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ABSTRACT

The development of advanced targets capable of achieving ignition with improved energy gain at lower driver energies is one of four key
technical challenges to be solved in order to realize economical inertial fusion energy. We report the minimum energy necessary for a small
hemispherical mass of fast-ignited high-density deuterium–tritium fuel to explosively ignite a significantly larger hemispherical mass of
assembled cold fuel with much lower mass density, both with and without a flux-compressed magnetic field connecting the two regions.
With the magnetic field, the burn rate improves, and lower energy states become more effective. The imploded fuel reservoir available in the
lower-density, larger-mass region of the steep density gradient determines whether the fusion yield is several hundred MJ or up to a few GJ.
We report a case wherein the cold reservoir ignited and produced high gain with the assistance of only �700 kJ of hotspot yield, an amount
that has already been demonstrated as feasible in laboratory experiments using indirect-drive targets.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0197817

In the inertial confinement fusion (ICF) approach to the produc-
tion of thermonuclear plasma in the laboratory, many lasers are used
to symmetrically compress a capsule containing fusion fuel into the
burning-plasma regime.1 In order to reach that state, a minimum igni-
tion ion temperature Ti and areal density qR must be achieved such
that the triple product qRTi � 5 keV g/cm2 with Ti � 4 keV.
Experiments at the National Ignition Facility (NIF) located at
Lawrence Livermore National Laboratory (LLNL) have demonstrated
the achievement of this state,2 resulting in several MJ of fusion yield,
and, hence, have spurred a renewed interest in an inertial fusion energy
(IFE) program in the US and around the world.

The ultimate goal of developing economically attractive IFE
power plants requires the accelerated development of four grand chal-
lenges:3–5 (1) demonstration of the achievement of ICF ignition in the
laboratory (now complete), (2) production of advanced high-gain tar-
gets and drivers for them, (3) creation of a practical thermonuclear

fusion engine, and (4) development of economical fusion power plants
with reduced target and driver costs. Advanced fast-ignition targets, in
which the compression and ignition phases are separated, may lower
the energy requirements to ignite6 using advanced drivers capable of
high repetition rate, high efficiency, and high average powers. With the
improvement of current experimental performance, a practical fusion
engine may be realized and eventually lead to economical power from
IFE. Significant cost reductions can be achieved through substantial
improvements in the performance of targets, in other words the
achievement of high gain at reduced ignition energy while minimizing
the per-target cost. Reducing driver costs by inventing higher perfor-
mance targets is necessary but not sufficient for the commercial suc-
cess of IFE.3

An advanced target concept to achieve high-gain performance
was recently proposed3,4 in which a small hemispherical mass of high-
density, fast-ignited deuterium–tritium (DT) is used to ignite a much
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larger hemispherical mass of low-density DT. The ignition process is
characterized by a self-heating thermonuclear burn wave that radially
propagates down the density gradient from the hotspot region into
cold surrounding fuel layers, resulting in more fusion energy output
than was absorbed by the capsule.7 Calculations suggested the assem-
bly may yield several hundred MJ of fusion energy when directly
driven into its stagnated state, and an ignitor pulse is used to initiate
the burn wave.4 Other work has also studied the use of hemispherical
targets in fast-ignition and pulsed-power ICF.8–10

This work investigates two new improvement areas for high-gain
ignition using a steep density gradient, beyond the original paper by
Nuckolls (Ref. 4). We explore a range of assembled masses, mass den-
sities, and areal densities in order to inform minimum ignition energy
requirements for future integrated simulations. We also evaluate the
benefit of a compressed Bz field connecting the two hemispheres of dif-
ferent fuel densities and quantify the improvement from its use.

The original simulation used two hemispherical masses of DT
fuel,4 referred to here as the hotspot and the cold reservoir. The pur-
pose of the cold reservoir is to independently control and produce a
higher yield and gain due to the extra mass present. The initial config-
uration for the calculation of ignition across a tenfold density step is as
follows. The cold reservoir has lower compressed mass density than
the hotspot, where qc ¼ 30 g/cm3 and qhs ¼300g/cm3, respectively,
and both are assumed to have been isochorically assembled.11 The hot-
spot is the fast-ignited hemispherical mass with radius Rhs¼ 100lm
containing qRhs ¼ 3 g/cm2 at a temperature of kBT ¼ 10keV, giving
an energy contained of 1.01MJ. The cold reservoir into which the
burning hotspot will radially propagate has a radius of Rc ¼ 540lm
containing qRc ¼ 1.6 g/cm2 at a temperature of kBT ¼ 100 eV, giving
an energy contained of 110kJ. The mass ratio ismc/mhs ¼ 16. We note
the text and associated figure of the initial configuration provided in
Ref. 4 did not agree, and we assumed the figure was correct (16� larger
mass rather than 10� in the text, and qRc ¼ 1.6 g/cm2 rather than
qRc ¼ 1.4 g/cm2 in the text).

Figure 1 illustrates the radial propagation of the burn wave within
the two hemispheres at the times shown. Although the cold reservoir
does burn some of its DT fuel, while the hotspot transfers energy to it
through thermal conduction, radiation, and alpha-particle deposition,
it does not ignite until 50 ps has elapsed. At that point, a shock wave

and its precursor propagate throughout the reservoir due to radiation
and alphas. There is no imposed magnetic field in this case. The ion
temperature of this robustly burning target reaches about 35 keV at
late time and has an elongated shape, in agreement with the previous
work.4 Note the density plot cutoff used is 1 g/cm3, so the plots outline
that contour.

Two distinct episodes of burn can be seen to exist within the tar-
get. The hotspot peak thermonuclear energy production rate at 10 ps is
about 3MJ/ps during its burn, similar to the peak of about 4MJ/ps
attained around 150 ps by the cold fuel reservoir, as shown in Fig. 2.
Note the log–log scale and the fact that the cold fuel burns for much
longer due to its higher mass and cooler temperature achieved during
ignition (the peak hotspot ion temperature exceeds kBTi ¼ 50 keV).
The fast-ignited hemispherical target achieves a total fusion gain of
400MJ, relevant for an IFE power plant, where the majority of that

FIG. 1. The small mass of high-density DT fuel explosively ignites the larger mass of fuel. (a) Mass density q on a log scale from 1 to 300 g/cm3. (b) Ion temperature Ti on a lin-
ear scale from 0 to 50 keV. Fast electrons (not shown) would be injected into the hot spot from the right, possibly using a cone for guiding.

FIG. 2. The burn history of the robustly burning benchmark case. The total fusion
energy produced is plotted in black in units of MJ, and the fusion energy production
rate is in red in units of MJ/ps. Note the log –log scale. The hot spot produces about
30 MJ, and the cold reservoir produces about 400MJ of fusion energy.
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yield originated in the cold fuel region. In other words, the fast ignition
of the hotspot in a steep density gradient enabled IFE-relevant fusion
energy gains from a more modestly driven direct-drive target
(qc ¼ 30 g/cm3).

Next, we assume an imposed magnetic field has been flux-
compressed to the �100-MG level with field lines connecting the hot-
spot to the adjacent cold fuel reservoir. Magnetic fields are known to
be able to increase yields in fusion targets due to suppressed electron
thermal conduction losses, and thus elevated temperatures during the
implosion and at stagnation.12–19 The 100-MG strength is the order of
magnitude required to marginally magnetize the fusion-produced
alpha particles and trap some of their energy in the hotspot, if and
when the qR is insufficient;13,20,21 but it is not so high as to impede the
burn propagation.22,23 Earlier work showed B fields at this level can
degrade hot electron coupling due to magnetic mirroring.24 Our goal
in comparing magnetized to unmagnetized variants of the fast-ignited
steep density gradient target will be to quantify the benefit of the mag-
netic field on achieving ignition, such as the improvement of the igni-
tion cliff.25 The assumed magnetic-field topology initialized at
stagnation (t¼ 0 of the simulation) is depicted in Fig. 3. The corre-
sponding value of Rhs/rL;a achieves a maximum value of 2.6, where Rhs

is the radius of the hotspot and rL;a is the Larmor radius of the fusion-
produced alpha particles. Values greater than 1 indicate the hotspot is
larger in radius than the Larmor radius; therefore, alpha particles will
deposit most of their energy in the nearby hot area.20 Although the
magnetic field helps transport alpha particle energy to the cold reser-
voir, the dominant effect of the magnetic field is the suppression of
heat conduction losses causing the target to stay hotter.

In particular, we seek to lower the energy investment into the hot-
spot to well below 1MJ and operate closer to the ignition cliff than the
benchmarked case discussed earlier. We also seek to reduce the density
gradient from tenfold to just a several-fold change in order to relax the
hydrodynamic assembly issues with being out of pressure equilibrium.
To do so, we ran a series of simulations to determine the ignition cliff
and its dependence on the high-density hotspot qhs and qRhsTi, the
fusion triple product responsible for determining whether or not a cap-
sule will ignite. We also investigated several values of qc; qRc, and the
mass ratio of the hemispherical regionsmc=mhs.

The results of our parameter sensitivity study on the ignition cliff
of the magnetized targets are reported in Table I. Three sets of cold

fuel reservoir mass densities and areal densities were investigated,
namely, qc ¼ 30 g/cm3 (qRc ¼ 1.6 g/cm2), 60 g/cm3 (qRc ¼ 3.2 g/cm2),
and 90 g/cm3 (qRc ¼ 4.9 g/cm2). The cold fuel reservoir was assumed
to have been isochorically assembled on a low adiabat,11 with an esti-
mated temperature at stagnation of kBT ¼ 10 eV, corresponding to ini-
tial energies of 21, 68, and 135kJ for the three mass densities; starting
with a higher temperature than 10 eV increases the initial absorbed
energy but the cold fuel still ignites. Ignition is defined as whether the
cold reservoir of fuel achieved a burn rate comparable to the hotspot,
such that half or more of the total yield originated from the larger cold
fuel mass. For each cold reservoir case, the hotspot mass densities and
areal densities were then decremented from qhs ¼ 280 to 100g/cm3 by
20g/cm3 at a time until the target failed to ignite. The hotspot radius
and temperature were both fixed at Rhs ¼ 70lm and kBT ¼ 6 keV,
respectively, which were lower than the values of 100lm and 10 keV
in the original calculation of Ref. 4. Both magnetized and unmagne-
tized variants were simulated.

FIG. 3. The assumed magnetic-field topology for the simulations in this paper. (a)
The field has been flux-compressed to the �100-MG level, with field lines connect-
ing the hot spot to the adjacent cold fuel reservoir. The RZ plot is plotted twice with
one half flipped for clarity of illustration. The field lines have only been plotted in the
cold fuel, also for clarity. (b) Lineout of Bz along R¼ 0.

TABLE I. Parameters involved in the burn sensitivity study: qc and qRc are the
mass and areal densities of the cold fuel reservoir, qhs and qRhs are the mass and
areal densities of the hot spot, mc/mhs is the mass ratio of the two hemispheres,
qRhsTi is the initial triple product of the hot spot, E0

hs is the initial hot spot energy, and
Iflag denotes whether the target ignited or not.

qc
(g/cm3)

qRc

(g/cm2)
qhs

(g/cm3)
qRhs

(g/cm2) mc/mhs

qRhsTi

(g/cm2 keV)
E0
hs

(kJ) Iflag
a

30 1.6 280 1.96 49 11.8 150 1
30 1.6 260 1.82 53 10.9 140 �
30 1.6 240 1.68 57 10.1 130 �
30 1.6 220 1.54 63 9.2 120 0
30 1.6 200 1.40 69 8.4 110 0

60 3.2 280 1.96 98 11.8 150 1
60 3.2 260 1.82 106 10.9 140 1
60 3.2 240 1.68 115 10.1 130 1
60 3.2 220 1.54 125 9.2 120 1
60 3.2 200 1.40 138 8.4 110 1
60 3.2 180 1.26 153 7.6 100 �
60 3.2 160 1.12 172 6.7 90 0
60 3.2 140 0.98 197 5.9 80 0
60 3.2 120 0.84 230 5.0 70 0
60 3.2 100 0.70 275 4.2 60 0

90 4.9 280 1.96 148 11.8 150 1
90 4.9 260 1.82 159 10.9 140 1
90 4.9 240 1.68 172 10.1 130 1
90 4.9 220 1.54 189 9.2 120 1
90 4.9 200 1.40 207 8.4 110 1
90 4.9 180 1.26 230 7.6 100 1
90 4.9 160 1.12 258 6.7 90 �
90 4.9 140 0.98 295 5.9 80 �
90 4.9 120 0.84 344 5.0 70 0
90 4.9 100 0.70 413 4.2 60 0

aThe ignition flag Iflag denotes whether the cold reservoir ignites (1), fails to ignite (0),
or if it ignites with the magnetic field but not without it (�).
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Targets with larger qhs and qRhs burned more robustly and with
more margin. Generally, it was found that the magnetized targets shared
the burn-performance characteristics of the unmagnetized cases that
were about qhs ¼ 40 g/cm3 higher, indicating that the magnetic field
plays a helpful role in improving the margin and gain, in agreement
with other studies.25 The minimum qRhsTi triple product required to
ignite was shown to be a function of the cold reservoir parameters, vary-
ing from 10.1 to 5.9 g/cm2 keV for qc ¼ 30 to 90 g/cm3, respectively.
The results are consistent with other work that showed 5.0 g/cm2 keV to
be a hard lower bound for achieving ignition in conventional ICF.26

For each case presented in Table I, a corresponding temporal
burn history plot has been provided in Fig. 4. The curves from top to
bottom are in the same order as they are presented in Table I, with the
top curve belonging to the qhs¼ 280 g/cm3 case. Each case is the mag-
netized variant. As the hotspot mass density is lowered while keeping
the radius and temperature fixed, the yield from the cold fuel reservoir
is delayed in time until it no longer ignites. If the IFE-relevant multi-
hundred MJ or several GJ yields are not desirable, one could simply
alter the desired stagnation state of the cold fuel reservoir to utilize
lower radius and areal density. Again, the unmagnetized variants have
similar burn histories as the magnetized cases but with 40 g cm�3

higher initial hotspot mass density. Table I indicates whether a given
unmagnetized version failed to ignite.

Both the magnetized and unmagnetized versions of the
qc ¼ 90 g/cm3 and qhs ¼ 180g/cm3 case ignited, with an initial hotspot
energy of 100kJ. In order to study the sensitivity to the fast-ignition
deposited power, we revisited this case but did not initialize the hotspot
temperature at 6 keV. Instead, power was deposited into the initially cold
hotspot at a rate of 10, 4, and 3PW, corresponding to 100kJ in 10, 25,
and 33ps, respectively. As depicted in Fig. 5, the magnetized cases burn
faster than their unmagnetized counterparts. Also, 4PW was the cutoff
for ignition in the unmagnetized case, whereas it was 3PWwith the field.

Of particular interest is the magnetized case near the ignition cliff
using qc ¼ 90 g/cm3, qRc ¼ 4.9 g/cm2, qhs¼ 140 g/cm3, and qRhs

¼ 0.98 g/cm2, with kBTc ¼ 10 eV and kBThs ¼ 6 keV. The cold reser-
voir absorbed 135kJ, and the hotspot initial energy was only 80kJ. The

energetics of this mc/mhs� 300 assembly are illustrated in Fig. 6. We
define the time of ignition of the cold fuel reservoir to be the time
when half the energy from fusion burn was produced from the cold
mass rather than the hot spot, and so the total fusion energy has
approximately doubled compared to the hot spot burn alone. In this
case, ignition occurs about 65 ps after the hotspot has started burning.
About 280 kJ of fusion-produced alpha-particle energy has been pro-
duced at this point;�140 kJ of alpha energy from the hotspot has been
generated, and about half of the alphas have deposited their energy

FIG. 4. The burn histories for the magnetized target parameter scans. The total fusion energy produced is plotted in black in units of MJ, and the fusion energy production rate
is in red in units of MJ/ps. Note the log –log scale. Cases used a cold reservoir mass density of (a) qc ¼ 30, (b) qc ¼ 60, or (c) qc ¼ 90 g/cm3 corresponding to areal densities
of qR¼ 1.6, 3.2, and 4.9 g/cm2, respectively. Each curve has a corresponding entry in Table I. The top curves in each plot are the qhs ¼ 280 g/cm3 cases, and each subse-
quent curve decrements the mass density by 20 g/cm3.

FIG. 5. The burn histories for the cases qc ¼ 90 g/cm3 and qhs ¼ 180 g/cm3 with
varying deposited powers both (solid) with magnetic field and (dashed) without mag-
netic field. The total fusion energy produced is plotted in black in units of MJ and the
fusion energy production rate is in red in units of MJ/ps. Note the log –log scale. The
cases correspond to fast-ignition heating rates of 10, 4, and 3 PW, from top to bottom.
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into the cold fuel (the other half flows the other direction due to the
magnetic field). Since 80% of the DT fusion energy is carried away by
energetic neutrons without much interaction in the fuel, an approxi-
mate fusion yield of �700kJ was needed from the qhs ¼ 140 g/cm3

hotspot to initiate radial propagation of the burn wave into the sur-
rounding cold fuel reservoir. The unmagnetized variant did not ignite.

The original published design4 required 1.12MJ total absorbed
energy to form the stagnated state for the subsequent burn calculation;
110kJ absorbed in a cold fuel reservoir of qc ¼ 30g/cm3 with qRc

¼ 1.6 g/cm2 and 1.01MJ absorbed in a qhs ¼ 300g/cm3 hotspot with
qRhs ¼ 3.0 g/cm2 and kBT ¼ 10 keV. The total yield of �450MJ
required about 50MJ from the hotspot to initiate burn in the reservoir.
Here, we have identified a design requiring only 80kJ absorbed in a
qhs ¼ 140g/cm3 hotspot with qRhs ¼ 1.0 g/cm2 and kBT ¼ 6keV. The
cold reservoir ignited with IFE-relevant gains with the assistance of
�700kJ of hotspot yield, an amount that has already been demonstrated
as feasible on the NIF at LLNL using indirect-drive targets.2 Since direct-
drive targets are more efficient, such a state is also likely achievable.
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APPENDIX: NUMERICAL METHODS

The TriForce code is under development to become a fluid-
kinetic hybrid multiphysics model.27 The fluid half of the code,
named TFLUID, was used herein and is a radiation-hydrodynamics
code for simulating ICF and high-energy-density–physics experi-
ments. The model was two-dimensional and used an Eulerian pre-
scription for solving the mass, momentum, and energy-
conservation equations as well as the radiation transport.28 Laser
ray tracing was not included since the stagnated state was assumed
as the initial condition. Resistive magnetohydrodynamics (MHD)
uses an induction equation and simple Ohm’s law to impose and
evolve the initial magnetic field. Also employed were electron ther-
mal conduction, flux-limited multigroup radiation diffusion, ther-
monuclear reactions and multigroup diffusion for the resulting
charged particles, and LEOS equation of state for the material
(DT).29 The conductivity and fusion burn models include aniso-
tropic transport effects by using Epperlein–Haines corrections to
the Braginskii transport coefficients.30 Nonlocal transport correc-
tions due to long mean free path effects are not included. Nonlinear
laser–plasma interaction processes such as stimulated Brillouin and
stimulated Raman scattering, two-plasmon decay, or filamenta-
tion31 are also not included since the compression lasers and ignitor
laser are not directly modeled in this work. The kinetic half of the
TriForce code, named TFLINK, was not coupled, and a fully inte-
grated fast-ignition simulation is left for future work.
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