Nuclear fusion, an important option for our energy future slide 1 slide 2
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30 years worldwide investments (> 15 000 billion Euro...) without clear results Enormous blackouts with wind and solar ... We need backbone power !
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Justified question : London without power... Spain and Portugal without power...

Are we doing what is needed ? Revision of plans with wind and solar ?

Additional clean sources - fission and fusion ! Other countries (or big parts of Europe) ... next blackout ...?
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Only three classes of energy production methods ... s 405
We need additional ones !

The dilemma of the current way forward slide 6

1. Renewable energy: wind, solar, hydro...
2. Fossile energy sources: oil, coal, gas (>80% of total and INCREASING!)

3. Nuclear fission

We need a bigger energy "PORTFOLIO”

Nuclear fusion !
(and it will be NEVER too late...)
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Fusion Principles

Aren’t we easing our conscience with wrong arguments ?

1. Not wise to base our energy economy on only 1 ‘pillar’ to produce energy
1. The variability of renewable energy necessitates storage / backup

2. Storage is not simple, and far from sufficient with current technologies
- E.g Germany 40 GWh in hydro, compared to a storage need of ~ 10 TWh
- E.g. largest battery currently is ~ 300 MWh...

3. Integrated energy production values for renewables > distorted message
- Overemphasizes the real contribution in the absence of storage
- Noinertia : easy blackouts : UK/ Spain

4. If renewables cannot meet the demand and nuclear is eliminated
- Only fossil production remains .... (remember only 3 methods...)
- Butgas ?? Geopolitical dependency.... ?
- COo, I

No doom: a bright future for all of you, but work will be needed !

Energy gain in fusion reactions slide 8

Results from the difference in binding energy
between light nuclei and fusion products

Binding energy
per nucleon (MeV)
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Nucleon mass number A

Maximum at ~ 52Ni : tremendous consequences for heavy stars
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Energy gain in fusion reactions slide 9

“He has a particularly large binding energy

Nucleus Total
Binding
Energy
(MeV)

Binding energy
per nucleon (MeV)

10 20

Nucleon mass number A
Large gain in energy when “He is one of the reaction products

Fusion in the sun slide 11
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Some facts about our sun slide 13

Temperature at edge
From Stefan-Boltzmann law and measured Luminosity L

L = 410 R%, Ts4ge > Tedge = 5780K

(o = Stefan-Boltzmann constant =5.670x 1078 J m2 K" s71)

Temperature in centre:
Proton thermal energy in centre (= 3/2 kT) equal to potential
energy from gravity per proton:

1.5k Toonre = GMy Maun/Reun > Teentre = 15 600 000 K

(G=gravitational constant=6.6726 10-"" Nm2kg-2
k=Boltzmann’s constant=1.38 1023 J K-
m, = mass of proton = 1.6726 x 1072" kg.

Fusion from hydrogen to helium slide 15

Interesting recent reference on our sun slide 14

ASTRONOMY AND ASTROPHYSICS LIBRARY

from Space

Second Edition

@ Springer

Helium from protons only ? slide 16
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Involves conversion proton to neutron
Very difficult and slow reaction (which is good for us....)
Sun : Every second : 4 million tonnes transformed -> Energy
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Fusion on

slide 17

earth

18

Hydrogen and its isotopes slide 18

‘Easiest’ fusion reactions slide 19
Fusion Temperature Reaction
Reaction Needed Energy
(in Million Degrees) (in keV)
D+ T 4He + n ’
® ® PO 100-200 - 17,600
© 00 ™= gp ©
D + 3He “He + p
] ~700 18,300
3He + n
D +D ® ~400 ~4,000
s & =T,
T + p
® ~400 ~4,000
oo ©

Extensive database on fusion reactions :

http://pntpm3.ulb.ac.be/Nacre/barre_database.htm

Sun On Earth
Electron ‘1’
4 Neutron Electron
¢ @
Proton
>

Hydrogen 1H) Deuterium (3H) of D Tritium (GH) of T

Natural Natural Artificial
isotope isotope Isotope
Stable Stable Half-life12.3 years

The ‘simplest’ fusion reaction on earth slide 20

14.1 MeV
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Comparison: fusion reaction on earth and in the sun
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On earth (D-T)

D-T reaction has
1025 times larger
reactivity (cm?3/s)
than the p-p reaction

Primary process in our sun
108 10° 101
lon temperature (K)

Most fusion reactions occur through tunneling slide 23
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Advantages of fusion energy

Minimal environmental
- Ash = helium = noble gas
- No greenhouse effect, no ozone layer depletion, no acid rain,....
- Only gas that remains liquid at 0K =-273.15 K

No long-term storage required of active waste
- Tritium consumed in the reaction
- Recycling of the metals wall the reactor after ~100 years
- Generations that produce waste can recycle it

Inherently safe
- No 'runaway' reactions possible, after-heat not in volume
- No accidents like Tchernobyl / Three Mile Island / Fukushima

Fuels (Water and Lithium) abundantly available on earth
- Greatly reduced dependence on supplier (Russia, ...)

- Minimum consumption: 15g of fuel for 80 years of electricity

BUT difficult: 150-200 million degree needed to start fusion reactions.

Fusion Cross-Sections and Reactivities slide 24
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Fusion Power Density slide 25 How to confine matter at very high temperatures ?

D-T reaction : Maximum for T ~ 10-15 keV .
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Realizing Fusion . Realizing Fusion _
A. Inertial Fusion slide 27 A. Inertial Fusion slide 28

Using powerful laser or particle beams

to compress a tiny pellet ICF capsules shrink in

volume by greater

than 40,000x
ﬁg % % e
Surface . . .
Heating Compression Ignition Fusion Hohlraum axis: NIF hohlraums irradiate ignition

capsules with symmetry similar to that of a basketball

Very powerful laser systems needed
High requirements for isotropic illumination of target
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Indirect drive, direct drive and Z-pinch slide 29

Indirect drive, direct drive and Z-pinch slide 30

b Direct-drive € Z-pinch liner

a Indirect-drive target

Z-Pinch in Sandia Labs

(cutaway)

Upper laser
entrance hole

—Hohlraum

Deuterium-
tritium fuel
layer
Indirect-drive
capsule
(cutaway)

\ Lower laser

entrance hole

Less efficient but:
» more stable and
» more symmetric implosion

Main inertial fusion facilities:
NIF (USA) and LMJ (France)

capsule (cutaway)

Deuterium-tritium  Conducting
fuel layer liner
Deuterium-tritium Magnetic
fuel layer ,—\/
\.\ )

Electric
current

Better efficiency but:
» less stable and
» less symmetric implosion

Main Z-Pinch facility:
Sandia Labs (USA)

Targets for Inertial Fusion slide 31
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USA : National Ignition Facility (NIF)
Livermore, California
Experiments ongoing
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MJ laser — 192 laser beam

in operation
B from March
2 2009

> - 4 .‘A o —
~ One experiment / week
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Recent results in inertial fusion research
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Aug 2021 burning plasma shot ~1.3 <1

15 Fusion energy out

Dec 5 2022 ignition 3.15 Heating energy in
Oct 2023 shot ~3.4 =9
Feb 2024 record shot 5.2 ~2.3-2.4

O.A.Hurricane, High Energy Density Physics 53 (2024) 101157

Principle of magnetic fusion slide 35

Principle of magnetic fusion
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Aurora: beautiful illustration of confinement of charged particles with magnetic fields

Charged particles 'stick’ to magnetic field lines
(Lorentz force)

No magnetic field
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Aurora in Greifswald Monday night 19 January 2026

etic Shield

Charged
‘ particles

Magnetic
field lines
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Principle of magnetic fusion slide 37 slide 38

Particles follow magnetic fields
how to limit losses at the end of cylinder?

Two possible solutions

m  ‘close' magnetic field at ends

m

N BUT : too high losses at ends
/\—J—\E & 5 % Magnetic Fusion Machines

<

» 'close' magnetic fields on themselves

= toroidal configuration, BUT....
Need additional torsion for stability
= need helicoidal magnetic field

Realizing a helicoidal magnetic field : Option 1 sjide 39 Tokamak — Final Configuration slide 40

Final configuration is a torus
A tube folded on itself
Charged particles are confined
Induced Plasma Current Neutrons escape (carrying 80% of the reaction energy)

Poloidal (by Transformer)
Magnetic Field N 14.1Mev n

Tokamak
Large current induced in plasma (~100kA - 10MA)

14.1MeV

Toroidal

Magnetic Field
Helical magnetic field for stability

Poloidal

Magnetic Field Note :
1 keV =11 600 000° C
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