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Magnetized fast isochoric laser heating for efficient
creation of ultra-high-energy-density states
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Fast isochoric heating of a pre-compressed plasma core with a high-intensity short-pulse

laser is an attractive and alternative approach to create ultra-high-energy-density states like

those found in inertial confinement fusion (ICF) ignition sparks. Laser-produced relativistic

electron beam (REB) deposits a part of kinetic energy in the core, and then the heated region

becomes the hot spark to trigger the ignition. However, due to the inherent large angular

spread of the produced REB, only a small portion of the REB collides with the core. Here, we

demonstrate a factor-of-two enhancement of laser-to-core energy coupling with the mag-

netized fast isochoric heating. The method employs a magnetic field of hundreds of Tesla that

is applied to the transport region from the REB generation zone to the core which results in

guiding the REB along the magnetic field lines to the core. This scheme may provide more

efficient energy coupling compared to the conventional ICF scheme.
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A large energy, high-power, high-intensity laser can
create a large volume of ultra-high-energy-density
plasma for particle accelerators1, planetary science2,3,

astrophysics4,5, and nuclear physics6,7. Inertial confinement
fusion (ICF) is an ultimate application of such extreme
plasmas8–10.

A few millimeter-scale spherical capsule used in the ICF con-
tains a deuterium–tritium (DT) fusion fuel ice layer. In the laser
indirect-drive approach, the capsule surface is irradiated by X-
rays in a high-Z metal enclosure (hohlraum). The X-rays drive a
sequence of converging shock waves and compressing the fusion
fuel > 1000 times solid density. Adiabatic compression heats up
the DT gas initially filling the capsule interior, which becomes the
ignition spark at the final stage of the compression.

The scientific breakeven, where the energy released by fusion
reaction exceeds the energy contained in the compressed fusion
fuel, was achieved in National Ignition Facility (NIF)11; however,
the pathway to ICF ignition is still unclear. One of the crucial
problems of the current central ignition scheme is the hot spark
mixing with the cold dense fuel because of significant growth of
hydrodynamic instabilities during the compression.

Fast isochoric heating, also known as fast ignition12, of a pre-
compressed core, was proposed as an alternative approach to the
ICF ignition that avoids the ignition quench caused by the mixing
because the hot spark is generated not by the adiabatic com-
pression but by the external energy injection whose timescale is
shorter than the hydrodynamic timescale (<100 ps). Relativistic
intensity laser pulses (ILλ

2
L > 1.37 × 1018W μm2 cm−2) efficiently

produce relativistic electron beams (REB) via laser–plasma
interactions13–15; here, IL and λL are laser intensity [W cm−2] and
wavelength [μm], respectively. The REB travels in a plasma from
its generation zone to the core. A part of the REB kinetic energy is
deposited into the core, and then the heated region becomes the
hot spark to trigger the fusion ignition.

Several breakthroughs were described in past articles on fast
heating research: the invention of the cone-in-shell target16, high
areal density core formation with the cone-in-shell target17, and
efficient laser-to-core coupling after reduction of pre-plasma
filling in the cone18. Our achievement, namely enhanced laser-to-
core energy coupling with the magnetized fast isochoric heating
enabled by an application of external kilo-Tesla-level magnetic
field, is also a milestone as a demonstration of the efficient energy
coupling, as a means to reduce the large radial spread of the REB.
This is considered essential to secure scalability of the fast heating
to the ignition19.

Three critical problems have been recognized as obstacles to
the efficient fast heating with the REB. The first problem is that
the REB generated in a long-scale-length pre-plasma filled in the
cone becomes too energetic to heat the core, the second one is
that a part of the REB is scattered and absorbed in a high-Z cone
tip20. The third one is that the REB has a large divergence of 100°
as a typical full-angle, so that only a small fraction of the diverged
REB can collide with the core21.

The long-scale-length pre-plasma filling the cone is produced
by prepulse and foot pulses of the heating laser and also by the
cone breakup due to high pressure of a plasma surrounding the
cone. The heating efficiency of 7% was attained at OMEGA laser
facility with an ignition-scale large areal density (ρR ~0.3 g cm−2)
core17 after reducing the pre-plasma formation in the cone18;
however, the aforementioned second and third critical problems
still remain to be resolved.

Here, we have introduced two experimental techniques. A solid
ball target is used for making an open-tip cone utilizable along
with the plasma compression. The solid ball compression does
not generate shocks and rarefactions traveling ahead of the dense
shell; therefore, a closed tip is not required for preventing a hot

plasma from filling inside the cone. In addition, a relatively cold
and dense core can be produced stably by using the solid ball
target. The cold core enables us to visualize REB transport
region18 in a dense core by using monochromatic Cu-Kα imaging
technique without a significant energy shift of the Cu-Kα photon
energy due to ionization of Cu atoms. The use of a solid ball
target has another benefit for producing a moderate guiding field
as discussed later.

Another technique is to use a laser-driven capacitor–coil tar-
get22 to generate a strong magnetic field. The strength of the
magnetic field was measured on GEKKO-XII23,24, LULI200025,
Shengguang-II26, and OMEGA-EP laser facilities27,28. As dis-
cussed in the Supplementary Discussion and summarized in
Supplementary Table 1, experimental results revealed that a
600–700-T magnetic field was generated by using a tightly
focused kilo-joule and nano-second infrared (λL= 1.053 μm)
laser beam.

Application of external magnetic fields to the path of a REB is
expected to guide the diverging REB to the dense core19. For
example, the gyroradius of a 1-MeV electron under the influence
of a 1-kT magnetic field is 5 μm, which is smaller than a typical
core radius (20 μm); therefore, a kilo-Tesla-level magnetic field is
sufficient to guide the REB to the core. The guidance of the REB
by the laser-produced external magnetic field has already been
demonstrated experimentally in an uncompressed-planar geo-
metry at LULI2000 facility (Ecole Polytechnique, France)29.

In this study, we have demonstrated the enhancement of the
laser-to-core energy coupling with the magnetized fast isochoric
heating. The maximum coupling of 7.7 ± 1.2% was achieved even
with a relatively small radial areal density core (ρR= 0.08 g cm−2),
which could be higher than that has been achieved by the fast
isochoric heating without applying a magnetic field18. This value is
fairly consistent with the simple evaluation, which reveals that a
higher areal density core leads to higher laser-to-core coupling.

Results
Laser-to-core coupling measurement. The laser-to-core energy
couplings were experimentally measured by systematically vary-
ing the experimental conditions: heating laser energy, injection
timing of the heating laser, application or not of the external
magnetic field, and open- or closed-tip cones.

Table 1 summarizes laser-to-core coupling efficiency obtained
in this experiment. The data are separated into three groups by
the rules according to the experimental conditions, where the
external magnetic field was applied or not, and the cone-tip was
open or closed. The data are sorted by the laser-to-core coupling
efficiency in each group.

The coupling was calculated from the absolute number of Cu-
Kα X-ray (8.05 keV) photons emitted from Cu atoms contained in
the laser-compressed hydrocarbon core. Cross-sections of
electron-impact K-shell ionization have a similar dependence
on electron energy as collisional energy loss. The two are
essentially the same process but with a different threshold energy.
Collisional deposition of REB energy (J) in a Cu-contained core
can be obtained from the number of Cu-Kα photons (photons/sr)
emitted from the core18 with a correlation factor. Details of the
correlation factor derivation are described in the Methods section.

Figure 1a shows an experimental layout. The experiment was
conducted on the GEKKO-LFEX laser facility at the Institute of
Laser Engineering, Osaka University. The fusion fuel surrogate
was made of a 200-μm-diameter solid Cu(II) oleate solid ball [Cu
(C17H33COO)2]30, whose surface was coated with a 25-μm-thick
polyvinyl alcohol (PVA) layer to prevent the Cu atoms from
being ionized directly by the compression laser beams. The Cu(II)
oleate ball contains 9.7% Cu atoms in weight for visualization of
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the relativistic electron beam (REB) transport in the core and for
measurement of the laser-to-core energy coupling (9.7% is a little
bit smaller than the expected value (10.1%) because of a
contamination inclusion in the Cu(II) oleate). The fuel surrogate
was attached to a Au cone, whose open angle, wall thickness, and
tip diameter were 45°, 7 μm, and 100 μm, respectively. The outer
surface of the Au cone was coated with a 50-μm-thick PVA layer
to delay the cone breakup time31. Open-tip or closed-tip Au
cones were used in the experiments; the tips of the closed cones
were covered with a 7-μm-thick Au layer.

The solid ball was compressed by six of GEKKO-XII laser
beams arranged in a quasi-cylindrical geometry, whose wave-
length, pulse shape, pulse duration, and energy were 0.526 μm,
Gaussian, 1.3 ns full-width at half-maximum (FWHM), and 240
± 15 J per beam, respectively. The center of the nickel-made coil
having a 500-μm diameter was located 230 μm from the center of
the ball to apply a strong magnetic field near the REB generation
zone and the solid ball. The first disk of the laser-driven capacitor
was irradiated through the hole of the second disk by three tightly
focused GEKKO-XII laser beams, whose wavelength, pulse shape,
pulse duration, and energy were 1.053 μm, Gaussian, 1.3 ns

(FWHM), and 600 ± 20 J per beam, respectively, yielding 7 × 1015

W cm−2 of the peak intensity.
The tip of the cone was irradiated to produce a REB by four

LFEX laser beams, whose wavelength, pulse shape, and pulse
duration were 1.053 μm, Gaussian, and 1.8 ± 0.3 ps (FWHM),
respectively. The total energy of the four LFEX beams on the tip
was varied from 630 to 1520 J. The focal spot diameter was 50 μm
(FWHM) containing 30% of the total energy, yielding an intensity
of 1.3 × 1019W cm−2 at the maximum energy shot.

The laser energy and injection timing of the heating laser are
also summarized in Table 1. The injection timings were measured
with an X-ray streak camera with an accuracy of ± 0.02 ns.
Figure 1b shows a time chart of the magnetic-field-generation
laser, compression laser, and laser-produced magnetic field
pulses. The time origin (t= 0 ns) is defined hereafter as the peak
of the compression laser pulse. The peak of the magnetic-field-
generation laser pulse was set at t=−1.5 ns; therefore, the
magnetic field strength reaches its maximum value before the
compression beam irradiation. The heating lasers (four LFEX
beams) were injected around the maximum compression timing
t= 0.38–0.72 ns shown as the hatching area in Fig. 1b.
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Fig. 1 Experimental layout for the laser-to-core energy coupling measurement. a A schematic drawing of the experimental layout for the magnetized fast
isochoric heating. Three and six of GEKKO-XII laser beams were used for generation of the magnetic field using the capacitor–coil target and compression
of the solid ball, respectively. Four LFEX laser beams were irradiated on the tip of the cone to produce a REB. The X-ray image using a spherically bent
crystal and the X-ray spectrometer using a HOPG crystal were used for visualization of the REB transport and measurement of the laser-to-core energy
coupling, respectively. b Timing chart of the magnetic-field-generation laser (pink broken line), fuel compression laser (green solid line), and laser-
produced magnetic field (blue circular marks) pulses. The error bars show the uncertainty of magnetic field measurement described in ref. 24. The hatching
area indicates the injection timing of the heating laser

Table 1 Summary of laser-to-core coupling efficiencies

Shot ID Cone tip
condition

Heating
energy [J]

Compression energy
[J]

B-generation
energy [J]

Heating timing
[ns]

Cu-Kα number
[photons sr−1]

Coupling
efficiency [%]

40545 Open 899 1422 N/A 0.42 5.58 × 1011 2.9 ± 0.5
40541 Open 683 1428 N/A 0.65 5.53 × 1011 3.9 ± 0.6

40558 Open 1516 1386 1761 0.4 1.19 × 1012 3.1 ± 0.5
40556 Open 1016 1332 1698 0.61 1.02 × 1012 4.3 ± 0.7
40547 Open 1100 1530 1824 0.38 1.28 × 1012 5.5 ± 0.9
40549 Open 668 1548 1794 0.37 7.29 × 1011 5.8 ± 0.9
40543 Open 625 1494 1842 0.72 9.32 × 1011 7.7 ± 1.2

40560 Closed 1523 1404 1794 0.38 8.23 × 1011 2.5 ± 0.4
40562 Closed 1378 1374 1725 0.65 7.96 × 1011 2.7 ± 0.4

The data are separated into three groups by the rules according to the experimental conditions, where the external magnetic field was applied or not, and the cone-tip was open or closed. The data are
sorted by the laser-to-core coupling efficiency in each group.
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Copper Kα X-rays (8.05 keV) were imaged using a spherically
bent quartz (2131) crystal to visualize the transport of the REB in
the pre-compressed core from the direction perpendicular to the
LFEX incident axis. The magnification, spatial resolution, and
spectral bandwidth were 20, 13 μm (FWHM), and 5 eV (FWHM),
respectively.

The X-ray spectrometer using a planar highly oriented
pyrolytic graphite (HOPG), was installed at 40° from the LFEX
incident axis to measure the absolute Cu-Kα yield. The absolute
integral reflectance of the HOPG was measured using an X-ray
diffractometer. The HOPG has ± 16% of spatial nonuniformity of
the integral reflectance. The spectral resolution of the spectro-
meter was 17.9 eV (FWHM).

Figure 2 shows an example of Cu-Kα spectra. Cu-Kα X-ray
yield produced during the compression process (green dotted
line) was negligibly weak compared with those produced with the
heating lasers (red solid and black dashed lines). The green dotted
and red solid lines are spectra obtained with application of the
external magnetic field. The vertical error bar corresponds to
spatial nonuniformity of the integral reflectance, and the
horizontal error bar is equal to the spectral resolution. The Cu-
Kα photon yields were integrated within the energy range of
8.0–8.1 keV after background subtraction.

Initial magnetic field profile calculation. An externally applied
magnetic field penetrates diffusively into the target from the
outside. The diffusion timescale is determined by the electrical
conductivity and geometry of the targets. Based on a previous
study, the externally applied magnetic field is guaranteed to
penetrate rapidly into an insulator hydrocarbon29; however, the
diffusion dynamics of the magnetic field into the gold cone
remained unclear.

The magnetic diffusion time (tdif) is expressed as tdif= μ0σaL/2
for a cylindrical tube that is topologically similar to a cone, where
μ0, σ, a, and L are the permeability, electrical conductivity, radius,
and diffusion layer thickness of the tube, respectively. The
temporal change in magnetic field strength drives an inductive
current in the gold cone, and the current ohmically heats the gold.
The electron conductivity of the gold depends on its temperature.

For a 7-μm-thick gold cone wall at 50-μm radius cone tip, the
diffusion times are tdif= 18 ns, 860 ps, and 420 ps at room
temperature (σ= 4 × 107 S m−1), 0.1 eV (σ= 2 × 106 S m−1), and
1 eV (σ= 1 × 106 S m−1), respectively32. The small temperature
increment helps to rapidly soak the cone in the magnetic field.

For more detailed estimation, we developed an electro-
magneto dynamics simulation code with consideration of the
inductive heating and the temperature dependence of conductiv-
ity to calculate the spatial and temporal distribution of a magnetic
field in the cone-in-ball target33. A current of 250 kA was
generated with a capacitor–coil target driven by one GEKKO-XII
beam as measured using proton radiography24. The current of
250 kA was used in the following analysis, although three
GEKKO-XII beams were used in this integrated experiment.

Figure 3 shows the two-dimensional profile of the magnetic
field calculated at the maximum magnetic field strength timing
generated using a 250-kA Gaussian current pulse with a 1-ns
(FWHM) pulse width. The diffused magnetic field profiles were
calculated using a constant electrical conductivity σ= 4 × 107 of a
cold gold (Fig. 3a) or temperature-dependence conductivity of
gold (Fig. 3b). The magnetic field strengths at the tip are Bint= 96
and 335 T, respectively. Temporal changes of the magnetic field
profile are discussed in Supplementary Methods and are shown in
Supplementary Fig. 2.

In this study, the magnetic field lines are bent due to magnetic
field compression associated with the plasma compression. If a
magnetic mirror is formed in the transport region, reflection of
the REB by the magnetic mirror could degrade the laser-to-core
coupling. The magnetic field strength at the ball center is B0=
225 T before the compression, as shown in Fig. 3b. The ball radius
at the maximum compression timing was about rmin= 50 μm, as
shown in Fig. 4b. The magnetic field strength at the maximum
compression timing (Bmax) can be estimated with Bmax=
B0 r0=rminð Þ2 1�1=Remð Þ, where r0= 125 μm and Rem ~ 231,34 are
initial radius of the ball and magnetic Reynolds number,
respectively, which gives Bmax= 560 T. Therefore, the mirror
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ratio along the REB path, the ratio of magnetic field strengths at
the peak and the generation zone, is Rm= Bmax/Bint= 1.7.

The REB transport was simulated in the mirror geometry with
several mirror ratios (Rm) from 0 to 2035, and it was determined
that a moderate mirror (Rm < 10) can focus on the REB without a
significant loss caused by the mirror effect. This mirror ratio Rm
= 1.7 is small enough to guide the REB efficiently to the core in
this system with avoiding the mirror effect.

Two-dimensional density profile measurement. Flash X-ray
backlighting with a monochromatic imager17,36–38 was used to
measure two-dimensional density profiles of pre-compressed Cu
(II) oleate solid balls under an external magnetic field.

The experimental layout is shown in Fig. 4a. The X-ray shadows
of compressed cores were recorded using imaging plates with the
same spherically bent quartz crystal used in the laser-to-core
coupling experiment. The solid ball specifications and the laser
parameters of the compression and magnetic-field-generation
beams were also identical to those used in the laser-to-core
coupling measurement. The LFEX laser was used for flash Cu-Kα

X-ray backlight generation in this experiment. In order to generate
a large-format backlight, the LFEX laser was defocused to produce
a 350-μm-diameter spot on a 20-μm-thick Cu foil at 3 mm behind
the solid ball along the line of sight of the crystal imager.

An X-ray shadow is converted to an X-ray transmittance
profile by interpolating the two-dimensional backlight X-ray
intensity profile within the core region from the outside of the
core region. The areal density of the pre-compressed core was
calculated from the X-ray transmittance profile with a calculated
opacity of 100 eV Cu(II) oleate for 8.05-keV X-rays39. A two-
dimensional density profile of the core was obtained after
applying an inverse Abel transformation to the areal density
profile, assuming rotational symmetry of the core along the cone
axis.

Figure 4b shows the core density profiles at t=+0.38, +0.72,
and +0.92 ns. The numbers on the contour lines represent mass
density (g cm−3). The converging shock wave was still traveling to
the center of the ball at t=+0.38 ns, maximum compression was
reached at around t=+0.72 ns, and the core had already begun to
disassemble at t=+0.92 ns. The areal mass densities (ρL) and
average mass density (ρ) of the core along the REB path length
(L) were, respectively, ρL= 0.08 g cm−2 and ρ= 5.7 g cm−3 at
t=+0.38 ns, ρL= 0.16 g cm−2, and ρ= 11.3 g cm−3 at t=+0.72
ns. These values were used in the calculation of the correlation
factor described in the Methods section.

Discussion
Figure 5 shows the dependence of the measured coupling effi-
ciency on the heating laser intensity (bottom axis) and energy
(top axis). Solid and open marks represent the couplings of two
injection-timing groups t= 0.61–0.72 ns and t= 0.37–0.42 ns.
The solid and dashed lines are fitted, as an eye guide, to the
couplings measured with or without application of the external
magnetic field neglecting the injection timing difference.

It is not possible to identify the exact area of the HOPG that
diffracts the detected Cu-Kα X-rays. Therefore, we considered the
±16% of nonuniformity of the integral reflectance over its full
surface to impact the uncertainties in evaluations of the deposited
energy and the laser-to-core coupling. Nonetheless, it is impor-
tant to refer here that the HOPG alignment in respect to the
targets was not changed during these measurements, and the
detected Kα photons were always reflected from the same area in
the crystal. This fact means that the true coupling points do not
scatter randomly within the error bars but are at certain points
keeping relations between other points within the error bars.

The figure reveals clearly that the REB guiding by the external
magnetic field (red circular marks) shows 1.8 times higher cou-
pling than that without an external magnetic field (blue
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rectangular marks), and that electron scattering in the closed
cone-tip (green triangular marks) reduces the coupling 0.8 times
compared to the open-tip values (red circular marks). Further-
more, the coupling was degraded gradually by increasing the
heating laser energy with keeping both pulse duration and spot
diameter unchanged (1.8 ps and 50 μm), because a higher-
intensity laser produces higher-temperature REB, as shown in
Table 2 and this results in less guiding and less energy deposition.
We anticipate that the pulse duration should be extended to
sustain this efficient coupling for higher laser energy.

As shown in Fig. 2, Cu-Kα X-ray yield produced during the
compression process (green dotted line) was negligibly weak
compared with those produced during the heating process (red
solid and black dashed lines) even with application of the external
magnetic field. This result means that Cu-Kα enhancement is not
due to an improved confinement of thermal electrons in the
compressed plasma but to the guiding of the REB.

Figure 6 shows two-dimensional Cu-Kα emission profiles and
density profiles of the pre-compressed core at two different

timings (t= 0.40 ± 0.03 ns and 0.69 ± 0.04 ns), and also the
comparison of Cu-Kα emission profiles with and without the
external magnetic field application at the two different timings. In
the Cu-Kα emission profiles, the numbers on the contour lines
represent Cu-Kα emissivity normalized with the heating laser
energy [×109 photons sr−1 cm−3 J−1], which was calculated from
the combination of the absolute Cu-Kα spectra and the two-
dimensional Cu-Kα monochromatic images after applying an
inverse Abel transformation to the line-integrated emission pro-
files assuming rotational symmetry of the emissivity along the
cone axis.

At t= 0.40 ± 0.03 ns, the converging shock wave was still tra-
veling to the center of the ball, and the shock front is clearly
observable in Fig. 6b. Strong Cu-Kα emission region locates
behind the shock front in Fig. 6a and e. Externally applied
magnetic field lines were accumulated in the downstream of the
shock wave; therefore, REB was guided to the shock-compressed
region along the field lines. This feature was less prominent
without the external magnetic field as shown in Fig. 6f.

At t= 0.69 ± 0.04 ns, the solid ball reached the maximum
compression (Fig. 6d). The strong Cu-Kα emission spot appeared
at 50-μm longitudinal distance, which was more than 100 μm
away from the REB generation zone, namely the cone tip as
shown in Fig. 6c and g. This Cu-Kα emission feature is the evi-
dence of the long-distance REB guiding by the externally applied
magnetic field as well as significant enhancement of the laser-to-
core coupling. This strong emission spot disappeared, when the
external magnetic field was not applied, as shown in Fig. 6h.
Energy shift of the Cu-Kα X-ray due to ionization of Cu atoms in
a hot core could be the reason why the Cu-Kα emission was weak
in the core central region40. Note that the strong emission spot
that appeared in Fig. 6c and g was found also in the other shot
(ID 40556) performed with similar injection timing (t= 0.61 ±
0.02 ns).

The laser-to-core coupling (η) can be simplified as a product of
laser-to-REB energy conversion efficiency (ηREB), REB collision
probability (ηcoll), and energy deposition rate of REB in the core
(ηdep)41.

η ¼ ηREB � ηcol � ηdep ð1Þ

The previous experiments show that ηREB= 0.441 and ηcoll=
0.729. ηdep was calculated by the simplified model41 with the
measured areal density and REB temperatures shown in Table 2.

ηdep ¼ AT2
REB1

AT2
REB1þð1�AÞT2

REB2
� ρL
0:6TREB1

þ ð1�AÞT2
REB2

AT2
REB1þð1�AÞT2

REB2
� ρL
0:6TREB2

: ð2Þ

As an approximated relation of Eq. (11) in ref.42, RREB
[g cm−2]= 0.6 fR TREB [MeV] is used to calculate the RREB from
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Fig. 5 Dependence of laser-to-core energy coupling on heating laser
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following conditions: no application of an external magnetic field with the
open-tip cone, application of an external magnetic field with the closed-tip
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respectively. The error bars show the uncertainty of the experimental
measurement described in the text. Solid and open marks represent the
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0.37–0.42 ns. The error bars are the spectrometer uncertainty due to
nonuniformity of the the integral reflectance. The solid and dashed lines are
fitted, as an eye guide, to the couplings with neglecting the injection timing
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Table 2 Summary of correlation factors used in the analysis

Shot ID A TREB1

[MeV]
TREB2

[MeV]
Correlation factor with Davis
model [J photons−1sr−1]

Correlation factor with
Hombourger model
[J photons−1sr−1]

Correlation factor used in the
analysis [J photons−1sr−1]

40545 0.881 1.0 4.7 4.1 × 10−11 5.3 × 10−11 4.7 × 10−11

40541 0.951 0.7 4.4 4.2 × 10−11 5.5 × 10−11 4.8 × 10−11

40558 0.956 4.6 23.6 3.4 × 10−11 4.5 × 10−11 4.0 × 10−11

40556 0.933 2.2 5.4 3.7 × 10−11 4.9 × 10−11 4.3 × 10−11

40547 0.907 1.6 2.8 4.1 × 10−11 5.4 × 10−11 4.7 × 10−11

40549 0.999 0.8 10 4.7 × 10−11 6.0 × 10−11 5.3 × 10−11

40543 0.971 0.5 4.1 4.5 × 10−11 5.8 × 10−11 5.1 × 10−11

40560 0.991 0.9 21.7 3.9 × 10−11 5.2 × 10−11 4.5 × 10−11

40562 0.890 1.5 5.6 4.0 × 10−11 5.2 × 10−11 4.6 × 10−11

The data are separated into three groups as Table 1. A, TREB1, and TREB2 are the intercept and the two slope-temperatures of the REB energy distribution, respectively.
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the experimentally measurable parameter (TREB), here, fR is an
adjustable parameter, set to 1 in the standard model. Finally, the
simple model yields η= ηREB · ηcoll · ηdep= 6.2%. This simple
evaluation seems fairly consistent with the measured coupling
(7.7 ± 1.2%), and the simple evaluation reveals that higher areal
density core leads to higher laser-to-core coupling. An ultra-high-
energy-density state could be efficiently created by the magne-
tized fast isochoric heating. Integrated REB transport simulation
result is described in the Supplementary Discussion and Sup-
plementary Fig. 1. The simulation result is fairly consistent with
the experimental results.

We have demonstrated experimentally the magnetized fast
isochoric heating scheme for creating an ultra-high-energy-
density state as a potential path to the ignition spark formation.
The enhancement of the laser-to-core coupling as well as the
strong Cu-Kα emission spot located at 100 μm away from the
cone tip are the evident features produced by guiding of the
diverged REB with the externally applied magnetic field in the
long-transport distance. An energy-density increment of the
heated core is close to 1 Gbar, which corresponds to 50 J of the
energy deposition in a 100-μm-diameter spherical volume.
Plasma hydrodynamics, generation and transport of electron/ion
beams, thermal conduction, and α-particle transport will be able
to be controlled by the externally applied strong magnetic field.
There is no doubt that laser–plasma experiments with strong
magnetic fields contain a lot of unexplored physics; therefore, this
research also stimulates spin-off sciences in the field of atomic
physics, nuclear physics, and astrophysics which act to broaden
inertial fusion sciences and high-energy-density sciences.

Methods
Derivation of the correlation factor between Cu-Kα photons and deposited
REB energy. The Solodov model43 was used to calculate the stopping power S(E,ρ)
[J s−1] of the REB in a core, where E is electron kinetic energy. Both Davies44 and

Hombourger45 models were used to calculate the electron-impact K-shell ioniza-
tion cross-section σKα

ðEÞ [m−2]. The ratio between the stopping power and K-shell
ionization cross-section is the correlation factor (C [J photons−1 sr]). Note that the
Hombourger model, which was used in the previous experiment18, gives a 1.3 times
higher correlation factor than the Davies model because σKα

ðEÞ calculated with the
Davies model is larger than that with the Hombourger one. The correlation factor
C is defined as follows:

C ¼
R L
0

R 1GeV
10keV εdepðE; xÞdEdxR L

0

R 1GeV
10keV PKα

ðE; xÞdEdx
ð3Þ

¼
R L
0

R 1GeV
10keV vðE; xÞf ðE; xÞSðE; ρÞdEdxR L

0

R 1GeV
10keV vðE; xÞf ðE; xÞnCuσKα

ðEÞ=4πdEdx ð4Þ

where εdep(E, x), PKα(E, x), v(E, x), f(E, x), and nCu are the collisionally deposited
energy by the REB to the dense core [J s−1], the probability of Cu-Kα emission
[photons s−1 sr−1], the relativistic electron velocity [m s−1], the REB energy dis-
tribution, and the number density of Cu atoms in a core [m−3], respectively. The
initial REB energy distribution was a Boltzmann function as f(E, 0)= exp(−E/
TREB) at the generation zone (x= 0), where TREB is the slope temperature of the
energy distribution. The distribution at x (f(E, x)) is calculated by considering the
collisional slowing down during the transport.

Figure 7 shows the calculated correlation factor at different REB slope
temperatures (TREB) for a ρ= 11.3 g cm−3 and ρL= 0.16 g cm−2 Cu(II) oleate
plasma, which are equal to those observed at t=+0.72 ns. The correlation factor
also depends weakly on the core density. Dependence of the correlation factor on
TREB was considered in the coupling evaluation. The average values of the two
correlation factors calculated with the two models were used in the data analysis.

Energy distributions of electrons escaped from the plasma into vacuum were
measured using an electron energy analyzer positioned along the LFEX incident
axis. Although the energy distribution of the so-called vacuum electrons is not
exactly identical to that at the generation zone due to scattering, absorption, and
reflection by the cone, core, and spontaneous electromagnetic fields, we found that
the slope temperatures of the escaped electrons are close to those in the transport
region estimated from Bremsstrahlung X-ray spectra41. Therefore, the energy
distribution of the measured vacuum electrons was used in the correlation factor
calculation. The energy distribution of the escaped electrons was fitted with a two-
temperature Boltzmann distribution function as f(E)= A exp(−E/TREB1)+ (1− A)
exp(−E/TREB2), where A and E are the intercept and electron energy, and TREB1 <
TREB2. The correlation factor calculated for each shot is summarized in Table 2
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along with other measured parameters. The error in the deposited energy was
evaluated taking into account 16% of spatial nonuniformity of the integral
reflectance of the HOPG.

Code availability. The computer codes used in the current study are accessible
from the corresponding author upon reasonable request.

Data availability
The datasets analyzed during the current study are available from the corresponding
author upon reasonable request. In accordance with the guideline for research data
storage at the Institute of Laser Engineering, Osaka University, all data are properly
stored in the SEDNA database system.

Received: 27 February 2018 Accepted: 22 August 2018

References
1. Esarey, E., Schroeder, C. B. & Leemans, W. P. Physics of laser-driven plasma-

based electron accelerators. Rev. Mod. Phys. 81, 1229–1285 (2009).
2. Ohno, S. et al. Production of sulphate-rich vapour during the Chicxulub

impact and implications for ocean acidification. Nat. Geosci. 7, 1–4 (2014).
3. Smith, R. F. et al. Ramp compression of diamond to five terapascals. Nature

511, 330–333 (2014).
4. Remington, B., Drake, R. & Ryutov, D. Experimental astrophysics with high

power lasers and Z pinches. Rev. Mod. Phys. 78, 755–807 (2006).
5. Fujioka, S. et al. X-ray astronomy in the laboratory with a miniature compact

object produced by laser-driven implosion. Nat. Phys. 5, 821–825 (2009).
6. Casey, D. T. et al. Thermonuclear reactions probed at stellar-core-conditions

with laser-based inertial-confinement-fusion. Nat. Phys. 13, 1227–1231
(2017).

7. Zylstra, A. B. et al. Using inertial fusion implosions to measure the T + 3He
fusion cross section at nucleosynthesis-relevant energies. Phys. Rev. Lett. 117,
035002 (2016).

8. Lindl, J., Landen, O., Edwards, J. & Moses, E. Review of the national ignition
campaign 2009-2012. Phys. Plasmas 21, 020501 (2014).

9. Craxton, R. S. et al. Direct-drive inertial confinement fusion: A review. Phys.
Plasmas 22, 110501 (2015).

10. Betti, R. & Hurricane, O. A. Inertial-confinement fusion with lasers. Nat. Phys.
12, 435–448 (2016).

11. Hurricane, O. A. et al. Fuel gain exceeding unity in an inertially confined
fusion implosion. Nature 506, 343–348 (2014).

12. Tabak, M. et al. Ignition and high gain with ultrapowerful lasers. Phys.
Plasmas 1, 1626–1634 (1994).

13. Wilks, S., Kruer, W., Tabak, M. & Langdon, A. Absorption of ultra-intense
laser pulses. Phys. Rev. Lett. 69, 1383–1386 (1992).

14. Beg, F. N. et al. A study of picosecond laser solid interactions up to 1019 W cm−2.
Phys. Plasmas 4, 447 (1997).

15. Iwata, N., Kojima, S., Sentoku, Y., Hata, M. & Mima, K. Plasma density limits
for hole boring by intense laser pulses. Nat. Commun. 9, 623 (2018).

16. Kodama, R. et al. Fast heating of ultrahigh-density plasma as a step towards
laser fusion ignition. Nature 412, 798–802 (2001).

17. Theobald, W. et al. Time-resolved compression of a capsule with a cone to
high density for fast-ignition laser fusion. Nat. Commun. 5, 5785 (2014).

18. Jarrott, L. C. et al. Visualizing fast electron energy transport into laser-
compressed high-density fast-ignition targets. Nat. Phys. 12, 499–504
(2016).

19. Strozzi, D. J. et al. Fast-ignition transport studies: realistic electron source,
integrated particle-in-cell and hydrodynamic modeling, imposed magnetic
fields. Phys. Plasmas 19, 072711 (2012).

20. Johzaki, T. et al. Core heating properties in FIREX-I—influence of cone tip.
Plasma Phys. Control. Fusion 51, 014002 (2009).

21. Bellei, C. et al. Fast ignition: dependence of the ignition energy on source and
target parameters for particle-in-cell-modelled energy and angular
distributions of the fast electrons. Phys. Plasmas 20, 052704 (2013).

22. Daido, H. et al. Generation of a strong magnetic field by an intense CO2 laser
pulse. Phys. Rev. Lett. 56, 846–849 (1986).

23. Fujioka, S. et al. Kilotesla magnetic field due to a capacitor-coil target driven
by high power laser. Sci. Rep. 3, 1170 (2013).

24. Law, K. F. F. et al. Direct measurement of kilo-tesla level magnetic field
generated with laser-driven capacitor-coil target by proton deflectometry.
Appl. Phys. Lett. 108, 091104 (2016).

25. Santos, J. J. et al. Laser-driven platform for generation and characterization of
strong quasi-static magnetic fields. New J. Phys. 17, 083051 (2015).

26. Zhu, B. J. et al. Strong magnetic fields generated with a simple open-ended coil
irradiated by high power laser pulses. Appl. Phys. Lett. 107, 261903
(2015).

27. Gao, L. et al. Ultrafast proton radiography of the magnetic fields generated by
a laser-driven coil current. Phys. Plasmas 23, 043106 (2016).

28. Goyon, C. et al. Ultrafast probing of magnetic field growth inside a laser-
driven solenoid. Phys. Rev. E 95, 033208 (2017).

29. Bailly-Grandvaux, M. et al. Guiding of relativistic electron beams in dense
matter by laser-driven magnetostatic fields. Nat. Commun. 9, 102
(2018).

30. Iwasa, Y. et al. Cu-oleate microspheres fabricated by emulsion method as
novel targets for fast ignition laser fusion experiments. Fusion Eng. Des. 125,
89–92 (2017).

31. Fujioka, S. et al. Fast ignition realization experiment with high-contrast kilo-
joule peta-watt LFEX laser and strong external magnetic field. Phys. Plasmas
23, 056308 (2016).

32. Dharma-Wardana, M. W. C. Static and dynamic conductivity of warm dense
matter within a density-functional approach: application to aluminum and
gold. Phys. Rev. E 73, 036401 (2006).

33. Morita, H., Sunahara, A., Arikawa, Y., Azechi, H. & Fujioka, S. Two-
dimensional computation of pulsed magnetic field diffusion dynamics in gold
cone with consideration of inductive heating and temperature dependence of
electrical conductivity. Preprint at http://arxiv.org/abs/1804.10410 (2018).

34. Nagatomo, H. et al. Computational study of magnetic field compression by
laser-driven implosion. Nucl. Fusion 55, 093028 (2015).

35. Johzaki, T. et al. Control of an electron beam using strong magnetic field for
efficient core heating in fast ignition. Nucl. Fusion 55, 053022 (2015).

36. King, J. A. et al. Ti Kα radiography of Cu-doped plastic microshell implosions
via spherically bent crystal imaging. Appl. Phys. Lett. 86, 191501 (2005).

37. Fujioka, S. et al. Monochromatic x-ray radiography for areal-density
measurement of inertial fusion energy fuel in fast ignition experiment. Rev.
Sci. Instrum. 81, 10E529 (2010).

38. Sawada, H. et al. Flash Kα radiography of laser-driven solid sphere
compression for fast ignition. Appl. Phys. Lett. 108, 254101 (2016).

39. MacFarlane, J. J. Ã., Golovkin, I. E. & Woodruff, P. R. HELIOS-CR–A 1-D
radiation-magnetohydrodynamics code with inline atomic kinetics modeling.
J. Quant. Spectrosc. Radiat. Transf. 99, 381–397 (2006).

40. Akli, K. U. et al. Temperature sensitivity of Cu Kα imaging efficiency using a
spherical Bragg reflecting crystal. Phys. Plasmas 14, 023102 (2007).

41. Fujioka, S. et al. Heating efficiency evaluation with mimicking plasma
conditions of integrated fast-ignition experiment. Phys. Rev. E 91, 063102
(2015).

42. Atzeni, S. & Tabak, M. Overview of ignition conditions and gain curves for the
fast ignitor. Plasma Phys. Control. Fusion 47, B769–B776 (2005).

43. Solodov, A. A. & Betti, R. Stopping power and range of energetic electrons in
dense plasmas of fast-ignition fusion targets. Phys. Plasmas 15, 042707 (2008).

44. Davies, J. R., Betti, R., Nilson, P. M. & Solodov, aa Copper K-shell emission
cross sections for laser–solid experiments. Phys. Plasmas 20, 083118 (2013).

8

Calculated witth the Solodov and Davies model
Calculated witth the Solodov and Hombourger model

9 ×10–11

7

C
or

re
la

tio
n 

fa
ct

or
 [J

/(
ph

ot
on

s/
sr

)]

6

5

4

3

2

1 10
Slope temperature [MeV]

5 6 7 8 9 2 3 4 5 6 7 8 9 2 3

� = 11.3 g/cm3

�L = 0.16 g/cm2

Fig. 7 Correlation factor. Dependence of the correlation factor between the
deposited energy (J) and Cu-Kα yield (photons/sr) on the REB slope
temperature. The data were calculated using the Davies (blue circular
marks) and Hombourger (red triangular marks) models of electron-impact
K-shell ionization for a 11.3 g cm−3 and 0.16 g cm−2 Cu(II) oleate, which
correspond to the average core density and areal density at t= 0.72 ns
(maximum compression timing). The average values of the two correlation
factors calculated were used in the analysis

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06173-6

8 NATURE COMMUNICATIONS |  (2018) 9:3937 | DOI: 10.1038/s41467-018-06173-6 | www.nature.com/naturecommunications

http://arxiv.org/abs/1804.10410
www.nature.com/naturecommunications


45. Hombourger, C. An empirical expression for K-shell ionization cross section
by electron impact. J. Phys. B. At. Mol. Opt. Phys. 31, 3693–3702 (1998).

Acknowledgements
The authors thank the technical support staff of ILE and the Cyber Media Center at
Osaka University for assistance with the laser operation, target fabrication, plasma
diagnostics, and computer simulations. The authors greatly appreciate valuable discus-
sions with Drs. J. Moody, B. Pollock, M. Tabak, W. Kruer, O. Landen, T. Ma, H. Chen, A.
Kemp, D. Mariskal, and B. Remington (LLNL), Profs. M. Murakami and K. Shigemori
and Drs. Y. Sakawa and T. Sano (ILE, OU), Dr. Iwamoto (NIFS), Dr. K. Kondo (QST),
and especially Dr. S. Wilks (LLNL) also for his proofreading of the first draft. This work
was supported by the Collaboration Research Program of the Institute of Laser Engi-
neering at Osaka University and also the Collaboration Research Program between the
National Institute for Fusion Science and the Institute of Laser Engineering at Osaka
University (NIFS12KUGK057, NIFS15KUGK087, NIFS17KUGK111, and NIFS18-
KUGK118), and by the Japanese Ministry of Education, Science, Sports, and Culture
through Grants-in-Aid, KAKENHI (Grant No. 24684044, 25630419, 15K17798,
15K21767, 15KK0163, 16K13918, 16H02245, and 17K05728), Bilateral Program for
Supporting International Joint Research by JSPS, and Grants-in-Aid for Fellows by Japan
Society for the Promotion of Science (Grant No. 14J06592, 15J00850, 15J00902,
15J02622, 17J07212, 18J01627, 18J11119, and 18J11354). The study also benefited from
diagnostic support funded by the French state through research projects TERRE ANR-
2011-BS04-014 (French National Agency for Research (ANR) and Competitiveness
Cluster “Route des Lasers”) and ARIEL (Regional Council of Aquitaine). M.B.-G. and
J.J.S. acknowledge the financial support received from the French state and managed by
ANR in the framework of the “Investments For the Future” program at IdEx Bordeaux—
LAPHIA (ANR-10-IDEX-03-02), from COST Action MP1208 “Developing the Physics
and the Scientific Community for Inertial Fusion” and from the EUROfusion Con-
sortium and have received funding from the Euratom research and training programs
2014–2018 under grant agreement No. 633053. The views and opinions expressed herein
do not necessarily reflect those of the European Commission.

Author contributions
S. F. is the principal investigator who proposed and organized this study. The experiment
was carried out by S.S., S.L., H.M., K.M.A., K.F.F.L., A.Y.A., S.K., Y.A.B., H.K., and A.S.Y.
under the supervisions by H.S.A.W., A.M., A.Y.O., M.N., T.O., H.S.H., H.N.I., H.A., R.K.,
Y.A.R., and S.F.H.M. and A.S.U. developed the code to simulate magnetic field diffusion.
S.S., S.L., T.J. and S.F. analyzed the X-ray spectra to calculate the coupling. S.S., S.L. and

H.S.A.W. analyzed the Cu-Kα emission and backlight images. A.Y.A., A.Y.O., and H.N.I.
measured the absolute reflectivity of the HOPG. Y.I., K.Y. and T.N. developed targets
used in the experiment. Y.N., S.T., N.M. and J.K. contributed to improve intensity
contrast of the LFEX laser pulses. T.J., M.H., A.S.U., T.S., N.I., H.S.A.K., K.M.I., H.N.A.
and Y.S. performed computer simulation and theoretical analysis for determining the
experimental conditions. M.B.-G. and J.J.S. contributed to the design of the integrated
MFI experiment based on their experimental results obtained in the LULI2000 facility.
All authors contributed to the discussion of the results.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-06173-6.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06173-6 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3937 | DOI: 10.1038/s41467-018-06173-6 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-018-06173-6
https://doi.org/10.1038/s41467-018-06173-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Magnetized fast isochoric laser heating for efficient creation of ultra-high-energy-density states
	Results
	Laser-to-core coupling measurement
	Initial magnetic field profile calculation
	Two-dimensional density profile measurement

	Discussion
	Methods
	Derivation of the correlation factor between Cu-Kα photons and deposited REB energy
	Code availability

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




