
Objective
In conventional electron driven fast ignition, the 

experimentally-demonstrated heating efficiency1) is lower 
than that required for high gain because of too high energy 
of generated fast electrons and of the large beam divergence. 
As the alternative heating scheme using a laser-accelerated
ion beam is getting much attention. Compared to the 
electron beam, the energy conversion efficiency of heating 
laser to ion beam is much low. But the beam divergence is 
small and the energy of generated fast ions is suitable for 
core heating. In the present collaborative research, we 
numerically evaluate the ignition requirements (heating 
laser properties and target design) for ion-driven fast 
ignition. Also, possibility to enhance the heating efficiency 
in the FIREX [1] experiments using ion beam generated by 
the present heating laser LFEX is numerically and 
experimentally investigated.
Summary of research progress in 2015
(1) Analysis of experimentally observed ion spectrum; the 

fast ion profiles observed by the Thomson parabola 
spectrometer in the fundamental experiments has been 
analyzed.

(2) Numerical Simulation; 2D integrated simulations were 
carried out to evaluate the contribution of ion beam 
generated by LFEX-spec laser on the core heating.

Ion beam properties in fundamental experiments  
In the fundamental experiments for ion 

acceleration where CD plane targets with 20 m of 
thickness were irradiated by the LFEX laser, we 
observed accelerated ion spectra by the Thomson 
parabola spectrometer in the direction along the laser axis.
The two type of experiments were carried out; one is 
the simple irradiation of LFEX laser on the CD solid 
target (front surface acceleration + target normal 
sheath field acceleration TNSA on the rear surface), 
the other is that the target rear surface was irradiated 
by long pulse laser to form the long-scale pre-plasma 
on the rear surface (only front surface acceleration). 
Between the target rear surface and the spectrometer, 
the Al filter with 100 m of thickness was located to 
eliminate the fast C6+. So D+ ions and the p+ were 
observed. In Fig.1, the observed D+ spectrum is shown. 
D+ with the energy lower than 4.5 MeV cannot be 
observed since the ranges of such low energy 
deuterons in the solid Al are less than 100 m. In the 
case of clean rear surface (i.e., no irradiation of long 

pulse laser on the rear surface), the observed deuterons 
are mainly accelerated on the rear surface by TNSA 
process. By producing the pre-plasma on the rear 
surface and suppressing the sheath field generation, the 
ions are mainly accelerated around the laser-plasma 
interaction region on the front surface. The 
acceleration efficiency of ions is higher for the TNSA 
than that for the front surface acceleration, the number 
of accelerated D+ was considerably decreased. From 
the comparison with the PIC simulations, the energy 
conversion form LFEX laser to D+ is about 0.1%, and 
that for C6+ (that was not observed at experiments due 
to the Al filter) is about 1 %.

Integrated simulations
To evaluate the contribution of ion beam to the 

core heating at the present FIREX class experiments, 
the integrated simulations were carried out, where the 
two types of cone were used, the one is the normal Au
cone (7 m of tip thickness) and the open-tip Au cone 
where the cone tip has a hole. In the later case, the 
heating laser directly interacts with the fuel material, 
so not only electron but also the ions are accelerated 
and will contribute to the core heating. In the both 
cases, the target is a CD solid ball. 

It is found form the 2D PIC simulations under 
the present FIREX-I situation, where the pulse contrast 
of LFEX laser has been improved sufficiently, that the 
ions are not accelerated efficiently by the surface
acceleration mechanism even for the case of open-tip 
cone. And then the contribution of ion beam to the 
core heating is negligible. However, it is found that the 
heating efficiency by the electron beam is improved by 
using open-tip cone compared with the case of normal 
Au-tip cone because of removal of the energy loss and 
scattering in 7 m-thickness Au tip. To use the ion 
beam for the core heating, further ingenuity is required, 
such as use of low-density foam material as the ion 
generation target.

(1) S. Fujioka, et al., Phys. Rev. E 91, 063102 (2015).

Fig.1 Experiment ally observed energy spectra of 
deuteron ion accelerated from 20- mt CD planes 
irradiated by LFEX laser.

 
In a fast ignition laser fusion reactor, non-spherical targets 

with guide cones are injected into the center of the reaction 
chamber. Targets should satisfy following conditions: ±1 
mrad in the pointing, ±20deg/s in the “tumbling speed” or 
yawing and pitching, 100±1m/s in the injection speed, and at 
the repetition rate of 4Hz. Our goal is to demonstrate such 
injection at a single-shot-base. Tumbling speed was not 
achieved in previous work. 

In 2014, it was revealed that magnets for sabot removal 
probably affect the attitude of the target. If the target passes 
through magnets area with initial tumbling angle, the 
balance of moment of the electromagnetic force is broken. 
That imbalance causes torque to accelerate tumbling speed. 
A simulation shows if the target has initial tumbling angle 
by 2deg, the angle increases by 0.555deg after the target 
goes through magnets area [1]. 

In 2015, we tried to observe the instance of the target 
leaving the sabot. A slit was made at the end of the 
acceleration tube, just magnets are located. The target was 
directly observed through the slit with a high speed camera 
(Fig.1). 

To calculate tumbling angle, the axis of the target was 
detected by analyzing brightness change. Change in 
tumbling angle was analyzed every 0.1ms while the target 
passes through magnets area. The result is shown in Fig.2. 
This result suggests that tumbling angle is within ±15deg in 

magnets area. The attitude of the target is not roughly 
disturbed at this area. The resolution is 0.78mm. It was 
difficult to evaluate detailed change in tumbling angle at this 
resolution. Nevertheless, tumbling angle is likely to increase 
in magnets area by qualitative analysis comparing the static 
image just after removed from the sabot and the last image. 

In conclusion, tumbling angle of the target is within 
±15deg in magnets area. Tumbling angle is likely to 
increase after the target passes through magnets area, but it 
is not sure how much magnets accelerate the target’s 
tumbling speed.  

In 2016, we will improve the resolution and observe the 
instance of the target leaving the sabot again. For example, 
reduce the backlight to make boundary between the target 
and background clear. In addition, we will focus on initial 
tumbling before the target removed from the sabot. It is 
suspected that the clearance gap between the sabot and the 
acceleration tube induces vibration to cause initial tumbling 
of the target. 

 
[1] Yoshihiro Kajimura, private communication 

Fig.1 The instance of the target leaving the sabot 

Fig.2 Change in tumbling angle of the target while the target passes through magnets area 
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