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The purpose of the industry 

school
▪ Learn from world experts

– Discuss and ask difficult questions
– Be sceptical – what is the evidence?

▪ Network with the speakers and other participants

▪ Benefit from the fact that this training is independent: we 
invite our speakers on the basis of their expertise & speaking 
ability, but not all the talks will be consistent with each other.
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Outline
▪ Fusion energy: the process

▪ Fusion energy: the conditions

▪ Approaches to fusion energy

▪ Status of fusion (tokamak focus)

▪ The future of fusion
– Integrating science, technology and social sciences

– Establishing the industrial supply chain

▪ Summary
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Binding energy per nucleon
▪ Maximum at iron

▪ (Don’t forget many more 

nucleons in uranium than 

hydrogen!)

▪ Fission: energy from splitting 

large nuclei

▪ Fusion: energy from 

combining small nuclei

▪ We seek reactions with high 

output energy and high 

reactivity at achievable 

conditions. Image: NASA
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Candidate reactions

▪ “Easiest” (see next slide) reaction is between two heavy isotopes of hydrogen, 

namely deuterium and tritium:

1
2D + 1

3T → 2
4He + 0

1n + 17.6 MeV
(where we identify the fast moving helium nucleus as an alpha particle)

– Deuterium occurs naturally (~0.01%) and is abundant.

– Tritium decays with a half-life of 12.3 years and so must be made artificially (see 

later slide) 

– Other candidate energy-producing reactions

1
2D + 1

2D → 2
3He + 0

1n + 3.27 MeV

1
2D + 1

2D → 1
3T + 1

1H + 4.03 MeV

1
2D + 2

3He → 2
4He + 1

1H + 18.3 MeV

1
1H + 5

11B → 3 2
4He + 8.7 MeV
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Fusion output power
▪ Assume two reacting nuclear species with the 

optimum mixture so that 𝑛1 = 𝑛2 =
1

2
𝑛

▪ Denote output fusion energy per reaction 𝐾fus

▪ Reactivity = number of reactions per unit volume 

per unit number density of each fuel species = 

(reaction cross section) x (relative particle 

speed), averaged over the particle distribution =
𝜎𝑣  (with units m3/s)

▪ Fusion power per unit volume

𝑃fus = 𝑛1𝑛2𝐾fus 𝜎𝑣 =
1

4
𝑛2𝐾fus 𝜎𝑣

▪ Referring to figure on the right, note that

– Reactivity has a maximum with 

temperature

– at imaginable temperatures, the D-T 

reaction has a reactivity >10 times higher 

than other candidate reactions

Image: Wikipedia
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Aside: confinement time, 

▪ Consider water confinement in a bucket

Perfect bucket has 
infinite water 
confinement time

• Bucket with holes has 
reduced confinement time

• Water confinement time – 
time for ~half water to leak 
out

• The more holes, the shorter 
the confinement time

Fusion Industry School, University of York, 17th June 2024
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Confinement time measures how effective the confinement 
system is – how leaky is your bucket?

• Pouring water in at the top 
can keep the level constant

• But the worse the 
confinement: 
• the more water must be 

supplied;
• also the more escaped water 

must be managed

Fusion Industry School, University of York, 17th June 2024

Aside: confinement time, 
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Ignition criterion #1
▪ “Ignition” when power from charged products exceeds the required heating power.

▪ (Note energy in neutrons excluded since they escape the plasma without heating fuel.)

▪ We can write the power loss per unit volume

𝑃loss =
𝑊

𝜏𝐸

where 𝑊 is the stored energy and 𝜏𝐸 is the energy confinement time

▪ We can assume equal energy in the electrons and ions ⇒ 𝑊 = 3𝑛𝑇 (note T is an energy here e.g. eV)

▪ So the ignition criterion becomes (where now 𝐾ch is the fusion power in the charged products):

𝑃fus > 𝑃loss ⇒
1

4
𝑛2𝐾ch 𝜎𝑣 >

3𝑛𝑇

𝜏𝐸
⇒  𝑛𝑇𝜏𝐸 >

12

𝐾ch

𝑇2

𝜎𝑣

▪ But 
𝜎𝑣

𝑇2  has a maximum (i.e. 
𝑇2

𝜎𝑣
 has a minimum)  for a given reaction:

𝑛𝑇𝜏𝐸 >
12

𝐾ch

𝑇2

𝜎𝑣 min
= 3 × 1021keVs/m3

for deuterium-tritium fusion. This is called the Lawson criterion. 
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Ignition criterion #2

▪ Ignition condition (Lawson criterion) for deuterium-

tritium fusion :

𝑛𝑇𝜏𝐸 >
12

𝐾ch

𝑇2

𝜎𝑣 min
= 3 × 1021keVs/m3

▪ But note that this is a necessary, not sufficient 

condition: 

– the criterion becomes more difficult away 

from the maximum in 
𝜎𝑣

𝑇2  (see figure on right)

– not all power from charged products goes 

into the fuel

▪ This form of the criterion is useful because a lot of 

fusion technologies are constrained by a maximum 

pressure 𝑝 = 𝑛𝑇.

▪ https://www.google.com/search?q=3*10%5E21+keV%2Fm%5E3%2Fatm

Image: Wikipedia

https://www.google.com/search?q=3*10%5E21+keV%2Fm%5E3%2Fatm
https://www.google.com/search?q=3*10%5E21+keV%2Fm%5E3%2Fatm
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Aside: the plasma state

▪ At fusion temperatures, the DT fuel is in a plasma state
– Electrons no longer bound to nuclei

– Plasma is a special ionised gas: a sea of negatively charged electrons 

and positive ions

– It behaves differently to a neutral gas, so we refer to it as the 4th state 

of matter
Add energy

Solid Liquid Gas Plasma
Fusion Industry School, University of York, 16th June 2025
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Fusion Gain Q

▪ Heating power, Pext, must generally be applied to the fuel to 

achieve fusion conditions

▪ The ratio of fusion power to heating power applied is described by 

the gain factor Q:

▪ For a commercial plant, Q>>1 is needed to get substantially more 

energy out than required to achieve fusion conditions

▪ Ignition – self-sustaining fusion, with no external power: Q=∞

Fusion Industry School, University of York, 16th June 2025
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Power balance summary

4/5 to neutrons
Commercial 
product and T 
generation

Input heating 
power, Pext D+T

Waste power 
exhausted, 
𝑃𝑙𝑜𝑠𝑠 =  𝑊/𝜏𝐸

[W=thermal energy in fuel]

Good confinement (long E) means (1) Lower input 
power, and (2) less exhaust heat to manage

Fusion power, 
Pfus

1/5 to alpha’s (He)
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Fusion Energy: the system

T
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Fusion fuel cycle

▪ Deuterium is naturally occurring: 

▪ ITER will require ~3kgs of T for start-up alone; annual consumption ~50kgs; some via Canadian 
deuterium-uranium (CanDU) reactors (via neutron capture by deuterium)

▪ Current cost of tritium is $30k per gram. (This might increase!)

▪ We must breed tritium from lithium using the fusion produced-neutrons

3
6Li + 0

1n → 1
3T + 2

4He + 4.8 MeV exothermic

3
7Li + 0

1n → 1
3T + 2

4He + 0
1n − 2.5 MeV endothermic

▪ Lithium-6 cross-section much large; annoying because natural abundance only ~2%

▪ We define the tritium breeding ratio (TBR) = (tritium nuclei produced) / (fusion neutrons produced)

▪ We require TBR > 1: this is done using neutron multipliers (e.g. beryllium (nasty!))

▪ Breeding blanket technology is complicated: requires structural materials; cooling; thermal insulation; 
plasma facing materials; as well as tritium generation & extraction!

▪ In the last year or so, UKAEA have launched the Lithium Breeding Tritium Innovation (LIBRTI) 
programme

D     +     T                  4He       +       n
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Fusion Energy: the challenges

▪ Fuel ions don’t want to get close together => high temperatures

=> complicated plasma physics (see Roger’s talk)

▪ First wall needs to withstand many MW/m2 for years 

(see Alex’s talk)

▪ Tritium needs to be bred from lithium (see Phil’s talk)

▪ System integration (i.e. we have to do all of this at once)

(see Fernanda’s talk)

▪ Insufficient (& non-diverse) skilled workforce (see panel session)

Fusion Industry School, University of York, 16th June 2025
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Fusion Energy: the benefits

▪ Safe: if anything goes wrong, the reaction stops

▪ No direct greenhouse gas emissions

▪ Can deliver steady baseload supply

▪ Abundant fuel

▪ Relatively low-level short-lived waste

▪ Jobs, economic growth, opportunity for export, …

Fusion Industry School, University of York, 16th June 2025
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Outline
▪ Fusion energy: the process

▪ Fusion energy: the conditions

▪ Approaches to fusion energy

▪ Status of fusion (tokamak focus)

▪ The future of fusion
–  Integrating science, technology and social sciences

–  Establishing the industrial supply chain

▪ Summary

Fusion Industry School, University of York, 16th June 2025
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The sun is a plasma, and our 

local fusion reactor
▪ Exhibits the complex nature of plasmas

– Quite different to any other state

– Understanding how plasma interacts with electromagnetic fields is still 

one of the main research challenges of fusion

Fusion Industry School, University of York, 16th June 2025
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How to achieve large triple product?

There are essentially two approaches to 
achieving fusion:

▪ Magnetic confinement fusion aims for 
moderate pressures and long energy 
confinement times – the most successful 
approach being the tokamak

▪ Inertial confinement fusion achieves 
confinement only through inertia of the fuel 
and achieves huge pressure either using lasers 
or another compression technology

Image: LLNL

Image: EFDA-JET
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Confinement systems:  

Two approaches to high nTE

▪ Magnetic confinement fusion: 
–Contains the DT fuel using magnetic fields

– low density fuel

– long confinement times ~ seconds

▪  Inertial confinement fusion: 
–Compresses the DT fuel using high power lasers or other “driver”

–extremely high density fuel (~1000x solid)

–Very short confinement times associated with the particle inertia: 

billionths of a second (nano-seconds)
Fusion Industry School, University of York, 16th June 2025
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Inertial confinement fusion

Uniform heating of shell 

by driver (eg lasers)

DT DT

Shell surrounding fuel

Shell ablates, crushing 

the DT fuel by rocket 

action, and heating it as 

it is compressed 

DT

Central hot spot reaches 

fusion conditions, 

releasing -particles that 

then heat outer DT to 

fusion: “burn” wave










DRIVER DRIVER

Fusion Industry School, University of York, 16th June 2025
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National Ignition Facility (NIF, US)

▪ Focuses 192 high power lasers 

onto a 2mm diameter DT target

▪ In 2021 NIF produced 1.3MJ of 

fusion energy from 1.9MJ laser 

energy – a burning fusion plasma

▪ First Light Fusion is following 

an alternative, potentially faster 

route to inertial fusion energy 

▪ You will hear more about inertial confinement fusion from the expert 

tomorrow
Fusion Industry School, University of York, 16th June 2025
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Magnetic confinement fusion

▪ Recall that the plasma consists 

of charged particles

▪ Charged particles spiral around 

magnetic field lines

▪ This forms the basis of a 

magnetic bottle – magnetic 

confinement fusion

B

▪ A straight, uniform magnetic field can keep particles away from the 

sides of the vessel, but they stream out of the ends un-constrained

Fusion Industry School, University of York, 16th June 2025
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▪ If a stronger field is imposed at the two ends, this limits the losses

▪ But many still escape, and the confinement time is way too short 

to meet the conditions for commercial fusion

Magnetic mirror limits end losses, 

but insufficient confinement

High v|| /v⊥
escape

High v|| /v⊥
escape

Fusion Industry School, University of York, 16th June 2025
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▪ A set of so-called toroidal field coils 

creates the toroidal magnetic field, B

▪ This provides the main confining 

magnetic field

▪ However, for a curved magnetic 

field, plasma will slowly drift out and 

hit vessel wall

▪ This is still not enough to reach 

fusion conditions

We bend the cylinder into a 

torus to prevent end losses

Bf

Fusion Industry School, University of York, 16th June 2025
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▪ Poloidal component to the magnetic 

field, B, combined with the main 

toroidal component means that 

magnetic field lines spiral around 

toroidal surfaces

▪ There are two main approaches:
– Tokamaks (the most advanced at 

present)

– Stellarators

Poloidal component to the magnetic 

field averages the drift to zero

Bf

Bq

Fusion Industry School, University of York, 16th June 2025
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▪ Toroidal field coils create toroidal 

field

▪ Inner poloidal field coils act as a 

solenoid
– Ramp current in solenoid to induce 

current in the plasma (cf transformer)

– This “plasma current” creates the 

poloidal field

▪ Outer poloidal field coils shape the 

plasma cross-section
– Helps stability

– Enables higher plasma current

In a tokamak, poloidal field is 

created by toroidal current
Inner poloidal 

field coils Outer poloidal 
field coils

Toroidal 
field coils

Toroidal 
magnetic field

Plasma 
Current

Poloidal 
magnetic field

Fusion Industry School, University of York, 16th June 2025
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▪ Lack of symmetry challenges the 

engineering (and physics!)

▪ Stellarator can operate in steady state

▪ Current in a tokamak can lead to 

potentially damaging “disruptions”
– Cannot happen in a stellarator

▪ Wendelstein 7-X (Germany) is the largest 

and most advanced stellarator

In a stellarator, poloidal field is 

created by coils

▪ The biggest opportunities for industry are with the tokamak at present

– While this might change, this is the main focus for the School

Fusion Industry School, University of York, 16th June 2025
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Fusion Industry School, University of York, 16th June 2025
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Progress of the tokamak towards 

fusion power
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Fusion Industry School, University of York, 16th June 2025
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JET was the most advanced 

tokamak in the world
• 21st December, 2021, JET produced 59MJ 

of fusion power over 5s – a world record

(1997)

(2021)

© EUROfusion Reproduced from www.iter.org/newsline/-/3722

Fusion Industry School, University of York, 16th June 2025
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Fusion Industry School, University of York, 16th June 2025
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ITER will demonstrate much of the 

science and technology of fusion

37

▪ Under construction in S France

▪ The largest international science 

project on earth

▪ Seven partners:

▪ It will demonstrate, for example, 

500MW fusion power from 50MW 

external heating (Q=10)

www.iter.org April 2022

Fusion Industry School, University of York, 16th June 2025

http://www.iter.org/
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ITER integrates the science & 

technology we will address in FIS

38

DT plasma confined by 
magnetic field

Magnetic field created by 
superconducting toroidal 
field coils…

...and current induced in 
plasma by solenoid

Plasma shape adjusted by 
superconducting poloidal 
field coils

Exhaust heat managed in 
the (tungsten) divertor

Heating, fuelling and 
diagnostic instruments 
access plasma through 
ports

Wall tile material (Be) 
handles heat; influences 
performance

Breeding blankets to 
generate T (not ITER)

www.iter.org

Fusion Industry School, University of York, 16th June 2025

http://www.iter.org/


39Fusion Industry School, University of York,  22nd June 2026

Europe, via Eurofusion, has a roadmap 

to demonstrate fusion power on DEMO

39

▪ A rigorous, staged approach 

to commercial fusion power

▪ Recognises the importance 

of materials research with 

IFMIF/DONES

▪ Retains the stellarator as an 

alternative option to the 

tokamak

▪ DEMOnstration power plant 

designed in parallel with ITER 

and IFMIF/DONES
https://www.euro-fusion.org/target-groups/journalists/the-eurofusion-roadmap/

Fusion Industry School, University of York, 16th June 2025
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The leap from ITER to a FPP is bold…

40

▪ FPP = fusion power plant

▪ FPP must demonstrate the commercial viability of fusion

▪ Diagnostics on FPP will be minimal, aiming at control 

▪ Materials will be exposed to huge neutron loads 

▪ FPP must be self-sufficient in tritium 

▪ (Remote) inspection, maintenance and repair will demonstrate availability 

▪ An appropriate fusion regulation system must be in place 

▪ Fusion’s place in society must be clearly defined – especially in tackling 

climate change, environmental impact whilst generating growth

© EurofusionFusion Industry School, University of York, 16th June 2025
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Fusion power to the grid:

Can we go faster?

41

▪ The urgency of climate change raises the question “if we accept higher risk, 

can we deliver commercial fusion energy faster?” 

▪ Key driver of private fusion companies around the world, investing £bns

– Commonwealth Fusion Systems (US)

– Tokamak Energy (UK)

– First Light Fusion (UK)

– Gauss Fusion (Germany)

– Marvel Fusion (Germany)

▪ STEP – a national programme led by UKAEA – is also seeking to bring 

fusion to market early (see slides)

Fusion Industry School, University of York, 16th June 2025
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STEP: three tranches

42

step.ukaea.uk

▪ Tranche 1 (to 2025 with ~£300m funding)
– Feasibility of design to deliver ~100MW(e)

– STEP site identification (West Burton)

– Future commercial funding arrangements

– Develop the partnerships

▪ Tranche 2 (2025-2032)

– Engineering design activity

– Develop site

▪ Tranche 3 (2032-2040)

– Construct STEP Prototype Reactor to deliver 

net electricity at the 100MW level
Fusion Industry School, University of York, 16th June 2025
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Fusion Industry School, University of York, 16th June 2025
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Summary

44

▪ Fusion is an international endeavour

▪ We have explored the conditions required to produce fusion power
– Sufficient density, temperature and confinement time (triple product)

▪ We have introduced some of the systems that have been developed 

to provide the confinement

▪ We have summarised some of the technologies that must be 

integrated for ITER and for a power plant

▪ We have given a flavour of some of the approaches being developed 

to deliver commercial fusion power 

▪ The School lectures will expand on the issues introduced here….
Fusion Industry School, University of York, 16th June 2025
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Discussion topics

45

▪ What do you think are the biggest technical risks? (see if you 

change your mind through the week)

▪ What are the biggest non-technical risks?

▪ Do you have views on what R&D might help mitigate risks?

▪ Where can (your?) industry best contribute to R&D to mitigate 

risks

▪ Where might the challenges lie in developing a regulatory regime?

▪ Do we need fusion energy in our portfolio of sustainable energy 

options?

Fusion Industry School, University of York, 16th June 2025
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