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Fusion: the process that powers the Sun, the stars, 
and nearly all life.  

99.97% of the natural (biological and physical) 
processes on Earth are driven by the Sun 

The Sun 4.6 billion years old, and will burn for 
another 5 billion years.  

4p ­ 4He2+ +2 e+ + 2 ˄ e+ 26.2 MeV 

H, He formed in big-bang fusion of quark-gluon plasma
Li, Be, B formed by cosmic ray spallation
Li < Z < Fe formed by stellar processes  
Z > Fe generated mainly by supernovae + merging stars

Fusion also formed most of the elements

Ҧ ¢ƘŜ ƴŀǘǳǊŀƭ ǿƻǊƭŘ ƛǎ ǎǳǎǘŀƛƴŀōƭŜ ŀƴŘ ǎƻƭŀǊ-Ŧǳǎƛƻƴ ǇƻǿŜǊŜŘΧ 
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Ҧ DǊŜŜƴƘƻǳǎŜ ŜƳƛǎǎƛƻƴǎ ŘƻƴΩǘ ǊŜǎǇŜŎǘ ƴŀǘƛƻƴŀƭ ōƻǊŘŜǊǎΦ ¢ƘŜ ǇǊƻōƭŜƳ ƛǎ ƎƭƻōŀƭΦ 

Å²Ŝ ŀǊŜ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ όōȅ 
export value) coal exporter,

Å²Ŝ ŀǊŜ ǘƘŜ ǿƻǊƭŘΩǎ оrd largest fossil 
fuel exporter 

ÅOur domestic emissions are the 
highest (per capita) in the OECD

ÅOur exported + domestic fossil fuels 
emissions are around4.5%of global 
emissions, 80% of which is overseas

Why should Australia care? 

83.1% from fossil + biofuels
13.2% from renewable
3.7% nuclear

https://ourworldindata.org/grapher/global-energy-substitution

Fossil Fuels: the culprit for CO2 emissions & global warming 
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What is the role of Nuclear? (Fission or Fusion) 
Å{ƻƭŀǊ ǇƻǿŜǊ ŎƻǳƭŘ ǎǳǇǇƭȅ ŀƭƭ ƻŦ 9ŀǊǘƘΩǎ ƴŜŜŘǎ ƛŦ ǎǘƻǊŀƎŜ ŀƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ ŀǊŜ 

solved. (e.g. A 600kmx600km solar PV grid in Alice Springs sunshine could meet global 

power consumption of 20TW continuous power). 

ÅHowever even if solved, energy-security a significant geopolitical driver.

ÅPplant~1-2GW electric, area = 5-10 km2.

ÅNuclear is the most land-efficient large-scale energy source available.

Å¢ƘŀǘΩǎ ǿƘȅΥ
üFrance, Japan, and South Korea fit huge energy output into small countries

üNuclear pairs extremely well with renewables if land, materials, or transmission are 
constrained.

ÅGlobal nuclear capacity on track to double by 2050. 

Ҧ ²ƘƛƭŜ !ǳǎǘǊŀƭƛŀ ƛǎ ōƭŜǎǎŜŘ ǿƛǘƘ ǊŜƴŜǿŀōƭŜǎΣ civilisation needs nuclear.  
The sector will only grow. 5



Fusion, Fission, and Combustion
Controlled fusion :

Deuterium, Tritium are hydrogen isotopes.

Energy gain:  450:1

co-discovered by Australian Sir Marc Oliphant 1932
1eV = 1.6 x 10-19 J

Reaction Energy Energy/mass

D + T ­ 4He (3.5MeV) + n (14.1MeV) 17,600,000eV 3.5MeV/amu

U235 + n ­ Xe134 + Sr100 + n 200,000,000eV 0.9MeV/amu

C6H2 + 6.5 O2
 ­ 6 CO2

 + H 20 30eV 0.01eV/amu 
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BIG Idea: Fusion (and nuclear) uses small amounts 
of resource for big energy production

View image detail

+ =     Energy

ω Large-scale energy production
ωDeuterium is an essentially limitless fuel, available all over the world
ωNo greenhouse gases
ω Intrinsic safety
ωNo long-lived radioactive waste (if aneutronic fusion p-11B ς virtually none)

On Earth,  fusion could provide:
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Fusion Fuels (H, D, B) very abundant

Relative 

Abundance

1D : 6000H 1T : 1017 H. 

Manufactured:

6Li+nŸ 4He +T
7Li+nŸ 4He +T+n

1Li:106 H (Earth)

1Li:1000H (solar 

system)

Exhaustion 

lifetime at 

20TW 

continuous 

power

D-D reaction

50 billion years 

(10 x age of 

Universe)

D-T reaction

104 years (Earth)

1020 years (solar 

system)

Deuterium Tritium

NB: 99.9885% of 
all visible matter is 
Hydrogen
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Aim :  Overcome electrostatic repulsion between like charges

How to achieve fusion reactions ?

Particle acceleration  

 (e.g. Linear accelerator, pyroelectric crystal, 

beam-target [laser-block], beam-beam )

Nature 434 1115,  2005

Pyroelectric crystal

Heat 
input

0V 100kV 0V

D target

nuclear
accelerator

mCatalytic process 

 (e.g. Muon catalysis)

National Ignition Facility, USA

Inertial compression (confinement) 

 (e.g. laser target fusion)

+
-

Confinement (plasma near thermal equilibrium)

(gravitational, electric, magnetic)
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nDt ETi>3 ³ 1021 m-3 keV s

ω ά[ŀǿǎƻƴέ ƛƎƴƛǘƛƻƴ ŎǊƛǘŜǊƛŀ Υ Fusion power > heat loss 

Fusion triple product

ω Turns out nDtE has a minimum at Ti=14 kEv º150 million °C
  

How to achieve fusion power ?
Aim :  Overcome electrostatic repulsion between like charges + confinement + power gain

ω Achieve sufficiently high 

ion temperature Ti 

Ý exceed Coulomb barrier

density nD ́  energy yield

energy confinement time tE 

tE  = insulation parameter: e.g. time taken for a jug of hot 
water to lose energy to the surroundings   

º600 million °C

Thermal 
collision- 
cross section 
of reaction   

10



tƭŀǎƳŀΥ ǘƘŜ пΩǘƘ ǎǘŀǘŜ ƻŦ ƳŀǘǘŜǊ
ω plasma is an ionized gas ω99.9% of the visible universe is in a 

plasma state

Inner region of the M100 

Galaxy in the Virgo Cluster, 

imaged with the Hubble 

Space Telescope Planetary 

Camera at full resolution.

ÅOn Earth usually seen as either the 
Sun, Aurora or Lightning 

Tromso 

January 2026
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ωOnly charged particles (D+, T+, He+Χύ are confined.  Neutrons escape and release energy 
by collision with walls. 

ωToroidal (ring shaped) device: a closed system to avoid end losses

ωHighest performance been demonstrated in a tokamak (strong field, large current) 

Toroidal Magnetic Confinement
ωMagnetic fields cause charged particles to spiral around field lines.  Plasma 

particles are lost to the vessel walls only by relatively slow diffusion across the field 
lines

12



Components of a Tokamak

13



In a tokamak fields lie in flux surfaces

Å If magnetic field sufficiently 
strong ions and electrons 
bound to field lines

ÅLƴ ŀ άǇŜǊŦŜŎǘέ  ǘƻƪŀƳŀƪ ŦƛŜƭŘ 
lines lie in flux surfaces

ÅDifferent flux surfaces are ~ 
thermally insulated

ÅFlux surfaces support 
pressure gradient

ÅTokamaks maximise core 
pressure, needed to initiate 
fusion 

plasma

gyrating plasma particle
helical magnetic field

14



How to obtain extreme temperatures?

Positive ion beams: E ~ 100keV
Negative ion beams: E~ 1MeV

15



ω άLƎƴƛǘƛƻƴέ ǊŜƎƛƳŜΣ v­қ

Energy confinement : big is better

Q = Pout /Pheat =1

ω ά.ǊŜŀƪŜǾŜƴέ ǊŜƎƛƳŜ :

Eg. JET

Q=0.7, 16.1MW fusion 

ÅtE empirical scaling

Plasma 
current

magnetic 
field

major 
radius

heating 
power

( ) 3/2215.0
  /,,,,,,,,

-
= HmTpmHTpHE PRBIRaMRPnBIHf akt ´

җ Pheat

D2 + T3 ­ He4 (3.5 MeV) + n1 (14.1 MeV)

ω ά.ǳǊƴƛƴƎέ ǊŜƎƛƳŜ Υ L¢9w

Q>5 ÝITER
Pout

[Wurzel and Hu Physics of Plasmas 29, 062103 (2022)] 16



Nature 

²ƘŀǘΩǎ ƴŜǿ ƛƴ ŎƻƴŦƛƴŜƳŜƴǘΚ
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ά²Ŝ ƘŀǾŜ ƛƎƴƛǘƛƻƴέ 

άhƴ у !ǳƎǳǎǘΣ нлнмΣ мфн ƭŀǎŜǊ 
beams pumped vastly 
morepower than the entire US 
electric grid into a small gold 
capsule and ignited, for a 
faction of a second, the same 
thermonuclear fire that powers 
the SunΦέ

11 August 2022
New Scientist

18

https://www.independent.co.uk/topic/power
https://www.independent.co.uk/topic/sun


What is the next step along the tokamak path? 

1) Achieve a deuterium-tritium plasma in which the fusion conditions are 
sustained mostly by internal fusion heating. Achieve a burning plasma. 

2) Generate 500 MW of fusion power for long pulses
(long pulse or continuous  is critical to fusion energy)

3) Contribute to the demonstration of the integrated operation of technologies for 
a fusion power plant

4) Test tritium breeding

5) Demonstrate the safety characteristics of a fusion device

ITER ς ΨǘƘŜ ǇŀǘƘΩΣ ŦƻǊƳŜǊƭȅ ƪƴƻǿƴ ŀǎ 
  International Thermonuclear Experimental Reactor 

19



ITER ς a snapshot

ω Fusion power  = 500MW
ω Power Gain (Q) > 10
ω Temperature ~ 100 million ̄C

Cadarache, 

France

ω Growing Consortium

ω Collaboration agreements with  

üInternational Atomic Energy Agency

üPrincipality of Monaco 16/01/2008

üCERN ς 10/03/2008

üAustralia 30/09/2016

ü Khazakstan 11/06/2017 
20



ITER in detail

Plasma conditions

15MAIp, plasma current

2.0m, 6.2mMinor (a), major (R) radius

500MWTotal Fusion power

73MWAuxillary heating, current drive

837 m3Plasma Volume

5.3TToroidal field @6.2m

21



ITER construction more than 85% completed
May 2025

29 January 2026

4 (/9) sector modules installed
22



Scientific American, June 2023

Reasons for Delay: 
ÅProject management and scope changes
ÅDesign complexity and component inconsistency
ÅCovid-19 pandemic
ÅRegulatory hurdles

Bernard
Bigot

Osamu
Motojima

Kaname 
Ikeda

L¢9w Ƙŀǎ ƘŀŘ ƛǘǎ ŦŀƛǊ ǎƘŀǊŜ ƻŦ ŘŜƭŀȅǎΧ 

Plas. Phys. Cont. Fusion 67 2025 065023

Pietro Barabaschi,2022-

2026 2034 2039

Now
Research DT operation

20502036

First Plasma

Assembly

US $20-25 billion
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Χōǳǘ ƛǘΩǎ ƴƻǘ ŀƭƻƴŜΥ 
nearly all first-of-a-kind are over budget and schedule

James Webb Space Telescope.
Initial designs in 1996. 
Aimed for launch in 2007 at US$1bn. 
Final launch in late 2021. Final cost US$10bn.

 F35 Joint Strike Fighter
Initial design work 2001. 
Full rate production 2015. Cost ?
Full rate production 2024.  Lifetime cost US$2000 bn.

 
Olkiluoto Nuclear Power Plant Unit 3, Finland
Construction start 2005. 
Scheduled operation 2009 at ϵоΦн ōƛƭƭƛƻƴ
/ƻƳƳŜǊŎƛŀƭ hǇŜǊŀǘƛƻƴ нлноΦ Cƛƴŀƭ Ŏƻǎǘ ϵмм ōƛƭƭƛƻƴΦ

24



Fusion power plant schematic
(ITER is not a power plant)

Very 
complicated 
nonlinear 
plasma 
physics! 

Blanket required 
to generate 
lithium. 
(Build radius 
determined by 
slowing down of 
neutrons)

Emergent challenges
nuclear technology
remote handling, 
Materials science for first wall 

25



Economics of Fusion Power ς Tokamak Design

9¦ ǎǘǳŘȅΥ ά!ǇǇǊƻȄƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ŜŎƻƴƻƳȅ ƻŦ Ŧǳǎƛƻƴ ŜƴŜǊƎȅέ
[Entler et al  Energy 152 (2018) 489-497]

Direct Construction Cost: $M8525

1GWe DEMO2 reference design 
[Kemp R. IDM EU_D_2LCBVU, EUROfusion. 2015]

Fusion Power 3255MW

Thermal Power 4149MW

Gross Electric Power 1660MW

Net Electric Power 953MW

Plant self-consumption 707MW

Plant availability fraction 75%

Fusion fuel (per day) < 2kg
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Reactor determined by engineering, nuclear and physics constraints: 

ÅtƭŀǎƳŀ ǳƴǎǘŀōƭŜ ŀǘ ƘƛƎƘ ŜƭƻƴƎŀǘƛƻƴ Ҧ  ˁ< 1.7

Å.ƭŀƴƪŜǘ ǿƛŘǘƘ ǎŜǘ ōȅ ƴŜǳǘǊƻƴ ǎƭƻǿƛƴƎ Řƻǿƴ ǘƻ ƳŀȄ ¢ ōǊŜŜŘƛƴƎ Ҧ мƳ

Å Neutron wall loading limits + a/R ŎƘƻƛŎŜ Ҧ w0=5.4m

Å†E increases with |B|. Superconducting choice Nb3Sn Ҧ . ғ сΦу¢ 

Å Coil winding thickness c set by winding pack and JxB ƭƛƳƛǘǎΦ ҦŎ Ϥ мƳ

Å nD †ETi peak at Ti Ҧ мпƪŜ± (set by collision cross-section)

Å Assume Pfus produced PElec with thermal efficiency ́ Ґ лΦп Ҧ Ǉ Ϥ у ŀǘƳΦ 

ÅLŘŜŀƭ Ǝŀǎ Ŝǉǳŀǘƛƻƴ Ҧ ncore ~ 1.5 x1020 m-3 

(nair = 2.5 x1025 m-3, ndiamond = 1.7 x1029 m-3 , nSun(0) = is 9 x1031 m-3) 

Å P > Plosses Ҧ Lp ~15MA

Å Steady state , Iohmic = 0.  Ip = ICD + IBS. 

ICD < 2.2MA RF current drive, (coupling efficiency ~50%, recirculating power < 10%)

Ҧ fBS = IBS/Ip > 84%

Tokamak-reactor design

[J. P. Friedberg et al Phys. Plas. 22, 070901, 2015]

[Solar core is 100x more 
dense than Iron!]
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Reactor determined by engineering, nuclear and physics constraints: 

ÅtƭŀǎƳŀ ǳƴǎǘŀōƭŜ ŀǘ ƘƛƎƘ ŜƭƻƴƎŀǘƛƻƴ Ҧ  ˁ< 1.7

Å.ƭŀƴƪŜǘ ǿƛŘǘƘ ǎŜǘ ōȅ ƴŜǳǘǊƻƴ ǎƭƻǿƛƴƎ Řƻǿƴ ǘƻ ƳŀȄ ¢ ōǊŜŜŘƛƴƎ Ҧ мƳ

Å Neutron wall loading limits + a/R ŎƘƻƛŎŜ Ҧ w0=5.4m

Å†E increases with |B|. Superconducting choice Nb3Sn Ҧ . ғ сΦу¢ 

Å Coil winding thickness c set by winding pack and JxB ƭƛƳƛǘǎΦ ҦŎ Ϥ мƳ

Å nD †ETi peak at Ti Ҧ мпƪŜ± (set by collision cross-section)

Å Assume Pfus produced PElec with thermal efficiency ́ Ґ лΦп Ҧ Ǉ Ϥ у ŀǘƳΦ 

ÅLŘŜŀƭ Ǝŀǎ Ŝǉǳŀǘƛƻƴ Ҧ ncore ~ 1.5 x1020 m-3 

(nair = 2.5 x1025 m-3, ndiamond = 1.7 x1029 m-3 , nSun(0) = is 9 x1031 m-3

Å P > Plosses Ҧ Lp ~15MA

Å Steady state , Iohmic = 0.  Ip = ICD + IBS. 

ICD < 2.2MA RF current drive, (coupling efficiency ~50%, recirculating power < 10%)

Ҧ fBS = IBS/Ip > 84%

T

ITER choices 

fBS = 25-35%.   X

Tokamak-reactor design

28[J. P. Friedberg et al Phys. Plas. 22, 070901, 2015]



Reactor determined by engineering, nuclear and physics constraints: 

ÅtƭŀǎƳŀ ǳƴǎǘŀōƭŜ ŀǘ ƘƛƎƘ ŜƭƻƴƎŀǘƛƻƴ Ҧ  ˁ< 1.7

Å.ƭŀƴƪŜǘ ǿƛŘǘƘ ǎŜǘ ōȅ ƴŜǳǘǊƻƴ ǎƭƻǿƛƴƎ Řƻǿƴ ǘƻ ƳŀȄ ¢ ōǊŜŜŘƛƴƎ Ҧ мƳ

Å Neutron wall loading limits + a/R ŎƘƻƛŎŜ Ҧ w0=5.4m

Å†E increases with |B|. Superconducting choice Nb3Sn Ҧ . ғ сΦу¢ 

Å Coil winding thickness c set by winding pack and JxB ƭƛƳƛǘǎΦ ҦŎ Ϥ мƳ

Å nD †ETi peak at Ti Ҧ мпƪŜ± (set by collision cross-section)

Å Assume Pfus produced PElec with thermal efficiency ́ Ґ лΦп Ҧ Ǉ Ϥ у ŀǘƳΦ 

ÅLŘŜŀƭ Ǝŀǎ Ŝǉǳŀǘƛƻƴ Ҧ ncore ~ 1.5 x1020 m-3 

(nair = 2.5 x1025 m-3, ndiamond = 1.7 x1029 m-3 , nSun(0) = is 9 x1031 m-3

Å P > Plosses Ҧ Lp ~15MA

Å Steady state , Iohmic = 0.  Ip = ICD + IBS. 

ICD < 2.2MA RF current drive, (coupling efficiency ~50%, recirculating power < 10%)

Ҧ fBS = IBS/Ip > 84%

T

CFS SPARC/ARC: Change 
Superconducting to 

REBCO/YBCO high 
temperature tape. 

Relax

Tokamak-reactor design

29[J. P. Friedberg et al Phys. Plas. 22, 070901, 2015]



Reactor determined by engineering, nuclear and physics constraints: 

ÅtƭŀǎƳŀ ǳƴǎǘŀōƭŜ ŀǘ ƘƛƎƘ ŜƭƻƴƎŀǘƛƻƴ Ҧ  ˁ< 1.7

Å.ƭŀƴƪŜǘ ǿƛŘǘƘ ǎŜǘ ōȅ ƴŜǳǘǊƻƴ ǎƭƻǿƛƴƎ Řƻǿƴ ǘƻ ƳŀȄ ¢ ōǊŜŜŘƛƴƎ Ҧ мƳ

Å Neutron wall loading limits + a/R ŎƘƻƛŎŜ Ҧ w0=5.4m

Å†E increases with |B|. Superconducting choice Nb3Sn Ҧ . ғ сΦу¢ 

Å Coil winding thickness c set by winding pack and JxB ƭƛƳƛǘǎΦ ҦŎ Ϥ мƳ

Å nD †ETi peak at Ti Ҧ мпƪŜ± (set by collision cross-section)

Å Assume Pfus produced PElec with thermal efficiency ́ Ґ лΦп Ҧ Ǉ Ϥ у ŀǘƳΦ 

ÅLŘŜŀƭ Ǝŀǎ Ŝǉǳŀǘƛƻƴ Ҧ ncore ~ 1.5 x1020 m-3 

(nair = 2.5 x1025 m-3, ndiamond = 1.7 x1029 m-3 , nSun(0) = is 9 x1031 m-3

Å P > Plosses Ҧ Lp ~15MA

Å Steady state , Iohmic = 0.  Ip = ICD + IBS. 

ICD < 2.2MA RF current drive, (coupling efficiency ~50%, recirculating power < 10%)

Ҧ fBS = IBS/Ip > 84%

T

Tokamak Energy, UK

Spherical Tokamak for 
Electricity Production 
(STEP), UK

Relax

Tokamak-reactor design

30[J. P. Friedberg et al Phys. Plas. 22, 070901, 2015]



Reactor determined by engineering, nuclear and physics constraints: 

ÅtƭŀǎƳŀ ǳƴǎǘŀōƭŜ ŀǘ ƘƛƎƘ ŜƭƻƴƎŀǘƛƻƴ Ҧ  ˁ< 1.7

Å.ƭŀƴƪŜǘ ǿƛŘǘƘ ǎŜǘ ōȅ ƴŜǳǘǊƻƴ ǎƭƻǿƛƴƎ Řƻǿƴ ǘƻ ƳŀȄ ¢ ōǊŜŜŘƛƴƎ Ҧ мƳ

Å Neutron wall loading limits + a/R ŎƘƻƛŎŜ Ҧ w0=5.4m

Å†E increases with |B|. Superconducting choice Nb3Sn Ҧ . ғ сΦу¢ 

Å Coil winding thickness c set by winding pack and JxB ƭƛƳƛǘǎΦ ҦŎ Ϥ мƳ

Å nD †ETi peak at Ti Ҧ мпƪŜ± (set by collision cross-section)

Å Assume Pfus produced PElec with thermal efficiency ́ Ґ лΦп Ҧ Ǉ Ϥ у ŀǘƳΦ 

ÅLŘŜŀƭ Ǝŀǎ Ŝǉǳŀǘƛƻƴ Ҧ ncore ~ 1.5 x1020 m-3 

(nair = 2.5 x1025 m-3, ndiamond = 1.7 x1029 m-3 , nSun(0) = is 9 x1031 m-3

Å P > Plosses Ҧ Lp ~15MA

Å Steady state , Iohmic = 0.  Ip = ICD + IBS. 

ICD < 2.2MA RF current drive, (coupling efficiency ~50%, recirculating power < 10%)

Ҧ fBS = IBS/Ip > 84%

Tokamak-reactor design

Stellarator

Wendelstein 7-X
Type I Energy
Gauss Fusion

Automatic

Relax

31[J. P. Friedberg et al Phys. Plas. 22, 070901, 2015]



Stellarators: confinement with a twist
ÅTokamak: field line helicity created by internal plasma current

ÅStellarator: field line helicity created by twist of field coils

V Eliminates disruptive current-driven instabilities,

³ field coils are an engineering challenge,

³ ŦƭǳȄ ǎǳǊŦŀŎŜǎ ŀǊŜƴΩǘ ƎǳŀǊŀƴǘŜŜŘΦ

e.g. W7-X : a first-
generation computationally 
optimised stellarator 
(low neoclassical transport, 
low current, good stability,  
ŀƴŘ άƎƻƻŘέ ŦƭǳȄ ǎǳǊŦŀŎŜǎύ  

03/02/2016

Åϵ м ōƛƭƭƛƻƴ ŜȄǇŜǊƛƳŜƴǘΦ /ƻƴǎǘǊǳŎǘƛƻƴ ǎǘŀǊǘŜŘ ƛƴ ϤнлллΦ
ÅAim: evaluate fusion reactor using stellarator technology.
ÅOpened by Chancellor Merkel in February 2016

32



Parameter space of optimised stellarators is vast
Simons Foundation Collaboration on Hidden Symmetries and Fusion Energy, 2018 - 2025   
https://hiddensymmetries.princeton.edu/

33

Objective: To create and exploit an effective mathematical and computational framework for the design of 
stellarators with hidden symmetries. (good flux surfaces, good particle confinement, high bootstrap fraction) 

Optimized quasi-axisymmetric configuration with 
energetic particle confinement, self-consistent 
bootstrap

M. Landreman et al Physics of Plasmas29, 082501 (2022)

https://github.com/hiddenSymmetries/simsopt

Deliverables:  Optimum design principles of a stellarator, a modern optimization code (SIMSOPT) that can exploit the full power 
of petascale and exascale computers, and designs of next-generation stellarator experiments

M. Landreman, Journal of Plasma Physics, 88(6), 905880616, 2022

Not Guaranteed! Not Automatic!
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Potential game changers for fusion
Å Superconducting Magnet Technology: higher field strength, lower cryogenic cost

Å Integrated Modelling : self-consistent core-edge simulation

Å AI : Surrogate modelling, Control

Å Design Optimisation

Å Advanced divertor materials

Å Radiation resistant structural materials 

Å Ignition & JET record stored energy shots

Å Increasing urgency of climate action

ÅWave of capital from tech billionaires

--Visualization with IMAS-
ParaView 
(https://github.com/iterorg
anization/IMAS-ParaView) 
of induced currents in 
vacuum vessel and plasma 
electron temperature during 
disruption in ITER simulated 
with JOREK code 
(https://jorek.eu/ ).

S. Pinches et al Dec. 2025

J. Degrave et al  Magnetic control of tokamak 
plasmas through deep reinforcement learning, 
Nature 602, 2022

Å Collaboration between DeepMind and EPFL, Switzerland
Å Demonstration of real time control using a PINN
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22 July 2025
https://www.fusionindustryassociation.org/wp-content/uploads/2025/07/2025-
Global-Fusion-Industry-Report.pdf

The rise of the private sector
#

 c
o

m
p

a
n

ie
s

year

29 USA
12 Europe
8 Asia
4 ROW (1 Aus, 1 NZ) 
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Cumulative funding exceeds $USD10 billion
TOTAL FUNDING TO JULY 2025

Increase 2024-2025

Billion Dollar Companies
ÅCommonwealth Fusion Systems 

~UD$3bn
ÅTAE Systems ~USD$1.3bn (post Trump 

Media Merger 18/12/2025)
ÅHelion Energy Systems ~USD$1bn 36



Commonwealth Fusion Systems (CFS)
Commonwealth Fusion Systems (CFS) spin-out from the Massachusetts Institute of Technology 
(MIT) in 2018

CFS aims to commercialize fusion energy rapidly using high-field tokamak technology coupled 
with advanced materials τ especially high-temperature superconductors (HTS).

SPARC  = physics + technology demonstrator
Å Uses D-T cycle
Å Conventional aspect ratio tokamak
Å R0 ~ 1.85m, a~0.57m
Å High field strength 12.2T on-axis (23T peak)
Å Ip~8.7MA
Å Energy gain Q>2
Å Fusion power: 50-140MW
Å Pulse length ~ 10s (inductive) 
Å Claims operational by end of 2026. 
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Commonwealth Fusion Systems (CFS)
Commonwealth Fusion Systems (CFS) spin-out from the Massachusetts Institute of Technology 
(MIT) in 2018

CFS aims to commercialize fusion energy rapidly using high-field tokamak technology coupled 
with advanced materials τ especially high-temperature superconductors (HTS).

ARC  = First commercial power plant
Å Uses D-T cycle 
Å Conventional aspect ratio tokamak
Å R0 ~ 3.3m, a~1.1m
Å High field strength 9.2T on-axis (23T peak)
Å Ip~9.2MA
Å Energy gain Q>10
Å Fusion power: 200MW electric 

(500MW thermal)
Å Continuous operation
Å Claims fBS =63%. Hard. 
Å/ƭŀƛƳǎ ƻǇŜǊŀǘƛƻƴŀƭ ōȅ ŜŀǊƭȅ нлолΩǎ 38



TAE (Tri Alpha Energy) Technologies
Founded in 1998, TAE is one of the longest-running and most capital-raised fusion startups globally 
(Foothill Ranch, California, USA). 

To develop a practical, commercially viable fusion power system using a reverse field pinch

plasmas guns

neutral beam injectors
ÅMulti-fuel strategy: 

Å D-T fusion: intermediate steps and validating concepts
Å P-11B fusion: long term vision 

ÅPower generation by slowing down of Ωǎ ǘƻ ŘǊƛǾŜ 
a current (direct), or heating a blanket and a 
heat-exchanger (indirect) 

Å/ƭŀƛƳǎ ŎƻƳƳŜǊŎƛŀƭƭȅ ǾƛŀōƭŜ ōȅ ŜŀǊƭȅ нлолΩǎ
 
 Reverse field as 

toroidal field is 
reversed at edge
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Helion Energy
IŜƭƛƻƴ 9ƴŜǊƎȅΩǎ Ŧǳǎƛƻƴ ŎƻƴŎŜǇǘ ƛǎ ŀ ŘƛǎǘƛƴŎǘƛǾŜ ƳŀƎƴŜǘƻ-inertial, pulsed fusion approach 
using Field-Reversed Configuration (FRC) plasmas, with a design that aims to generate 
electricity directly from the fusion process rather than through a heat-to-steam cycle.

To develop a commercially viable P-11B  fusion power system using a reverse field pinch

Technology Concept
1. Formation of RFP configurations
2. Acceleration of RFP plasmas
3. Compression. Plasma heated to 

fusion conditions
4. Recoil: Plasma expansion 

produces change in field 
induces current.

Committed to providing electricity to Microsoft data centres from 2028. 
40



Sydney, Australia

ÅUses P-11B reaction

ÅNon-thermal ignition via laser-
driven plasma block acceleration

üUse petawatt-class lasers
üGenerate extremely high 

electric fields
üDirectly accelerate plasma 

blocks (non-thermal ignition)
üTrigger an avalanche reaction 

of alpha particles

Å Founded 2017, building on 
work of Heinrich Hora

Å Raised ~AUD$32m to date 

Å Claims commercially viable 
ƛƴ ǘƘŜ нлолΩǎ

Dr Warren McKenzie ς CEO
https://hb11.energy/contact/

Wellington, NZ

ÅUses P-11B reaction
ÅLevitated dipole magnetic confinement
ÅFounded late 2021, funded late 2022
ÅRaised $20m USD
Å~70 employees
ÅCƛǊǎǘ ǇƭŀǎƳŀǎ hŎǘƻōŜǊ нлнп ƛƴ άWǳƴƛƻǊέ ŜȄǇŜǊƛƳŜƴǘ
Å5.7 tesla magnet in a 5.2 metre vacuum vessel
Å~50 kW EC heating
ÅDesign of 2nd generation device underway
ÅClaims commercially viable by about 2030

Ratu Mataira ς Founder
leni@digpr.co.nz

NZ Government backs fusion 
energy research (by NZ$35m) 
4 February 2026. 
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The UK Approach to Fusion 
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Å! ǎǳōǎǘŀƴǘƛŀƭ Ŧǳǎƛƻƴ ǇǊƻƎǊŀƳ ǎƛƴŎŜ ǘƘŜ мфрлΩǎΦ 
ÅHosted Joint European Torus (1983-2023)
ÅUK program has centred on developing the spherical torus (first demonstrated by ANSTO in 1988). 
ü START (1991-1998)
üMAST (1999-2013)
üMAST Upgrade (2015-)

Site selection in West Burton, 
Nottinghamshire. (former 
coal power plant) https://stepfusion.com/

ÅSpherical Tokamak for Energy Production (STEP). 
Deliver a UK prototype fusion energy plant 
targeting 2040. Aims to demonstrate
ünett electrical power to grid
üTritium self sufficiency
üMaintainable reactor system
üCommercially relevant plant architecture

ÅMassive expansion in funding / program over last 5 years 
ü £650m Fusion Futures program Infrastructure, Skills, Industrial and commercial opportunities. 

October 2023 -2027.  
ü £UK2.5 bn confirmed for ambitious Spherical Tokamak for Energy Production (STEP). June 2025 
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Burning plasma Experimental Superconducting Tokamak
BEST = compact, high-field tokamak under construction in Hefei, China
Å Uses D-T cycle
Å Conventional aspect ratio tokamak
Å R0 ~ 3.6m, a~1.1m
Å High field strength 6.15T on-axis
Å Ip~4-7MA
Å Energy gain Q>1-5
Å Fusion power: 20-200 MW
Å Pulse length ~ hours 
Å Claims operational by end of 2027. 
Å > $1bnUSD invested. 

1 October 2025

Builds on success of  EAST 
(Experimental Advanced 
Superconducting Tokamak) 
Hefei, Chinese Academy of 
Sciences

Very ambitious timeline:
Å Construction began in mid 2023
ÅMay 2025, full device assembly commences 
ÅOctober 2025. Dewar base, the vacuum 

vessel housing magnets installed 
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