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Pellet injection and repetitive laser illumination are key technologies for realizing inertial fusion energy.
Numerous studies have been conducted on target suppliers, injectors, and tracking systems for flying pellet
engagement. Here we for the first time demonstrate the pellet injection, counter laser beams’ engagement
and neutron generation. Deuterated polystyrene (CD) bead pellets, after free-falling for a distance of 18 cm
at 1 Hz, are successfully engaged by two counter laser beams from a diode-pumped, ultra-intense laser
HAMA. The laser energy, pulse duration, wavelength, and the intensity are 0.63 J per beam, 104 fs, and
811 nm, 4.7 3 1018 W/cm2, respectively. The irradiated pellets produce D(d,n)3He-reacted neutrons with a
maximum yield of 9.5 3 104/4p sr/shot. Moreover, the laser is found out to bore a straight channel with
10 mm-diameter through the 1-mm-diameter beads. The results indicate potentially useful technologies and
findings for the next step in realizing inertial fusion energy.

P
ellet injection and repetitive laser illumination are key technologies for realizing inertial fusion energy1,2.
Industrial neutron and X-ray generators using lasers also require a repeating pellet target supplier.
Therefore numerous studies have been conducted on target suppliers3, injectors4,5 and tracking systems

for engagement6–9. Recently Carlson reported tracking the targets and steering the low power laser beams to the
falling targets with 34 mm standard deviation accuracy10.

Here we demonstrate flying pellet injection, high power counter laser beams’ engagement and neutron
generation from the pellet.

Results
We succeeded in injection of spherical deuterated polystyrene bead pellets at 1 Hz and symmetrical engagement
and irradiation of them with two ultra-intense laser beams. The laser intensity was high enough to produce a DD
neutron yield of 9.5 3 104/4p sr/shot. We observed channel formation through the free-falling pellets, which
might be the evidence to support a scheme for fast ignition. On an average, approximately 20% of the pellets were
irradiated with the HAMA laser11. Neutrons more than 1.0 3 104/4p sr were observed for 2.5% of these pellets.
This result represents a step toward laser fusion.

Flying pellet engagement. For most of flying pellets, synchronization is within 50 ms, which is sufficient for pellet
engagement. A second harmonic (2v) laser probe, 104 fs in pulse length is used to take a snapshot of the focused
counter beam engaging an injected pellet. Figure 1 shows the probe image for the instance of counter beam
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engagement captured through an interference filter (IF) of 394 nm
by an intensified CCD camera (Princeton Instruments PI-MAX3)
with a 20-ns exposure12,13.

Neutron generation. The focused laser accelerates deuterons at the
focal spot, which collide with the surrounding cold deuterons to yield
DD neutrons2. Figure 2 (a) shows the neutron time-of-flight signals,
detected by a plastic scintillator coupled to a photomultiplier and
located 1.45 m from the focal point and perpendicular to the laser
axis. The solid angle of the detector is 8.4 3 1023 sr and lower
detection limit is 1000 yield/4p sr. The 2.45 MeV timing corre-
sponds to a sharp peak at 150 ns. Using a three-dimensional
Monte Carlo particle transport code (Particle and Heavy Ion
Transport Code System:PHITS)14, we distinguished the prompt
DD fusion signals from those of the scattered neutrons. (Supple-
mentary Fig. 1). By integrating the signals from 138 ns to 200 ns
in Figure 2(a), we obtained a maximum neutron yield of 9.5 3

104/4p sr/shot at maximum. Prior to counter engagement with the
two beams, we tried an engagement with a single laser beam, which

generated a maximum neutron yield of 2.5 3 104/4p sr/shot15. The
twin beam result is four times the single beam yield15, although the
total laser energy is same at 1.2 J. Figure 3(b) shows shot-by-shot
yield variations over 526 shots. The averaged yield is 1328 neutrons/
4p sr/shot. Around 2.5% of the shots generated more than 1.0 3 104

neutrons/4p sr. Because the radius of a bead is 0.49 mm, the laser
beams only hit the beads falling inside an optimal circle of 0.49 mm
radius. Currently, the observed bead placement accuracy is such that
only 20% of the beads are within 0.49 mm of laser’s focal point in the
laser perpendicular direction, corresponding to an average hit rate of
less than 20%. (Supplementary Fig. 2). Electrostatic charge on a pel-
let’s surface induces perturbations in its path while falling through
the hole in the disk and is the cause of the pellet’s positioning
fluctuation.

Channel boring. The laser-irradiated pellets fall down into the
collecting box. Figure 3(a) is a microscope image of a pellet after
irradiation. Figure 3(b) is a scanning electron microscope (SEM)
image of the focal point. To observe the channel, we cut one bead
into two hemispheres in two ways: one perpendicular to the laser axis
(A-A cross section in (a)), as shown in the SEM image of Figure 3(c),
and one along the axis (B-B cross section), as shown in the SEM
image of Figure 3(d). The hole through the bead can be observed
in Figure 3(d). The inset image shows a visible light image of the same
bead. The black line is the channel. The laser light, having an
intensity of 4.7 3 1018 W/cm2, appears to bore from both sides
through the bead and form a channel. From Figures 4(c) and (d),
we can see that a hole pierces through the pellet. The radius of the
hole is 10 mm, which is smaller than the laser focal point size of
13 mm.

Discussion
One possible explanation about channel boring is as follows: The
laser pulse, before the main pulse, has a pre-pulse and pedestal com-
ponents. The intensity of the main pulse is 4.7 3 1018 W/cm2, and we
estimated that the pre-pulse component has an intensity of 5 3

1011 W/cm2 and 1 ns duration2. These pre-pulse and pedestal com-
ponents propagate in the pellet till the electron density reaches the
critical density. If these energies are absorbed by the pellet due to
the multi-photon ionization, free-electrons are generated in the pel-
let along the propagation path of the pre-pulse and pedestal compo-
nents. These free-electrons might work as a guiding wire for the
fast-electrons generated by the main high intensity pulse. When
the fast-electrons propagate along the free-electron wire, a return
current flows that leads to the current-neutrality in the pellet.

Figure 1 | Snapshot of a flying pellet at the instant of engagement by
using a 2v harmonic laser probe. The probe is perpendicular to the

counter beam axis. The two counter beams from HAMA simultaneously

irradiate the surface of a falling pellet. An intensified CCD camera

(Princeton Instruments PI-MAX3) with an IF filter (394 nm), opened for

20 ns, captures both the probe shadow and self-emissions. The probe is

synchronized with the two counter beams. The pellet size is 1 mm.

Figure 2 | Neutron generation (a) A typical neutron time-of-flight signal, detected with a 6-inch-diameter plastic scintillator (NE102) coupled to a 2-

inch-diameter photomultiplier (Hamamatsu photonics H7195): Shot number 313. The scintillator was set at 1.45 m from the focal point and was

perpendicular to the laser axis. The output was connected to a 5-GHz digital oscilloscope (Tektronix DPO7104). The temporal resolution was 4 ns. A 252Cf

source (Eckert & Ziegler,A3036-2) was used for calibration, so that the integrated signal of 25 mV 3 4 ns corresponds to a 1000 yield/4p sr. The solid

angle of the detector is 8.4 3 1023 sr and lower detection limit is 1000 yield/4p sr. The unscattered 2.45 MeV DD neutrons arrive at around 150 ns (64 ns

after the signal), followed by the scattered neutrons until 200 ns. (b) Shot-by-shot yield variations over 526 shots. Shot 313 is the best one.
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Consequently, the return current heats the pellet along the free elec-
tron path by the ohmic heating. The heating energy is enough to give
thermal loads to the pellet and to create the hole inside the pellet.
When a stainless steel (SUS) disk was attached to support a bead, as
in Ref. 12, we did not observe any hole boring nor traces, except a
burn-trace like line in the visible light image in Figure 3(g). In this
condition, the steel mainly works as an electron source, and it pro-
vides a large return current along the path deviated from the free-
electron wire. As the result, the ohmic heat along the free-electron
wire is reduced.

Although the mechanism of formation of channel through the 1-
mm CD bead is not clear, an areal density of the channel area attains
100 mg/cm2 (1-mm length 3 1.1 g/cm3 density), which is close to a
burning range of 300 mg/cm2 in a DT fuel fusion16. It can be used as
evidence that an ultra-intense laser can bore through the overdense
region and support a hot electron transport to the core plasma,
resulting in fast ignition17,18.

In the fast-ignition scenario of inertial confinement fusion, a DT
capsule, pre-imploded to an isochoric condition17, is irradiated with a
high intensity laser pulse. The intense laser is expected to transport
sufficient energy along the path from the focal point to the core. We
conceived this idea of hole boring, as a means for obtaining a clean
path from the focal point to the core. The hole boring observed in this
experiment can be applied for the fast-ignition. From the hot spot,
the D(t,n)4He reaction produces 4He nuclei (3.6 MeV a particles),
which penetrate and deposit their energy into the cold and dense fuel,
that is, the burning wave spreads from the hot spot to the entire core.
a burning in the core plasma is to occur as long as its areal density is
300 mg/cm2.

Methods
Figure 4 shows the pellet injector, installed in the illumination chamber, which is
evacuated to 2.6 3 1023 Pa. The pellet is a spherical CD bead with a diameter of 970 6

2.7 mm and a sphericity of 99%. A pellet loader stores more than 10,000 CD pellets at a
time. The pellets in the loader made to free-fall in gravity onto a rotating disk, which is
110 mm in diameter and rotates at 6 rpm. Each pellet on the disk is conveyed to an
exit hole and falls along a parabolic trajectory to the laser focal point 18 cm below.
The exit hole is shaped as an ellipse with major and minor axes of 4.0 and 2.0 mm,
respectively, and a depth of 8.0 mm. The focal point is irradiated by two counter laser
beams at 1 Hz. The signals from the two photodiodes at 60 mm and 100 mm above
the focal point are sequentially sent to a laser controller, which forecasts the arrival
time at the focal point and sends a shooting-request signal to the HAMA laser
appropriately. As soon as HAMA receives the signal, its two laser beams engage the
injected pellet with an appropriate delay time. Symmetric counter laser beam irra-
diation induces implosive fusion18. The laser energy, pulse duration, and wavelength

Figure 3 | Laser boring of an irradiated CD pellet. A comparison between injected pellets and pellets attached to the disk. (a) An optical microscope of an

illuminated bead. Two counter beams from right and left are marked by purple arrows. (b)An SEM surface image of the bead in (a) exhibiting hole

and cracks caused by the laser. (c) Cross section A-A shows an open hole at the center. The hole diameter is 10 mm. (d) Cross section B-B shows a

straight channel through the 1-mm-diameter bead. (e) Hole on the surface of another 1-mm-diameter bead mounted on a SUS disk. (f) Cross

section A-A of bead (e) shows no channel. (g) B-B cross section of bead (e) shows no channels or traces. The inset visible light image seems a burn trace

(dark shadow), but not seen in (g) SEM image.

Figure 4 | Pellet injection system. The pellet loader stores more than

10,000 pellets. The rotating disk has holes to catch and feed pellets to the

exit hole above the laser focal point. Each pellet falls between a two-step

photodiode array, which forecasts the pellet’s arrival time at the laser focal

point. The collector box collects the pellets, after those are engaged.
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are 0.63 J per beam, 104 fs, and 811 nm, respectively, and the intensity is 4.7 3

1018 W/cm2 (Supplementary Table 1).
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