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ABSTRACT
We present experimental studies of inverted-corona targets as neutron sources at the OMEGA Laser Facility and the National Ignition Facil-
ity (NIF). Laser beams are directed onto the inner walls of a capsule via laser-entrance holes (LEHs), heating the target interior to fusion
conditions. The fusion fuel is provided either as a wall liner, e.g., deuterated plastic (CD), or as a gas fill, e.g., D2 gas. Such targets are robust to
low-mode drive asymmetries, allowing for single-sided laser drive. On OMEGA, 1.8-mm-diameter targets with either a 10-μm CD liner or up
to 2 atm of D2-gas fill were driven with up to 18 kJ of laser energy in a 1-ns square pulse. Neutron yields of up to 1.5 × 1010 generally followed
expected trends with fill pressure or laser energy, although the data imply some mix of the CH wall into the fusion fuel for either design.
Comparable performance was observed with single-sided (1x LEH) or double-sided (2x LEH) drive. NIF experiments tested the platform at
scaled up dimensions and energies, combining a 15-μm CD liner and a 3-atm D2-gas fill in a 4.5-mm diameter target, laser-driven with up to
330 kJ. Neutron yields up to 2.6 × 1012 were measured, exceeding the scaled yield expectation from the OMEGA data. The observed energy
scaling on the NIF implies that the neutron production is gas dominated, suggesting a performance boost from using deuterium–tritium (DT)
gas. We estimate that neutron yields exceeding 1014 should be readily achievable using a modest laser drive of ∼300 kJ with a DT fill.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040877

I. INTRODUCTION

High-fluence neutron sources are of importance for a wide
range of applications in national security and basic science.
Examples are active and nonintrusive interrogation,1 the testing
of electronic component vulnerability at high neutron fluxes,2
nuclear-cross section and nucleosynthesis studies,3 the irradiation
and creation of high-fidelity test samples for forensics exercises,4 and
neutron radiographic applications.5

At the National Ignition Facility (NIF),6 high neutron fluxes
with integrated yields in excess of 1015 neutrons and ∼ns burn-
widths are readily achieved with a variety of different experimen-
tal inertial-confinement-fusion (ICF) platforms. Common to all of
these is the symmetric compression of a deuterium–tritium (DT)
fusion-fuel filled capsule to reach temperatures of a few keV, thus
initiating D–T fusion reactions and releasing neutrons.7–9 The fuel is
heated to fusion conditions by coupling laser energy into an ablator
material of a low atomic number, typically plastic (CH), beryllium,
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or high-density carbon. This is performed either in a direct-drive
geometry, with the laser directly incident onto the target, or via a
high-Z cavity that converts the laser into x rays incident onto the
target located at the cavity’s center. Importantly, common to either
approach is the necessity for a spherically symmetric drive and thus
the requirement for a nearly spherically symmetric laser delivery.

A new approach for a laser-driven neutron-source platform
with significantly less-stringent laser-symmetry requirements, but
compatible with long-pulse, ICF facilities, was motivated by a
recent publication describing experiments on the ShengGuangIII-
prototype Laser Facility.10 In this scheme, laser beams illuminate the
inner walls of a hollow target, e.g., a sphere or a cylinder, entering
the target through one or more laser-entrance holes (LEHs). The
laser heating ablates a layer of fusionable material on the inside sur-
face of the target, e.g., deuterated plastic (CD), with the low-density
ablative flows converging at the target’s center. Eventually, the abla-
tion plasma transitions from long-range interactions to collisional
stagnation, thereby heating the ions to fusion conditions through
thermalization of the ablative plasma flows. The principle idea was
first described in 1987 by Japanese researchers,11 was subsequently
coined inverted-corona fusion,12 and has since been investigated by
various research groups at the kJ drive level.13,14 Notably, Ref. 10
provides a scaling discussion that argues that single-shot neutron
yields of order 1017 may be feasible using this platform on the NIF
with a cryogenic DT layer instead of deuterated plastic and utilizing
NIF’s full energy capability of 1.8 MJ.

This paper discusses experiments testing the performance scal-
ing of inverted-corona targets to increased laser-drive energies in
excess of 100 kJ and the feasibility of this platform for applications on
the NIF. This paper is organized as follows: Section II introduces the
inverted-corona platform and discusses two target designs, a liner
target and a gas-filled capsule. Section III describes experiments per-
formed at the OMEGA Laser Facility and the NIF testing the scaling
of its performance with laser energy and fill pressure. Finally, Sec. IV
summarizes our results and briefly discusses potential applications.

II. THE INVERTED-CORONA PLATFORM
The principle design of the inverted-corona fusion platform is

shown in Fig. 1. Here, the inside volume of a hollow target is heated
to fusion conditions via laser heating, with laser beams entering
the target through one or more LEHs and incident onto the inside
surface. The fusion fuel may be provided in a variety of different
ways, two of which are discussed below. In its most simple form,
the fusionable material is contained within the inner wall itself, e.g.,
as deuterated plastic (CD), with the target interior volume at vac-
uum. This is the design discussed in the literature so far. Here, the
laser-energy deposition drives a plasma expansion of the inner-wall

FIG. 1. In the inverted-corona platform, laser beams are pointed onto the inside
walls of a capsule via LEHs, thus driving inner-wall ablation and central stagnation
and heating the interior to multi-keV temperatures.

surface toward the target center. As the ablative flows converge, the
plasma density increases and the ions transition from long-range
interactions to collisional stagnation, heating the plasma and gen-
erating fusion reactions. The plasma conditions at the target center
may be estimated by considering that the leading edge of the ablat-
ing plasma can reach velocities of order 103 μm/ns. The stagnation
temperature, Ti, of an ion moving at velocity vi can be calculated via
3kT = miv

2
i , where k is the Boltzmann constant and mi is the mass

of the ion. For a deuterium ion, this gives a temperature of roughly
7 keV, sufficient for fusion reactions.

Following a similar derivation to Ref. 10, but assuming a mass
ablation rate of ṁ ∼ I1/3

L , with IL being the laser intensity, and a reac-
tivity of ⟨σv⟩DD ∼ T2.5, with T being the ion temperature, one can
derive an expected yield scaling for a CD-lined target of

Yliner ∼ (EL

R
)

2
, (1)

where EL is the incident laser energy and R is the initial target radius.
Alternatively, the fusionable material can be provided as a gas fill,
such as D2 or DT gas, inside a low-Z target. In this case, the plasma
heating process becomes similar to an exploding pusher.15 The laser-
driven ablation launches a shock into the gas fill, with the expand-
ing wall plasma acting as a piston, thus heating the capsule fill. As
the shock converges at the center, the ion temperature and density
increase and fusion reactions occur until sufficient cooling and dis-
assembly of the fuel. Similar to Eq. (1), one finds that the yield for
gas-filled targets is expected to scale as

Ygas ∼ ρ(ELR
τ
)

4/3
, (2)

with ρ being the fill-gas mass density and τ being the laser pulse
width. Notably, the gas-fill approach results in a more complicated
target than the liner target discussed above as the LEHs need to be
covered by windows to contain the gas fill. The windows are kept
thin, ∼ 1μm, to limit their impact on laser propagation, similar to
the LEH windows used in ICF Hohlraum targets,16 resulting in sig-
nificant permeation rates of the gas fill through the windows. Thus,
such a target needs to be fielded with a fill tube and a gas reservoir.

For a hydrodynamically scaled system, where scale is defined
as the ratio of target radii S = R1/R0 and pulse width and energy
scale are S and S3, respectively, either yield formula reduces to the
standard performance scaling of Y ∼ S4.

III. EXPERIMENTAL DATA
Experiments were conducted at the OMEGA Laser Facility17 to

test the inverted-corona neutron source at the multi-kJ drive level
and to explore its potential for high-energy-density (HED) applica-
tion on the NIF.6 The experimental layout is shown schematically in
Fig. 2. The targets were manufactured from Glow Discharge Poly-
mer (GDP)18 with an inner diameter of 1.8 mm and 25-μm thick
walls, minimizing outward acceleration of the capsule walls prior to
peak neutron emission. Fusion fuel was provided either as a 1- to
2-atm, room-temperature D2-gas fill in a CH-wall target or in a vac-
uum target as a 10-μm deuterated plastic (CD) liner on the inside of
the CH wall [see Fig. 2(a)]. The LEHs were aligned along the P5/P8
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FIG. 2. Schematic configuration of the OMEGA experiments. (a) Fusion fuel was
included either as a CD liner in a vacuum target or as a D2-gas fill in a CH-only
capsule. (b) The laser beams were pointed onto the inside wall through either one
or two LEHs oriented along the P5/P8 OMEGA chamber axis.

axis of the OMEGA chamber [see Fig. 2(b)]. Up to 40 beams irradi-
ated the target using 1-ns square pulses, with all beams at nominally
the same power, co-timed, and up to 500 J/beam. The 40 beams
were pointed evenly onto the inner wall for maximized irradiation
uniformity and focused at or near the LEH plane to minimize the
required LEH size. A key feature of the inverted-corona platform is
its robustness to drive asymmetries, allowing for single-sided laser
drive and unique experimental geometries such as pump–probe-
type neutron experiments or neutron-radiography applications. To
test this, experiments were performed using the 10-μm CD-liner tar-
get with both 1x and 2x LEHs and laser-driven at comparable total
energies. For the 1-LEH case, half the beams were simply turned off
without repointing the remaining beams. All the gas-filled OMEGA
targets used 2x LEHs.

The yield obtained with the CD-liner targets is shown in Fig. 3
as the red, solid squares, plotted as a function of the scaling relation
in Eq. (1), together with the data reported by Ren et al. in Ref. 10.
Error bars are on the order of 10% and smaller than the data points
in the plot. From left to right, the OMEGA data were obtained with
laser energies of 9.1 kJ (1x LEH), 10.3, and 18.5 kJ (2x LEHs), giv-
ing neutron yields of 7.0 ×109, 8.3 ×109, and 1.5 ×1010, respectively.

FIG. 3. (a) Neutron yields of the 10-μm CD-liner targets vs the scaling in Eq. (1).
Gray squares are reproduced with permission from Ren et al., Phys. Rev. Lett.
118, 165001 (2017). Copyright 2017 APS. The 1- and 2-LEH data give similar
performance at the same drive, while the highest-energy data point is lower than
the predicted scaling (dashed line). (b) Framing-camera data at 1.3 ns for a CD-
lined target driven with 18.5 kJ. The white lines indicate the LEH positions.

Notably, the performance was robust to significant drive asymme-
tries. Using Eq. (1) to correct for the laser energy, the two exper-
iments at ∼10 kJ performed to within 7% of each other and well
within the error bars. This is despite the 1-LEH experiment turn-
ing off one hemisphere of beams, without introducing any beam
repointing. Such low-mode drive asymmetry would introduce a sub-
stantial performance impact on conventional, compressively driven
neutron sources.

The dashed line in Fig. 3 is a linear fit to all data except for
the 18.5-kJ data point to the far right. The yields largely follow the
linear trend, consistent with the previously published data. Interest-
ingly, the highest-energy data point is low by ∼40% compared to the
linear fit, with a predicted yield of ∼ 2.6 × 1010. One hypothesis for
this deviation is that the expanding wall material undergoes turbu-
lent mixing as it expands inward. This introduces non-fusionable
CH-wall material into the ablating CD plasma, quenching the D–D
fusion reactions in the central, hot region. Wall ablation and mix
should scale with incident laser energy, hence the deviation at the
highest drive, implying that a thicker liner or a pure CD wall may
increase the yield further.

A second series of OMEGA experiments tested the yield scal-
ing with D2-gas fill density in CH-wall targets with 2x LEHs, each
covered by 1-μm polyimide foils glued to the outside of the cap-
sule [see Fig. 4(a)]. The capsules were connected to a gas reservoir
via a 125-μm diameter, stainless-steel fill tube, which also acted as
the target stalk. The room-temperature fills were varied between
1 and 2 atm, with the upper limit set by the window burst pres-
sure. The yield results from the gas-fill scan are shown in Fig. 4(b)
plotted against the scaling in Eq. (2), with different pressures repre-
sented as different shades of blue and the dashed lines being linear
fits through the separate pressure data. Interestingly, the data do not
follow a single linear scaling. Indeed, the fitted slope increases with
pressure, with the 2-atm data giving an almost 50% steeper slope
than the 1-atm data. While further analysis of these data is required,
this may also be explained by mix of non-fusionable wall material
into the D2 gas. Similar to the role of the Hohlraum gas fill in an
indirect-drive ICF target, increasing the fill pressure will suppress
wall expansion,16 thus minimizing the abundance of non-fusionable
ions in the central, hot region where the fusion reactions are taking
place. An implication of this interpretation is that the slope, and the

FIG. 4. (a) Photograph of a gas-filled OMEGA capsule. A 1-μm polyimide window
is glued to the LEHs to contain the gas fill. (b) Neutron yields vs the scaling in
Eq. (2). The data do not follow a single linear scaling, with increased performance
at higher pressure than predicted.
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yield performance, may increase further with higher pressures, up to
a maximum fill where wall expansion is sufficiently tamped.

The experiments did not image the neutron-emitting region
directly, but x-ray images, as shown in Fig. 3(b), exhibit an emis-
sion region of ∼450 μm or 25% of the initial target size. The data
shown are for a 2-LEH vacuum target driven with 18.5 kJ, at 1.3 ns,
roughly at peak x-ray emission as observed by the framing camera,
and the data are representative of both gas-filled and vacuum tar-
gets. The cameras were sensitive to emission >1 keV, and the x-ray
hot spot can be considered an upper bound of the neutron-emitting
region.

Following the proof-of-principle work conducted at OMEGA,
experiments tested the platform performance on the NIF with laser
drives >100 kJ. A schematic of the NIF target with a 4.5-mm inner
diameter and a 100-μm wall is shown in Fig. 5(a). An interesting
application is neutron radiography of a second target driven via a
subset of NIF beams. Accordingly, the NIF experiments focused on
a single-LEH design, using only the bottom 96 NIF beams to drive
the target. To reduce potential yield degradation from CH-wall mix-
ing into the fuel, the target combined a room-temperature, 3-atm
D2-gas fill with a 15-μm CD liner. A 1-μm-thick polyimide foil cov-
ered the 2.5-mm-diameter LEH, and the gas fill was provided via a
70-μm-diameter SiO2 fill tube. Two experiments were conducted:
the first one used a laser drive hydrodynamically scaled from the
single-LEH OMEGA experiment (2.5 ns square laser pulse, 140 kJ)
and the second one increased the laser energy to 330 kJ with the same
pulse shape. The measured yields of 1.3 × 1012 and 2.7 × 1012 are
plotted in Fig. 5(b) as a function of laser energy (green diamonds),
and the respective ion temperatures were 5.8 and 7 keV. Since the
NIF experiments combined both a gas fill and a CD liner for the
fusion fuel, a direct comparison with the OMEGA data is difficult.
However, it is worth comparing the results to the scaled performance
for either design using the appropriate relations [Eqs. (1) and (2)].
This is shown as the red squares and blue circles for the liner and
gas-fill data, respectively. The gas-fill yield was scaled using the 2-
atm data [Fig. 4(b)], assuming that the higher gas fill minimized a
potential impact of yield degradation from mix. The CD-liner data
were scaled using the fit (dashed line) in Fig. 3.

A potential concern for the inverted-corona platform as a neu-
tron source is the generation of hot electrons and x rays. The NIF
diagnostic FFLEX provides time-resolved measurements of hard

FIG. 5. (a) Schematic of the NIF-scale target combining both a CD liner and a D2-
gas fill. (b) The NIF-measured performance (green diamonds) exceeds the yield
scaled from the OMEGA data for both the CD-liner (red squares) and the gas-fill
(blue circles) targets.

x rays above 18 keV.19 However, FFLEX is also sensitive to x rays
from neutrons scattering inside the NIF chamber, and at neutron
yields > 1012, this is known to contribute significantly to the signal.
Nonetheless, using the FFLEX data to provide an upper limit, the
hot-electron population is found to contain ∼1.5% of the incident
laser energy at a temperature of ∼40 keV. This is a higher conversion
efficiency than that of direct-drive designs, which typically exhibit
an order of 0.5% at comparable laser energies and which is likely
caused by the extended laser path through the gas-filled capsule
generating stimulated Raman scattering (SRS). However, because of
the neutron background in the FFLEX data, these results should be
considered an upper limit.

Notably, the NIF experiments outperform the OMEGA-scaled
data by factors of a few at both laser energies. In addition, although
a fit to the NIF data gives YNIF ∼ E0.9

L , weaker than either scaling in
Eqs. (1) and (2), the performance appears to be dominated by the
gas fill, rather than the ablation of the CD-liner material. This is
a promising result, and higher yields should be readily achievable
with a DT gas fill, rather than the much more challenging substitu-
tion of the CD liner with DT (e.g., as a cryogenic DT layer or using
wetted-foam targets). At the ion temperatures measured on the NIF
experiments, ⟨σv⟩DT/⟨σv⟩DD ≈ 160, and yields of 3–4 ×1014 are fea-
sible on the NIF with below-optics-damage laser drives in single-
LEH targets. Utilizing all 192 NIF beams and moderate power/beam
is expected to give neutron yields in excess of 1015.

IV. CONCLUSIONS AND OUTLOOK
Experiments were performed at OMEGA and the NIF testing

the scalability of inverted-corona fusion targets using both CD-lined
and gas-filled targets. A number of key conclusions can be drawn
from this work. At the 10-kJ drive level, the CD-lined target perfor-
mance is consistent with previously published data, but a deviation
from the expected scaling at higher energy may be attributed to
yield degradation from non-fusionable wall material mixing into the
central region of the CD-ablator plasma. Robustness to laser-drive
asymmetries was demonstrated using 1x and 2x-LEH designs. Gas-
filled CH targets with room-temperature D2 exhibited a stronger
dependence on the fill pressure than predicted, also indicating some
mix of non-fusionable wall material into the fuel. NIF experiments
with >100 kJ drives combined both a CD liner and a D2 fill in the
same target, with the resulting D2 neutron yields > 1012 significantly
exceeding the scaled performance of both the OMEGA data with
either design. Future experiments will explore design variations to
access higher yields and investigate the role of mix for these tar-
gets. Additionally, both particle-in-cell and hydrodynamic simula-
tions are being developed to better understand the role of kinetic
effects on the target evolution during plasma interpenetration and
stagnation.20

The inverted-corona fusion platform offers many interesting
applications for HED research and basic sciences. In contrast to
DT-layered target implosions or traditional, compressively driven
platforms, the resulting neutron fluxes are spatially uniform (no
fuel areal-density variations), and the spectrum is nearly mono-
energetic (no downscattering in the compressed fuel). The target
itself is spherical, and samples mounted on the outside of the cap-
sule, e.g., for cross-sectional studies, are not subject to geometrical
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flux variations as is the case with cylindrical Hohlraums. Including
relevant elements in the ablated wall material also allows perform-
ing nuclear measurements on nuclei with excited levels in thermal
equilibrium, an important complement to experiments at acceler-
ator laboratories where targets are at ambient temperature. Fur-
thermore, the platform is not subject to significant performance
penalties from drive asymmetries and can be driven from a single
side, thus freeing up laser beams and enabling unique experimen-
tal geometries on the NIF. With integrated neutron yields of 1015,
neutron fluxes in excess of 1023 neutrons/cm2/s are achievable at the
target wall, orders of magnitude higher than what is feasible with
conventional neutron sources, e.g., reactors or spallation sources.
Additionally, there are many conceivable variations of the target
designs discussed here, which may improve performance further,
albeit at the cost of target complexity. For example, one may con-
sider adding a high-Z enclosure around the target to limit radiative
energy losses and the radiative cooling rate of the stagnating plasma.
A higher-yield liner-type target could be realized using a wetted-
foam design or a cryogenic DT layer, which would require a thermo-
mechanical package for temperature control and cryogenic layer
formation.
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