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Preface 

  The symposium entitled “Conceptual Design of Heavy Ion Inertial Fusion Reactor 
Based on Circular Induction Accelerators” was organized as a part of the General 
Collaborative Research of National Institute for Fusion Science (NIFS) and held online 
on March 11, 2023. 
  In the symposium, 12 papers were presented, of which 11 papers are reported in this 
proceeding. The total number of participants was 18 including researchers from 
universities and research institutes. 
  The purpose of this symposium was to share the results of the engineering feasibility 
study of a heavy-ion inertial confinement fusion reactor based on circular induction 
accelerators, which has been conducted by a group of volunteers over the past several 
years, with researchers in related fields, and to identify issues to be solved to realize a 
fusion reactor based on this new accelerator technology. 
  We would like to express our sincere thanks to all of the participants, the authors and 
the staff of NIFS.  

Jun Hasegawa 
Tokyo Institute of Technology 

Tetsuo Ozaki 
National Institute for Fusion Science 
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Direct Fast Ignition Experiment in Gekko XII-
LFEX Laser  

Tetsuo Ozaki 

Laser Group, National Institute for Fusion Science, Japan 

Abstract— Polystyrene deuteride shell targets with two holes were imploded by the Gekko XII laser and additionally 
heated by the LFEX laser in a direct fast ignition experiment. In general, when an ultra-intense laser is injected into a 
blow-off plasma created by the imploding laser, electrons are generated far from the target core and the energies of 
electrons increase because the electron acceleration distance has been extended. The blow-off plasma moves not only to 
the vertical direction but to the lateral direction against the target surface. In a shell target with holes, a lower effective 
electron temperature can be realized by reducing the inflow of the implosion plasma onto the LFEX path, and high 
coupling efficiency can be expected. The energies of hot electrons and ions absorbed into the target core were calculated 
from the energy spectra using three electron energy spectrometers and a neutron time-of-flight measurement system, 
Mandala. The ions have a large contribution of 74% (electron heating of 5.5 J and ion heating of 8.4 J) to target heating 
in direct fast ignition. 

Keywords—fast ignition, electron ion energy spectrometer, hot electron, ion, neutron, polystyrene deuteride shell target 

I. Introduction

Fast ignition[1] has been performed by additionally
heating an imploded core using an ultra-intense laser. It 
produces a relativistic electron beam. The core is additionally 
heated by three mechanisms, electron/ion drag heating, Joule 
heating by the return current and diffusive heating from the 
laser-plasma interaction region. Electron/ion drag heating is 
the most essential mechanism. At an early stage, the heating 
laser had been injected directly on the imploded core. In 
general, when an ultra-intense laser is injected into a blow-off 
plasma, electrons are generated far from the target core and 
the energies of electrons increase. It was found that dense 
blow-off plasma disturbed the penetration of the heating laser 
and sufficient energy coupling efficiency could not be 
obtained. Therefore, the current mainstream in fast 
ignition[2,3] is to attach a cone along the path of the heating 
laser to prevent the invasion of the blow-off plasma. However, 
it is difficult to accept a target with a cone in a future fusion 
reactor because this target is very complicated. For this reason, 
research into direct fast ignition[4-6] has also been continued. 

The hot electron effective temperature (Teff) should be 
maintained lower in order to obtain the high coupling 
efficiency because the ratio of the deposited energy to the 
electron energy into the core becomes large at lower Teff. Here, 
the Teff, which is evaluated by the slope of the energy spectrum, 
is equivalent to the average electron energy if the Maxwellian 
distribution of the electron energy spectrum is assumed. If the 
laser energy is the same, the lower Teff means that larger 
numbers of electrons are generated. In order to achieve the 
lower Teff, the pre-formed plasma before the main pulse of the 
heating laser on the laser path should be suppressed. One of 
the pre-formed plasmas is the blow-off from the imploding 
plasma. Another is created by the pre-pulse of the heating laser 
itself. An electron acceleration takes place around the critical 

density region in those pre-formed plasmas. If the scale length 
of the pre-formed plasma is long, the Teff becomes high. The 
distance between the laser plasma interaction and the core is 
also important. In general, hot electrons have a divergence 
angle. When the distance is large, the irradiation efficiency of 
the electrons against the core decreases. 

Direct fast ignition had not been adopted because the 
blow-off from imploding plasma is unavoidable. However, 
this problem may be reduced by using a target with holes[7] 
along the heating laser path. The shell target is cylindrically 
imploded, and a heating laser is injected at the implosion 
timing. Since the amount of blow-off plasma is small on the 
heating laser path, the electron acceleration will be decreased, 
and the position of the laser plasma interaction can be close to 
the core. Therefore, high irradiation efficiency can be 
expected. The holes may be able to reduce pre-pulse of the 
heating laser. If the main pulse is adjusted to the maximum 
compression timing of the imploding core, the pre-pulse can 
pass through the holes and omit the pre-formed plasma by the 
pre-pulse. Therefore, the laser energy can be effectively 
injected even by the heating laser with a poor contrast. For 
those reasons, the shell with holes has the conditions for lower 
Teff. 

In direct heating, ion heating cannot be ignored. In an 
intense laser, the ponderomotive acceleration (and/or 
Coulomb explosion) and target normal surface acceleration 
(TNSA)-like, are occurred. We use the expression “TNSA-
like” here because the target surface is covered with plasma 
(not vacuum). But it can be regarded as TNSA as a whole. 
Here, we call TNSA “TNSA-like” because it is accelerated by 
the sheath electric field created by hot electrons. The 
ponderomotive acceleration etc. seems to contribute to the 
core heating because many ions are oriented to the laser 
direction. On the other hand, TNSA-like acceleration is 
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mechanism with the target behind it. Therefore, the 
contribution of the core heating is considered to be small.  

The electron-ion energy spectrometer (ESM)[8] and the 
Mandala neutron time-of-flight analyzer (Mandala)[9] are 
used to estimate the deposited energy of electrons and ions, 
which contribute to the heating. The results are compared with 
the absorbed energy obtained from areal density (ρR) and X-
ray measurement[10]. The details of the diagnostics are 
explained in section 2. 

Here, we focus on the results of transverse irradiation[11] 
by adding the simulation results. The details of the simulation 
are explained in section 3.1. 

II. Experimental Setup

The experiment was performed using the Gekko XII
(GXII)-LFEX[12] facility in the Institute of Laser 
Engineering of Osaka University. The GXII (wavelength of 
0.53 μm) and the LFEX (1.054 μm) were used for target 
implosion and for additional heating, respectively. As a target, 
spherical shells of deuterium polystyrene, which have a 
diameter of 500 μm in diameter and a thickness of 7 μm were 
used. There are two holes of 100 μm in diameter in this target 
at a position 180 degrees apart. The LFEX is injected along a 
line connecting the centers of two holes. Cylindrical implosion 
is performed using six beams (named each as B04, 07, 09, 10, 
11 and 12) in twelve beams, which are almost perpendicular 
in direction against the LFEX beam (transverse irradiation). 
FIGs. 1(a), (i)/(iii) and (ii)/(iv) show the irradiation 
arrangement of the GXII seen from the LFEX axis, and the 
irradiation coordination seen from the side, respectively. 
Three beams are irradiated to the target at equal intervals, as 
seen from the LFEX direction. The remaining three beams are 
irradiated from the counter side of the LFEX. The angle 
between the GXII and LFEX is 79.2 degrees in the transverse 
irradiation. The blow-off plasma is sufficiently far from the 
LFEX axis. Since there are holes on the LFEX axis, the 
ablation plasma is further reduced. 

In the experiment, three different injection timings of the 
implosion laser and the heating laser were chosen. The energy 
of the implosion laser was (246-301) J×6 beams = 1.545-1.738 
kJ with 1.1-1.3 ns with Gaussian shape. The LFEX laser 
consisted of two rectangular beams with 1-1.8 ps, about (202-
287)×2 beams×60% (irradiation efficiency) =243-343 J on
target. 60% means the efficiency through the optical
components after the last monitoring system[13]. The focus
diameter was estimated to be 50 μm in diameter. The
irradiation intensity was over 1019 W/cm2, which was in the
relativistic region. Therefore, the generation of the energetic
electrons and ions could be expected. For comparison, another 
experiment was also conducted in which the GXII was
irradiated in a parallel direction to the LFEX (axial irradiation, 
B01, 02, 08, 03, 05, 06). The arrangement is shown in FIGs.
1(a)(iii) and (iv). The angle between GXII and LFEX is 37.4
degrees. In this arrangement, the ablation plasma invades
easily in the cone angle of the LFEX beam. FIGs. 1(b) and (c)
are the arrangements of the diagnostics and the target,
respectively.

The behaviors of hot electrons and ions are measured 
using the ESM and Mandala. Three ESMs are installed at 0 
degrees, 21 degrees, and 70 degrees from the LFEX forward 
direction. Electrons measured by the ESM are those that can 

be emitted by shaking off the potential near the target. 
Electrons with energies below this potential are not observed 
by the ESM. Therefore, the amount of particles observed by it 
is much smaller than that of generated particles. The electron 
energy distribution is observed with the shape unchanged and 
shifted by the potential. Assuming Maxwell distribution, the 
Teff will be the average energy if the Teff = the slope of the 
distribution is known. The installation position is on the 
chamber 0.89 m from the target. ESMs can measure hot 
electrons (measurable energy range: 0.5 MeV to 120 MeV) 
and protons (up to 7 MeV) or deuterium ions (up to 3.5 MeV), 
at the same time, by using a permanent magnet. The ESM has 
a very low leakage magnetic field because the magnetic circuit 
is suitably designed. Therefore, a large energy dynamic range 
can be achieved. Unfortunately, there is no ability to 
distinguish ion species. However, we can estimate the 
proton/deuteron ratio roughly by using the aluminum filter 
method[14].  

The Mandala is located on 13.55 m from the target at 
125.3 degrees from the LFEX forward direction. The 
Mandala consists of an array of 600 photomultipliers. The 
energies of neutrons can be obtained from the flight times. 
For the DD reaction between the deuterium target and the 
deuteron beam generated by the LFEX laser acceleration, 
backscattered neutrons with mainly lower than 2.45 MeV are 
measured. The advantage of the Mandala is that it can 
accurately observe the spectrum of neutrons of 106, even in a 
strong gamma ray environment during LFEX operation. In 
addition, CR-39 was used to measure ρR at implosion shots 
without the LFEX injection. ρR can be estimated by the 
energy loss of knock-on protons between the target and 
thermal DD neutrons. The X-rays come. 

III. Experimental Results

The energy spectra of electrons and ions can be obtained
from ESMs. In the experiment, the GXII irradiates to the 
target and the LFEX is injected into the core at two different 
timings. Electron and ion drag heatings are evaluated from 
their energy spectra and neutron results. FIG. 2(a) shows the 
pulse waveform of the GXII and Teff. FIG. 2(b) shows the soft 
X-ray generation time history[15] from the imploding plasma
obtained by the simulation (STAR2D[16,17]) and the
injection timing of the LFEX. The peak time of soft X-rays
seems to be the maximum compression time. A total of three
shots were conducted. The LFEX was incident 200 ps before
(twice) and 300 ps after the maximum compression time.

A. Electron
FIG. 3(a) shows a comparison of typical electron energy

spectra measured in the counter direction of the LFEX for 
transverse and axial irradiations. The Teff in transverse 
irradiation is clearly lower than that in axial irradiation 
because the blow-off from the imploding plasma is smaller in 
the former than in the latter. In transverse irradiation, it is 
difficult that the GXII irradiates the shell near the LFEX axis, 
and there is no ablation plasma because there are holes. 
Furthermore, the pre-pulse has passed during implosion 
through the holes in the imploding shell. The LFEX irradiates 
the core if we can adjust its injection timing to the maximum 
compression timing. The only wraparound of the explosive 
plasma from its surroundings blocks the LFEX path in 
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transverse irradiation. Therefore, the Teff remains low in 
transverse irradiation.  

 Rough spatial distributions of hot electrons can be 
obtained from the three ESMs. Comparisons of the spatial 
distribution of the electron spectra in transverse and axial 
irradiations have been performed. FIGS. 3(b) and (c) show 
those contour plots. In axial irradiation, electrons with a high 
Teff at 0 degrees are observed, whereas in transverse irradiation, 
the Teff remains low at 0 degrees. The low Teff is convenient for 
fast ignition. It should be noted here that the absolute value of 
the number of electrons measured by the ESM is not 
proportional to the number of generated electrons. Since the 
electrons generated around the target are suppressed by the 
self-electromagnetic field and do not reach the position of 
ESM, the number of particles observed by it depends on the 
Teff. Therefore, we focus more on the spectral shape than on 
the absolute amount of the signal. 

 In FIG. 4, the simulation results of the core plasma 
behavior at −200 ps (FIG. 4(a)) and +300 ps  (FIG. 4(b)) are 
also plotted. Implosion characteristics were investigated using 
the 2D radiation-hydrodynamic simulation code STAR2D in 
a cylindrical coordinate. 3D distribution of the laser intensity 
was averaged around the symmetrical axis, and converted to 
2D distribution. The simulation was conducted for a 
cylindrical geometry. It was originally developed for 
modeling extreme ultraviolet light source plasmas. We deal 
with laser-produced plasmas by solving propagation by laser 
ray-tracing, laser absorption by inverse bremsstrahlung, heat 
conduction, radiation transport, and temperature relaxation 
between ions and electrons. The sound velocity is calculated 
from the equation of state, and the flow velocity is calculated 
using the fluid solver HLLC (Harten-Lax-van Leer contact 
wave) [18] method, based on the sound velocity. The radiation 
transport was solved by a multi-group diffusion model with 40 
groups, in which the maximum photon energy was 8 keV. The 
electron and ion heat conduction were calculated based on the 
flux limited Spitzer-Harm model[19] with a flux-limiter of 0.1. 

 The hot electron generation point is the interaction region 
between the LFEX laser and the ablation plasma. Ideally, the 
generation point should be close to the core, but according to 
computer simulation, the blow-off plasma partially invades 
the LFEX path at this timing, even in transverse irradiation. It 
can be that the electrons of the solid angle Ω, that see the target 
from the generation point, hit the target. Even the laser 
intensity is in the relativistic region, and there are primary 
interaction regions at 220 μm (−200 ps) and 240 μm (+300 ps) 
from the core center. Ωs are 4π×0.082 (−200ps) and 4π×0.017 
(+300ps), respectively. Average Teff (=Teff_ave) in which spatial 
uniformity is considered, are 1.06 MeV at −200 ps and 1.05 
MeV at +300 ps, respectively. The reflection of the LFEX 
laser has been measured on a variety of targets in other 
experiment[20]. Many researchers have argued about the 
efficiency of laser-to-electron conversion. C.D. Chen[21] 
calculated the number of hot electrons passing through the 
target from the line intensity of Kα and estimates the 
conversion rate to be 20-40%. P.A. Norreys[22] showed that 
the energy coupling to the forward hot electron beam is in the 
range of 15-30%. The discussion here is not far from these 
results. The reflection mainly depends on laser intensity. The 
remaining 75% of the 25% of the laser reflection is assumed 
here to transfer energy to the electrons. Actually some 
energies are directly transferred to ions (ponderomotive 
acceleration etc.), but they are relatively small. Energies 

transferred to ions in TNSA and converted to electromagnetic 
waves such as X-rays are first transferred to electrons, and 
energies are transferred to ions and X-rays. The initial number 
of generated hot electrons can be obtained by dividing the un-
reflected laser energy EL by the Teff_ave. There is also the energy 
that goes directly to ions, but we will discuss that in Sec. 3.2. 
It is estimated that 25% is reflected in this laser intensity 
region, and the remaining 75% is converted to electrons. The 
number of electrons, Nelec_total, can be estimated by 

Nelec_total = EL × 75% ÷ Teff_ave.  (1) 

Here we assume that the momentum is preserved. 

(momentum_of_the_light) {dNelec( )/d }p( ) 

dΩ+(ion_contribution)+(reflection_of_the_light),  (2) 

where p( ) is the momentum vector (|p( ) |= mec {(1+ Teff 
( )/ mec2)2-1}), c is the light velocity, me is the electron mass, 
respectively. Ponderomotive accelerated ions remain as the 
ion contribution in Eq. (2), although the ion distribution is 
almost uniform, as mentioned in Sec. 3.2. Nelec( ) becomes 
large in the direction of lower Teff( ). d Nelec/d is determined 
as satisfying Nelec_total= {d Nelec/d } d . 4 {dNelec/d } 
are plotted as a function of angle in FIG. 4. 

 The deposited energies of electrons to the target are almost 
the same as the stopping energy, EρR, for the target's ρR, if the 
energies are higher than the EρR. Total deposited electron 
energy becomes large if the number of electrons becomes 
large. ρR is 12.2 mg/cm2 at the maximum compression by the 
recoil proton method using CR-39. We assume that the value 
has not changed significantly before and after the maximum 
compression. Therefore, the EρR is 0.0079 MeV. Bethe's 
classical formula is used about the value. Since the energy of 
the electron is so large, only the energy corresponding to the 
target, ρR, is lost. ρR is too small in this experiment. The value 
of the EρR is almost same if the electron energy is large 
compared to the range of ρR. The viewing areas ω/4π from the 
electron emission region are estimated to be 0.082 (−200 s) 
and 0.017 (+300 ps), respectively (FIG. 4). The total electron 
number which irradiates the target Nelec_target is {d Nelec/dΩ}×ω.  
Therefore, total electron drag is EρR ×Nelec_target are 5.5 J and 
2.2 J at −200 ps and +300 ps, respectively. 

B. Ions
The advantage of direct fast ignition is that the ions can be

used for heating. Ion acceleration consists of ponderomotive 
acceleration etc.[23] and the TNSA-like type. These ions 
mainly contain deuterons and protons. Proton sources are 
water molecules adsorbed on the surface of the target. The 
ESM cannot distinguish particle species. Ponderomotive 
acceleration etc. is the main contributor to heating, but it is 
difficult to distinguish them by the ESM. FIG. 5 (a) shows 
typical ion spectra. Fig. 5(b) shows the contour plot of the ion 
spatial distribution. It can be seen that they are relatively 
isotropic. At early implosion time, holes of the shell are not 
completely closed yet. Also, even if the LFEX is injected at a 
late time of implosion, some ponderomotive accelerated ions 
can be observed by the ESM at 0 degrees because of an ion 
path through the gap of ablation plasma. However, the ion 
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distribution seems to be uniform. Here we assume that the 
energy spectra of ponderomotive accelerated ions and TNSA-
like ions are the same. Since the ion stopping range is short, it 
is assumed that each ion that collides with the high-density 
part of the target core gives all the energy. 

The deposited energy of the ion heating can be 
estimated from neutron measurement. In nuclear fusion, it is 
generally produced by a thermonuclear reaction. However, in 
this experiment, beam fusion neutrons are overwhelmingly 
larger than thermonuclear neutrons. Here we consider 
ponderomotive acceleration etc. and TNSA as deuterium 
acceleration mechanisms. If deuterium is accelerated, it will 
hit the target deuterium and neutrons will be observed. Since 
TNSA is not oriented in the direction of the target, it is not a 
contribution of neutron generation because deuterium ions 
accelerated by TNSA do not collide with the deuteron in the 
target. Also, thermal neutrons are relatively small in 
proportion, so they are ignored here. The ponderomotive 
acceleration etc. is the main acceleration mechanism for 
deuterium (related to neutron generation). Ponderomotive 
acceleration etc. and TNSA assume that the deuterium ratio 
is the same here. From other experiments14, the proportion of 
deuterium among the ions is about 80%, and the rest is 
primarily protons. Therefore, for ion heating, the value 
obtained from the neutron measurement caused by deuterium 
ions may be divided by 0.8. The amount of neutrons, Ny, is 
larger before the maximum compression than after it23. Other 
neutron sources such as C(d,n), photo nuclear (γ,n) and (p,n) 
etc. can be negligible. 

The number of D beams NDbeam is estimated by, 

NDbeam = Ny/ { DD ND lRange }    1 / { lRange },                      
(3) 

where DD, ND, ρ and lRange are the DD nuclear reaction cross-
section, the number density of the deuterons in the target, the 
mass density, and the stopping range, respectively. The mass 
density at the maximum implosion time ρmax can be estimated 
from ρmaxRmax, obtained by the CR-39 knock-on proton 
method and Rmax obtained from the XPHC. Its value is 1.9 
g/cm3. The target radius R and ρ at −200 ps, are larger than 
Rmax and smaller than ρmax because the implosion is still 
continued, as shown in FIG. 3. ρ at −200 ps is estimated to be 
1.67 g/cm3.. However, the product of ρ and lRange in Eq. (3) at 
−200 ps is only 5% different from that at the maximum
implosion time. Therefore, ρmaxRmax, is adopted as ρlRange at
+300 ps because it is difficult to evaluate ρlRange at +300 ps.
The average energy of the ions, Tion, can be estimated to be
0.46 MeV (−200 ps) and 0.33 MeV (+300 ps) by
approximating the Maxwell distribution of the ion spectrum in 
FIG. 4(a). lRange at Tion can be calculated by using the
SRIM[24] code (solid) and the range difference of 0.6
between solid and hot plasma. ls are 2.25 μm (−200 ps) and
1.38 μm (+300 ps).

DD at Tion can be obtained to be 0.1 b (−200 ps) and 0.076 
b (+300 ps). On the other hand, Ny are 2.47×108 (−200 ps) and 
0.268×108 (+300 ps) from the Mandala[25]. NDbeam can be 
calculated from Eq. (3). Since lRange is too short compared to 
the target size, it is assumed that all the ion energies are 

deposited on the target. As the ratio of deuterium is 80% of 
the total ions, the number of all ions that irradiate the target 
can be calculated. Finally, the deposit energy NDbeam×Tion,÷0.8, 
can be estimated to be 8.5 J (−200 ps) and 1.2 J (+ 300 ps). 

In this experiment, the injection timing of the LFEX was 
slightly early compared to the implosion timing, so that the 
ions were irradiated to a large target viewing angle, although 
the ion generation point was far from the core. Therefore, 
considerable neutrons were observed before the implosion 
than afterwards. It is important to increase the solid angle of 
irradiation by preventing the blow-off plasma and adjusting to 
the implosion timing. 

IV. Discussion

The deposited energy by additional heating was evaluated
from the ESM results for transverse irradiation. The Teff is kept 
sufficiently low, and the difference between the three Teff is 
simply proportional to the incident energy (intensity). In Sec. 
3, the energy added by the LFEX energy of 343 J could be 
estimated to be 5.5 J for electrons and 8.5 J for ions. The ions 
have a large contribution against target heating in direct fast 
ignition. The results of the electron and ion heatings are listed 
in Tables I and II, respectively. 

The electron and ion drags can be also estimated to be 2.3 J 
and 1.2 J by the same procedure in axial irradiation, 
respectively; then total amount is 3.5 J. On the other hand, we 
could succeed in estimating the increment of the internal 
energy of 6.7 J by using an optical technique in axial 
irradiation[26]. Those values are closed from each other. 

If the internal energy of implosion without 
additional heating is to be 45 J, the same as that in axial 
irradiation and the increase of the internal energy is 13.9 J in 
transverse irradiation, the magnification of the internal 
energy is 1.28 times. Assuming that the ion temperature 
before the additional heating is 0.85 keV, the same as that in 
axial irradiation, it becomes 1.09 keV, which increases the 
nuclear reaction rate 4.1 times. However, since the amount of 
neutrons without additional heating is 3.47×106, it becomes 
only 1.44×107 by additional heating. Therefore, the thermal 
neutron signal could not be observed because it was hidden 
behind the beam neutron signal (2.47×108). 

V. Summary

In order to increase the efficiency of the additional heat, it
is important to close the laser plasma interaction region to the 
imploded core. According to the simulation, considerable 
blow-off plasma still invades to the LFEX path, even if in 
transverse irradiation. If we put a fin around the hole (see Fig 
1(d)), the invasion of the blow-off can be suppressed 
considerably. According to another simulation, which imitates 
the configuration without invasion of the blow-off plasma, the 
laser plasma interaction region can be approached up to 110 
μm from the center of the core. As a result, the solid angle of 
irradiation can be improved to be 4π×0.5, and a heating 
efficiency of 2.3 times can be expected, even if at current low 
ρR. Attaching the fin around the hole is simpler than attaching 
a conventional cone, and is realistic for a future fusion reactor. 
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FIG. 1. Laser and diagnostics arrangements. 

(a) The GXII (green) and LFEX (red) laser arrangements,

The GXII and the LFEX are used for compression and additional heating, respectively. B1, B2, B3 etc. (Dark green) means the
names of the GXII beams. The GXII is tilted 79.2 degrees with respect to the LFEX for transverse irradiation, and 37.4 degrees for 
axial irradiation. 

(i) and (ii) show sight and side views from the LFEX axis in transverse irradiation, respectively.

(iii) and (iv) show sight and side views from the LFEX axis in axial irradiation, respectively.

Polystyrene targets (blue) with and without holes are used in transverse and in axial irradiations, respectively.

(b) Diagnostics arrangements,

Three ESMs are installed at 0 and 21 and 70 degrees against the counter direction of the LFEX. XPHCs are installed at 125 and
70 degrees from the LFEX laser counter direction. The Mandala is located 13.55 m from the target at 125.3 degrees from the LFEX 
counter direction. 

(c) Photograph of the target.

(d) Target with fins(ideal).

(i) 

(ii) 

(iii) 

(vi) 

(a) (b) 

(c) (d) 
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FIG.2. GXII waveform and LFEX injection timing. 
The intensity waveform of GXII has a Gaussian profile with a 
pulse width of 1.1-1.3 ns. The beam energy is an average 250 
J/beam. Teff is also plotted on the same figure. The LFEX 
injection timings are also shown in a lower figure. 
(upper) The GXII waveform and the Teff in a counter direction to 
the LFEX laser (green triangles).  
Mainly hard X-rays are generated when hot electrons collide 
with targets and other structures. Error bars come from the 
comparison of two different ways of hard X-ray noise reduction. 
However, error bars are hidden in the symbols because they are 
within ±0.03 MeV. 
(lower) X-ray emissions from the core in simulation.  
The X-rays come from the imploded core. They show a 
comparison with laser injection timing. Red arrows show the 
LFEX injection timings. The photon energy range corresponds to 
an imaging plate (IP) used in the experiment. The signal is the 
integral of the sensitivity of the IP (400-800 nm). The unit of X-
ray emission is the number of photons per second. It is 
normalized by the peak because an absolute value is not 
necessary here. Tmc means the maximum compression time. The 
details of the simulation are described in 3.1. 

FIG.3. Electron energy spectra. 
The spectra of hot electrons were compared under transverse 
and axial irradiation. Transverse irradiation is clearly 
optimal for fast ignition. An angular contour plot was 
prepared to express the spatial distribution of the spectrum. 
It can be seen that the transverse irradiation is almost 
isotropic. 
(a) Comparison of electron spectra at 0 degree
between in transverse and in axial irradiations.
Teffs are written on the upper part of the graph,
(b) Contour plot in transverse irradiation,
(c) Contour plot in axial irradiation. In (b) and (c), it will be
the same energy if concentric circles are drawn from the
origin since it is a polar coordinate. Rotating the horizontal
axis by θ around the origin, the electron energy spectrum at
the observation direction θ can be obtained.
from the imploded core. X-ray pinhole cameras (XPHC)
were used to measure the size of the core plasma.

(a) 
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FIG.4. Comparison between simulation (density plot) and ESM results. 
The color figures show the shape of the target obtained by simulation at the time of LFEX incidence. 
(a) at −200 ps, (b) at +300 ps.
The electron number distributions in left circular plots are overlapped on the 2D simulation density plots in /cm3. Broken
lines and triangle shadows show the rough electron distribution and the electron trajectory which irradiates the targets. The
angular distribution of hot electrons shown by the broken line is obtained as follows. This is the number of electrons per
unit solid angle. First, the total number of electrons is obtained by dividing the total energy absorbed by the laser by the
average electron energy (Teff), The electrons are allocated by the solid angles so that the momentum (originally the
momentum brought in by the laser) is preserved.
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Table I. Electron heating 

 

Table II. Ion heating 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Config. Shot(19*) Delay(ps) EL(J) Teff_avg(MeV) /4  EρR(MeV) Nelec(1015) Edrag(J) 

Trans. 0125T2 −200 343 1.05 0.082 0.079 1.53 5.5 

Trans. 0125T5 +300 309 1.06 0.017 0.079 1.37 2.2 

Axial 0124T3 +200 262 2.06 0.413 0.096 0.60 2.3 

Config. Shot(19*) ρR(g/cm2) lRange(μm) ρ(g/cm3) NDbeam Tion(MeV) σDD(b) Ny/108 Edrag(J) 

Trans. 0125T2 0.0122 2.25 1.67 11.5×1013 0.46 0.10 2.47 8.5 

Trans. 0125T5 0.0122 1.38 1.90 1.64 0.33 0.076 0.268 1.2 

Axial 0124T3 0.0160 1.28 2.86 2.35 0.44 0.107 0.397 2.0 

FIG.5. Ion energy spectra. 

It can be seen that the ion spectrum in transverse irradiation is nearly isotropic. 

(a) Ion spectra, 
(b) Contour plot. It is a polar coordinate (contour) of the integrated energy of ions dissipated from the target (mainly TNSA). The z-

axis (color) is a logarithmic scale. Since it is a polar coordinate, it will be the same energy if concentric circles are drawn from 
the origin. 

(a) 
106

107

108

0 0.5 1 1.5 2
Energy(MeV)

-200ps,343J (b) 
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ABSTRACT 
The advantages of heavy-ion beams as a driver of inertial confinement fusion (ICF) are reviewed in terms of beam 
transport, energy deposition to the target, and driver efficiency in comparison with other types of beam drivers. A 
new conceptual design study of a direct-drive heavy-ion inertial fusion (HIF) plant based on the induction 
synchrotron technology is briefly introduced. 

Keywords 

accelerator, direct-drive scheme, driver efficiency, heavy-ion inertial fusion, induction synchrotron, target gain 

1. Introduction
On December 5, 2022, the US National Ignition 
Facility (NIF) announced that an output fusion energy 
of 3.15 MJ was obtained for an input laser energy of 
2.05 MJ [1], corresponding to a target gain G = 3.15 / 
2.05 = 1.54. This result was widely publicized as one 
step closer to the practical use of nuclear fusion energy. 
In general, nuclear fusion is deemed meaningless as an 
energy source, unless the overall gain exceeds 1; 
however, the energy required to generate the laser 
energy of 2.05 MJ at NIF was more than 100 times the 
laser energy [2]. 

2. Energy Flow in ICF Plants
Figure 1 illustrates the energy flow in an inertial 
confinement fusion (ICF) plant. In this system, the 
time-averaged gross and net output electric power, 
denoted by Pe,gross and Pe,net, respectively, are given by 

𝑃e,gross 𝜂thermal(𝑃fusion 𝑃driver),   (1) 

𝑃e,net 𝑃e,gross − 𝑃input 𝑃e,gross − 𝑃driver
𝜂driver

.    (2) 

In the above formulas, Pfusion, Pinput, and Pdriver are the 
time-averaged fusion output power, the input power to 

Fig. 1 General energy flow in an inertial 
confinement fusion plant
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the driver, and the driver beam power to the target, 
respectively, thermal is the efficiency of the thermal 
cycle, and driver is the driver efficiency. Heavy-ion 
inertial fusion (HIF) uses beams of ions with a mass 
number >200 and a total kinetic energy around 10 GeV 
as drivers. Other beams, such as lasers, electron beams, 
and light-ion beams, have also been investigated as 
potential drivers. Table 1 lists the efficiencies of pulsed 
MJ lasers [2] and different types of high-intensity 
charged-particle accelerators [3–6]. It is shown that 

driver strongly depends on the type of the beam driver. 

Table 1 driver of different beam drivers 

Driver driver

Pulsed 
MJ laser 

Present [2] 0.5% 

Development goal [2] 20% 

Electron 
accelerator 

Electrostatic accelerator [3] 60%–80% 

Linac [4] >50% 

Ion 
accelerator 

Electrostatic accelerator [5] >30% 

Proton cyclotron [6] 50% 

From the equations above, considering that Pfusion = 
GPdriver and Pdriver = driverPinput, the overall plant 
efficiency plant can be calculated by the following 
equation: 

𝜂plant ≡ 𝑃e,net
𝑃fusion

= thermal (1 1
𝐺) − 1

driver𝐺
.   (3) 

When the target gain is very high, i.e., G >> 1 the 
equation above becomes 

𝜂plant ≈ 𝜂thermal,  (4) 
suggesting that plant does not depend on the value of 

driver any more. This condition is a prerequisite for 
laser fusion, since driver of pulsed MJ lasers is so far 
very small, as shown in Table 1. However, the 
condition G >> 1 is not always easily attained, because 
G is extremely sensitive to the spherical symmetry of 
the target implosion [7]. 
Figure 2 shows the dependence of plant on driver for 
different G values, calculated using Eq. (3). For this 
calculation, we assumed thermal = 40%. From this 
figure, for example, if a value of driver = 50% [6] is 
attained, a target gain G = 27 is enough to achieve plant 
comparable to that obtained by conventional light 

water reactors [8]. Thus, G and the value of driver are 
both essential when designing a realistic inertial fusion 
plant. In this regard, charged-particle beams are 
promising as practical drivers because their 
efficiencies are significantly higher than those 
obtained by lasers, as shown in Table 1. In addition, 
particle accelerators can be operated with a repetition 
rate of 10 Hz, whereas existing pulsed MJ lasers can 
only be operated on a single-shot ( 10 4 Hz) basis [2]. 

3. Brief Review of HIF
3.1 Energy deposition of heavy ions in the target 

Figure 3 illustrates the interactions between different 
driver beams and the target. A laser beam is an 
electromagnetic wave, which is strongly absorbed by 
the free electrons in the surface layer of the ionized 
target. In particular, the energy deposition profile 
becomes complicated due to selective absorption at the 
depth where the free electron density becomes critical 
[9], a value that is determined by the frequency of the 
light wave. Consequently, the energy transfer to the 
interior of the target is achieved by thermal conduction. 
Electrons are charged particles whose energy 
absorption is volumetric. However, their penetrating 
power and scattering in the target are both strong. As a 
result, the specific energy deposition density is small 
and the range is rather unclear. 
In contrast, despite the fact that ions are also charged 
particles, their stopping power is much higher and 

Fig. 2 Dependence of the plant on driver for various 
values of G calculated using Eq. (3) 
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their trajectories in the target are more linear and less 
scattered compared to those of electrons. 
Consequently, the specific energy deposition density is 
large, and the range distribution is well-defined. 
Compared to light ions, such as H to Li, this feature 
becomes more pronounced when very heavy ions, 
such as Pb and Bi, are used. 
The fuel target implosion process in HIF is similar to 
that in ICF based on other drivers. However, a critical 
advantage of using HIF is that we can apply a thin 
outermost layer of heavy material (“tamper”), 
particularly when designing a spherical target for the 
“direct-drive” scheme [9], which is less mobile and 
retards the outward motion of ablator plasma. 

3.2 Beam transport and focusing 

Due to the space-charge repulsive forces between ions, 
beam divergence during acceleration and transport 
increases with increasing beam current. Therefore, 
beam current needs to be minimized. The total beam 
kinetic energy W imparted to the target is given by 

𝑊 = 𝐸𝑁 ∝ 𝐸𝐼beam 𝑡,            (5)
where E, N, Ibeam, and t denote the kinetic energy of 
a single ion, the number of the ions, beam current, and 
beam pulse duration, respectively. Eq. (5) suggests 
that the required Ibeam can be reduced by increasing E. 

However, if E is too high, the beam can go through 
ablator layers with a thickness of less than 1 mm, 
reaching the fuel layer. In this case, undesired 
preheating of the fuel can occur. As a result, E cannot 
be increased indefinitely. 
Table 2 compares the performances of light-ion and 
heavy-ion beams, taking the case of applying W = 
1 MJ to the target during t = 10 ns, as an example. 
The calculated ranges [10] in an Al ablator are also 
listed. It is shown that the beam of high-energy heavy-
ions, such as 10-GeV 209Bi, is most suitable as an 
energy driver, because the required energy can be 
deposited solely to the required depth region with a 
minimal beam current. 

Table 2 Performances of different driver beams when 
W = 1 MJ and t = 10 ns

Ion 
species 

Beam 
energy E 

Beam 
current Ibeam 

Range 
in Al[10] 

1H 
9 MeV 11 MA   0.5 mm   

10 GeV 10 kA  
21 m   

56Fe 9 mm   
209Bi 0.5 mm   

3.3 Existing HIF plant scenarios 

Although HIF has excellent performance in principle, 
even a dedicated experimental plant has not yet been 
constructed in practice. The main reason is that an 
experimental plant can be unacceptably huge in size 
and significantly expensive. As a result, only a few 
engineering design studies have been conducted so far. 
Table 3 shows several specific design scenarios of HIF 
plants published in literature. In the 1980s, the beam 
driver designs were mainly based on extending 
existing high-energy RF (radio frequency) accelerator 
technologies for particle physics experiments. A 
simple direct-drive scheme was adopted for the fusion 
reactor, in which a large number of beams irradiated 
the target capsule as isotropically as possible from 
many directions [11–13]. Since the 1990s, induction 
linacs [14,15] have been introduced as a beam driver, 
especially in the US. In addition, the indirect drive 
scheme [9] was proposed to attain the required 
spherical implosion symmetry with a small number of 

Fig. 3 Interactions between energy drivers and 
the target
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beams. At the same time, numerical analysis methods 
on implosion hydrodynamics became more 
sophisticated. Nevertheless, no breakthrough design 
scenarios have been published since the 2000s. 

4. Massive-Ion-Driven Fusion (MIDF)
In this symposium, we propose a novel conceptual 
design of a HIF system, “Massive-Ion-Driven Fusion 
(MIDF).” A schematic system layout and the reaction 
chamber with the driver beam lines are illustrated in 
Fig. 4. The main parameters are also included in 
Table 3. By making full use of the latest induction 
synchrotron technologies [16], functions, such as 
beam acceleration, storage, and compression, could be 
integrated into a stack of rings. Owing to this 
simplification, the number of beams impinging on one 
target capsule could be increased up to 100 at a 
moderate cost. This large number of beams allowed us 
to revisit the simple direct-drive scheme, where the 
energy efficiency is higher than that obtained by 
indirect drive systems. The large number of beams also 

enables a higher input energy (40 MJ) per target 
capsule, and therefore, higher output fusion energy per 
shot, although care must be taken for recovering the 
required vacuum conditions. In addition, taking the 
high sensitivity of G to the target implosion symmetry 
into account, a robust low-G design was employed. 
Details of this design study can be found in the articles 
of this symposium proceedings. 

References 
[1] https://www.llnl.gov/archive/news/lawrence-

livermore-national-laboratory-achieves-fusion-
ignition (2022).

[2] E.I. Moses, “Ignition and Inertial Confinement
Fusion at the National Ignition Facility”, J. Phys.:
Conf. Ser., 244, 012006 (2010).

[3] D. Darsono, “Application of Electron Accele-
rator for Flue Gas Treatment of Coal Power Plant
to Support Green Technology”, IOP Conf. Ser.:
Earth Environ. Sci., 456, 012002 (2020).

Table 3 Design scenarios of HIF plants published in current literature 

Name HIBALL [11] HIBLIC [12] HIBALL-II [13] OSIRIS [14] HYLIFE-II [15] MIDF 

Publication year 1981 1984 1985 1992 1994 2023

Country Germany, USA Japan Germany, USA USA USA Japan

Target drive 
scheme Direct Direct Direct Indirect Indirect Direct

Ion species 209Bi2+ 208Pb+ 209Bi+ 131Xe+ 200Hg+ 208Pb+ 

Ion energy 
(GeV) 10 15 10 3.8 10 9

Driver efficiency 0.27 0.25 0.27 0.28 0.35 0.3

Number of 
reactor chambers 4 10 4 1 1 1

Number 
of beams* 20 6 20 12 12 100

Input energy to 
target* (MJ) 5 4 5 5 5 40

Repetition 
rate† (Hz) 5 1 5 4.6 6 1

Target gain 83 100 87 86.5 70 50 

Electric power 
output (MW) 3768 1500 3784 1000 940 1000

*per target capsule, per reactor chamber

13



[4] V. Dolgashev and S. Tantawi, “Design of High
Efficiency High Power Electron Accelerator
Systems Based on Normal Conducting RF
Technology for Energy and Environmental
Applications”, Design Study Report, SLAC
National Accelerator Laboratory,
https://doi.org/10.2172/1441166 (2018).

[5] A. Simonin et al., “Towards a Maintainable and
High Efficiency Neutral Beam System for Future
Fusion Reactors”, Nucl. Fusion, 61, 046003
(2021).

[6] F. Meot et al., “High Power from Fixed-Field
Rings in the Accelerator-Driven Sub-Critical
Reactor Application”, Phys. Procedia, 66,
pp. 129–139 (2015).

[7] M.D. Rosen, “The Physics Issues That Determine
Inertial Confinement Fusion Target Gain and
Driver Requirements: A Tutorial”, Phys. Plasmas,
6, pp. 1690–1699 (1999).

[8] K.D. Kok (Editor), “Nuclear Engineering
Handbook”, 2nd Ed., CRC Press, ISBN: 978-
1482215922 (2016).

[9] S. Atzeni and J. Meyer-ter-Vehn, “The Physics of
Inertial Fusion: Beam Plasma Interaction,
Hydrodynamics, Hot Dense Matter”, Oxford
University Press, ISBN: 978-0198562641 (2004).

[10] J.F. Ziegler, “SRIM-2013 – The Stopping and
Range of Ions in Matter”, http://www.srim.org/
(2013).

[11] B. Badger et al., “HIBALL – A Conceptual

Heavy Ion Beam Driven Fusion Reactor Study”, 
KfK 3202/1, UWFDM-450 (1981). 

[12] Y. Fujii-e et al., “Heavy Ion Fusion Reactor
HIBLIC-I – Conceptual Design of Heavy Ion
Fusion Reactor”, IPPJ-663, Institute of Plasma
Physics, Nagoya Univ. (1984).

[13] B. Badger et al., “HIBALL-II – An Improved
Conceptual Heavy Ion Beam Driven Fusion
Reactor Study”, KfK 3840, FPA-84-4, UWFDM-
625 (1985).

[14] W.R. Meier et al., “OSIRIS and SOMBRERO
Inertial Fusion Power Plant Designs, Vol. 1
Executive Summary and Overview”, WJSA-92-
01, DOE/ER/54100-1 (1992).

[15] R.W. Moir et al., “HYLIFE-II: A Molten-Salt
Inertial Fusion Energy Power Plant Design –
Final Report”, Fusion Technol., 25, pp. 5–25
(1994).

[16] K. Takayama et al., “Experimental Demonst-
ration of the Induction Synchrotron”, Phys. Rev.
Lett. 98, 054801 (2007).

(a) (b)

Fig. 4 (a) Schematic layout of MIDF. Both the storage ring and the synchrotron accommodate five CW and five CCW 
beams in a multi-story beam line. (CW = clockwise, CCW = counter-clockwise) (b) The reactor chamber with 
the driver beam lines.

14



15



α

ρ

α
α

α

ρ

α
ρ

α

ρ

ρ

16



μ

μ

α

17



Tr =0.23keV

Tr =0.18keV

Tr =0.14keV

Tr =0.08keV

Tr =0.05keV

Tr =0.23keV

Tr =0.18keV

Tr =0.14keV
Tr =0.08keV

Tr =0.05keV

18



0

5

10

15

20

25

30

0 50 100 150
Beam Number

rm
s

N
on

un
if

or
m

it
y

[%
] Gaussian+beam temp.

K-V+beam temp.

Gaussian+zero-temp. beam

K-V+zero-temp. beam

 0

 20

 40

 60

 80

 100

 120

 140

 160

 180

 0  50  100  150  200  250  300  350

T
h

et
a[

d
eg

re
e]

Phi[degree]

19



20



21



Inertial Fusion Energy driven by the Massive Ion-Beam
Accelerator : 1Hz Operation of 2 Giga-joule Micro-explosion

Kazuhiko Horioka

Tokyo Institute of Technology, Tokyo 152-8550, Japan 

ABSTRACT
A new concept of energetic multi-bunch heavy-ion accelerator enables us to explore robust implosion schemes for 
the reactor of inertial fusion energy (IFE).  The energetic beam driver capable of producing total energy order of 
magnitude greater than the ordinary inertial fusion drivers is shown to bring an alternative way (a power system 
driven by 1Hz operation of 2 giga joule micro-explosion) to produce electrical power from hydrogen fuel. 
Reactor chamber issues are addressed such as the response of the reactor first wall to the micro-explosion of DT 
fusion.  An active evacuation method is proposed to adjust a key concern of the chamber issues; the recovery of 
the chamber environment after the explosion for the ion beam transport and the target injection. 

Keywords
Heavy ion fusion, Inertial fusion energy, Massive beams, Fuel gain, Reactor recovery, Liquid wall, Ablation, 

Particle management, Active evacuation 

1. Introduction
Recently, National Ignition Facility (NIF) at Lawrence 
Livermore National Laboratory (LLNL) demonstrated 
a proof of existence of the ignition state of DT fusion 
in the laboratory by an implosion of spherical pellet in 
a high-Z radiation cavity (hohlraum) [1,2].  The stage 
of R&D on the inertial confinement fusion (ICF) 
seems to move to exploration of a practical way for an 
electrical power system based on inertial fusion energy 
(IFE). 

Most inertial confinement fusion (ICF) approaches 
pursue laser driven central hot-spot ignition in which 
both compression of the fuel to almost 103 times of 
solid density and heating of the target center to the 
ignition temperature, must be accomplished 
simultaneously. That is, in the final stage of 
compression, a localized area of high entropy 
stagnated region (hot-spot) must be surrounded by 
much lower entropy fuel. Namely, the high 
temperature central spark plug and the high density 
(much lower temperature) fuel must go together in the 

same fuel.  However, the compression and the 
heating intimately coupled to each other through 
hydrodynamics and thermodynamics during the 
implosion.  In addition, the spherical fast implosion 
suffers from various hydrodynamic instabilities which 
induce mixing and/or eddies in the sensitive region of 
the fuel core. As a result, the hydrodynamical 
instabilities degrade the conversion efficiency from 
kinetic energy to internal energy of the fuel at 
stagnation.  Accordingly, the central spark ignition 
scheme strongly increases the requirement of high-
precision symmetrical drive of the target.

Recent NIF results at LLNL seem to request a more 
robust, reproducible, and steady implosion scheme 
against the instability for the practical IFE system. 
From point view of the power plant system that must 
operates steadily and repetitively, particularly the 
energy driver must operate successively at a MW 
average power level. The 1Hz repetition to generate 
1GW electricity from a single target chamber is also a 
challenge. 
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Then the critical issues of IFEs are ; 
- Assure repetition capability of the reactor

system particularly the driver and the chamber
- Explore the implosion rocess for more robust

schemes.
From point view of repetition capability, an energy 

driver system based on an intense heavy ion 
accelerator has always been considered to be 
promising for a practical ICF reactor [3].  However, 
developing a massive, high average power, efficient, 
and low-cost heavy ion accelerator remains a critical 
issue for heavy ion inertial fusion (HIF). 

The hydrodynamics and the fusion gain of ICF-
target are sensitive functions of the irradiation scheme 
and energy deposition profiles of the driver. While the 
laser-matter interaction is complex and not predictable, 
the energy deposition process of energetic ions is 
completely different from that of intense laser. That is, 
the laser light is basically cut off at the critical density 
and the energy deposition process at denser region 
depends on the plasma behavior.  On the other hand, 
that of energetic heavy ion beams (HIBs) can be 
almost explained by the Coulomb collision that 
enables us to predict and control the deposition profile 
in a target [4].  

The merits of the HIBs for the driver include: 
- Efficient coupling
- Controlling the energy deposition profile;
- Pre-heat suppression;
- Localized energy deposition;
- Cost-effective system.
Utilizing these advantages, we can extend the area

of target structure for steady target gain.
Also, HIBs can penetrate into a dense region and 

deposit significant energy at the end of the range (at 
the Bragg peak). This is another advantageous point 
for the drive of ICF target and allows us to explore 
various distinctive target structures capable of 
providing steady fusion yield. 

2. Massive Ion Beam Driver
An accelerator system using repetitive induction 
modulator was proposed as a cost-effective and 
massive ion beam (MIB) driver  in which  counter-

Fig.1 Schematic illustration of main-ring of the 
massive ion beam accelerator [5].

facing, two-way (forward and backward) multiple 
beams are accelerated in a compact stacking ring (Two 
way and multiplex scheme) [5].  

An illustration of the two-way multiplex induction 
synchrotron is shown in Fig.1, which makes use of 
maximum magnetic-flux density and the induction 
fields by the two way acceleration. 

Parameters of the accelerator and the beam are 
shown in Table 1 [5].  As shown, the accelerator 
system expected to accelerate 400kJ of massive 
multiple 9GeV Pb+ ion bunches with high (~ 30%) 
electrical efficiency via the two-way stacking ring 
composed of permanent bending magnets.

The main ring has 10-fold symmetry and the fusion 
reactor will be placed in the center of the ring.

Table 1 Parameters of massive ion-beam accelerator. 

Accelerator and Beam Parameters
Circumference [m] 4000
Acceleration cycle [Hz] 1
Ions 208Pb1+

Beam energy Ef [GeV] 9
Particles from Injector N0 7x1013

Number of injector pulses 
to create 1 superbunch

4

Particles in superbunch NS= 4x N0 2.8x1014

Number of superbunches 10
Forward /backward beams 5/5
Total number of particles 2x5x10 NS 2.8x1016

Total beam energy Eb [MJ] 40

L0
(=400

Main Ring:
Two-Way Multiplex

Induction Synchrotron

Fusion
Reactor Region

L0
(=400

Injection of
backward beam

Injection
of
Forward
beam
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The radiative symmetrization is a critical measure 

in the achievement of highly uniform implosion. 

Illustrations of indirect-driven targets available by the 

MIB driver are shown in Fig.2 (b).  As illustrated in 

the figure, MIBs penetrate into the X-ray converter 

inside the pellet or radiation cavity (hohlraum) in 

which a form is filled as a X-ray radiation converter 

[8]. MIBs penetrate through the tamper or hohlraum 

and the multiple beams heat the form Xray-converter. 

The indirect drive target relies on smoothing by 

radiation energy transport in the fuel pellet, and in a 

casing enclosing the fuel pellet.    The outer high-Z 

layer of Fig.2 (b) has tamping effect which can 

increase the hydrodynamic efficiency. The 

improvement can be achieved also by a beam-driven 

optically thick capsule that suppress the radiation loss 

and could increase the fusion yield. 

The concept of fast ignition (FI) shown in Fig.2 (c) 
is to separate the fuel compression process from 
heating of the central spot.  That is, in the FI scheme, 
the compression can be carefully scheduled to keep the 
entropy production as small as possible.  A tandem 
acceleration of the target is planned to use to increase 
the implosion velocity with minimum entropy 
generation [9]. After the near isentropic compression, 
the core is ignited by an external energy driver that 
makes the target hydrodynamically less sensitive to 
implosion asymmetries. The FI approach has 
flexibility of target design which relaxes symmetry 
requirement and allows non-spherical drive. 
The delivery of ignition trigger and efficient coupling 
of an ultra-intense beam pulse are the prise to be paid 
for FI. Although Petta-watt (PW) laser has been the 
primarily candidate of the external ignition driver, the 
core of fuel has a high density in the order of n / nc ~ 
105. Then the feasibility of external trigger by Peta-
watt (PW) laser largely depends on the energy
transport from the laser absorption layer ( nc ) to the
compressed dense fuel core.  However, that is not

Table 2 Expected reactor parameters driven by the 
massive ion-beam driver.

Reactor Parameters
Fusion Yield Eo GJ/Shot 2
Chamber radius [m] 5
First wall Liquid LiPb
Chamber pressure [Pa] < 0.1
Fluence to first wall [J/cm2] >10
Cycle [Hz] 1
Target Gain Eo / Eb 50
Driver efficiency d  [%] 30

established yet. 
Recently a new concept using bunch rotation in a 

large amplitude detuned RF cavity was proposed as a 
method to make ultra-short heavy-ion-beam pulse in 
which a number of bunch trains are stacked by the 
detuned RF cavities [10]. That extends the area of 
target structure of HIF from conventional hot-spot 
ignition to the ion-beam driven FI scheme. 

3.3 New Area of Target Design

As illustrated in Fig.2, energetic ion beams can deposit 
their energy in an internal structure through an outer 
component such as high-Z radiation cavity and tamper 
of fuel pellet. In addition, HIB can deposit its energy 
in a localized dense region and the deposition profile 
is well-defined. 

Utilizing these features, the MIB driver can largely 
extend the area of target structure and/or irradiation 
scheme [11].  All of the proposals shown in Fig.2 are 
new structures of HIF target available and extended by 
the MIB driver. 

Among the various approaches, FI seems to be the 
most attractive scheme, when intense short pulse beam 
is developed, to realize robust and reproducible high 
fusion yield. 

Table 2 summarizes the expected plant parameters. 
We assume modest target gain of 50 for the IFE system 
driven by the energetic, robust and efficient ( d 
~30% ) beam accelerator. Those are supposed to 
increase the robustness and steadiness of the whole 
system of the power plant.
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4. Response of LiPb First Wall to the GJ-
level Micro-explosion and Recovery of the
Chamber Environment
The target chamber must survive the GJ-level micro-
explosion. When energy fluence to the first wall 
increases, a renewable liquid wall is an attractive and 
provably only possible chamber wall option 
particularly when the wall protection is highly 
challenging in the case of the HIF reactor with 2GJ / 
Hz fusion yield.  In addition, the ion-beams must 
propagate without severe scattering through the 
reactor background gas to the target. Then the 
propagation limits the background gas density of 
chamber [12.13]. 

4.1 Products and by-products induced by the GJ 

micro-explosion 

The target micro-explosion releases its energy in the 
form of neutrons, photons, and fast ions. When the DT-
fuel target is successfully ignited, it produces fusion 
products with energy gain of 17.6 MeV / event. 
Accordingly, the number of He particles; NHe 
accompanied by GJ micro-explosion of DT fusion can 
be estimated to be;

N He = 3.55 x 1020 / (GJ) Shot.  (3)
Assuming a burn-up of 30%, the total number of 

particles that must be removed before the next 
operation to be more than 1021 particles except the by-
products accompanied by the wall interaction. 
Although the helium ash management is of critical 
issue of all of the fusion reactors, all of the particles 
must be cleared below the density level that does not 
disturb the ion-beam propagation in the case of HIB 
reactor.

Table 3 Fractional output energy for typical reactor 
size targets.

Fusion 
Products

Laser Direct 
Drive

Target with 
High-Z Layer

X-Rays 0.06 0.22
Debris 0.19 0.09
Neutrons 0.75 0.70

The fractional energy yield from typical fusion 
target is shown in Table 3 [14]. 

4.2 Response of Liquid First Wall 

Most of the X-ray energy accompanied by the 
explosion is below a few keV.  Neutrons tend to 
penetrate and cause less energy deposition near 
surface region. When the background gas density is 
low, the X-rays and target debris ions deposit their 
energy mainly in the first surface. A renewable liquid 
layer is attractive chamber wall option particularly 
when the wall protection is highly challenging such as 
the HIF reactor. 

The reactor first wall is subjected to prompt energy 
deposition from the X-rays and fast ions composed of 
target debris, and helium ash produced by the micro-
explosion. As most of energy is deposited within 
10 m of the surface, only a thin layer is subjected to 
high temperature. The neutrons penetrate much deeper 
in the wall structure. Then the major threats of 
evaporation to the first wall are the X-rays and the ions. 
Although a first wall configuration based on a thin 
Tungsten armor was considered as a laser IFE solid 
wall chamber [15], survival from the thermo-
mechanical stress and melting is considered to be 
almost impossible [16].  In case of the Laser-IFE, a 
key concern was the survival of the first solid wall 
under the X-ray, high speed plasma flux, and He from 
the fusion micro- explosion. Helium ash management 
including the He behavior in the first wall material was 
also critical concern.  The response and the recovery 
of reactor environment after the micro-explosion 
should be a critical issue for the stable reactor 
operation of IFEs [17]. 

A schematic illustration of the reactor wall 
interaction is shown in Fig.3.  For a prompt (less than 
hydro-time scale) energy deposition, ablation 
threshold of condensed matters is estimated to be ~ 
2J/cm2 [18].  The ions and X-rays fluences from the 
2GJ explosion on the chamber wall with a radius of 
5m are estimated to be ~ 80 J/cm2 and ~ 17 J/cm2 
respectively.  
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Fig.3 Schematic of the response of liquid wall to the
micro-explosion.

Those values are much larger than the ablation 
threshold and suggest that the first wall inevitably 
ablates by the X-rays and/or fast ions from the micro-
explosion. That is, as any solid wall cannot survive 
from the explosion, a sacrificial layer of liquid metal 
is inevitable for the first wall of massive beam IFEs. 

The ablated material could generate aerosol in the 
chamber, which could result in a chamber environment 
unsuitable for the driver beam propagation and/or fuel 
target injection. 

The energy partitioning, and the ion and photon 
spectra tend to be similar to those from the typical 
targets. As shown in Table1, the density limit of 

background gas for ballistic propagation of HIBs is 
estimated to be 0.1 Pa [12,13].  Then the choice of 
the first surface is the main decision of HIF reactors.

4.3 Active Evacuation of Reactor Chamber 

The recovery of chamber environment is critical issue 
of the HIF-GJ reactor.  As shown, the first wall is 
inevitable of the surface ablation due to the prompt
energy fluence of fusion products from the micro-

Table 4 Fluences and arrival times of fusion products 
from the micro-explosion to the first wall.

Energy and Neutron Fluences
  ( R=5m, E0=2GJ )

Fusion products Arrival Fluence
X-rays 17nsec 17J/cm2

Debris & Fast Ions A few sec 80J/cm2

Neutrons 140nsec 2x1014/cm2

Fig.4 Conceptual sketch of active evacuation using 
sequentially converging ablation layer from the first 
wall. 

explosion.  Table 4 shows the energy and neutron 
fluences and their arrival times to the first surface from 
the micro-explosion. 

As shown, first come is the X-ray whose energy is 
below a few keV. The next comes are neutrons and 
energetic ions from burning fuel. The energetic ions 
including He-ash should interact nearby the first 
surface and may remain for more than the repetition 
period. Without adequate chamber clearing, the 
fusion products and the ablated materials could result 
in a chamber environment unsuitable for the beam 
propagation.  

We propose an active evacuation method to remove 
all of the fusion products, by-products and residual 
target material.  A conceptual sketch of the active 
evacuation process is shown in Fig.4.  As is well 
known, ablated materials made by explosive boiling 
expand perpendicular to the surface.  As the prompt 
energy comes from a point source (micro-explosion) 
far from the first surface, the fluences to the surface is 
uniform.  This means that splashing of the liquid 
layer due to a localized shock reflection cannot occur 
easily and the ablation behavior can be controlled by 
the geometrical structure of the wall.

The rapidly expanding ablated gas is enough dense, 
therefore, the ablation layer forms a vapor shield that 
is expected to trap and accumulate the chamber gas.
When the wall geometry is properly designed, the 
directional gas layer will remove the chamber gas 
together with debris, fast ions, and the target remnant 
by the snowplow-like active evacuation mechanism 
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[19].  The accumulated fusion products, target 
remnants and the wall vapor will be transported to an 
ejector pump that is followed to a system for the power 
generation, energy-recovery, LiPb recirculation, and 
tritium collection. 

5. Concluding Remarks
An IFE power system driven by an energetic (massive) 
heavy ion-beam accelerator was shown. That is based 
on successive 1Hz/2GJ micro-explosions.  The 
massive multi-bunch ion-beam driver can extend the 
exploration area of the target structure of ICF. 
Although, the energetic beam driver is intrinsically 
advantageous to achieve a more robust implosion 
scheme of fuel gain, a modest fusion gain (G=50) was 
expected. The modest value of target gain should 
increase the steadiness of fusion energy gain. 

The electrical conversion (electricity to the beam 
energy) efficiency of the massive ion accelerator was 
estimated to be ~ 30%. The efficient accelerator is 
expected to relieve greatly the criterion of economical 
assessment as a fusion power system. 

In addition to the advantages of HIBs (capability 
of repetitive operation, high efficiency, robustness and 
reliability), the massive multiple-beam driver 
facilitates us to design a practical power plant. 
  The micro-explosion of 2GJ energy level in the 
reactor chamber is one of the critical issues of massive 
ion-beam IFE system particularly recovery of the 
chamber environment for the beam transport level. 
To overcome this issue; successive 1Hz operation of 
the chamber under 2GJ micro-explosion, the author 
proposed an active evacuation method. 
  The author would like to point out that the particles 
(He-ash, Fast ions, DT fuel remnants, Target debris, 
and Fusion by-products) management and the 
chamber recovery are common critical issues for all of 
the fusion reactor systems including magnetically 
confined fusions [20,21] and high rep-rate laser IFEs. 
The concept of active evacuation and clearing of 
reactor chamber could provide a conclusive solution 
for this critical issue of the fusion reactors. 
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Beam parameters of laser ion source for heavy-ion inertial fusion 
based on massive-ion beam accelerator
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ABSTRACT
A massive-ion beam driver was recently proposed to achieve heavy-ion inertial fusion (HIF). In the driver 

system, a new accelerator complex was designed to handle 100 heavy-ion beams simultaneously. To realize the 
scheme, 10 ion sources are employed, and they are required to provide high current ion beams. This study focused 
on estimating the parameters required for the ion sources when heavy-ions such as Pb1+ and Bi1+ are used.
Additionally, the parameters of the laser ion source, which has been considered a candidate for the ion source used 
in HIF, were compared with the estimated requirements. The results indicate that laser ion sources have the 
potential to meet the requirements for the massive-ion beam driver regarding current, pulse duration, and emittance.

Keywords
Laser ion source, Laser ablation, Heavy-ion beam, Heavy-ion inertial fusion, Massive-ion beam driver

1. Introduction
Heavy-ion inertial fusion (HIF) has been expected

to be one of the methods to realize power generation
by nuclear fusion in future [1-3]. Recently, a new 
scheme using a massive-ion driver based on induction 
accelerators has proposed for HIF [4]. In this scheme,
the accelerator complex can accelerate not only
conventional heavy-ions like Pb and Bi but also cluster 
ions such as C60 and Si100. Furthermore, it enables the
operation and simultaneous focusing of 100 beams on 
the fusion fuel target. The scheme gives us an option 
for achieving direct drive inertial confinement fusion
through uniform beam irradiation on a fuel pellet,
which can efficiently induce nuclear fusion.

In the new scheme, 10 ion sources are employed to
supply ion beams, and they are essential components
for achieving HIF as the same as the other schemes
proposed so far. Ion sources are required to provide ion 
beams with significantly higher current compared to 
those currently operated in various accelerator 
facilities. Generally, heavier ions with lower charge-
sates are preferred as the HIF driver because they can 

be focused more tightly on the fuel target for fusion.
Moreover, using heavier ions enables to reduce the ion 
current required for fusion. 

To supply such heavy-ion beams in conventional 
HIF schemes, a laser ion source has been studied as a 
candidate [5, 6]. It can provide a high current heavy-
ion beam from an ablation plasma generated with a
pulsed laser irradiation on a solid target. It has been 
studied since late 1960s for developing ion sources to 
supply highly charged ions with high current [7-10].
On the other hand, it can also provide low charge-state 
ions by laser irradiation to a target with low power 
density. Moreover, techniques for enhancing the 
current and controlling ion beam characteristics using 
magnetic fields have been developed [11-16].

The article suggesting the new driver presents beam 
parameters in the case of using Si100 ions [4]. However, 
the technique to supply cluster ion beams with high 
current satisfying the requirement of the HIF has not 
been established. In this study, the beam parameters 
required for each ion source used in the new 
accelerator system were estimated based on ions of 
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metal species such as Pb, Bi because providing these 
ions from a laser ion source has been more established 
compared to a cluster ion source. The study also 
discusses the current status achieved with laser ion 
sources to date to investigate their potential usefulness 
for the new scheme.

2. Requirement for ion source
The scheme for HIF using the massive-ion beam

driver has the capability to focus 100 ion beams on a 
fuel target with a total energy of 40 MJ. While the 
energy value was originally calculated based on 
cluster ion beams, it was noted that there is no problem 
using Pb or Bi ions instead. The HIF requires singly 
charged ions because ion beams with lower charged 
ions are easier to focus on the fuel target due to the 
smaller space charge generation. The total number of 
ions required for each fusion is approximately 
2.8×1016. This number can be obtained by dividing the 
beam energy of 40 MJ by the energy of individual ions 
of 9 GeV = 1.44 nJ, which is typical value to deposit a
beam energy into the fuel target in the case of using Pb 
or Bi ions.

Figure 1 shows the schematic of the permanent 
magnet stacking ring used for the massive-ion beam 
driver composed of an induction synchrotron 
accelerator complex. The ring can stack beams of 100
super bunches, and each super bunch composed of
four bunches supplied from an ion source. After 
staking 100 ion beams, they are transferred to the main 
accelerator located under the stacking ring. Therefore, 
the number of ions that should be supplied from a
single ion source is 7×1013 per pulse. The scheme aims 
to operate fusion reactions with a frequency of 1 Hz in 
a fusion reactor, therefore the required frequency of 
the beam supply is 40 Hz to provide 40 bunches per 1
s.

As injectors for providing ion beams to the stacking
ring, induction microtron accelerators are employed as
illustrated in Fig. 1. For the injection from the ion 
source to the induction microtron, one-turn injection 
using an electrostatic injection kicker will be used.
Assuming that the injected beam from the ion source 
occupies half of the orbit in the microtron, the bunch 

length of the beam should be 24 m. With an ion 
injection energy of 1 MeV from the ion source to the 
microtron, the maximum pulse duration is estimated to 
be 25 μs based on the ion velocity and beam length.
Based on the number of ions per beam bunch (7×1013)
and the pulse duration (25 μs), the required beam 
current supplied from the ion source is calculated to be
450 mA. These obtained values are similar to those 
aimed in the scenario using linear induction 

Table 1 Parameters required for ion source

Ion number per pulse 7 × 1013

Pulse duration 25 μs

Current 450 mA

Normalized RMS 
emittance 5 mm-mrad

Frequency of beam supply 40 Hz

Ion species Pb1+, Bi1+

Fig. 1 Schematic view of the stacking ring used for 
induction synchrotron accelerator complex (top) and 
a microtron accelerator as the injector of ion beam 
for the induction synchrotron (bottom). This figure 
is illustrated based on Ref. [4].
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accelerators [17].
Furthermore, the normalized RMS emittance of the 

supplied beam is required to be about 5 mm-mrad. 
This value is essential not only for beam focusing onto 
the fuel target (~several mm) but also for beam loss 
suppression within the main ring accelerator. The 
specifications for the ion source requirements are 
summarized in Table 1.

3. Specification of laser ion source
To satisfy the requirements for ion sources, the use

of laser ion sources was considered. Figure 2 shows 
the schematic of a laser ion source, and Fig. 3 indicates 
a typical waveform of ion beam current obtained with 
a laser ion source. A laser ion source has an advantage 
of supplying ion beams with high current densities
extracted from high-density plasma generated by laser 
ablation from a solid target. Generally, the ion current
supplied from the ion source is limited by the Bohm 
current, in which the ion velocity is determined as a 
function of the electron temperature in a plasma.
However, in the laser ion source, the plasma has a drift 
velocity vd in a direction perpendicular to the target 
surface significantly larger than the thermal ion
velocity, allowing the extracted ion beam current
density [18]:

Ji = Zenivd, (1)
where, e represents the elementary charge, Z and ni are 
the charge-state and the number density of ions,
respectively.

In order to develop a laser ion source, a laser with 
an energy of about 0.1-1 J and a pulse duration of 
about 10 ns is commonly used. To supply singly 
charged ions from a laser ion source, the laser power 
density on the solid target is controlled to be around 
108-109 W/cm2, which is slightly above the ablation
threshold of metals [19]. The number of supplied ions
can be increased by expanding the irradiation area
while maintaining the laser power density.

For ion species such as Bi+ and Au+, the capability 
of generation and supply of beams with a pulse width 
of 20 μs (FWHM), a current density of 100 mA/cm2 or 
more, and an emittance ~ 0.1 mm-mrad have already 
been indicated at the Brookhaven National Laboratory

(BNL) in USA using a laser ion source [6]. The results 
indicated the laser ion sources will satisfy the 
specifications in Table 1 by adjusting the beam 
extraction diameter and the plasma transport distance.
In addition, the use of a solenoidal magnetic field is 
effective to confine the ablation plasma during the 
transport and increase the ion density at the position 
for beam extraction [11-16].

To satisfy the requirements for the number of 
supplied particles while keeping the peak current low 
to suppress the enhancement of space charge effects, a 
rectangular waveform for the ion current is desirable. 
Such a beam shape can be obtained by expanding the 
ablation plasma to a pulse duration longer than 25 μs 
and then chopping it out. A waveform control by 
applying a pulsed magnetic field could also be useful 
to make such a waveform [20, 21].

Fig. 2 Schematic of a laser ion source.

Fig. 3 Typical waveform of ion beam current extracted 
from a laser ion source.
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The proposed driver accelerator system requires 40 
Hz operation, but there is currently no operational 
experience with a laser ion source at this repetition rate. 
The laser ion source at BNL has been operated at 5 Hz. 
Although achieving 40 Hz laser operation is possible 
with commercially available lasers, resolving the issue
of the solid target lifetime requires further research and 
development. An alternative idea is to employ liquid 
metal for the laser target to develop a laser ion source 
with a long-life target. The research on this topic is 
currently underway [22], and future researches are 
expected.

4. Conclusion
This study aimed to investigate the parameter 

requirements of the ion source in the new HIF scheme
based on the massive-ion beam driver. The parameters 
of the laser ion source developed to date was also
investigated to discuss the feasibility to apply a laser 
ion source to the beam driver. The required parameters 
for HIF were estimated based on the case using Bi1+ or 
Pb1+ ions. The estimated current and pulse duration are 
450 mA and 25 μs, respectively. In addition, the 
requirements for emittance and frequency are 5 mm-
mrad and 40 Hz, respectively. The results indicate that 
the current, pulse duration, and emittance of the laser 
ion source obtained so far satisfy the required values. 
The development of targets in the laser ion source for 
high-repetition continuous operation should be studied 
further. 
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Outline for Issues and Status of Reactor and

Peripheral Equipment Systems
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ABSTRACT

A reactor design concept for heavy–ion inertial fusion is to follow a laser fusion reactor design.
The reactor and the peripheral equipments are almost same as the laser fusion reactor. The
issues and status for the reactor and the peripheral equipment systems are summarized in
comparison to the laser fusion system. Also the unique and common points for the reactor
design in heavy–ion inertial fusion are discussed.

Keywords

Reactor Wall, Blanket, Liquid Loop, Vacuum Vessel, Exhaust System, Target Manufacturing,
Target Injection, Final Focus, Steam Cycle, Intermediate Heat Exchanger, Facility, Maintenance

1 Introduction

The reactor design concept for heavy–ion inertial

fusion (HIF) is to follow the laser driven inertial

confinement fusion (ICF) reactor design [1,2]. The

fuel target structure for HIF is different from one

for the laser fusion because of the difference in the

energy deposition processes into materials for ions

and for photons. Of course, the energy driver for

HIF is quite different device from one for the laser

fusion. However the reactor and the peripheral

equipments are same as the laser fusion system.

The issues and status for the reactor and the equip-

ment systems are summarized in comparison to the

laser fusion system.

2 Unique and Common Points
for Reactor Design of Heavy–
Ion Inertial Fusion Compared
with Other Nuclear Fusion
Reactor Systems

HIF is an ICF method that uses intense heavy–ion

beams as an energy driver. Therefore, the reactor

system has many similarities and common issues

with laser fusion reactors. In addition, because the

energy output from ICF occurs in an extremely

short period of time, it is characterized by an in-

stantaneous high load on the reactor wall [1, 2].

On the other hand, it can also be a common pa-

rameter with he high load on the reactor wall at

edge–localized mode and disruption in magnetic

confinement fusion (MCF) systems. Issues consid-

ering as reactor and peripheral equipment compo-

nents are as follows.

• First wall

• Blanket

• Fuel recovery system

• Liquid loop system

• Intermediate heat exchanger

• Vacuum vessel

• Fuel target production

• Target injection

• Beam final focus and transport

• Power generation equipment
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• Engineering safety equipment

• Vacuum system

• Maintenance

For the first wall, a solid wall is mainstream

in MCF reactors. Although there are also reactor

designs with solid walls in ICF reactors, reactor

designs using liquid metal are mainstream. It is

the same for HIF reactors.

To name a few issues unique to HIF reactors, a

higher degree of vacuum is required than in laser

fusion reactors to propagate the heavy–ion beams

within the reactor [3]. For this reason, it is nec-

essary to be careful about beam instability and

quality degradation inside the reactor, and the vac-

uum pump system is required to have the ability

to maintain a low pressure inside the reactor [4].

For the fuel system, the basic concept of fuel

target production and target injection system is

the same as that of laser fusion. However, the fuel

target structure and materials are unique to HIF,

so they cannot be exactly the same.

As an engineering safety equipment, HIF re-

quires a heavy ion accelerator to generate an in-

tense heavy–ion beam, and its large site area is

a disadvantage. Radio–activations in the reactor

and the fuel system are common issues not only

in HIF but also in nuclear fusion power generation

systems. Although the dose and radioactivity are

expected to be low, the site of heavy–ion acceler-

ator is wide area. The radio–activation of particle

accelerator will be a particular and unique con-

cern. On the other hand, not only other types of

nuclear fusion power generation systems but also

other existing various power plants as well, the site

area is not determined solely by the power genera-

tion section. Consequently a comprehensive study

is required.

3 Summary for Issues and Sta-
tus of System Components

HIF is a type of inertial confinement system and

is a reactor system that uses intense heavy–ion

beams as an energy driver. It has the advantage of

allowing flexible design of fuel targets by utilizing

the characteristic energy deposition process in the

interaction between heavy ions and target mate-

rials [5]. The reactor system has similarities and

common issues with laser fusion reactors, such as a

device to absorb the pulsed fusion output released

in an extremely short period of time. On the other

hand, since the heavy–ion beam is used as an en-

ergy driver, there are unique issues that do not

arise with laser fusion reactors. In this study, we

will examine characteristic and unique problems

regarding HIF reactor systems.

The component, element, problem, analogy, and

status are summarized in Table 1 for the reactor

chamber issues, in Table 2 for issues in the reactor

related to ion beam and the fuel system, in Table 3

for issues in the power generation equipment, en-

gineering safety, and maintenance systems, respec-

tively.

The ”analogy” means the analogy to the issue

for laser driven ICF [6,7]. The ”same” is that the

laser fusion reactor has the same issue. On the

other hand, the ”different” is that the issue has

different condition in comparison to the laser fu-

sion reactor, and the ”unique” is that the issue is

unique characteristics in this reactor system. In

the reactor chamber issue as shown in Table 1, the

exhaust system for HIF is different from the laser

fusion reactor due to the higher level of the vacuum

condition. In the issues for the reactor related to

the ion beam and the fuel system as shown in Ta-

ble 2, the final focus component in this reactor is a

unique feature due to the use of heavy–ion beams

as the energy driver. In the issues for the power

generation equipment, the engineering safety, and

the maintenance systems as shown in Table 3, the

radio–activation of particle accelerator is a unique

problem in the HIF system.

Since HIF has many things in common with

laser fusion, many of the items studied for laser

fusion reactors can be applied. For this reason, the

following issues can be considered that are unique

to HIF reactors within the scope of treating them

as reactor systems.

• Beam transport in reactor chamber

• Vacuum system

• Beam port protection

• Radio–activation of particle accelerator
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Table 1: Reactor chamber issues

Component Element Problem Analogy Status

Reactor Wall first wall, liquid metal
wall, structural material

weakening, tritium capture,
liquid flow stability, radioac-
tivity

same not yet

Blanket blanket material,
coolant, radiation
shield, tritium breeder,
energy multiplication

material property data un-
der irradiation, optimization
for coolant condition, heat re-
moval from liquid wall, wetta-
bility data

same good

Liquid Loop fuel cycle, tritium recov-
ery, isotope separation,
heat exchanger, circula-
tion pump, purification
equipment

tritium confinement in high
temperature, reasonable
separation method, proof–
of–principle for hydrogen
isotope separation with tri-
tium, continuous circulation
operation, liquid metal pump,
purification

same good

Vacuum Vessel vessel structure, vessel
material

estimation by building a real
scale model

same no prob-
lem

Exhaust System vacuum pump, exhaust
gas purification equip-
ment

liquid metal diffusion pump,
isotope separation

different not yet

Table 2: Issues for reactor related to ion beam and fuel system

Component Element Problem Analogy Status

Target Manu-
facturing

initial tritium loading,
target production, fuel
layer formation, produc-
tion quantity

tritium recovery, tritium pu-
rification, lower density mate-
rial, surface coating, assembly,
inspection technology

almost
same

not yet

Target Injection transfer, injection,
tracking, shutter

lower temperature, injection
device, tracking method, reac-
tor system design

same under
consid-
eration

Final Focus beam window, beam
propagation

magnetic coil protection for
radiation shield, vacuum level,
beam instability, beam quality
degradation

unique under
consid-
eration
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Table 3: Issues for power generation equipment, engineering safety, and maintenance systems

Component Element Problem Analogy Status

Steam Cycle 2nd loop, steam genera-
tor, turbine power gen-
erator

nothing special same done

Intermediate
Heat Exchanger

heat exchanger tube material for intermedi-
ate heat exchangers, corrosion
testing of liquid metal, liquid
metal–water reaction

same almost
done

Facility reactor building, parti-
cle accelerator

radio–activation in reactor,
radio–activation in particle
accelerator

unique under
consid-
eration

Maintenance same under
consid-
eration

First, since the heavy–ion beam is transported

into the reactor toward the fuel pellet, care must

be taken to avoid degradation of beam quality due

to collisions with residual gas. For this reason,

a higher degree of vacuum is required within the

reactor than in a laser fusion reactor, and the vac-

uum pump system is required to have the ability

to maintain a lower pressure within the reactor [4].

However, if the pressure inside the reactor cham-

ber is lowered too much, the liquid metal used to

protect the reactor walls will evaporate [8]. For

this reason, it must be set higher than the vapor

pressure of the liquid metal.

In order to protect the beam port and the final

optical system from alpha particles produced by

nuclear fusion reactions, a method is being consid-

ered that installs a coil at the tip of the beam port

and uses the coil’s magnetic field to protect it [9].

When applying a similar system to an HIF reac-

tor, it is necessary to start up the magnetic field

after the heavy–ion beam passes through the port

so that the beam trajectory is not affected by the

magnetic field protecting the beam port.

Reactor activation and fuel radioactivity are

common issues not only in HIF but also in nuclear

fusion power generation. On the other hand, al-

though the dose and radioactivity are expected to

be low, the activation of heavy ion accelerators,

which will be installed over a wide site area, is a

particular concern. There is an activation prob-

lem caused by the particle loss that occurs during

transport of heavy–ion beams with high currents

and hits the walls of the vacuum chamber of the

particle accelerator. We are evaluating radioactive

isotopes generated by the assumed activation of a

vacuum vessel [10] and the possibility of activation

with respect to the kinetic energy of heavy ions us-

ing reaction cross sections [11]. It has been shown

that there are no problems in the low kinetic en-

ergy region of the particle accelerator complex.

4 Conclusion

Since the reactor and the peripheral equipments

were almost same as the laser fusion reactor, the

reactor design concept for HIF is to follow the laser

fusion reactor design. The issues and status for

the reactor and the peripheral equipment systems

were summarized in comparison to the laser fu-

sion system. Also the unique and common points

for the reactor design in HIF were discussed. It

was indicated that the beam transport in the re-

actor chamber, the vacuum system, the beam port

protection, the radio–activation of particle accel-

erator were unique points and developing issues in

HIF reactor design.
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Kinetic Energy Distribution of Fuel Pellet Materials

After Ignition for Heavy–Ion Inertial Fusion Reactor
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ABSTRACT

Expansion dynamics of a fuel pellet after ignition in a reactor chamber was investigated for a
direct–drive fuel target in heavy–ion inertial fusion (HIF). During the expansion process, the
state of the fuel target changed from a fluid system to a free–molecular flow. The behavior
of the target materials as a free–molecular flow was analyzed using results obtained from fluid
model calculations. As a result, the kinetic energy distributions of ions occurred from the fuel
pellet were calculated as a single particle motion for the free–molecular flow. The kinetic energy
distributions for each ion species were compared with the results in references for a direct–drive
laser fusion fuel target and an indirect–driven HIF fuel target.
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1 Introduction

After a fuel pellet in the center of a reactor cham-

ber is ignited by irradiation of heavy–ion beams, a

Deuterium (D) and Tritium (T) mixed fuel is ex-

pected to be burned in a target implosion process

for a heavy–ion inertial fusion (HIF) scheme [1,2].

The explosion wave pushes the fuel and structural

materials of the target pellet, and impacts the in-

ner wall of reactor chamber. These are absorbed

in the reactor wall, and the generated heat is con-

verted into electrical energy using a power gener-

ation system.

The output energy from the fuel pellet is re-

leased as neutrons and alpha particles generated

by the DT reactions, X–rays and fast ions pro-

duced as the burn products propagate outward.

For this reason, the radiations are also a damage

factor impacting the reactor wall, and the estima-

tion is key issue to design the HIF reactor. As a

result, the expansion dynamics of the fuel pellet

after the ignition in a reactor chamber should be

studied for the HIF power generation plant.

In this study, the expansion dynamics of the

fuel pellet after the ignition was investigated in a

reactor chamber for a direct–drive HIF fuel target.

During the expansion process, the state of the fuel

target changes from fluid to free–molecular flow.

Because not only the numerical model but also the

physical model changes, it is important to find the

points of change. The changing point is evaluated

by the Knudsen number. The behavior of the tar-

get materials as a free–molecular flow is analyzed

using information obtained from fluid model calcu-

lations. As a result, the kinetic energy distribution

of ions occurred from the fuel pellet are calculated

as a single particle motion for the free–molecular

flow. The obtained kinetic energy distribution for

each ion species in the direct–drive HIF fuel tar-

get was compared with information in references

for a direct–drive laser fusion fuel target and an

indirect–driven HIF fuel target.
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2 Calculation Method

We developed a numerical calculation code, which

is based on a one–dimensional Lagrangian fluid

system in spherical coordinate as follows [3].

dM

dt
= 0, (1)

Du

Dt
= −1

ρ

∂P + q

∂ r
, (2)

ρ cv
DT

Dt
= −P + q

r2
∂ r2u

∂ r
+

1

r2
∂

∂ r

(
r2κ

∂ T

∂ r

)
, (3)

P =
kB
m

ρT, (4)

where M is the mass at each cell, u is the ra-

dial velocity of fluid, ρ is the mass density, P is

the pressure, q is the artificial viscosity, cv is the

specific heat, T is the temperature, κ is the ther-

mal conductivity, kB is the Boltzmann constant,

and D/D t = ∂/∂ t + u ∂/∂ r is the Lagrangian

derivative, respectively. The above mass conserva-

tion (continuous) equation, momentum (Navier–

Stokes) equation, energy (temperature) equation

with thermal conduction, and ideal gas equation–

of–state were numerically solved according to the

initial condition as shown in Table 1 [4]. The com-

Table 1: Initial condition at each fuel pellet ma-
terial for expansion phase in direct–drive HIF fuel
target [4].

Layer Species Region
[mm]

Density
[g/cc]

Temperature
[K]

Fuel DT 0∼0.161 243 2.0 ×109

Pusher LiPb 0.161∼0.218 243 1.0 ×108

Ablator LiPb 0.218∼3.45 0.35 2.0 ×107

Tamper Pb 3.45∼5.29 0.57 1.5 ×106

position ratio of LiPb is 95 % for Li and 5 % for

Pb.

The role of layer, material species, region width,

density, and temperature at the stagnation phase

were for a direct–drive HIF fuel target [4].

The outer region (background gas in the cham-

ber) of the fuel pellet was assumed as the temper-

ature of 1500 K and the pressure of 0.1 Pa [5].
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Figure 1: History of pressure distribution in ex-
pansion phase after ignition.
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Figure 2: History of velocity distribution in expan-
sion phase after ignition.

3 Calculation Result

Figures 1 and 2 show the histories of the pressure

and the velocity for the fuel pellet during the ex-

pansion after the implosion and ignition by obtain-

ing the numerical simulation, respectively. At the

initial condition, the fuel density and temperature

have extremely high values due to the implosion

process and the nuclear fusion reactions. For this

reason, the fuel layer was rapidly expanded toward

the chamber wall due to the high pressure around

the center as shown in Fig. 1. The fuel velocity

outward from the center of the target became high

due to the extremely high pressure near the center.

However the temperature of the outer layer of the
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fuel target was lower than that near the center of

the fuel, and the tamper was composed of heavy

ion Pb. As a result, the expansion velocity for the

outer layer was slower than that near the center

of the target. Consequently, the expansion of the

fuel layer was reflected by the tamper as shown in

Fig. 2.

Figure 3 shows the history of the Knudsen num-

ber for the fuel pellet during the expansion after

the implosion and ignition. The Knudsen number

was evaluated with the parameters obtained by the

numerical simulation. The Knudsen number Kn,

which was defined by the ratio of the mean free

path and the characteristic length [6], was evalu-

ated at each calculation cell by

Kn =
kBT√
2σ PL

, (5)

where σ is the cross–section (= 10−25 m2) of the

particle and L is the characteristic length, respec-

tively. In this study, the characteristic length L

was defined by the each cell size at each time, be-

cause the cell size was automatically rearranged

at each time step in the Lagrangian system. As a

result, it was evaluated that the Knudsen number

exceeded unity after 2 ns for the entire fuel pel-

let [3]. In the history of Knudsen number during

the expansion, it was implied that the fuel pellet

material changed to transitional flow after 2 ns.

When Kn ≥ 10, the material state was expected

as a free molecular flow. We considered that the

state of fuel pellet material was changed to the free
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Figure 4: Numbers of DT, LiPb, and Pb as a func-
tion of kinetic energy at 15 ns after ignition.

molecular flow after 10 ns in the entire region.

The macro–particles, which were representa-

tive particle including some ions, were generated

at each calculation cell when the Knudsen num-

ber exceeded 10. The calculation results of fluid

system were applied to the macro–particle genera-

tion. The macro–particle had the velocity based

on the Maxwell distribution according with the

temperature at each calculation cell given by the

calculation result of fluid system. Figure 4 shows

the numbers of DT, LiPb, and Pb as a function

of kinetic energy at 15 ns after ignition. The fuel

DT ions had the kinetic energy in range of 2 ∼
200 keV, and the main kinetic energy was expected

as several–ten keV. The ablator and pusher LiPb

ions also had the kinetic energy in range of 2 ∼
200 keV, while the number of ions was smaller than

that for DT ions. The kinetic energy of tamper Pb

ions was expected as less than 1 keV, and the main

kinetic energy was expected as less than 0.1 keV.

From the viewpoint of the kinetic energy and the

number of ions, it was considered that the fuel DT

ions are most effective particles for the wall dam-

age of the reactor chamber.

Figure 5 shows the kinetic energy of ions as a

function of radius at 15 ns after ignition at each

species. The fuel DT ions traveled the furthest to-

ward the reactor wall compared to LiPb and Pb

ions, because the fuel DT ion has the lighter mass

with the higher kinetic energy. On the other hand,

the tamper Pb ions were at almost original posi-

tion, because of the heavier mass with the lower
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Figure 5: Kinetic energy of ions as a function of
radius at 15 ns after ignition, (a) for DT, (b) for
LiPb, and (c) for Pb, respectively.

kinetic energy. It was indicated that the arrival

time at the chamber wall was different for each

ion species.

4 Discussion

In the direct–drive laser fusion target, the debris

ion spectra indicated that the DT ions had the

kinetic energy of 1 ∼ 700 keV, and the number of

ions was largest at the kinetic energy of 100 keV [7,

8]. The heavier (Au) ions had the kinetic energy

of several–10 MeV, while the number of ions was

small [7,8]. The ion species depended on the target

structural material, while it was considered that

the ion spectra depended on the target structure

related to the energy driver from the viewpoint of

comparison to the results obtained by Fig. 4 (for

the direct–drive HIF target).

In the indirect–driven HIF target, the debris

ion spectra indicated that the DT ions had the ki-

netic energy of 1 ∼ 10 keV, and the number of ions

was larger with the low kinetic energy [9]. The

heavier ions such as Gd and Au had the kinetic

energy of 80 ∼ 700 keV [9]. The ion species de-

pended on the target structural material, while it

was considered that the ion spectra depended on

the target structure related with the beam illumi-

nation scheme from the viewpoint of comparison

to the results obtained by Fig. 4 (for the direct–

drive HIF target).

Consequently, it was found that the ion species

and the kinetic energy should be evaluated by the

detailed calculation at each target design. It was

implied that the fusion output load to the chamber

wall depended on the fuel pellet structure.

5 Conclusion

The expansion dynamics of fuel pellet after the

ignition in the reactor chamber was investigated

for the direct–drive HIF fuel target. The state of

the fuel target changed from a fluid approxima-

tion model to a free–molecular flow model during

the expansion process. The behavior of the target

materials as the free–molecular flow was analyzed

using results obtained from the fluid model calcu-

lation. As a result, the kinetic energy distributions

of ions occurred from the fuel pellet were calcu-

lated as the single particle motion for the free–
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molecular flow. It was indicated that the arrival

time at the chamber wall was different for each ion

species. The kinetic energy distributions for each

ion species were compared with the results in ref-

erences for a direct–drive laser fusion fuel target

and an indirect–driven HIF fuel target. Conse-

quently, it was found that the ion species and the

kinetic energy should be evaluated by the detailed

calculation at each target design. It was implied

that the fusion output load to the chamber wall

depended on the fuel pellet structure.

In this study, the radiation generation and trans-

port were ignored in the numerical simulation. How-

ever the ratio of X ray energy (25 %) in the indirect–

driven HIF target was lager than that (1.4 %) for

the direct–drive target [9]. Consequently, the gen-

eration of X ray should be considered in the HIF

target.
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Study of Reactor Radius

Based on Beam Transport Criteria

Takashi Kikuchi

Nagaoka University of Technology

ABSTRACT

A reactor radius for a heavy–ion inertial fusion system was discussed from viewpoint of a
vacuum system. The gas pressure in the reactor is limited by an allowable level of heavy–
ion beam transport condition to a fuel target. The gas pressure in the reactor increases by
contaminations generated due to nuclear fusion reactions and hydrogen isotopes as a residual
fuel. For this reason, the gas pressure is needed to decrease to the allowable level of heavy–ion
beam transport condition to the target using a vacuum pump. The pumping speed depended
on the reactor radius, and the reactor radius was determined by the reasonable pumping speed.

Keywords

Reactor Chamber, Reactor Radius, Pumping Speed, Heavy–Ion Beam Transport, Residual Gas
Pressure

1 Introduction

The fuel pellet is placed in the reactor chamber

of heavy–ion inertial fusion (HIF), and is illumi-

nated by the heavy-ion beams. The reactor has

various functions such as the recovery of nuclear

fusion output, beam transport environment, radi-

ation shielding, tritium breeding, remnant gas ex-

haust, collection of pellet structural material, and

so on [1]. For this reason, the radius of reactor

chamber is limited to the various components and

factors as follows:

• First wall: the nuclear fusion output deposits

to the inner wall of reactor. For the liquid

wall, the surface of liquid wall is ablated due

to the fusion output. The liquid thickness

should be evaluated due to the ablation. For

the solid wall, the surface of solid wall should

be protected from the fatal damage such as

crack and blister formations. The irradiation

effect of fusion output at the wall depends on

the fluence and the flux. The fluence and the

flux are determined by the inner surface area

of the reactor. For this reason, the reactor

radius is related to the first wall problem.

• Vacuum vessel: the various reactor struc-

tures were designed, and are categorized by

the spherical or the cylindrical configurations

as shown in Figs. 1 and 2, which are designs

of the Laser Fusion Experimental Reactor

LIFT [2]. The vacuum vessel should be re-

sisted from the load of nuclear fusion output

at each shot. The vacuum vessel stiffness

is determined by the reactor size, configura-

tion, structural material, and so on. Conse-

quently the reactor radius is important pa-

rameter from the viewpoint of the chamber

stiffness because the smaller radius of reac-

tor chamber causes the serious stress to the

vacuum vessel.

• Target injection: the fuel pellet should be

precisely injected into the reactor, and should

be placed at the designated position in the

chamber at each shot. It is difficult to control

precisely the target pellet track in the longer

transport distance with the higher pressure

of background gas. For this reason, the ra-
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dius of reactor chamber is one of factors for

the target pellet injection.

• Beam transport: heavy–ion beams are in-

jected into the reactor chamber, and are fo-

cusing to the fuel pellet. During this process,

the heavy–ion beams should be transported

in the reactor without the beam loss. One

of factors for the beam loss is collision be-

tween the beam ion and the background gas

particle in the chamber. The radius of reac-

tor is a key issue because the beam loss is

proportional to the transport distance.

• Power generation equipment: the working

fluid is operated as coolant to recovery the

nuclear fusion output energy. The higher

temperature of working fluid is suitable for

higher conversion efficiency from the thermal

energy to the electrical energy. The temper-

ature of working fluid increases due to the

absorption of nuclear fusion output, and it

is depends on the energy density of nuclear

fusion output at the reactor wall. Conse-

quently the temperature of working fluid de-

pends on the reactor radius, and also the

thermal efficiency of the power plant is de-

termined by the radius of reactor.

• Engineering safety equipment: the neutron

flux generated by the nuclear fusion reac-

tions produces the radio–activation in the

material of reactor wall. The neutron flux

and fluence at the inner wall depends on the

reactor radius. The smaller radius of reac-

tor causes the higher activation due to the

higher fluence and flux of neutron. The ra-

dius of the reactor is important from the

viewpoint of radio–activation, because dense

activation area determines the lifetime of the

reactor.

• Electromagnet protection: the nuclear fu-

sion output damages the electromagnets for

the final beam focusing to the fuel pellet.

The electromagnets are placed at near re-

actor outside. For this reason, the radiation

shield is crucial issue. Especially the neu-

tron shield is achieved by the long distance

between the electromagnet and the output

source (fuel pellet). Consequently the radius

0.1 m

3.5 m

Figure 1: Schematic diagram of reactor for LIFT–
II [2]. The structure type is a spherical configu-
ration of the radius of 3.5 m with the wall thick-
ness of 0.1 m. The chamber volume is given by
4π(3.5)3/3 = 180 m3, and the mass of chamber is
estimated by 1.25× 105 kg for the mass density of
7.87× 103 kg/m3 (Stainless Steel).

of reactor chamber is related to the electro-

magnet protection.

• Vacuum system: the volume of the reactor

chamber is limited by the pumping speed

and the ultimate vacuum level. The cases

for the larger reactor chamber size and the

higher ultimate vacuum level (lower gas pres-

sure in the reactor chamber) require the larger

exhaust speed of the vacuum pump. Conse-

quently the radius of reactor chamber is re-

lated to the vacuum system.

As a result, the radius of reactor chamber is the

most important parameter to construct the HIF

power plant system.

2 Gas Pressure in Reactor Lim-
ited by Beam Transport Con-
dition

The gas pressure in the reactor is limited by the

allowable level of heavy–ion beam transport to a
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0.1 m

0.1 m

1.5 m

3 m + 1.5 m
= 4.5 m

Figure 2: Schematic diagram of reactor for LIFT–
III [2]. The structure type is a cylindrical configu-
ration of the radius of 1.5 m with the wall thickness
of 0.1 m and the height of 4.5 m. The chamber vol-
ume is given by π(1.5)2 × 4.5 = 31.8 m3, and the
mass of chamber is estimated by 4.56× 104 kg for
the mass density of 7.87 × 103 kg/m3 (Stainless
Steel).

fuel target. On the other hand, the gas pressure

in the reactor increases by contaminations gener-

ated due to nuclear fusion reactions and hydrogen

isotopes as a residual fuel. Consequently, the gas

pressure should be decreased to the allowable level

of heavy–ion beam transport to the target using a

vacuum pump.

In the reactor design for laser driven inertial

confinement fusion (ICF), the gas pressure is re-

quired less than 100 Pa [3], and is required by 1 Pa

for fast ignition scheme [2]. In the case of HIF reac-

tor, the gas pressure is determined by the modes of

heavy–ion beam propagation in the reactor cham-

ber [4]. The mode of vacuum transport (ballis-

tic transport) is assumed in this design, because

of avoiding the various instabilities for heavy–ion

beam propagation through the gas environment.

Therefore the gas pressure is required in ranges of

0.01∼0.1 Pa [5] for the case of HIF.

For this reason, the pumping speed and the

ultimate vacuum are unique parameters for HIF

system in comparisons with the laser driven ICF

system. The pressure requirement in the reactor

chamber and the pumping speed determine the re-

actor radius for the HIF system.

3 Relation between Reactor Ra-
dius and Pumping Speed

The allowable gas pressure in the reactor is esti-

mated due to the limitation by the collisional ion-

ization of the beam ion in the heavy–ion beam

transport [4]. The allowable gas pressure for the

heavy–ion beam transport is written by

Pt =
1

σR
kBT, (1)

where σ is the collisional ionization cross section

(e.g., 7 × 10−20 m2 for Pb [4]), R is the reactor

radius (standoff), kB is the Boltzmann constant,

and T is the gas temperature (300 K), in the case of

strong stripping (nσR = 1 where n is the number

of density for gas). In this HIF reactor, it has been

proposed to protect the reactor wall by flowing

liquid metal LiPb. The heavy–ion beam transport

was estimated by the collisions between the beam

ion and Pb, because Pb has the largest collisional

cross section.

The gas pressure in the reactor increase after

the fuel pellet implosion, because the DT nuclear

reaction creates He and the residual fuel (DT) dif-

fuses in the reactor chamber. Li and Pb contained

in the liquid metal re-adhere mainly to the liquid

metal for protection of the reactor wall. For this

reason, the main work of the vacuum pump is to

pump out He and residual fuel (DT) gases. The

increase of gas pressure is estimated by

Pf =
3Nf

4πR3
kBT, (2)

where Nf is the number of diffused gas particles

(D, T, and He) per shot and VR = 4πR3/3 is the

reactor volume. In this study, the number of gas

particles (D, T, and He) per shot was assumed by

3.3 × 1022 for the burn fraction of 0.3 [1] and the

fusion output of 2 GJ per shot [6].
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The pumping (exhaust) speed S for a vacuum

pump is estimated by

S = −VRΔP

PΔt
, (3)

where the pressure difference ΔP = Pb − Pa and

the time interval Δt for shot–by–shot. Here Pb and

Pa indicate the gas pressure before and after the

shot. In this study, the gas pressure Pb before the

shot is assumed by the allowable gas pressure Pt

for the heavy–ion beam transport (Pb = Pt). For

this reason, the gas pressure Pa after the shot is

increased from Pb by the pressure increase Pf due

to the gas particles (D, T, and He), and is written

by

Pa = Pb +
3Nf

4πR3
kBT, (4)

and P = (Pa + Pb)/2 is roughly evaluated in this

study. Consequently, the pumping speed is calcu-

lated by

S =
8πσNfR

3

8πR2 + 3σNf

1

Δt
, (5)

where σ is assumed by 7 × 10−20 m2 for Pb [4],

2 × 10−21 m2 for Li [4], and 2.5 × 10−21 m2 for

He [7], respectively.

The required pumping speed per reactor can

be reduced using multi reactor design. In the case

of 10 reactors, the required pumping speed is de-

creased by 10 at each reactor.

The pumping speed of 10 m3/s is assumed as

the design parameter in case of KOYO-F [2]. The

pumping speed up to 6.2 m3/s is required by the

HYLIFE-II [5]. For this reason, the reactor radius

of 3 ∼ 5 m is suitable for the HIF system with 10

reactors [8].

4 Conclusion

The reactor radius was discussed from the view-

point of vacuum system in the reactor. The gas

pressure in the reactor was limited by the allow-

able level of heavy–ion beam transport condition

to the fuel target, and increased by the contamina-

tions generated due to the nuclear fusion reactions

and the hydrogen isotopes as the residual fuel. The

gas pressure should be decreased to the allowable

level of heavy–ion beam transport to the target us-

ing the vacuum pump. For this reason, the reactor

radius was determined by the reasonable pumping

speed.

The pumping speed was estimated as a func-

tion of reactor radius [8]. The vapor pressure for

LiPb is 0.01∼0.1 Pa [9]. The radius of 10 m is one

of limitation for the reactor radius from the view-

point of vapor pressure for LiPb [8]. Consequently,

it was found that the reactor radius of 5 m is suit-

able for the HIF system on 1 Hz operation [6] with

10 reactors from the viewpoint of vacuum system.
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ABSTRACT

An estimation model of required injection velocity was investigated from the viewpoint of melt-
ing of solid fuel and heat conduction during a reactor chamber. The estimation showed that the
fuel target for heavy–ion inertial fusion requires lower injection velocity, and has an advantage
for an operation of power plant system.
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1 Introduction

A fuel target for heavy–ion inertial fusion (HIF)

consists of solid–state deuterium (D) and tritium (T)

as a fuel for nuclear fusion reactions and other

structural materials. The fuel pellet is repeat-

edly injected into the reactor chamber with several

Hz, and is illuminated by several intense heavy–

ion beams. Therefore, the position of fuel pellet

should be controlled accurately at the designated

one at each shot [1–3]. However, it is difficult to

control the injection into the designated position

in the reactor at each shot with higher injection

velocity.

The fuel pellet is heated by the thermal con-

duction from the background gas in the reactor

chamber. The lower injection velocity of the fuel

pellet causes the melting of solid fuel, because the

long time flight with the lower injection velocity

gives the time for melting the low–temperature

solid fuel.

It is expected that the heat conduction in the

fuel pellet depends on the several factors such as

the gas temperature in the reactor chamber, the

fuel pellet structure, the structural material of fuel

pellet, and so on. From the viewpoint of the melt-

ing of the solid DT fuel, the injection velocity was

investigated in this study with the several condi-

tions.

2 Injection Velocity for Con-
ventional Design in ICF re-
actor

This system assumes a fuel pellet with spherical

symmetry or a sphere–like shape. Compared to

laser fusion, especially a fuel pellet for fast ignition

scheme such as KOYO–F, the target of this system

is thought to have a relaxed condition from the

standpoint of attitude control [4]. Furthermore, as

the gas pressure inside the reactor is lower in the

HIF system [5], it is assumed that the displacement

of the fuel target due to the airflow of residual

gas in the reactor is less. The methods using gas

guns and electromagnetic acceleration are being

considered in order to achieve an incident velocity

of 100 m/s in laser fusion reactors [1].

The injection velocity of several 100 m/s is re-

quired due to the limitations of solid–state fuel

melting due to heat conduction and radiant heat

from residual gas in the reactor chamber when

the fuel pellet passes through the reactor cham-

ber [2, 3, 6–8]. In the HIBALL–II target delivery
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parameters, the target velocity of 200 m/s was

used for sufficient to prevent detrimental heating

of the target [6]. Schmatov et al. estimated the in-

jection velocity for container-covered targets and

targets with cone to be from 400 and 600 m/s [7].

Valmianski et al. estimated the injection velocity

from 200 to 1000 m/s in the method to throw a

screen in front of a fuel pellet [2]. Norimatsu et

al. estimated the injection velocity of 200 m/s for

central and fast ignition targets [3]. Tsuji assumed

the injection velocity of 100 m/s with the reactor

radius of 5 m [8].

3 Estimation Model of Required
Injection Velocity due to Heat
Conduction

In this system using the heavy–ion beams, the

fuel pellet has a multilayer structure, and the fuel

placed in the inner layer of the pellet is less sus-

ceptible to thermal effects from the reactor envi-

ronment.

The thermal diffusion equation for temperature

T in s layer was obtained by

ρscs
∂T

∂t
= ∇ · (κs∇T ) , (1)

where ρ is the density, c is the specific heat, κ is

the thermal conductivity, respectively. The time–

dependent one–dimensional thermal diffusion equa-

tion was rewritten by

ρscs
∂T

∂t
= κs

∂2T

∂x2
. (2)

Here the diffusion coefficient was defined by

Ds ≡ κs

ρscs
. (3)

The heat propagation velocity vh in the fuel pellet

was assumed by

vh ∼ Ds

ΔRs
, (4)

where ΔRs is the thickness of s layer in the fuel

pellet. For this reason, the heat propagation time

τ in outer layer of the fuel pellet was estimated by

τ =
ΔRs

vh
. (5)

As a result, the injection velocity vinj was required

by

vinj =
Rr

τ
=

Rrvh
ΔRs

=
RrDs

(ΔRs)2
=

Rrκs

ρscs(ΔRs)2
, (6)

where Rr is the reactor radius.

4 Estimation of Required In-
jection Velocity

As discussed in previous section, the required in-

jection velocities were estimated in the fuel pel-

lets for two conditions. The reactor radius was

assumed by Rr = 3 m in this section. However,

according to Eq. (6), the required injection veloc-

ity is simply proportional to the reactor radius.

For this reason, the following estimations will be

able to recalculate easily at each reactor radius.

The fuel pellet for LIFT consist of DT gas, DT

solid (fuel), CH foam layers, respectively [9]. The

CH layer thickness was ΔRCH = 27μm. The phys-

ical properties of CH as a low density polyethylene

were the thermal conductivity κCH = 0.33 W/K-

m, the specific heat cCH = 2300 J/kg-K, and the

mass density ρCH = 910 kg/m3, respectively. Con-

sequently, the required injection velocity was es-

timated by vinj = 648 m/s for the LIFT design

parameter.

On the other hand, the fuel pellet for HIF scheme

was assumed in Fig. 1 of Ref. [10]. The fuel pel-

let consist of DT gas, DT solid (fuel), Al pusher,

Al foam, Al ablator, and Pb tamper layers. The

Al layer thickness was ΔRAl = 1.54 mm. The

physical properties of Al were the thermal con-

ductivity κAl = 100 W/K-m, the specific heat

cAl = 904 J/kg-K, and the mass density ρAl =

2699 kg/m3, respectively. Consequently, the re-

quired injection velocity was estimated by vinj =

51.8 m/s for the HIF fuel pellet design.

In the previous study [11], the temperature dis-

tribution history was calculated numerically using

a thermal conduction equation for the fuel pellet

heated by the background gas in the ICF reactor

chamber. The injection velocity of 545 m/s was

required for the reactor chamber radius of 3 m for

the LIFT design parameter. It was estimated that

the solid fuel will be not melted during 100 ms

for the HIF fuel pellet design. For this reason, it

was estimated that the injection velocity less than

30 m/s is required for the reactor chamber radius

of 3 m for the HIF fuel pellet design. Consequently,

the simple estimation in this study corresponded

to the detailed results with the thermal conduction
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equation.

5 Conclusion

In this study, the estimation model of required in-

jection velocity was investigated from the view-

point of the melting of the solid DT fuel and the

heat conduction. The estimations showed the re-

quired injection velocity vinj = 648 m/s for the

LIFT design parameter and vinj = 51.8 m/s for

the HIF fuel pellet design.

The target structure for the direct-driven HIF

has the tamper and the foam layers owing to the

stopping power of heavy-ion beams in the target

material. For this reason, the lower injection ve-

locity is required for the target pellet in HIF, be-

cause the heat conduction is interfered by the lay-

ers. This is one of advantages for the operation of

ICF power plant in HIF system.
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