chernobyl can be disastrous.

Fossil fuels, oil, gas and coal power our cars and electric generating plants,
polluting the air with COx and sulfur emissions. Sulfur dioxide combines with
atmospheric oxygen to form sulfur trioxide, which reacts with water vapor to
form sulfuric acid. The result is acid rain, which some scientists think could
be causing damage to forests on the earth.

Other energy sources, such as solar, wind, ocean wave and geothermal
are under development, but none of these will be able to supply the large
amounts required in the foreseeable future.

More efficient electrical devices and building insulation (conservation) can
reduce the rate of increase of demand but cannot generate energy. All our
energy comes from the sun. Our problem is to convert enough of it to useful
forms.

1.1 Fusion

Our best hope for an abundant energy source here on earth is nuclear fusion.
While it is nuclear (involving the nuclei of atoms) it is quite different from
the presently used nuclear fission. Fission starts with a heavy element that
has large atoms, such as uranium. Uranium nuclei, orbited by clouds of

1



1 Introduction 2

electrons, are so large that they are unable to remain in one piece and tend
to lose fragments. These emitted fragments dissipate their energy as heat,
but they are still radioactive and continue to break down into smaller atoms
in time. This is the fission process (see Fig. 1.1), and these radioactive
fragments create a serious waste disposal problem.

H
D

T

U

Fe

4He

fission

fusion

atomic number

bo
nd

 en
er

gy

Figure 1.1: Nuclear fission and fusion.

Nuclear fusion begins instead with atoms of the lightest element, hydro-
gen, abundant in water. Fuel cost is negligible. Instead of breaking them
apart, hydrogen nuclei are fused together to form non-radioactive helium and
neutrons as by-products. Fusion is not easy to achieve, though it happens
naturally in stars because gravity causes large amounts of gaseous matter in
space to collapse in upon itself. The hydrogen bomb works on fusion, but
the energy release is uncontrolled.

The central problem for physicists and engineers working on controlled
nuclear fusion is due to the electrical nature of matter. Nuclei consist of
positively charged protons and neutral neutrons, and are surrounded by neg-
atively charged electrons. From basic electricity, like charges repel while
opposite charges attract. As two nuclei are brought together, the force of
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repulsion becomes immense. This keeps matter from collapsing but makes
fusion difficult. Large amounts of energy are needed to force nuclei together.
When nuclei are close enough, another basic force (the ”strong force”) within
the nucleus itself causes them to attract, overcoming the electric force (over-
come the Coulomb barrier), and they fuse into a heavier element (see Fig.
1.2). In fusing, some mass is converted to energy according to the Einstein’s
famous formula: E = mc2.

R

Coulomb BarrierVeff
projectile

Figure 1.2: The Coulomb barrier.

In order to be applied a strong force within the nucleus, the nuclei and
electrons must be separately. Therefore, the atom (the hydrogen etc...) tem-
perature should be high (10 to 100 million degrees). Under those conditions,
first of all, the electrons will be stripped away from the nuclei. We will have
a system with no atoms, just electrically charged nuclei and free electrons.
This is called a plasma. Nuclei and electrons will be moving very rapidly in
random directions. If the plasma is hot enough, nuclei overcome the elec-
trical barrier, undergo fusion reactions, and produce more energy, increasing
the plasma’s temperature further.

The problem is that the very hot plasma cannot be kept in a container,
because any solid container would be vaporized at temperatures of millions
of degrees. If the plasma is not contained, then as it is heated it will just
dissipate, like cigarette smoke into a room. There are three approaches to
containing the plasma:

• Gravity confinement
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• Confinement by strong magnetic field (magnetic confinement fusion)

• Inertial confinement (inertial confinement fusion)

Building a star is impractical because the amount of matter required for
gravitational confinement far exceeds that available on earth. However it is
impossible to be realize this confinement type on the earth clearly.

The Inertial confinement fusion (ICF) and magnetic confinement fusion
(MCF) are two main approach to controlled fusion. While MCF aims for a
steady-state plasma confined by a magnetic field, ICF is an inherently pulsed
concept, igniting and burning small fuel capsules at a rate of a few Hz. The
basic fusion reactions are the same and require similar plasma temperatures,
but density and pressure regimes are completely different as shown in Table
1.1.

Table 1.1: Orders of magnitude of ion temperature, number density and pressure
for MCF and ICF thermonuclear plasma states.

MCF ICF
T (keV) 10 10
n (cm−3) 1014 1025

p (bar) 10 1012

1.1.1 Magnetic fusion

The magnetic confinement takes advantage of the very nature of the plasma
as a gas of charged particles. In a strong magnetic field, charged particles can
move freely only in the direction of the field lines, while transverse motion is
nearly suppressed. It is therefore possible to confine the plasma particles in
devices with appropriate magnetic field configurations as the tokamaks and
ITER and so on.

In magnetic confinement, the density of the confined plasma is given by
the strength of the magnetic field. The essential observation is that the ki-
netic pressure of the plasma cannot be larger than a fraction βmax of the
magnetic field pressure. The value of βmax depends on details of the con-
figuration and is typically smaller than 10 % for a tokamak. The magnetic
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field is limited to about 100 kG by material strength considerations. On
the other hand, plasma temperature have to be in the order of 10 keV. This
leads to maximum particle density the order of 1014 cm−3 for a tokamak re-
actor. This density is five orders of magnitude below that of air at standard
conditions. Plasma with such low density is practically transparent to their
bremsstrahlung radiation and to the fusion neutrons.

1.1.2 Inertial confinement fusion

Inertial confinement involves no external means of confinement, but exclu-
sively relies on mass inertia. Suppose a fusion plasma has been assembled
in a small spherical volume. Mass inertia then keeps it together for a short
moment given by the time a sound wave needs to travel from the surface to
the center. Fusion burn bas to occur in this period of time.

In contrast to the stationary confinement in MCF, the confinement time
is very short in ICF (typically one tenth of a nanosecond) [1]. This bas two
immediate consequences:

• In order to burn a substantial part of the fuel in such a short time, one
has to apply extremely high plasma density to achieve high reaction
rates. The DT fuel has to be compressed to about 1000 times its solid
density.

• Power production by inertial confinement is necessarily a pulsed pro-
cess. Ignition and burn of small amounts of fuel have to occur repeti-
tively, and the energy is released in a sequence of micro-explosions.

This required density can be obtained by imploding spherical shells by parti-
cle beam irradiation or laser irradiation [2]. This scheme is called direct-drive
ICF. The another scheme is that the capsule ablation is driven by thermal
radiation inside a cavity, the so-called ”hohlraum”. This scheme is called
indirect-drive ICF [3–8].

1.1.3 Heavy Ion Fusion

Figure 1.3 shows the HIF concept. The HIBs are extracted from ion sources.
The extracted HIBs are transported and accelerated up to 10 GeV by RF
and/or induction accelerator modules. After the HIBs attain the high energy,
the beam pulse is longitudinally compressed for the effective pellet implosion
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[9]. Finally, the intense-HIBs are transversely focused and transported to the
target pellet in the reactor environment.

Figure 1.4 shows the stages of a HIB direct-drive implosion. Irradiation
leads to surface ablation and drives the fuel implosion. As the imploding
material stagnates in the center its kinetic energy is converted into inertial
energy. The fuel consists of a high compressed shell enclosing a hot spot
of igniting fuel in the center. A burn wave starting from the hot spot then
ignites the whole fuel, which explodes.

Figure 1.5 present the hohlraum target. It is cylindrically symmetric with
respect to a horizontal axis. The cavity wall is made of gold or other high-Z
materials. The cavity is heated by heavy ion beam or laser, entering through
holes on the axis and shining on its inner surface. The fuel capsule is then
driven by X-ray emerging from heated high Z materials. In this scheme, the
heavy ion beam or laser do not drive the fuel capsule directly.

ion source and injector

HIB

beam bunching and compression

final focusing and target illumination

fusion reactor

Figure 1.3: Schematic view of HIF concept.

1.2 Lawson criteria

To keep a fusion reaction, a fuel plasma should be confined for a while.
We know a necessary confinement time to keep the fusion reaction from the
Lawson criteria. Here, we define a confinement time τ sec, a number density
n 1/m3, a plasma temperature T keV. The condition is as follows:

nτ > 1020. (1.1)
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Illumination Implosion Burning Explosion
Figure 1.4: Inertial confinement fusion concept

Figure 1.5: Indirect-driven pellet inertial confinement fusion

We define a fusion output energy Eout,

Eout =
n2

4
〈σν〉DT τEf , (1.2)

Here, τ and Ef are a plasma confinement time and fusion energy per one
reaction (17.6 MeV for DT reaction).

We define that a input energy to heat the plasma temperature T is Einp,

Einp =
3

2
nkTi +

3

2
nkTe

= 3nkT. (1.3)

Here k, Ti and Te are the Boltzman constant, an ion temperature and an
electron temperature, respectively. From Eqs. 1.2 and 1.3, the requirement
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condition is Eout > Einp. Therefore,

n2

4
〈σν〉DT τEf > 3nkT, (1.4)

nτ >
12kT

〈σν〉DT Ef
. (1.5)

If the plasma temperature is T = 10 keV, we can lead Eq. 1.1. The Lawson
criteria means that the requirement confinement time need 1 sec if the plasma
density is 1020 m−3.

Next, we introduce a ρR condition to be done an effective fuel ignition.
Here ρ and R are a target density and radius, respectively. We define the
confinement time τ and a sound velocity Cs,

τ ≈ α
R

Cs
, (1.6)

Cs =

√

kT

mi

. (1.7)

The α and mi are constant value ( < 1.) and an ion mass. Then we apply
the Lowson criteria,

nτ ≈ ρ

mi
α

R

Cs

=
ρR

4miCs
. (1.8)

Therefore,

ρR = 4nτ
√

mikTi. (1.9)

Here, we calculate the ρR using this example condition: kT is 10 keV, mi is
2.5 × 1.67 × 10−27 kg. Then we can get,

ρR > 1 ∼ 2[g/cm2]. (1.10)

The Eq. 1.10 is important condition for an inertial confinement fusion in
order to achieve an effective fuel ignition.
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1.3 Purposes of this thesis

This paper contains the following chapters: In Chapter 2,a heavy ion beam
(HIB) final transport is focused and studied. In the HIB final transport,
the key factors are as follows: a final small focal radius (a few mm), a
low emittance growth relating to a HIB particle energy and a momentum
divergences, a HIB space charge and a current neutralizations, an electro-
static and electromagnetic instabilities, and collision effects between the HIB
and a background reactor gas. Therefore, we should establish a charged-
particle-beam-transport control method for the above purposes. The results
demonstrate that the heavy ion beam propagates efficiently and is focused
well through an insulator beam guide, which may be made of one kind of
ceramics and may absorb a part of reactor gas leaked to a beam port.

Chapter 3 shows a HIB-target interaction. In HIB ICF, a beam irradiation
non-uniformity on a direct-driven fuel pellet must be suppressed less than
few % in order to achieve a symmetric fuel pellet implosion. Therefore, a
multi-HIB illumination is required to achieve a low beam non-uniformity in
the pellet implosion. On the other hand, the total HIB number should be
restricted to a realistic number, for example, less than a few hundred beams.
Therefore, in this study, we simulate a HIB illumination on the spherical
direct-driven target using 12, 20, 32, 60, 92 and 120-beam irradiation systems.
The simulation results present that the HIB deposition energy RMS non-
uniformity on the target is suppressed to a low value: for example, less than
2.0 % in the case of the 32 or more HIB-illumination system.

In Chapter4, 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
gdzh in a reactor. In a direct-driven implosion mode dz of ∼ 20 µm was
tolerance and in an indirect-implosion mode dz of ∼ 100 µm was allowable
[10–13]. In the direct-indirect mixture mode target, a low-density foam layer
is inserted, and radiation energy 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 simula-
tions are performed, and show that the HIB illumination non-uniformity is
well smoothed.

At last, the results mentioned above and a prospect of the HIF system
are summarized as a conclusion of this thesis in Chapter 5.



Chapter 2

Final Beam Transport

2.1 Beam final transport in heavy ion fusion

In addition to laser beams, heavy ion beams (HIB) may be one of promis-
ing energy-driver candidates in inertial confinement fusion (ICF). The HIB
should be focused and transported against the beam space charge onto a fuel
pellet, the radius of which is in the order of mm [14]. Therefore the key
issues in HIB ICF include an accelerator design for the intense HIB, a HIB
focusing, a HIB transport in a fusion reactor, interactions between neigh-
boring HIBs, a HIB-target interaction, a reactor design and so on. It was
confirmed by D.A.Callahan that the interaction between neighboring HIBs
is not serious in a HIB fusion reactor [5]. In this chapter the HIB final trans-
port is focused and studied. In the HIB final transport, the key factors are as
follows: final small focal radius (a few mm), low emittance growth relating
to the HIB particle energy and momentum divergences, HIB space charge
and current neutralizations, electrostatic and electromagnetic instabilities,
and collision effects between the HIB and a background reactor gas [15, 16].
After the acceleration of beam ions to, for example, about 8-10 GeV, HIB
should be transported in a fusion reactor of a few m to 10 m diameter and
focused on a few mm fuel pellet (see Fig.2.1) [3]. In a reactor, HIB parti-
cles interact with each other and with background plasma or a reactor gas
(∼ few mTorr) [17]. In the long distance transport of HIB, the HIB space
charge and current should be neutralized, and electrostatic and electromag-
netic instabilities should be suppressed. Consequently, we should establish a
charged-particle-beam-transport control method for the above purposes.

10
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Final transport region

Fusion reactor (few m radius)

Fuel target (few mm)

Figure 2.1: Fusion reactor has few m to 10 m radius, and the fuel pellet has a few
mm radius.

In our previous papers [18], we proposed a transport system for elec-
tron and ion beams through an insulator beam guide. We reported that
the particle beam charge is neutralized efficiently by electrons or protons
extracted from a plasma generated on the surface insulator guide, and the
charged-particle beam is efficiently transported through an insulator beam
guide without an increase in a beam radius caused by the beam space charge.

In this section, in order to neutralize the beam space charge and obtain
a HIB fine focus in ICF, first we study on a focusing heavy ion beam trans-
port through the insulator beam guide by a particle-in-cell (PIC) simulation
code. We also analyze two-stream and filamentation instabilities [19] of HIB,
propagating in a background reactor gas.

The results obtained in this study present that the HIB space charge is
neutralized well by using the insulator guide settled at the final transport
just before a fusion reactor. After the neutralized HIB enters a reactor gas,
the electrons co-moving with the focusing HIB are gradually scattered by
collisions by reactor gas electrons. However the HIB space charge is still well
neutralized by reactor gas electrons. Without the neutralization mechanism
at the final transport part just before the reactor, the HIB final fine focus onto
a fuel pellet can not be realized. In addition, HIB instability estimations in a
reactor gas plasma show that HIB can propagate without serious influences
of the instabilities.
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2.2 Physical mechanism of insulator guide and

simulation model

In a HIB ICF reactor system a HIB accelerator and final focusing elements
should stand away from a reactor vessel in order not to be damaged by neu-
trons and fusion debris. Therefore the HIB space charge should be effectively
neutralized after the final focusing element in an accelerator for a fine focus
on a fuel pellet. In order to neutralize the focusing HIB space charge and
current, we proposed a HIB transport system through an annular insulator
beam guide. The physical mechanism of the insulator beam guide is as fol-
lows: a HIB creates a local electric field on an inner surface of the insulator
beam guide. The local electric field induces local discharges, and a plasma is
produced on the insulator inner surface. Then, electrons are extracted from
the plasma generated on the inner surface of the insulator beam guide, be-
cause of the HIB net space charge as shown in Fig.2.2. The emitted electrons
follow the ion beam, and the beam space charge is effectively neutralized by
the emitted electrons. Therefore, the HIB can be transported efficiently and
one can realize a fine focus through the insulator beam guide. In this study,
we employ a Pb+ ion beam in order to demonstrate the viability of the
proposed insulator beam guide system. Our simulation model is shown in
Fig.2.3. We assume that the phenomenon concerned is cylindrically symmet-
ric (see Fig.2.3(a)). The PIC code used is a 2.5-dimensional electromagnetic
one. The Pb+ ion-beam-parameter values are as follows: the maximum cur-
rent is 5 kA, the particle energy is 8 GeV, the pulse width is 10 nsec and
the rise and fall times are 2 nsec (see Fig.2.4). The initial beam radius is 4
cm. The initial mean velocity of a focusing Pb+ beam is given to focus at
Z=210 cm, and the average longitudinal speed of the beam ions injected is
determined by the waveform. The beam temperature is 10 eV and the beam
ions enter uniformly at the beam entrance, that is, Z=0. The transport area
is in vacuum. In our simulation, local plasma is generated on the insulator
guide surface, when the magnitude of the electric field exceeds the threshold
for the local discharge. The threshold is 1.0 × 107 V/m in this study [20].
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Emitted Electrons

Plasma

Insulator Guide Electric Field

Insulator Guide

Insulator Guide
Plasma

Ion Beam

Figure 2.2: Physical mechanism of an insulator guide.

2.3 Simulation results

First, we simulate a Pb+ ion beam propagation in a vacuum without the
insulator beam guide. The particle map of the Pb+ beam ions is shown in
Fig. 2.5. In this case, due to the beam space charge, the beam radius at
Z=210 cm (focal point) expands to about 6 mm (see Fig. 2.6). Figure 2.7
presents the particle maps of the beam particles and the electrons emitted
from the insulator beam guide for the case with a proposed insulator guide
system with the same initial conditions. The electrons extracted from the
plasma generated on the insulator inner surface move along with the Pb+

ion beam. The emitted electrons neutralize the space charge of the beam
ions effectively (see Figs. 2.8(a) and (b)), and suppress the radial expansion
of the beam. Figure 2.8 shows the history of the total space charge and
current of the beam ions and the electrons in the whole transport region. The
beam space charge and current are neutralized rather well by the electrons
emitted from the insulator beam guide. Figure 2.9 show the beam radius at
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Plasma

Z=0.3mZ=0m Z=1.3m Z=2.3m

Focal point

Z=2.1m

r

z

Initial beam radius = 4cm

Insulator guide

HIBs

r

z

(a) cylindrical coordinate

(b) simulation mode

Figure 2.3: (a) Cylindrically symmetric (b) The position of insulator guide, trans-
port distance and focal spot.

Z=200 cm and at Z=210 cm (focal point) in the case of with the insulator
beam guide. The final focal radius is about 2 mm in the case with the
insulator guide. In Fig. 2.9 we confirm that the focused HIB space charge
is neutralized efficiently through an insulator beam guide compared the case
without an insulator guide. Therefore the beam is focused well at the focal
point, when the insulator beam guide is employed. We also calculate that
the HIB average velocities and standard deviations in order to know the
focused HIB quality. Table 2.1 shows the beam average velocities, normalized
emittance and standard deviations. The normalized emittance values are
8.6 × 10−6 at Z=100 cm and 5.2 × 10−6 at Z=210 cm (focal point) in the
case with the guide. On the other hand, the normalized emittance values are
1.5×10−5 at Z=100 cm and 1.1×10−5 at Z=210 cm (focal point) in the case
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Figure 2.4: HIB pulse, particle energy and maximum current.

without the insulator guide. Therefore we can confirm that the emittance
growth is suppressed and that the initial HIB quality is kept well through
the insulator guide as shown in Table 2.1. Moreover we can see that the
HIB ion temperature in Z direction and r direction for the case with the
insulator guide, and the corresponding electron temperature in Z direction
and r direction become high as it approaches the focal point as shown in Fig.
2.10.

2.4 Interaction with background gas

First we estimate the energy loss of the co-moving electrons by collisions with
the background reactor gas, after the focusing HIB and co-moving electrons
enter a HIB ICF reactor gas. The electron-electron collision frequency [21] is

given by ν = 2.4×10−8×Ne ln ΛT
−3/2
e , where Ne is background electrons den-

sity, ln Λ is the Coulomb logarithm for collisions between co-moving electrons
with HIB and reactor gas electrons, and Te is background electrons temper-
ature. The collision time of ν−1 is about a few nsec, when Ne=3 mTorr and
Te=10 eV. The co-moving electron energy loss by collisions is given by

〈dǫ

dt
〉 ≃ −e4lnΛ

4πǫ2
0

Ne

me

1

vge

, (2.1)

where dǫ/dt is an energy loss by collisions, e is an electron charge, ǫ0 is
permittivity in vacuum, me is an electron mass, vge is a co-moving electron
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t=14.8ns

t=18.9ns

t=26ns

Pb+ beam

Z=0m Z=2m

Focal point

Pb+ beam

Pb+ beam

Pb+ beam

Figure 2.5: HIB particle without the insulator guide.

speed. The co-moving electron energy loss estimated by Eq. (2.1) is a few eV
(we change background gas pressure from 0 to 100mTorr). The co-moving
initial electron energy is about 22 keV at the entrance to the HIB ICF reactor
gas.

Therefore the co-moving electrons is not lose their energy by the col-
lisions between co-moving electrons and background electrons. From this
estimation, after the HIB and co-moving electrons enter the HIB ICF reac-
tor gas, the electrons keep on moving with HIBs, and the HIB space charge
neutralization is kept.

The HIB also experiences the two-stream and the filamentation insta-
bilities [22–26]. Here we also analyze the two-stream and the filamentation
instabilities in a reactor chamber. The maximum growth rate of the two-
stream instability between beam ions and background electrons is given by
Eq. (2.2).

γmax = −ν

2
+

√

π

2

ω2
b

ωe

V 2
b

u2
b

exp(−1

2
), (2.2)
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Figure 2.6: HIB radius at the focal spot without guide.

where the collision frequency ν is characterized by the electron-ion collision
frequency ν = 1.5×10−6×Ne ln ΛT

−3/2
e , where lnΛ is the Coulomb logarithm

for background electrons-beam ions collision, Ne is the background electron
density and Te is the background electrons temprature. ωb is the beam ion
plasma frequency, ωe is the background electron plasma frequency, Vb is the
beam speed, and ub is the beam thermal speed. The maximum growth rate
of the filamentation instability is given by Eq. (2.3).

γmax = 2
ω2

b

ω2
p

V 2
b

u2
b

ν, (2.3)

where Vb is the beam speed and ub is the beam thermal speed given by
ub =

√

kTb/m. Here the beam effective temperature Tb is estimated by the
inward motion of the focusing beam ions. An outer part of the focusing
beam moves inward and overlaps an inner part, so that the beam effective
temperature Tb becomes high (∼ MeV).

By Eq. (2.2), we calculate the density range in which the focusing HIB can
propagate without severe influences of the two-stream instability (γτ < 5)
as shown in Fig. 2.11, where the parameters employed are as follows: the
focusing beam temperature Tb=0.3, 0.4, 0.5 MeV, the background plasma
temperature Te=10 eV, the beam drift velocity Vb = 5.9 × 108 cm/s for 8
GeV, the focused beam density Nb = 1.38×1011 ∼ 2.5×1012 cm−3, the beam
current is I=5.0 kA, and the background plasma density Ne = 1015 ∼ 1016

cm−3 (3 ∼ 30 mTorr). For the filamentation instability, γτ estimated by
Eq. (2.3) is 0.0040 ∼ 0.0005, and therefore we confirm that the HIB is
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Figure 2.7: HIB particle and emitted electrons maps with insulator guide.

safe from the filamentation instability, and the parameters employed are
as follows: the beam temperature Tb=10 keV ∼ 1.0 MeV, the background
plasma temperature Te=10 eV, the beam drift velocity Vb = 5.9 × 108 cm/s
for 8 GeV, the focused beam density Nb = 1.38×1012 cm−3, the beam current
is I=5.0 kA, and the background plasma density Ne = 1015 ∼ 1016 cm−3 (3
∼ 30 mTorr). We expect that the HIB is not influenced seriously by both
the instabilities, as long as the background reactor gas electron density is
kept low as shown in Fig. 2.11 concerning to the two-stream instability (for
example, Tb=0.5 MeV, Nb = 1.0 × 1012 cm−3, Ne = 6.0 × 1015 cm−3). We
have also checked that the HIB is safe from instabilities of a mode between
HIB ions and reactor gas ions and a mode between co-moving electrons and
reactor gas ions.

2.5 Discussions

In this chapter, we proposed the insulator beam guide for the focusing heavy
ion beam neutralization. Plasma electrons are emitted from the plasma gen-
erated on the insulator inner surface. The electrons move with the heavy ion
beam, and the beam space charge is neutralized effectively by the electrons.
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Figure 2.9: Beam radius at Z=200cm and Z=210cm (focal sport) with the insulator
guide.

By the PIC simulation, it is confirmed that the heavy ion beam propagates
efficiently and is focused well through the insulator beam guide, which may
be made of one kind of ceramics and may absorb a part of reactor gas leaked
to a beam port. We also confirm that the heavy ion beam is kept in a high
quality and an emittance growth is suppressed through the insulator guide.
We also presented the HIB stability analyses. Figure 2.11 shows a stabil-
ity boundary for a focusing HIB propagating without an influence of the
two-stream instability. The focusing HIB is also safe from the filamentation
instability. Therefore the results shown in this paper presented that the HIB
ions are focused successfully onto a fuel pellet located at a reactor center
without severe influences of instabilities.
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Table 2.1: Pb+ ion beam average velocities and the standard deviations a) with
the insulator guide b) without the insulator guide. Here c is a light speed in a
vacuum. v̄ shows the beam average speed and σ the standard deviations. All value
is normalized by light velocity.

a) with the insulator guide

Z [cm] v̄z v̄r v̄θ

0 2.79 × 10−1 -2.49 × 10−3 4.39 × 10−7

100 2.79 × 10−1 -2.51 × 10−3 6.93 × 10−7

210 2.79 × 10−1 -1.30 × 10−3 9.08 × 10−8

Z [cm] σz σr σθ

0 2.97 × 10−3 1.43 × 10−3 2.00 × 10−5

100 1.44 × 10−3 1.44 × 10−3 1.01 × 10−5

210 1.46 × 10−3 2.52 × 10−3 7.76 × 10−6

b) without the insulator guide

Z [cm] v̄z v̄r v̄θ

0 2.79 × 10−1 -2.49 × 10−3 2.64 × 10−7

100 2.79 × 10−1 -2.48 × 10−3 7.41 × 10−7

210 2.79 × 10−1 -1.98 × 10−3 3.05 × 10−7

Z [cm] σz σr σθ

0 5.79 × 10−6 1.43 × 10−3 2.16 × 10−5

100 3.89 × 10−5 1.45 × 10−3 6.76 × 10−6

210 2.31 × 10−4 1.17 × 10−3 4.70 × 10−6

b

b

b

Figure 2.11: Stable region and unstable region for two stream instability.



Chapter 3

HIB-Target Interaction

3.1 Introduction

Key issues in heavy ion beam (HIB) inertial confinement fusion (ICF) include
an accelerator design for intense HIBs, efficient HIB transport, a HIB-target
interaction, a reactor design and so on [3–5, 27–32]. In this study, we focus
on a HIB-target interaction in ICF. In HIB ICF, the beam irradiation non-
uniformity on a direct-driven fuel pellet must be suppressed under a few %
in order to achieve a symmetric fuel pellet implosion [29, 33–38]. Therefore,
a multi-HIB illumination is required to achieve a low beam non-uniformity
in the pellet implosion. On the other hand, the total HIB number should be
restricted to a realistic number, for example, less than a few hundred beams.
Therefore, in this study, we simulate a HIB illumination on the spherical
direct-driven target using 12, 20, 32, 60, 92 and 120-beam irradiation systems.
In next section we present a detail of beam illumination.

In heavy ion fusion (HIF), the HIB space charge should be neutralized
by a plasma [39] or an insulator guide [31] or other methods [32] at the final
transport region in order to suppress the beam divergence and the emittance
growth; the HIB neutralization methods have been proposed and studied well
as described in Chapter 2. After the HIB final transport, the neutralized
HIBs illuminate a fuel target. In the fuel pellet implosion the HIB energy
deposition non-uniformity should be suppressed to less than a few percent
[29, 36–38] in order to realize a stable implosion and to obtain a high ρR of
the compressed fuel core; the requirement for the implosion uniformity has
been also well studied, and analyses of instabilities, including the Rayleigh-

22
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Taylor instability have been performed intensively in the indirect-driven and
the direct-driven implosion schemes. Each implosion scheme has merits and
demerits [3, 4, 11, 29, 36]: the indirect-driven scheme may be robust against
the beam non-uniformity, though its structure may be complicate and may
be expensive relatively. The direct-driven pellet structure may be simple,
though the scheme may be sensitive to the HIB illumination non-uniformity.

In HIF researches a study of a realistic HIBs illumination non-uniformity
remains between the final HIB transport and the fuel pellet implosion studies,
and is at present essentially important for progress in HIF studies. Therefore,
in this study, we perform three-dimensional analyses of the HIB illumination
non-uniformity in HIB ICF in order to know the detail information of energy
non-uniformity on a spherical fuel target.

The HIB illuminates the spherical target and deposits its energy on the
target. We calculate the deposition energy on the spherical target according
to a stopping power [40–46]. We also show the detail of stopping power in
next section. A three-dimensional computer code is developed for the simu-
lation of a HIB irradiation onto a spherical fuel pellet in direct-driven heavy
ion fusion. The main object of this section is to clarify a dependence of
multi-HIB illumination non-uniformity on parameter values of HIB illumina-
tion in HIF. The HIB ions impinge the target surface, penetrate relatively
deep into the deposition layer and deposit their energy in a rather wide re-
gion in the deposition layer: this HIB deposition feature influences the beam
illumination non-uniformity. The HIB temperature and emittance effects are
also evaluated. During the HIB illumination the temperature of the energy
deposition layer increases to a few hundred eV. We also investigate the pellet
temperature effect on the HIB illumination non-uniformity. We also inves-
tigate the relationship between a chamber radius and the HIB illumination
non-uniformity, and study the effect of the total HIB number on the HIB
illumination non-uniformity.

In an ICF power plant, a position of fuel pellet may shift from a reactor
center, because a pellet may be injected from a pellet injection port at a
reactor wall. The HIB illumination non-uniformity may be influenced by
a little pellet displacement from the chamber center. In this section we
also investigate the relation between the pellet displacement and the HIB
illumination non-uniformity. For the evaluations of the illumination non-
uniformity on the target, we compute the root mean square (RMS) and the
peak to valley (PTV) non-uniformities on the target [47]. In addition, we also
perform mode analyses of the HIB deposition energy on the spherical fuel
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target using the Legendre polynomial and the Fast Fourier Transfer (FFT).
The simulation results present that the HIB deposition energy RMS non-

uniformity on the target is suppressed to a low value: for example, less than
2.0 % even by a 32-beam system.

3.2 Simulation model

HIBs may be one of promising energy-driver candidates in ICF. In this study,
we use a lead (Pb+) beam as a HIB in ICF. The beam parameters are as
follows: the mean particle energy is 8.0 GeV, and the maximal initial beam
density is 1.3 × 1011 cm−3. The HIB radius is 3.3 mm. The chamber ra-
dius varies from 2.0 m to 8.0 m in our study. In this study, we select two
types of beam: the semi-Gaussian distribution of a flat constant density
in transverse with the Maxwell-distributed particle energy (with 100 MeV
beam longitudinal temperature) and the transverse number density in the
Gauss distribution with the Maxwell-distributed particle energy (with 100
MeV beam longitudinal temperature). The Gaussian distribution is shown
in Eq. (3.1).

n(r) =
1√

2πσ2
exp

(

− r2

2σ2

)

. (3.1)

Here, nrb is a number density as a function of beam radius rb. The σis stan-
dard deviation.

3.2.1 Stopping power

The HIB energy deposition comes mainly from the Coulomb collisions be-
tween bound/free electrons and beam ions. Moreover the Coulomb collisions
between beam ions and target ions, nucleus scattering and the plasma wave
excitation contribute the stopping power. We employ the widely-used ex-
pression of the HIB particle effective charge in Refs. [43–45] and calculate
the effective charge of the HIB particles traveling through the target. The
stopping power in the target is considered to be the sum of the energy de-
posited in a target nuclei, target bound, free electrons, and target ions [42]:
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Estop = Enuc+Efree+Eion+Ebound ,where Estop is the deposition energy in the
target, Enuc is the deposition energy by the nucleus scattering, Efree is by the
free electron, and Eion is by the target ion. The nucleus stopping power Enuc

becomes effective at the end of the stopping range and describes the elas-
tic the Coulomb collisions between the projectile ions and target nuclei [48].
When a temperature of the target rises and the target is ionized, free elec-
trons contribute the stopping power, through the Coulomb collisions and the
plasma collective wave excitations. The free electron stopping power Efree

is calculated by the Coulomb collision between projectile ions and the target
free electrons [44, 45]. Eion is evaluated by the Coulomb collisions between
HIB particles and target ions. The Linhard and the Bethe-Bloch equations
describe the bound electron stopping power Ebound. We use the Bethe equa-
tion to calculate the bound electron stopping power at the high beam energy
region in this study [43]. In a middle beam energy region, we calculate the
bound stopping power from the Bethe equation with the shell correction. At
low beam energies, the stopping power theory is mostly evaluated using the
Thomas-Fermi model of the atom. Therefore, we use the LSS equation at
the low beam energy domain to calculate the bound electron stopping power.

3.2.2 Beam illumination scheme

In this chapter, we simulate a multi-HIB illumination on the spherical target
using 12, 20, 32, 60, 92 and 120-beam irradiation systems. In HIF, the HIB
space charge must be neutralized in order to overcome the beam divergence
due to the self space charge as described in Chapter 2. Viable methods of
HIB space charge neutralization have been already proposed and studied in-
tensively at the final HIB transport. Therefore, we assume that HIBs are
neutralized perfectly in this study based on these recent research progresses.
Each beam position is decided as follows: in the 12-beam system each beam
center coincides with the center of each face at the regular dodecahedron.
In the same way the 20-beam system is based on the regular icosahedron.
We employ the 32-beam system shown by Skupsky [35]. The 60-beam sys-
tem is vertices of a soccer ball or fullerene [33, 34]. The 92-beam system is
combination of 12, 20, and 60-beam systems. The 120-beam system is the
combination of two 60-beam systems, each of which is shifted by 90 degree
in the vertex direction.
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3.2.3 Beam particle orbit in the target

In my study I select two types of target: one is an Al mono-layer pellet
structure with the 4-mm external radius as shown in Fig. 3.1 (a), and another
one is a Pb+Al pellet structure with the same external radius as shown in Fig.
3.1(b). In the latter pellet structure, the outer Pb layer thickness and mass
density are 0.03 mm and 11.3 g/cm3, respectively. The Al layer thickness
and mass density are 0.97 mm and 2.69 g/cm3, respectively. We employ the
target temperature 1, 100, 200, 300, 400 eV in this study.

4mm 4mm

Void Void

Al
Al

Pb

1mm 0.97mm

0.03mm

(a) Al mono-layer target (b) Pb + Al layers target

Figure 3.1: (a) Al mono-layer pellet structure with the 4-mm external radius
and (b) Pb+Al pellet structure with the same external radius and the Pb layer
thickness and mass density are 0.03 mm and 11.3 g/cm3, respectively. The Al
layer thickness and mass density are 0.97 mm and 2.69 g/cm3, respectively.

In order to calculate the beam particle orbit we define the beam position
at the tangential target surface (R, Θ, Φ) and the focal position (f , Θf , Φf )
as shown in Fig. 3.2. Then we can calculate the beam particle orbit in the
target (r, θ, φ) by the following Eq. 3.2 using the target radius r.
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(f, Qf, Ff)

Focal point

Beam envelope

(R, Q, F)

(r, q, f)

HIB direction

Beam position 

at the target surface

Figure 3.2: Beam focal spot and the target. (R, Θ, Φ) means the beam position
at the tangential target surface, (f , Θf , Φf ) is the focal position and (r, θ, φ) is
the beam particle orbit in the target.

r sin θ cos φ − R sin Θ cos Φ

f sin Θf cos Φf − R sin Θ cosΦ

=
r sin θ sin φ − R sin Θ sin Φ

f sin Θf sin Φf − R sin Θ sin Φ

=
r cos θ − R cos Θ

f cos Θf − R cos Θ
. (3.2)

From Eq. (3.2), we calculate the beam orbit, i.e. (r, θ, φ) by the known
values of the beam position (R, Θ, Φ), the focal position (f , Θf , Φf ) and the
value of target radius r.

3.2.4 Beam divergence

The beam particle may slightly diverge by a finite emittance in the trans-
verse direction. Therefore, we include a beam emittance effect and change
the beam radius not to miss the target so that all ions hit the target surface.
In Fig. 3.4, we define a relation between a beam transverse emittance and a
divergence angle αdvr. Ren is the beam radius at the fusion reactor wall, Rch

is the reactor radius, f is the focal length between the beam focal position
and the target center, Rf is the focal spot radius, Rp is the pellet radius, and
Rbeam is the beam radius at the target surface. The beam divergence angle
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αdvr is defined as follows:

αdvr =
ǫr

Ren
. (3.3)

Here, ǫr is a beam transverse emittance.

Rf = (Rch + f) tan(αdvr). (3.4)

In this study, we calculate a beam divergence angle from the beam transverse
emittance ǫr. We change the beam transverse emittance from 2.0 mm mrad
to 10 mm mrad in this study in order to know the emittance influence. From
Eq. (3.3), the beam divergence angle αdvr is calculated to be about 8.2×10−3

degree in the case of ǫr = 5.0 mm mrad and Ren=35 mm. In my study the
relation between the focal length f and the beam radius Rbeam is defined by

f =
RbeamRch − RpRen

Ren − Rbeam
. (3.5)

In addition, the beam focal position moves backward and forward by the
beam divergence angle as shown in Fig. 3.4. Therefore, we use Eqs. (3.3)
and (3.5) in order to calculate backward and forward focal positions:

fmin = Ren tan
(

ξ − 0.07145αdvr

)

−Rch, (3.6)

fmax = Ren tan
(

ξ + 0.07145αdvr

)

−Rch. (3.7)

Here, fmin is the backward focal position of beam focal spot, fmax is the for-
ward focal position (see Fig. 3.4), and ξ is given by ξ = arctan[(Rch+f)/Ren].
Based on Eqs. (3.6) and (3.7), the beam radius at the fuel pellet surface
changes between 2.7 mm and 3.8 mm in the case of 5.0 mm mrad emittance,
so that any HIB ions do not miss impinging the pellet surface.

3.2.5 Deposition energy calculation procedure

In my study, we divide one HIB into 316 beam-lets in order to simulate a pre-
cise HIB illumination non-uniformity as shown in Fig. 3.4(a). Each beam-let
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Target Focal SpotRen

Rch f

Rbeam
Backward focal position

Forward focal position

fmin

fmax

Rp

advr

Figure 3.3: The relationship between a beam emittance and divergence angle at
the beam port. Ren is the chamber radius in fusion reactor, Rch is the reactor
radius, f is the beam focal spot, Rf is the focal spot radius, Rp is the pellet
radius, αdvris the beam divergence angle, and Rbeam is the beam radius in front of
target.

deposits its energy on space meshes of the spherical target as shown in Fig.
3.4(b). Then in order to calculate the deposition energy of one HIB in one
mesh, we use Eq. (3.8).

Estop =
dE

dl
V n

2

3 . (3.8)

Here, dE/dl is the stopping power, that is, a beam-let deposition energy per
unit length, n is the beam particle number density, and V is the volume of
one cell in the target.

The deposition energy is distributed to the mesh points. Each beam-let
has an effective area, and the deposition energy is distributed to the meshes
by the beam-let effective area as shown in Fig. 3.4(b). When multi-HIBs
illuminate the spherical target and deposit their energy on the target, the
deposition energy is calculated by Eq. (3.9).

Eijk =
∑

N

Estop. (3.9)

Here, Eijk is the deposition energy at each mesh point denoted by (i, j, k) in
the three-dimensional space and N is the number of HIBs impinging the cell.
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3.2.6 Evaluation of non-uniformity on the spherical

target

In my study, we evaluate the energy non-uniformity at the target. In ICF,
the beam irradiation non-uniformity on the fuel target must be suppressed
under a few % in order to achieve a symmetric fuel pellet implosion. 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) and peak-to-valley (PTV) non-uniformity as follows:

σRMS =
nr

∑

i

wiσRMSi
, (3.10)

σRMSi
=

1

〈E〉i

√

√

√

√

√

√

nθ
∑

j

nφ
∑

k

(

〈E〉i − Eijk

)2

nθnφ
, (3.11)

wi =
Ei

E
. (3.12)

The peak-to-valley (PTV) non-uniformity is defined as follows:

σPTV =
nr
∑

i

wiσPTVi
, (3.13)

σPTVi
=

Emax
i − Emin

i

2〈E〉i
. (3.14)

Here, σRMSi
and σPTVi

are the RMS and PTV non-uniformities on the
i-th surface of deposition, respectively. wi is the weight function in order to
include the Bragg peak effect or the deposition profile. nr, nθ and nφ are
mesh numbers in each direction of the spherical coordinate. 〈E〉i is the mean
deposition energy on the i-th surface, Ei is the total deposition energy on
the i-th surface, and E is the total deposition energy. Emax

i and Emin
i are the

maximal and minimal deposition energies on the i-th surface, respectively.
We also performed mode analyses on the spherical fuel target by using

the spherical harmonic function Y m
n (θ, φ)
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sm
n =

1

4π

∫ π

0

sin θdθ

∫ 2π

0

E(θ, φ)Y m
n (θ, φ)dφ. (3.15)

Here, sm
n is an amplitude of energy spectrum, n and m are the mode num-

bers, θ and φ are azimuthal and vertex angles, respectively. E(θ, φ) is the
deposition energy from the beam particles at each mesh point. By using the
Legendre polynomial function P m

n (cos θ), the spherical harmonic function is
described as follows:

Y m
n = P m

n (cos θ)eimφ. (3.16)

Therefore, the spectrum of the deposition energy on a spherical target is

sm
n =

1

4π

∫ 1

−1

d(cos θ)

∫ 2π

0

E(θ, φ)P m
n (cos θ)e−imφdφ. (3.17)

In order to compute the energy spectrum sm
n on a computer, Eq. (3.17)

is modified by using the Gauss-Legendre integration and FFT as follows:

sm
n =

1

2

J
∑

j=1

gjF
m(θj)Pn(cos θj), (3.18)

where

F m(θj) =
1

K

K−1
∑

k=0

E(θj , φk)e
−imφk . (3.19)

Here, gj is the Gaussian weight corresponding to the zero points, and J
is the number of zero points. In our study, the Gaussian weight is given by
Eq. (3.20).

gj =
2

(1 − cos2 θj){P ′
n(cos θj)}2

. (3.20)
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Here, P ′
N(cos θj) is the Legendre polynomial differential coefficient. K

is a mesh number in the vertex direction. In order to include the Bragg
peak effect we calculate the spectrum of the deposition energy at the Bragg
peak layer and we also calculate the global energy-spectrum using the weight
function wi. The summation of the energy spectrum amplitude is normalized
to be 1.0 in our study.

3.3 Simulation results

3.3.1 Deposition non-uniformity

Figure 3.5(a) shows the deposition energy of beam particles at each surface
without the beam temperature effect for Al layer target with the chamber
radius of 5 m, 120-beam system, and the semi-Gaussian distribution. In Fig.
3.5(a), we can see the Bragg peak at the middle layer of the energy absorption
region, and the RMS and PTV non-uniformities are low at the Bragg peak
layer. At the end of the beam particle stopping region, the deposition energy
is much small compared with the Bragg-peak-layerfs one. In actual the pres-
sure peak generated by the HIBs deposition at the Bragg peak region drives
the inner fuel to the implosion with a high speed (typically ∼ 3 × 107cm/s).
Based on this reason and on results of the implosion studies previously per-
formed [29, 31, 36, 44, 45], it is known that the HIBs deposition energy in
the Bragg peak region contributes mainly to the implosion. Therefore, in
this study, we calculated total RMS non-uniformity using the weight func-
tion wi in order to include the Bragg peak effect. The RMS non-uniformity
is evaluated by Eq. (3.10), and the result is 4.44 %. Figure 3.5(b) shows
the energy deposition in the case of 120-beam system, 5 m chamber radius,
the semi-Gaussian distribution and the Al target including the longitudinal
beam temperature of 100MeV and the transverse beam radial emittance of
5.0 mm mrad. In Fig. 3.5 we can see that the Bragg peak moves slightly
outward in the radial direction and the RMS non-uniformity becomes 1.52
%. The HIB illumination non-uniformity in the realistic case including the
beam temperature or the beam divergence becomes small compared with
that in the case with the zero-temperature HIB. This result presents that
the HIB illumination non-uniformity can be smoothed and suppressed due
to the beam temperature or the transverse emittance.

We also calculate the deposition-energy spectra at the Bragg peak layer



3 HIB-Target Interaction 33

for the zero-temperature beam (r=3.73 mm) and for the case with the beam
temperature of 100 MeV (r=3.83 mm) as shown in Figs. 3.6(a) and (b).
Figures 3.6(c) and (d) are the global non-uniformity spectra using the weight
wi for the zero-temperature beam and for the case with the beam temperature
of 100 MeV. In Fig. 3.6, (n, m) and sm

n are the mode numbers and the
amplitude of spectrum, respectively. If the deposition energy is distributed
in complete spherically symmetric, the amplitude of spectrum is set to 1.0
in the mode (n, m)=(0, 0) in our study. In order to achieve a symmetric
energy deposition in the direct-drive HIB ICF, the most spectrums should
be concentrated on the mode (n, m)=(0, 0), and the amplitude of the mode
(n, m)=(0, 0) has a large value near 1.0 in our simulation results, compared
with those for other modes. For this reason, in this study, we focus on the
amplitudes of spectrum modes except the mode (n, m)=(0, 0). Therefore our
calculation results shown in spectrum figures present the spectrum without
the mode of (n, m)=(0, 0). In Fig. 6 the amplitude of the spectra in the
case of the Bragg peak layer is small compared with that for the global
non-uniformity. This result means that the deposition energy at the Bragg
peak layer is more uniform compared with the deposition energies at other
layers. This is also confirmed by the results in Fig. 3.5. In HIB ICF the
Bragg peak area plays an important role for the symmetric target implosion.
Therefore, we expect that we may realize an effective compression of target
and efficient target implosion. We also confirm that the amplitude in the
case including the beam temperature becomes small compared with that in
the case of the zero beam temperature, as expected by the results presented
above. Moreover in Figs. 3.6(a) and (b) the amplitude of the deposition-
energy spectrum at the mode (n, m)=(0, 0) is 0.97 in the case with the zero
beam temperature, and the amplitude of the energy spectrum at the mode
(n, m)=(0, 0) is 0.99 in the case including the beam temperature.

Figures 3.7 show the energy deposition in the target in the case of Pb+Al
layers target structure (a) without the beam temperature (semi-Gaussian)
and (b) with the beam temperature of 100MeV and the transverse beam
emittance of 5.0 mm mrad. The number of HIBs is 120, the chamber radius
is 5 m and particle number density is in the semi-Gaussian distribution in the
both cases. The HIB energy is deposited in the Al energy-absorber layer as
well as the Pb layer. However the energy deposited in the Al pusher/energy-
absorption layer in our study is used effectively for the fuel implosion [29].
The Pb layer behaves as a tamper. In this type of the HIF pellet the thickness
of the Al pusher layer is designed to be sufficiently thick so that a pertur-



3 HIB-Target Interaction 34

bation of the Pb tamper layer can not reach the fuel during the HIB pulse
duration and at the same time HIB particles do not reach the fuel in order
to prevent a fuel pre-heating. Therefore, the HIB energy deposition non-
uniformity is evaluated only in the Al layer in this study. In these cases, the
RMS non-uniformity is 1.72 % for the case including the beam temperature
of 100MeV, and 5.25 % for the case with the zero beam temperature.

We also calculate the spectra as shown in Figs. 3.8: (a) in the case with
the zero beam temperature at the Bragg peak layer (r=3.79 mm), (b) with
the 100 MeV beam temperature at the Bragg peak layer (r=3.87 mm), (c)
the global non-uniformity in the case with the zero temperature beam, and
(d) the global non-uniformity with the 100 MeV beam temperature. In Fig.
3.8, the amplitude of the energy spectra at the Bragg peak layer is small
compared with that for the global non-uniformity. We also confirm that the
amplitude in the case with the beam temperature of 100MeV and the 5.0 mm
mrad transverse emittance is small compared with that in the case with the
zero beam temperature. From these results, we found that the Pb tamper
effect is minor. The energy spectrum value is 0.99 at the mode (n, m)=(0, 0)
in the case including the beam temperature, and 0.96 at the mode (n, m)=(0,
0) in the case with the zero beam temperature. The RMS non-uniformity in
the case of Pb+Al target is 1.72 %, and this result also shows a good result
for a symmetric energy deposition.

3.3.2 Chamber radius effect

Figure 3.9 shows a relationship between the HIB-ICF reactor chamber radius
Rch and the HIB illumination non-uniformity for the Al layer target with the
beam temperature and the semi-Gaussian distribution in the cases of 32, 60
and 120-beam systems. In this case we fix the beam transverse emittance
to 5.0 mm mrad and vary the focal spot radius Rf and distance f . The
RMS non-uniformity changes gradually along with the change in the reactor
chamber radius. In recent ICF designs, the chamber radius of fusion power
plant is about 4.0 ∼ 6.0 m [28, 30]. In our results the optimal non-uniformity
stays at around the 3.0 ∼ 6.0 m chamber radius in the 32, 60 and 120-beam
systems for the fixed emittance of 5.0 π mm-mrad. These results present that
the RMS non-uniformity is kept low enough even in the 32-beam system in
the cases with a realistic ICF reactor chamber radius. We also perform
another parameter study to demonstrate a requirement for the emittance in
order to realize the low non-uniformity when the chamber radius varies. In



3 HIB-Target Interaction 35

this study we fix Rp =4 mm and Rf =0.66 mm and change the chamber
radius Rch. By Eqs. (3.3) and (3.4) the emittance is computed as shown
in Fig. 3.10. In this parameter study the non-uniformity is kept small (see
σRMS in Fig. 3.10), though the requirement for the emittance becomes severe
with the increase in the chamber radius Rch. These results present that HIB
accelerator should deliver HIBs with a low beam transverse emittance and
that we should select the chamber radius.

3.3.3 The Gaussian beam

We use the Gaussian distribution in order to simulate more realistic case
compared with the semi-Gaussian distribution as the beam particle trans-
verse number density distribution. We optimize the standard deviation σ for
any beam systems in order to suppress the beam irradiation non-uniformity.
Figure 3.11 shows the Gaussian distributions with the various standard devi-
ations σ selected as follows: σ=1.20Rbeam (we call this type G1 in this thesis),
σ=1.00Rbeam (G2), σ=0.80Rbeam (G3), σ=0.55Rbeam (G4), and σ=0.50Rbeam

(G5). Figure 3.12 shows a relation between the RMS non-uniformity, the
Gaussian types, and the beam numbers for the various σ in the case of Al
layer target with the chamber radius of 5 m including the longitudinal beam
temperature of 100 MeV and the transverse beam radial emittance of 5.0 π
mm mrad. In Fig. 3.12 we confirm that the non-uniformities are suppressed
low in the cases of G1-G3 for the lager number of beams ( ≥ 32). This result
shows that the sharp Gaussian distribution should be avoided.

3.3.4 Beam number effect

Figure 3.13 shows the RMS non-uniformity versus the HIB total number in
the cases of (a) Al and (b) Pb+Al layer target with the chamber radius of 5
m. The marked diamonds, triangles, squares, and crosses mean the results
in the cases of the Gaussian distribution (G2) with and without the tem-
perature effect and of the semi-Gaussian distribution with and without the
temperature effect, respectively. Particularly, in the case with the Gaussian
distribution with the beam temperature of 100 MeV marked by diamonds in
Fig. 3.13, the RMS non-uniformity in the case of 120-beam system is 1.49
% for Al structure and 1.60 % for Pb+Al structure. These values are close
to the values in the semi-Gaussian distribution with the beam temperature:
1.52 % for Al structure and 1.72 % for Pb+Al structure in the case of 120-
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beam system for the semi-Gaussian with the beam temperature. Therefore
our calculation results also demonstrate that the realistic Gaussian beam is
good for HIB ICF in order to achieve a symmetric implosion.

3.3.5 Target temperature effect

The target temperature increases in HIB ICF, when HIBs impinge on a fuel
pellet. When the target temperature increases, the beam particle stopping
range changes with a target temperature [41, 49]. When the stopping range
changes, the non-uniformity of deposition energy at the target may change.
Therefore, we should investigate the relationship between the deposition en-
ergy non-uniformity and the target temperature. From Fig. 3.14(a) we can
confirm that the beam particle stopping range changes with a target temper-
ature change. Figure 3.14(b) shows the target temperature versus the RMS
non-uniformity. We use the Al layer target and the semi-Gaussian beam in-
cluding the longitudinal beam temperature of 100 MeV and the transverse
beam radial emittance of 5.0 mm mrad in the cases of 32, 60, and 120-beam
systems. When the target temperature increases, the RMS non-uniformity
does not change much in the target temperature range expected in HIB ICF.
This result demonstrates that the HIB illumination non-uniformity is kept
low during the HIB pulse duration, once the HIB illumination pattern is
selected for the cold target.

3.3.6 Displacement of fuel pellet position in a reactor

In the above subsections, all calculations were performed with the assumption
that a pellet is set just to the chamber center. Such the requirement is difficult
to be realized in practice [11, 12, 50] Therefore, a little pellet displacement
from the reactor chamber center is evaluated in this subsection. We assume
that the pellet is injected into the chamber vertically, and simulate the effect
of a little displacement dz as shown in Fig. 3.15(a). Our illumination pattern
is a basically spherically symmetric pattern. So the vertical displacement of
dz may be sufficiently general for our present purpose. The results for the
HIB irradiation systems investigated are plotted in Fig. 3.15 in the cases of
the Al layer target, the Gaussian beam (G2) including the beam temperature
with the chamber radius of (b) 2 m and (c) 5 m. In Figs. 3.15(b) and (c) we
can confirm that the HIB irradiation non-uniformity is sensitive to the pellet
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position displacement in the both cases. This result means that the pellet
displacement may be a serious problem in HIB ICF.

Therefore, we suggest the new illumination scheme to suppress the illu-
mination non-uniformity even if the pellet displacement is occur. The new
illumination scheme shows in Fig. 3.16. The Fig. 3.17 show the RMS non-
uniformity v.s. target displacement from the reactor chamber center in the
cases of nomal32-HIBs illumination, using the large HIB radius and large
HIB radius + new illumination scheme. From this results, we can confirm
that the RMS non-uniformity is kept low using the large HIB radius + new
illumination scheme (especially dTheta=2deg). However the HIB energy loss
using the large radius is serious problem as Fig. 3.18. This problem must be
solved in the future.

3.4 Discussions

In HIF the HIB non-uniformity induces the pressure or acceleration non-
uniformity and consequently induces the implosion and ρR non-uniformities.
Here we discuss the relation between the HIB non-uniformity and the implo-
sion radial acceleration non-uniformity following Ref. [51]: in [51] Sacks et al.
also present an estimation of the HIB irradiation non-uniformity, as well as
a discussion on a relation between an implosion non-uniformity and the HIB
irradiation non-uniformity and suggest a pressure smoothing effect. First
we define the radial acceleration non-uniformity δa/〈a〉 as a summation of a
ratio between the average acceleration 〈a〉i at the ith surface , including the
weight fuction wi [see Eq. 3.12]. The HIB energy deposition non-uniformity
consisted of mainly the variation of the HIB deposition position; in our study
the former factor is evaluated through δai and wi represents the latter. The
pressure in one cell at the deposition layer is estimated by Eijk/δVijk. Here
δVijk is the volume of one cell. Therefore we can estimate the radial acceler-
ation aijk at each mesh point as follows:

aijk ∝ Eijk

δVijk · λijk
. (3.21)

Here, the λijk is the scale length of the pressure gradient at each mesh
point. Moreover the mean radial acceleration 〈a〉i at the i-th surface is given
by



3 HIB-Target Interaction 38

〈a〉ijk ∝ 〈E〉ijk
〈δV 〉i · λi

. (3.22)

Here, the 〈δV 〉i is the mean volume of one cell at the i-th surface and λi

is the mean scale length of the pressure gradient at the i-th surface.
In our study, we estimate the variation of radial acceleration at the i-th

surface using the root-mean-square as follows:

δai ∝

√

∑

j

∑

k(〈a〉i − aijk)2

nθnφ
. (3.23)

From Eqs. (3.21) - (3.23), we can calculate the radial acceleration non-
uniformity as follows:

δa

〈a〉 =
∑

i

wi ·
δai

〈a〉i

=
∑

i

wi ·

√

∑

j

∑

k(
〈E〉i

〈δV 〉i·λi
− Eijk

δVijk ·λijk
)2/nθnφ

〈E〉i
〈δV 〉i·λi

=
∑

i

wi ·

√

√

√

√

∑

j

∑

k

(

〈E〉i
〈δV 〉i·λi

− Eijk

δVijk ·λijk

〈E〉i
〈δV 〉i·λi

)2 · 1

nθnφ

. (3.24)

In an actual fuel target we can usually assume δVijk ≈ 〈δV 〉i and λi ≈ λijk

at each ith surface. Therefore we can rewrite Eq. (3.24) as follows:

δa

〈a〉 ≈
∑

i

wi ·
√

√

√

√

∑

j

∑

k

(
〈E〉i − Eijk

〈E〉i
)2 · 1

nθnφ

= σrms. (3.25)

Equation (3.25) shows that the global acceleration non-uniformity can
be estimated by the RMS deposition-energy non-uniformity [see Eq. (3.10)].
Therefore, the results presented in this study serve important information in
the HIF direct-driven pellet implosion.
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In this section, we studied the HIB deposition non-uniformity in a direct-
driven HIB-ICF pellet. For various beam parameters and different reactor
chamber radii we investigated the energy deposition non-uniformity using 12,
20, 32, 60, 92 and 120-beam irradiation systems. The HIB diverges slightly
by the beam temperature. We include the effect of a beam longitudinal tem-
perature and the beam transverse emittance. In our simulation results we
confirm that the HIB illumination non-uniformity is 1.52 % in the case of
the Al mono-layer structure target, the beam temperature of 100MeV, the
120-beam system, and the semi-Gaussian particle density distribution. In the
case of the Pb+Al target structure, 1.72 %. On the other hand, the RMS
non-uniformity using the Gaussian beam including the beam temperature is
close to the non-uniformity for the semi-Gaussian distribution with the tem-
perature effect ( 1.49 % for Al layer, 1.60 % for Pb+Al layer). From these
results, we expect that the fuel can be successfully imploded and the fusion
energy can be released from a direct-driven fuel pellet in HIB ICF using the
Gaussian or semi-Gaussian HIBs. Moreover we analyzed the spectrum of
the HIB illumination non-uniformity in the spherical target. As a result,
the deposition energy non-uniformity in the target includes higher modes
with sufficiently low amplitudes. Therefore, the mode analyses also demon-
strate that by using an appropriate illumination pattern and the selected
HIB illumination parameter values the sufficiently low non-uniformity can
be realized. From the relationship between the chamber radius and the HIB
illumination non-uniformity in the cases of 32, 60, and 120-beam systems,
with the beam temperature and the semi-Gaussian distribution particle num-
ber density, the RMS non-uniformity does not change much with the change
in the reactor chamber radius as shown in Fig. 3.9 at a realistic chamber
radius Rch of about 3 ∼ 6 m. In this parameter range of Rch we can expect
that the HIB illumination non-uniformity is suppressed less than a few %.
We also demonstrated the important effect of the HIB transverse emittance
in Fig. 3.10. The results show that the beam transverse emittance should be
sufficiently low and that the reactor chamber radius should be optimized.

In HIB ICF, the target temperature increases during the HIB pulse du-
ration. Therefore, we also calculated the relationship between the target
temperature and the HIB illumination non-uniformity. We found that even
if the target temperature increases in a typical temperature range in HIB
ICF, the RMS non-uniformity does not change much. This result presents
that the RMS non-uniformity is kept low during the HIB pulse illumina-
tion onto a direct-driven pellet in ICF. Moreover we investigated the non-
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uniformity growth due to the little pellet displacement of the pellet position
from the chamber center. The calculation results demonstrated that the pel-
let displacement is a serious problem in HIF. We also estimate the effect
of acceleration non-uniformity in radial direction. From this estimation, we
expect that the effect of acceleration non-uniformity is not serious problem
to archive an effective implosion. In order to investigate a dynamic HIB illu-
mination non-uniformity, hydrodynamic implosion simulations coupled with
our 3-D HIB illumination code should be performed, and this work is done
in the next chapter.
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Deposition energy point
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(b)  Deposition energy

(a)  Beamlets

Beam outer line

One beam let

Figure 3.4: (a) Beam-let. Each beam-lets deposit its energy in the spherical target,
then the deposition energy is divided each mesh points on the spherical target. (b)
Deposition energy at each mesh point. The beam-let have an effective area. The
deposition energy at a mesh point is defined from the beam-let effective area.
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Figure 3.5: The deposition energy of beam particles in the relative unit and non-
uniformities at each surface in the cases (a) without the beam temperature effect
and (b) with the temperature effect for Al layer target for the chamber radius of
5 m, 120-beam system, and the semi-Gaussian distribution.
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Figure 3.6: The energy spectra at the Bragg peak layer (a) for the zero-temperature
beam (r=3.73 mm) and (b) with the beam temperature (r=3.83 mm) for Al layer
target. The global non-uniformity spectra using the weight wi for the (c) zero-
temperature beam and (d) with the beam temperature for Al layer target.
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Figure 3.7: The deposition energy of beam particles in the relative unit and non-
uniformities at each surface in the cases (a) without the beam temperature effect
and (b) with the temperature effect for Pb+Al layer target for the chamber radius
of 5 m, 120-beam system, and the semi-Gaussian distribution.
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Figure 3.8: The energy spectra at the Bragg peak layer (a) for the zero-temperature
beam (r=3.79 mm) and (b) with the beam temperature (r=3.87 mm) for Pb+Al
layer target. The global non-uniformity spectra using the weight wi for the (c) zero-
temperature beam and (d) with the beam temperature for Pb+Al layer target.
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Figure 3.10: The relationship between the beam transverse emittance, focal dis-
tance, and the RMS non-uniformity. The beam emittance should decrease and the
focal distance f should increase with the increase in the chamber radius Rch.
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Figure 3.11: The Gaussian distribution. The standard deviation σ of the Gaussian
distribution is defined as follows: G1; σ =1.20Rbeam, G2; σ =1.00Rbeam, G3; σ

=0.80Rbeam, G4; σ =0.55Rbeam, and G5; σ =0.50Rbeam.
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Figure 3.12: The RMS non-uniformity versus HIB total number in the case of
Al layer target with the chamber radius of 5 m including the longitudinal beam
temperature of 100 MeV and the transverse beam radial emittance of 5.0 mm mrad
using five Gaussian types.
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Figure 3.18: HIB energy loss as a function of pellet displacement.



Chapter 4

Target Hydrodynamics

4.1 Introduction

After impinging of the HIB particle to the fuel target, the pusher layer is
ablated by thermal expansion due to the HIB deposition energy. Then the
pusher layer pushes the DT fuel to a central direction. The DT fuel is com-
pressed and achieved a high density/temperature state after a void close.
During DT compression (target implosion) phase, an ablation front must be
uniformed to be realize an effective implosion and fuel burning [37, 52]. How-
ever, a limited-HIB number illumination may induce the non-uniform abla-
tion front and the non-uniform target implosion in a realistic case. Moreover,
the pellet displacement from the chamber center as mentioned in Chapter 3
influence the non-uniform implosion and gain reduction.

Then, in order to calculate the fuel target implosion more realistically (of
course include the pellet displacement effect), I couple the hydrodynamics
code with the HIB illumination code [53] and analyze the target implosion
during and after the HIB pulse duration.

The target energy gain required for energy production by ICF can be
evaluated by considering a reactor energy balance as shown in Fig. 4.1. A
driver pulse delivers an energy Ed to the target, which releases an amount of
fusion energy Efus. The energy gain is G = Efus/Ed. 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 ηth.
A fraction f of the electric power is recirculated to a the driver system, which
converts it into beam energy with an efficiency ηd. The energy balance for

50
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this cycle can be written fηdηthG = 1. Taking ηth = 40% and requiring that
the recirculated fraction of electrical energy be smaller than 1/4, we find the
condition Gηd > 10. For a driver efficiency in the range of ηd = 10 − 33%,
the condistion leads to a target gain of G = 30 − 100 required for power
production. Especially, the required fusion gain is about 30 for the HIF
because the HIB driver efficiency is about ηd = 30%.

Figure 4.1: Energy balance of an ICF reactor.

In this chapter, 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
gdzh in a reactor. In a direct-driven implosion mode dz of ∼ 20 µm was
tolerance and in an indirect-implosion mode dz of ∼ 100 µm was allowable
[10–13]. In the direct-indirect mixture mode target, a low-density foam layer
is inserted, and radiation energy 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 simula-
tions are performed, and show that the HIB illumination non-uniformity is
well smoothed.
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4.2 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. There-
fore, the behavior of the target can be treated as a plasma hydrodynamics. In
our developed hydrodynamics code, we solve basic hydrodynamic equations
as follows.

4.2.1 Hydrodynamics

The physical model employed in this study is based on a three-temperature
(an ion, an electron and a radiation temperatures) fluid model, because the
high density state of a pellet material during the beam-interaction, implosion
and burning phases is done. I also employ a heat conduction and a radiation
transport effects. To capture the target material, I employ the color func-
tion [54]. Generally, calculation of a implosion is difficult to solve because
the density, pressure and temperature gradient are very large, especially the
burning phase. Therefore, in order to calculate high order accuracy in space
and time, the R-CIP method [55–59] is employed for the advection term of
a basic hydrodynamics equations.

A HIB ICF pellets employed in this study are presented in Figs. 4.2 (a),
(b) and (c) in the cases of without a foam, a 0.5 mm thickness foam and a
1.0 mm thickness foam, respectively. The DT fuel contained is about 3.0 mg.
The Pb-beam power pulse shape is shown in Fig. 4.3. The total Pb-ion-beam
input energy is about 4 MJ. The ion-beam pulse duration is 34 nsec and the
peak power is 320 TW. The Pb ion particle energy is 8 GeV.

4.2.2 Basic equations

The hydrodynamic basic equations are as follows:

∂ρ

∂t
+ (u − v′

rnr
) · ∇ρ = −ρ∇ · u, (4.1)

here, the ρ is target mass density in MKS unit and u, v′
r, n

r
are advection

velocity, mesh velocity for the ALE method [60–62] and unit vector for the
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Figure 4.2: Fuel target structure in the cases of (a) without the foam, (b) the 0.5
mm foam and (c) the1.0 mm foam, respectively.

radial direction, respectively.

∂vr

∂t
+ (u− v′

rnr
) · ∇vr = −1

ρ
∇(P + q)r, (4.2)

∂vθ

∂t
+ (u− v′

rnr
) · ∇vθ = −1

ρ
∇(P + q)θ, (4.3)

∂vφ

∂t
+ (u− v′

rnr
) · ∇vφ = −1

ρ
∇(P + q)φ. (4.4)

The vr, vθ, and vφ are target plasma velocity for the radial, θ and φ directions,
respectively. The P and q are total pressure and an artificial viscosity [55, 63].

Cvi
∂Ti

∂t
+ (u− v′

rnr
) · ∇Ti = −Pthi + q

ρ
· u + Hi − Kie + Si, (4.5)

Cve
∂Te

∂t
+ (u− v′

rnr
) · ∇Te = −Pthe

ρ
· u + He + Kie − Kre + Se, (4.6)

Cvr
∂Tr

∂t
+ (u− v′

rnr
) · ∇Tr = −Pthr

ρ
· u + Hr + Kre. (4.7)
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Figure 4.3: Input HIB pulse.

The Cvi, Cve and Cvr show a specific heats of an ion, an electron and a
radiation, respectively. Ti, Te, and Tr are an ion, an electron and a radiation
temperatures. Moreover the Pthi, Pthe and Pthr are thermal pressures of
an ion, an electron and a radiation, respectively. In the energy equation,
the Hi and He are heat conduction terms, and Kie, Kre are heat exchange
terms between an ion-electron and a radiation-electron, respectively. The
Si and Se are the deposition energy by the stopping power calculated by
HIB-Illumination code.

4.2.3 Heat conduction

The ion and electron temperatures have an effect of heat conduction [64–67]
in each temperatures. The heat conduction rates of the ion and the electron
are as follows:

Hi =
1

ρ
∇κi∇Ti, (4.8)

He =
1

ρ
∇κe∇Te, (4.9)

κi = 4.3 × 10−12T
5/2

i (log Λ)−1M−1/2Z−4, (4.10)

κe = 1.83 × 10−10T 5/2
e (log Λ)−1Z−1. (4.11)
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4.2.4 Radiation transport

In this study, a flux limited radiation transport of a diffusion approximation
is employed as follows [68, 69]:

Cvr
∂Tr

∂t
=

1

ρ
∇F, (4.12)

=
1

ρ
∇κr∇Tr, (4.13)

κr =
16

3
σLRT 3

r , (4.14)

here, the F and κr are a radiation flux and conductivity.

4.2.5 Enegy exchange

The energy exchange terms in Eqs. (4.5) and (4.6) are solved by these equa-
tions as follows [65, 66]:

Kie = Cviωie(Ti − Te), (4.15)

Kre = Cveωre(Te − Tr), (4.16)

here, the ωie and ωre are ion-electron and radiation-electron collision frequen-
cies as follows, respectively.

ωie =
Z2e4ni ln Λ

√
me

32
√

2πǫ2
0Mmp(kTe)3/2

, (4.17)

here, Z is charge state, e elementary charge, ni ion number density, me elec-
tron mass, ǫ0 permittivity of free space, M mass number, k the Boltzmann’s
constant, and Te electron temperature in [K].

ωre = ω′
re + ωcr, (4.18)

here,

ω′
re = 8.5 × 10−14(< Z >2< Z > ni/MT 1/2

e Cve)Ig, (4.19)

Ig =

∫ ∞

0

ξ(eξu − eu)

(ξ − 1)(eξu − 1)(eu − 1)
du, (4.20)
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here, u = hν/kTe, ξ = Te/Tr. h and ν are the Plank’s constant and collision
frequency.

ωcr =
128

3

e4σ

m3
ec

6
T 4

r , (4.21)

here, σ is the Stefan’s constant.

4.2.6 Fusion reaction

The number densities of deuterium and tritium change after the fusion reac-
tion. Moreover α-particle and neutrons are produced by the nuclear reaction.
To include these effect, we employ the DT, DD and DHe3 fusion reactions
[21, 70] as follows: DHe3 and DT reactions are

D +3 He → 4He(3.67MeV) + p(14.67MeV), (4.22)

D + T → 4He(3.5MeV) + n(14.1MeV). (4.23)

The reaction cross sections are

< σv > = exp(x1 −
x2

T x5

+
x3

T + x4

), (4.24)

x1 = −47.6101500072032,

x2 = 31.7647772245972,

x3 = 2802.93951496279,

x4 = 374.186068136729,

x5 = 0.286712265913130 (for DHe3 reactions). (4.25)

The coefficients of the DT reaction are

x1 = −49.9580809680824,

x2 = 18.1155080330636,

x3 = 895.149425658926,

x4 = 135.888636700177,

x5 = 0.366290140624939 (for DT reactions). (4.26)

The DD reactions are

D + D → T(1.01MeV) + p(3.03MeV), (4.27)

D + D → 3He(0.82MeV) + n(2.45MeV). (4.28)
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The cross section is

< σv > = exp(x1 −
x2

T x5

+
x3T

(T 2 + x4)2
), (4.29)

x1 = −49.1789720673151,

x2 = 15.3267580380585,

x3 = −4168271.58512757,

x4 = 36677.9694366768,

x5 = 0.365303247159742. (4.30)

The number density change by the fusion reaction. Therefore, the num-
ber densities of the deuterium, tritium, α particle, neutron and He3 are
re-calculated by Eq. (4.31).

nn+1

D = nn
D + (−nDnT 〈σv〉DT − n2

D〈σv〉DD

− nDnHe3〈σv〉DHe3)∆t, (4.31)

nn+1

T = nn
T + (−nDnT 〈σv〉DT + n2

D/4〈σv〉DD)∆t, (4.32)

nn+1
α = nn

α + (nDnT 〈σv〉DT + nDnHe3〈σv〉DHe3)∆t, (4.33)

nn+1

He3 = nn
He3 + (n2

D/4〈σv〉DD − nDnHe3〈σv〉DHe3)∆t, (4.34)

nn+1
n = nn

n + (n2
D/4〈σv〉DD + nDnT 〈σv〉DT )∆t, (4.35)

nn+1
p = nn

p + (n2
D/4〈σv〉DD + nDnHe3〈v〉DHe3)∆t. (4.36)

4.2.7 Alpha particle deposition

After the fuel ignition, the α-particle is produced by fusion reaction as follows
[71, 72]:

D + T → He + n + 17.6MeV, (4.37)

here, D, T, He and n are the deuterium, tritium, α-particle and neutron,
respectively. The neutron goes through the outside of target plasmas without
interaction with the hot plasma. However, the fuel target is heated by the
α-particle deposition because the mean free path of the α-particle in the
high density plasmas is short. Therefore, in order to include this effect, the
α-particle deposition on the plasmas is solved as the diffusion approximation
as follows:
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∂Te

∂t
=

1

ρCve

ωαeEαnα, (4.38)

∂Ti

∂t
=

1

ρCvi

ωαiEαnα. (4.39)

The ωαe and ωαi are collision frequency between the electron-α particle
and the ion-α particle, respectively. Eα and nα are α-particle energy (i.e. 3.5
MeV) and number density of the α-particle. In Eqs. (4.38) and (4.39), nα is
solved by this equation:

∂nα

∂t
= −∇Dα∇nα + nDnT < σv >DT

+nDnHe3 < σv >DHe3 −ωαnα, (4.40)

here, Dα is a diffusion coefficient of the α-particle. The nD, nT , < σv >DT

and < σv >DHe3 are number density of the deuterium, tritium and the cross
sections of D-T and D-He3 reactions, respectively. To solve these equations,
we also use the ADI method same as a heat conduction term.

Dα =
1

3

Eα

mαωα
. (4.41)

The mα is mass of α-particle.

ωα = ωαi + ωαe, (4.42)

ωαi ≈ 9.0 × 10−8(
1

µα
+

1

µi
)
µ

1/2
α

E
3/2
α

niZ
2
αZ2 ln Λ, (4.43)

here, µα = mα/mp and µi = mi/mp.

ωαe ≈







1.6×10−9neZ2 ln Λie

µT
3/2

e

if Te[eV ] > 3.5×106

4×me/mp
,

1.7×10−4µ1/2neZ2 ln Λie

E
3/2

α

else.
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4.3 Simulation results

4.3.1 Without foam

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 hydrodynamics code
coupling with the HIB illumination code. We employ a 32-HIBs illumination
system. In this thesis, two-dimensional (in spherical coordinate) simulations
are performed, and the two-dimensional HIB illumination time-dependent
pattern at φ=90 deg is employed from the HIB illumination code [53].

Figure 4.2(a) shows the fuel target. The Pb, Al and DT layer thicknesss
and mass densities are 0.03 mm, 0.40 mm, 0.10 mm, 11.3 g/cm3, 2.69 g/cm3

and 0.19 g/cm3 , respectively. The HIB pulse is as shown in Fig 4.3. In this
case, the total HIB energy is 4.0 MJ.

Figures 4.4 ∼ 4.6 show the target materials, the density and the total
pressure at 0 nsec, 24 nsec, 33 nsec, 35 nsec and 36 nsec, respectively. Figures
4.7 and 4.8 present the ion temperature and the radial velocity at 24 nsec,
33 nsec, 35 nsec and 36 nsec, respectively.

Figure 4.9 presents a mean density and a mean radiation temperature av-
eraged over the θ direction at 0.37 nsec, 34.9 nsec and 36.2 nsec, respectively.

The averaged HIB illumination non-uniformity is 2.3 % in this case. The
Pb beam ions impinge the pellet surface as shown in Fig. 4.9. The HIB
deposition energy distribution induces an ablation region at the front of the
DT fuel, and then about one-third of Al pusher mass pushes the DT fuel.
From Figs. 4.5, we can see the low density region outside of the ablation
front.

The limited number of beams induce the large non-uniform compression.
We can see the large non-uniformly ablation front from the profile of the
ion temperature, especially at 33 nsec and 35 nsec (see Fig. 4.7). We also
confirm that the large non-uniform implosion is done from the target density,
the total pressure and the radial velocity profile. Especially, the fuel DT is
compressed non-uniformly near the void close.

Figure 4.10 presents (a) the gain curve, (b) the maximum ion temperature
and (c) the mean ρR as a function of pellet displacement dz from the chamber
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(a) initial condition (b) t=24ns

(c) t=33ns (d) t=35ns

(e) t=36ns
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Figure 4.4: The target materials in the case without the foam. The value of 1, 2,
and 3 present the DT fuel, the Al pusher and the Pb tamper, respectively.



4 Target Hydrodynamics 61

(a) initial condition (b) t=24ns

(c) t=33ns (d) t=35ns

(e) t=36ns
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Figure 4.5: The target density profile in the case without the foam.
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(a) initial condition (b) t=24ns

(c) t=33ns (d) t=35ns

(e) t=36ns
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Figure 4.6: The total pressure in the case without the foam.
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(a) t=24ns (b) t=33ns

(c) t=35ns (d) t=36ns
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Figure 4.7: The target ion temperature in the case without the foam.
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(a) t=24ns (b) t=33ns

(c) t=35ns (d) t=36ns
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Figure 4.8: The radial velocity in the case without the foam.
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center. In this study, we calculate the mean ρR using this equation [64, 73],

ρ̄R =

∫ ∫ ∫ R

0
ρrρrg−1drdθdφ

∫ ∫ ∫ R

0
ρrg−1drdθdφ

. (4.44)

Here, the g is geometry factor (1 is cartesian, 2 cylindrical and 3 spherical
coordinate). As described in Introduction in this Chapter, the gain must be
larger than 30 in order to obtain sufficient fusion energy by ICF. However,
the gain decrease dramatically when the pellet displacement becomes larger
and larger. Therefore, it may be difficult to use the fusion electric power
generation system in this case even dz = 0. Moreover, we can also see that
the maximum ion temperature and the mean ρR are decreased for a large
pellet displacement.

Figures 4.11 and 4.12 are implosion non-uniformity of (a) the target den-
sity, (b) the total pressure, (c) the ion temperature and (d) the radial-velocity
at the void closure time and maximum ρR time as a function of dz, respec-
tively. The non-uniformity is calculated by root mean square (RMS). We
employ the maximum value as a non-uniformity for a radial direction. From
these figures, the implosion non-uniformity increase for large pellet displace-
ment.
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Figure 4.10: (a) The gain curve, (b) the mean ρR calculated by Eq. 4.44 and (c)
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4.3.2 With foam

In the direct-indirect mixture mode target, a low-density foam layer is in-
serted as shown in FIg. 4.2(b), 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 4.2(b) present the
fuel target, and consisted of five layers of a 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. We
call the ”direct-indirect mixture implosion mode” this target. In this section,
we also employ the 32-HIBs illumination system. Figures 4.13 to 4.17 are
the target material, the density, the total pressure, the ion temperature and
the radial velocity at 0 nsec, 34 nsec, 42 nsec, 46 nsec and 52 nsec in the case
of the 0.5 mm foam, respectively.
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Figure 4.11: (a) The density, (b) the total pressure, (c) the ion temperature and
(d) the radial velocity non-uniformity v.s. pellet displacement dz at void close in
the case without the foam.
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(a) initial condition (b) t=34ns

(c) t=42ns (d) t=46ns
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Figure 4.14: The target density profile in the case of the 0.5 mm foam.
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(a) initial condition (b) t=34ns
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Figure 4.15: The target total pressure in the case of the 0.5 mm foam.
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Figure 4.16: The target ion temperature in the case of the 0.5 mm foam.
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Figure 4.17: The radial velocity in the case of the 0.5 mm foam.
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Figures 4.18 show the mean target density and the mean radiation tem-
perature at (a) 0.29 nsec, (b) 40.4 nsec and (c) 44.6 nsec, respectively.

We can see that the HIB particle stop at the outside of foam layer. The
heated Al layer produces the radiation energy. The radiation energy is con-
fined in the foam layer, and smooth the HIB illumination non-uniformity. To
check the radiation transport effect on the implosion non-uniformity smooth-
ing, we compare the results for the cases with the radiation transport (ON)
and without the radiation transport (OFF).

Figures 4.19 ∼ 4.21 show the target materials, the density and the total
pressure at 0 nsec, 34 nsec, 42 nsec, 46 nsec and 52 nsec in the case of the
radiation transport OFF, respectively. Figures 4.22 and 4.23 present the ion
temperature and the radial velocity at 34 nsec, 42 nsec, 46 nsec and 52 nsec
in the case of the radiation transport OFF, respectively.

From Figs. 4.19 ∼ 4.17, we can confirm that the more uniform implosion
is done compared with the case of the radiation transport OFF (see also Fig.
4.24).

Especially, the fuel DT is compressed uniformly near the void close in the
case of the radiation transport ON.

Figures 4.25 (a), (b) and (c) show the deposition energy due to the stop-
ping power at (a) 20 nsec, (b) 24 nsec and (c) 34 nsec, respectively. Figures
4.25 (d), (e) and (f) show the target ion temperature for the cases of the
radiation transport OFF ((d), (e) and (f)) and the radiation transport ON
((g), (h) and (i)) at 20 nsec, 24 nsec and 34 nsec. The time of 20 nsec, 24 nsec
and 34 nsec are the end of the foot pulse, start of the main pulse and end of
the pulse duration, respectively. From Fig. 4.25, we can see the implosion
non-uniformity is suppressed from the main pulse by the radiation transport
effect.

To confirm the radiation transport effect on the implosion non-uniformity
smoothing, we pick up the radiation temperature profiles at 34 nsec and 42
nsec as a function of the θ angle in the cases of the 0.5 mm foam (radiation
transport ON and OFF) and without the foam (see Fig. 4.26). The radiation
temperature large non-uniformity in the θ direction can be seen in the case
of the radiation transport OFF and the case without the foam. On the
other hand, the raidation non-uniformity becomes smaller in the case of the
radiation transport ON compared with the case of OFF. From above results,
we can also confirm that the non-uniformity is smoothed by the radiation
transport effect.

Figure 4.27 present the time dependence of the RMS non-uniformity of
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the radiation temperature at the ablation front in the cases of the radiation
transport ON and OFF. From Fig. 4.27, 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.



4 Target Hydrodynamics 76

 0

 2000

 4000

 6000

 8000

 10000

 12000

 2.7  2.9  3.1  3.3  3.5  3.7  3.9  4.1
 0

 0.001

 0.002

 0.003

 0.004

 0.005

T
r 

[k
eV

]

radius [mm]

d
en

si
ty

 [
k
g
/m

3
]

density

foam region

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 1  2  3  4  5  6  7  8
 0

 0.1

 0.2

 0.3

T
r 

[k
eV

]

radius [mm]

d
en

si
ty

 [
k
g
/m

3
]

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 1800

 2000

 0  1  2  3  4  5  6  7  8  9
 0

 0.05

 0.1

 0.15

 0.2

 0.25

T
r 

[k
eV

]

radius [mm]
d
en

si
ty

 [
k
g
/m

3
]

(a) t=0.29ns (b) t=40.4ns (c) t=44.6ns

radiation temperature

Figure 4.18: The mean density and the mean radiation temperature averaged for
the θ direction at (a) 0.29 nsec, (b) 40.4 nsec and (c) 44.6 nsec in the case of the
0.5 mm foam, respectively.
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(a) initial condition (b) t=34ns
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Figure 4.19: The target materials in the case of the 0.5mm foam (radiation trans-
port OFF). The value of 1, 2, and 3 present the DT fuel, Al pusher and Pb tamper,
respectively.
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Figure 4.20: The target density profile in the case of the 0.5 mm foam (radiation
transport OFF).
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Figure 4.21: The target pressure in the case of the 0.5 mm foam (radiation trans-
port OFF).
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Figure 4.22: The target ion temperature in the case of the 0.5 mm foam (radiation
transport OFF).
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Figure 4.23: The radial velocity in the case of the 0.5 mm foam (radiation transport
OFF).
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4 Target Hydrodynamics 83

 0

 0.004

 0.008

 0.012

 0.016

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5
 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4
[a.u.]

(a) deposition energy at t=20ns (b) deposition energy at t=24ns (c) deposition energy at t=34ns

 0
 0.05

 0.15

 0.25

 0.35

 0.45

 0  0.5 1  1.5 2  2.5  3  3.5 4  4.5 5
 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5 [a.u.]

 0
 0.01

 0.03

 0.05

 0.07

 0.09

 0  1  2  3  4  5  6
 0

 1

 2

 3

 4

 5

[a.u.]

 0

 0.01

 0.02

 0.03

 0.04

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5
 

 

 

 
[keV]

(d) target ion temp. at t=20ns (radiation transport off) (e) target temp. at t=24ns (rad. tra. off) (f) target temp. at t=34ns (rad. tra. off)

 0

 0.04

 0.08

 0.12

 0.16

 0  0.5 1  1.5 2  2.5  3  3.5 4  4.5 5
 

 

 

 

 

[keV]

 0  1  2  3  4  5  6

 0

 1

 2

 3

 4

 5

 6

 0

 0.05

 0.15

 0.25

[keV]

radius [mm]

 0

 0.01

 0.02

 0.03

 0.04

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

[keV]

 0

 0.04

 0.08

 0.12

 0.16

 0  0.5 1  1.5 2  2.5  3  3.5 4  4.5 5
 

 

 

 

 

[keV]

 0

 0.05

 0.15

 0.25

 0  1  2  3  4  5  6

 0

 1

 2

 3

 4

 5

 6

[keV]

radius [mm]

(g) target ion temp. at t=20s (rad. tra. on) (h) target ion temp. at t=24s (rad. tra. on) (i) target ion temp. at t=34s (rad. tra. on)
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Figure 4.28 present (a) the gain curve, (b) the mean ρR and (c) the
maximum ion temperature in the cases radiation transport ON, OFF and
without the foam, respectively. From Fig. 4.28, we can confirm that the
pellet gain in the case with the foam is larger than 30 up to dz of about 300
µm 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 ρR decrease
for a large pellet displacement in the case of the radiation transport OFF.
On the other hand, the mean ρR and the maximum 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 effect at the 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 µm
for direct-driven implosion and about 100 µm for indirect-driven implosion,
respectively [11–13, 50]. From our results, allowable dz in the direct-indirect
mixture drive mode in HIF is about 300 µm.
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Figure 4.28: (a) The gain curve, (b) the mean ρR and (c) the maximum ion
temperature in the cases of the radiation transport ON, OFF and without the
foam.

Figures 4.29 and 4.30 show 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 closure time and maximum ρR time as a function of
dz in the cases of the radiation transport ON, OFF and without the foam.
From these figures, the implosion non-uniformity becomes large in the cases
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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 low density region can relax the non-uniform implosion.
Especially at the maximum ρR, the non-uniformity is small compared with
that at the void close time. This result shows that the effective fuel burning
can be realized in spite of the large pellet displacement of dz ∼300 µm .
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(c) the ion temperature and (d) the radial velocity at the void closure time as a
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foam.
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4.3.3 Effect of foam thickness

In this section, the effect of foam thickness on the direct-indirect mixture
implosion is presented. We employ the target including the 1.0 mm thickness
foam as shown in Fig. 4.2(c).

Figure 4.31 presents the mean target density and the radiation tempera-
ture in the case of the 1.0 mm thickness foam at (a) 0.50 nsec, (b) 43.6 nsec
and (c) 47.3 nsec, respectively.

The deposition energy is distributed at the Pb layer as a tamper and at
the ablation Al layer in the case of the 1.0 mm thickness foam (see Fig. 4.31
(a) ).
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Figure 4.31: The mean density and the mean radiation temperature in the case of
the 1.0 mm foam v.s target radius at the (a) 0.50 nsec, (b) 43.6 nsec, and (c) 47.3
nsec, respectively.
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Figure 4.32 presents the radiation temperature at the ablation front as a
function of θ angle at the (a) 34 nsec and (b) 42 nsec in the cases of 1.0 mm
and 0.5 mm foams, respectively.

The radiation non-uniformity in the case of the 1.0 mm foam is almost
same in the case of the 0.5 mm foam.

(a) t=34ns (b) t=42ns
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Figure 4.32: The radiation temperature v.s. θ angle at the (a) 34 nsec and (b) 42
nsec, respectively.

Figure 4.33 shows 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. From Fig. 4.33, 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 4.34 presents the time dependence of 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 radiation energy is increased from the main pulse.
The conversion efficiencies of the HIB total energy to the radiation energy
are ∼ 4.5 % for the 1.0 mm foam, ∼ 4.5 % for the 0.5 mm foam and ∼ 1.5 %
for 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.

Figure 4.35 show (a) the gain curve, (b) the mean ρR and (c) the maxi-
mum 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
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Figure 4.33: Time dependence of the RMS non-uniformity of the radiation tem-
perature at the ablation front in the cases of 1.0 mm and 0.5 mm foams.

small in the case of the 1.0 mm foam compared wth that in the case of the
0.5 mm foam. The implosion velocity is not enough high to ignite the DT
fuel efficiently because the 1.0 mm foam thickness was too thick to create a
sufficient implosion driving pressure. Therefore, the pellet gain decreases for
the large pellet displacement in the case of the 1.0 mm foam.

Figures 4.36 and 4.37 show 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 closure time and maximum ρR 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 displacement. 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.



4 Target Hydrodynamics 92

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0  5  10  15  20  25  30  35  40  45  50

time [ns]

ra
d
ia

ti
o
n
 e

n
er

g
y
  
[M

J]

0.5mm foam

1.0mm foam

w/o foam

Figure 4.34: Time dependence of the confined radiation energy at the low density
region in the cases of the 1.0 mm foam, the 0.5 mm foam and without the foam.

 0

 5

 10

 15

 20

 25

 30

 35

 40

 45

 0  100  200  300  400  500

g
ai

n

0.5mm foam

1.0mm foam

(a) gain curve
(c) max. ion temperature

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 1.4

 0  100  200  300  400  500

0.5mm foam

1.0mm foam

 0

 5

 10

 15

 20

 25

 30

 0  100  200  300  400  500

m
ax

im
u
m

 i
o
n
 t

em
p
er

at
u
re

 [
k
eV

]

0.5mm foam

1.0mm foam

Figure 4.35: (a) The gain curve, (b) the mean ρR and (c) the maximum ion
temperature in the cases 1.0 mm and 0.5 mm foams.
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Figure 4.36: The non-uniformity of (a) the target density, (b) the total pressure,
(c) the ion temperature and (d) the radial velocity at the void closure time as a
function of dz in the cases of the 1.0 mm foam, the 0.5 mm foam and without the
foam.
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4.4 Discussions

In this chapter, we discuss the target implosion using the 32-HIBs illumi-
nation system. The direct-driven fuel target implosion is weak against the
beam non-uniformity. However, in the low density foam region, the radia-
tion 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 re-
alized. 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 conversion 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 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
effectively and 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. In the direct-indirect mixture mode, the allowable displacement was
dz of ∼ 300 µm.



Chapter 5

Conclusions

To solve the energy problem, we set out to achieve the energy production
system by HIF as mentioned in Chapter 1. The HIF has several problems.
In this study, we focus on these problems of HIF as follows:

• HIB final transport

• HIB-target interaction

• Target hydrodynamics, fuel ignition and energy gain

In Chapter 2, we proposed the insulator beam guide for the focusing heavy
ion beam neutralization. Plasma electrons are emitted from the plasma gen-
erated on the insulator inner surface. The electrons move with the heavy ion
beam, and the beam space charge is neutralized effectively by the electrons.
By the PIC simulation, it is confirmed that the heavy ion beam propagates
efficiently and is focused well through the insulator beam guide, which may
be made of one kind of ceramics and may absorb a part of reactor gas leaked
to a beam port. We also confirm that the heavy ion beam is kept in a
high quality and an emittance growth is suppressed through the insulator
guide. We also presented the HIB stability analyses. We estimate the sta-
bility boundary for a focusing HIB propagating without an influence of the
two-stream instability. The focusing HIB is also safe from the filamentation
instability. Therefore the results shown in this paper presented that the HIB
ions are focused successfully onto a fuel pellet located at a reactor center
without severe influences of instabilities.
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In Chapter 3, we studied the HIB deposition non-uniformity in a direct-
driven HIB-ICF pellet. For various beam parameters and different reactor
chamber radii we investigated the energy deposition non-uniformity using 12,
20, 32, 60, 92 and 120-beam irradiation systems. The HIB diverges slightly
by the beam temperature. We include the effect of a beam longitudinal tem-
perature and the beam transverse emittance. In our simulation results we
confirm that the HIB illumination non-uniformity is 1.52 % in the case of
the Al mono-layer structure target, the beam temperature of 100MeV, the
120-beam system, and the semi-Gaussian particle density distribution. In
the case of the Pb+Al target structure, 1.72 %. On the other hand, the
RMS non-uniformity using the Gaussian beam including the beam temper-
ature is close to the non-uniformity for the semi-Gaussian distribution with
the temperature effect (1.49 % for Al layer, 1.60 % for Pb+Al layer). From
these results, we expect that the fuel can be successfully imploded and the fu-
sion energy can be released from a direct-driven fuel pellet in HIB ICF using
the Gaussian or semi-Gaussian HIBs. Moreover we analyzed the spectrum
of the HIB illumination non-uniformity in the spherical target. As a result,
the deposition energy non-uniformity in the target includes higher modes
with sufficiently low amplitudes. Therefore the mode analyses also demon-
strate that by using an appropriate illumination pattern and the selected
HIB illumination parameter values the sufficiently low non-uniformity can
be realized. From the relationship between the chamber radius and the HIB
illumination non-uniformity in the cases of 32, 60, and 120-beam systems,
with the beam temperature and the semi-Gaussian distribution particle num-
ber density, the RMS non-uniformity does not change much with the change
in the reactor chamber radius as shown in Fig. 3.9 at a realistic chamber
radius Rch of about 3 ∼ 6 m. In this parameter range of Rch we can expect
that the HIB illumination non-uniformity is suppressed less than a few %.
We also demonstrated the important effect of the HIB transverse emittance
in Fig. 3.10. The results show that the beam transverse emittance should be
sufficiently low and that the reactor chamber radius should be optimized. In
HIB ICF, the target temperature increases during the HIB pulse duration.
Therefore we also calculated the relationship between the target temperature
and the HIB illumination non-uniformity. We found that even if the target
temperature increases in a typical temperature range in HIB ICF, the RMS
non-uniformity does not change much. This result presents that the RMS
non-uniformity is kept low during the HIB pulse illumination onto a direct-
driven pellet in ICF. Moreover we investigated the non-uniformity growth
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due to the little pellet displacement of the pellet position from the chamber
center. The calculation results demonstrated that the pellet displacement is
a serious problem in HIF. We also estimate the effect of acceleration non-
uniformity in radial direction. From this estimation, we expect that the effect
of acceleration non-uniformity is not serious problem to archive an effective
implosion.

In Chaper 4, we discuss the target implosion using the 32-HIBs illumi-
nation system. The direct-driven fuel target implosion is weak against the
beam non-uniformity. However, in the low density foam region, the radia-
tion 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 re-
alized. 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 conversion 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 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
effectively and 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 simulation results present that a large pellet displacement of ∼
300 µm is allowed in order to obtain sufficient fusion energy in HIF.

I wish to realize an electrical power generation by HIF with several results
in this thesis. The solution of the energy problem is my earnest desire.
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