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Historical breakthrough in fusion research: Lasers have
ignited fusion!

Lasers have ignited a mini star on earth, laying the foundation for a clean
energy source of the future: A historical breakthrough in inertial confinement
fusion research at the National Ignition Facility at Lawrence Livermore National
Lab and a defining moment for Photonics!

One of the most promising applications of laser technology, the realization of
laser-driven fusion, has achieved a historical breakthrough. As announced by
Lawrence Livermore National Laboratory (LLNL, California, USA) in its press
release dated December 13, 2022, American scientists at the National Ignition
Facility (NIF) were able to release a fusion energy of 3.15 megajoules (MJ) from
a pellet filled with the hydrogen isotopes deuterium and tritium. This is
equivalent to 154 percent of the expended energy equivalent to 2.05 MJ of the
laser pulse that triggered the explosion. This net energy gain represents the
first internationally long-awaited breakthrough in fusion research. These results
will provide unprecedented capability to support US Department of Energy’s
High Energy Density Physics mission and established the physics platform to
generate an efficient energy source comparable to the sun, making it a viable
long-term complement to renewable energy.

“Bringing the power of stars to Earth is a watershed moment for humanity, making the
prospect of a clean, abundant, safe and reliable energy source tangible,” said a
delighted Professor Constantin Haefner, director of the Fraunhofer Institute for Laser
Technology ILT in Aachen, Germany, who himself served as director of the Advanced
Photon Technologies Program at NIF for many years until 2019. “This breakthrough is
the culmination of a 60-year scientific journey aimed at solving one of the most difficult
technical challenges facing humanity.”

Fusion of hydrogen to helium releases immense amounts of energy

In the new milestone at NIF, giant pulsed lasers deliver energy of over 2 million Joules
of UV light precisely into a ~1cm long gold-coated cylinder, which experts call a
“Hohlraum,” where the interaction of the laser beams with the inner walls produces X-
rays. These then spread evenly in the hohlraum as in a hot oven. A bead about 2
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millimeters in size, containing a mixture of the hydrogen isotopes deuterium and
tritium and suspended in the center of the hohlraum, absorbs the propagating X-rays
heating up rapidly. The outer shell of the pellet is blown off, and the resulting
implosion pressure compresses the hydrogen fuel reaching to a density hundreds of
times of solid matter, forming a hot spot at its center with a temperature or more than
120 Million Degrees Celsius. In turn this triggers the fusion of hydrogen into helium.
Each fusion reaction of two light nuclei releases 17.6 MeV per reaction in the form of
neutrons and alpha particles. The alpha particles are immediately reabsorbed by the
plasma, causing it to heat up further and triggering a self-sustaining burn wave. After
less than 100 picoseconds, the high temperature and enormous pressure cause the
remaining fuel to expand and the parameters to fall below the threshold for fusion,
known as the Lawson criterion. This effect also makes the fusion reaction safe as no
critical chain reaction can occur.

In the current experiment, 2.05 MJ of laser energy was used to compress and heat the
target. Only ~1percent of the energy is delivered to the hot spot due to inefficiencies
the implosion process. The thermal runaway driven by the fusion reaction ignited the
plasma and produced ~ 3.15 MJ of energy with an instantaneous power of about
52,500,000,000,000,000 watts, the diameter of which is less thick than a hair. The key
advance over previous results was made possible by data from previous experiments
and a better understanding of fusion physics, which then led to improvements in the
hohlraum design, the structure of the fuel pellet, and modifications to the laser and the
laser pulse.

Fusion energy: clean and virtually inexhaustible energy source of the future

To achieve the global climate target of limiting global warming to less than 2 Degrees
Celsius, Germany must achieve greenhouse neutrality by 2045. This is to be achieved
with the help of a massive and rapid expansion of renewable energies from currently
close to 50 percent up to 100 percent for electricity production and the complete
abandonment of fossil energy sources in all end-use sectors by increasing energy
efficiency and making use of all types of renewable energy sources. This will be
accompanied by a continuous reduction in dependence on the import of fossil fuels. At
the same time, hydrogen produced from renewable resources is needed to store and
transport energy from sites with highly efficient solar and wind exposure. “Worldwide,
electricity demand is expected to grow strongly in the coming decades. On the one
hand, electricity is becoming the most important primary energy, as it will also be
increasingly used for heat in buildings and industry and the mobility sector and will be
converted into hydrogen and hydrogen derivatives”, says Prof. Hans-Martin Henning,
Director of the Fraunhofer Institute for Solar Energy Systems ISE and chairman of the
Expert Council on Climate Issues of the German Government. “On the other hand,
electricity will be needed in even significantly larger quantities than today for water
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desalination and, in the long term, probably also for removing carbon dioxide from the
atmosphere.”

Energy generation from fusion could open an additional, practically inexhaustible,
weather-independent and, above all, equally emission-free energy source. However,
controlled fusion for energy production is technically extremely demanding; solving the
remaining challenges and building the first fusion demonstrator will clearly take more
than a decade. Therefore, it will not contribute to an accelerated reduction of
greenhouse gas emissions in the short and medium term. Prof. Haefner, commissioner
for fusion research of the Fraunhofer Gesellschaft in Germany, adds: “Fusion is a high-
risk, high-return investment and — if successful — the holy grail for achieving energy
sovereignty and meeting the world's energy needs in the long term. “Now is the time
to set sail to bring fusion energy to the grid, a journey that is clearly a multidecadal
effort, assuming the world will commit and sustain investment.”

The urgency to demonstrate and then bring inertial fusion energy (IFE) to market is
underpinned by the rapidly growing private sector interest in fusion energy
development. In March 2022, the United States White House Office of Science and
Technology Policy gathered industry and academia for a summit to announce a bold
decadal vision for the commercial development of fusion energy.

A growing number of start-up companies around the world are addressing aspects of
technology development that are still needed. Currently, over 30 companies are active
in Magnetic Fusion Energy and magneto-inertial technologies and 6 companies are
active in IFE. Total investment has increased from US$1.8 billion in the last two years to
over US$4.7 billion today, according to the Fusion Industry Association. Four of the
startups are based in Germany.

Gamechanger within laser technology

The latest experiment represents a major achievement for science and is a testament to
the versatility and precision of lasers. The US$3.5 billion NIF facility houses the world's
highest-energy laser system and the world's largest optical system, counting more than
7500 meter-scale specialized optics generating and directing laser energy at the target.
The NIF facility typically fires once per day; an IFE demonstrator or power plant would
need to fire 10-20 times per second with high wallplug efficiency. All fuel-target
injection systems, waste disposal, and laser concepts must demonstrate efficiency,
reliability maintainability and operational capability; mature architectures and
technologies into fusion power plant-ready devices, while reducing production and
operating costs, as well as secure and build supply chains. The necessary cost
reductions, which are often several orders of magnitude, require innovative and
ground-breaking solutions from the laser and optics industry.
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“Let's say in 2050 we will have to commission several fusion power plants per year for
IFE to contribute to our power grid. This will require the production of many hundreds
of powerful lasers the size of overseas containers,” says Prof. Haefner. “We need to
completely rethink laser and optics production and set up automated production lines
like those in the automotive industry, only with accuracy of fewer optical
wavelengths.”

Amplifier gain media, optics, coatings, crystals — all will require mass production at low
cost. And there are many more complex problems to solve on the journey to fusion
energy. However, challenges spur innovation, and innovation spins off new solutions in
other markets, providing early return-on-investment. Prof. Haefner puts it in a nutshell:
“Fusion energy is a high-stake endeavour, and as such, getting started and pursuing
the most promising approaches is a good strategy. The race is on.”

Image 1:
Fusion energy.
© shutterstock.
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