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Abstract

In this review paper on heavy ion inertial fusion (HIF), the state-of-the-art scientific results are presented and discussed on the HIF physics,
including physics of the heavy ion beam (HIB) transport in a fusion reactor, the HIBs-ion illumination on a direct-drive fuel target, the fuel target
physics, the uniformity of the HIF target implosion, the smoothing mechanisms of the target implosion non-uniformity and the robust target
implosion. The HIB has remarkable preferable features to release the fusion energy in inertial fusion: in particle accelerators HIBs are generated
with a high driver efficiency of ~30%e40%, and the HIB ions deposit their energy inside of materials. Therefore, a requirement for the fusion
target energy gain is relatively low, that would be ~50e70 to operate a HIF fusion reactor with the standard energy output of 1 GWof electricity.
The HIF reactor operation frequency would be ~10e15 Hz or so. Several-MJ HIBs illuminate a fusion fuel target, and the fuel target is imploded
to about a thousand times of the solid density. Then the DT fuel is ignited and burned. The HIB ion deposition range is defined by the HIB ions
stopping length, which would be ~1 mm or so depending on the material. Therefore, a relatively large density-scale length appears in the fuel
target material. One of the critical issues in inertial fusion would be a spherically uniform target compression, which would be degraded by a
non-uniform implosion. The implosion non-uniformity would be introduced by the Rayleigh-Taylor (R-T) instability, and the large density-
gradient-scale length helps to reduce the R-T growth rate. On the other hand, the large scale length of the HIB ions stopping range suggests
that the temperature at the energy deposition layer in a HIF target does not reach a very-high temperature: normally about 300 eV or so is
realized in the energy absorption region, and that a direct-drive target would be appropriate in HIF. In addition, the HIB accelerators are operated
repetitively and stably. The precise control of the HIB axis manipulation is also realized in the HIF accelerator, and the HIB wobbling motion
may give another tool to smooth the HIB illumination non-uniformity. The key issues in HIF physics are also discussed and presented in the
paper.
Copyright © 2016 Science and Technology Information Center, China Academy of Engineering Physics. Production and hosting by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The heavy ion beam (HIB) fusion (HIF) has been proposed
many years ago in 1970's. For example, a proton-beam inertial
fusion target was proposed in Ref. [1]. The HIF reactor de-
signs were also proposed in Refs. [2e4].

HIB ions deposit their energy inside of materials, and the
interaction of the HIB ions with the materials are well
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understood [5,6]. The HIB ion interaction with a material is
explained and defined well by the classical Coulomb collision
and a plasma wave excitation in the material plasma. The HIB
ions do not reflect from the target material, and deposit all the
HIB ion energy inside of the material. The HIB energy
deposition length is typically the order of ~mm in an HIF fuel
target depending on the HIB ion energy and the material.
When several MJ of the HIB energy is deposited in the ma-
terial in an inertial confinement fusion (ICF) fuel target, the
temperature of the energy deposition layer plasma becomes
about 300 eV or so. The peak temperature or the peak plasma
pressure appears near the HIB ion stopping area by the Bragg
peak effect, which comes from the nature of the Coulomb
collision. The total stopping range would be normally wide
and the order of ~mm inside of the material. An indirect drive
target was also proposed in Ref. [7]. However, due to the
relatively moderate temperature inside of the material and the
plasma temperature and pressure profiles, a spherical direct
drive target would be appropriate in HIF.

In ICF, a driver efficiency and its repetitive operation with
several Hzd20 Hz or so are essentially important to constitute
an ICF reactor system. HIB driver accelerators have a high
driver energy efficiency of 30%e40% from the electricity to
the HIB energy. In general, high-energy accelerators have
been operated repetitively daily. The high driver efficiency
relaxes the requirement for the fuel target gain. In HIF the
target gain of 50e70 allows us to construct HIF fusion reactor
systems, and 1 GW of the electricity output would be realized
with the repetition rate of 10e15 Hz.

The HIB accelerator has a high controllability to define the
ion energy, the HIB pulse shape, the HIB pulse length and the
HIB number density or current as well as the beam axis. The
HIB axis could be also controlled or oscillated with a high
frequency [8e10]. The controlled wobbling motion of the HIB
axis is one of remarkable preferable points in HIF, and would
contribute to smooth the HIBs illumination non-uniformity on
a DT fuel target and to mitigate the Rayleigh-Taylor (R-T)
instability growth in the HIF fuel target implosion [11e13].

The relatively large density gradient scale length is created
in the HIBs energy deposition region in a DT fuel target, and it
also contributes to reduce the R-T instability growth rate
especially for shorter wavelength modes [14,15]. So in the HIF
target implosion longer wavelength modes should be focused
for the target implosion uniformity.

In ICF target implosion, the requirement for the implosion
uniformity is very stringent, and the implosion non-uniformity
must be less than a few percent [16,17]. Therefore, it is
essentially important to improve the fuel target implosion
uniformity. In general the target implosion non-uniformity is
introduced by a driver beams' illumination non-uniformity, an
imperfect target sphericity, a non-uniform target density, a
target alignment error in a fusion reactor, etc. The target
implosion should be robust against the implosion non-
uniformities for the stable reactor operation.

In the HIBs energy deposition region in a DT fuel target, a
wide density valley appears, and in the density valley a part of
the HIBs deposited energy is converted to the radiation and the

radiation is confined in the density valley. The converted and
confined radiation energy is not negligible, and it would be the
order of ~100 kJ in a HIF reactor-size DT target. The confined
radiation in the density valley contributes also to reduce the
non-uniformity of the HIBs energy deposition.

The HIB must be transported in a fusion reactor, which
would be filled by a debris gas plasma. The reactor radius
would be 3e5 m or so. From the beam exit of the accelerator
the HIB should be transported stably. The HIB ion is rather
heavy. For example, Pbþ ion beams could be a promising
candidate for the HIF driver beam. Fortunately the heavy ions
are transported almost ballistically with straight trajectories in
a long distance. Between the HIB ions and the background
electrons, beameplasma interactions occur: the two-stream
and filamentation instabilities may appear, and simple ana-
lyses confirm that the HIBs are almost safe from the in-
stabilities' influences. However, the HIB's self charge may
contribute to a slight radial expansion of the HIBs especially
near the fuel target area due to the neutralized electrons'
heating by the HIB radial compression during the HIB's
propagation in a reactor [18]. So the HIB charge neutralization
is also discussed in the paper.

The HIB uniform illumination is also studied, and the target
implosion uniformity requirement requests the minimum HIB
number: details HIBs energy deposition on a direct-drive DT
fuel target shows that the minimum HIBs number would be the
32 beams [19]. The 3-dimensional detail HIBs illumination on a
HIF DT target is computed by a computer code of OK [20]. The
HIBs illumination non-uniformity is also studied in detail. One
of the study results shows that a target misalignment of ~100 mm
is tolerable in fusion reactor to release the HIF energy stably.

In the paper first the issues in HIF are summarized, and the
key requirements are then discussed. The HIB transport is
examined with discussions on the HIB neutralization and the
relating instabilities. The HIB illumination uniformity and the
HIF target physics are then discussed in detail. Presented are
the HIB energy deposition, the HIB illumination non-
uniformity, the target implosion dynamics, the implosion
uniformity, the HIB ion interaction with the target and the
robust target implosion. The chamber gas dynamics is also
touched briefly. In addition, the HIB projects are also intro-
duced. The summaries are presented finally.

2. Issues in heavy ion inertial fusion

In this section key issues in HIF are summarized first. The
fuel target design should be conducted further toward a robust
fuel implosion, ignition and burning. The HIF target design is
quite different from the laser fusion target due to the relatively
long range (the order of ~1 mm) of the energy deposition
[1,17,21]. An example direct-drive fuel target is presented in
Fig. 1. The target should be compressed to about one thousand
of the solid density to reduce the driver energy and to enhance
the fusion reactions [22]. The target should be robust against
the small non-uniformities caused by the driver beams' illu-
mination non-uniformity, a fuel target alignment error in a
fusion reactor, the target fabrication defect, etc. The ICF
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reactor operation rate would be 10e15 Hz or so. So the stable
target performance should be realized.

The HIB stopping range is rather long, and the HIB beam
energy is deposited mainly at the end area of the beam ion
stopping range due to the Bragg peak effect, which is originated
from the nature of the Coulomb collision. The interaction of the
HIB ions could be utilized to enhance the HIB preferable
characteristics. The HIB ion interaction is relatively simple, and
is almost the classical Coulomb collision, except the plasma
range-shortening effect [6,23]. Therefore, the HIB energy
deposition profile is well defined in the HIF target. A typical
HIB ion species would be Pbþ or Csþ or so. For Pbþ ions the
appropriate Pb ion energy would be about 8 GeVor so.

However, the HIBs illumination scheme should be studied
intensively to realize a uniform energy deposition in a HIF
target. The ICF target implosion uniformity must be less than a
few percent [16,17]. The uniformity requirement must be
fulfilled to release the fusion energy. The multiple HIBs
should illuminate the HIF target with a highly uniform scheme
during the imploding DT shell acceleration phase.

In addition, the HIB pulse shape should be also designed to
obtain a high implosion efficiency himp. An example Pb HIBs
pulse shape is presented in Fig. 2. The pulse shape consists of
a low-intensity foot pulse, a ramping part to the peak intensity
and the high-intensity main pulse. The foot pulse generates a
weak shock wave in the target material and the DT fuel, and
the first shock wave kicks the low-temperature DT liquid fuel
inward. When no foot pulse is used, the main pulse with the

high intensity generates a strong first shock wave inside of the
DT fuel and increases the DT adiabat. The DT fuel preheat
would be induced and the efficient fuel compression would be
realized. The foot pulse length and the ramping time are
designed to reduce the entropy increase. The first weak shock
wave is not caught by the second and third stronger shocks
inside of the DT fuel layer. At the inner edge of the DT fuel
layer the shocks should be overlapped so that the efficient fuel
acceleration and compression are accomplished during the
implosion. A stronger shock wave increases the entropy more
from the fluid ordered motion than the weak shock wave. The
detail pulse shape should be designed for each target design.

The DT fuel stable compression is another key issue in ICF.
In the recent NIF target experiments in Livermore, CA, U. S.
A., they have succeeded to compress the DT fuel to a few
thousands of the solid density and reached a scientific break-
even in ICF [24,25]. Before getting the success on NIF, the
low-intensity foot pulse lasers were used, and the DT fuel was
compressed more than that shown in Refs. [24,25]. The highly
compressed DT fuel met a DT fuel mix, that would be induced
by the R-T instability. The R-T instability and the fuel mix are
caused by the implosion non-uniformity, the driver laser illu-
mination non-uniformity, etc. The DT fuel implosion stability
should be studied carefully in ICF. The DT fuel compression
dynamics itself in HIF is the same as that in the laser fusion,
though the driver target interaction is quite different from that
in the laser fusion.

Each target should be injected into the reactor, and must be
situated at the reactor center. The target alignment or posi-
tioning error in the reactor should be minimized to reduce the
HIBs illumination non-uniformity. The experimental results
show that the target alignment error would be minimized to
~100 mm or so [26]. This issue is also studied for a real reactor
design. On the other hand, the target should be designed to be
robust against the target alignment of ~100 mm.

The HIF reactor would have a dilute reactor gas inside the
reactor chamber after each fuel target shot. The reactor oper-
ation frequency would be 10e15 Hz in HIF. In HIF the debris
gas would supply cold electrons to compensate the HIB self
charge in the vicinity of the fuel target and/or during the HIBs
transport in the reactor. The reactor radius may be 3e5 m or
so. The debris gas dynamics should be also studied.

The HIB transport in the reactor is another key issue. The
HIB ion mass is large so that the ion trajectory is almost
straight between the HIB accelerator exit to the reactor center.
However, each HIB carries a large current of ~1 kA or so. The
remaining large current and its self-charge would provide a
slight HIB radial expansion [18]. The final neutralized HIB
transport should be also studied.

The reactor design is also another key issue in ICF [2e4].
The first wall could be a wet wall with a molten salt or so or a
dry wall. The reactor design must accommodate a large
number of HIBs beam port, for example, 32 beam ports. At the
first wall and the outer reactor vessel the beam port holes
should have mechanical shutters or so to prevent the fusion
debris exhaust gas toward the accelerator upstream. In addi-
tion, the target debris remains inside of the first wall or mixes

Fig. 1. An example fuel target structure in heavy ion inertial fusion.

Fig. 2. An input heavy ion beam pulse. The HIB pulse consists of the low

power part (foot pulse) and the high power one (main pulse).
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with the liquid molten salt, which may be circulated. The
target debris treatment should be also studied as a part of the
reactor design. The tritium (T) also remains inside of each
target after its burning. Usually about 30% or so of the DT fuel
is reacted and depleted in the target during the burning pro-
cess. So a large part of T in each target is mixed in the reactor
gas and would be melted in the liquid first wall. The rest T and
the radio-activated target materials must be distributed inside
of the reactor vessel right after the target burning, and they
would not accrete in a large lump in the reactor. The distrib-
uted radioactive materials must be collected and separated in
the fusion reactor system safely.

The HIB accelerators have the high controllability and
flexibility for the particle energy, the beam pulse shape, the
pulse length, the ion species, the beam current, the beam
radius, the beam focusing and the beam axis motion. The
accelerators are operated daily with a high frequency stably.
This is a very preferable feature for the fusion reactor system
[27]. However, the high-current operation may need additional
studies for the fusion reactor design. The ~kA HIB may induce
an additional HIB divergence, a beam loss and an electron
cloud generation in the accelerator. The high-current and high-
charge HIB generation and transport should be studied care-
fully to avoid the uncertainty in the HIB accelerator. At pre-
sent an experimental device of NDCX II at Berkeley, CA,
U.S.A. works on the HIB accelerator physics study [28]. FAIR
(Facility for Antiprotons and Ion Research) at Darmstadt,
Germany and HIAF (High Intensity heavy ion Accelerator
Facility) in China have been planned for HIF and HEDP (High
Energy Density Physics) studies [29,30]. The key issues in the
accelerator physics include the ion source, which should
supply a large number of HIB particles with 10e15 Hz or so
[31]. The high-current HIB accelerator type should be also
another issue in HIF accelerators [32].

In the accelerator system, each beam is generated first from
the ion source, and near the final beam transport to the HIF
reactor each HIB may be compressed longitudinally. The HIB
pulse shape in Fig. 2 may impose a requirement of the HIB
longitudinal length. For example, an 8 GeV Pb ion has the speed
of ~0.29 c, where c is the speed of light. The 20 ns HIB pulse
length is about 1.7 m. So at the last stage of the accelerator, the
HIB may be compressed or bunched in the longitudinal direc-
tion. The HIB longitudinal bunching may be also required.

In addition to the issues shown above, the following pints
should be studied for a realistic HIB reactor system: a power
flow in the HIB power plant has not been well studied [33]. The
ICF reactor operation is intermittent, and the DT neutrons and
the target debris transfer the fusion pulse energy to the heat
recovery system. The pulsation of the heat transfer would not
have a significant influence on the steady electric power gen-
eration. This point should be studied to ensure the optimistic
presumption, as well as a reactor design and its system design.

3. Target gain requirement for HIF reactor system

A target energy gain required for an energy production is
evaluated by a reactor energy balance in ICF shown in Fig. 3.

The driver pulses deliver an energy Ed to a target, which re-
leases fusion energy Efusion. The energy gain is G ¼ Efusion/Ed.
The fusion energy is first converted to electricity by a standard
thermal cycle with an efficiency of hth. A fraction f of the
electric power is circulated to the reactor system operation and
the driver system, which converts it to the HIB energy with an
efficiency of hd. The energy balance for this cycle is written by
fhthhdG> 1. Taking hth ¼ 40% and requiring that the
circulated-energy fraction f of electrical energy should be less
than 1/4, we find the condition Ghd> 10. For a driver effi-
ciency in the range of hd ¼ 30%e40%, the condition G > ~30
is required for power production. Therefore, the preferable
fusion target gain would be G~50e70 in HIF. When the HIF
reactor system operation rate is about 10e15 Hz, a 1 GW HIF
power plant can be designed (see Fig. 4).

4. HIB transprot in a fusion reactor

The HIB should be focused and transported against the
beam space charge onto a fuel pellet at the reactor center. The
target radius is the order of mm. In this section the HIB final
transport is focused and studied. In the HIB final transport, the
key factors are as follows: the final small focal radius (a few
mm), a low emittance growth relating to the HIB particle
energy and momentum divergences, the HIB space charge and
current neutralizations, electrostatic and electromagnetic in-
stabilities, and collision effects between the HIB and a back-
ground reactor gas [34,35]. After the acceleration of beam ions
to, for example, about 8e10 GeV, HIB should be transported
in a fusion reactor of a few m to 5 m in the HIF reactor and
focused on a few mm fuel pellet (see Fig. 1) [5,21]. In a
reactor, HIB particles interact with each other and with
background plasma or a reactor gas (~few mTorr) [36]. It was
confirmed by D.A.Callahan that the interaction between
neighboring HIBs is not serious in a HIB fusion reactor [37].
In the long distance transport of HIB, the HIB space charge
and current should be neutralized, and electrostatic and elec-
tromagnetic instabilities should be suppressed. Consequently,
we should establish a charged-particle-beam-transport control
method for the above purposes.

In the HIB final transport, several transport schemes have
been proposed: the preformed channel transport [38,39], the
neutralized ballistic transport using a preformed plasma
[38,40,41] or using a tube liner [36,42], the ballistic transport
in near vacuum [38], and so on. One of the promising transport
schemes is the neutralized ballistic transport, in which
preformed-plasma electrons or wall-emitted electrons

Fig. 3. Schematic figure for a HIF concept.
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neutralize the HIB space charge. On the other hand, the HIB
ion number density increases from nb0 � 1011e1012 cm�3 at
a beam port entrance to ð100� 200Þ � nb0 at the fuel pellet
position. During the HIB transport in a fusion reactor, the HIB
radius changes from several cm to 2e3 mm. A chamber gas or
attached electrons neutralize the HIB space charge well at the
beginning transport section near the reactor wall. Near the fuel
pellet at the chamber center, the HIB number density and the
neutralizing electron number density increase, and we can also
expect the chamber gas photoionization to increase the
chamber gas electrons near the target. However, at the trans-
port middle stage between these two regions, there may be a
region in which the background chamber electron number
density is smaller than the HIB neutralizing electron number
density, depending on the chamber gas density and its ioni-
zation degree.

When a core plasma is surrounded by a lower density
plasma or vacuum and at the same time the core plasma
electron has a high temperature, the core plasma expands with
a higher speed than the plasma ion thermal speed: the high-
temperature electrons move out of and back to the core
plasma ions and induce a charge separation at the core plasma

ion surface. The charge separation extracts the plasma ions
and, consequently, the core plasma expands fast by the
ambipolar (plasma sheath) field. In the HIB transport, the HIB
ions are the core plasma ions, and the neutralizing electrons
may have a high temperature during the HIB convergence.
Hereafter, we discuss the HIB divergence by the ambipolar
field generated by the neutralizing electrons, propose possible
solutions to suppress the HIB divergence and present a
transportable window.

4.1. Neutralizing electron heating effect on HIB final
transport near the chamber center

The fuel target requires several MJ of HIB driver energy in
HIF. Each HIB carries 1e5 kA and a HIB ion particle energy
may be 8e10 GeV, depending on the HIB ion species. At the
beam port entrance at the reactor wall a Pbþ HIB radius rb0
may be several cm and its number density is
nb0 � 1011e1012 cm�3 at the beam port entrance. The Pbþ

HIB radius decreases to rb ~ 2e3 mm in its radius at the target
surface and its number density increases to
nb � ð100� 200Þ � nb0 ¼ ð1� 2Þ � 1014 cm�3 at the fuel
pellet position. In this section, we focus on the neutralized
ballistic transport (NBT) scheme. In this scheme, a chamber
gas pressure may be a few torr and a chamber neutral gas
density may be 1014 cm�3. The chamber gas electron number
density may be 1012 cm�3. In the NBT scheme, electrons are
supplied from a preformed plasma or a plasma at a wall, and
move together with a HIB to neutralize the HIB space charge.
Along with a HIB convergence, the co-moving electron den-
sity increases to the same order of the HIB density. Near the
chamber wall, the co-moving electron temperature Te0 would
be several tens of eV, and near the target area the electron
temperature increases to a few hundreds of keV with the
decrease in the HIB radius [41,42]: if we assume an adiabatic
increase in the electron temperature Te,
Te � Te0 � ðrb0=rbÞ4=3 � 22� Te0.

If we have a high number density nce (>Zbnb) of the
chamber electrons surrounding the HIB compared with the
HIB ion number density nb, like a channel transport scheme,
the HIB space charge is always well neutralized [43]. At the
central target area surrounding a fuel pellet in the reactor
chamber, photoionized electrons are also supplied from the
chamber gas, the HIB is also ionized to Zb ~ 6 [43,44], and one
can expect the situation of nce > Zbnb. The photoionization
effect helps additionally neutralize the HIB charge at the
central area of the reactor chamber. Therefore, at the central
area the HIB can be expected to be well neutralized. Espe-
cially the additional electrons and the chamber original gas
electrons are relatively cold than that of the electrons com-
pressed at the chamber central area and co-moving with the
HIBs from the reactor outer area.

On the other hand, near the chamber wall area, the HIB
number density nb0 would be comparable to the background
chamber gas electron number density. At the same time, the
emitted electrons move together and neutralize the HIB space
charge well.

Fig. 4. Energy balance in ICF reactors.

Fig. 5. Conceptual diagram for HIF reactor chamber.
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However, at the middle area in the NBT between the
chamber wall area and the target central area, there may be a
situation in which nce < Zbnb and the neutralizing electron
temperature Te becomes high. In this region a charge separa-
tion between the neutralizing electrons and the HIB ions in-
duces a strong radial electric field to expand the HIB radius
(see Fig. 6). The ion acceleration mechanism is the same with
that in the TNSA (target normal sheath acceleration) in laser
plasma interaction [45e47].

In NBT, if the neutralizing electron number density is
nbe ¼ Zbnb ¼ 1014 cm�3, the neutralizing electron temperature
is Te~100 keV and nce < Zbnb, the Debye length of the
neutralizing electrons is lDe ~ 0.235 mm (<rb). In the region A
(inside of HIB) in Fig. 6, we can assume nbe ~ Zbnb and in the
region B the ambipolar field potential can be estimated by the
following Poisson equation:

d24

dr2
� 4penbe � 4pene0e

e4=Te ð1Þ
In the region B, the nonlinear Eq. (1) has an exact solution:
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Here kDe ¼ 1/lDe. After integration of Eq. (2) between the
HIB surface rb to rbþ lDe, we obtain the energy gained at the
HIB surface by the ambipolar field in the transverse direction.
When Zb ¼ 5, Te ¼ 200 keV, rb ¼ 0.4 cm and
nb ¼ 3 � 1013 cm�3, the HIB Pb ions obtain ε⊥ ¼ 136 keVof
the transverse energy. In this case, a 10 GeV Pb HIB expands
by 3.7 mm in its radius by the ambipolar field after the 1 m
transport. For Zb ¼ 2, Te ¼ 10 keV, rb ¼ 0.5 cm and
nb ¼ 2 � 1012 cm�3, ε⊥ ¼3 keV. In this case, the 10 GeV HIB
Pb ion beam expands by 0.5 mm after the 1 m transport. For
lDe < rb, which is normally satisfied in NBT.
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Then, ε⊥= εk ¼ ð3� 10 keVÞ=ð8� 10 GeVÞ. The key
factor for the ambipolar expansion of the transverse expansion
near the fuel target area comes from the electron temperature
Te increase with the HIB focusing. The next important factor

would be Zb, that is, the HIB ion charge stripping effect. The
possible solutions to suppress the ambipolar field are presented
below. The ambipolar field supplies a new mechanism for the
HIB divergence, in addition to the effects of the beam space
charge, the HIB emittance, the chromatic aberration and the
HIB aiming error [37,38].

The ambipolar HIB ion divergence phenomenon can be
seen in Refs. [42e44], though the ambipolar expansion effect
was not recognized in these references. In Refs. [43,44], LSP
simulations were performed, and ions located at the HIB outer
part in transverse expand seriously. The co-moving electron
temperature is also shown in Ref. [44] and shows a very high
temperature of several tens to hundreds of keV. In Ref. [42],
we have also shown the serious electron temperature increase
as a HIB converges. In these simulation results, the effect of
the ambipolar expansion was neither recognized nor pointed
out. We clarified the HIB additional ambipolar expansion
mechanism to explain the HIB divergence.

PIC simulations are also performed for the following
parameter values for a Pb3þ HIB: Te ¼ 10 or 100 keV,
Tb ¼ 1 keV, rb ¼ 0.4 cm, nb ¼ 1013 cm�3, Ti ¼ 1 keV and
Zb ¼ 3. Fig. 7 shows the example results of (a) the Pb HIB
particle kinetic energy, and (b) the electron energy distribution
in x for Te ¼ 100 keV. The HIB, which is neutralized the
background electrons, is located at the center of the simulation
box in vacuum in this case. After 10 ns, the HIB ions are
accelerated transversely and obtain about ε⊥ ¼30 keV at the
maximum. For Te ¼ 10 keV, the maximal ε⊥ is about 10 keVat
10 ns? This transverse energy ε⊥ is another issue to obtain a
fine focus on a fuel pellet.

When the chamber gas electron density nce is much higher
than the HIB number density, that is, nce > Zbnb, Eq. (2) also
shows the HIB usual neutralization by the background
chamber electrons. In this case, normally the chamber electron
temperature is low. When Te ¼ 10 eV, Zb ¼ 5, rb ¼ 0.4 cm and
nce ¼ 1014 cm�3, the HIB Pb ions obtain a negligible trans-
verse energy of ε⊥ ¼ 0.05 keV. The neutralization by the high-
density cold electrons is rather preferable for the HIB final
transport in the reactor chamber.

4.2. Stable HIB transport window

The two-stream instability between the HIB ions and the
background chamber electrons is excited as shown in Fig. 8, in
which the lower limit band for the instability is indicated.
However, this mode is an electron mode [48], and may not be
so dangerous for the HIB transport, though it should be studied
in detail. On the other hand, the two-stream instability be-
tween the HIB ions and the chamber gas ion also appears, but
its limitation of nb is not serious. In Fig. 8 the solid arrow
shows a possible preferable HIB transport trajectory in the
reactor chamber (see Fig. 5). A circled region in Fig. 8 shows
the transport window. The upper limit of the HIB ion number
density nb comes from the two-stream instabilities [48], and
the neutralizing electron temperature is limited by the ambi-
polar expansion limit driven by Eq. (2). For the ambipolar
expansion limit we employ a relation of ε⊥=εk ¼ 10�6: for

Fig. 6. Neutralizing high-temperature electrons compressed during the HIB

focusing generate a charge separation at the HIB surface in the HIB transverse

direction. The ambipolar field contributes to a slight expansion of the HIB in

the radial direction.
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example, under this condition, the 50% increase in the HIB
radius is allowed during 1 m transport. In Fig. 8, three solid
curves show the results from this limitation. The most upper
solid curve is obtained under the conditions of Zb ¼ 3,
rb ¼ 0.5 cm and εb ¼ 8 GeV. The middle solid curve is ob-
tained for Zb ¼ 3, rb ¼ 0.7 cm and εb ¼ 8 GeV. The lower limit
is for Zb ¼ 3, rb ¼ 1.0 cm and εb ¼ 8 GeV. For the low nb
region (nce > Zbnb) no ambipolar field appears as we discussed
above. Fig. 8 demonstrates that the neutralizing electron
temperature should be kept lower than the limit obtained by
Eq. (2). This may be realized by a careful control of electron
temperature, and the neutralizing electron supply method
should be studied further [44].

If the background cold electron number density nce is
nearly equal to the HIB neutralizing high-temperature electron
number density Zbnb hot, the effective temperature Te becomes
Teff ¼ 1/(1/Tehotþ 1/Tecold) in Eq. (3). Therefore, the ambi-
polar field is weakened by employing a cold background gas
surrounding the HIB with a high density of nce � Zbnb.

Based on the analyses and discussions in this section, one
can find the following two solutions in order to suppress the
ambipolar field divergence of HIB and to realize the stable
HIB transport in the fusion reactor chamber:

(1) Use of a high chamber background electron density,
which should be always larger than or equal to the HIB
number density; this means nce > Zbnb. This means that
near the target nce> 1014e1015 cm�3 and at the middle
transport area in the reactor chamber
nce> 1013e1014 cm�3. In this case the HIB is secure from
the ambipolar field expansion, and the background elec-
trons always come around the HIB ions to compensate the
HIB space charge. This solution is simple, but in this case
the HIB-chamber gas instabilities, the HIB charge stripping
effect, and an interaction between a shock wave generated
by a fuel pellet explosion and a chamber gas should be
studied further in this circumstance. However, relating
studies have been intensively performed in association with
a channel transport scheme [37,38,49], and we can adopt
the previous research results [50,51].
(2) Employing the NBT scheme: in this case the lower
temperature electrons should be used to neutralize the HIB
space charge, in order to reduce the ambipolar field
strength, based on Eqs. (2) and (3) near the chamber center,
where the HIB is compressed in the radial direction.

Here it should be pointed out that the co-moving electron
interaction with the background chamber gas is negligible. For
the background electron temperature of 10 eV and its density
of a few Torr, a few eV is the co-moving electron collision
energy loss. So the co-moving electrons survives and
neutralize continuously during the whole HIB transport in the

Fig. 7. PIC simulation results for the HIB transverse expansion near the reactor

chamber center by the ambipolar field, which is generated by the electron

heating. (a) The Pb ion transverse kinetic energy distribution in x, and (b) the

electron energy distribution in x. In this simulation Te ¼ 100 keV, Tb ¼ 1 keV,

rb ¼ 0.4 cm, nb ¼ 1013 cm�3, Ti ¼ 1 keV and Zb ¼ 3.

Fig. 8. HIB transport window in the neutralized ballistic transport (NBT)

scheme in a HIF reactor chamber. The circled area is the transport window.

The neutralizing electron temperature Te is limited by the ambipolar expan-

sion, and the HIB ion number density is limited by two-stream instabilities.

The solid arrow shows a preferable HIB trajectory during the drift compres-

sion and focusing in the reactor chamber.
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reactor chamber, once the HIB catches the neutralized elec-
trons near the reactor wall chamber or just after the focusing
element in the accelerator. From this estimation, after the HIB
and co-moving electrons enter the HIB ICF reactor chamber
gas, the electrons keep on moving with the HIB, and the HIB
space charge neutralization is kept.

Here we briefly review the two-stream and the fila-
mentation instabilities [48,52e55] in the reactor chamber,
discussed in Fig. 8. The maximum growth rate of the two-
stream instability between the HIB ions and the background
electrons is given by Eq. (4).

gmax ¼�n
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Here the collision frequency is evaluated by the Coulomb
interaction between the background electron and the HIB ions,
whose speed is Vb and thermal speed is ub. The HIB ion
plasma frequency is denoted by ub, and ue is the background
electron plasma frequency.

The maximum growth rate of the filamentation instability is
given by Eq. (5).
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Here the beam effective temperature 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 becomes high (~ MeV).

In Fig. 8 we calculate the density range in which the
focusing HIB can propagate without severe influences of the
two-stream instability (gt < 5) by Eq. (4). The typical
parameter values in HIF are as follows: the focusing beam
temperature Tb ~ 0.3e0.5 MeV, the background plasma tem-
perature Te ~ 10 eV, the beam drift velocity Vb ~ 5 � 109 cm/s
for 8 GeV Pb, the focused beam density
nb ~ 1.38 � 1011e2.5 � 1012 cm�3, the beam current is
I ~ 5.0 kA, and the background plasma density
ne ~ 1015e1016 cm�3. For the filamentation instability,
gt ~ 0.0040e0.0005, and therefore, we confirm that the HIB
is safe from the filamentation instability. 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. 8.

We have also checked that the HIB is safe from instabilities
of a mode between HIB ions and reactor gas ions and modes
between co-moving electrons and reactor gas ions. The modes
have almost no influences on the HIB propagation in the HIF
reactor.

4.3. HIB charge neutralization

In this subsection, the HIB self-charge neutralization
method is focused. In a HIF reactor system a HIB accelerator
and final focusing elements should stand away from a reactor
vessel so as not to be damaged by neutrons and fusion debris.
In order to ensure the HIB transport control and its fine focus

on a fuel target after a long distance HIB transport in the HIF
reactor chamber, the HIB charge neutralization is needed. To
realize the HIB fine focusing on a fuel pellet, the space-charge
neutralization of the incident focusing HIB is required at the
HIB final transport after the final focusing element in an HIB
accelerator. An active plasma neutralization was realized
experimentally in Ref. [41] at Berkeley. The actively-supplied
plasma supplies electrons to neutralize the HIB net charge
well, and the HIB fine focus was realized.

As a practical HIB neutralization method in an HIF reactor
system, an insulator annular tube guide is proposed at the final
transport part, through which a HIB is transported. The
physical mechanism of HIB charge neutralization based on an
insulator annular guide is as follows (see Fig. 9) [36,56e58]: a
local electric field created by the intense HIB induces local
discharges, and a plasma is produced at the annular insulator
inner surface. The electrons are extracted from the plasma by
the HIB net space charge. The electrons emitted neutralize the
HIB space charge well, and move together with the HIB in the
reactor chamber. In addition, the HIB self-charge regulates the
electron extractions to compensate the HIB charge as shown in
Fig. 10.

We study the HIB transport through the annular insulator
beam guide by particle-in-cell (PIC) simulations [59e62] in
order to neutralize the beam space charge just after the final
focusing element in an HIB accelerator. The results obtained
in this study present that the HIB space charge is neutralized
well by using the annular insulator guide located at the final
transport in an HIB accelerator. Without a neutralization
mechanism at the final transport part, the HIB final fine focus
onto a fuel pellet becomes difficult.

When the magnitude of the electric field is beyond the
threshold at the guide surface, the electric discharges are
induced by the electric field and the local discharges produce
the plasma (see Fig. 10). We assume that the plasma consists
of protons and electrons, and that the thickness of the plasma
layer is infinitesimal. We also assume that a sufficient amount
of plasma is generated at the insulator guide surface such that
the charged particle emission from the insulator inner surface
is limited by the space charge and the plasma temperature is
10 eV. Then, the electrons are extracted from the plasma
generated on the inner surface of the insulator beam guide by
the HIB net space charge. The emitted electrons follow the

Fig. 9. Concept of an annular insulator guide for HIB charge neutralization. At

the inner surface of the insulator guide, the high-current HIB creates a strong

electric field and induces electric discharges, which create a plasma. From the

plasma the sufficient electrons are extracted to neutralize the HIB space charge

in the self-regulated manner.
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HIB, and the HIB space charge is effectively neutralized by
the electrons. Therefore, the HIB can be transported efficiently
and one may expect a fine focus through the insulator beam
guide. In this subsection, we employ a Pb ion beam to
demonstrate the viability of the proposed insulator beam guide
system. Our simulation model is shown in Fig. 11. We assume
that the phenomenon concerned is cylindrically symmetric
(see Fig. 9). The PIC code used is a 2.5-dimensional electro-
magnetic one.

The Pb ion-beam-parameter values are as follows: The
maximum current is 5 kA, the particle energy is 8 GeV, the
pulse width is 10 ns, and the rise and fall times are 2.0 ns as
shown in Fig. 12. The initial beam radius is 4 cm at z ¼ 0. The
initial mean velocity of the focusing Pb beam is given to focus
at z ¼ 210 cm, and the average speed of the HIB ions injected
is determined by the waveform. The beam temperature is
10 eVand the beam ions enter uniformly at the beam entrance,
that is, z ¼ 0. The maximum beam density is 1.3 � 1011 cm�3

at z ¼ 0. The transport area is in vacuum initially. In our
simulation, the 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 value
employed in this work is 1.0 � 107 V/m in this study. The
most outer boundary of the simulation area is a conductor, and
in actual situations or experiments [63], the current flows
through the conductor to the insulator surface. The origin of
plasma generated on the ceramics insulator inner surface is gas
or vapor absorbed into the insulator ceramics surface. There-
fore, the ceramics insulator itself can survive long enough
[63].

First, we simulate a Pbþ ion beam propagation in a vacuum
without the insulator beam guide. The particle map of the Pbþ

beam ions is shown in Fig. 13. In this case, due to the beam
space charge, the beam radius at z ¼ 210 cm (the focal point)
is about 5.8 mm, which is slightly larger than that of usual
reactor-size fuel target and would not be acceptable in HIF.
Fig. 14 presents the particle maps of the HIB ions and the
electrons emitted from the insulator beam guide for the case
with the proposed insulator guide system with the same initial
conditions. The electrons extracted from the plasma move
along with the Pb ion beam. The emitted electrons neutralize
the space charge of the beam ions effectively, and suppress the
radial expansion of the beam. Fig. 15 shows the history of the
HIB radius at the focal point, and shows a rather large HIB
radius due to the self space charge. Fig. 16 shows the HIB
radius history at the focal point with the insulator guide. The
final focal radius is about 2.4 mm in the case with the insulator

Fig. 10. Electron extraction mechanism to compensate the HIB space charge.

An intense HIB creates a strong electric field at the insulator ceramics annular

guide inner surface, and induces the electric discharges, which produces a

plasma at the annular insulator surface. From the created plasma the HIB

extract electrons to neutralize the HIB net charge in the regulated way.

Fig. 11. HIB transport system using an annular ceramics insulator beam guide.

The intense HIB creates a local electric field on the inner surface of the

annular insulator guide. The local electric field induces the local discharges,

and the plasma is produced on the insulator inner surface. The electrons are

extracted from the plasma. The HIB space charge and current are effectively

neutralized.

Fig. 12. Input Pbþ ion beam waveform. The Pb ion-beamparameter values are

as follows: the maximum current is 5 kA, the particle energy is 8 GeV, the

pulse width is 10 ns, and the rise and fall times are 2.0 ns.

Fig. 13. Pbþ ion particle map in the case for the ballistic focusing without the

insulator guide. The mean velocity of Pb ions is given to focus at z ¼ 2.1 m.

The radius at the focal point is about 5.8 mm, which is too large compared

with the expected focal radius of about a few mm.
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guide. Fig. 17(a) shows the histories of the total space charges
of the HIB ions and the electrons in the whole transport region.
The beam space charge is neutralized rather well by the
electrons emitted from the insulator beam guide. Fig. 17(b)
presents the total currents of the HIB and the electrons. The
HIB current is also well neutralized by the co-moving

electrons. Fig. 18 show ((a) and (b)) the electron temperature
and ((c) and (d)) the HIB ion temperature in the z and r di-
rections for the case with the insulator guide. Fig. 18 (a) and
(b) shows the electron temperature increase near the HIB focal
point (z ¼ 210 cm). The electrons co-moving with the HIB are
also focused with the HIB focusing, and are heated up to ~a
few hundreds keV, which induces the ambipolar field as shown
in the previous subsection.

Fig. 14. Pb ion particle map and electron map in the case with the annular insulator guide. The focal radius is 2.4 mm at z ¼ 2.1 m.

Fig. 15. HIB radius at the focal spot without the insulator ceramics guide. Due

to the HIB space charge the HIB is not well focused at the focal point.

Fig. 16. HIB radius at z ¼ 210 cm (focal spot) with the insulator ceramics

guide. The HIB space charge is well neutralized by the co-moving electrons

extracted from the insulator guide inner surface.

Fig. 17. (a) The total space charges of the HIB and the emitted electrons,

which are extracted from the insulator ceramics guide inner surface and

neutralize the HIB space charge well. (b) The HIB and the electron currents in

the whole transport region.

98 S. Kawata et al. / Matter and Radiation at Extremes 1 (2016) 89e113



The HIB temperature also becomes large as it approaches
the focal point, though the HIB temperature increase is not so
significant, compared with the HIB ion longitudinal energy of
~8 GeV. To find the HIB quality, we also evaluate the HIB
emittance in the all-transport region for both cases: The
emittance is 0.113p mm$mrad at t ¼ 0 ns, and 1.41p
mm$mrad at t ¼ 24.3 ns in the case with the insulator guide.
On the other hand, the emittance is 2.07p mm$mrad at
t ¼ 24.3 ns in the case without the insulator guide. The results
show that the HIB quality is kept well through the insulator
guide.

5. Physics of fuel target implosion

In ICF, the DT fuel must be compressed to about ~1000
times of the solid density to reduce the input energy and in-
crease the fusion reaction rate [22,64]. The Lawson criterion
shows the requirement for the density-radius product rR of the
compressed DT core based on the energy balance between the
fusion energy output and the energy loss [22,64]. In ICF the
condition of rR > ~0.5e1.0 g/cm2 should be fulfilled together
with the DT hot core temperature >~5e10 keV. The DT

burning fraction is estimated to be ~10%e30% in the DT fuel
target. A typical DT fuel target contains a few mg of DT in one
target. So about several hundreds MJ of the fusion energy
output is expected from each DT fuel target.

The fuel target implosion non-uniformity leads a degradation
of fusion energy output. The implosion uniformity requirement
is stringent. Therefore, it is essentially important to improve the
fuel target implosion uniformity, and the implosion non-
uniformity would be induced by the driver beam illumination
non-uniformity and the other origins [14,19,65,66]. The target
implosion non-uniformity allowed is less than a few percent in
inertial fusion target implosion [16,17]. In this section first the
non-uniform implosion effect is discussed on the target implo-
sion in inertial fusion. Therefore, the driver energy deposition
should be rather uniform to fulfill the uniform implosion
requirement, and smoothing mechanisms are also expected to
reduce the implosion non-uniformity. The R-T instabilities must
take place at the ablation front and at the stagnation phase in the
ICF target implosion. For the R-T instability at the stagnation
phase, the perturbation amplitude and phase are defined by the
non-uniform implosion process before the stagnation. There-
fore, the uniform implosion at the acceleration phase is

Fig. 18. The emitted electron temperature for (a) longitudinal and (b) transverse direction, respectively. The HIB temperature for (c) longitudinal and (d) transverse

direction, respectively.
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essentially important. The rR product at the stagnation is
directly relating to the fusion energy output. When a small
implosion non-uniformity is imposed, rR is degraded from the
perfect uniform ðrRÞ0. rR is proportional to 1=R2. Therefore,
ðrRÞ=ðrRÞ0 ¼ ½ðRþ dRÞ=R��2 ¼ ð1þ dR=RÞ�2. On the other
hand, the nonuniformity da of the implosion acceleration a is
estimated by da=axdR=r0 ¼ ðdR=RÞðR=r0Þ ¼ h�1=3ðdR=RÞ,
where r0 is the fuel initial radius and h the density compression
ratio. Typically the density compression ratio h is about
1000 in inertial fusion. Then we obtain the relation of
da=axh�1=3f½ðrRÞ0=rR�1=2 � 1g. In an inertial fusion reactor
the degradation threshold of ðrRÞ=ðrRÞ0 would be about
0.5e0.8, and da=a should be less than about 3%e4% [17].
Based on this consideration, the driver beam illumination non-
uniformity should be also mitigated to release a sufficient
fusion energy output.

5.1. Target implosion dynamics in HIF

In order to study the fuel target implosion in HIF, we
present a typical target hydrodynamics by using a 2D hydro-
dynamics code coupling with the HIB illumination code
[20,67]. We employ a 32-HIBs illumination system [68]. In
this subsection, two-dimensional simulations are performed.
The DT fuel target employed is shown in Fig. 1 and the HIB
input pulse is shown in Fig. 2. In this specific case, the total
HIB energy is 4.0 MJ.

Fig. 19 presents a mean density and a mean radiation
temperature averaged over the q direction at 36.2 ns The
averaged HIB illumination non-uniformity is 2.3% in this
case. Other 1D example simulations results are also found in
Ref. [22], which presents some typical ion-beam-based DT
fuel target implosion performances.

The HIB deposition energy distribution produces an abla-
tion region at the Al energy absorber layer, and then about
one-third of Al pusher mass pushes the DT fuel. In Fig. 19 the
low density region appears at the ablation front. The density
gradient scale length of the ablation surface is relatively large
in HIF target implosion, that is, about several hundred mm-
500 mm or so.

When the density gradient scale length L is large, the
growth rate (g) reduction effect on the R-T instability would
be expected [14,15]. g ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gk=ð1þ kLÞp
. Here g is the

implosion acceleration, and k the wave number. In HIF, typi-
cally L is about several hundred mm-500 mm as shown in
Fig. 13 and Ref. [22], and the ablation effect is minor in HIF.
Therefore, the short wavelength (2p/k) modes of the pertur-
bation would be suppressed or mitigated by the density
gradient effect in HIF. So in HIF typically the large scale
perturbation modes, which have the wavelength of several
hundred mm-500 mm, becomes a central concern to keep the
fuel target implosion spherically symmetric.

For the fuel dynamics near the ignition, a hot-spot dynamics
analysis is also important at the final stage of the fuel stagnation.
At the initial stage of the fuel target implosion the implosion non-
uniformity reflects the imposed non-uniformity by, for example,
the driver beam illumination non-uniformity, the target fabri-
cation error and so on. During the implosion, the target radius
shrinks till the fuel ignition, and the initial amplitude of the
imposed non-uniformity grows as the fuel radius shrinks.
However, the previous implosion simulation results [17,67]
presented that the non-uniformity grows significantly and the
non-uniformity amplitude enhancement is extraordinary espe-
cially around the ignition or final stagnation phase.

When the fuel behavior near the ignition is treated by a
fluid model in the Lagrangian form, the Kelvin's theorem
shows conservation of the vorticity u [69]: uS ¼ constant.
Here S is the circulating area. In inertial fusion, the DT fuel
mixing is induced by the R-T instability and also by the non-
uniform implosion. The fuel mixing is one kind of the vortex,
that is, the circulating motion. During the shrinkage of the DT
fuel at the stagnation final stage just before the fuel ignition, S
must be reduced together with the shrinkage of the fuel radius
scale length LDT. Therefore, the vorciticy u would be
enhanced significantly at the final stage of the stagnation as
follows: u � u0ðLDT0=LDTÞ2. In addition, the fusion fuel
target shrinks in the 3 dimensional way. So in the Lagrangian
frame the fuel mass is conserved during the stagnation, and the
Ertel theorem [69,70] shows u=r ¼ u0=r0: The ICF target
fuel is compressed in 3D, and so u � u0ðLDT0=LDTÞ3(see
Fig. 20). Based on this consideration, the vorticity u, that is,
the circulation of the DT fuel would be enhanced significantly.
The circulation enhancement induces the mixing of the cold
fuel and hot fuel.

Due to the fuel mixing enhancement at the fuel stagnation
phase, the fuel non-uniformity would be significantly
enhanced at the final stage of the fuel compression just before
the fuel ignition. In order to release the DT fusion energy
stably, the initial non-uniformity, which is the seed of the
consequent fuel mixing at the final stagnation phase, must be
reduced to a few % of the implosion non-uniformity.

5.2. Smoothing of HIBs illumination non-uniformity in
HIF

In order to realize an effective implosion, beam illumina-
tion non-uniformity on a fuel target must be suppressed less

Fig. 19. A mean density and a mean radiation temperature averaged over the q

direction at 36.2 ns.
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than a few percent. In this subsection first a direct-indirect
mixture implosion mode is discussed in heavy ion beam
(HIB) inertial confinement fusion (HIF) in order to release
sufficient fusion energy in a robust manner. In the direct-
indirect mixture mode target, a low-density foam layer is
inserted, and the radiation energy confinement is enhanced by
the foam layer. In the foam layer the radiation transport is
expected to smooth the HIB illumination non-uniformity in
the lateral direction. Two-dimensional implosion simulations
are performed [66,67], and show that the HIB illumination
non-uniformity is well smoothed in the direct-indirect mixture
target.

Fig. 21 shows a typical fuel target in HIF. The radiation
energy confined may smooth the HIB illumination non-
uniformity. Therefore, we employ a foam layer to increase
the confined radiation energy at the low density region as
shown in Fig. 19. We call this target as a direct-indirect hybrid

Fig. 20. The fuel mixing is one kind of the vortex, that is, the circulating motion. During the shrinkage of the DT fuel at the stagnation final stage just before the

fuel ignition, the vorticity u, that is, the circulation of the DT fuel would be enhanced significantly.

Fig. 21. Target structure with the 0.5 mm-thick foam. The foam inserted

confines the radiation energy more to smooth the HIBs illumination non-

uniformity.
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target. The mass density of the foam layer is 0.01 times the Al
solid density in this study.

The HIB pulse consists of a foot pulse and a main pulse as
shown in Fig. 2. In this case, the total HIB energy is 4.0 MJ.
We employ the 32-HIBs illumination system [68]. We evaluate
the beam illumination non-uniformity at the target. In HIF the
Bragg peak deposition area plays the most important role for
the fuel acceleration.

In the foam layer the radiation transport is expected to
smooth the HIB illumination non-uniformity in the lateral
direction. To see the radiation transport effect on the implosion
non-uniformity smoothing, we compare the results for the
cases with the radiation transport (ON) and without the radi-
ation transport (OFF) for the target shown in Fig. 21. Fig. 22
presents the time histories of the RMS non-uniformity of the
radiation temperature at the ablation front in the cases of the
radiation transport ON and OFF. In Fig. 22 we 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. During the main pulse, the implosion non-
uniformity is well smoothed by the radiation transport effect.

In the direct-indirect hybrid implosion we employ the target
with the 0.5 mm-thickness foam as shown in Fig. 21. The peak
conversion efficiencies of the HIB total energy to the radiation
energy are ~4.5% in the case of the 0.5 mm foam and ~1.5% in
the case without the foam. The result means that a few hun-
dreds kJ of the radiation energy is confined in the density
valley and contributes to the non-uniformity mitigation. From
these results, we find that the implosion mode in the case with
the foam would be a direct-indirect hybrid mode.

Next a mitigation mechanism of the R-T instability is dis-
cussed in order to realize a spherically symmetric implosion.
So far the dynamic stabilization for the R-T instability
[71e76] has been discussed in order to obtain a uniform
compression [22,77] of a fusion fuel in ICF. The R-T dynamic
stabilization was found many years ago [71,72] and is

important in inertial fusion. It was found that the oscillation
amplitude of the driving acceleration should be sufficiently
large to stabilize the R-T instability [71e76]. In inertial
fusion, the fusion fuel compression is essentially important to
reduce an input driver energy, and the implosion uniformity is
one of critical issues to compress the fusion fuel stably.
Therefore, the R-T instability stabilization [71e76] or miti-
gation [11e13] is attractive to minimize the fusion fuel mix.

On the other hand, instabilities grow from a perturbation in
general, and normally the perturbation phase is unknown.
Therefore, we cannot control the perturbation phase, and
usually the instability growth rate is discussed. However, if the
perturbation phase is controlled and known, we can find a way
to control the instability growth. One of the most typical and
well-known mechanisms is the feedback control in which the
perturbation phase is detected and the perturbation growth is
controlled or mitigated or stabilized. In plasmas it is difficult
to detect the perturbation phase and amplitude. However, even
in plasmas, if we can actively impose the perturbation phase
by the driving energy source wobbling or so, and therefore, if
we know the phase of the perturbations, the perturbation
growth can be controlled in a similar way [11e13]. For
example, the growth of the Weibel instability or the fila-
mentation instability [48,52,53,78] driven by a particle beam
or a jet could be controlled by the beam axis oscillation or
wobbling. The oscillating and modulated beam induces the
initial perturbation and also could define the perturbation
phase. Therefore, the successive phase-defined perturbations
are superposed, and we can use this property to mitigate the
instability growth. Another example can be found in heavy ion
beam inertial fusion; the heavy ion accelerator could have a
capability to provide a beam axis wobbling with a high fre-
quency. The wobbling heavy ion beams also define the
perturbation phase. This means that the perturbation phase is
known, and so successively imposed perturbations are super-
posed on the plasma. We can use the capability to reduce the
instability growth by the phase-controlled superposition of
perturbations. Here we discuss and clarify the dynamic miti-
gation mechanism for instabilities. In HIF the HIBs illumi-
nation non-uniformity would be mitigated by the wobbling
beam motion, that is, the HIB axis oscillation or rotation
[11e13].

In instabilities, one mode of an initial perturbation, from
which an instability grows, may have the form of
a ¼ a0e

ikxþgt, where a0 is the amplitude, k¼ 2p/l the wave
number, l the wave length and g the growth rate of the
instability. At t ¼ 0 the perturbation is imposed. The initial
perturbation grows in an unstable system. After Dt, if the
feedback control works on the system, another perturbation,
which has an inverse phase with the detected amplitude at
t ¼ 0, is actively imposed, so that the actual perturbation
amplitude is mitigated very well (see Fig. 23). This is an ideal
example for the instability mitigation.

In plasmas the perturbation phase and amplitude cannot be
measured dynamically. However, by using a wobbling beam or
an oscillating beam or a rotating beam or so, the initial
perturbation is actively imposed so that the initial perturbation

Fig. 22. The time histories of the RMS non-uniformity of the radiation tem-

perature at the ablation front in the cases of the radiation transport ON and

OFF.
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phase and amplitude are defined actively. In this case, the
amplitude and phase of the unstable perturbation cannot be
detected but can be defined by the input driver beam wobbling
at least in the linear phase. In plasmas it is difficult to realize
the perfect feedback control, but a part of its idea can be
adopted to the instability mitigation. In actual, heavy ion beam
accelerators can provide a controlled wobbling or oscillating
beam with a high frequency [8e10].

If the energy driver beam wobbles uniformly in time,
the imposed perturbation for a physical quantity ofF at t¼ tmay

bewritten asF ¼ dFeiUtegðt�tÞþik$x:Here dF is the amplitude,U
the wobbling or oscillation frequency, and Ut the phase shift of
the superposed perturbations. At each time t ¼ t, the wobbler
provides a new perturbationwith the controlled phase shifted and
amplitude defined by the driving wobbler itself. After the su-
perposition of the perturbations, the overall perturbation is

described as

Z t

0

dt dFeiUtegðt�tÞþik$xf
gþ iU

g2 þ 2
dFegteik$x. At

each time of t ¼ t the driving wobbler provides a new pertur-
bation with the shifted phase. Then each perturbation grows by
the factor of egt. At t > t the superposed overall perturbation
growth is modified as shown above. When U [ g, the

perturbation amplitude is reduced by the factor of g=U,
compared with the pure instability growth (U ¼ 0).

Fig. 23 shows the perturbations decomposed, and each time
the phase-defined perturbation is imposed actively by the
driving wobbler. The perturbations are superposed at the time
t. The wobbling trajectory is controlled by for example a beam
accelerator or so, and the superposed perturbation phases and
amplitudes are controlled so that the overall perturbation
growth is controlled.

From the analytical expression for the physical quantity F,
the mechanism proposed in this subsection does not work,
when U≪g. Only for the modes, which satisfy the condition
of U � g, the mechanism of the instability mitigation by the
wobbler is applied for its growth mitigation. For R-T insta-
bility, the growth rate g tends to become larger for short
wavelengths. If U≪g, the modes cannot be mitigated. In
addition, if there are other sources of perturbations in the
physical system and if the perturbation phase and amplitude
are not controlled, this dynamic mitigation mechanism also
does not work. For example, if the sphericity of an inertial
fusion fuel target is degraded, the dynamic mitigation mech-
anism does not work. In this sense the dynamic mitigation
mechanism is not almighty. Especially for a uniform
compression of an inertial fusion fuel all the instability sta-
bilization and mitigation mechanisms would contribute to
release the fusion energy in stable.

Fig. 24 show example simulations for the R-T instability,
which has one mode. In this example, two stratified fluids are
superposed under an acceleration of g ¼ g0 þ dg. In this
example case the wobbling frequency U is 2pg, the ampli-
tude of dg is 0.1g0, and the results shown in Fig. 24 are at
t ¼ 8g. In Fig. 24(a) dg is constant and drives the R-T
instability as usual, and in Fig. 24(b) the phase of dg is
shifted or oscillated with the frequency of U as stated above
for the dynamic mitigation. The example simulation results
also support the effect of the dynamic mitigation mechanism
well.

In HIF a fuel target is irradiated by HIBs, when the fuel
target is injected and aligned at the center of the fusion reactor
[19,26,42]. Here we employ (Pbþ) ion HIBs with the mean
energy of 8 GeV. The HIB temperature is 100 MeV and the
HIB transverse distribution is the Gaussian profile. The beam
radius at the entrance of a fusion reactor is 35 mm and the
radius of a fusion reactor is 3 m. We employ an Al monolayer
pellet target structure with a 4.0 mm external radius. The 32-
HIBs positions are given as presented in Ref. [68]. The HIBs
illumination non-uniformity is evaluated by the global rms,
including the Bragg peak effect in the energy deposition
profile in the target radial direction. In this study, one HIB is
divided into many beamlets, and the precise energy deposition
is computed [19,20,26].

So far, we have found that the growth of the R-T instability
would be mitigated well by a continuously vibrating non-
uniformity acceleration field with a small amplitude
compared with that of the averaged acceleration [11e13].
Fig. 25 shows a schematic diagram for the wobbling beam.
However, in our previous work [79] we found that at the initial

Fig. 23. Superposition of perturbations defined by the wobbling driver beam.

At each time the wobbler provides a perturbation, whose amplitude and phase

are defined by the wobbler itself. If the system is unstable, each perturbation is

a source of instability. At a certain time the overall perturbation is the su-

perposition of the growing perturbations. The superposed perturbation growth

is mitigated by the beam wobbling motion.
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stage of the wobbling HIBs illumination the illumination non-
uniformity, that is, the initial imprint, becomes huge and
cannot be accepted for a stable fuel target implosion.

This problem on the initial imprint of the rotating HIBs
illumination is solved by the spiral wobbling HIBs as shown in
Fig. 26. When the spirally wobbling beams in Fig. 26 are used,
the initial imprint of the non-uniformity at the beginning of the
irradiation is greatly reduced about from 14% to 4%. For the
spiral wobbling beam the beam radius changes from 3.1 mm to
3.0 mm at t ¼ 1:3twb. Here twb is the time for one rotation of
the wobbling beam axis. The beam rotation radius becomes
2.0 mm at t ¼ 2:0twb. After that, the beam rotation radius is
2.0 mm. In our studies, we employ the spirally wobbling beam
for the HIBs illumination non-uniformity study.

Fig. 27 shows the amplitude of the mode ðn; mÞ ¼ ð2; 0Þ
v.s. time, and Fig. 28 presents the spectrum of the mode (2, 0)
in its frequency space. Here ðn; mÞ are the polar and
azimuthal mode numbers, and Smn is the amplitude of the
spectrum, respectively. If the deposition energy distributed is

perfectly spherically symmetric, the amplitude of the spectrum
is 1.0 in the mode ðn; mÞ ¼ ð0; 0Þ. For this reason, the
amplitude of the mode ðn; mÞ ¼ ð0; 0Þ becomes large, nearly
1.0. In this case, the amplitude of the spectrum mode is not

Fig. 24. Example simulation results for the R-T instability mitigation. (a) 10% acceleration non-uniformity drives the R-T instability as usual, and (b) 10% ac-

celeration non-uniformity oscillates or wobbles.

Fig. 25. Schematic diagram for a circularly wobbling beam.

Fig. 26. Schematic diagram for spiral wobbling beam.

Fig. 27. The mode (2,0) amplitude of HIBs non-uniformity v.s. time.

104 S. Kawata et al. / Matter and Radiation at Extremes 1 (2016) 89e113



taken into consideration. As a result, the amplitude of spec-
trum mode ðn; mÞ ¼ ð2; 0Þ is largest and the mode ðn; mÞ ¼
ð2; 0Þ is dominant throughout the HIBs illumination. In
Fig. 27 the time is normalized by the wobbling beam axis
rotation time twb. In Fig. 28 fwb shows the wobbling HIBs
rotation frequency. The result in Fig. 28 demonstrates that the
small non-uniformity of the HIBs energy deposition has the
oscillation with the same frequency and the double frequency
with the wobbling HIBs oscillation frequency of fwb.

In addition, we have been investigating the influence of the
wobbling HIBs energy deposition on the implosion accelera-
tion in a HIF target implosion. Our preliminary results show
that the implosion acceleration reflects well the wobbling
HIBs energy deposition, and so the implosion acceleration g
has a small oscillating acceleration dg, which contributes to
the R-T instability growth mitigation and the HIBs non-
uniformity smoothing in HIF. The remarkable results come
from the unique features of the HIB accelerator high
controllability for the HIB's axis motion [8e13].

5.3. Tritium content of ICF DT fuel target

In ICF each DT fuel contains a few mg of DT fuel. In a
second 10e15 fuel targets are ignited and burned. Therefore,
each ICF reactor uses about ~1000 kg of T in a year. The
tritium has a half life of 12.3 years. The T production is not so
difficult, and the reaction of Liþ neutron is used to produce T
in a fusion reactor. The total T inventory would be huge.

We have studied the T content in the DT fuel target. The
results show that about ~30% reduction of tritium still pro-
duces a sufficient DT fusion energy output in a DT fuel target.
This means that the T inventory can be reduced significantly
without a significant reduction of the DT fusion energy output
in an ICF reactor system. The important result comes from the
contribution of the DD reactions in a DT fuel target and from a
fact that a relatively small amount (~10%e30%) of DT fuel is
reacted in a DT fuel target.

In a DT fuel target the DT and DD reactions mainly
contribute to the fusion reactions:

DþT/H4
e þ n

DþD/Tþ p ð50%Þ
a H3

e þ n ð50%Þ
The contents of the important elements in a DT fuel target

are estimated by the following simplified equations:

dnT
dt

z� nDnT<sv>DT þ n2D<sv>DD=4

z� n2Tð � <sv>DT þ <sv>DD=4Þ
ð6Þ

dnD
dt

z� nDnT<sv>DT � n2D<sv>DD

z� n2Dð<sv>DT þ <sv>DDÞ
ð7Þ

Here <sv> , which depends on only the temperature, is
the reaction rate for each reaction and t the time. nT0 ¼ n0

2 � d:
Here we assume the temperature is constant and d≪n0:

We obtain

d=ðn0=2Þ � ð5=32Þðn0tÞ2<sv>DT<sv>DD

�
ð1þ n0t<sv>DT=2Þ2;

ð8Þ

for the optimal content of tritium in DT ICF. The result shows
that d is positive and the reduction of the T content brings
sufficient fusion energy. For an example parameter set of
T ¼ 100 keV, n0 ¼ 4:5� 1025 cm�3 and t ¼ 100 ps,
d=ðn0=2Þ ¼ 0:014: This value means that 14% of the tritium
reduction brings the maximal DT fusion energy output in the
DT ICF. The additional numerical estimations and fluid
computer simulations support the result as presented in
Ref. [80]: the DT fusion output becomes peak around
d=ðn0=2Þz0:01, and that about 30% T reduction still gives a
sufficient fusion energy output in an ICF reactor system.

6. HIB illumination on a fuel target

In HIF key issues includes a non-uniformity of heavy-ion-
beam illumination onto a fuel pellet in a fusion reactor
[19,20,68]. The HIB illumination non-uniformity must be
suppressed less than a few percent in order to achieve a
symmetric fuel pellet implosion. Previous researches
[26,81e83] show that in realistic cases a pellet displacement
from a reactor chamber center may be required to be within
about 20e100 mm. If this requirement is relaxed, the target
placement precision, the driver HIB alignment accuracy, and
the target tracking accuracy may be also relaxed. Therefore,
we study a robust HIB illumination scheme against the fuel
pellet displacement. In this section, we study the robust HIB
illumination scheme by three-dimensional HIB illumination
simulations in a direct-driven HIB illumination scheme
[19,20], and found a robust HIB illumination scheme by using
a larger radius of HIBs and by an optimization of HIB illu-
mination angles. The new robust HIB illumination scheme
allows a fuel pellet displacement of 100e200 mm.

For the evaluation of the illumination non-uniformity on the
target, we employ the rms non-uniformity on the target

Fig. 28. Spectrum of the mode (2, 0) in its frequency space.
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[84,85], and also the mode analyses of the HIB deposition
energy on the spherical fuel pellet using the Legendre-
polynomial functions.

In our studies we employ Pbþ ion HIBs with the mean
particle energy of 8 GeV. The beam radius at the entrance of a
reactor chamber wall Ren is 35 mm, the reactor chamber radius
Rch is 5 m. The beam particle density distribution is the
Gaussian one. The longitudinal temperature of HIB ions is
100 MeV with the Maxwell distribution. The beam transverse
emittance εr is 3.5 mm mrad [67]. From the beam emittance εr,
we obtain a divergence angle advr, the focal spot radius Rf, and
f (see Fig. 29) [20,67]. εr ¼ ðp=0:18ÞadvrRen. The target
temperature increases linearly during the time of a HIB pulse
deposition from 0.025 to 300 eV in our study. We employ a
Pb þ Al pellet structure with the 4 mm external radius. The Pb
mass density is 11.3 g/cm3. In the pellet structure, the outer Pb
layer thickness is 0.06 mm.

In this study, we employ the 32-HIBs illumination system
[68,86]. Fig. 30 presents a schematic image for the 32 HIB
centers at the target surface. Fig. 30 shows the HIB illumi-
nation displacement angle, which is used in this work to
optimize the HIB illumination angle. When Dq becomes zero,
the HIB illumination scheme becomes the conventional one in
Refs. [68,86]. In this work we assume that all the HIB center
lines are directed to a target center.

In our study, we calculate the HIB energy deposition using
a stopping power. We employ the widely used expression of
the HIB particle effective charge presented in Refs. [87,88].
The stopping power of a target is the sum of the energy
deposited in the target nuclei, the target bound electrons, the
free electrons, and the target ions [6,87,88]:
Estop ¼ Enuc þ Ebound-e þ Efree-e þ Eion:

Enucl ¼ 10�7Cn1
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Fig. 29. The relationship between a beam emittance and the divergence angle. Here Ren is the HIB radius at the chamber entrance in a fusion reactor, Rch the reactor

radius, f the beam focal spot, Rf the focal spot radius, advr the beam divergence angle, and Rbeam is the beam radius at the target surface.
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We assume that the pellet is injected into a chamber
vertically, and simulate the effect of a little displacement dz as
well as dx and dy on the HIB illumination non-uniformity, as
shown in Fig. 31. Our illumination pattern is a basically
spherically symmetric pattern.

Fig 32 shows the relation between the pellet displacement
dz and the non-uniformity rms for the 3.4 and 4.6 mm HIB
radii in the case of the Pb þ Al layer target structure. The
pellet outer radius is also 4.0 mm, and the 32 HIBs are
employed. For the beam radius of 4.6 mm, Dq is set to be 2�.
In these cases, the HIB energy deposition non-uniformity is
evaluated in the Al layer in this study. The rms non-uniformity
is less than 3.0% for a pellet displacement dz up to about
200 mm. For this pellet structure, the HIB illumination of the
larger beam radius of 4.6 mm introduces a robustness against
the pellet displacement dz. We also calculate the spectra as
shown in Fig. 33 for dz ¼ 100 mm: (a) for the case of the beam

Fig. 30. Schematic diagram for the 32 HIBs illumination arrangement in Ref. [68] on the target in the case of a pellet radius of 4.0 mm. The displacement angle Dq

is also presented.

Fig. 31. Schematic diagram for the target miss alignment of dz.

Fig. 32. The rms non-uniformity vs the pellet displacement dz in a reactor

chamber for the beam radiuses of 3.4 and 4.6 mm and for the pellet of the

Pb þ Al layer structure. The external pellet radius is 4.0 mm and the 32 HIBs

are employed. When the beam radius is 4.6 mm and Dq ¼ 2�, The target

becomes robust against dz.
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radius of 3.4 mm at the Bragg peak layer (RBragg ¼ 3.83 mm)
and (b) for the beam radius of 4.6 mm and Dq ¼ 2� at the
Bragg peak layer (RBragg ¼ 3.93 mm), for the global spectrum
(c) for the beam radius of 3.4 mm, and (d) for the beam radius

of 4.6 mm and Dq is 2�. The amplitude of the spectrum mode
(n, m) ¼ (1, 0) in Fig. 33(b) becomes successfully a smaller
value of srms ¼ 2.73%, compared with srms ¼ 4.19% shown in
Fig. 33(a).

When we perform the DT fuel target implosion fluid sim-
ulations with the target and the pulse shape in Fig. 34, the non-
uniformity against dz and the target gain (¼Fusion output
energy/HIBs input energy) are obtained as shown in Fig. 35.

When a HIB radius is larger than a target radius, outer
particles of HIB do not hit the target. The HIB mishitting
particles may induce another problem of an interaction be-
tween HIBs and an ICF reactor first wall, that may be a liquid
metal wall. However, this interaction problem does not raise a
new problem, because in a real ICF reactor the interactions of
charged particles, radiation, target debris, and neutrons with
the reactor first wall should be considered.

In this section, we studied the robust HIB illumination
against the pellet displacement from a reactor chamber center
in a direct-driven HIB ICF. In our simulation studies we found
the robust HIB illumination scheme, in which the HIB radius
is larger than the pellet external radius. In our study we
employed the parameter of Dq and optimized it to find the
robust HIB illumination scheme against the pellet displace-
ment dz. In our simulations the optimal Dq is 2� for the beam
radius of 4.6 mm and for the pellet radius of 4.0 mm. The
tolerable pellet displacement is about 200e300 mm. We also
analyzed the spectrum of the HIB illumination non-uniformity,
and confirmed the robustness of the new illumination scheme.

Fig. 33. The energy spectrum at the Bragg peak layer (a) for the beam radius 3.4 mm (the Bragg peak position radius RBragg ¼ 3.72 mm) and (b) for the beam radius

4.6 mm (RBragg ¼ 3.93 mm) and Dq ¼ 2� for the Pb þ Al layer target and the pellet displacement of dz ¼ 100 mm. The global HIB deposition energy spectrum (c)

for the beam radius of 3.4 mm and (d) for the beam radius of 4.6 mm, Dq ¼ 2� for the Pb þ Al layer target and the pellet displacement of dz ¼ 100 mm.

Fig. 34. An example target structure and an example HIBs pulse shape,

employed to obtain the fuel target gain in Fig. 35.
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As described above, the HIB illumination deposition energy
loss appears for a larger radius HIBs compared with the target
radius. For example, the illumination energy loss is about
17.5% in the optimal case. This mishit HIB energy loss ratio
may not be significant but not negligible. We also studied the
HIB illumination robustness against the pellet displacements
in the three-dimensional directions of dx, dy, and dz in
Ref. [19]. The optimized 32 HIB system is also robust against
the three-dimensional displacement.

7. Reactor chamber gas

In this section a reactor chamber gas dynamics is studied by
using a simple analysis [89,90]. A simple spherically sym-
metric fireball in a fusion reactor is estimated by the equation
of continuity, the equation of motion and the equation of state
for the adiabatic expansion:

vr=vtþ
�
1�
r2

�
v
�
r2ru


�
vr ¼ 0;

vu=vtþ uvu=vr ¼�ð1=rÞvp=vr;

p=rg ¼ constant:

One of the solutions is the ZBG (Zimanyi, Bondorf and
Garpman) solution [89]:

R2ðtÞ ¼ R2
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;
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�
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�
;

a¼ m<ut> 2�
2T0

� 1:

In this work a ¼ 1 is employed, and then we obtain a
simple adiabatic expansion of the blast wave gas. In one shot
of the DT fuel target implosion, ignition and burning, the
initial temperature would be ~10 keV or so. In this case the
sound speed of Cs � < ut > � 108 cm/s or so. Therefore, the
blast wave traveling time t in a fusion reactor chamber may be
t � 500 cm=108 cm/s ~5 ms. The target-debris chamber gas
density would be the order of 1 to a few torr or so, which
corresponds to the gas number density of 8� 1014/cm3, just
after the blast wave reaches the chamber wall. Without the
chamber gas supply, the expansion of the chamber gas after
the target burning may make the target-debris gas dilute.
During each shot, the chamber gas may be actively supplied to

Fig. 35. The example simulation results for the HIBs illumination non-

uniformity versus dz and for the target gain versus dz.

Fig. 36. At the final HIB accelerator final sections, mechanical shutters may be required to protect the accelerator upstream parts from the exhaust gas and debris

from the reactor chamber. Several mechanical shutters may protect the accelerator. In this concept the ceramic annular guide in Fig. 10 has a role to absorb the

exhaust gas confined between the mechanical shutters. The absorbed gas is reused to produced plasma, from which electrons are extracted to neutralize the HIB

space charge just before the HIBs chamber entrance ports.
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keep the high-density chamber gas in the chamber. When the
reactor system operated with a 10e15 Hz, the blast wave
propagation is too fast to give a significant interaction between
the blast waves. The blast wave expands vary fast in ~5 ms, and
the time interval for two DT fuel target implosions is about 1/
15e1/10 s.

The gas density should be high enough to compensate the
focusing HIB charge (see Section 4). This is a good way for
the HIB neutralization transport in a fusion reactor chamber.
However, for accelerators and for the final focusing elements
in the accelerator final sections, a part of the exhaust gas and
debris coming up may have influences. The vacuum of the
accelerator part should be kept to the low pressure to avoid the
HIB ions scattering and the halo formation.

In the HIF reactor system we may have the ceramics HIB
transport annular guide (see Section 4), whose inner surfaces
would absorb the upcoming exhaust chamber gas to the
accelerator final section. The ceramics material surface has
many small holes, which absorb the debris gas and vapor
[56e58,63]. If the beam ports at the chamber wall have no
mechanical shutters to stop the blast waves and the chamber
gas flow, the accelerator final elements may meet the
contamination. So at the final part of each accelerator near the
chamber wall, each accelerator final part may have several
mechanical shutters, and two pairs of the mechanical shutters
would confine the exhaust gas and absorb it at the ceramics
guide inner surface. The absorbed gas is reused to produce a
plasma at the ceramics annular guide inner surface to supply
the electrons to neutralize the next HIB space charge (see
Fig. 10 and its relating discussions) [56e58,63]. This is a
realistic solution to keep the accelerator upper stream parts
clean from the chamber gas and debris. Fig. 36 shows an
example concept for the accelerator protection system.

8. HIF research projects

At present an experimental device of NDCX II at Berkeley,
CA, U. S. A. works on the HIB accelerator physics study [28].
In U. S. A. HIF-VNL (virtual national lab.) has been organized
to conduct the HIF study experimentally and theoretically
[91]. The HIF-VNL consists of Lawrence Berkeley National
Laboratory (LBNL), Lawrence Livermore National Labora-
tory (LLNL) and Princeton university. The project overview in
HIF-VNL [91] shows that they focus on the HIB accelerator
physics.

The FAIR (Facility for Antiprotons and Ion Research)
project has started at Darmstadt, Germany [29,92]. FAIR is
oriented to basic physics to understand the structure of matter,
the evolution of the universe, etc. including the plasma
physics. The HEDP (High Energy Density Physics) studies
would be included in the plasma physics project in FAIR.

The HIAF (High Intensity heavy ion Accelerator Facility)
in China have been planned for HIF and HEDP studies [30].
The HIAF construction site would be near Hong Kong. The
total beam energy planned is ~40 kJ with the pulse length of
33e130 ns. The HIAF project plan would provide a promising
future accelerator for HIF studies.

In addition to the large accelerator facilities shown above,
theoretical, simulation and small-scale experimental studies
have been performed in various places. In Japan, historically
Tokyo Institute of Technology started the HIF study in Japan
1970's, and then basic experimental studies and simulations
have been intensively performed in HIF in Tokyo Institute of
Technology, Utsunomiya University, Nagaoka University of
Technology, Osaka University and KEK [93]. The researchers
on HIF have been conducted a large number of research labs
and researchers in U. S. A., Germany, France, Russia, China,
Italy, Spain, Israel, Kazakhstan, etc.

9. Summary and HIF energy perspective

As we have discussed above, the ion-beam based DT in-
ertial fusion has preferable features to release the fusion
energy to sustain our human society with respect to the re-
petitive driver operation, the driver high efficiency, the 100%
HIB energy deposition in the fuel target, the concrete HIB
ion energy deposition profile in the fuel target deep layer, etc.
The crucial point in ICF was the fuel implosion and ignition
of the DT shell target. However, the recent NIF experiments
have ensured that the DT shell target is compressed to a high
density more than 1000 times of the solid density [24,25].
The previous crucial point was solved by the NIF results. In
HIF 4e5 MJ of the total HIB driver energy would be needed
to obtain a sufficient fusion energy output stably and
repetitively.

In this sense HIF has no fatal problems to construct a HIF
reactor system except technical issues relating to the T treat-
ment, the treatment of the radioactive materials, the costs, the
electric power flow of the HIF reactor plant system, etc. The
previous HIF and relating reactor system designs are found in
Refs. [2e4, 94]. In the near future we need to have an
advanced conceptual design including the new progresses in
the HIF researches as well as other remaining issues.

The intense ion beam provides also a unique tool to
investigate unique physics in dynamic instability stabilization
and in High Energy Density Physics, and provides a promising
driver to study science in ion beam inertial fusion energy as
our reliable future energy source, which is discussed and
summarized in this paper. Beam ions deposit their energy in-
side a material, and so a warm or a high-energy area is created
inside a material. One good example of the ion beam appli-
cations is an ion beam cancer therapy, in which a cancer inside
a human body is directly illuminated without a serious damage
of normal cells. The ion beam also has another unique feature
of a precise controllability of the particle energy, the beam
direction, the beam pulse duration, the beam pulse shape and
also a wobbling capability by the ion beam axis precise
rotation or oscillation. The wobbling capability of the ion
beam presents an innovative tool to stabilize instabilities
dynamically in plasmas and fluids. For example, the Rayleigh-
Taylor instability growth would be controlled and stabilized
significantly by the ion beam wobbling.

The precise beam control is a remarkable feature of the
HIBs. The wobbling HIBs would provide a stable robust DT
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fuel target implosion in a fusion reactor against the non-
uniformity sources as discussed above.

Acknowledgments

The work was partly supported by JSPS, MEXT, CORE
(Center for Optical Research and Education, Utsunomiya
University), ASHULA, ILE/Osaka University, and CDI (Cre-
ative Department for Innovation, Utsunomiya University). The
authors also would like to extend their acknowledgements to
friends in HIF research group in Japan, in Tokyo Inst. of Tech.,
Nagaoka Univ. of Tech., KEK and also in HIF-VNL, U.S.A.
and our collaborators in Utsunomiya Univ. Our former and
present graduate students have contributed partly to the HIF
studies, and they are also acknowledged. Especially the late
Prof. Keishiro Niu, who allowed S. Kawata in his graduate
student age to start the ion-beam-based inertial fusion instead
of laser inertial fusion and magnetic confinement fusion, is
acknowledged deeply. The authors would also like to express
their appreciations to Prof. Yan Yun Ma in Changsha, the
Editor of the Journal, who encouraged us to prepare the paper.

References

[1] M.J. Clauser, Ion-beam implosion of fusion targets, Phys. Rev. Lett. 35

(1975) 848e851.

[2] D. B€ohne, I. Hofmann, G. Kessler, G.L. Kulcinski, J. Meyer-ter-Vehn, et al.,

HIBALL e a conceptual design study of a heavy-ion driven inertial

confinement fusion power plant, Nucl. Eng. Des. 73 (2) (1982) 195e200.

[3] T. Yamaki, et al., HIBLIC-1, Conceptual Design of a Heavy Ion Fusion

Reactor, Research Information Center, Institute for Plasma Physics,

Nagoya University, Report IPPJ-663, 1985.

[4] R.W. Moir, R.L. Bieri, X.M. Chen, T.J. Dolan, M.A. Hoffman, et al.,

HYLIFE-II: a Molten salt inertial fusion energy power plant design-final

report, Fusion Technol. 25 (1994) 5e25;
Hofmann, I., Plass, G., HIDIF Study, Report of the European Study

Group on Heavy Ion Driven Inertial Fusion, GSI Report GSI-98-06,

1998.

[5] J. F. Ziegler, J. P. Biersack, U. Littmark, In The Stopping and Range of

Ions in matter, volume 1, (Pergamon, New York, 1985).

[6] T.A. Mehlhorn, A finite material temperature model for ion energy

deposition in ion-driven inertial confinement fusion targets, J. Appl.

Phys. 52 (1981) 6522e6532.

[7] D.A. Callahan-Miller, M. Tabak, A distributed radiator, heavy ion target

driven by gaussian beams in a multibeam illumination geometry, Nucl.

Fusion 39 (1999) 883e892.
[8] R.C. Arnold, E. Colton, S. Fenster, M. Foss, G. Magelssen, et al., Uti-

lization of high energy, small emittance accelerators for ICF target ex-

periments, Nucl. Inst. Meth. 199 (1982) 557e561.

[9] A.R. Piriz, A.R.N.A. Tahir, D.H.H. Hoffmann, M. Temporal, Generation

of a hollow ion beam: calculation of the rotation frequency required to

accommodate symmetry constraint, Phys. Rev. E 67 (017501) (2003)

1e3.

[10] H. Qin, R.C. Davidson, B.G. Logan, Centroid and envelope dynamics of

high-intensity charged-particle beams in an external focusing lattice and

oscillating wobbler, Phys. Rev. Lett. 104 (2010) 254801.

[11] S. Kawata, T. Sato, T. Teramoto, E. Bandoh, Y. Masubichi, et al., Ra-

diation effect on pellet implosion and Rayleigh-Taylor instability in light-

ion beam inertial confinement fusion, Laser Part. Beams 11 (1993)

757e768.

[12] S. Kawata, T. Sato, T. Teramoto, E. Bandoh, Y. Masubichi, et al., Dy-

namic mitigation of instabilities, Phys. Plasmas 19 (2012) 024503.

[13] S. Kawata, T. Karino, Robust dynamic mitigation of instabilities, Phys.

Plasmas 22 (2015) 042106.

[14] S.E. Bodner, Rayleigh-Taylor instability and laser-pellet fusion, Phys.

Rev. Lett. 33 (1974) 761e764.

[15] H. Takabe, K. Mima, L. Montierth, R.L. Morse, Self-consistent growth

rate of the Rayleigh-Taylor instability in an ablatively accelerating

plasma, Phys. Fluids 28 (1985) 3676e3682.

[16] Mark H. Emery, Joseph H. Orens, John H. Gardner, Jay P. Boris, Influ-

ence of nonuniform laser intensities on ablatively accelerated targets,

Phys. Rev. Lett. 48 (1982) 253e256.

[17] S. Kawata, K. Niu, Effect of nonuniform implosion of target on fusion

parameters, J. Phys. Soc. Jpn. 53 (1984) 3416e3426.
[18] S. Kawata, R. Sonobe, T. Someya, T. Kikuchi, Final beam transport in

HIF, Nucl. Inst. Meth. Phys. Res. A 544 (2005) 98e103.

[19] K. Miyazawa1, A.I. Ogoyski, S. Kawata, T. Someya, T. Kikuchi, Robust

heavy ion beam illumination against a direct-drive-pellet displacement in

inertial confinement fusion, Phys. Plasmas 12 (2005) 122702e122711-9.

[20] A.I. Ogoyski, T. Someya, S. Kawata, Code OK1 e simulation of multi-

beam irradiation in heavy ion fusion, Comput. Phys. Commun. 157

(2004) 160e172;

A.I. Ogoyski, S. Kawata, T. Someya, Code OK2 e a simulation code of

ion-beam illumination on an arbitrary shape and structure target, Com-

put. Phys. Commun. 161 (2004) 143e150;
A.I. Ogoyski, S. Kawata, P.H. Popov, Code OK3 e an upgraded version

of OK2 with beam wobbling function, Comput. Phys. Commun. 181

(2010) 1332e1333.

[21] S. kawata, Fuel target implosion in ion beam inertial confinement fusion,

preprint, arXiv:1504.01831.

[22] S. Atzeni, J. Meyer-ter-Vehn, The physics of inertial fusion: beam plasma

interaction, hydrodynamics, hot dense matter, Int. Ser. Monogr. Phys.

(2009).

[23] S. Ichimaru, Statistical Plasma Physics, Westview Press, 2004.

[24] O.A. Hurricane, D.A. Callahan, D.T. Casey, P.M. Celliers,

Charles Cerjan, et al., Fuel gain exceeding unity in an inertially confined

fusion implosion, Nature 506 (2014) 343e348.

[25] H.S. Park, O. A Hurricane, D. A Callahan, D. Casey, E. L Dewald, et al.,

High-adiabat high-foot inertial confinement fusion implosion experi-

ments on the national ignition facility, Phys. Rev. Lett. 112 (2014)

055001.

[26] R.W. Petzoldt, IFE target injection and tracking experiment, Fusion Tech.

34 (1998) 831e839.

[27] R.O. Bangerter, The U.S. heavy-ion fusion program, Nucl. Instr. Meth. A

415 (1998) 3e10.

[28] J.J. Barnard, Richard M. More, M. Terry, A. Friedman, E. Henestroza, et

al., NDCX-II target experiments and simulations, Nucl. Instrum.

Methods Phys. Res. A 733 (2014) 45e50.

[29] W.F. Henning, The future GSI facility, Nucl. Instr. Meth. B 214 (2004)

211e215;

N.A. Tahira, A.R. Pirizb, G. Wouchukb, A. Shutovc, I.V. Lomonosovc, et

al., Laboratory planetary science studies using intense heavy ion beams

at FAIR: the HEDgeHOB collaboration, Nucl. Instr. Meth. A 606 (2009)

177e185.

[30] J.C. Yang, J.W. Xia, G.Q. Xiao, H.S. Xu, H.W. Zhao, et al., High in-

tensity heavy ion accelerator facility (HIAF) in China, Nucl. Instr. Meth.

B 317 (15) (2013) 263e265.

[31] Masahiro Okamura, A.I. Pikin, Vladimir Zajic, T. Kanesue, J. Tamura,

Laser ion source for low-charge heavy ion beams, Nucl. Instr. Meth. A

606 (2009) 94e96.

[32] K. Takayama, R.J. Briggs, et al., Induction Accelerators, Springer-Ver-

lag, Berlin Heidelberg, 2011.

[33] M. Matsukawa, K. Tobita, H. Chikaraishi, A. Sagara, T. Norimatsu,

Electric power flow in a nucler fusion power plant, J. Plasma Fusion Res.

80 (2004) 559e562 (in Japanese).

[34] R.B. Miller, Intense Charged Particle Beams, Plenum Press, New York,

1985.

[35] S. Humphries Jr., Charged Particle Beams, John Wiley and Sons, Inc,

1990.

111S. Kawata et al. / Matter and Radiation at Extremes 1 (2016) 89e113



[36] C. Deutsch, S. Kawata, T. Nakamura, Accelerator system and final beam

transport in heavy ion inertial confinement fusion, J. Plasma Fusion Res.

77 (2001) 33e39.

[37] D.A. Callahan, Interaction between neighboring beams in heavy ion

fusion reactor chamber, Appl. Phys. Lett. 67 (1995) L3254eL3256.
[38] D.A. Callahan, Chamber propagation physics for heavy ion fusion,

Fusion Eng. Des. 32e33 (1996) 441e452.

[39] Anna Tauschwitz, S.S. Yu, S. Eylon, R.O. Bangerter, Wim Leemans, et

al., Plasma lens focusing and plasma channel transport for heavy ion

fusion, Fusion Eng. Des. 32e33 (1996) 493e502.

[40] W.M. Sharp, D.A. Callahan, M. Tabak, S.S. Yu, P.F. Peterson, Chamber

transport of “foot” pulses for heavy-ion fusion, Phys. Plasmas 10 (2003)

2457e2467.

[41] P.K. Roy, S.S. Yu, S. Eylon, E. Henestroza, Andre Anders, et al., Results

on intense beam focusing and neutralization from the neutralized beam

experiment, Phys. Plasmas 11 (2004) 2890e2898;

P.K. Roy, S.S. Yu, E. Henestroza, A. Anders, F.M. Bieniosek, et al., Drift

compression of an intense neutralized ion beam, Phys. Rev. Lett. 95

(2005) 234801.

[42] T. Someya, S. Kawata, T. Nakamura, A.I. Ogoyski, K. Shimizu, et al.,

Beam final transport and direct-drive pellet implosion in heavy-ion

fusion, Fusion Sci. Tech. 43 (2003) 282e289.

[43] D.R. Welch, D.V. Rose, B.V. Oliver, R.E. Clark, Simulation techniques

for heavy ion fusion chamber transport, Nucl. Instr. Meth. A 464 (2001)

134e139.

[44] D.V. Rose, D.R. Welch, B.V. Oliver, R.E. Clark, W.M. Sharp, et al.,

Ballistic-neutralized chamber transport of intense heavy ion beams, Nucl.

Instr. Meth. A 464 (2001) 299e304.

[45] A. Mourou, T. Tajima, S.V. Bulanov, Optics in the relativistic regime-

Gerard Rev, Mod. Phys. 78 (2006) 309e372.
[46] T. Nakamura, S. Kawata, Origin of protons accelerated by an intense

laser and the dependence of their energy on the plasma density, Phys.

Rev. E 67 (2003) 026403.

[47] S. Kawata, T. Izumiyama, T. Nagashima, M. Takano, D. Barada, et al.,

Laser ion acceleration toward future ion beam cancer therapy e nu-

merical simulation study, Laser Ther. 22 (2) (2013) 103e114.

[48] T. Okada, K. Niu, Filamentation and two-stream instabilities of light ion

beams in fusion target chambers, J. Phys. Soc. Jpn. 50 (1981)

3845e3846.

[49] R.R. Peterson, C.L. Olson, Pre-formed plasma channels for ion beam

fusion, in: Proceedings of the 13th International Conference on Laser

Interactions and Related Plasma Phenomena, AIP Conference Pro-

ceedings 406, 1997, pp. 259e266.

[50] H. Qin, C.R. Davidson, W.W. Lee, 3D nonlinear perturbative particle

simulations of two-stream collective processes in intense particle beams,

Phys. Lett. A 272 (2000) 389e394.

[51] H. Qin, C.R. Davidson, W.W. Lee, R. Kolesnikov, 3D multispecies

nonlinear perturbative particle simulations of collective processes in

intense particle beams for heavy ion fusion, Nucl. Instr. Methods Phys.

Res. A 464 (2001) 477e483.

[52] T. Okada, K. Niu, Electromagnetic instability and stopping power of plasma

for relativistic electron beams, J. Plasma Phys. 23 (1980) 423e432.

[53] T. Okada, K. Niu, Effect of collision on the relativistic electromagnetic

instability, J. Plasma Phys. 24 (1980) 483e488.

[54] R.F. Hubbard, D.A. Tidman, Filamentation instability of ion beams

focused in pellet-fusion reactors, Phys. Rev. Lett. 41 (1978) 866e869.
[55] P.F.Ottinger,D.Mosher, S.A.Goldstein,Microstability of a focused ionbeam

propagating through a z-pinch plasma, Phys. Fluids 22 (1979) 332e337.

[56] Shigeo Kawata, Shinichi Nishiyama, Masataka Mori, Kenta Naito,

Shigeru Kato, et al., Intense-electron-beam transportation through an

insulator beam guide, Jpn. J. Appl. Phys. 34 (1995) L520eL522.

[57] Susumu Hanamori, Shigeo Kawata, Shigeru Kato, Takashi Kikuchi,

Akira Fujita, et al., Intense-proton-beam transport through an insulator

beam guide, intense-proton- beam transport through an insulator beam

guide, Jpn. J. Appl. Phys. 37 (1998) 471e474.

[58] S. Kawata, T. Someya, T. Nakamura, S. Miyazaki, K. Shimizu, et al.,

Heavy ion beam final transport through an insulator guide in heavy ion

fusion, Laser Part Beams 21 (2003) 27e32.

[59] A.B. Langdon, B.F. Lasinski, Electromagnetic and relativistic plasma

simulation models, Methods Comput. Phys. 6 (1976) 327e366.

[60] J.M. Dawson, Particle simulation of plasmas, Rev. Mod. Phys. 55 (1983)

403e448.

[61] C.K. Birdsall, A.B. Langdon, Plasma Physics via Computer Simulation,

McGraw-Hill, 1985.

[62] R.W. Hockney, J.W. Eastwood, Computer Simulation Using Particles,

CRC Press, 1988.

[63] S. Kato, K. Naito, K. Nawashiro, Y. Kawakita, M. Hakoda, et al.,

Propagation control of an intense pulsed electron beam and its applica-

tion to surface treatment, in: Proc. 9th Int. Symp. On High Voltage Eng.,

Graz, Austria, 1995, pp. 7887e7891.
[64] K. Sugiura, K. Niu, Nuclear Fusion, Cambridge University Press, 2009.

[65] J.D. Lindl, Development of the indirect-drive approach to inertial

confinement fusion and the target physics basis for ignition and gain,

Phys. Plasmas 2 (1995) 3933e4024.
[66] S. Kawata, Y. Iizuka, Y. Kodera, A.I. Ogoyski, T. Kikuchi, Robust fuel

target in heavy ion inertial fusion, Nucl. Instr. Meth. A 606 (2009)

152e156.
[67] T. Someya, A.I. Ogoyski, S. Kawata, T. Sasaki, Heavy-ion beam illu-

mination on a direct-driven pellet in heavy-ion inertial fusion, Phys. Rev.

ST Accel. Beams 7 (044701) (2004) 1e13.

[68] S. Skupsky, K. Lee, Uniformity of energy deposition for laser driven

fusion, J. Appl. Phys. 54 (1983) 3662e3671.

[69] L.D. Landau, E.M. Lifshitz, Fluid Mechanic, Oxford Pergamon Press,

1959.

[70] H. Ertel, Ein neuer hydrodynamischer Wirbelsatz, Meteorol. Zeitschr.

Braunschw. 59 (1942) 277e281.

[71] G.H. Wolf, Dynamic stabilization of the interchange instability of a

liquid-gas interface, Phys. Rev. Lett. 24 (1970) 444e446.
[72] F. Troyon, R. Gruber, Theory of the dynamic stabilization of the

Rayleigh-Taylor instability, Phys. Fluids 14 (1971) 2069e2073.

[73] J.P. Boris, Dynamic stabilization of the imploding shell Rayleigh-Taylor

instability, Comments Plasma Phys. Cont. Fusion 3 (1977) 1e13.
[74] R. Betti, R.L. McCrory, C.P. Verdon, Stability analysis of unsteady

ablation fronts, Phys. Rev. Lett. 71 (1993) 3131e3134.

[75] A.R. Piriz, G.R. Prieto, I.M. Diaz, J.J.L. Cela, Dynamic stabilization of

Rayleigh-Taylor instability in Newtonian fluids, Phys. Rev. E 82

(026317) (2010) 1e11.

[76] A.R. Piriz, S.A. Piriz, N.A. Tahir, Dynamic stabilization of classical

Rayleigh-Taylor instability, Phys. Plasmas 18 (092705) (2011) 1e9.

[77] J. Nuckolls, L. Wood, A. Thiessen, G. Zimmerman, Laser compression

of matter to super-high densities: thermonuclear (CTR) applications,

Nature 239 (1972) 139e142.

[78] E.S. Weibel, Spontaneously growing transverse waves in a plasma due to

an anisotropic velocity distribution, Phys. Rev. Lett. 2 (1959) 83e84.

[79] S. Kawata, T. Kurosaki, K. Noguchi, T. Suzuki, S. Koseki, et al., Wob-

blers and RayleigheTaylor instability mitigation in HIF target implosion,

Nucl. Instr. Meth. A 733 (2013) 211e215.
[80] S. Kawata, H. Nakashima, Tritium content of a DT pellet in inertial

confinement fusion, Laser Part. Beams 10 (1992) 479e484.

[81] D.T. Goodin, C.R. Gibson, R.W. Petzoldt, N.P. Siegel, L. Thompson, et al.,

Developing the basis for target injection and tracking in inertial fusion

energy power plants, Fusion Eng. Des. 60 (2002) 27e36.

[82] R.W. Petzoldt, M. Cherry, N.B. Alexander, D.T. Goodin, G.E. Besenbruch,

et al., Design of an inertial fusion energy target tracking and position

prediction system, Fusion Tech. 39 (2001) 678e683.

[83] R.W. Petzoldt, D.T. Goodin, A. Nikroo, E. Stephens, N. Siegel, et al.,

Direct drive target survival during injection in an inertial fusion energy

power plant, Nucl. Fusion 42 (2002) 1351e1356.
[84] M. Murakami, J. Meyer-ter-Vehn, Radiation symmetrization in indirectly

driven ICF targets, Nucl. Fusion 31 (1991) 1333e1342.

[85] J. Sasaki, T. Nakamura, Y. Uchida, T. Someya, K. Shimizu, et al., Beam

non-uniformity smoothing using density valley formed by heavy ion

beam deposition in inertial confinement fusion fuel pellet, Jpn. J. Appl.

Phys. 40 (2001) 968e971.

[86] M. Murakami, Irradiation system based on dodecahedron for inertial

confinement fusion, Appl. Phys. Lett. 27 (1995) 1587e1589.

112 S. Kawata et al. / Matter and Radiation at Extremes 1 (2016) 89e113



[87] T. Peter, J. Meyer-ter-Vehn, Energy loss of heavy ions in dense plasma. I.

Linear and nonlinear Vlasov theory for the stopping power, Phys. Rev. A

43 (1991) 1998e2014.

[88] T. Peter, J. Meyer-ter-Vehn, Energy loss of heavy ions in dense plasma.

II. Nonequilibrium charge states and stopping powers, Phys. Rev. A 43

(1991) 2015e2030.

[89] J.P. Bondorf, S.I.A. Garpman, J. Zimanyi, A simple analytic hydrody-

namic model for expanding fireballs,, Nucl. Phys. A296 (1978)

320e332.

[90] Ya. B. Zel'dovich, Yu. P. Raizer, Physics of Shock Waves and High-

temperature Hydrodynamic Phenomena, Dover Pub. Inc., New York, 2002.

[91] HIF VNL, http://hif.lbl.gov/.

[92] FAIR, http://www.fair-center.eu/public/what-is-fair.html

[93] S. Kawata, K. Horioka, M. Murakami, Y. Oguri, J. Hasegawab, et al.,

Studies on heavy ion fusion and high energy density physics in Japan,

Nuc. Instr. Methods Phys. Res. A 577 (2007) 21e29.

[94] K. Niu, S. Kawata, Proposal of power plant by light ion beam fusion,

Fusion Technol. 11 (1987) 365e373.

113S. Kawata et al. / Matter and Radiation at Extremes 1 (2016) 89e113


