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Fast isochoric laser heating is a scheme to heat matter with a relativistic intensity (> 1018 W=cm2) laser
pulse for producing an ultrahigh-energy-density (UHED) state. We have demonstrated an efficient fast
isochoric heating of a compressed dense plasma core with a multipicosecond kilojoule-class petawatt laser
and an assistance of externally applied kilotesla magnetic fields for guiding fast electrons to the dense
plasma. A UHED state of 2.2 PPa is achieved experimentally with 4.6 kJ of total laser energy that is one
order of magnitude lower than the energy used in the conventional implosion scheme. A two-dimensional
particle-in-cell simulation confirmed that diffusive heating from a laser-plasma interaction zone to the
dense plasma plays an essential role to the efficient creation of the UHED state.

DOI: 10.1103/PhysRevLett.124.035001

A power laser apparatus can inject plenty of energy into
matter in a small volume within a short time duration. The
matter becomes a high-energy density state that is appli-
cable to various areas of scientific research such as
laboratory astrophysics [1] and several kinds of radiation
sources: x rays, charged particles, and neutrons [2,3]. Fast
isochoric heating of a solid target has been studied to create
high-energy density states by using a short pulse laser [4]
and x-ray free electron laser [5,6]. The fast isochoric laser
heating of a compressed dense plasma core is one of the
schemes to create an ultrahigh-energy-density (UHED)
state, which is equivalent to the state at the center of the
Sun, for inertial confinement fusion (ICF) science.
In conventional implosion, the kinetic energy of an

imploded shell is converted to the internal energy of the
compressed matter at the maximum compression timing. A
UHED state with 36 PPa (petapascal) was achieved at the
National Ignition Facility with 1.8 MJ of laser energy by
the indirect x-ray driven implosion [7]. The OMEGA laser
facility with 30 kJ of laser energy produced 5.6 PPa of
UHED by direct laser-driven implosion [8]. The significant
growth of hydrodynamic instabilities during compression
causes the hot spark mixing with the cold dense fuel and

prevents an efficient creation of the UHED state. The
current central ignition scheme requires enormous laser
energy to create a UHED state. In this Letter, we report the
production of the UHED state of 2.2 PPa with 4.6 kJ of total
laser energy by using the fast isochoric heating of a
compressed dense plasma core.
In the context of ICF, the fast isochoric heating also

known as fast ignition had been proposed as an alternative
approach to the ICF ignition [9]. This approach separates
compression and heating processes to avoid the mixing,
using a more stable compression followed by an external
energy injection, whose timescale is much shorter than the
implosion timescale. Significant progress has been made on
fast isochoric heating to increase laser-to-core energy
coupling [10–12]. Those improvements mainly focus on
increasing laser-to-core energy coupling by drag heating
which is the energy exchange through binary collisions
between relativistic electrons (REs) and bulk electrons of
the plasma. A postshot numerical simulation reveals that
the other heating process called diffusive heating is
essential to produce 2.2 PPa in this work.
There are three major mechanisms of fast isochoric

heating [13]. The first mechanism is heating by REs
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[14], which is often called drag heating. The REs’ large
divergence is a critical issue in drag heating. Enhancement
of the laser-to-matter energy coupling with the magnetized
fast isochoric heating scheme was reported by Ref. [14].
The maximum coupling efficiency via drag heating reached
7.7%� 1.2% because of the reduction of RE’s divergence
by the application of the external magnetic field. The
second mechanism is resistive heating. The RE current
drives the return current to maintain current neutrality in a
plasma. Since the return current is more collisional than the
RE current, the return current heats the plasma Ohmically.
The resistive heating is the dominant heating mechanism in
the laser-plasma interaction region. The third mechanism is
diffusive heating, in which thermal electrons transport their
energy diffusively from the laser heated hot region to the
cold dense region. The diffusive heating has been identified
as one of the dominant mechanisms for laser isochoric
heating for the first time in Ref. [4]. A high ionization state
in a solid was produced by thermal diffusion in a few
picoseconds even after the pulse terminates. By extending
the pulse duration, the laser supplies its energy continu-
ously to the hot plasma while the thermal diffusion takes
place. The diffusive heating becomes more important to
heat the dense core (> 10 g=cm3) beyond keV by multi-
picosecond heating laser pulse duration.
Table I summarizes the results in this experiment. The

experiment had been conducted at the GEKKO-LFEX laser
facility at the Institute of Laser Engineering, Osaka
University. The laser conditions, the laser-to-core coupling
efficiency by drag heating, the geometrical positions of the
target, and the diagnostics were identical to those of our
previous experiment [14,15]. The experimental time origin
(texp ¼ 0 ns) is defined hereafter as the peak of the
compression laser pulse.
Three of the GEKKO-XII laser beams were used for

generating the magnetic field to guide REs and enhance
drag heating efficiency. The wavelength, pulse shape, pulse
duration, and energy of the GEKKO-XII beams used for
magnetic field generation were 1.053 μm, Gaussian, 1.3 ns
full-width at half-maximum (FWHM), and 600� 20 J per
beam. The strength of the magnetic field generated with the
capacitor-coil target had been measured on GEKKO-XII,
LULI2000, Shengguang-II, and OMEGA-EP laser facili-
ties [21–25]. 600–700 T of magnetic fields were obtained

by the current GEKKO-XII laser beam configuration. By
applying external magnetic fields to the path of the REs and
the thermalized electrons, which carry the heat, the diver-
gence issue can be resolved [26] so that resistive heating
near the interaction zone works efficiently to make a large
temperature gradient for diffusive heating.
Six of the GEKKO-XII laser beams were used for the

compression of a solid ball target. The wavelength, pulse
shape, pulse duration, and energy of the GEKKO-XII
beams used for implosion were 0.526 μm, Gaussian,
1.3 ns (FWHM), and 240� 15 J per beam. The target
was made of a 200 μm-diameter Cu(II) oleate solid ball
[CuðC17H33COOÞ2] [27] coated with a 25 μm-thick poly-
vinyl alcohol layer to prevent the Cu atoms from direct laser
irradiation. The Cu(II) oleate solid ball contains 9.7% Cu
atoms in weight. X-ray emissions from Cu atoms were used
for characterizing the coupling efficiency and the electron
temperature. An open-tip gold cone was attached to the Cu
(II) oleate solid ball. The solid ball compression does not
generate shocks and rarefactions traveling ahead of the
shock-compressed matter; therefore a cone tip is not
required for preventing a hot plasma flowing into the cone
[28]. The direct interaction of a dense matter with heating
laser pulse is then realized with the open-tip cone, resulting
in an enhancement of diffusive heating from the interaction
zone to the imploded dense plasma.
Two-dimensional density profiles of compressed Cu(II)

oleate solid balls were measured with a flash x-ray back-
light technique coupled with a spherically bent crystal x-ray
imager [29,30], as shown in Fig. 1. The magnification,
spatial resolution, and spectral bandwidth were 20, 13 μm
(FWHM), and 5 eV (FWHM), respectively. Details of this
analysis are described in Ref. [14]. The converging shock
waves were still traveling to the center of the solid ball at
texp ¼ 0.38 ns; therefore the area close to the cone main-
tained the initial density of 1.1 g=cm3. A maximum
compression was reached at around texp ¼ 0.72 ns. The
average mass density of the core along the laser axis
is 11.3 g=cm3.
Since the plasma compression progresses with time, we

can experimentally test how isochoric heating efficiently
changes with density, simply by altering the heating laser
timing (e.g., texp ¼ 0.37 or 0.72 ns). Four LFEX beams

TABLE I. Summary.

Case
Shot
ID

Heating
energy (J)

Heating
timing (ns)

Coupling
(%)

Electron temperature
(keV)

Mass density
(g=cm3)

Pressure
(PPa)

A 40 558 1516 0.40 3.1� 0.5 2.1� 0.2 1.1ðþ6.1= − 0.0Þ 0.2ðþ1.4= − 0.0Þ
B 40 556 1016 0.61 4.3� 0.7 2.0� 0.1 11.3ðþ5.9= − 2.2Þ 2.2ðþ1.3= − 0.5Þ
C 40 547 1100 0.38 5.5� 0.9 1.9� 0.2 1.1ðþ6.1= − 0.0Þ 0.2ðþ1.4= − 0.0Þ
D 40 549 668 0.37 5.8� 0.9 1.5� 0.1 1.1ðþ6.1= − 0.0Þ 0.2ðþ1.4= − 0.0Þ
E 40 543 625 0.72 7.7� 1.2 NAa

11.3ðþ5.9= − 2.2Þ NA
aNA = not applicable.
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were injected from the gold cone to heat the compressed
plasma isochorically to 1–2 keV. The wavelength, pulse
shape, pulse duration, and energy of the LFEX beams were
1.053 μm, Gaussian, 1.8� 0.3 ps (FWHM), and varied
from 620 to 1520 J. The focal spot diameter was 50 μm
(FWHM) containing 30% of the total energy, yielding an
intensity of 1.3 × 1019 W=cm2 at the maximum energy
shot. A short pulse laser system emits inevitably weak
pulses preceding the main pulse. The intensity ratio of the
main pulse to the preceding pulses is called the pulse
contrast. A low contrast laser system produces a long-scale-
length plasma in the laser-plasma interaction zone before
the main pulse arrival time. The preformed plasma neg-
atively affects the dense plasma heating because of the
separation of the interaction zone away from the dense
plasma. The high contrast LFEX laser enables an easy
access to high density plasma.
The x-ray spectrometer was installed at 40° from the

LFEX incident axis (dotted lines of Fig. 1). The spectrom-
eter utilizes a planar highly oriented pyrolytic graphite as a
dispersive element. The spectral resolution of the spec-
trometer was 17.9 eV (FWHM). Figures 2(a)–2(e) show
x-ray spectra in the range of 8.0 to 8.6 keV. The peaks at
8.05, 8.35, and 8.39 keV are Cu-Kα, Li-like Cu satellite
lines, and Cu-Heα, respectively. The peak at 8.26 keV is
Ni-Kβ that was emitted from a Ni-made capacitor-coil
target. The peak around 8.5 keV is Au-L lines emitted from
the Au cone. The ratio of Cu-Heα to the Li-like satellite line
reflects information on the electron temperature Te, plasma
density ρ, and thickness along the line of sight of the
spectrometer d.
X-ray spectra from Cu were computed by using the

FLYCHK code [31]. The Ni-Kβ and Au-L lines were
measured in separate shots, and these emissions were

subtracted from the measured spectra after adjusting their
peak intensity to fit the measured one. The thickness was
determined so that the spectrum could be reproduced
within the density range obtained with the x-ray backlight.
The spectra were calculated with varying ρ within the
experimentally obtained density and Te to minimize the
differences between the experimental spectral shape and
calculated ones.
In cases A, C, and D, where the LFEX is injected before

the maximum compression timing, the minimum difference
was found around 1.0 g=cm3. The spectra calculated with
Te ¼ 2.1, 1.9, and 1.5 keV, ρ ¼ 1.0 g=cm3, d ¼ 100 μm
well reproduce the shape of the spectrum, as shown in
Figs. 2(a), 2(c), and 2(d), respectively.
The plasma was compressed further at the later timing

(case B), the spectra calculated with Te ¼ 2.0 keV,
ρ ¼ 12 g=cm3, d ¼ 30 μm well reproduce the shape of
the spectrum, see Fig. 2(b). In case B, our measurements
show that the mass density of the plasma along the laser
axis was 11.3 g=cm3 and a part of the core was heated to
2.0 keV, which corresponds to 2.2 PPa of the electron

FIG. 1. Two-dimensional density profiles of compressed Cu (II)
oleate solid balls. (a) At texp ¼ 0.38 ns, the converging shock
waves were still traveling to the center. (b) The core reached a
maximum compression timing at texp ¼ 0.72 ns. Dotted lines
show line of sight of the x-ray spectrometer.

FIG. 2. X-ray spectra in the range from 8.0 to 8.6 keV. (a)–(e)
Black square, red line, and red dotted line show the experimental
spectra data, the computed spectra data by using the FLYCHK

code, and the Ni-Kβ and Au-L lines subtracted from the measured
spectra. The experimental data of cases A, C, and D were well
reproduced with the density 1.0 g=cm3, and the temperature as
2.1� 0.2, 1.9� 0.2, 1.5� 0.1 keV, respectively. The experi-
mental data of case B were well reproduced with the density
12 g=cm3 and the temperature 2.0� 0.1 keV.
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pressure. The amount of Li-like Cu satellite lines and Cu-
Heα x-ray signal decreases as LFEX laser energy decreases.
In case E, where the LFEX energy was at a minimum
among the listed shots, the signal was tooweak; therefore, it
was impossible to evaluate the temperature by fitting as
shown in Fig. 2(e). Details of the least square value of the
differences between the measurements and calculations are
presented in the Supplemental Material [15].
To identify the heated region, the heated core was

imaged by the Fresnel phase zone plate (FPZP). Heα
emissions indicating the heated region were observed along
the laser axis, so that the experimental result confirms that
the heating region exists in the above-solid-density region.
Details of the FPZP observations are described in the
Supplemental Material [15].
In our previous work, the maximum laser-to-core cou-

pling efficiency by drag heating was 7.7%� 1.2%, which
corresponds to case E in Table I. It means that 48� 7 J
energy can be deposited in the core by drag heating. Even at
the maximum compression timing, the areal mass densities
(ρL) of the core along the RE beam path length (L) were
ρL ¼ 0.16 g=cm2, which is shorter than the RE’s mean free
areal density (typically ρL ¼ 0.6 g=cm2 for 1 MeV of the
slope temperature of the RE). Therefore, the entire core was
heated uniformly up to Te ¼ 80� 10 eV by drag heating.
Then, the 7.7%� 1.2% of coupling efficiency via the
enhanced RE heating [14], which is so called drag heating,
cannot explain the achievement of the UHED. This
suggests that the other heating mechanism contributes
predominantly to explain the observations.
We performed two-dimensional particle-in-cell (2D PIC)

simulations (PICLS [32]) under an external magnetic field
using the density distribution obtained in the experiment.
The heating laser is similar to the LFEX laser. The detail of
the simulations is given in the Supplemental Material [15].
Figure 3(a) shows the time evolution of the heated region

indicated with contour lines of 1 keV from the heating laser
peak time (t ¼ 0) for the cases with the density profile at
the maximum compression timing (texp ¼ 0.72 ns) in
Fig. 1. The heating laser is irradiated from the right side
through the cone and it heats directly the front edge of the
dense plasma core owing to the high contrast laser light.
The electron temperature evolves temporally via the ther-
mal heat transport to the core by diffusive heating. The heat
wave propagates with velocity > 10 μm=ps even after the
heating laser irradiation terminated, and then the core
region (X < 40 μm) was heated over 1 keV electron
temperature at t ¼ 4.8 ps, see Figs. 3(a) and 3(c). A
theoretical estimation for the heat propagation speed is
presented in the Supplemental Material [15].
Figure 3(b) shows the two-dimensional pressure distri-

bution at t ¼ 4.8 ps. The pressure of the core region
(X < 40 μm) starts from 2 PPa at the front edge to
0.5 PPa at the other side (X ≃ −10 μm). Figure 3(c) shows
the bulk electron temperature on the density distribution of

the doped copper having the charge states Z ≥ 27. The
doped copper densities with Z ≥ 27 indicate that where Cu-
Heα photons are coming from. We see that the doped
copper ions inside the core region get Z ≥ 27, namely, the
large amount of Heα emissions are expected from the core.
The core region at the maximum compression is heated to
1–2 keV, which is consistent with the experimental obser-
vation. The electron phase plots of the longitudinal
momentum are shown in Figs. 3(d) and 3(e). The diffusive
feature is seen from the heating surface (X ∼ 70 μm). Note
here that the phase plot is symmetric vertically in px space
and also the phase plot of transverse momentum (py) has
the identical distribution, namely, the electrons are ther-
malized in the momentum space in this energy range,
< 10 keV. This PIC simulation reveals that diffusive
heating is the heating process which can locally heat up
the front region to the core region over petapascal pressure.
In summary, we have achieved experimentally 2.2 PPa of

UHED state with 4.6 kJ of the total laser energy that is one
order of magnitude lower than the energy used in the
conventional implosion scheme. The generation of such the
UHED state cannot be explained with drag heating mecha-
nism only. Particle-in-cell simulations with the experimen-
tal conditions confirm that diffusive heating mechanism
plays an essential role [4] to heat the core plasma over the
kilo-electron-volt range on top of drag heating and resistive
heating. Our experimental results clarified that the mag-
netized fast isochoric heating is an efficient way to create

FIG. 3. PIC simulation at the maximum compression
(texp ¼ 0.72 ns): (a) The propagation of heat wave indicated
by 1 keV contour lines on the electron density [nc]. (b) Pressure
distributions with the contour lines (petapascal). (c) Electron
temperature distribution on the doped copper density [nc] with
charge state Z ≥ 27, which indicates where the Heα emissions
come from. The contours are plotted at t ¼ 4.8 ps after the
heating laser peak time. The electron phase X − px=mec at 2.6 ps
(d) and 4.8 ps (e), lower half. The phase plot is vertically
symmetric, so that only the upper and lower halves are shown due
to the space limitation.
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the petapascal UHED state that is an interesting and unique
test bed for various areas of scientific research, e.g., inertial
confinement fusion, intense x ray, charged particles, neu-
tron sources, and laboratory astrophysics. We must note
that the ultrahigh pressure is realized in electron pressure,
not in ion pressure. For fusion applications, we need
ultrahigh ion pressure, and thus, further investigation is
needed to shorten Te − Ti equilibration time to deliver
ultrahigh ion pressure.
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