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Recent big news in ICF: NIF

LETTER
doi:10.1038/nature13008

Fuel gain exceeding unity in an inertially confined
fusion implosion
O. A. Hurricane1, D. A. Callahan1, D. T. Casey1, P. M. Celliers1, C. Cerjan1, E. L. Dewald1, T. R. Dittrich1, T. Döppner1, D. E. Hinkel1,
L. F. Berzak Hopkins1, J. L. Kline2, S. Le Pape1, T. Ma1, A. G. MacPhee1, J. L. Milovich1, A. Pak1, H.-S. Park1, P. K. Patel1,
B. A. Remington1, J. D. Salmonson1, P. T. Springer1 & R. Tommasini1

Ignition is needed to make fusion energy a viable alternative energy
source, but has yet to be achieved1. A key step on the way to ignition
is to have the energy generated through fusion reactions in an
inertially confined fusion plasma exceed the amount of energy
deposited into the deuterium–tritium fusion fuel and hotspot dur-
ing the implosion process, resulting in a fuel gain greater than
unity. Here we report the achievement of fusion fuel gains exceed-
ing unity on the US National Ignition Facility using a ‘high-foot’
implosion method2,3, which is a manipulation of the laser pulse
shape in a way that reduces instability in the implosion. These
experiments show an order-of-magnitude improvement in yield
performance over past deuterium–tritium implosion experiments.
We also see a significant contribution to the yield from a-particle
self-heating and evidence for the ‘bootstrapping’ required to accel-
erate the deuterium–tritium fusion burn to eventually ‘run away’
and ignite.

At the National Ignition Facility (NIF), 192 lasers deliver up to
1.9 MJ of light into a gold hohlraum, a cylindrically shaped radiation
cavity (Fig. 1), that converts the energy into a nearly Planckian X-ray
bath. A fraction of the X-rays are absorbed by a capsule generating
,100 Mbar of pressure in the ablator (the outer shell of the capsule).
This ablation pressure, delivered as a series of weak shocks, accelerates
the capsule inwards. Against the inside of the ablator is the deuterium–
tritium (D–T) fuel shell, which is initially in a cryogenic ice state. When
the implosion achieves peak velocity, the fuel has a kinetic energy that
is a fraction of the X-ray energy absorbed by the capsule. As the fuel
stagnates (stops moving), abruptly arrested by the high pressures
forming at the centre of the implosion, the D–T forms a hotspot from
the fuel’s inner surface and PdV work (pressure times volume change) is
done on the hotspot. The hotspot initiates the fusion reactions, pro-
ducing neutrons and a-particles as the hotspot ion temperature climbs
to many kiloelectronvolts. At sufficient hotspot areal density, (rr)hs .
0.3 g cm22, and ion temperature, Tion . 4 keV (where Boltzmann’s
constant has been suppressed), the hotspot will ‘ignite’ as a-particles
redeposit their energy locally. If the fuel areal density, (rr)fuel . 1 g
cm22 the burn will propagate (heat adjacent cold fuel, causing it also
to fuse and burn) and a run-away self-heating process releases energy
many times greater than that absorbed by the capsule.

Mix of the ablator and D–T can degrade the ability of an inertially
confined fusion implosion to compress the D–T fuel and can also cause
undesirable cooling because high-atomic-number (high-Z) materials
in the D–T hotspot will rapidly radiate away energy in the form of brem-
sstrahlung emission, the power of emission scaling in proportion to Z2.
Among many motivations, the high-foot implosion2,3 was developed in
the wake of the National Ignition Campaign4,5 (NIC) primarily to
address the possibility that ablation-front-driven instability6,7 was
responsible for part of the observed degraded yield performance1 and
the ablator–fuel mix inferred from X-ray emissions in combination with
primary neutron yield8,9.

The high-foot implosion is designed to reduce ablation-front-
driven instability growth and thereby inhibit ablator plastic (carbon–
hydrogen and silicon dopants) from mixing into and contaminating
the D–T hotspot. The laser pulse shape is designed to obtain a relatively
high hohlraum radiation temperature (Trad < 90–100 eV) during the
‘foot’ of the pulse (Fig. 1) and launches three shocks. In contrast, the
NIC implosion pulse shape drives a lower radiation temperature (Trad <
60 eV) in the foot (hence ‘low-foot’) for longer and launches four shocks.
The essential stability benefits of the high-foot scheme can be under-
stood from examining an expression for the linear growth rate of the
ablation-driven Rayleigh–Taylor instability10
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where k is the perturbation wavenumber, g is the ablator acceleration, Lr

is the density gradient scale length of the ablation front, va is the ablation
velocity, and a2 and b2 are parameters of order unity whose exact values
depend on a heat conduction scale-length parameter, n, and the Froude
number, Fr~v2

a

"
gLr

# $
. The key stabilizing effects of the high-foot drive
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ing the b2kva ablative stabilization term of equation (1), and through an
increase in Lr, which reduces the instability term proportional to
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The increase in Lr is primarily due to a stronger first shock, which
increases the adiabat of the implosion and prevents the ablator from
becoming so highly compressed (risking break-up) during the implo-
sion. The enhanced stability can be further understood by comparing the
respective in-flight aspect ratios (Rin/DR, where Rin is the ablator inner
radius and DR is the ablator thickness) of the high- and low-foot implo-
sions: for the high-foot implosion, the in-flight aspect ratio is roughly
half that of the low-foot implosion—the amplitude of instability growth
is directly related to the exponential of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rin=DR

p "
2 (ref. 11). The trade-

off made to obtain the improved stability of the high-foot implosion is
that the D–T fuel adiabat, a 5 P/PF (usually denoted a), where P is
pressure and PF is the Fermi pressure, is higher, making the fuel less
compressible for a given amount of absorbed energy. (An alternate
definition of the adiabat using Pcold, the minimum D–T pressure at
1000 g cm23, is sometimes used12.) Details of the stability benefits, other
theoretical motivations and trade-offs involved in the high-foot implo-
sion, and the initial results from the first set of five D–T implosion
experiments are described elsewhere2,3.

Deuterium–tritium implosions N130927 and N131119 (NIF shot
number in year–month–day format YYMMDD) build on the previous
high-foot shot, N1308123, by modestly increasing the NIF laser power
and energy (Table 1) and by redistributing energy between different
laser beams, through laser wavelength changes that affect the cross-
beam transfer (the transfer of power from one beam to another via
induced Brillouin scattering), to optimize the illumination pattern in

1Lawrence Livermore National Laboratory, PO Box 808, Livermore, California 94551, USA. 2Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA.

2 0 F E B R U A R Y 2 0 1 4 | V O L 5 0 6 | N A T U R E | 3 4 3

Macmillan Publishers Limited. All rights reserved©2014

KHH6$<691-2+=6/B6Y()J6_>H6L<6/B1-67A+,J6_;H6L<6-A16/B67A9/-B63/+,=
N&--=J68A169P-A,=68+6s>6$<63/+,=6/76.%59A,+6/&B/1+9O

3+#,(-#&#+";1,%8,7,("#("*%-,"VWDX"
Y &#1$-"-#2,"#("6#$-.1<Z



Other recent big news: MagLIF (Nature, 12/31/13)
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