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Presentation Objectives

After successful completion of this lecture, students should be able to:

Understand the mission of the IAEA and how the Division for Physical and
Chemical Sciences fits in

Recall the added value of nuclear energy for Africa

Recall basic information on fusion energy generation

Know about the principles of radiation and nuclear physics
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*Slide instruction*
Put a cursor in the black box and press play button (black triangle).
If yo
u prefer to show the film in Arabic, Chinese, French, Russian or Spanish, please contact OPIC ahead of time.


Atoms for Peace and Development

"The Agency is a formidable
institution that deals with
issues of war and peace, of
human health, of energy,
food and water —
fundamental concerns of all
human beings”

Rafael Mariano Grossi,
Director General, IAEA
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An essential element in the NA department are the 12 laboratories that we maintain here in Austria and in Monaco.  It is in these laboratories that we conduct applied research and deliver training and capacity building for young men and women scientists all over the world. 
Technology developed and adapted to the needs of our MSs in these laboratories through the coordinated research programme, is then transferred to the countries around the world through the TCP.


UN 2030 Agenda - Sustainable Development Goals

Atoms for Peace and Development
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Nuclear science and
technology for development
in energy, human health,
food&agriculture, water
management and
environmental protection.
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In September 2015, the Sustainable Development Goals were adopted by the 193 Member States of the United Nations.
These SDGs reflect the growing challenges our Member States are facing and the need for international cooperation to meet these challenges.
The IAEA has identified several areas in which nuclear science and technology has much to offer and the work in these areas is expected to intensify in light of the SDGs.



IAEA response to global challenges
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Initiatives


IAEA - Nuclear Sciences and Appllcatlons
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Where I work now. Some of techniques used in these applications have direct application areas in waste disposal. For example, isotope hydrology for recharge modeling and radiotracer studies for flow assessment 


Division of Physical & Chemical Sciences (NAPC)

Nuclear Data, Nuclear Science, Physics, Radiation and Isotope
Sciences & Applications, Water resource management
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The NAPC Division is truly multidisciplinary in nature. NAPC has 4 Sections. Two sections are embedded structurally in the department of nuclear energy, as indicated with by NE at the bottom of the slide. The other two sections are housed in the department of nuclear science and applications and indicated with an NA. The 4 sections’ core remits are indicated in the slide. The 4 sections are: the Nuclear and atomic and molecular Data section, which Arjan Koning will tell you about in a moment; The physics section, which Danas Ridikas leads; the isotope hydrology section, which you will learn more about when you visit their lab today, guided by the Lab Head Jennifer McKay.; and the Radiochemistry and radiation Technology section, which is responsible for a broad-based programme concerning medical, industrial and terrestrial environmental applications and impacts of radioisotopes and radiation technologies. This last section you will not hear about today.
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Here you see the names and faces leading the NAPC sections and the three laboratories. Two of the NAPC labs, the nuclear science and instrumentation lab –or NSIL lab for short- and the terrestrial environmental radiochemistry lab, are moving at the end of the year into a new lab building in Seibersdorf. The other NAPC lab - the Isotope hydrology lab, is located in the basement here at the VIC and is presently expanding their footprint in the headquarters basement two-fold. There is much construction work going on right now in the DIvision. 


The Future and (Nuclear) Energy on the
African Continent
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Electricity access in Africa

Africa’s low access to modern energy is
undermining its development goals and
ability to build climate resilience.

People without electricity
1 Q)  ooeressoressessennsssssansossrrnssssssrssssossansssssanssssssessssssssnnne

Million people

2000 2005 2010 2015 2021

M East Africa West Africa  ® Central Africa Southern Africa  ® North Africa

43% of African population (~600 million)
lacked access to electricity in 2022, the
vast majority in sub-Saharan Africa

Access varies across the continent.

20% of the world’s population is in Africa,
but accounts for only 6% of the global
energy demand.

16 African countries considering nuclear
power generation: Algeria, Burkina Faso,
Egypt, Ethiopia, Ghana, Kenya, Morocco,
Niger, Nigeria, Senegal, South Africa,
Sudan, Tunisia, Uganda, Zambia,
Zimbabwe

Africa suffers from a deficit in infrastructure
investment

15
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The African Agenda 2063, the continent’s development agenda aim to transform Africa’s infrastructure, economy and social well-being, which includes energy infrastructure development. According to the African Development Bank, the continent needs to allocate around $150bn each year to bridge its infrastructure deficit in energy, transport and industry. There isn’t the money to fill this gap, threatening economic and social development. 
16 African countries are considering nuclear power; one, South Africa, already has. These countries are Algeria, Burkina Faso, Egypt, Ethiopia, Ghana, Kenya, Morocco, Niger, Nigeria, Senegal, South Africa, Sudan, Tunisia, Uganda, Zambia, Zimbabwe and all are at different stages in the IAEA milestone approach enabling development of nuclear power programme in their countries.



Biggest energy challenges for Africa

Achieving universal access,
requiring

* |ncreased investment
 Shift to clean energy

« Renewal and extension of
networks

* Balance export revenues
with meeting indigenous
needs
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Africa was already off track to reach the United Nations Sustainable Development Goal (SDG) of universal access to modern energy by 2030 (SDG7) before the Covid‐19 pandemic and the energy crisis triggered by the war in the Ukraine. Lack of infrastructure in many countries and regions or aging existing infrastructure are gaps that need to be filled and require significant investments. Without that, what is called the ‘Doing Business Rating” for African countries will remain low and this is detrimental to attracting investors. It is a fox biting its own tail, so to speak. Policy decisions for energy transition by African countries will help reach carbon neutrality and create jobs. 


= Electricity production by source,
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Kenya has been recently successful in increasing its electrification rate from 32 percent in 2013 to 75 percent in 2022.  About 90 percent of Kenya’s power now comes from renewable energy. A shift in renewables from primarily hydroelectric power to geothermal and wind, along with both public and private investment, have helped grow Kenya’s electricity capacity by nearly 5% each year. 


Geothermal energy in Africa

-East African Great Rift Valley
with low surface coverage
conducive to exploitation
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Kenya has installed geothermal plants located at Olkaria and Eburru with around 1000 Megawatts-electric geothermal power capacity, which is over 45% of the country’s power needs. The Kenyan Government has plans to increase its capacity to 1.6 Gigawatts by the year 2030 and estimates indicate that this could be extended to 5 and ultimately 10 Gigawatts. 

The IPCC projects that geothermal energy can supply about 18% of the world’s electricity demand and meet the electricity needs of 17% of the world’s population. In 2021, 16 GW electric geothermal energy made up only 0.5% of the global mix of renewable electricity, however. There is much potential for growth. 

Geothermal energy is possible in Kenya because of the East African Rift. The East African Rift has two branches. The eastern branch has a lot of geothermal activity and the earth’s curst is generally thin here, so exploitation for geothermal power generation is relatively facile. Geothermal power is not cheap, drilling a geothermal sight costs many millions and is the most expensive part of establishing a geothermal power plant. Drilling costs vary with the site particulars. The plant costs themselves also vary according to country. For Kenya the costs translate to around 2 Million USD per kilowatt capacity. However, geothermal is not as expensive per kilowatt hour as from an offshore windfarm. Geothermal also offers added benefit: Kenya also has quite a bit of hydropower and is susceptible to impacts of drought; their geothermal plants are not.
Geothermal plants will likely grow in importance in the future and could be used as a heat source for green hydrogen production or for strategies for carbon capture and storage, with injection of CO2 into the geothermal resevoirs for mineralization. 
If you want to know more about geothermal energy I suggest you read the “Global geothermal market and technology assessment” report from The International Renewable Energy Agency (IRENA) and the International Geothermal Association which appeared last year.


Solar energy

Africa has 60% of the world's solar resources
solar-powered solutions to energy needs include
Off-grid or mini-grid projectsand
Very large infrastructure facilities
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Africa has 60 per cent of the world's solar resources, meaning the number of hours of sunshine; however,  Africa has only one per cent of solar generation capacity. Currently, a number of startups on the continent are paving the way for providing solar-powered solutions to energy needs. Some of these projects are off-grid or mini-grid solutions
However, if this resource is to be harnessed to achieve energy and climate goals to scale, Africa needs nearly 200 billion of investment for the next 15 years, according to the International Energy Agency. Recent Investment into solar capacity on the African continitnet has been concentrated on South Africa, Egypt and Morocco, aoubt 70% has flowed into those 3 countries. There have been lessons learned in initiatives supported by the world bank to upcale solar on the continent. These need to be integrated in future activities.
Moroccan Agency for Sustainable Energy, which started out as the Moroccan Agency for Solar energy, is a public private company that has been responsible for delivering the Morocco solar energy projects worth nearly 10 billion USD, located at Ouarzazate and Ain Bni Mathar. The Noor Power Station at Ouarzazate has the largest concentrated solar power systems in the world with 580 MW capacity and a photovoltaic array. The station covers 3000 hectars and can store solar power as molten salt. The Ain Beni Mathar Integrated Thermo Solar Combined Cycle Power Plant is a combined gas and solar power plant.



Clean Energy Drivers

Health benefits of air pollution reduction is paramount.

The UN World Health Organization estimated in 2019 6.7 million premature
deaths worldwide per year are caused by outdoor air pollution
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Who Factsheet “Ambient (outdoor) air quality and health”;
https://www.who.int/en/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
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Aside from mitigating CO2 emissions to help alleviate climate change, nuclear also helps abate air pollution. One of the dirvers for China’s increase in nuclear power is to help solve their air pollution problems.  The world Health Organisation reports that 6.7 million people die as a result of each year. In china, air pollution is responsible of around 2 Million deaths each year. For the African continent, the number is around 1.1 million. 


Why Nuclear?
The Paris Agreement (CoP21) and IPCC

2°C Scenario (2DS) = concerted action to achieve >50% chance of limiting average global
temperature increase to 2°C by 2100.

This requires:
* Reducing GHG emissions 25% from that in 2017 by 2030

. Energé sectoroffers the largest GHG reduction potential; projected reduction of cumulative 2015 -
2100 CO, emissions ~1,170 GtCO, (2021=36.3 GtCO,)

Total CO2 emissions from energy combustion and industrial processes and
their annual change, 1900-2021
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Total annual greenhouse gases emissions ~ »
continue to reach record highs 15
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The legally binding international treaty on climate change referred to as the Paris was adopted by 196 Parties at the UN Climate Change Conference (COP21) in Paris, in December 2015 and entered into force 11 months later. That agreement set as its overarching goal is to hold “the increase in the global average temperature to well below 2°C above pre-industrial levels” and pursue efforts “to limit the temperature increase to 1.5°C above pre-industrial levels.”�To be able to achieve the 1.5 degree limit, green house gas emissions need to be reduced 45% by the year 2030 and reach net zero by 2050.
This translates to a need to reduce emissions by 13.75 GtCO2 per year to 2100. However, as you see in this graph a steady increase in CO2 emissions, except for a slight dip in 2020, which coincides with the global COVID-19 pandemic and associated economic downturn. In 2022, the world total carbon dioxide (CO₂) emissions were 37 Gigatons. 1.4 Gigatonnes of that –or 4%- are allocated to African emissions. 
According to the last Intergovernmental Panel on Climate Change report, climate change has caused increase in temperatures, rise in sea levels, increased extreme weather events, such as heatwaves, heavy rainfalls, droughts and tropical cyclones. This has causes reduced food and water security and increased numbers of deaths due to raising temperatures. This has led to the prediction that if efforts to mitigate greenhouse emissions are not accelerated, a median global warming of 2.87 Degrees centigrade is expected by 2100. Around 41-44% of the world’s population are highly vulnerable and disproportionately affected by the impact of climate change. Adoption of low-emission technologies lags behind in most developing countries, particularly least developed ones. The fact that public and private finance flows for fossil fuels remain greater than those for climate adaptation and mitigation can only aggravate the situation. 
The world needs to use existing low-carbon technologies to mitigate climate change and the sooner we act, the bester the prognosis.


Roadmap to Net Zero

Net Zero=balance of anthropogenic GHG
produced and that removed from the atmosphere

 Phase out fossil fuels v

* Increase low-carbon renewables and nuclear
(double present capacity by 2050)

* Innovate technologies

But...

« Y2 emission reductions projected rely on
technologies not yet commercialized

« Supply of critical minerals is limited for
massive increase in wind and solar capacity

22
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Other reasons for nuclear, beyond low-carbon power and electric are that nuclear can support integration of a large share of renewable energy sources with security of supply into a capacity that functions when the wind doesn’t blow and the sun doesn’t shine or when hydroelectric generation is negatively impacted by drought. A sustainable growth in paer capacity in Africa will have to be a balance of reliable demand ad reliable supply. Nuclear power plants can also help decarbonize industrial processes by generating hydrogen and providing process heat. Finally, for massive increases in wind and solar, critical minerals will become increasingly and issue. 


African states with significant activity
towards NPP

Egypt: construction of 4.8 GW El Dabaa (4 units) NPP — first unit
operational in 2028

« Kenya: siting at Kilifiand Kwale
« Nigeria: open for bidding for 4 GW
« South Africa: Seeking new nuclear to augment 1.9 GW at Koeberg

4 The IAEA Milestones Approact

B/ MILESTONE 1 MILESTONE 2 MILESTONE 3
Ready to make a Ready to invite Ready to
knowledgeable bids/negotiate a commission and
commitment to contract for the operate the first
a nuclear power first nuclear nuclear power

programme power plant plant
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Some examples of the different stages of development in different areas of the continent are on this slide. 
Egypt is currently the only country to have begun construction of a new plant in El Dabaa, and approval for a 2nd unit was given in November 2022. The US$30 billion project, delivered by Rosatom will have total installed capacity of 4.8 gigawatts (GW), made up of four 1,200 megawatt VVER-1200 (AES-2006) pressurized water reactor (PWR) units, when complete. Target date for completion is 2031.

Kenya has identifed two coastal sites in Kilifi and Kwale counties, to put up the country’s first 1000 MW nuclear power plant.
The country’s Nuclear Power and Energy Agency (NuPEA) reports that the plant will also require significant enhancement of the national electricity grid and construction works are planned to start in the end of this decade, with operations projected for the 2030’s.

The Nigeria Atomic Energy Commission (NAEC) selected the Geregu and Itu sites for planned installation of 4,000 Mwe capacity. These sites are under pre-construction phase and being planned between the Nigerian government and Rosatom. Nigeria has a mini-research reactor at its Ahmandu Bello Univrsity.


South Africa’s Koeberg nuclear power station is the only nuclear power plant on the continent. It has an installed capacity of  around 1,9 megawatts in two units that have been connected to the grid since 1984 and 1985. 
South Africa was considering an additional 10,000 megawatt in nuclear power capacity but a change in government has shifted to plans for a bidding process for 2.5 GWe of new nuclear capacity.  







Nuclear energy is clean and low-C

but what about the waste?
Waste is a relative burden

Non-hazardous solid waste EU-28 nuclear waste generation from
generation per capita in Europe = 4.8 electricity generation = 13.2 yg/day*
kg/day

*24.7% from 3032.1 GWh generated in
2014, producing 0.82 ng waste/J electricity
for a population of 508293.4 Mio

Sources:https://whatisnuclear.com/articles/waste per person.pdf
http://ec.europa.eu/eurostat/statistics-explained/index.php



https://whatisnuclear.com/articles/waste_per_person.pdf

Key issues in nuclear waste management
 Waste inventory

— Early estimation of quantities, level of activity, other
characteristics

— Waste characterization and waste streams
« Waste minimization
— Minimize waste generation
— Recycle, reuse
— Use low activation materials, etc.
* Mixed wastes
— Account for non-radiological hazards and limitations

« Established disposal pathway for radioactive and other
hazardous waste

25



R&D and the nuclear fuel cycle

Two examples:
e accelerators for waste R&D

* non-destructive testing (NDT) for waste
characterisation



IAEA CRP(F11022): INWARD

* |on Beam Irradiation for High-Level Nuclear Wasteform Development —
knowledge of ceramic and glass wasteform damage from self-irradiation
by studying accelerated damage induced by ion beams

Penetration depth at given E

97Au-ion beam
keV — MeV heavy ion beam

Ceramic sample
Glass sample

Comparisonto An-doped, aged samples
Dose rate effects?

Critical dose for amorphization?

Leaching behaviour?
Characterisation: XRD, RBS, Raman, UV-
Visible, XPS, XANES, AFM,
nanoindentation, TEM, EELS

cf. CRP SMoRE-II: lon beam irradiation as a proxy for accelerated reactor materials testing
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 Damage from decay in high level nuclear waste forms, typically glass or ceramics, leads to production of energetic particles. The interaction of these energetic with materials results in the production of atomic-scale defects from ballistic collisions, in other words they displace atoms, which then leads to a cascade of damage. Also the progeny of decay introduce new chemical elements into the matrix.
The energetic particles in such environments are charged ions that can be also be produced using ion accelerator facilities.
Ion-beam irradiation techniques might therefore be effective in simulating long term damage [10] but on short laboratory time scales over a large range of experimental conditions in order to develop more detailed scientific understanding and predictive models of the complex evolution of microstructure and phase changes.
For high level waste, the long-term particles of interest are alpha particles or helium. Fission Damage is negligible and Beta Decay Damage only important in short term (<600years).
In two IAEA coordinated research projects, damage to ceramic and glass waste forms using heavy ion bombardment and helium was studied as a function of added actinide elements, which are the long-lived component of high level nuclear waste, and as a function of aging by comparing results to natural and historical samples. 


Outcomes and motivation

Confidence in using ion beam irradiation for predicting long-term performance of
wasteforms for safe containment of high level nuclear waste through:

« Understanding damage evolution in candidate waste forms

« Comparison of ion-irradiated and natural/historical samples

* Intercomparison of dual beam vs single beam (alpha and recoil emulation)
* Development of protocols for future studies

Alpha-recoil nucleus: Alpha decay damage in materials

v keV ions - more nuclear
collisions

v" nm Range 2Ra

Alpha particle
v MeV ions

v" More damage (thousands of

. v' um Range
atoms displaced)

v' Less damage (hundreds of
atoms displaced)

+Helium accumulation
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What they found was that indeed ion beams can be used to achieve high doses (expressed as dpa or displacements per atom) currently unachievable (structural materials and waste forms) and provide precisely controlled irradiation conditions to study individual effects and develop/validate models
Self-irradiation damage from alpha-decay falls into two categories: (i) the transfer of the energy from the damaging energetic alpha particle to the electrons of the glass (ionization and electronic excitations); and (ii) the transfer of energy to the atomic nuclei, primarily by ballistic processes involving elastic collisions. The more massive, but low energy (70–100 keV) α-recoil particles account for most of the total number of displacements produced by ballistic processes in HLW glasses. The α-recoils lose nearly their entire energy in elastic collisions over a very short range, producing highly localized damage (displacement cascades)


Facilitated access to state-of-the-art
accelerator facilities

 |AEA-ELETTRAjoint XRF beamline (since 2013)
o Dedicated beam-time for IAEA; >20 groups from >18 MSs
o Recent improvements of the beam line and end-station
o UHVC ‘Mirror Facility’ for training commissioned at NSIL Seibersdorf | Anaiytical Appheations
o TR workshop at SESAME, with remote connection to ELETTRA in 2018 3
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m Materials cience
W Enviranmental
B Cultural Heritage

B Biomedicine

 |AEA-RBIlagreement(collaboration >20 years)
o  New ion source for dual beam capability commissioned
TR workshop, with hands-on-training using various ion beam techniques
New CRP to facilitate experiments at ion beam facilities started
TR workshop at Seibersdorf, with remote connection to RBI in 2018
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Non-destructive testing for waste
characterisation, e.g. muon radiography
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Muon radiography can be used for non-destructive testing of waste packages and even for monitoring of deep waste disposal sites. Muon radiography  is an emerging technique and uses naturally occurring background radiation
in the form of cosmic ray muons. Terrestrial cosmic ray muons are created when high energy primary
cosmic rays interact with the earth’s atmosphere producing energetic muons. Their properties are like
those of electrons but they have a much larger mass. Cosmic muons are approximately 10 000 times as
energetic as a typical X-ray and release energy mainly by ionization. Such muons can penetrate very
large structures. They are charged and leave ionization trails as they lose energy as they travel through
matter. This allows them to be detected in scintillation and ionization detectors and their tracks to be
measured.
The main advantage of muon scattering or absorption techniques, is that it is possible
to detect density variations of high atomic-number materials in a closed volume (even if they are embedded) in a non-invasive, non-destructive manner without using any external source. This has obvious benefits for characterising waste packages. Muon radiography requires at least two detector
planes that allow definition of the tracks of the detected cosmic muons, and often three or four detector
planes are used for better resolution and efficiency. (Small objects can be imaged by reconstructing muon
trajectories before and after the interaction with the object, while for large targets a 2D image is formed
by comparing the flux with a control measurement.) Muon radiography results are not necessarily limited
to 2D images; the information from several detectors imaging the same volume can be combined to form
a 3D image by rotating the detectors around it.
Various application areas other than nuclear waste package characterisation can be found world-wide such as measuring the thickness of the
magma of a volcano at 1km depth and identifying previously undiscovered cavities of a pyramid in Egypt , for example. There has been a significant increase
in the number of publications on the topic in recent years.


Muon radio(tomo)graphy for waste
package characterisation

8, (mrad)

Tracking detectors

- 4 a > —J-s"__ S 3 T } $ $ $ 3
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» Applicable for waste confined in containment materials and encasements
« Candistinguish between nuclear fuel and other metals

» Usable for dray cask storage and legacy wastes

* Demonstrator used at Sellafield

 Canimage corium and reactor debris in Fukushima Daichi reactors
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Note: assessment is important for improvement of producer radwaste packages, guarantee of the radwaste disposal safety, maintain public confidence. Non-destructive passive methods (gamma spectrometry and neutrons counting) are commonly used. However, to control the mass of fissile material contained inside radwaste package need other methods, such as measurement of photofission delayed neutrons, to quantify the mass of of fissile material. 


What might the future look like?
Fusion Energy Research
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Fusion versus Fission

FUSION FISSION
Two small nuclei bind One large nucleus breaks
making a bigger one. up into smaller ones.

’H 3H

n+ 14.1 MeV

“He + 3.5 MeV ® 3

Helium
(He)



Presenter Notes
Presentation Notes
Use: Currently no fusion machine exists that can put electricity into the grid. 


MERITS OF FUSION

Carbon free

A Virtually clean
Zero gas emission

Low level, manageable waste Inherently safe

No long-lived radioactive waste production No chain reaction

Unlimited fuel Reliable
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So why develop fusion if fission is working? Why do we need to embark in trying to make fusion work when fusion is really difficult? Fusion has merits that make it attractive as a future energy source. It is low-carbon neutral, as it does not emit carbon when producing energy, which is an advantage of both fusion and fission. Fusion generates a low level, manageable waste. Fusion fuel are isotopes of hydrogen and relatively easy to find the nature and tritium can be generated or bred while in operation. Fusion energy generation is safe; it involves no chain reaction. One difficult thing for fusion is to keep the reaction going, making it safe. The worst that can happen is that the reaction will stop and the machine will switch off. Another merit is that fusion is a reliable energy source; it doesn't depend on day or night it doesn't depend on if it is windy or not.


Fusion: Introduction
The sun and the stars are powered by fusion

2H - Deuterium 4He - Helium

8

+ Energy

Fusion occurs when light
lons are joined together to

make a heavier ion and
3H - Tritium neutron energy is released

D + T— “He (3.5 MeV) + n (14.1 MeV)
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The idea that fusion powers the Sun and the Stars was speculated over a century ago, in 1920 by a man named Eddington. The sun is fusing isotopes of hydrogen, specifically a Deuterium-Deuterium reaction. What will likely be the fuel for fusion energy is other isotopes of hydrogen, which is shown here. 

We take two isotopes of Hydrogen , here Deuterium (heavy H) and Tritium (a H with two extra neutrons), and we force them together at extreme speed, at which point they fuse – or are joined together. the mass of the reactants on the left hand, D and T, side is more than of the mass of the products on the right hand side (4He and a neutron), so that from Einstein, E=mc2  the difference in the mass means that we get energy.

In fact, 4 times more energy per fuel mass is released in fusion than in fission and 4 million times more than coal, oil or gas=fossil fuels.


There are other fusion reactions that could work, such as fusion of a proton and a 11-Be nucleus. However, there are issues in selecting this reaction, one of them being that the power density of the reaction is orders of magnitude lower, the fusion triple product minimum is too high also. The Fusion triple product is the product between plasma (electron) density, energy confinement time (measure of the rate which the system loses energy to the environment, mainly Bremsstrahlung) and plasma temperature. The sweet spot for fusion is where the triple point against temperature is at a minimum; this is called the Lawson criterion.

the most favored fusion reaction is deuterium (D)–tritium (T) fusion [D + T → n (14.1 MeV) + 4 He (3.5 MeV)] [1] because it has the lowest temperature, ≈4.3 keV sweet-spot, where fusion self-heating power just balances losses from bremsstrahlung x-ray radiation. 
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PHYSICAL REVIEW LETTERS 129, 075001 (2022)

Edors Susgeston

formulations of the Lawson criterion.
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H. Abu-Shawareb er al.”

(Indirect Drive ICF Collaboration)

Lawson Criterion for Ignition Exceeded in an Inertial Fusion Experiment

M (Received 25 February 2022; revised 24 June 2022; accepted 6 July 2022; published 8 August 2022; corrected 16 August 2022)

For more than half a century, researchers around the world have been engaged in attempts to achieve
fusion ignition as a proof of principle of various fusion concepts. Following the Lawson criterion, an
ignited plasma is one where the fusion heating power is high enough to overcome all the physical processes
that cool the fusion plasma, creating a positive thermodynamic feedback loop with rapidly increasing
temperature. In inertially confined fusion, ignition is a state where the fusion plasma can begin “burn
propagation”™ into surrounding cold fuel, enabling the possibility of high energy gain. While “scientific
breakeven™ (i.e., unity target gain) has not yet been achieved (here target gain is 0.72, 1.37 M of fusion for
1.92 MJ of laser energy). this Letter reports the first controlled fusion experiment, using laser indirect drive,
on the National Ignition Facility to produce capsule gain (here 5.8) and reach ignition by nine different
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Here is a plot of the fusion triple product versus temperature for experiments performed at a number of facilities. “ignition,” which is when the self-heating overpowers all plasma cooling mechanisms.  Q is the , the ratio between power generated via fusion to externally provided heating power. Q=1 is scientific breakeven. 
Q(DT) or sometime Q(SCI) is not to be confused with the Q followed by the subscript “engineering”, which is the ratio of the electrical power produced by a fusion reactor to the electrical power consumed by the fusion reactor. . (or the thermal output multiplied by 0.4 divided by electric power consumed to get the equivalent electric output). A Qengineering  greater than 1 is needed to produce net electrical power.
The international ITER facility in Cadarache France is designed for a Q(DT) of around 10 but its Q(engineering) will be around 0.7, so it is not going to produce electrical power. More about ITER later.
Note that JET in the UK was the first Tokamak that performed experiments using DT fuel and holds the record for the highest sustained energy pulse ever generated, a record breaking 59 Mega joules of sustained fusion energy for 5 seconds. That experiment did not break its highest Q(DT) record of 0.67 achieved in 1997, however.  
NIF, the National Ignition Facility in Livermore in the US is an inertial fusion experiment that achieved for the first time in history, ignition in August of 2021. I will talk about inertial fusion later.


Learning from the Sun - PLASMA

More than 99% of the Universe exists
PLASMAS - THE 4th STATE OF MATTER BB plasma, including interstellar matter,

' CHARACTERISTICS OF TYPICAL PLASMAS stars and the Sun.

Plasmas consist of freely moving charged porticles, i.e., electrons and ions. Formed at high tempero-
tures when electrons are stripped from neutral aloms, plosmas are common in noture. For inslance,
stors ore predominantly plasme. Plasmas ore o “Fourth Siate of Matter” becouse of their unique physi
cal properties, distinct from solids, liquids and gases. Plasma densities and temperatures vary widely.
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Presentation Notes
Back to making fusion happen. The first thing you need to do is create a plasma like in the sun. You can see on the right side of this slide the four states of matter: solid, liquid, gas and plasma. Fusion happens in a hot dense plasma.
To make this plasma, you need the high temperatures, really high temperatures. To ensure that the nuclei collide to make fusion happen, you need a dense plasma and you also need very high temperatures to overcome the repulsive forces between the nuclei. The sun has temperatures above 10 million degrees and gravity confines its plasma, creating extreme pressures for fusion to happen. On our earth we need temperatures 10 times greater than the sun and have to confine the plasma. 



Tokamaks and Stellarators
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The plasma can be confined with magnetic fields, as the plasma has negative and positive charged particles, and this is referred to as magnetic confinement. The most common design is a Tokamak and the first one was built in 1958; they are presently the most advanced concept. It is an axisymmetric design with a poloidal field created by a toroidal electric current. Tokamak is from the Russian acronym for Toroidal Magnetic Chamber. The idea is, you create a current in the plasma from an electric field induced by a solenoid transformer, this plasma current in turn generates a poloidal magnetic field that bends the plasma current into a circle. This is done inside of a doughnut shaped vessel. The other magnetic fields going around the length of this donut are referred as toroidal. The combination of the toroidal and the poloidal magnetic fields creates a three dimensional field shaped like a helix, indicated by black lines in the image at top, left in the slide. 
However, this design, though simple, is susceptible to current instabilities and difficult to operate in a steady state. The current record for steady state operation is held China’s experimental advanced superconducting tokamak (or EAST), which achieved the longest (17.6 minutes) of steady-state high-temperature plasma operation one year ago.
Another design for magnetic confinement is called a stellarator, which has a non-planar magnetic axis. Such a design need no strong surrent in the plasma, making it less susceptible to instabilities. These are much harder to design but easier to operate! The Wendelstein-7X stellarator in Germany is the most advanced and this machine is designed to generate constant and stable high density plasmas for 30 minutes. Their design is not conducive to having a breeder blanket to generate or breed more fuel, therefore -although a stellarator is easier to operate in a steady state, it has other challenges. 


Inertial Confinement Fusion (ICF)

v-t‘qv

1) Atmosphere formation: 2) Compression: Fuel is 3) igntion: Duning the final  4) Burn: Thermonuclear bum
Laser beams rapidly heat the compressed by the rocket-like part of the laser pulse, the  spreads rapidly through the
surface of the fusion larget blowoff of the hot surface  fuel core reaches 20 times the compressed fuel, yielding

forming a surrounding plasma matenal density of lead and ignites at many times the input energy
envelope 100,000,000 degrees Celsius.
I =% Laser energy + Blowoff =& Inward transported thermal energy

» Fuel is compressed and heated so quickly that it
reaches the conditions for fusion and burns before it has
time to escape

» Fuel: few milligrams of a mixture of deuterium and
tritium—in solid form this is a small spherical pellet, or
capsule, with a radius of a few millimetres.

Fuel layer

Fuel capsule

All of the energy of NIF's 192 beams is
directed inside a gold cylinder called a
hohlraum, which is about the size of a
dime. A tiny capsule inside the
hohlraum contains atoms of deuterium
and tritium that fuel the ignition
process.
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There's another way to make fusion that’s called inertial fusion. Inertial confinement normally uses high-powered lasers that are directed towards cylinders called hohlraum (german for empty volume) containing the fusion fuel to heat them up, where they eventually implode and explode, thus causing a pressure and enough heat to create densities necessary for fusion. By compressing and heating so quickly, the fuel burns before it has time to escape meaning you don’t need an extra confinement. For energy production, a system that would introduce the fuel loaded Hohlraum and successfully ignite each of these in rapid succession must be developed. 
One advantage of this design, is that it could enable using other fuels such as proton- boron 11, which I mentioned earlier. Boron 11 makes up about 80% of all boron found in nature so it's readily available and you don’t have to breed it.  It is also not radioactive itself and the fusion reaction with protons produces no neutrons. In a magnetic confinement device, your design and materials would have to deal with temperatures that are around 100 times higher than the deuterium-tritium fuel. The advantage in this laser ignition device that the heating is only in the hot spot within the Hohlraum cylinder. Additionally, the fuel is non-radioactive and you do not generate neutrons that necessitate additional considerations and radiation safety and waste disposal. 

There are open designs that I will only mention here for completeness.



Fusion Energy and D-T Fusion
Fuel CYCIG 5Li +n T (2,7 MeV) + *He (2,1MeV)

(7Li +n—>T +4He+n)

Steam

Heat
. Li-containing exchanger
Blanket

 Tritium is not defined as a
“nuclear material’ by the IAEA
and therefore not covered by
nuclear safeguards

Electric Power

=
Superconducting
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structural vessel

~

(plasma)

* In principle, fusion facilities fall
outside the definition of
“nuclear installation or nuclear
facility”

Turbine-Generator
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Here is a generic tokamak D-T fusion device for power generation. The equipment to the right is similar to a fission plant, it converts thermal to electrical energy for distribution to the grid. The first wall of the torus closest to the fusion power core is subject to huge temperature and radiation gradients. This present a materials challenge. 
The tritium needed for continued availability of fusion fuel must be generated by breeding. Around 100 g of Tritium is needed per day is needed for a 8 MW fusion reactor or around 300 kg per year. If you remember the total tritium inventory in the atmosphere I told you about in the water resorce part of this talk, you know this is 4.5 kg. Obviously you need to breed fuel. Neutrons generated from the fusion reaction are thermalized to match the cross section for capture by Lithium nuclei, which generates Tritium plus alpha particles, and a neutron if Li-7. The reaction with Li-7 is in parentheses, as the cross section for this reaction is much lower than that for the Li-6 reaction, so that Li-6 nriched materials are being considered.
Note the blanket also serves as a neutron shield for protection of outer components.
Aside from breeding and shielding, the third role of the blanket is for heat exchange; the blanket coolant is the primary loop of the circuit for converting fusion power into useful power.

To date, no large scale breeding systems have been tested and there are designs that will be tested in ITER, when it becomes operational. However, validation of the technology will be in the demonstration fusion power plant, often called DEMO. DEMO will be close to a power plant. ITER is an experiment.
The divertor is an exhaust system there to get ride of Helium generated in the fusion reaction, as well as ablated material and essentially other dirt. Various designs have been proposed and tested, currently one called the Super-X. The divertor position is subject to extreme heat transients.
The superconducting magnets are shown here because they allow stronger fields and higher confinement, which is better for fusion (recall the triple product). Successful demonstrations of record 20 Tesla magnetic field with a SC magnet was made last year in September by MIT Plasma Science and Fusion Center and Commonwealth Fusion Systems.


Fusion Research: ITER

23000.

Machine weight
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Plasma temperature

900.

Output power

* 35 ITER Member States: EU +
Switzerland, China, Korea, Japan,
India, Russia, USA

» demonstrate feasibility of large scale
fusion power

* Input (heating) 50 MW - Output
(thermal) 500 MW for 400 seconds

*ITER schedule:

—Under construction in South of
France, 77% complete

—First Plasma in December
2025 (?) and DT Operationin
2035 (?)

43


Presenter Notes
Presentation Notes

ITER, a s I mentioned before, is an experiment, a proof of principle, that we can produce a burning plasma, with Input (heating) 50 MW  Output (thermal) 500 MW for at least 400 seconds or a Q(DT)of at least 10.
This is the aim of this machine. It will not put electricity on to the grid; it is not designed to do that.

Remember that the 3.5 MeV He-4 generated from DT fusion carries around 20% of the generted energy and the 14.1 MeV neutron around 80%. That means that 100 MW of the target 500 MW is associated with charged 4He ions in the plasma, which feel the magnetic field, stays in the machine and heats the bulk fuel through collisions, creating a burning plasma. 

The rest of the energy, the other 400 MW, comes out with neutrons. As the neutrons are neutral and do not feel the field and therefore escape the confinement. They go out and are absorbed into blankets, ultimately for:
Breeding Tritium by reacting with Lithium, as we just learned
Or eventually turn water into steam, to runs turbines, in the same way of fission plant or coal plant.

Again, this is not the aim of this machine. Net electricity generation will be the job for DEMO. 


ITER under construction
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This is a photo of ITER under construction last year January and the inset from June 2022. In 2007, the project was just a hole in the ground.
The Tokamak building, in the centre of the upper image, is 80 meters tall, 120 meters long and 80 meters wide, has 150,000 m3 of concrete and 7,500 tons of steel in it!
The ITER members are the European Union, China, India, Japan, South Korea, Russia and the United States. A total of 33 countires are participating its construction, with the European Union covering nearly half the costs. The ITER project has recently revised its timetable, aiming for a first phase of deuterium-deuterium fusion operations in 2035, which represents a crucial step in nuclear fusion.
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The new revised timeline for ITER will impact the fusion roadmap of the European Union, which you see on this slide.
The goal of DEMO is demonstrate self-sufficiency and net electrical output. Specifically DEMO is to generate, early in the second part of the 21st century, hundreds of MW of electricity for at least several hours at a time, (2) operate with a closed fuel cycle and (3) test some fusion specific features that could be extrapolated to early commercial fusion power plants, such as materials and remote handling

To get there, a list of challenges need to be addressed and the main ones are listed here.


https://ifmifdones.org/fusion-for-all/

Fusion at |IAEA

o

o

Plasma related activities

Nuclear Data htips://amdis.iaea.org/
Development of International Guidelines and Standards for Fusion Applications:
»  Safety and Security for Fusion Applications

» RadWaste Management for Fusion Applications
> Small Specimens Test techniques - Wori Survey of Fusion Devices 2022

Inertial Fusion and neutron source related activities
Socioeconomic studies

Leading events in Fusion

» Fusion Energy Conference

)
E)aea

> DEMO Programme Workshop series
Nuclear Fusion Journal

Events in cooperation. Education & training
Fusion Portal and the Fusion Device Information System (FusDIS)
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Fusion research and development has been coordinated from day 1 by the IAEA. It was at its second general conference meeting, called something else at the time, that fusion activities became declassified and could be discussed openly. The idea for ITER was also borne out of fusion activities at the Agency and the The Agreement on the Establishment of the ITER International Fusion Energy Organization for the Joint Implementation of the ITER Project was done in Paris on 21 November 2006, and the IAEA Director General is the depositary for this agreement. Presently, the fusion activities across what we staff refer as ‘the house’ is increasing, with increasing input from safety and security and nuclear energy departments. A cross-departmental committee was set up in 2019 for coordination of in-house fusion activities. The contribution that the Agency makes to advancing fusion is listed here. The international fusion research council advises the IAEA on these activities. 

Not listed are parterships we have, such as practical arrangement contracts with ITER itself and Princeton Plasma Physics Lab. We have been recently approached for establishing a Collaborating Centre on nuclear fusion research. 


Fusion Device Information System (FusDIS)
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How many fusion devices do we have now? You can find this information on the FusDIS portal. Each spot I the map is a machine and you can click on it and find out mor information. What you can simply ascertain from this slide is that Fusion is an international endeavor. The challenges we face to make fusion a reality cannot be solved in a singular national programme. Concerted international effort is needed.


JAEA Fusion Energy Conference 2023

JIAEA

Vg

— International Atomic Energy Agency

30t JAEA Fusion Energy Conference (FEC2025)
' L]

Background

The International Atomic Energy Agency (IAEA) fosters the exchange of
scientific and technical results in nuclear fusion research and development
through its series of Fusion Energy Conferences.

The 29th IAEA Fusion Energy Conference (FEC 2023) aims to provide a
forum for the discussion of key physics and technology issues as well as
innovative concepts of direct relevance to the use of nuclear fusion as a
future source of energy.

The scope of FEC 2023 is, therefore, intended to reflect the priorities of
this new era in fusion energy research, technology development and
preparation to industrial deployment. The conference aims to serve as a
platform for sharing the results of research and development efforts in
both national and international fusion experiments that have been
shaped by these new priarities, and to thereby help in pinpointing
worldwide advances in fusion theory, experiments, technology,
engineering, materials, advanced concepts, safety, socio-economics and
preparation to industrial deployment. Furthermore, the conference will
also set these results against the backdrop of the requirements for a net
energy-producing fusion device and a fusion power plantin general, and
will thus help in defining the way forward.
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Some important definitions

Radionuclides
Radioactivity
Radiation types
Activity

Half-life

Unstable nuclides

Emission of radiation

Alpha, beta, gamma,
neutron, and X ray

Decay rate of radienuclide

Time to half activity




Decay OoT an excited

. : Change in
Type Nuclear equation Representation S M A
A 4 A4 R - A: decrease by 4
Alpha decay | X sHe + 7°3Y _ 7: decrease by 2
A 0 A A: unchanged
Beta decay 2X _ie + z,1Y V Z: increase by 1
e
Gamma A 0 A A: unchanged
decay zX oY + zY w Z: unchanged
\/\J\f\} ’Y
Excited nuclear state
Positron A A: unchanged
emission 72X e+ Y Z: decrease by 1
Electron A A: unchanged
capture X de+y.1Y Z: decrease by 1




Nuclear reactions have/will change(d)
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Nuclear reaction

Giny  H

Rece o,

-\e-. ..
"“Be

#28 op
”Be h’)

Q.H\
._- (’;i.;;\ /' I .:.I

e oot 1 %e I\!_.__‘/I

oo

]

7
1 EBO

Analysis 1: Measurements

/p

—_—

Elastic

Transfer

Breakup

Fusion

-

evaporation

Analysis 2: Theory and computational simulation

S

DIRECT
REACTIONS

COMPOUND

NUCLEUS

Fast: 1021 sec

Slow: 108 sec



NUCIear FiSSion fission product

incident
neutron
release of energy \‘

fissionable

nucleus
incident
neutron

splitting of nucleus .

fission product

chain
reaction



The Fission Process
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Nuclear reaction measurements
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Fission Experiments at Los
Ams National Lab

il 7 ' (@ ’l.‘%'l_ Many other facilities and detector setups in
F ~ ) . construction worldwide:

= EAR2 at CERN
= NFS @ SPIRAL2 @ GANIL
w2 j . s = IGISOL-JYFLTRAP
Time-Projection Chamber Chi-Nu setup = SOFIA: Studies On Fission with Aladin

for fission cross-section (22 6Li glass detectors) to measure (reverse kinematics) at GSI
measurements prompt fission neutron spectra - STEFF
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for correlated measurements on
prompt fission neutrons andy rays
with fission fragments
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for fission fragment yield
measurements



'

Nuclear Reaction

o
¢ mmm) RN
X
-

Nuclear Structure and Radioactive Decay

&

& & 8
b R
g & 8

Alpha decay Beta decay Gamma decay

7

* Nuclear power

* Homeland security

* Nuclear fusion

» Medical applications (therapy and
isotopes)

» efc.

» Spent fuel and radioactive waste
management

» Radiography, Nondestructive assay

Safeguards

+ Etc.
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Nuclear physics research:
experiment+ theory

Applications:
organised

complete
recommended
traceable

easily retrievable
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IAEA Nuclear Data Section

The Nuclear Data Section (NDS) supports nuclear research activities in Member
States by providing essential nuclear data and serving as the IAEA centre for the
collection and dissemination of data from laboratories worldwide.

>V
«

- Live Chart of Nuclide

- EXFOR, ENDF, CINDA, IBANDL, (Nuclear Structure

TALY Sworld and Decay Data
Nuclear Data Dissemination Evaluators)

- RIPL-3, CONDERC, Stopping (Nuclear Reaction

Power,... Data Centers)

- IRDFF, Photonuclear, FENDL,... (International
Nuclear Data Evaluation

Network)

International Network
Coordination

Training & Workshops

- Simulation of Nuclear Reaction

Data with the TALYS Code Nuclear Data Development
- Nuclear Structure and Decay
Data CRP (Coordinated Research Project)
- Al for Nuclear, Plasma and DDP (Data Development Project)
Fusion Science Consultant Meetings and Technical
Meetings IAEA Nuclear Data

CAamntimam DOSNOA4 MNDNDOAL/



Some of our Databases and Web Applications

Nuclear Structure
and Radioactive

Decay

}}@ Nuclear Reactions

Nuclear Science and energy
applications

m Nuclear

energy

@ z Medical

Safeguards

IAEA Nuclear Data Section 2024

Application

Live Chart of Nuclides/Isotope browser
Mobile App

URL

https://nds.iaea.org/relnsd/vcharthtm
|

Contents

Nuclear structure and decay data, user-friendly graphical
interface, Python API, mobile apps

Decay Portal

https://nds.iaea.org/relnsd/vcharthtm
I/decay libs.html

Decay Data Library Comparison

Atomic Mass Data, AME & Nubase

https://nds.iaea.org/amdc

Nuclear properties: mass, isomeric excitation energy, half-
life, spin, parity, decay modes and intensities

Electronic Stopping Power of Matter for
lons

https://nds.iaea.org/stopping

Collection of stopping power measurements

Nuclear Electromagnetic Moments
Database

https://nds.iaea.org/nuclearmoments

experimental information on nuclear magnetic dipole and
electric quadrupole moments

Neutron Standards

https://nds.iaea.org/standards

The neutron cross section standards

EXFOR

http://nds.iaea.org/exfor

Experimental nuclear reaction database

Nuclear Reaction Data Explorer

https://nds.iaea.org/dataexplorer

Experimental and evaluated cross section and fission yield
viewer

TALYS World

https://nds.iaea.org/relnsd/talys/talys.

html

Nuclear reaction simulation online

Prompt Gamma-ray Neutron Activation
Analysis

https://nds.iaea.org/pgaa

Prompt Gamma-ray Neutron Activation Analysis
(PGAA) database and evaluated Gamma-ray Activation File
(EGAF) for non-destructive nuclear method

Beta-Delayed Neutron Emission Database

https://nds.iaea.org/beta-delayed-
neutron

Experimental beta-decay half-lives, beta-delayed neutron
emission probabilities, and emission spectra

Compilation of Nuclear Data Experiments
for Radiation Characterisation (CoNDERC)

https://nds.iaea.org/conderc/

Decay Heat, incident particle spectra used world wide,
origen Input for shielding calculation, thermal resonane data

Medical Radioisotopes Production Portal

http://nds.iaea.org/medportal

Therapeutic Radionuclides, Gamma Emitters, Positron
Emitters

Medical Isotope Browser

http://nds.iaea.org/mib

Medical radioisotopes production simulator

International Database of Reference
Gamma Spectra (IDB)

https://nds.iaea.org/idb

In collaboration with IAEA-SG

IAEA Handbook of
Nuclear Data for Safeguards

https://nds.iaea.org/sgnucdat

A set of recommended nuclear data for safeguard (decay
data, thermal neutron capture cross section, resonance
integrals, fission product yield ..etc)
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https://nds.iaea.org/relnsd/vcharthtml/decay_libs.html
https://nds.iaea.org/amdc
https://nds.iaea.org/stopping
https://nds.iaea.org/nuclearmoments/
http://nds.iaea.org/exfor
https://nds.iaea.org/dataexplorer
https://nds.iaea.org/relnsd/talys/talys.html
https://nds.iaea.org/relnsd/talys/talys.html
https://nds.iaea.org/pgaa
https://nds.iaea.org/beta-delayed-neutron/database.html
https://nds.iaea.org/beta-delayed-neutron/database.html
https://www-nds.iaea.org/conderc/
http://nds.iaea.org/medportal
http://nds.iaea.org/mib
https://nds.iaea.org/idb
https://nds.iaea.org/sgnucdat/
https://github.com/IAEA-NDS

Live Chart of Nuclides

* Nuclear structure and decay data (ENSDF) viewer

* Availableonlineand mobileapp
* Levels,decayradiationscheme, schema plot, gamma lines and energies, fission yields

e [ o | madiion | ien vermeres | oo capre | ision v | Schema vl

52 rows retrieved

jide + Uncertainty for the last digits of the value: 121 25 means 1212 2.3 + Data from ENSDF -d

19412008 ENSDF insertion: 20081

2802 100

81 100

Livechart API + Data Science packages now also available

IAEA Nuclear Data Section 66
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Isotope Browser — for Mobile Devices

*  App for Mobile Devices
Properties of over 4,000 isotopes
No internet connection needed
~180,000 downloads, 4.8



WebApp: Medical isotope browser

* Medical isotope production simulator
* Run the simulation online (accessible from any browser)
* Setup target, projectile, the intensity and duration of irradiation, cooling time
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https://nds.iaea.org/mib

(H)1AEA

International Atomic Energy Agency

Thanks for your attention!

phy sics@iaea.org -
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