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Abstract  

On 13th of December 2022, the head of the U.S. Department of Energy (DOE) and 
other federal scientific leaders announced that an experiment of nuclear fusion 
reaction they ran at the Lawrence Livermore National Laboratory in California 
achieved ―net energy‖. The meaning of this result was ―the reaction generated more 
energy than was put in to initiate the reaction‖. It is the first time humankind has 
achieved this landmark, after more than 60 years of global research, development, 
engineering and experimentation with billions in investment for many decades. 
Nuclear Fusion is the way that the Sun makes power, but recreating a useful nuclear 

fusion reaction here on Earth has eluded scientists for decades. Achieving net 

positive energy paves the way for fusion to move from a laboratory science to a 

usable limitless energy source, although large scale commercialization of nuclear 

fusion could still be decades away. The U.S. government has put huge amounts of 

federal money into nuclear fusion research since the 1950s and in the last decade 

invested about $700 million per year. The European Union contributes 45% to the 

most ambitious ITER project. It is the world's largest nuclear fusion experiment with 

35 nations collaborating. For the period 2021 to 2027, the EU decided to allocate 

€5.61 billion to the project. Also, the EU invested €300 million in nuclear energy 

research in 2021 as part of Euratom, the EU’s five-year €1.38 billion programme. In 

recent years, private investors have put almost $5 billion into nuclear fusion startups 

as the increased urgency in addressing climate change has made clean energy 

solutions particularly attractive. About 33 international companies are involved in 

nuclear fusion research, according to Forbes. Also, in the last years some other 

nuclear fusion experiments had limited success. The Eurofusion consortium were 

able to produce 59 megajoules of heat energy from nuclear fusion across a period of 

five seconds (in 2021). This result surpasses a previous record from 1997, when 22 

megajoules of heat energy was generated. The results were achieved at the Joint 

European Torus, or JET, facility in Oxfordshire, U.K, co-funded by the European 

Commission. This review introduces the main concepts of nuclear fission (nuclear 

power plants) and nuclear fusion experiments in the last 60 years and the 

fundamental challenges that scientists encountered until now to achieve a rate of 

heat emitted by a fusion plasma that exceeds the rate of energy injected into the 

plasma centred on Tokamak reactors and stellarators which confine a deuterium-

tritium plasma magnetically.  

https://www.youtube.com/watch?v=kTLtmiCELL8
https://www.youtube.com/watch?v=kTLtmiCELL8
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Introduction: What is the difference between nuclear fission 
and nuclear fusion? 

Current nuclear power plants rely on nuclear fission, which releases 

energy when large, heavy atoms such as Uranium-235 break apart due to 

radioactive decay. Also, Plutonium-239 and Plutonium-241 are fissile, and can 

sustain a nuclear chain reaction, leading to applications in nuclear reactors. 

Whereas in nuclear fusion, small, light atoms such as Hydrogen (H) fuse into 

bigger ones. In nuclear fission, radioactive atoms of Uranium split into smaller 

atoms, releasing in the process extra energy. For more than 60 years, energy 

has been generated in nuclear power plants through fission of Uranium (U 235) 

after bombardment with neutrons. 

 

Figure 1. Nuclear fission is a reaction in which a Uranium 235 nucleus is split 
by bombardment with neutrons (o n). Controlled fission is a fact whereas 

controlled fusion to produce extra energy is a scientific dream that may be 
achieved in the future. At present there are 450 of nuclear fission power 
reactors worldwide. Nuclear power plants are proposed as a viable and 
attractive energy alternative to fossil fuels. 

 

There are at present 422 operable nuclear power reactors that are 

producing energy in 32 countries and generate about 10% of the world's 

electricity. Most installations are in Europe, North America (USA, Canada), 

East Asia and South Asia. The USA is the largest producer of nuclear power, 

while France produces the largest share of electricity which is generated by 

nuclear power (70%). China has the fastest growing nuclear power 

programme with 16 new reactors under construction, followed by India.  

https://en.wikipedia.org/wiki/Plutonium-239
https://en.wikipedia.org/wiki/Plutonium-241
https://en.wikipedia.org/wiki/Fissile
https://en.wikipedia.org/wiki/Nuclear_chain_reaction
https://en.wikipedia.org/wiki/Nuclear_reactor
https://en.wikipedia.org/wiki/Europe
https://en.wikipedia.org/wiki/North_America
https://en.wikipedia.org/wiki/East_Asia
https://en.wikipedia.org/wiki/South_Asia
https://en.wikipedia.org/wiki/Nuclear_power_in_France
https://en.wikipedia.org/wiki/Nuclear_power_in_China
https://en.wikipedia.org/wiki/Nuclear_power_in_India
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On the other hand, Nuclear fusion is based on the opposite principle. In 

fusion reactors, light atomic nuclei are compressed under intense pressure 

and heat (very high temperatures) to form heavier (Helium) ones and release 

energy in the process. The main fuels used in nuclear fusion are Deuterium 

and Tritium, both heavy isotopes of Hydrogen (Protium). 

 

[ https://www.embibe.com/exams/isotopes-of-hydrogen/ ] 

Isotopes of hydrogen: Protium (H), Deuterium (D) and Tritium (T) are 

different from each other owing to the different number of neutrons. 

Deuterium can be extracted inexpensively. Tritium can be made from lithium, 

which is also abundant in nature. The first patent related to a fusion reactor 

was registered in 1946 by the United Kingdom Atomic Energy Authority.  

 

Figure 2. Nuclear fusion is a nuclear reaction in which two or more atomic 
nuclei (deuterium, tritium) collide at very high energy and fuse together into a 
new nucleus, e.g., helium. If light nuclei are forced together, they will fuse with 
a yield of energy.  

Scientists have pursued for 60 years one of the toughest physics 

experiment in artificial nuclear fusion. This experiment brought immense 

technological challenges to scientists. Harnessing nuclear fusion, the power 

source of the stars, to generate abundant clean energy proved to be 

https://www.nationalgeographic.com/magazine/article/nuclear-fusion-powers-stars-could-it-one-day-electrify-earth
https://www.nationalgeographic.com/magazine/article/nuclear-fusion-powers-stars-could-it-one-day-electrify-earth
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extremely difficult to produce more energy than was used to trigger the fusion 

reaction under extreme temperatures and high magnetic pressure. 

On December 5 2022, an array of 192 powerful lasers at the National 

Ignition Facility (NIF), part of the Lawrence Livermore National Laboratory in 

California, fired 2.05 megajoules of energy at a tiny cylinder holding a pellet 

of frozen Deuterium and Tritium (heavier forms of Hydrogen). The pellet 

compressed and generated temperatures and pressures intense enough to 

cause the hydrogen inside it to fuse. In a tiny blaze lasting less than a 

billionth of a second, the fusing atomic nuclei released 3.15 megajoules of 

energy, which was about 5% percent more than had been used to heat the 

pellet. This achievement was remarkable. But this does not mean that fusion 

is now a viable power source. To trigger nuclear fusion, scientists in NIF fired 

192 lasers all at once at the hohlraum, which angle into it through two holes. 

The beams then slam into the hohlraum’s inner surface, which causes it to 

spit out high-energy x-rays that rapidly heat up the outer layers of the 

capsule, making them burn off and fly outward. The inner part of this capsule 

rapidly compresses to nearly a hundred times denser than lead—which 

forces the deuterium and tritium inside to reach the temperatures and 

pressures needed for fusion.1 

For all of NIF’s success, commercializing this style of fusion reactor 

wouldn’t be easy. A nuclear fusion reactor would need to generate 50 to 100 

times more energy than its lasers emit to cover its own energy use and put 

power into the electricity grid. The actual experiment would also have to 

vaporize 10 capsules a second, every second, for long periods of time. Right 

now, fuel capsules are extremely expensive to make.  

Researchers (9 February 2022) from the EUROfusion consortium 

(4,800 experts, students and research staff) used the Joint European Torus 

(JET) device to release a record 59 megajoules of sustained fusion energy for 

5 seconds. This is equivalent to about 14kg of TNT – during a five-second 

burst of nuclear fusion, more than triple the previous record of 21.7 

megajoules set in 1997. Experimental results ignited again the dream of 

scientists for unlimited, clean nuclear fusion for energy production within 

reach. 

https://www.euro-fusion.org/glossary/glossary-term/torus/
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Nuclear Power: world’s nuclear fission power reactors 

In the end of 2022, there were 422 operable power reactors in the 

world, producing a combined electrical capacity of 378.3 GW. Additionally, 

there are 57 nuclear reactors under construction, 103 reactors are planned to 

be constructed in the near future with a combined capacity of 66 GW and 105 

GW, respectively, while around 325 more nuclear reactors are proposed. In 

2022 there 422 operable power reactors: USA 92, France 56, China 54, 

Russian Federation 37, Japan 33, etc.).2  

 

Figure 3. The diagram above (USA Nuclear Regulatory Commission, NRC) 

shows a atomic nuclear reactor heating up water and spinning a generator to 
produce electricity. [https://whatisnuclear.com/reactors.html]. 

The present nuclear power reactors produce approx. 10-15% of the 

world's electricity. The USA with 92 reactors, creates most of its electricity 

from fossil fuels and hydroelectric energy. Whereas, Lithuania, France, and 

Slovakia create almost 70-80% of their electricity from nuclear power plants. 

Building nuclear power reactors requires a high level of technology, 

and only the countries that have signed the Nuclear Non-Proliferation Treaty 

can get the Uranium or Plutonium that is required. For these reasons, most 

nuclear power plants are located in the developed world.  

The most crucial negative aspect of nuclear power reactors is their 

radioactive wastes. Radioactive waste is left over from the operation of a 

nuclear reactor and used fuel and rods of nuclear power are extremely 

radioactive. The used uranium pellets must be stored in special containers. 

https://whatisnuclear.com/reactors.html
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The storage sites for radioactive waste have become very controversial in the 

USA and other western countries.  

 

Figure 4. Tihange 1, 2, 3 (Belgium) are of the oldest nuclear power stations in 

the world. Their design was based on the safety principles and specifications 
applicable in the early 1970s. Belgium's nuclear plants account for almost 
50% of the country's electricity production. The Tihange sites in Belgium 
contain 3 nuclear power plants. [https://www.world-nuclear-
news.org/Articles/Belgium-asks-Engie-to-extend-Tihange-2-s-life]. 

 
Since the 1950s, production of electricity by controlled 
nuclear fusion was a scientific dream 
 

Producing electricity from nuclear fusion has been the dream of many 

nuclear physicists and other energy scientists, after more than 60 years of 

global research, development, engineering and experimentation. 

The thermonuclear fusion process is well known that powers the Sun. The 

basic idea is to replicate in a controlled fashion the nuclear fusion and obtain 

incredible amounts of energy in a potentially safe and environmentally clean 

way. In theory, this ―clear‖ energy could solve the problems of energy crisis on 

planet Earth and reduce global warming. Despite of intense research and 

engineering advances from the 1950s and billions of investments in nuclear 

fusion experiments, controlled nuclear fusion power and technology still 

remain just a scientific dream. The U.S. government has put federal money 

into nuclear fusion research since the 1950s and today invests about $700 

million per year. The European Union contributes 45% to the ITER project. 

For the period 2021 to 2027, the European Union decided to allocate €5.61 

billion to the project ITER, a unique project to build the world’s biggest nuclear 

fusion machine.  

https://www.world-nuclear-news.org/Articles/Belgium-asks-Engie-to-extend-Tihange-2-s-life
https://www.world-nuclear-news.org/Articles/Belgium-asks-Engie-to-extend-Tihange-2-s-life
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The main obstacle relates to the extremely difficult conditions and high 

temperatures that will allow controlled nuclear fusion to occur so that the 

energy invested is less than the energy extracted from the reaction.3 

The Sun has fuelled life on Earth for billions of years, creating light and 

heat through nuclear fusion. Given that incredible power and longevity, it 

seems there can hardly be a better way to generate energy than by 

harnessing the same nuclear processes that occur in the Sun and other stars. 

 Scientists were researching for 60 years the use of thermonuclear 

fusion reactors aiming to replicate the process of fusing Hydrogen atoms to 

create Helium (He4) releasing energy in the form of heat. Sustaining this heat 

at scale has the potential to produce a safe, clean, almost inexhaustible 

power source. The scientific quest and intense research efforts began 

decades ago, but the prospects of achieving this task became a scientific joke 

that ―nuclear fusion is always 30 years away‖. 

 

Figure 5. Thermonuclear fusion occurs when two atoms combine to make a 

larger atom, creating a whole lot of energy. Fusion already happens naturally 
in stars, including the Sun when intense pressure and high temperature heat 
fuse Hydrogen atoms together, generating Helium and energy. 
  

In the 1970s it was clear that attaining nuclear fusion energy would be 

one of science's greatest challenges and collaboration might be key to 

meeting the challenge. European countries came together and began design 

work on the Joint European Torus (JET), in 1973. In 1977, the European 

Commission gave the green light for the project and Culham in Oxford, UK, 

was selected as the site for JET. The construction of JET, which would 

become the largest operational magnetic confinement plasma physics 

experiment, was completed on time and on budget in 1983 and the first 

https://www.youtube.com/watch?v=3JdWlSF195Y
https://www.euro-fusion.org/glossary/glossary-term/torus/
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plasmas were achieved. The first experiments using tritium was carried out in 

JET, making it the first reactor in the world to run on the fuel of a 50-50 mix of 

tritium and deuterium. In 1997, using this fuel, JET set the current world 

record for fusion output at 16 MW from an input of 24 MW of heating. 

There are roughly 150 tokamaks around the world; the biggest one is 

under construction in France for $30 billion by an international consortium 

called ITER. The 20,000-tonnes machine, the size of a basketball arena, is 

slated to be complete by 2035. Tokamak is a machine that confines a plasma 

using magnetic fields in a donut shape that scientists call a torus. Fusion 

energy scientists believe that tokamaks are the leading plasma confinement 

concept for future nuclear fusion power plants. 

 

Figure 6. Basic Tokamak components include the toroidal field coils (in blue), 

the central solenoid (in green), and poloidal field coils (in grey). The total 
magnetic field (in black) around the torus confines the path of travel of the 
charged plasma particles. (Image courtesy of EUROfusion), 
[https://www.energy.gov/science/doe-explainstokamaks ].  
 

In the 1980's also saw the iron curtain being lifted slightly when ITER 

(Latin word for ―The Way‖), the European project for nuclear fusion power 

experiments, was set in motion at the Geneva Superpower Summit in 

November 1985. The idea of a collaborative international project to develop 

fusion energy for peaceful purposes was proposed by General Secretary 

Gorbachev of the former Soviet Union to US President Reagan. In 2005, the 

ITER Members unanimously agreed that ITER would be built in Cadarache in 

France. In November 2017, the ITER project passed the 50% milestone of 

https://www.energy.gov/science/doe-explainstokamaks
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work scope completed to first plasma. ITER ("The Way") is the most 

ambitious energy projects in the world today. Thousands of engineers and 

scientists have contributed to the design of ITER since the idea for an 

international joint experiment in fusion was first launched in 1985. The ITER 

Members are most of the developed countries, China, the European Union, 

India, Japan, Korea, Russia and the United States. The scientists are now 

engaged in a 35-year collaboration to build and operate the ITER 

experimental device, and together bring fusion to the point where a 

demonstration fusion reactor can be designed. The U.S.A. government has 

put federal money into nuclear fusion science research since the 1950s and 

today invests about $700 million per year into fusion research.4 

 

Expensive Nuclear fusion experiments with billions in 
international investments  
 

Nuclear fusion experiments and its technological challenges has been so 

important that many countries contribute financially and take active part in 

fusion research to some extent. In these experiments contributed all countries 

of the European Union, the USA, Russia and Japan, with vigorous 

programmes also under way in China, Brazil, Canada, and Korea. Initially, 

nuclear fusion research in the USA and old USSR (now Russian Federation) 

was linked to atomic weapons development, and it remained classified until 

the 1958 Atoms for Peace conference in Geneva.  

This situation changed as a result of a breakthrough at the Soviet 

tokamak. In 1950 soviet scientists Andrei Sakharov and Igor Tamm proposed 

the design for a type of magnetic confinement fusion device, the tokamak. By 

the 1970s it was clear that attaining nuclear fusion energy would be one of 

science's greatest challenges and collaboration might be key to meeting the 

challenge. European countries came together and began design work on the 

Joint European Torus, JET, in 1973. In 1977, the European commission gave 

the green signal for the project in Culham of Oxford, UK, selected as the site 

for JET (the largest operational magnetic confinement plasma physics 

experiment). The cost and complexity of the nuclear fusion devices involved 

https://www.euro-fusion.org/glossary/glossary-term/magnetic-confinement-fusion/
https://www.euro-fusion.org/glossary/glossary-term/tokamak/
https://www.euro-fusion.org/glossary/glossary-term/torus/
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increased to the point where international co-operation was the only way 

forward. [EURO-Fusion, https://www.euro-fusion.org/fusion/history-of-fusion/]. 

   

Joint European Torus (JET), Culham, Oxfordshire, UK. 

JET was the first experimental device to produce controlled nuclear fusion 

power with Deuterium and Tritium and holds the world record for fusion 

power. JET has carried out much challenging and important experimental 

work to assist the design and construction of ITER. After 30 years of 

experiments JET remains at the forefront of nuclear fusion research. JET 

collectively used by all European fusion laboratories under the EUROfusion 

consortium with 350 scientists from EU countries, Switzerland, UK and 

Ukraine and more scientists from all over the world. The plasmas inside the 

facility can reach temperatures of 150 million degrees Celsius, an 

unfathomable 10 times hotter than the Sun’s core. 

 
Figure 7. The Joint European Torus (JET) is an experimental nuclear fusion 

reactor, operated by Culham Centre for Fusion Energy (CCFE), at the United 
Kingdom’s Atomic Energy Authority (UKAEA). It is funded through the 
European Union’s Horizon 2020 Framework Programme for Research and 
Innovation, and managed via the EUROfusion consortium. The JET machine 
is a large Tokamak device of approximately 15 metres in diameter and 12 
metres high. At the heart of the machine there is a toroidal vacuum vessel 
where plasmas confined by a magnetic field generated by large D-shaped 
coils surrounding the tokamak.  
 

JET is capable of producing pulses of hydrogen plasmas with 

temperatures of millions of degrees. In July 2022  the UK, scientists at the 

Joint European Torus laboratory (JET) announced they had generated a 

record-breaking 59 megajoules (MG) of sustained fusion energy – triple the 

previous record energy (21.7 MG) output and a further boost for their partners 

https://www.euro-fusion.org/fusion/history-of-fusion/
https://ccfe.ukaea.uk/research/joint-european-torus/
https://ccfe.ukaea.uk/fusion-energy-record-demonstrates-powerplant-future/
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at the ITER project (for which it is acting as a prototype of sorts). Nuclear 

fusion technology is also moving closer to commercial use. Entrepreneurs at 

Tokamak Energy, based in a small railway town in southern England, have 

attracted venture capital – and £10 million from the UK government - for their 

space-saving and cost-effective solution. The system uses tokamaks and high 

temperature superconductor magnets. 

 

Figure 8. Comparison of 1997 (DTE1) and 2021 (DTE2) fusion energy 

performance on the JET tokamak in seconds. Credit: EUROfusion consortium  
 

The largest operating system in the world able to carry out a controlled 

fusion reaction, working with a mixture of deuterium and tritium (D-T) fuel, is 

the JET (Joint European Torus) tokamak located in Culham, UK. During the 

last experimental campaign (DTE2), this device set a new record for fusion 

energy. In December 2021, 59 megajoules of energy were obtained in a 

steady state lasting 5 seconds, which as a result is almost three times higher 

than the previous record from 1997. In the very centre of the plasma, the 

temperature of 150 million degrees Celsius was obtained, which is ten times 

higher than the temperature in the heart of the Sun. Generating this energy 

required 0.17 milligrams of fusion fuel: about 0.1 mg of tritium and 0.07 mg of 

deuterium. By comparison, fossil fuels would require 10 million times as much 

fuel to produce the same amount of energy (1.06 kg of natural gas or 3.9 kg of 

lignite). The results obtained in JET are very promising in the perspective of 

further research on nuclear fusion in the new generation ITER tokamak, and 

then in the prototype fusion power plant DEMO. 

https://www.tokamakenergy.co.uk/
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The experience gained during the DTE2 experimental campaign is 

undoubtedly an important step on the way to obtain new energy sources. The 

record set is a breakthrough as it shows for the first time that it is possible to 

maintain a stable plasma and produce large amounts of fusion power using 

the same fuel mix that will be used in the international ITER experiment and in 

future fusion power plants. 

The research on fusion energy is carried out in Europe under the 

European Atomic Energy Community EUARTOM research and training 

programme by the EUROfusion consortium (www.euro-fusion.org) consisting 

of 30 research organizations from 25 European Union countries as well as 

Great Britain (UK), Switzerland and Ukraine. Poland in the consortium is 

represented by the Institute of Plasma Physics and Laser Microfusion (IPPLM, 

www.ifpilm.pl). 

 

The results obtained in JET, Culham, Oxfordshire, UK,  are very 

promising in the perspective of further research on nuclear fusion in the new 

generation ITER tokamak, and then in the prototype fusion power plant 

DEMO. The Joint European Torus laboratory (JET) is a success story not just 

for the science, but also for the scientists and engineers who worked so hard 

to make this happen. There are 400 UKAEA engineers who ensured that JET 

was working properly. Also, hundreds of scientists are working in 30 research 

institutes across 25 countries who worked tirelessly to produce these 

successful experimental results. The JET, used by 4,800 EUROfusion 

consortium experts, students and researchers from across Europe 

 

California Lawrence Livermore National Laboratory (USA).  
 

For more than 60 years, the Lawrence Livermore National Laboratory 

has applied science and technology to make the world a safer place. 

Livermore’s defining responsibility is ensuring the safety, security and 

reliability of the nation’s nuclear deterrent. The LLN Laboratory’s science and 

http://www.euro-fusion.org/
http://www.ifpilm.pl/
https://ccfe.ukaea.uk/research/joint-european-torus/
https://www.euro-fusion.org/
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engineering are being applied to achieve breakthroughs for counterterrorism 

and nonproliferation, defense, energy and environmental security 

LLNL was established in 1952, as the University of California Radiation 

Laboratory, Livermore Branch.. The LLN is the most important laboratory of 

USA on nuclear safety and in nuclear fusion. National Ignition Facility (NIF) is 

a 192-beam, stadium-size laser system that is used to compress fusion 

targets to conditions required for thermonuclear burn (fusion). The fusion 

record in December 2022 was achieved at the National Ignition Facility at 

California's Lawrence Livermore National Laboratory, which ignites fusion fuel 

with an array of 192 lasers. The team of scientists at Lawrence Livermore 

National Laboratory’s National Ignition Facility conducted the first controlled 

fusion experiment in history to achieve fusion ignition. The experiment 

produced more energy from fusion than the laser energy used to drive it, a 

major scientific breakthrough.  

 
 

Figure 8. December 2022. US scientists announce historic nuclear fusion 

energy breakthrough, Researchers in Lawrence Livermore National Laboratory 
in California succeed in producing more energy in a fusion reaction than was 
used to spark it, in possible game-changer for climate and clean power. 
 

Billions of dollars and decades of work have gone into nuclear fusion 

research that has produced exhilarating results for short periods of time. The 

December 2022 experimental result was a superheated plasma environment 

where a reaction generated about 1.5 times more energy than was contained 

in the light used to produce it. The net energy gain achievement applied to the 

https://en.wikipedia.org/wiki/National_Ignition_Facility
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fusion reaction itself, not the total amount of power it took to operate the 

lasers and run the project. For fusion to be viable, it will need to produce 

significantly more power and for longer periods.5  

In recent years various investors including Bill Gates, Jeff Bezos and 

John Doerr have poured money into companies building nuclear fusion 

facilities. Private industry secured more than $2.8 billion last year, according 

to the Fusion Industry Association of about $5 billion in recent years. 

 

Figure 9. December 2022, Lawrence Livermore National Laboratory 
announced a key achievement in nuclear fusion. LLNL has been able to 
produce 1.3 megajoules of energy at its National Ignition Facility, for a very 
brief time. [CNBC is the recognized world leader in business news, New York, 
USA, https://www.cnbc.com/2021/08/19/michio-kaku-calls-nuclear-fusion-test-
at-national-lab-giant-step-toward-the-holy-grail-of-energy-research-.html ].  
 

In a press conference at the Department of Energy (DOE, USA) 

headquarters on December 13, 2022, DOE Secretary Jennifer Granholm 

announced that the Lawrence Livermore National Laboratory’s (LLNL) has 

achieved a historic scientific feat. Experiments with fusion ignition at the 

National Ignition Facility (NIF). Scientific experiments in the Lawrence 

Livermore National Laboratory achieved fusion ignition. They created more 

energy from fusion reactions than the energy used to start the process.  It is 

the first time it has ever been done in a laboratory anywhere in the world. This 

experiment has been one of the most impressive scientific feats of the 21st 

century. 

https://lasers.llnl.gov/
https://www.cnbc.com/2021/08/19/michio-kaku-calls-nuclear-fusion-test-at-national-lab-giant-step-toward-the-holy-grail-of-energy-research-.html
https://www.cnbc.com/2021/08/19/michio-kaku-calls-nuclear-fusion-test-at-national-lab-giant-step-toward-the-holy-grail-of-energy-research-.html
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Figure 10. In 13 December 2022, press conference at the Department of 

Energy (DOE) headquarters. DOE Secretary Jennifer Granholm announces 
Lawrence Livermore National Laboratory’s (LLNL) historic feat of achieving 
fusion ignition at the National Ignition Facility. It was one of the most 
impressive scientific feats of the 21st century. LLNL Laboratory Director Kim 
Budil (far left) and in the middle DOE Under Secretary for Nuclear Security 
and Administrator for the National Nuclear Security Administration Jill Hruby.  
 

ITER (International Thermonuclear Experimental Reactor) 
 

ITER (meaning "the way" or "the path" in Latin) is an international 

nuclear fusion research and engineering megaproject aimed at creating 

energy through a fusion process. Completion of construction of the main 

reactor and first plasma, planned for late 2025. ITER will be the world's largest 

magnetic confinement plasma physics experiment and the largest 

experimental Tokamak nuclear fusion reactor. ITER is aiming to be the largest 

of more than 100 fusion reactors with ten times the plasma volume of any 

other tokamak operating today.  

ITER is constructed as a collaboration between 35 nations. It is funded 

and run by the countries of the European Union, China, India, Japan, Russian 

Federation, South Korea and the United States. The United Kingdom (UK) 

participates through EU's Fusion for Energy, Switzerland participates through 

Euratom and the project has cooperation agreements with Australia, Canada, 

Kazakhstan and Thailand.  

https://en.wikipedia.org/wiki/Nuclear_fusion
https://en.wikipedia.org/wiki/Megaproject
https://en.wikipedia.org/wiki/Magnetic_confinement_fusion
https://en.wikipedia.org/wiki/Plasma_physics
https://en.wikipedia.org/wiki/Tokamak
https://en.wikipedia.org/wiki/Tokamak
https://en.wikipedia.org/wiki/European_Union
https://en.wikipedia.org/wiki/India
https://en.wikipedia.org/wiki/Japan
https://en.wikipedia.org/wiki/Russia
https://en.wikipedia.org/wiki/South_Korea
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/United_Kingdom
https://en.wikipedia.org/wiki/EU
https://en.wikipedia.org/wiki/Fusion_for_Energy
https://en.wikipedia.org/wiki/Switzerland
https://en.wikipedia.org/wiki/Euratom
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Figure 11. The ITER fusion reactor will contain the world’s largest magnet, 

which stands vertically in the centre of this illustration (ITER). The world’s 
most powerful magnet is being shipped for installation in the core of ITER, the 
experimental fusion reactor. It is hoped that ITER will prove the feasibility of 
creating fusion energy on an industrial scale by replicating the process seen 
in the centre of our sun. An artist's impression of the completed ITER. The 
pink section in the middle is the tokamak (Supplied: ITER) 
[https://www.abc.net.au/news/ 2020-04-08/future-tense-nuclear-fusion-
sustainable-power-promise/12114948   ]. 
 

ITER is aiming at further firming up the concept of nuclear fusion. One 

of the most complicated machines ever to be created, it was scheduled to 

start generating its first plasma in 2025 before entering into high-power 

operation around 2035. ITER is one of the most ambitious energy projects in 

the world today. ITER installations will be build In southern France, through a 

35 countries. It will be the world's largest Tokamak, a magnetic fusion device 

that has been designed to prove the feasibility of fusion as a large-scale and 

carbon-free source of energy based on the same principle that powers our 

Sun. Some countries offer large amounts of investment, like the U.S. 

contribution to ITER now estimated to cost at least $3.9 billion.6 

Meanwhile, nuclear fusion experiments of nuclear fusion are contacted 

in many countries in order to contribute later in the experiments of ITER. For 

example, China’s EAST tokamak reactor is being used to test the technology 

for the ITER. In January 2022, the EAST reactor broke the record for the 

longest sustained nuclear fusion with temperatures of 126 million degrees 

Fahrenheit - roughly 5 times hotter than the sun – sustained for 17 minutes. 

https://www.abc.net.au/news/%202020-04-08/future-tense-nuclear-fusion-sustainable-power-promise/12114948
https://www.abc.net.au/news/%202020-04-08/future-tense-nuclear-fusion-sustainable-power-promise/12114948
https://www.smithsonianmag.com/smart-news/chinas-artificial-sun-reactor-broke-record-for-nuclear-fusion-180979336/
https://www.smithsonianmag.com/smart-news/chinas-artificial-sun-reactor-broke-record-for-nuclear-fusion-180979336/
https://www.smithsonianmag.com/smart-news/chinas-artificial-sun-reactor-broke-record-for-nuclear-fusion-180979336/


 

17 

 

China’s EAST reactor is being used to test the technology for the ITER 

reactor in the south of France, with some estimates now forecasting it could 

begin working as soon as 2025.7  

 

Figure 12. The interior of ITER reactor is under construction at Cadarache in 

the south of France.  

Technological challenges for experiments of nuclear fusion  

In order to achieve the necessary conditions to spark nuclear fusion 

and produce energy (which is going to be used to produce electricity), two 

main approaches are being currently researched: 

a. Inertial Confinement Fusion (ICF),  and  

b. Magnetic Confinement Fusion (MCF). 

Building a  nuclear fusion power plant that can withstand the immense 

temperature and pressures this process produces, is one of the century´s 

greatest engineering challenges. The fuel, made up of the hydrogen isotopes 

(Deuterium and Tritium), must be heated to about 100 million degrees oC. At 

that hotter-than-the-sun temperature, a fully ionized gas-plasma is formed. 

The plasma will then be ignited to create nuclear fusion. At present, scientists 

are pursuing two methods for achieving nuclear fusion:  

a.  inertial confinement fusion systems, ion beams or laser beams are 

used to compress a pea-sized deuterium-tritium fuel pellet to extremely 

high densities. When a critical point is reached, the pellet is ignited through 

shock wave heating. Fusion power plants using this technique would ignite 

fuel pellets several times per second. The resulting heat is then used to 

generate steam that powers electricity-generating turbines. 
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b. magnetic confinement fusion systems, electromagnets are used to 

contain the plasma fuel. One of the most promising options, the tokamak 

device, contains the plasma in a doughnut-shaped chamber. A powerful 

electric current is induced in the plasma, resulting in an increase in 

temperature. The plasma is also heated by auxiliary systems such as 

microwaves, radiowaves or accelerated particles. In the process, 

temperatures of several hundred million degrees centigrade are achieved.8 

How the nuclear fusion breakthrough was achieved in LLNL 
National Ignition Facility (NIF) 

Scientists at Lawrence Livermore National Laboratory’s National 

Ignition Facility have made history by successfully producing a nuclear fusion 

reaction resulting in a net energy gain, a breakthrough hailed by US officials 

as a “landmark achievement” and a “milestone for the future of clean energy. 

Scientists have had a theoretical understanding of nuclear fusion for over a 

century, but the journey from knowing to doing can be long and arduous.  

Powerful lasers (192) to trigger nuclear fusion in the LLNL experiment  

Triggering nuclear fusion is not at all easy, but requires the satisfaction 

of all elements of "Lawson's criterion for fusion:" a temperature of over 100 

million degrees; a "plasma" of naked nuclei in completely ionized state, with 

their electrons stripped; and the maintenance of an extremely high density of 

over 200 trillion nuclei per cubic centimeter for about one second. 

Many different kinds of attempts have been made to meet Lawson's criterion, 

one of these being the focusing of powerful laser beam (192 powerful lasers 

were used) to cause an implosion at the core of the mixture of Deuterium an 

Tritium. Researchers at Osaka University are investigating a method whereby 

powerful laser beams are focused from a device called the Gekko to a fusion 

fuel pellet capsule, triggering repeated momentary nuclear fusion events, and 

generating fusion energy from each event. 

https://www.cnn.com/us/live-news/nuclear-fusion-reaction-us-announcement-12-13-22/index.html
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Figure 13. The National Ignition Facility (NIF) has 192 laser beams that 
combine to heat the inside surface of a target cylinder about 1 cm long, 
leading to ignition of a capsule of Deuterium and Tritium to create Helium. To 
get NIF started, LLNL provided seed grants to several groups to design 
targets and experiments for the facility. 
 

192 powerful lasers shot was performed on 5 December 2022, to  

produce 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. 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, National Ignition Facility (NIF) 

researchers have tried out numerous capsule and hohlraum configurations 

and materials. NIF’s latest achievement to advances in the last 4-5 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 December 2022 

shot was about 10% thicker than those in previous attempts. 

https://doi.org/10.1063/PT.6.2.20210817a
https://doi.org/10.1063/PT.6.2.20210817a
https://doi.org/10.1063/PT.6.2.20210817a
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Figure 14.  An illustration of lasers beaming into a gold rugby hohlraum 

holding an aluminum fuel capsule. NIF experiments using a hohlraum shaped 
like a rugby ball have significantly boosted the amount of laser-induced 
energy absorbed by an inertial confinement fusion (ICF) fuel capsule. The 
findings open new pathways in research toward self-sustaining nuclear fusion 
reactions. A research letter published in Nature Physics detailed how 
scientists from Lawrence Livermore and Los Alamos national laboratories 
increased the level of laser-induced energy absorbed by an aluminum, single-
shell ICF fuel capsule to about 30%. With cylindrical hohlraums currently used 
at NIF the level of energy absorption, called coupling, is about 10-15%. 9 [Ping 
Y, et al. Enhanced energy coupling for indirectly driven inertial confinement 
fusion. Nature Physics 15:138-141, 2019]. 

 

The LIF scientists achieved a milestone experiment. The 5th December 

2022 was a historic day for researchers in LLNL laboratory. In making this 

breakthrough, they have opened a new chapter in NNSA’s Stockpile 

Stewardship Program. A special group of members of Congress who have 

supported the National Ignition Facility (NIF) because their belief in the 

promise of visionary science has been critical for the LLNL mission. Many 

scientists in the Department of Energy (DOE) of the USA believe that the 

successful outcome was the power of wide collaboration of national 

laboratories (DOE) and their international partners. 

According to nuclear fusion experts, the pursuit of nuclear fusion 

ignition in the laboratory was one of the most significant scientific challenges 

ever tackled by nuclear engineers, and achieving it is a triumph of science 

and engineering. This experiment crossed the threshold of the vision that has 

driven 60 years of dedicated experimental pursuit. This is a continual process 

https://doi.org/10.1038/s41567-018-0331-5
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of learning, building, expanding knowledge and capability, and then finding 

ways to overcome the new challenges that emerged. These scientific 

problems had been the major challenges that the U.S. national laboratories 

were created to solve.  

After the announcement of the breakthrough the U.S. Senate Majority 

Leader Charles Schumer (NY) said. ―I commend Lawrence Livermore 

National Labs and its partners in our nation’s Inertial Confinement Fusion 

(ICF) program, including the University of Rochester’s Laboratory for Laser 

Energetics in New York, for achieving this breakthrough. Making this future 

clean energy world a reality will require our physicists, innovative workers and 

brightest minds at our DOE-funded institutions, including the Rochester Laser 

Laboratory, to double down on their cutting-edge work. That’s why I’m also 

proud to announce today that I’ve helped to secure the highest-ever 

authorization of over $624 million this year in the National Defense 

Authorization Act for the ICF program to build on this amazing breakthrough.‖ 

What are the next steps in nuclear fusion after the braekthrough? 

Scientists and experts now need to figure out how to produce much 

more energy from nuclear fusion on a much larger scale. At the same time, 

they need to figure out how to eventually reduce the cost of nuclear fusion so 

that it can be used commercially. Scientists will also need harvest the energy 

produced by fusion and transfer it to the power grid as electricity. This process 

it is hoped that will overcome many obstacles but it is will take years. Most 

scientists suggest that practical methods to produce energy will take possibly 

decades. Before fusion can be able to produce unlimited amounts of clean 

energy, scientists are on a race against the clock to fight climate change. 

The experimental breakthrough has shattered some previous records. 

The nuclear fusion achieved in the LLNL laboratory was supported by a 

record-shattering laser shot that focused a cluster of lasers on a single target. 

Each of the 192 lasers ($3.5 billion laser complex) fired within a few trillionths 

of a second of each other at the LLNL National Ignition Facility (NIF) by 

focusing their power on a pea-size target, similar to a capsule that can hold 

the Deuterium and Tritium fuel needed for achieving nuclear fusion, which is 
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the process that creates energy from the fusing of light atoms. The National 

Ignition Facility (NIF) delivered more than 500 trillion watts (terawatts or TW) 

of power during its historic test shot. This was about 1,000 times more power 

than the entire United States uses at any given time. That power came from 

1.85 megajoules of energy that represent about 100 times as much as what 

any other laser can sustain. The 500 TW shot is an extraordinary 

accomplishment by the NIF Team, creating unprecedented conditions in the 

nuclear fusion laboratory. 

The natural fusion process can release enormous amounts of  clean 

energy. On a long-term and grant scale, nuclear fusion energy could eliminate 

humanity’s emissions (CO2, CH4), allowing for a cleaner, greener, healthier 

planet – not to mention, elevated living for all of humanity. If that sounds a bit 

idealistic, this is a serious reality and scientists support more research and 

experimentation. The prospect of nuclear fusion energy was idealistic 60 

years ago. The latest breakthrough by scientists in LLNL proved that nuclear 

fusion is possible but needs more experimentation and new engineering 

advances. Why can’t the other long-term benefits come true, too? 

The LLNL until now relied largely on public grants, private investment 

and funding to make the nuclear fusion energy breakthrough a reality. But 

both private and public research is required to make successful nuclear fusion 

to happen. If that scientific threshold can be crossed will allow engineers and 

scientists to start working on better lasers, more efficient lasers, on better 

containment capsules, etc., that are necessary to allow nuclear fusion to be 

modularized and taken to commercial scale. The LLNL director Kim Budil said 

in a December 2022 conference: ―….The science and technology challenges 

on the path to nuclear fusion energy are daunting, but making the seemingly 

impossible, possible is when we’re at our very best…..‖ 

[Forbes, 14.12.2022, Nuclear fusion breakthrough: the future of clean, 

limitless energy, https://www.forbes.com/sites/qai/2022/12/14/nuclear-fusion-

breakthrough-the-future-of-clean-limitless-energy/?sh=48c12cf43916 ]. 

 

 

https://www.forbes.com/sites/qai/2022/12/14/nuclear-fusion-breakthrough-the-future-of-clean-limitless-energy/?sh=48c12cf43916
https://www.forbes.com/sites/qai/2022/12/14/nuclear-fusion-breakthrough-the-future-of-clean-limitless-energy/?sh=48c12cf43916
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