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National Ignition Facility surpasses
long-awaited fusion milestone
The shot at Lawrence Livermore National Laboratory on 5 December is the first-ever controlled fusion

reaction to produce an energy gain.

David Kramer

0
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In the indirect-drive method used at the National Ignition Facility, a UV laser is fired at a cylinder called a hohlraum rather

than at the hydrogen fuel. The hohlraum then emits x rays, which compress the fuel inside. Credit: Lawrence Livermore

National Laboratory

Thirteen years after completion of the $3.5 billion National Ignition Facility (NIF) at Lawrence

Livermore National Laboratory (LLNL), the goal embodied in the giant laserÕs name has finally

been achieved. For the first time in the nearly 70-year history of controlled fusion research, a

fusion reaction has yielded more energy than it took to spark it.

According to Mark Herrmann, program director for weapons physics and design at LLNL, a

laser shot performed on 5 December produced about 3.15 megajoules of fusion energy from

the 2.05 MJ of laser light that reached the small cylindrical chamber known as a hohlraum,

which converts the UV to x rays. Suspended inside was a diamond-coated, peppercorn-size

capsule containing deuteriumÐtritium fuel, which the x rays imploded.

The results were officially announced by Energy secretary Jennifer Granholm, Office of

Science and Technology Policy director Arati Prabhakar, and other officials on 13 December.

The findings have not been peer reviewed, and Herrmann says he would have preferred they

be released through a scientific journal. But the results were sure to leak out, and it was

important that the advance be reported correctly, he adds.

The yield surpasses the criteria for ignition established by the National Research Council in

2007. By other measures, such as the amount of energy deposited on the fuel capsuleÑaround

250 kilojoulesÑthe gain, or Q, is around 10, says Michael Campbell, who led NIF construction

until 1999. Yet the amount of fusion energy from the record shot amounts to just 1% of the

300 MJ from the grid thatÕs required to power the 192-beam NIF laser, Herrmann says. Thus,

although the labÕs achievement is a significant step, inertial fusion is still a long way from

becoming a viable energy source.

Ignition is a key process in nuclear weapons, says Herrmann, and will enable experiments in

which materials can be exposed to highly intense fluxes of the 14 MeV neutrons that are

produced in fusion reactions. That, he says, has direct application to maintaining the weapons

stockpileÑNIFÕs primary mission.

NIF fusion yields versus time.

Over the past few years, NIF researchers have made strides in producing more

energetic fusion reactions. The record-breaking 5 December shot benefited from a

laser energy of 2.05 MJ, as opposed to 1.9 MJ for the shots conducted in previous

years. The bar colors represent different design approaches. Credit: Mark

Herrmann/LLNL

The success caps what has been a tortuous path for NIF, which was controversial even before

its construction began in 1997. The project began as a lifeline to LLNL, which faced an

existential threat in the post-Cold War era, says Victor Reis, former assistant secretary for

defense programs at the Department of Energy and a progenitor of DOEÕs science-based

program to maintain the nuclear stockpile without testing. One DOE advisory commission

had recommended consolidating weapons research at Los Alamos National Laboratory.

ÒPeople were saying we donÕt need Livermore,Ó Reis says. ÒYou really needed some big science

projects that [would] test the laboratories. NIF was that for Livermore.Ó

After delays and budget overruns, NIF opened for experiments in 2009. The facility then

missed its original 2012 target  for ignition. In a 2016 report, DOEÕs National Nuclear Security

Administration (NNSA) expressed doubt  that what remains the worldÕs most energetic laser

could ever attain its eponymous mission. The agency toned down the ignition objective,

emphasizing NIFÕs ongoing experiments to investigate materialsÕ behavior under extreme

densities and pressures in support of nuclear stockpile maintenance. About 10% of NIFÕs shots

are reserved for unclassified research by academic researchers.

Laser fusion in Laser fusion in Physics TodayPhysics Today
The feasibility of inertial-confinement fusion  (1982)

Livermore is enmeshed in politics of building laser fusion facility  (1995)

Ignition effort may be slowed as Livermore facility misses milestone  (2012)

The Big Science of stockpile stewardship  (2016)

The commercial drive for laser fusion power  (2021)

Lawrence Livermore achieves a burning plasma in the lab  (2022)

Many scientists believed that the laserÕs energy was insufficient to overcome laserÐplasma

instabilities, which create pancake- or sausage-shaped asymmetric implosions. In response,

NIF researchers have tried out numerous capsule and hohlraum configurations and materials.

Campbell credits NIFÕs latest achievement to advances in the last four to five years in the

understanding of hohlraums and improved capsule fabrication, with contributions from other

labs and the private sector.

As with the previous record shot  in August 2021, the lab used nanocrystalline diamondÐcoated

capsules for experiments. When blasted with x rays, the diamond shell blows off like a rocket,

creating the implosion. The shell used in last weekÕs shot was about 10% thicker than those in

previous attempts.

ÒWeÕve always known weÕre sensitive to defects in the capsules, but we had been blind to some

of the defects in our metrology and the types of defects that were actually significant,Ó says

Herrmann. ÒWhen we did follow-on experiments, we found there was more mixing of the

capsule material into the fusion fuel, which was lowering the performance of implosions. Over

the last year, weÕve put together a picture that says we have accounted for the degradations

we observe.Ó

Another major contributor to last weekÕs success was the 10% increase to NIFÕs original 1.9 MJ

maximum laser energy. ÒItÕs not that the laser couldnÕt produce more energy,Ó Herrmann says,

Òbut we didnÕt want to break the laser.Ó In recent years, laser and optical scientists have

succeeded in hardening the optics.

NIF's achievement in perspective.

Researchers at NIF achieved ignition by generating more energy in fusion reactions (green circles)

than was delivered by the laser (yellow circles). But each laser shot requires about 300 MJ of energy

from the grid (gray circles). Energy amounts are approximate. Credit: Andrew Grant and Greg

Stasiewicz; created in Flourish

Campbell predicts the achievement will spark another frenzy of interest in fusion as an energy

source. But laser fusion energy has a long list of engineering hurdles to overcome, such as

finding ways to mass manufacture fusion capsules, to conduct laser shots continually, and to

breed tritium.

ÒIgnition is a necessary but not sufficient condition for stewardship, because youÕd want

higher gain for stewardship, but itÕs a really good start,Ó says Campbell, who retired last year

as director of the DOE-supported Laboratory for Laser Energetics at the University of

Rochester. ÒIt shows the quality of the science and technology that NIF represents.Ó

Herrmann agrees that Òthe more the output, the more the utility for stockpile stewardship.Ó

He thinks NIF could one day routinely produce laser pulses of 2.6Ð3 MJ to help initiate higher-

gain reactions. ÒThat will take many years, and we are discussing that with NNSA.Ó

There shouldnÕt be any concerns about the size of the explosions inside NIFÕs target chamber.

ItÕs currently rated to safely accommodate yields up to 45 MJ, Herrmann says, and modest

upgrades could increase that to 100 MJ.

© 2023 American Institute of Physics

SHARE      

( )) * + , TOOLS

)) + * , (

MOST READ

HAARP, the most powerfulHAARP, the most powerful
ionosphere heater on Earthionosphere heater on Earth

The formation of the heaviestThe formation of the heaviest
elementselements

Accelerating astrophysics withAccelerating astrophysics with
the SpaceX Starshipthe SpaceX Starship

Clogging: The self-sabotage ofClogging: The self-sabotage of
suspensionssuspensions

A more fundamentalA more fundamental
International System of UnitsInternational System of Units

RECOMMENDED

Lawrence Livermore claims aLawrence Livermore claims a
milestone in laser fusionmilestone in laser fusion

National Ignition FacilityNational Ignition Facility
reaches 1 megajoulereaches 1 megajoule

National Ignition Facility facesNational Ignition Facility faces
an uncertain futurean uncertain future

A muted milestone for theA muted milestone for the
National Ignition FacilityNational Ignition Facility

Resources

AUTHOR

LIBRARIAN

ADVERTISER

General Information

ABOUT

CONTACT

HELP

 

PRIVACY POLICY

TERMS OF USE

FOLLOW AIP PUBLISHING:  -  .  /

Website © 2023  AIP Publishing LLC. Article copyright remains as specified within the article.

E4."FGFFH>IJKLF;1C0.2"F:.$73<FMF)>*JF
KLF;740$(F."-C/F$"$(8:<FGFI>JNF

K!8CLB;!@FM; "



EC)A&)E/!@N8E8AB? "

the hohlraum13Ð16. Although the hotspot shape changes that result
from these wavelength changes can be predicted to some extent17, in
practice the precise wavelengths needed to achieve the desired (that is,
round) shape are found empirically. For N130927, the choice of
l 23.52 l 305 0.7 Aû between the 23.5uand 30.0uinner-cone beams was
chosen for azimuthal symmetry control, withDl 23.5Ðouter5 9.2 Aû and
Dl 30Ðouter5 8.5 Aû (the respective laser wavelength differences between
the 23.5uand 30uinner-cone beams and the outer-cone beams) used for
equatorial symmetry control (see Fig. 1 for beam angles). For N131119,
Dl 23.5Ðouter5 9.5 Aû and Dl 30Ðouter5 8.8 Aû. These wavelength choices
were critical for keeping the hotspot shape under control as the implo-
sion was pushed to higher velocities, because previous experiments had
already shown the tendency for the hotspot to deform into an oblate
toroidal shape when laser power was increased3. There are limits to the
amount of control that can be exerted over the hotspot shape just

through wavelength changes alone, and physical changes to the hohl-
raum may also be required in future experiments to maintain hotspot
(and fuel) shapes that will achieve the desired results.

We used a gold hohlraum of 5.75-mm diameter and 9.425-mm
length, which are typical values in most high-foot cryogenic DÐT
implosion experiments (Fig. 1). The same hohlraum geometry was
used during the NIC for most of the low-foot shots. As is typical for
the high-foot series, the hohlraum was filled with helium gas of 1.6 mg
cm2 3 density (as compared with 0.96 mg cm2 3 for the NIC), the pur-
pose of which is to restrict and delay ingress of gold plasma from the
inside wall of the hohlraum, which can impede laser beam propaga-
tion. The plastic capsule at the centre of the hohlraum for N130927 and
N131119 respectively had outer-shell radii of 1.1315 and 1.1241 mm
and inner-shell radii of 0.9365 and 0.9303 mm (Fig. 1). Layered on the
inner surface of the capsule shell for N130927 and N131119 were 71.4
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Figure 1 | Indirectly driven, inertially confined fusion target for NIF.
a, Schematic NIF ignition target showing a cut-away of the gold hohlraum and
plastic capsule with representative laser bundles incident on the inside surface
of the hohlraum.b, X-ray image of the actual capsule for N130927 with DÐT

fuel layer and surrounding CH (carbonÐhydrogen) plastic ablator.c, X-ray
radiation drive temperature versus time for the NIC low-foot implosion and the
post-NIC high-foot implosion.

Table 1 | Measured and derived implosion performance metrics
Quantity N131119 425 TW

1:9 MJ N130927 390 TW
1:8 MJ

N130927 25 N130927 26 N130927 (sim.)

Y13Ð15 (neutron) (5.2 6 0.097) 3 10 15 (4.4 6 0.11) 3 10 15 Ñ Ñ 7.6 3 10 15

Tion (keV) DÐT 5.06 0.2 4.63 6 0.31 Ñ Ñ 4.2
Tion (keV) DÐD 4.36 0.2 3.77 6 0.2 Ñ Ñ 3.9
DSR (%) 4.0 6 0.4 3.85 6 0.41 Ñ Ñ 4.1
t x (ps) 152.0 6 33.0 161.0 6 33.0 Ñ Ñ 137
P0x, P0n (mm) 35.8 6 1.0, 34 6 4 35.3 6 1.1, 32 6 4 Ñ Ñ 32
P2/ P0x 2 0.34 6 0.039 2 0.143 6 0.044 Ñ Ñ Ñ
P3/ P0x 0.015 6 0.027 2 0.004 6 0.023 Ñ Ñ Ñ
P4/ P0x 2 0.009 6 0.039 2 0.05 6 0.023 Ñ Ñ Ñ
Ytotal (neutron) 6.1 3 10 15 5.1 3 10 15 Ñ Ñ 8.9 3 10 15

Efusion (kJ) 17.3 14.4 Ñ Ñ 25.1
rhs (mm) 36.6 35.5 34.4Ð42.3 35.7Ð36.0 32.2
(r r)hs (g cm 2 2) 0.12Ð0.15 0.12Ð0.18 0.13Ð0.19 0.1Ð0.14 0.15
Ehs (kJ) 3.9Ð4.4 3.5Ð4.2 3.7Ð5.5 3.71Ð4.56 4.1
Ea (kJ) 2.2Ð2.6 2.0Ð2.4 2.0Ð2.4 2.0Ð2.5 2.8
EDT,total (kJ) 8.5Ð9.4 10.2Ð12.0 10.0Ð13.9 10.92Ð11.19 13.4
Gfuel 1.8Ð2.0 1.2Ð1.4 1.04Ð1.44 1.28Ð1.31 1.9

Lines 1Ð9 for columns 2 and 3 are directly measured quantities; others are derived from the data. Columns 4Ð6 show results from two data-driven models a nd simulation, respectively.
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Shock -ignition experiments on OMEGA have 
shown improved performance when a shock launching
power spike is added at the end of the laser pulse 

Power spike

W. Theobald,et al Phys. Plasmas (2008) 
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Abstract
The recent achievement of fusion ignition with laser-driven technologies at the National Ignition Facility sets a historic
accomplishment in fusion energy research. This accomplishment paves the way for using laser inertial fusion as a viable
approach for future energy production. Europe has a unique opportunity to empower research in this Þeld internationally,
and the scientiÞc community is eager to engage in this journey. We propose establishing a European programme on
inertial-fusion energy with the mission to demonstrate laser-driven ignition in the direct-drive scheme and to develop
pathway technologies for the commercial fusion reactor. The proposed roadmap is based on four complementary axes:
(i) the physics of laserÐplasma interaction and burning plasmas; (ii) high-energy high repetition rate laser technology;
(iii) fusion reactor technology and materials; and (iv) reinforcement of the laser fusion community by international
education and training programmes. We foresee collaboration with universities, research centres and industry and
establishing joint activities with the private sector involved in laser fusion. This project aims to stimulate a broad range
of high-proÞle industrial developments in laser, plasma and radiation technologies along with the expected high-level
socio-economic impact.

Keywords: education and training; fusion reactor technology; high-energy laser; high repetition rate laser; inertial conÞnement fusion;
laserÐplasma interaction; publicÐprivate partnership; radiation resistant materials

1. Executive summary

This paper presents the result of detailed discussions
initiated in 2018 at the ECLIM conference and further

Correspondence to: Vladimir Tikhonchuk, Centre Lasers Intenses
et Applications (CELIA), UniversitŽ de BordeauxÐCNRSÐCEA, 33405
Talence cedex, France. Email:tikhonchuk@u-bordeaux.fr

promoted by the authors with the involvement of the broader
scientiÞc community, to propose a realistic but ambitious
and coordinated approach to the development of a fusion
power plant based on the concept of inertial conÞnement
fusion (ICF) driven by high-power lasers. This project aims
to create a scientiÞc basis and a technological readiness
that will enable future commercialization of laser fusion
energy. The goal is to demonstrate direct-drive ignition of

© The Author(s), 2023. Published by Cambridge University Press in association with Chinese Laser Press. This is an Open Access article, distributed under
the terms of the Creative Commons Attribution licence (https://creativecommons.org/licenses/by/4.0), which permits unrestricted re-use, distribution and
reproduction, provided the original article is properly cited.
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