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Efficient energy transport throughout conical implosions
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The double-cone ignition (DCI) scheme has been proposed as one of the alternative approaches to inertial
confinement fusion, based on direct-drive and fast-ignition, in order to reduce the requirement for the driver
energy. To evaluate the conical implosion energetics from the laser beams to the plasma flows, a series of
experiments have been systematically conducted. The results indicate that 89%–96% of the laser energy was
absorbed by the target, with moderate stimulated Raman scatterings. Here 2%–6% of the laser energy was
coupled into the plasma jets ejected from the cone tips, which was mainly restricted by the mass reductions
during the implosions inside the cones. The supersonic dense jets with a Mach number of 4 were obtained,
which is favorable for forming a high-density, nondegenerated plasma core after the head-on collisions. These
findings show encouraging results in terms of energy transport of the conical implosions in the DCI scheme.
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I. INTRODUCTION

Inertial confinement fusion (ICF) research aims at abun-
dant clean energy production from light-element nuclear
fusion process during the confinement provided by the mass
inertia of the highly compressed fuel [1]. Most ICF schemes
pursue an ignition initiated from a hot spot, which is created
by efficient conversion from implosion mechanical work into
internal energy. This requires that the energy carried by the
α particles from the D-T fusion process inside the hot spot
should be at least higher than the energy losses, while the α

particles can be captured by the fuel to maintain self-sustained
burning [2]. The highest fusion yield of more than 3.88 MJ
on the National Ignition Facility (NIF) [3] marks a significant
advance in ICF research, as it resulted in a target gain of 1.9.
However, researchers are still striving to assess the stability
in the burning plasma regime and optimize the fusion gain.
In the vicinity of ignition, effects of instabilities seeded by
varied sources would be accumulated and raised. While the
cold fuel is heated with mass ablation and burn propagation,
the hot spot could be significantly cooled due to fuel-ablator
mix [4]. Especially for burning plasma regime, the hot spot
with higher temperature offers α particles longer stopping
ranges [5]. Thus, the performance for power balance gets
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more fragile causing the burn quenching near the ignition cliff.
To achieve a stable ignition and increase energy gain in ICF, it
is necessary to understand the merit for implosion energetics,
which allows for an optimization of the igniting trajectory.

To tackle the challenges in the pursuit of high-energy gain,
the double-cone ignition (DCI) scheme was proposed [6],
based on direct-drive [7] and fast-ignition [8] concepts. In the
scheme, two gold cones are employed to confine part-shell
implosions. The conically compressed fuel ejected from the
head-on cone tip forms a high-velocity jet. The head-on col-
lision of two jets from double cones makes them fuse to an
isochoric-distributed fuel, with high density and sharp edge.
As the jets stagnate during the collision, the kinetic energy
transits to the internal one and the plasma becomes preheated.
Finally, in the isochoric high-density plasma, a fast-electron
beam guided by an external magnetic field [9–12] can de-
posit energy rapidly and adequately, and an ignited hot-spot
forms. The schematic diagram of the four main steps of the
DCI scheme is shown in Fig. 1(a), with the implosions, fast
electrons, and magnetic field driven by about 10 ns, 10 ps,
and 1 ns laser pulses, respectively. The general route of energy
coupling and transition can be described as follows. As the
laser beams propagate up the density gradient to the criti-
cal surface, they transfer energy to thermal electrons via the
inverse bremsstrahlung absorption as the dominant mecha-
nism [13]. In the meantime, part of the laser energy is diverted
from the coronal plasma through laser-plasma instabilities
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FIG. 1. (a) Schematic diagram for illustration of the DCI scheme.
(b) Geometry of the conical irradiation on the shell-in-cone target.
The CHCl shell is initially embedded in the gold cone, and four laser
beams overlap at the shell surface through 525-µm continuous phase
plates. (c) Laser temporal profile with overlapped power on the target
noted in (b).

(LPIs) [14]. Moreover, the thermal-electrons transfer their
energy to the plasma up to the ablation front through thermal
conduction [15], then the corresponding shock wave [16] from
the ablation front transports inward and heats the fuel shell.
The ablated matter exhausts outward which leads to the shell
inward implosion due to the momentum balance [17]. During
the shell converging in the conical implosion, part of the ki-
netic energy is converted into internal energy, and the fuel gets
precompressed. As the converged flows eject from two head-
on tips and form high-speed jets, they collide with each other,
and the sharp deceleration leads to efficient conversion from
the kinetic energy into the internal one [18]. After the colli-
sion, a fast-electron beam driven by a high-power picosecond
laser pulse heats the core to ignition condition. At last, the fuel
releases an amount of fusion energy during the burning period.
By carrying out laser irradiance with equivalent intensity at
a part of a sphere, the DCI scheme relaxes the driver energy
requirements for compression. The double-cone configuration
also reserves entire space in the plane perpendicular to the
cone axis, for additional heating cones allowing fast-electron
injection.

In order to investigate the feasibility of the double-cone
ignition scheme proposed in Ref. [6], the energy coupling
and transport in the conical implosions have been studied
experimentally and analytically, based on the DCI Round 6
experiment campaign. We report characteristics of three major
parts of energy transport-laser energy absorption, the exhaust
and implosion energy in the acceleration phase, and energy
transition and losses in the coasting phase during conical
implosion. The total laser absorption in a shell target inside
a gold cone can be as high as 89%–96% with moderate LPI
levels. At the end of the laser pulse, 73% of the laser en-
ergy has been allocated to the exhaust, and 12% coupled to
the imploding shell. After the coasting phase, the imploding
shell forms a supersonic dense jet with a Mach number of 4
ejected from the cone tip. The jet has carried 2%–6% of the
laser energy, mainly restricted by mass reduction inside the

cone. The results could provide insights into the energetics
figures of merit in the conical implosions and show basics
on the restrictions. The implications are important on the
further stages of head-on collision and fast heating in the DCI
scheme.

II. RESULTS

A. Experimental setup

The experiments reported herein were carried out at the
Shenguang-II upgrade laser facility [19]. The target consisted
of a C16H14Cl2 (CHCl) partial spherical shell embedded in
a gold cone (shell-in-cone target) with a full opening angle of
100◦. The inner diameter R and shell thickness d were 450 µm
and 45 µm, respectively. The shell was irradiated by four laser
beams on top at an angle of 50◦ to the polar axis, forming an
axisymmetric conical irradiation, as shown in Fig. 1(b). Each
beam delivered 1250 J energy onto the shell, as ultraviolet
with 351-nm wavelength and focusing into a 525-µm diam-
eter determined by a continuous phase plate. The temporally
shaped low-entropy-compressing laser pulse [20] is shown in
Fig. 1(c). The resulting intensity of four overlapped beams at
maximum is 1.2×1015 W/cm2.

Understanding the energy coupling and transition pro-
cesses requires characterizing the physical states during the
implosions. The fraction of laser energy absorbed in the
coronal plasma has been inferred from a quasiglobal angular-
resolved diagnostics for the scattered light [21]. The energy
contained in the exhaust plasma has been inferred through
a 2D-framing x-ray penumbral imaging system [22] com-
pared with the hydrodynamic simulations by the MULTI 1D
code [23]. For the shell implosion inside the cone, as most
of the emissions are blocked by the Au cone, the theory of
ablative heat waves has been used to calculate the shell kinetic
energy. The temperature of the shell coasting in the cone and
ejected from the cone tip has been diagnosed by the streaked
optical pyrometer (SOP) [24] facing through the tip to the
shell inner surface, assuming it emits as a black-body radiator.
The velocity and mass of the plasma jet at the cone-tip have
been measured by an x-ray pinhole streak camera (XPSC) and
a Cu-Kα backlight imager [25], respectively. The plasma tem-
perature after head-on collisions has been monitored by a hard
x-ray spectrometer to measure the Cl feature spectrum [26]. In
effect, polystyrene deuteride C8D8 (CD) shells have been used
as standard fuel for neutron generation from D-D reactions in
the preliminary experiments of the DCI scheme. The CHCl
material has been used to provide an efficient characteriza-
tion of the plasma temperature and velocity due to brighter
and detectable bremsstrahlung radiation induced from the
moderate-Z Cl element. The near-constant mass absorption
coefficient of CHCl plasma with wide ranges of temperature
and density also provides accurate density characterization
using Cu-Kα backlight. So in this paper, the energetics in each
process are from the CHCl shell-in-cone targets to maintain
consistency and remain systematic.

B. Laser absorption

The energy coupled from the incident laser beams to the
plasma is restricted by the scattered light in LPI processes,
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FIG. 2. Schematic diagram of the 60FSPM. 60 reflective colli-
mators are set on the inner side of the chamber wall, collecting the
light emitted from the laser-target interactions. The arrows repre-
sent the polarization directions (bright arrows) with respect to the
p-polarization direction (shaded ones).

which would decrease the inward acceleration and generate
hot electrons to increase the fuel entropy. In order to obtain
overall characterization of LPIs covering nontypical angles
from the conical irradiation with the four beams on the shell-
in-cone target, besides the full-aperture back-scattering station
(FABS) of the Beam no. 7 [27], light emitted into the upper
hemisphere has been measured by a 60-channel fiber spec-
trometer (60FSPM). The schematic diagram of the diagnostic
is shown in Fig. 2. There were 60 reflective collimators col-
lecting the light emitted from the laser-target interactions and
reflecting it to 60 channels of the optical fiber bundle. The end
of the bundle was coupled in a linear array into an optical
spectrometer. With a 150 G/mm ruled grating, 60-channel
optical spectra in 300–800 nm could be recorded by a charge-
coupled-device (CCD) camera with a spectral resolution of
1.5 nm. Since the polarization of the four beams was symmet-
ric about the polar axis (see Fig. 2), the measurement covering
a quarter sphere could reveal the scattered lights in 2π solid

angle according to an axisymmetric assumption of the coro-
nal plasma flow. The spectral response of the detector has
been absolutely calibrated in energy for each fiber channel.
The energy losses could be derived by spectral integration of
the detected intensity. The 60FSPM could not only provide
the laser absorption according to the total scatted energy,
but also reveal LPI mechanisms through the light spectral
characteristics.

For the shell-in-cone target, the overall energy measured
by the 60FSPM and FABS occupy on average 6.9% and
1.4% of the laser energy, respectively, which reveals that
92% absorption has been obtained typically. The light on
the 60FSPM is dominated by stimulated Raman scattering
(SRS, 500–650 nm) [28,29], which accounts for 5.5% of the
laser energy, as shown in the spectra in Fig. 3(a), while in
the FABS most of the signal comes from the laser reflection
around 351 nm, and scattering from the cross-beam energy
transfer (CBET) [30,31] and stimulated Brillouin scattering
(SBS) [32], which accounts for 1.3% of the laser energy
on average. Here we do not wish to address an immediate
realization of quantitative analysis for each LPI process, but
to demonstrate the energy losses in emitted light from the
plasma. Emissions near 702 nm, associated with the rescatter-
ing on the two-plasmon-decay (TPD) [33,34] plasma waves,
have also been measured to be less than 0.7% and negligible.
The summarized data are shown in Table I. The averaged
values have been taken from 17 shots with similar laser and
target conditions. Figure 3(b) shows the angular distribution
of scattered light from the shell-in-cone target. Here the 0
degree of the polar angle is in the upper pole along the target
normal, and Beam no, 3 is the origin of the azimuthal angle.
Considering our moderate single-beam intensity and density
scale length, the interaction is below the back SRS threshold,
which has been discussed in detail in our separate work [27],
and only the side SRS is responsible for the emissions. This is

FIG. 3. Typical raw images of the scattered light spectra from the CHCl shell-in-cone (a) and planer (c) targets measured by the 60FSPM,
with the longitudinal axis representing collectors at different orientations. The wavelength in spectra indicates different processes of LPIs
(spectral response needs to be taken into account for absolute energy calculation). The corresponding angular distributions of side-scattered
lights are shown in (b) and (d), using linear interpolation for the directions between two adjacent collectors. In (b) and (d) the blue-shaded
areas represent the directions of laser incidence, with the beam serial numbers and polarization angles.
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TABLE I. Summary of energy scattered efficiency (normalized to the laser energy) due to 351-nm lights and SRS, and in total under the
CHCl shell-in-cone and planar targets. Here Avg. represents the statistically averaged value from 17 shots with the same designed parameters
of lasers and targets, and Max. and Min. are the maximum and minimum values, respectively.

Shell-in-cone target Planar target

351 nm SRS 351 nm SRS

FABS 60FSPM FABS 60FSPM Total FABS 60FSPM FABS 60FSPM Total

Avg. 1.3% 1.4% 0.06% 5.5% 8.3% 2.8% 2.0% 0.09% 9.3% 14.2%
Max. 2.3% 1.8% 0.18% 6.3% 10.6% 3.6% 2.6% 0.12% 12.3% 18.6%
Min. 0.6% 1.0% 0.01% 2.5% 4.1% 1.9% 1.6% 0.05% 8.3% 11.9%

confirmed by that most of the light is scattered at polar angles
larger than the laser incidence. Besides, due to the proximity
of the emissions with the laser incidence, the scattering is
more likely driven by single-beam-induced SRS.

In order to have a clear look at the characteristics of LPIs
in the geometry with the shell-in-cone target, four-beam irra-
diations on 50-µm-thick CHCl planar targets with the same
diagnostics have been taken as comparison experiments. In
the case of the planar target, the total absorption is 85.8% on
average, with 2.8% and 2.0% laser energy coupled to the 351-
nm scattering in FABS and 60FSPM, respectively, and 0.09%
and 9.3% laser energy to the SRS in the two diagnostics (see
Table I). The spectra also show a dominantly broad feature of
side SRS [see Figs. 3(c) and 3(d)]. Both Table I and Fig. 3
show weaker SRS in the shell-in-cone target compared with
the planar one, on average by a factor of 1.7. One of the
possible mechanisms is related to the coronal plasma geom-
etry. According to the Rosenbluth gain formula [35,36], the
amplification of SRS lights increases with the plasma scale
length Ln. There is a shorter Ln due to the spherical expansion
in the shell-in-cone target compared with a planar expansion.
Essentially the propagation path is shorter for SRS energy
gain [28], and it leads to reduction of scattered energy losses
with the shell-in-cone target. To exclude the effects of Au
contamination from the cone on LPIs and light absorption,
experiments with pure CHCl shell (the same with the shell-
in-cone target but without Au cone) targets have been carried
out. The results from the 60FSPM show the scattered energy
of 351 nm and SRS are 1.6±0.4% and 4.0±0.3% of the laser
energy, respectively. Since the scattered energy is at a similar
level as the CHCl shell-in-cone target, we consider the Au
contamination has little effect on the laser absorption in the
corona region.

C. Exhaust energy of the outward ablated material

During the laser and thermal-electron ablation, the ex-
haust energy of the ablated material (including corona and
thermal conduction areas) takes much of absorbed energy,
which limits the energy coupled to the inward implosion. On
the other hand, however, the exhaust plasma accelerates the
shell inward via the rocket effect, which ensures the kinetic
energy of implosion. In principle, there is an optimized energy
allocation for outward exhaust and inward implosion.

The temperature of exhaust material can be inferred from
a 2D framing x-ray penumbral imaging measuring the self-
emission in 0.1–10 keV on top of the irradiated surface. The

ablated plasma is consisting of the under-dense corona and
dense thermal conduction area, which make the self-emitted
soft x-ray with moderate photon energy in 0.1–10 keV a
suitable probe. The x-ray framing camera uses 16 penumbral
holes creating a 4×4 array of irradiated shell images, and the
reconstructed images are shown in Fig. 4(a). Considering the
penumbral imaging with a decoded technique and the framing
camera system, a spatial resolution of �x = 10.4 µm has been
achieved. In Fig. 4(a) the timings of the left images in the
four strips are labeled, which are controlled by a delay box
sending individual delay pulses with ±200 ps jitter monitored
by an oscilloscope. There are four images in each framing
strip. The time separation between adjacent frames on the
same strip is about 50 ps according to the sweeping speed of

FIG. 4. (a) Reconstructed 16-framed images from the top view
of the ablated plasma. The four strips in horizontal direction record
at four different timings during the laser irradiation. (b) The first
image on the second strip, where the dashed red and blue circles
are corresponding to the initial outer edges of the cone and shell,
respectively. A 2-µm-thick C10H8O4 filter has been employed to
measure the plasma parameters by the x-ray spectral absorption. The
normalized spectral response of the system with and without filter is
plotted in (c) as the blue and green curves, respectively. The averaged
intensity ratio of the shell in the unfiltered and filtered channels is
expressed as a function of time with fluctuations in different shots,
as shown as the blue dots in (d), where the red curve is the intensity
ratio calculated from the MULTI 1D simulation.
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the high-voltage pulse on the Au photocathode. Figure 4(b)
is the enlarged image at 3.1 ns, and the dashed red and
blue circles are corresponding to the initial outer edges of
the cone and shell, respectively. Under a nanosecond-long-
pulse irradiation, assuming the ablated plasma evolution is
gentle and negligible within 50 ps, images in adjacent frames
are temporally close enough to apply an x-ray absorption filter
method [37] for derivation of the ablated plasma temperature,
by using 2-µm-thick C10H8O4 (Mylar) filter for the early two
frames in each strip. The x-ray energy spectral response for
the filtered channel (called Ch. 1) is shown as the blue curve in
Fig. 4(c), while the one for the bare channel (Ch. 2) is shown
as the green curve, both of which have considered the effect
of the Au photocathode.

For the coronal area, the plasma usually keeps nearly
isothermal either by heat conduction or by direct laser de-
position [38]. The under-dense plasma with temperature of
several keV is optically thin compared with the Planck
mean-free path, so the absorption is little for the soft x-
ray self-emissions. However, in the dense matter ablated by
thermal electrons with sharp density and temperature pro-
files, higher density brings stronger bremsstrahlung radiation
while lower temperature leads to more absorption. Here we
employed one-dimensional hydrodynamic simulation MULTI
1D to provide spatial profile and temporal evolution of plasma
parameters. The parameters of density and temperature could
set a reference to calculate the x-ray self-emission intensity
and be compared with the experimental results, to provide
possible solutions for the exhaust internal energy. As a low
Z and nearly fully ionized material, the emitted x-rays can
be assumed as bremsstrahlung radiations. Considering the
response efficiency R(ν) for the photon energy ν induced by
the Au cathode and filter, the intensity on the detector ICh.can
be expressed as follows, considering a transmission caused
by the mass absorption coefficient μ (as a function of ν,
local electron temperature Te, and density ρ) and areal density
(integration of ρ along the path x):

ICh. =
∫ L

0

∫ ∞

0
Ibr (ρ, Te, ν)R(ν)

× exp

[
−

∫ L

x
μ(ρ, Te, ν)ρdx′

]
dνdx, (1)

where Ibr (ρ, Te, ν) ∝ ρ2T −1/2
e exp(−hν/Te) is determined by

the bremsstrahlung spectral energy emission per volume, and
L is the path length. The intensity ratio in the shell region be-
tween channels without and with the filter ICh.2/ICh.1 is plotted
against time in Fig. 4(d), where the red curve is calculated
form the MULTI 1D simulation, and the blue dots are from
experimental measurements. The error bars in the horizontal
axis are owing to the time jitter of the framing camera, while
the ones in the vertical axis are from the systematic errors
of the measured intensity ratios from a series of shots. Taking
the error bars into account, the simulation well predicts the
experimental results, except for the data around 2.3 ns, which
might come from differences between the experimental pulse
shapes and the original design (see Fig. 5). According to
this comparison, at the measured timings, density-weighted
electron temperature in the ablated plasma could be derived
from the simulation, shown as the green dots in Fig. 5,

FIG. 5. Temperature evolution of the exhaust plasma (green cir-
cles), which represents the density averaged electron temperature
derived from the MULTI 1D simulation. The pulse shapes from
multiple experimental shots and the design are shown as the red and
blue curves, respectively.

representing temporal evolution of the heating effect in the
exhaust material. The electrons in the ablated plasma are
heated from 0.2 keV at 1.1 ns, to 2.0 keV at 4.2 ns.

The theory on Coulomb collisions elucidates that equilib-
rium between electrons and ions is hard to be obtained in
plasma with high temperature and low density in a nanosec-
ond timescale. It is necessary to plug both electron Te and ion
temperature Ti with the density ρ from the simulation into
estimation of the exhaust internal energy. As plasma exhaust-
ing with low density, the weakly interacting particles can be
described as a classical ideal gas and the internal energy is
proportional to the temperature. The exhaust internal energy
at the end of the laser pulse could be calculated as

Eint = 3

2mi

∫ L

0
ρ(r)kB[ZTe(r) + Ti(r)]S(r)dr = 1169 J,

(2)

where S(r) is the shell area at the radial position r, assuming
a spherical expansion. mi is the average ion mass in a CHCl
molecule, and kB is the Boltzmann constant. Here Te, Ti, and
ρ are from the MULTI 1D simulation.

As the plasma exhausts from the ablation front to the
under-dense corona, it is pushed by the pressure gradient from
the area with higher density to lower density region, and ac-
celerated to higher velocity. From the simulation the exhaust
kinetic energy at the end of the laser pulse can be obtained by
the following integration, according to the exhausting velocity
vex(r):

Ekin = 1

2

∫ L

0
ρ(r)v2

ex(r)S(r)dr = 2482 J, (3)

In the limiting case of a plane isothermal flow with an ex-
ponential density gradient, vex increases linearly with the
distance from the ablation front [39], and the kinetic energy
content equals 1.7 times of the internal one. However, the
realistic situation should consider the spherical expansion as
well as the nonlocal laser absorption before the critical surface
via inverse bremsstrahlung. The kinetic energy has a higher
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percentage as 2.1 times of the internal one in our case, com-
pared with stationary cases.

D. Inward energy transport in the conical implosion

The inward implosion of the shell is driven by the ablated
material expanding outward due to momentum conservation.
According to the theory of ablative heat waves driven by
inverse bremsstrahlung absorption, the mass ablation rate and
ablation pressure of fully ionized CHCl can be expressed as
ṁ = 3.5 × 104I5/9

L λ
−4/9
L r−2/9

f and Pabl = 1.4I7/9
L λ

−2/9
L r−1/9

f ,
where IL and λL are the laser intensity and wavelength, re-
spectively, while r f is the focal radius [40]. Considering
the laser pulse shape and conical geometry [41], the frac-
tional payload of a CHCl shell is 54%, which means an
imploding shell mass Mres = 13.2 µg. From the momen-
tum of the expelled mass, the ablated plasma has velocity
vex = Pabl/ṁ = 4.0 × 10−5I2/9

L λ
2/9
L r1/9

f . The ablated mass can
be written as Mabl(t ) = ∫ t

0 ṁS(t ′)dt ′. Here S(t ′) is the shell
area varying with time during the forward implosion. From the
ablated mass Mabl and expansion velocity vex, the implosion
velocity can be evaluated through the momentum conserva-
tion as vr = ∫ t

0 ṁS(t ′) vex
M0−Mabl (t ′ ) dt ′ = 302 km/s. This provides

a maximum value for imploding kinetic energy of 594 J, 12%
of the laser energy, at the end of the laser pulse. At the same
time, the SOP indicates the inner shell is heated to the temper-
ature of 15±3 eV. At this temperature with over-dense density,
the fuel is in the warm dense plasma regime and nonideal
plasma effects occur. The degeneracy (ratio of the thermal
energy to Fermi one) � is a function of the electron temper-
ature Te and density ne, as � = (h̄2/2me)−1kBTe(3π2ne)−2/3.
The density at the end of the laser is not measured, as the
diagnostic field of view is blocked by the cone. But it can
be assumed that ρ � 5.1 g/cm3 as an upper limit of the
density at the center of double cones at 5.8 ns (1.3 ns after the
laser pulse), when the head-on plasma jets have just started to
collide with each other [42]. A collisional-radiative spectral
analysis code PrismSPECT [43] has been used to solve the
ionization state of the CHCl plasma according to the tem-
perature and mass density, and then the free electron density
ne could be derived. Thus, the degeneracy is in the range of
� � 0.6, which indicates the fuel could be considered as a
partially degenerate Fermi gas. The internal energy can be de-
termined by two parts including partially degenerate electrons
and classical ions, Eint = Ee + Ei = 3/2(pV + NikBTi), where
Ni and Ti are the number and temperature of ions. The relation
Ee = 3/2pV is valid for a Fermi gas at any degeneracy [1].
The volume V could be expressed by Mres/ρ. The electron
pressure p can be written as p = pF (5/2� + X�−y+Y �(y−1)/2

1+X�−y ),
with the Fermi pressure pF = 2/5ne(h̄2/2me)(3π2ne)2/3 and
constants X = 0.27232, Y = 0.145, and y = 1.044. Assuming
in the dense plasma the electrons and ions could be balanced
quickly in a sub-nanosecond timescale [1], i.e., Te = Ti = Tth

is valid, the internal energy of the imploding fuel at the end
of the compressing laser pulse is in a range of 6.6 J < Eint

< 11.0 J, 0.12%–0.22% of the laser energy, with the lower
and upper limits corresponding to classical plasma as an ideal
gas and partly degenerate plasma with density of 5.1 g/cm3,
respectively.

Considering an ideal conical implosion, the shell sub-
stantially coasts along the conical wall with a uniform
radial velocity vr and gets compressed as a converging hy-
drodynamic flow. The shell gets heated as the transverse
(perpendicular to the cone axis) velocity vanishes during the
convergence, and the corresponding kinetic energy is con-
verted to the internal one. Assuming the longitudinal (parallel
to the cone axis) motion hardly experience deceleration inside
the cone, the velocity of the jet ejected from the cone tip vy is
an angular-averaged longitudinal component of vr , among the
spherical cap with an angle of 100◦,

vy =
∫ 50◦

−50◦
vrcosθdθ

/ ∫ 50◦

−50◦
dθ

= 265 km/s. (4)

The XPSC has recorded a 1D-spatial vs temporal trace [44],
demonstrating that the longitudinal velocity of the jet from
the cone tip reaches 240±25 km/s in 5.3–5.7 ns, which has
a similar level to vy. The mass of the jet is 5.7±1.9 µg,
which is calculated as a half of the mass after the head-on
collision from double cones, according to a 2D areal density
map measured by a Cu-Kα backlight imager at 6.0 ns, after
the density reaches the peak value. Based on the mass and
velocity measured by the two types of diagnostics, the corre-
sponding kinetic energy in the jet is 87.8–266.9 J, 1.8%–5.3%
of the laser energy. At 5.8 ns, when the plasma ejected from
the cone tip, the brightness on the SOP shows the jet tem-
perature reaches the maximum of 60±12 eV as a result of
the preheating through convergence. Assuming the density
of the jet is 5.1 g/cm3 (upper limit), the degeneracy � is
1.7 (above 1), so the jet at the cone tip could be approx-
imately considered as a classical plasma. Thus, according
to the temperature and mass, the internal energy Eint = Ee +
Ei = 3/2(Ne + Ni )kBT = 11.4–34.1 J, 0.23%–0.68% of the
laser energy.

Table II summarizes the energetics coupling efficiency
from the laser, and the plasma parameters related to the energy
values. Figure 6 shows a schematic diagram of the energy
coupling route from the laser to the plasma jet at the cone tip.
Here the letters I and K on the graph denote the internal and
kinetic energy, respectively. In the conical implosion, 2%–6%
of the 5000 J laser energy has been coupled into the plasma
jet ejected from the cone tip, where the kinetic energy is
1.8%–5.3%.

III. DISCUSSION

According to the results demonstrated above, the averaged
value of absorbed energy from laser is 4589 J, while the
averaged total energy of the exhaust and implosion add up
to 4254 J. It means there are about 335 J remaining from the
absorbed energy. The energy loss via bremsstrahlung emission
would not take as much as this order of magnitude in the
low-Z CHCl plasma. In the realistic experiment, some minor
lobes of the laser spot have irradiated the side wall of the Au
cone and been absorbed in Au plasma, which is clearly seen
from the x-ray emission image in Fig. 4(a). Assuming a 2-µm
ablated depth in Au, and the same x-ray absorption of Au
plasma with cold Au, rough electron temperature of 0.8 keV
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FIG. 6. Diagram of energy transport in the conical implosions, where the I and K are internal and kinetic energy, respectively, and the
energetics are expressed as the coupling efficiency from the incident laser beams.

could be derived using the filter method, corresponding to
internal energy of 300 J. Although the accurate energy
absorbed by Au cone is unknown, it can be estimated semi-
quantitatively through this method.

Aside from the LPIs and exhaust plasma, energy losses of
the imploding plasma inside the cone is the main restriction
for the energy coupling to the jet. The kinetic and internal
energies of the jet predicted directly from the MULTI 1D
simulation are 392 J and 93 J, corresponding to 7.8% and
1.9% of the laser energy, which is higher than the mea-
sured results. The simulation ignores multidimensional effects
such as hydrodynamic instabilities and implosion asymmetry,
which would lead to overestimation of the energy coupling.
The analysis on the implosion energy shows the longitudi-

TABLE II. Summary of energy coupling efficiency (normalized
to the laser energy) and plasma parameters (mass, velocity, and
temperature) in different processes of the conical implosion. The
parameters of ablated plasma and imploding shell mass and velocity
were calculated with simulations and theoretical formulas, and the
energy of laser absorption and parameters of the fuel ejected from
the cone as well as the temperature of the imploding shell were
experimentally measured.

Laser absorption
(measured) Efficiencya 92+4

−3%

Ablated plasma Mass 11.2 µg
(simulated) Electron temperature ∼2 keV

Efficiency 73%

Imploding shell Mass (simulated) 13.2 µg
Imploding velocity (simulated) 302 km/s
Plasma temperature (measured) 15±3 eV

Efficiency 12%

Ejected fuel Mass 5.7±1.9 µg
(measured) Ejecting velocity 240±25 km/s

Plasma temperature 60±12 eV
Efficiency 2%–6%

aThe energy coupling efficiency from the incident laser beams.

nal velocity keeps at a relatively steady level as the shell
coasting inwards to the cone tip. The critical limiting factor
on kinetic energy at the cone tip is the mass reduction from
the 13.2 µg payload inferred from the ablation theory inside
the cone to the 5.7±1.9 µg plasma jet at the cone tip. If the
Rayleigh-Taylor instability (RTI) coupled to the shell grows
in the acceleration and coasting stages, the tangential velocity
increases around the RT spikes, a large amount of material
could be taken away from the centripetal motion to the cone
tip. Besides, the implosion asymmetry is a possible reason
which leads to velocity distribution in the longitudinal space.
As the 5.7±1.9 µg is a spatially integrated mass outside the
cone tip at 0.1 ns after the peak colliding density, it is only a
small portion from the imploding shell, while the follow-up
ejection continues, but the fuel with lower velocity may have
limited contribution to the high-density plasma formation in
the head-on collision process.

In our experiment, the velocity of the plasma jet at the
cone-tip is 240±25 km/s. According to the temperature at the
tip measured by the SOP (Tth = 60 eV), the sound velocity is
cs = 61.8 km/s. The jet Mach number could be derived as

M = vy/cs ≈ 4. (5)

When neglecting the effect of viscosity in the dynamic pro-
cesses, the motion equation of the supersonic jet turns out to
be

dvy

dt
= − 1

ρ

d p

dy
= − 1

ρ

d p

vydt
, (6)

where d p = (Z + 1)kB/mi(ρdTth + Tthdρ). From this and
Eq. (5) it follows that

dρ

ρ
+ dTth

Tth
∝ −M2 dvy

vy
. (7)

Equation (7) indicates that, in a head-on collision of jets
with higher Mach numbers, especially for the supersonic jets,
the relative variation of velocity could bring larger relative
increase of density and temperature. This means the plasma
jets are expectable to generate a high-density plasma core. In
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addition, the quantum electron degeneracy effects still act in
the warm-dense jets. The temperature enhancement during the
head-on collisions would ensure the plasma to become non-
degenerate, for efficient energy absorption during Coulomb
collisions in the further fast-heating stage.

In previous DCI campaigns, supersonic collisions of such
plasma jets with high Mach numbers have been verified to
perform efficient transition from the kinetic to internal en-
ergy [18]. The 2%–6% energy coupling efficiency from the
laser to the jet may substantially determine the energy coupled
to the core after collision. This efficiency is at a similar level
with the record energy coupling to a hot spot, inferred from
typical literature for central ignition (about 2.9% inferred from
direct drive [45], and 2.6%–3.2% from indirect drive includ-
ing α particle heating [46]) and fast-ignition (about 2.2%
before fast-heating [47]) schemes.

IV. CONCLUSIONS

An experimental investigation of energetics in the DCI
scheme was conducted, with a comprehensive set of mea-
surements tracking the energy transport in the whole conical
implosion process. From the conversion efficiency between
metrics for the energetics in each step, the energy loss mech-
anisms and its quantity can be indicated.

Under the conical irradiation with a peak laser intensity
of 1.2×1015 W/cm2, the total absorption by the shell-in-
cone target has been measured as 92+4

−3% (in the format

averageupper limit
lower limit ), where the side SRS is up to 5.5+0.8

−3.0% of
the laser energy dominating the energy losses through LPIs.
The detailed comparison with a planar target reveals that the
shell-in-cone geometry constrains the SRS growth, probably

due to the shorter density scale length in the coronal plasma.
The x-ray framing imaging of the shell indicates that the
absorbed energy has been partly taken away by the exhaust
plasma (73% of the laser energy inferred by the MULTI 1D
simulation) as well as the irradiated wall of the Au cone. The
residual energy in the imploding shell is 12% of the laser
energy, inferred from the ablation theory. During the shell
coasting in the cone, there is 42%–71% of the mass reduction
(from the 13.2 µg payload to the 5.7±1.9 µg jet at the cone
tip), but the longitudinal velocity of the jet keeps stable at
a level similar with the imploding shell. Finally, 2%–6% of
the laser energy is coupled into the high-density plasma jet at
the cone tip. The major challenges of the scheme as inferred
from the presented study is the fuel mass reduction during
the implosion inside the cone. The Mach number of the jet
is about 4. This is expected to generate high-density plasma
core in the head-on collision process. Further improvement
in implosion performance is possible if larger masses can be
coupled to jets, by accurately estimating the hydrodynamic in-
stability and active design on its inhibitions in the implosions.
This work could advance the understanding of the physical
mechanisms involved in the DCI scheme.
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