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National Ignition Campaign 

(2011-2013) Max fusion output 

≈ 3 kJ

LONG AND DIFFICULT WAY TO SUCCESS

In December 2022, experiments performed at the National Ignition Facility (NIF) in the U.S. have demonstrated 

a “net energy gain” from an inertial confinement fusion (ICF) experiment Gain =  3.15MJ / 2.05 MJ = 1.54 
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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
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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 laser’s 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 deuterium–tritium 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The findings have not been peer reviewed, and Herrmann says he would have preferred they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 capsule—around

250 kilojoules—the 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 that’s required to power the 192-beam NIF laser, Herrmann says. Thus,

although the lab’s 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

stockpile—NIF’s 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 DOE’s science-based

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

had recommended consolidating weapons research at Los Alamos National Laboratory.

“People were saying we don’t need Livermore,” Reis says. “You really needed some big science

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

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, DOE’s National Nuclear Security

Administration (NNSA) expressed doubt that what remains the world’s most energetic laser

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

emphasizing NIF’s ongoing experiments to investigate materials’ behavior under extreme

densities and pressures in support of nuclear stockpile maintenance. About 10% of NIF’s 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 laser’s energy was insufficient to overcome laser–plasma

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 NIF’s 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 diamond–coated

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

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

previous attempts.

“We’ve always known we’re 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,” says

Herrmann. “When 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, we’ve put together a picture that says we have accounted for the degradations

we observe.”

Another major contributor to last week’s success was the 10% increase to NIF’s original 1.9 MJ

maximum laser energy. “It’s not that the laser couldn’t produce more energy,” Herrmann says,

“but we didn’t want to break the laser.” 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.

“Ignition is a necessary but not sufficient condition for stewardship, because you’d want

higher gain for stewardship, but it’s a really good start,” says Campbell, who retired last year

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

Rochester. “It shows the quality of the science and technology that NIF represents.”

Herrmann agrees that “the more the output, the more the utility for stockpile stewardship.”

He thinks NIF could one day routinely produce laser pulses of 2.6–3 MJ to help initiate higher-

gain reactions. “That will take many years, and we are discussing that with NNSA.”

There shouldn’t be any concerns about the size of the explosions inside NIF’s target chamber.

It’s 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
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Major impact of NIF Ignition demonstration 

Broad research programmes on 
IFE being engaged worldwide
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Inertial Fusion Case
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Phase 1: laser irradiation

Phase 2: Compression

Phase 3: Ignition

Phase 4: Burn

Needed platform for investigating matter under extreme conditions and High Energy Density plasmas

Investigating Underlying Physics of Direct-Drive Inertial Fusion Energy  

Physics issues to be understood:
• Plasma production and characterization
• Parametric instabilities in implosion-like and shock-ignition-like Laser-Plasma 

interaction;
✓ Stimulated Brillouin Scattering (SBS)

✓ Stimulated Raman Scattering (SRS), side SRS
✓ Two Plasmon Decay
✓ Cross-beam Energy Transfer (CBET)
✓ Filamentation
✓ Speckles from smoothing

▪ Hot electrons generation and their impact
▪ Acceptable degree of non uniformity in irradiation during compression / ignition 

phases
▪ Multiple beam irradiation
▪ Broadband and Chirped pulse irradiation

▪ Polar Direct Drive
▪ Hydrodynamics and Shock generation vs. Laser pulse profile
▪ Optimization of ablators for IFE targets
▪ Use of foam targets
▪ Diagnostics development including laser-driven secondary sources

▪ Comparison with advanced simulations tools (Hydro, PIC)
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Mimicking ICF interaction
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𝑑𝐼

In a idealized ICF situation, laser light is absorbed by collisional absorption (inverse Bremsstrahlung) near the critical density surface 𝑛𝑐 𝑐𝑚−3 =
ൗ1.1 ∙ 1021 𝜆𝜇𝑚

2 and successively the energy is transported to the ablation front, mainly via thermal electrons through the conduction zone.

𝑑𝐼𝐿
𝑑𝑧

= −𝑘𝐼𝐵𝐼𝐿 𝑘𝐼𝐵 ∝
𝑍 Τ𝑛𝑒 𝑛𝑐

2

𝑇𝑒
Τ3 2 1 − Τ𝑛𝑒 𝑛𝑐

Τ1 2

Conduction Zone

~1022 (cm-3) ~1024 (cm-3)

𝑛𝑐 =
𝑚𝑒𝜔

2

4𝜋𝑒2
(𝜔0 = 𝜔𝑝 = Τ4𝜋𝑒2𝑛𝑒 𝑚𝑒)

PLANAR GEOMETRY

Interaction 
Laser
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Mimicking ICF interaction
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Several open physics issues at different densities

• Plasma density mapping and 
scalelength is crucial for 
investigating LPI

• A wide range of plasma 
conditions exists in ICF

• Higher densities not accessible
in the optical range

• Shock driving is relevant for 
studies of material under 
extreme conditions

Density characterization needed including scalelength, density fluctuations, temporal evolution
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Probing full range of plasma conditions
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Needed platform for investigating matter under extreme conditions and High Energy Density plasmas

Investigating Underlying Physics of Direct-Drive Inertial Fusion Energy  

PLANAR GEOMETRY

Interaction 
Laser

PLANAR GEOMETRY

Interaction 
Laser

Probe
Laser
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Probing Wavelength vs Density in Plasmas
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Critical Density (cm-3) Wavelength (nm)

1,00E+19 10000

1,00E+20 3162

1,00E+21 1000

1,00E+22 316

1,00E+23 100

1,00E+24 32

1,00E+25 10

1,00E+26 3

Optical probing can address densities << nc = 1.1 × 1021 λL
−2cm−3 

Higher densities require shorter wavelengths

Scattering and refraction lead to much 
shorter optimum wavelength

Dunn, James et al. “Picosecond 
14.7 nm interferometry of high 
intensity laser-produced 
plasmas.” Laser and Particle 
Beams 23 (2005): 9-13.

Plasma-based X-ray laser

Fully laser-plasma based platform can be developed, but has limitations in X-ray laser performance 

Plasma density characterization and mapping has been developed strongly using interferometry with optical or X-ray probe  
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HED studies of X-ray laser FEL: XFEL
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M. G. Gorman et al., Shock compression experiments using the DiPOLE 100-X laser on 
the high energy density instrument at the European x-ray free electron laser: 
Quantitative structural analysis of liquid Sn. J. Appl. Phys. 28 April 2024; 135 (16): 
165902. https://doi.org/10.1063/5.0201702

=0.68 Å

First experiment on X-ray diffraction of 
laser shocked material: large community 

Coupling high energy lasers with XFEL beamline to investigate extreme states of matter with X-ray probing

DIPOLE@XFEL

DIPOLE:
70J pulses, ns 
duration, to 
drive shock

A new paradigm to study Extreme Matter States and HED/ICF relevant

https://doi.org/10.1063/5.0201702
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HED studies with X-ray laser FEL: LCLS
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MEC Upgrade (MEC-U) @ LCLS

https://www.osti.gov/servlets/purl/1866100

“The capabilities and research goals of MEC-U are driven by several DOE-
FES strategic goals and will provide a world-leading facility to attract and 
retain a new generation of plasma and fusion science leaders.”
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HED and fusion studies @EUPRAXIA
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First stage: probing HED plasmas with betatron source  

Mahieu, B., Jourdain, N., Ta Phuoc, K. et al. Probing warm dense matter using 
femtosecond X-ray absorption spectroscopy with a laser-produced betatron source. 
Nat Commun 9, 3276 (2018). https://doi.org/10.1038/s41467-018-05791-4

Accessible with moderate beam parameters, but boosted by high repetition rate
Pump beam available from unused Ti:Sa pump lasers

Betatron source can be used for 
• X-ray absorption spectroscopy
• X-ray phase contrast imaging
• Investigate ionization dynamics
• Map density fluctuations
• ….
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HED and fusion studies @EUPRAXIA
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Full case: X-ray FEL to probe HED and Fusion relevant plasmas

Need of a high energy laser co-located with the X-ray FEL to produce ICF-relevant plasma: specifications of a PUMP laser

Extra, high-energy pump laser
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Conclusions

Insert author and occasion

• Fusion energy is a strong case with major socio-economic impact 
and Inertial Fusion Energy is attracting increasing attention

• High Energy Density research is a main topic in the portfolio of 
many physics research infrastructures

• X-ray FEL sources are establishing instruments and capabilities 
for HED and Inertial Fusion research

• EuPRAXIA can attract the users of this community with a modest 
effort and enter this highly developing field.
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