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Abstract
Fast heating efficiency when a pre-imploded core is directly heated with an ultraintense laser
(heating laser) was investigated. ‘Direct heating’ means that a heating laser hits a
pre-imploded core without applying either a laser guiding cone or an external field. The
efficiency, η, is defined as the increase in the internal core energy divided by the energy of the
heating laser. Six beams (output of 1.6 kJ) from the GEKKO XII (GXII) green laser system at
the Institute of Laser Engineering (ILE), Osaka University were applied to implode a spherical
deuterated polystyrene (CD) shell target to form a dense core. The DD-reacted protons and the
core x-ray emissions showed a core density of 2.8 ± 0.7 g cm−3, or 2.6 times the solid density.
Furthermore, DD-reacted thermal neutrons were utilized to estimate the core temperature
between 600 and 750 eV. Thereafter, the core was directly heated by a laser for fast-ignition
experiments (LFEX, an extremely energetic ultrashort pulse laser) at ILE with its axis lying
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along or perpendicular to the GXII bundle axis, respectively. The former and latter laser
configurations were termed ‘axial’ and ‘transverse modes’, respectively. The η was estimated
from three independent methods: (1) the core x-ray emission, (2) the thermal neutron yield,
and (3) the runaway hot electron spectra. For the axial mode, 0.8% < η < 2.1% at low power
(low LFEX energy) and 0.4% < η < 2.5% at high power (high LFEX energy). For the
transverse mode, 2.6% < η < 7% at low power and 1.5% < η < 7.7% at high power. Their
efficiencies were compared with that in the uniform implosion mode using 12 GXII beams,
6% < η < 12%, which appeared near to the η for the transverse mode, except that the error
bar is very large.

Keywords: counter implosion, fast ignition, direct heating, heating efficiency

(Some figures may appear in colour only in the online journal)

1. Introduction

The National Ignition Facility, where α burning recently
occurred, is a promising candidate for developing a safe fusion
power plant [1, 2]. Nevertheless, successful core ignition
(breakeven) has not been achieved [3]. A self-ignition scheme,
which involves burning the core via imploding, has been unex-
pectedly challenging. Tabak et al had proposed that a fast-
ignition scheme may exhibit a complementary ability to ignite
the fuel [4].

In the fast-ignition scheme, a pre-imploded DD or DT cap-
sule is irradiated with a laser pulse for a few tens of picosec-
onds (a much shorter timeframe than that required for the
hydrodynamic disassembly of a compressed core). This short-
pulse laser generates energetic electrons and ions near the cut-
off region. These electrons and ions can penetrate the core and
form a hot spot, from which a 3He (an α particle) burning wave
spreads over the core. Fast heating and ignition will greatly
contribute to energy production from the inertial confinement
fusion if they trigger core ignition with high gain.

The scheme of self-ignition fusion must concentrate cen-
tripetal shock waves to ignite a central hot spark [5]. Neverthe-
less, this requires fully symmetric 4π laser-beam illumination.
For future fusion plants, fully symmetric laser illumination
will be unrealistically difficult to construct and operate. By
contrast, the fast-ignition scheme does not require fully sym-
metric implosion since the fast-ignition laser can generate a
hot spark in any core area.

Although the concept of a fast ignition scheme is attractive,
so far neither a hot spark has been formed in a compressed
core, nor has efficient core heating been observed. The present
study is aimed at clearly indicating whether or not fast igni-
tion can boost ignition, even if the core is not symmetrically
imploded. The study also aims to get a scaling law of the fast-
ignition efficiency. As a first step, we are to evaluate a value of
η in the nonuniform implosion.

Six beams (output of 1.6 kJ) from the GEKKO XII (GXII)
green laser system at the Institute of Laser Engineering (ILE),
Osaka University were applied to implode a spherical deuter-
ated polystyrene (CD) shell target to form a dense core. There-
after, the core was directly heated by a laser for fast ignition
experiments (LFEX, an extremely energetic ultrashort pulse

laser) at ILE with its axis lying along or perpendicular to the
GXII bundle axis, respectively. Here ‘direct heating’ means
that a heating laser hits a pre-imploded core without applying
any laser guiding cone or any external field.

We first applied the petawatt module laser (90 J out-
put/0.8 ps) as a heating laser to demonstrate the feasibility of
direct core heating (2001) [6]. This laser enhanced the yield of
DD-reacted thermal neutrons by a factor of 1.7; the yield (Yn)
was enhanced from 4 × 105/4π sr to 7 × 105/4π sr. The sub-
sequent petawatt laser (PWL, 190 J output/0.7 ps) exhibited
the enhancement of Yn with a factor of 4.1 ± 3.6, i.e., from
(1.0 ± 0.6) × 106/4π sr to (4.1 ± 1.2) × 106 n/4π sr [7–9].

Thus far, a core plasma with a density as low as ∼10 g cm−3

and a temperature as low as ∼1 keV has demonstrated the fea-
sibility of fast heating, but the core heating efficiency has yet
to be estimated. It is necessary to construct a scaling law of the
efficiency valid for a high gain target.

For a step towards this, we compare here the heating effi-
ciency of two illumination configurations, (figures 1(a) and
(b)). The first mode (figure 1(a)) is the simplest, although its
cutoff point is far from the core and many plasma clouds block
the transport of hot electrons and ions [8]. The second mode
(figure 1(b)), which exhibits the same configuration as reported
in [10, 11], may not be as simple. Nonetheless, its cutoff point
is closer to the core, and so less cloud plasma reduces transport
blocking [10, 11]. A comparison of these modes will result in
the best configuration for asymmetrical illumination and also
determine the effect of the cloud plasma on the transportation
of energetic particles to the core.

2. Experimental setup and the core plasma

2.1. Target and lasers

The target was set at the center of a vacuum chamber, made
of SUS314. The chamber is 1.6 m in diameter with 8 cm-
thick walls. Counter-propagating beams from the GXII laser
(the wavelength is 0.527 μm) exhibiting a third-order super-
Gaussian pulse shape (pulse width = 1.3 ns) were applied to
implode the CD spherical shell target. We used two types of
targets, a simple shell and a shell with two 200 μm-diameter
holes, as shown in the top corners of figures 1(a) and (b),
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Figure 1. Schematic illustrating six imploding beams, GXII (green), and one heating beam, LFEX (red): (a) axial mode, where three GXII
beams approach from the left and the other three from the right side. LFEX lies along the x-axis (the bundle axis). Each GXII beam (F/3)
was 37◦ along the x-axis and tangentially focused on the target. The dotted circles show a group of the three adjacent B01, B02, and B08
beams and the other group of B03, B05, and B06 ones. The right top image is the shell target with no hole. (b) Transverse mode, where the
LFEX lies perpendicular along the x-axis (the bundle axis). Three adjacent GXII beams (B07, B09, and B10 or B04, B11 and B12) converge
to the center at an angle of 11◦. The bundle axis is along the x-axis and the right top image is the shell target with two holes.

respectively. The diameter and thickness of the shell were
501 ± 10 and 6.9 ± 0.6 μm, respectively. For the transverse
mode, we utilized a target with two holes as shown in figure
1(b) right top: one was a window for LFEX, and the other for
the x-ray detectors [10, 11]. The holes kept both LFEX and
x-ray emissions from hitting the non-ablated solid shell.

The ratio of the focal distance (d) to the shell radius (R),
d/R, was −3. d is the distance from the target center to the
focal point, and the negative sign means downstream along the
laser propagation direction. Each GXII beam (F/3) was bun-
dled at 37◦ along the x-axis and was tangentially focused on
the target. The spot size of each beam on the target was 500μm
and the total output energy was 1.64 kJ ± 0.63 kJ. The point-
ing of GXII was 50 μm. Energy imbalance between the six
beams was 6.7% and 9.6% for axial and transverse modes,
respectively.

The wavelength and pulse width of LFEX laser were
1.05 μm and 1.5 ps pulse, respectively. The laser was directly
focused on the center of the core (F/10). The focal spot was
60 μm in diameter and the on-target energy of 300 J gives an
intensity of 7 × 1018 W cm−2. The pointing accuracy of LFEX
was less than 50 μm. At the front end LFEX has an OPCPA,
which makes the single mode pulse and is reflected by a
deformable mirror before is focused on target. The smoothness
of beam cross sections of GXII and LFEX are in figures 2(a)
and (b).

For the first experiment, the total output energy of the GXII
was 1.64 kJ ± 0.63 kJ and that of the LFEX energy was
between 250 J and 350 J. For the second experiment, the GXII
total output energy was reduced to 1.35 kJ ± 0.09 kJ, whereas
that of the LFEX was increased to 840 J ± 50 J. We termed the
former experiment as low power mode and the latter as high
power mode, respectively.

2.2. STAR-2D-ALE simulation of the counter implosion

The two-dimensional hydrocode ‘STAR 2D arbitrary
Lagrangean–Eulerian code (STAR-2D-ALE)’ was developed
to simulate axial and transverse implosions by counter beams
propagated from GXII [12]. Figure 3(a) shows the x-ray emis-
sion for the axial mode at 2.83 ns, which was the maximum

compression timing, +330 ps after the GXII peak resulting
in an electron temperature (Te) of ∼800 eV, mass density (ρ)
of ∼2 g cm−3 and a thermal DD neutron yield (Yn) equal to
2.63 × 105/4π sr. The shell is mainly compressed in the x
direction and the core looks like a pancake.

Figure 3(b) shows the maximum compression for the trans-
verse mode,+360 ps after the GXII peak. In this case the shell
is mainly compressed in the y direction, and the core resem-
bles a sausage. The difference in the timing in figures 3(a)
and (b) was due to the difference in their laser configu-
rations, as described in [12]. The simulation postulates for
the transverse mode that Te ∼ 600 eV, ρ ∼ 3 g cm−3, and
Yn = 4.2 × 105/4π sr.

2.3. X-ray emission from the imploded core

We positioned two x-ray pinhole cameras at 55◦ and 109◦ rel-
ative to the LFEX incidence(x-axis). The detection window
of the camera was ranged from roughly 10 keV to 50 keV.
We constructed the core shape using simultaneous emission
images from these two directions.

Figure 4(a) exhibits an ellipse for the axial mode, whose
major axis lies in the z-axis. This ellipse looks like the sim-
ulation for the axial mode shown in figure 3(a). Supposing
the axial symmetry, we estimated the radii in the x, y, and z
directions, Rx, Ry, and Rz to be 37.7 μm ± 1.9 μm, 37 μm ±
1.8 μm, and 56 μm ± 2.8 μm, respectively. The volume, VA,
is estimated as (3.2 ± 0.5) × 10−7 cm3.

Regarding the transverse mode, figure 4(b) shows an ellipse
whose major axis lies in the x-axis. This looks like the simula-
tion of figure 3(b). Rx = 81.1 ± 4 μm, Ry = 40.6 ± 2 μm
and Rz = 32 ± 1.6 μm. The volume VT is estimated
as (4.4 ± 0.7) × 10−7 cm3.

Considering the pointing accuracy of LFEX of less than
50 μm, a spot area of LFEX on the focal point is within
9.5 × 10−5 cm2. Both the core area of 6.5 × 10−5 cm2 in the
axial mode and of 4.0 × 10−5 cm2 in the axial mode are near
to the LFEX spot area. Hence, LFEX could illuminate the core
both in the axial and transverse modes.

Figure 4(c) shows that the peak of the GXII laser is at
1.79 ns and the x-ray emission peak is at 2.0 ns. The delay
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Figure 2. (a) GXII B05 beam (beam diameter is 312 mm). (b) Four-segmented LFEX beam (cross section is 80 cm × 80 cm).

Figure 3. STAR 2D arbitrary Lagrangian–Eulerian simulation of GXII counter-implosion shows, applying a postprocessor for ray tracing
and a fine structure of self-emitted x-ray from the core for (a) the axial mode at 2.83 ns (delay between maximum compression and rise time
of GXII with a simple CD shell target and (b) transverse mode at 2.86 ns (the delay of the maximum compression time from the rise time of
GXII) with a target having two 200 μm holes. The GXII peak was at 2.50 ns [12].

Figure 4. Pinhole images of x-ray emission from the core. (a) Image from the camera set at 55◦ for the axial mode without LFEX (�24T1)
with GXII at 1.619 kJ. Three GXII beams propagate from the left direction, lying along the x-axis. The other three beams were from the
right direction. (b) Image from the camera set at 109◦ for the transverse mode without LFEX (�25T1) with GXII at 1.553 kJ. Each beam
propagates from the upper and lower directions, perpendicular to the x-axis. The detection window is 4 keV–50 keV. (c) X-ray streak
photograph of the same shot as (a). The GXII peak was 1.79 ns after the time origin of the streak camera. The upper emission observed in
the streak image (y approximately +250 μm), came from the target stalk. The detection window is 1.5–10 keV. The temporal resolution of
the streak camera was 40 ps, but its shot-by-shot jitter was 100 ps [12]. � is the shot number.

between GXII and x-ray peaks was +290 ± 40 ps, which
is close to the simulated maximum compression delay of
+330 ps from the GXII peak (figure 3(a)).

2.4. ρR and ρ of the imploded core plasma for the axial
mode

The DD (d(d, n)3He) reaction produced 3.02 MeV protons. We
assumed the reaction at the center of the core and a downward

shift of proton energy on its way through the core. The shift
is proportional to the areal density (ρR) of the path of proton
flight. We set two CR-39 proton track detectors: one along the
z-axix (90◦ from LFEX) and the other 21◦ from LFEX (nearly
along the x-axis) for the axial mode. The detectors were posi-
tioned 5 cm away from the target and the size of CR-39 film
was a 0.4 mm × 0.6 mm square. The x-direction detector mea-
sured ρR along the x-axis and the z-direction one obtained
ρR along the z-axis [13, 14]. The striped columns in figure 5
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Figure 5. Energy spectra of DD-reacted protons without LFEX,
obtained using two CR-39 track detectors 90◦ and 21◦ from LFEX.
The DD reaction was composed of two branches: one yields
neutrons (2.45 MeV) and the other, which was utilized here, yields
protons (3.02 MeV). The white columns present the spectrum that
was shifted from 3.02 MeV along the z-axis (perpendicular to
LFEX). The striped columns are the count 21◦ from LFEX (x-axis)
[13, 14].

show that the energy peak shifts to 1.50 MeV ± 0.5 MeV,
which yielded a ρR of (0.011 ± 0.003) g cm−2 along the x-
axis. The white columns show the peak shift from 3.02 MeV
to 0.75 MeV ± 0.25 MeV, which yielded a ρR of (0.016 ±
0.002) g cm−2 along the z-axis.

Applying Rx = 37.7 μm ± 1.8 μm from figure 4(a) and
ρR = (0.011 ± 0.003) g cm−2 from figure 5, we obtained
ρ = (2.9 ± 0.9) g cm−3 along x axis. Applying Rz = 56 μm ±
2.8 μm and (0.016 ± 0.002) g cm−2 yielded (2.85 ±
0.49) g cm−3 along the z axis. The CD core comprises deuteron
and carbon ions.

The value of ρ, averaged over the x and z-axes, is
(2.87 ± 0.7) g cm−3, i.e., 2.6 times the solid density. Then, the
averaged ion number density, ni, is (2.45 ± 0.6) × 1023/cm3.
Since the core temperature was sufficiently high to facilitate
full ionization, ZCD was 3.5, resulting in the electron number
density ne = ZCDni = (8.57 ± 2.0) × 1023/cm3.

2.5. T0 of the imploded core plasma for the axial mode

Without hitting the LFEX, the neutron scintillator array
‘MANDALA’ measured the 2.45 MeV yield Yn to be
(3.47 ± 0.18) × 106/4π sr, as shown later in figure 8(a)
[15, 16]. A clear thermal neutron peak at 2.45 MeV appears
to show that the imploded core was almost thermalized. Yn
is given by

(
ni/4

)2〈σv〉T Vτ , from which we can estimate the
core temperature, T. Here 〈σv〉T indicates the thermal fusion-
reactivity, i.e., a fusion cross-section-velocity product aver-
aged over the Maxwell distribution. τ is the burning time
(a minimum of the stagnation duration).

Using the obtained ni, VA, and Yn values, we estimated
T0 to be 0.75 keV ± 0.1 keV. Since for 0.6 keV � T0 �
0.8 keV, 〈σv〉T can be approximated by a line proportional

to T6.0±0.8; we supposed T ∝ Yn1/(6±0.8). τ can be expressed
as R/4Cs (Cs is a sound velocity ∼2.4 × 107 cm s−1), which
was 44 ps ± 2 ps at T0 = 0.7 keV. Thereby, we estimated the
internal energy of the core, Eint = 3/2ni(ZCD + 1)T0V, to be
63 J ± 25 J. Hence, the estimated T0 is somewhat lower
than the ion temperature of T0 � 0.8–1.0 keV from spectrum
broadening (figure 8(a)).

2.6. ρ and T0 of the imploded core plasma
for the transverse mode

We have not directly measured the core density for the trans-
verse mode. However, since STAR-2D-ALE predicted this
value to be within 2 g cm−3 and 3 g cm−3, we assumed the
density is the same for both axial and transverse modes. In
section 4.2, we will estimate T0 to be 0.6 keV ± 0.05 keV and
Eint to be 65 J ± 39 J for the transverse mode.

3. Axial mode heating

3.1. X-ray emission for the axial mode

The streak camera image of figure 6(a) shows that LFEX heats
the core when the LFEX timing is set at 2.0 ns (+200 ps after
the GXII pulse peak at 1.8 ns). However, when LFEX is at
2.4 ns as in figure 6(b), the emission exhibited no apparent fea-
ture at 2.0 ns, but a small heating feature at 2.4 ns. The intensity
of the emission peak in figure 6(a) is equal to or more than 1.3
times larger than that in figure 6(b).

X-ray pinhole images in figures 7(a)–(c) show that the
emission was the strongest at figure 7(b) +200 ps. Figure 7(d)
shows that red (�4T1) was 1.43 ± 0.09 times stronger than
either blue (�4T2) or green (�4T4) and was 1.11 ± 0.15 times
stronger than that of the dashed (�5T3) without LFEX hit-
ting. Considering �1.3 times in figure 6(a) and 1.11 ± 0.15
times in figure 7(b), LFEX seems to enhance the intensity by
1.27 ± 0.15 times. The focal spot of LFEX is 60 μm in diam-
eter. Figure 7(d) shows that the core emission area is the same
as that before LFEX hits (dashed line), which is 2Ry × 2Rz =
(74 ± 3.6) μm × (112 ± 5.6) μm, as in section 2.3. It was
2Ry × 2Rz = (81 ± 8) μm × (64 ± 6) μm in the transverse
mode.

Figure 7(e) plots the mean free paths of the Rosseland
and Plank absorptions, respectively. To estimate the radi-
ant energy in the perfect equilibrium state, we can use the
Planck spectral radiant energy density, which is given as
Uνp = 8πhν3/c3(ehν/kBT − 1). This leads us to the Planck
absorption mean free path, which is given by lp = 1.6 ×
1023T◦7/2/Z2N+Ne (cm). When the core size is longer than
lp, we can say that the core radiation is in the equilibrium
state.

Conversely, in a nonequilibrium state, the radiation mean
free path becomes the Rosseland mean free path, which is
given by lR = 4.86 × 1024T◦7/2/Z2N+Ne (cm) and is now one
order longer than lp [17].

Both the lp and lR are plotted as a function of T in figure 7(e).
The vertical axis is not a length l, but a ρl [18]. The exper-
imental point of ρR is between the two curves, i.e., the core
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Figure 6. X-ray streak camera images of the heated core at low power: (a) LFEX at 2.0 ns (+200 ps after the GXII pulse peak �24T3) and
(b) at 2.4 ns (+600 ps after GXII peak �24T2) GXII pulse peak is at 1.79 ns. The timing jitter was 100 ps.

Figure 7. X-ray pinhole images at high power: (a) LFEX of 890 J at +100 ps, GXII of 1.34 kJ (�4T2); (b) LFEX of 779 J at +200 ps, GXII
of 1.42 kJ (�4T1); (c) LFEX of 898 J at +300 ps, GXII of 1.31 kJ (�4T4); and (d) x-axis-scanned emissions corresponding to (a) blue
(�4T2), (b) red (�4T1), and (c) green (�4T4), and dashed (�5T3) [12]. (e) Rosseland and Planck absorption mean-free-paths as functions of
Te. The solid point was from the experiment (expressed by ρR) [17, 18].

radius is longer than lp, but shorter than ρR, which may per-
mit us to approximate the core radiation in the equilibrium
state.

Since the detection window is roughly between 4 keV and
50 keV and the emission peak will be around 2 keV, we proba-
bly observe the high frequency region, where x = hν/kT � 1.
Supposed the emission is a Planckian, the detected radiant
energy from ν0 to ν is given by [17]

Up =

∫ ν

ν0

Uνp dν =

∫ ν

ν0

8πhν3

c3

dν
ehν/kBT − 1

=
8π(kBT)4

c3h3

∫ x

x0

x3 dx
ex − 1

. (1)

Here (x0, x) is the spectral region of the detector window.
For x0 = hν0/kT = 4 and x = hν/kT = 50, the numerical

integral
∫ 50

4 x3/(ex − 1)dx gives 2.61. Hence, Up(4, 50) =
8π(kBT)4/c3h3 × 2.61. Any change of the window width does
not change T4 dependence of Planck emission.

Thus, we assumed that the increase in the core tempera-
ture is proportional to one fourth the power of the emission
ratio, which yields a temperature increase, ΔT = ((1.27 ±
0.15)1/4 − 1) T0 = 45± 27 eV, and an energy increment,ΔE=
3.8 ± 3.2 J, using T0 = 0.75 keV ± 0.1 keV and 63 J ±
25 J, respectively from section 2.5. The heating efficiency,
ηx-ray, defined as ΔE/LFEX was at high power(779 J �4T1)
(3.8 ± 3.2)/779 = 0.5% ± 0.4%. Because of the low tem-
perature increment, ηx−ray included a large error bar, which
decreased the reliability of the data.

At low power (261 J �24T3), the emission enhancement
was 1.4 ± 0.3 times as much as that without LFEX (�24T1),
resulting in ηx-ray = 2.1% ± 1.8%.
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3.2. Neutron enhancement for the axial mode

As mentioned in section 2.5 and figure 8(a), the imploded core
was almost thermalized to yield a clear thermal neutron peak
at 2.45 MeV. Ti in the figure is somewhat higher than that due
to Yn, discussed there.

LFEX generated many hot electrons on the path through
a peripheral underdense plasma, which drew the energetic
protons, deuterons and carbons into the core. Some of the
electrons and ions directly heated the core plasma to yield the
thermal neutrons [10]. Some of the deuterons collided directly
with deuterons in the core or in the periphery of the core to
produce neutrons exhibiting a broad spectrum, beam fusion
neutrons (figures 8(b) and (c)).

At +600 ps (+400 ps after the maximum compression),
beam-fusion neutrons and nonthermal ones were observed
(figure 8(c)), but no thermal component was apparent. We
could not distinguish an apparent yield enhancement in (b)
from (a), but we could compare the spectral temperatures of
the 2.45 MeV peaks between (b) and (a). The spectral temper-
ature enhancementΔT = (1.5± 0.6) keV − (1.0± 0.2) keV=
0.5 keV ± 0.2 keV, and ΔT/T0 = 0.7(1 ± 0.9), leading to
ΔE = ΔT/T0Eint = 41 J ± 36 J. Thereafter, ηneutron might be
(41 ± 36)/261 = 16% ± 13% at low power (�24T3). Since,
however, the error bars of the spectral broadening are too
large to estimate ηneutron, we could not know whether ηneutron

is meaningful or not, that is to say, the LFEX heated the core
or not.

At high power, we could distinguish the thermal component
around 2.45 MeV (figure 9(c)) from the broad background sig-
nals in figure 9(b). Broad background signals that appear in
figure 9(b) are primarily caused by neutrons generated in the
materials around the target (the vacuum chamber wall, diag-
nostics etc) by complex nuclear reactions, including photonu-
clear and ion-induced reactions (Fe(γ, n), Fe(d, n), Al(p, n),
Be(d, n), etc). Neutrons from these complex reactions have an
exponentially decaying energy spectrum, resulting in a unique
time-of-flight (TOF) distribution that is almost unaffected by
laser and target configuration. Thus, we fitted a typical back-
ground TOF profile to the experimental results in figure 9(b)
and extracted DD-neutron components to figure 9(c). Here,
the background fitting was performed in the time domain
of 200–800 ns excluding the arrival time of DD neutrons
(t = 600–650 ns) [16].

Yn = (1.4 ± 0.07) × 106/4π sr without LFEX (figure 9(a))
was enhanced to (8 ± 0.4)× 106/4π sr (figure 9(c)), that is
(5.7 ± 0.5) × Yn without LFEX.

The thermal neutron yield, Yn, is given by Yn =(
ni/4

)2〈σv〉T Vτ . Thereby, MANDALA exhibited T0 of 0.75
± 0.1 keV and Eint of 63 ± 25 J without LFEX heating for
axial mode.

In so narrow region as 0.6 � T � 0.8 keV, 〈σv〉T can be
approximated by a line proportional to T6.0±0.8, so we sup-
posed T ∝ Yn1/(6±0.8). Thereby, the neutron enhancement of
(5.7 ± 0.5)× yielded ΔT to be ((5.7 ± 0.5)1/(6±0.8) − 1) T0

= (0.32 ± 0.06) T0 = 240 eV ± 70 eV, and ΔE = (0.32 ±
0.06)Eint = 20.1 J ± 11.8 J. Thereafter, ηneutron = (20 ± 11)/
779 = 2.5% ± 1.5% at high power (779 J �4T1).

3.3. Hot electrons for the axial mode

We placed three electron spectrometers ‘ESM’ at 0◦, 21◦, and
70◦, respectively, along the x-axis. LFEX was propagated from
the 180◦ direction. ESM distinguished hot runaway electrons
from the target. Figure 10(a) shows that the current is the
strongest along the 0◦ direction (x-axis). Figure 10(b) exhibits
a slope temperature of 8.7 MeV ± 0.4 MeV along 0◦ (�4T1).
The stopping range of the electron is given by the equation
ρR = 0.407E1.38 g cm−2 (E in MeV) for E < 0.8 MeV [19].
Then, the core plasmas of ρR = 0.016 g cm−2 absorb hot
electrons <0.1 MeV.

Ultraintense laser accelerates hot electrons in the under-
dense plasmas around the precompressed core [8, 20, 21]. In
a previous report, 2D PIC had predicted that 90% of PW laser
energy is converted to hot electrons [8]. At the same time, the
photon pressure might drive hot electrons at the critical density
close to the solid shell. It drives to a few MeV or less elec-
trons, which is much lower than that shown in figure 10 or
figure 13.

We have measured the reflection of LFEX from a diamond-
like carbon plate. The reflectivity was ∼25% at an LFEX of
800 J, as in [22], leading to the upper limit of the hot electron
conversion to be 75%. Hence, assuming that 75% of the LFEX
energy is converted to the electrons, then the core deposition
becomes 0.1/(8.7 ± 0.4) × 779× 0.75 = 6.7 J ± 0.3 J, for the
case of figure 10(b) at an LFEX of 779 J (high power �4T1).
The heating efficiency due to hot electrons, ηelectron, is defined
as a deposit of hot electron energy (an increment due to hot
electrons) divided by the LFEX energy. Thereafter, ηelectron is
(6.7 ± 0.3)/779 = 0.9%± 0.04%’.

Conversely, Freeman et al and Norreys et al had reported
that the energy conversion from laser to hot electrons is 30%
at the critical density of a solid target [23, 24]. If we sup-
pose a conversion of 30%, the heating efficiency is reduced
to 0.4 times. In table 1, ηelectron is written 0.9%± 0.04% at
75% conversion and 0.36%± 0.02% at 30% conversion at
high power.

At the low power LFEX of 261 J (�24T3), a slope tem-
perature was 3.98 MeV ± 0.04 MeV, leading to that the
energy converted to hot electrons Econv would be 0.1/(3.98±
0.04) × 261× 0.75 = 4.9 J ± 0.05 J at 75% conversion and
0.1/(3.98± 0.04) × 261× 0.3= 2.0 J± 0.02 J at 30%, respec-
tively. Thereafter, ηelectron = Econv/LFEX will be 1.9% ±
0.2% at 75% conversion and 0.8% ± 0.08% at 30%
conversion (�24T3).

4. Transverse mode heating

4.1. X-ray emissions for the transverse mode

The x-ray emission of the core (figure 11(c)) was two times
larger than in figure 11(a), leading to ΔT = (21/4 − 1)
T0 = 0.19 T0 = 114 eV ± 9.5 eV and ΔE of 12.3 J ± 7.4 J.
Figure 11(d) shows that the core emission size (FWHM) when
LFEX hits it, is the same as that before LFEX hits (dashed
line), as same as in figure 7(d). Hence, the enhancement of
the x-ray emission yielded ηx−ray = 1.5% ± 0.9% at a high
power 832 J.

7
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Figure 8. Axial-mode neutron spectra obtained by MANDALA at low power: (a) without LFEX (�25T7), Yn = (3.5 ± 0.59) × 106/4π sr
and Ti = 1.0 ± 0.2 keV for GXII energy of 1.65 kJ, (b) with LFEX of 261 J at +200 ps (�24T3): thermal Yn = (2.9 ± 0.49) × 106/4π sr and
Ti = 1.5 ± 0.6 keV, and beam fusion Yn = 6.9 × 106/4π sr and Ti = 366 keV. (c) With LFEX of 336 J at +600 ps (�24T2): beam fusion Yn =
1.6 × 107/4π sr and Ti = 2.9 MeV. Red curve is the best fitted one, and Ti is obtained from its broadening.

Figure 9. Time-of-flight (TOF) signals of the neutrons at high power for the axial mode: (a) without LFEX (�5T3),
Yn = (1.4 ± 0.07) × 106/4π sr at the GXII energy of 1.38 kJ; (b) GXII of 1.428 kJ with LFEX of 779 J at +200 ps (�4T1 at high power);
(c) the same as (b), but the background was subtracted and the resulting TOF was converted to the energy spectrum.
Yn = (8 ± 0.4) × 106/4π sr [15, 16].

At a low power of 342 J (−200 ps (�25T2)), we could not
detect the enhancement of the intensity peak but did detect
twice the broadening of the emission area, which suggested
ηx-ray might be 0%–7%.

4.2. Neutron enhancement for the transverse mode

We assumed that the density of the core without LFEX heating
is the same as that for the axial mode.

For the transverse mode at high power (figure 12(a)), Yn
without LFEX was (5.0 ± 2.0) × 105/4π sr. Supposing ni =

(2.45 ± 0.6) × 1023 cm−3, VT = (4.4 ± 0.7) × 10−7 cm3 and

τT = 49± 2 ps, we estimated T0 to be 600 eV ± 50 eV and Eint

to be 65 J ± 39 J. The result shows that LFEX enhanced Yn

from (a) (5.0 ± 2.0) × 105/4π sr to (b) (3.1 ± 0.09) × 107/4π

sr, i.e., (62 ± 26) times at the maximum compression, thereby

obtaining ΔT of ((62 ± 26)1/(6±0.8) − 1) T0 = (0.98 ± 0.07)

T0 = 590 eV ± 110 eV, and ΔE = (0.98 ± 0.07)Eint = 64 J ±
46 J. Hence, ηneutron = (64 ± 46)/832 = 7.7% ± 5.5% at high

power for the transverse mode.

8
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Figure 10. (a) Runaway electron current distribution map for the axial mode (high power �4T4) and (b) its spectrum: the solid circle (green)
is 0◦, the square (blue) is 21◦ and the triangle (red) is 70◦, respectively, along the x-axis. LFEX of 779 J at +200 ps (high power �4T1) and
GXII of 1.44 kJ. ESM was 87.8 cm far from the target (the solid angle 1.0 × 106 sr) and comprised a CR-39 film and a dipole magnet of
0.25 T.

At low power, �25T2, MANDALA detected a single peak
of 2.5 × 108/4π sr at 2.45 MeV, but its spectral width is too
wide (92.6 keV/1σ), which seems to include not only a ther-
mal but also a nonthermal component, such that we could not
extract the thermal component, by using the same method as
in figure 9.

4.3. Hot electrons for the transverse mode

Figure 13(a) shows that the runaway electron current is the
strongest along 21◦. Figure 13(b) shows that although the num-
ber of electrons both along 21◦ and 70◦ is the same as that for
the axial mode (figure 13(a)), the number toward 0◦ is sig-
nificantly reduced, i.e., the slope temperature is reduced to
1.4 MeV, indicating that the core has significantly absorbed
the incoming electrons. Plasmas of ρR = 0.011 g cm−2 can
absorb electrons having an energy of �0.075 MeV. Assum-
ing 75% of LFEX was converted to the hot electrons, the
absorbed energy would be 0.075/1.4 × 794× 0.75 = 36 J.
Hence, the hot electrons exhibited a ηelectron value of 36/794 =
4.5% at 75% conversion and 1.8% at 30% conversion at high
power.

At LFEX of 342 J (�25T2), the slope temperature was
0.86 MeV, leading to the energy of the absorbed electrons
being 0.075/0.86 × 342× 0.75 = 22 J ± 3 J at 75% conver-
sion. Thereafter, ηelectron would be 6.5% at 75% conversion and
2.6% at 30% conversion at the low power.

5. Runaway ions

The energetic ions might have been directly driven by LFEX
or secondarily by the LFEX-driven electrons to the core. The
ions consisted mainly of deuteron and carbon. ESM simulta-
neously detected the runaway ions as well as the electrons.
Figure 14(b) shows that the number of runaway ions for the
transverse mode is approximately 1.5–2 times the number
(figure 14(a)) for the axial mode. The reason why this is
not so far clear. Since ESM, set at 87.8 cm far from the

target, is too far to discuss a change of a number or spec-
trum of energetic ions, we could not obtain any heating evi-
dence from ions. Not a ESM, but a track detector much closer
to the target than it was here will be used to estimate ion
heating.

6. Uniform implosion mode

We aimed to apply the procedure to the previous uniform
implosion experiment in 2005 employing 12 GXII beams
and PWL to implode and heat, respectively [8]. The ultrain-
tense laser-plasma interaction of this mode must be the same
as that of the axial mode in section 3. PWL was another
ultraintense laser with a pulse of 190 J ± 40 J in 0.6 ps.
Since the core density was not measured, we presumed the
core internal energy to be 50 ± 10 J from the STAR-1D
simulation.

Since a uniform implosion must make a core of the same
density as or denser than that for the axial mode when the laser
energy is the same, the simulated 50 J ± 10 J [8] would be
reasonable compared with 63 J ± 25 J or 65 J ± 39 J for the
axial or transverse modes, respectively.

The paper revealed that Yn without PWL heating was (1.0 ±
0.6) × 106/4π sr at a GXII of 1.8 kJ, yielding T0 of 700 eV ±
100 eV. PWL of 190 J ± 40 J enhanced the core x-ray emission
to 4.7 ± 0.2 times the emission without PWL, thereby achiev-
ing a temperature increment ΔT of (0.47 ± 0.01) T0 = 330 ±
52 eV. The core energy increment was ΔE = 23 J ± 0.5 J,
achieving ηx−ray of 12% ± 2.8%.

The thermal neutron was enhanced to (4.1 ± 1.2) × 106/4π
sr, that is by (4.1 ± 3.6) times, achieving ΔT = (0.26 ±
0.19) T0 = 180 eV ± 150 eV, ΔE = 13 J ± 12 J, and
ηneutron = 6.8% ± 6%. The paper also says that the hot
electrons transported approximately 15 J from the PWL to
the core, which is consistent with the above-discussed ΔE
of 23 J–13 J.

9
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Table 1. η obtained from the x-ray, neutrons and hot electrons.

Laser configuration mode (shot �)a LFEX power GXII (J) LFEX (J) ηx−ray ηneutron ηelectronη75% − η30%
b

Axial (�24T3) low power 1657 261 2.1% ± 1.8% (16% ± 14%)c 1.9 ± 0.2%–0.8%
Axial (�4T1) high power 1428 779 0.5% ± 0.4% 2.5% ± 1.5% 0.9%–0.4%

Transverse (�25T2) low power 1740 342 <7% — 6.5%–2.6%
Transverse (�3T2) high power 1378 887 1.5% ± 0.9% 7.7% ± 5.5% 4.5%–1.6%

Uniform [8] 1870 ± 360 190 ± 40 (12% ± 2.5%) (6.8% ± 6%) (∼2.5%)

a� is the shot number.
bη75% or η30% means η in the case that 75% or 30% of LFEX energy is transported without electrons, respectively.
c(): the value is uncertain.

Figure 11. X-ray pinhole images of the core at high power in the transverse mode: (a) without LFEX, and with GXII of 1.33 kJ (�4T3),
(b) LFEX of 816 J at +100 ps, and with GXII of 1.44 kJ (�5T4), (c) LFEX of 887 J at +200 ps, and GXII of 1.37 kJ (�3T2); (d)
x-axis-scanned emission without LFEX (a) shown by a (a) dashed line (�4T3), (b) blue line (�5T4), and (c) red line (�3T2).

The bremsstrahlung emission due to the hot electron toward
0◦ was reduced to 70%. Since a 2D PIC simulation predicted a
slope temperature of 1.3 MeV, we estimated the deposition to
be 4.8 J assuming the same ρR value as the axial mode. Hence,
ηelectron ∼ 2.5%.

7. Discussions

Table 1 summarizes the η values that were obtained from the
x-ray emissions of the core, the thermal neutrons, and the
runaway electrons, respectively. The following points were
considered to derive the η: as for the core emission, we
assumed that the x-ray emission is close to the blackbody
equilibrium state, from the discussion of the mean free path
in figure 7(e). However, the core might not be in perfect

equilibrium, except for in the uniform mode (section 6), in
which it might be very close to equilibrium.

As for the neutron TOF signals, to derive Ti we preferred
Yn rather than the spectral broadening, because the former is
more sensitive than the latter.

To estimate the η from hot electrons, we assumed that
almost all of the hot electrons, transported to the core, heat
the core.

We did not obtain significant evidence of ion heating. A
track detector must be much closer to the target than it was here
to estimate ion heating. ηx−ray, ηneutron and ηelectron for each row
in table 1 must agree with a specific value, which will be within
the maximum and minimum ones, listed in each row. Hence,
for the axial mode we estimate the η within 2.1% and 0.8% at
low power, except the values in (), and within 2.5% and 0.4%
at high power. For the transverse mode the η will be within
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Figure 12. Transverse mode at high power: (a) no LFEX (�4T3), GXII of 1.33 kJ, Yn = (5.0 ± 2.0) × 105/4π sr, (b) LFEX of 794 J at
+200 ps (�3T4), GXII of 1.44 kJ, Yn = (3.1 ± 0.09) × 107/4π sr. (c) The same as (b) but the background was subtracted.

Figure 13. Runaway electron current for the transverse mode at high power (�5T4): (a) spacial current distribution map (red points are along
the 21◦ direction). (b) Current spectrum map: the square is 21◦, the solid point is 21◦, and the triangle is 70◦ along the x-axis, LFEX of 794 J
at +200 ps (at high power �3T4) and GXII of 1.44 kJ.

7% and 2.6% at low power, and will be within 7.7% and 1.5%
at high power. Comparison between the transverse and axial
modes shows the η for the transverse mode appears higher
than that for the axial mode either at the low or high power.
STAR-2D predicted that the core density for the transverse
mode is somewhat higher than that for the axial one, which
makes the η for the transverse mode higher than that for the
axial.

The fact that the hot-electron slope temperature of 8.7 MeV
for the axial mode decreased to 1.4 MeV for the transverse
mode, shows that LFEX propagates through an underdense
plasma around the core for longer distance for the axial mode
than for the transverse one. Then for the axial mode the hot

electrons are more dissipated and reduce coupling with the
core. This can explain the result that the η for the transverse
mode appears higher than that for the axial mode.

For the uniform mode (the last row in table 1), ηx−ray is not
so far from the ηneutron, within a twice, which shows the proce-
dure used here may be able to estimate the η. However, since
we have not measured the core density, we cannot definitely
estimate the η. It is noted that the x-ray gives higher η than the
neutron.

The η for the uniform mode is closer to the transverse mode,
although we have thought it would be close to the η for the
axial mode. Since LFEX (PWL) in the uniform mode must
encounter a similar plasma cloud as in the axial mode, the η
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Figure 14. Runaway ion spectrum for (a) the axial mode at high power (�4T2: GXII is 1.34 kJ), and for (b) transverse mode (�5T4; GXII is
1.43 kJ). The green (solid circle) is for 0◦, blue (square) is 21◦, and red (triangle) is 70◦ along the x-axis.

is supposed to be as same as in the axial mode. The present
experimental results, however, seem to show that the η in the
uniform mode is closer to the transverse mode. This will be
because the uniform implosion provides a denser core, which
makes LFEX couple with the core. Although the energy of
LFEX is small in the uniform mode, the η was close to the
present transverse mode, which leads us to believe that increas-
ing the core ρR will give higher η for both axial and transverse
modes in the future.

Although we expect that ηx−ray and ηneutron are close to each
other, table 1 shows ηneutron is around 5 times as much as ηx−ray

both for the axial and transverse modes. Since the neutron yield
varies statistically from a twice to a half when the yield into the
detector is a few, the x-ray emission may be more reliable than
the neutron yield. Another reason why may be that the core
emission is not in perfect equilibrium.

There is an another possible emission, which is the
bremsstrahlung emission from a thermal plasma, given by
1.53 × 10−32Z2T1/2 (eV)N+Ne (J cm−3 s−1). In this case, T is
not proportional to the one fourth power of x-ray emission.
The exponent is not 1/4, but is between 1/4 for the Planck and
2 for the bremsstrahlung, which will increase ηx−ray so close
to ηneutron. Since the bremsstrahlung emission is proportional
to T1/2, the emission ratio of 2 for the axial mode, for instance,
provides a temperature enhancement of 3, or ΔT = 1.5 keV.
But it provides too high neutron yield than the experimental
value. The emission ratio of 4.7 for the uniform mode pro-
vides a temperature enhancement of 22, or ΔT of unrealistic
15 keV. Hence, we think the detected emission is not due to
the bremsstrahlung.

In another study [10, 11], only two beams from GXII had
imploded a similar CD shell, to which LFEX was illumi-
nated. The energies of GXII and LFEX were 254 J and 613 J,
respectively. The neutron yield was enhanced by 100 fold,
from which we estimated ηneutron = 3.5% ± 3%, assuming
ρ = 2 g cm−3. The laser configuration was similar to the
present transverse mode and the current result is comparable.
However, the error bar was too large to confirm that this true.

Using a GXII-precompressed solid ball with a cone and
LFEX of 625 J, Sakata et al, had reported that the max-
imum laser-to-core coupling efficiency by drag heating is
7.7% ± 1.2% [25, 26]. The core density, ρ, was simulated to
be 11.3 g cm−3.

8. Conclusion

The efficiency η of the fast heating was investigated, when
a pre-imploded core was directly illuminated by an ultrain-
tense laser. The η is defined as an increase of the internal core
energy divided by the heating laser energy. Six beams (output
1.6 kJ) from the GXII green laser system at the ILE, Osaka
University were applied to implode a spherical CD (deuterated
polystyrene) shell target to form a dense core.

For the pre-imploded core:

(a) The DD-reacted protons and the x-ray emission observed
for the axial mode resulted in a core volume of (3.2 ±
0.5) × 10−7 cm3 and density of (2.87 ± 0.7) g cm−3, or
2.6 times the solid density.

(b) For the transverse mode, the core volume was (4.4 ±
0.7) × 10−7 cm3. The density was not measured, but
STAR-2D predicted that it is the same or somewhat larger
than that of the axial mode.

(c) The DD-reacted thermal neutrons resulted in core temper-
atures of 0.75 keV ± 0.1 keV and 0.6 keV ± 0.05 keV for
axial and transverse modes, respectively.

As for LFEX heating, we have found the η from three inde-
pendent methods: (1) the core x-ray emission, (2) the thermal
neutron yield, and (3) the runaway hot electron spectra. The
results were as follows:

(a) For the axial mode, 0.8% < η < 2.1% at the low power
(low LFEX energy) and 0.4% < η < 2.5% at high power
(high LFEX energy).

(b) For the transverse mode, 2.6% < η < 7% at the low
power and 1.5% < η < 7.7% at high power.

(c) Comparison between the articles (a) and (b) shows the η
for the transverse mode appears higher than that for the
axial mode either at the low or high power.

(d) The η for the uniform mode, 6%< η <12% appears near
that of the transverse mode, although the error bar for the
uniform mode is very large. We have obtained values of η
in the nonuniform implosions close to that in the uniform
implosion.

As a first step of the fast ignition study, we have a value of
η to be around 5%. The uniform mode makes us expect that

12



Nucl. Fusion 62 (2022) 096013 Y. Kitagawa et al

increasing the core ρR will give higher η for both axial and
transverse modes in the future. The ion heating of the core is
a future challenge.
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