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Nuclear fusion, an important option for our energy future

Introduction 

30 years worldwide investments (> 15 000 billion Euro…) without clear results

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

Additional clean sources : fission and fusion ! 

UK, 9 August 2019, 
wind farm failed

Spain and Portugal, 28 April 2025 
sudden drop in solar power

London without power… Spain and Portugal without power…
Other countries (or big parts of Europe) … next blackout  …? 

Enormous blackouts with wind and solar … We need backbone power !
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Only three classes of energy production methods ... 
We need additional ones !
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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…) 

The dilemma of the current way forward

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
-   No inertia : easy blackouts : UK / Spain

4. If renewables cannot meet the demand and nuclear is eliminated
- Only fossil production remains …. (remember only 3 methods…)
- But gas ??  Geopolitical dependency…. ?
- CO2 !!!

Aren’t we easing our conscience with wrong arguments ?

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

Fusion Principles

Energy gain in fusion reactions  

Results from the difference in binding energy
between light nuclei and fusion products  
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Maximum at ~ 62Ni : tremendous consequences for heavy stars 
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Energy gain in fusion reactions  
4He has a particularly large binding energy
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Large gain in energy when 4He is one of the reaction products

Nucleus Total 
Binding 
Energy
(MeV)

D = 2H 2.22457

T = 3H 8.48182
3He 7.71806
4He 28.29567

Fusion in the sun
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Fusion in the sun

~600 000 km

= 100 x earth
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Fusion in the sun

Earth

Moon

~ 400 000 km
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Temperature at edge  
From Stefan-Boltzmann law and measured Luminosity L

L = 4πσ R2
sun T4

edge à Tedge = 5780K
(σ = Stefan-Boltzmann constant =5.670×10−8 J m−2 K−1 s−1)

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

energy from gravity per proton: 

1.5k Tcentre = Gmp Msun/Rsun à Tcentre = 15 600 000 K

(G=gravitational constant=6.6726 10-11 Nm2kg-2

k=Boltzmann’s constant=1.38 10-23 J K-1

mp = mass of proton = 1.6726 × 10−27 kg.

Some facts about our sun Interesting recent reference on our sun

Fusion from hydrogen to helium

Fusion

Very difficult and slow reaction (which is good for us....)
Sun : Every second : 4 million tonnes transformed  à Energy

Involves conversion proton to neutron

+4   à   +2  ???

Helium from protons only ? 
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Fusion on earth
18

Natural
isotope
Stable

Natural
isotope
Stable

Artificial
Isotope

Half-life12.3 years

Sun On Earth

Hydrogen and its isotopes

Hydrogen Deuterium   Tritium

Electron

Electron

100-200

~700

~400

~400

Fusion               Temperature        Reaction
Reaction                                             Needed         Energy
            (in Million Degrees)                      (in keV)
    

‘Easiest’ fusion reactions

Extensive database on fusion reactions : http://pntpm3.ulb.ac.be/Nacre/barre_database.htm

The ‘simplest’ fusion reaction on earth
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On earth  (D-T)

In the sun (p-p)

Comparison:  fusion reaction on earth and in the sun

D-T reaction has
1025 times larger
reactivity (cm3/s)
than the p-p reaction
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• 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.

22Advantages of fusion energy

Coulomb Repulsion: key problem of fusionMost fusion reactions occur through tunneling Fusion cross-sections and powerFusion Cross-Sections and Reactivities

Fusion cross-section 
(in barn = 10-28 m2)

Fusion Reactivity in cm3s-1

(averaged over Maxwellian 
velocity distribution)
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Fusion cross-sections and power

D-T reaction : Maximum for T ~ 10-15 keV

Fusion Power Density

Fusion power:
Pfusion ~ n2 <σv> Efus

At fixed pressure
p = cte = nkT  -- > n ∝1/T

Thus :
Pfusion ~ <σv> Efus / T2

Pfusion normalized to max of D-T 

How to confine matter at very high temperatures ?

Realizing Fusion  
A. Inertial Fusion 

Using powerful laser or particle beams 
to compress a tiny pellet

Surface
Heating Compression Ignition Fusion

Realizing Fusion  
A. Inertial Fusion 

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

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

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

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

Main Z-Pinch facility: 
Sandia Labs (USA)

Indirect drive, direct drive and Z-pinch

SandiaÕs Z machine ! ring. The Òarcs and

sparksÓ formed at the water-air

interface travel between metal

conductors. !(Photo by Randy Montoya)

Download 300dpi JPEG image, Òz-

machine.jpg,Ó 1.7MB !(Media are welcome

to download/publish this image with

related news stories.)

ALBUQUERQUE, N.M. Ñ SandiaÕs Z machine has produced

plasmas that exceed temperatures of 2 billion degrees Kelvin

Ñ hotter than the interiors of stars.

The unexpectedly hot output, if its cause were understood and

harnessed, could eventually mean that smaller, less costly

nuclear fusion plants would produce the same amount of

energy as larger plants.

The phenomena also may explain how astrophysical entities

like solar " ares maintain their extreme temperatures.

The very high radiation output also creates new experimental

environments to help validate computer codes responsible for

maintaining a reliable nuclear weapons stockpile safely and

securely Ñ the principal mission of the Z facility.

ÒAt #rst, we were disbelieving,Ó says Sandia project lead Chris

Deeney. ÒWe repeated the experiment many times to make

sure we had a true result and not an ÔOoopsÕ!Ó

The results, recorded by spectrometers and con #rmed by computer models created by John Apruzese and

colleagues at Naval Research Laboratory, have held up over 14 months of additional tests.

A description of the achievement, as well as a possible explanation by Sandia consultant Malcolm Haines,

well-known for his work in Z pinches at the Imperial College in London, appeared in the Feb. 24 !Physical

Review Letters.

Sandia is a National Nuclear Security Administration laboratory.

What happened and why?

ZÕs energies in these experiments raised several questions.

First, the radiated x-ray output was as much as four times the expected kinetic energy input.

Ordinarily, in non-nuclear reactions, output energies are less Ñ not greater Ñ than the total input

energies. More energy had to be getting in to balance the books, but from where could it come?

Second, and more unusually, high ion temperatures were sustained after the plasma had stagnated Ñ

that is, after its ions had presumably lost motion and therefore energy and therefore heat Ñ as though

yet again some unknown agent was providing an additional energy source to the ions.

SandiaÕs Z machine normally works like this: 20 million amps of electricity pass through a small core of

vertical tungsten wires #ner than human hairs. The core is about the size of a spool of thread. The wires

dissolve instantly into a cloud of charged particles called a plasma.

The plasma, caught in the grip of the very strong magnetic #eld accompanying the electrical current, is

compressed to the thickness of a pencil lead. This happens very rapidly, at a velocity that would " y a plane

from New York to San Francisco in several seconds.

At that point, the ions and electrons have nowhere further to go. Like a speeding car hitting a brick wall,

they stop suddenly, releasing energy in the form of X-rays that reach temperatures of several million

degrees Ñ the temperature of solar " ares.

The new achievement Ñ temperatures of billions of degrees Ñ was obtained in part by substituting steel

wires in cylindrical arrays 55 mm to 80 mm in diameter for the more typical tungsten wire arrays,

approximately only 20 mm in diameter. The higher velocities achieved over these longer distances were

part of the reason for the higher temperatures.

(The use of steel allowed for detailed spectroscopic measurements of these temperatures impossible to

obtain with tungsten.)

Haines theorized that the rapid conversion of magnetic energy to a very high ion plasma temperature was

achieved by unexpected instabilities at the point of ordinary stagnation: that is, the point at which ions

and electrons should have been unable to travel further. The plasma should have collapsed, its internal

energy radiated away. But for approximately 10 nanoseconds, some unknown energy was still pushing

back against the magnetic #eld.

HainesÕ explanation theorizes that ZÕs magnetic energies create microturbulences that increase the kinetic

energies of ions caught in the #eldÕs grip. Already hot, the extra jolt of kinetic energy then produces

increased heat, as ions and their accompanying electrons release energy through friction-like viscous

mixing even after they should have been exhausted.

High temperatures previously had been assumed to be produced entirely by the kinetic " ight and

intersection of ions and electrons, unaided by accompanying microturbulent #elds.

Z is housed in a " at-roofed building about the size and shape of an aging high-school gymnasium.

This work has already prompted other studies at Sandia and at the University of Nevada at Reno.
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SandiaÕs Z machine exceeds two
billion degrees Kelvin
Temperatures hotter than the interiors of stars
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Z-Pinch in Sandia Labs
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Targets for Inertial Fusion
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4 MJ laser – 192 laser beams 

~  One experiment / week


