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Abstract
Nuclear fusion energy powers the Sun. The objective of harnessing this abundantly 
available potentially non-radioactive source of energy on Earth has widespread interest.  
However, the zeroth-generation large ITER plasma fusion reactor under construction 
requires nuclear-weapon tritium cycle generating high energy neutrons.

My personal research interests are focused on fusion concepts relying on alternative light
isotope nuclear reaction cycles that sidestep the equilibrium plasma conditions which are beyond
near-future technology reach. In this talk I will discuss:nuclear fusion in general; highlight
ITER at cross-roads; and introduce: Muon catalyzed nuclear fusion; Laser driven proton
acceleration used to spark micro-explosion fusion; and laser driven coherent plasmon field
induced fusion. The three modern high techapproaches are world-wide under active study
supported by both private and government sponsored research programs.
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My fusion credentials

Å 1973: PhD from Frankfurt University with 
specialty in theoretical nuclear physics

Å 1978, 1985 ɀ1992: Muon-catalyzed fusion
Å 2011 ɀ2015: pB fusion and lasers
Å 2021 ɀpresent: Moving into plasmonic fusion
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There are many different fusion reactors 
natural and (planned) manmade

We can change the type of nuclear 
fusion fuel used and method of 
confinement e.g. replacing gravity 
force with magnetic fields. Result: 
Development of deuterium-tritium 
fusion reactor for past 70 years. 
This is like the evolution of the 
chariot (1,000s of years).

Can we facilitate nuclear fusion via a different path as compared to 
early Universe Big Bang nucleosynthesis (BBN) or stellar core reactors?

We can change the 
mechanism and 
process entirely by 
using lasers, 
plasmonics and 
light elements and 
their isotopes. 
Transport without 
wheels (200 years).

What can we change?
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Only one exists
Thousands will 

be built
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of fusion

There are many different fusion reactors 
natural and (planned) manmade

Can we facilitate nuclear fusion via a different path as compared to 
early Universe Big Bang nucleosynthesis (BBN) or stellar core reactors?

Å BBN in a homogenous thermally 
equilibrated plasma which is 
dynamic and expands over time.

Å Most stellar nucleosynthesis is an 
equilibrium process which is 
continuous and stable over large 
periods of time.

Å Some larger manmade fusion 
reactors are designed to operate 
for short pulsed periods of time.
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Part II:
Short overview of natural fusion reactors

Recommended introductory reading on nuclear processes in astronomy 
and cosmology. Published in 1988, so not entirely up to date.
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The fusion reactor powering the solar system

Å The Sun produces energy by 
converting hydrogen into helium -4. 
Two processes are well known:
Å Proton-Proton (PP) chain
Å Carbon-Nitrogen-Oxygen 

(CNO) cycle
Å Gravity provides the confining force 

which balances the explosive 
radiative pressure.

Å It produces σȢψ ρπ7and has 
been continuously running for 4.6 
billion years.

Å The Earth is habitable by the grace 
ÏÆ ÏÕÒ ȰÌÏÃÁÌȱ stable Solar core 
fusion nuclear reactor.

Solar Fusion Reactor

The sun is primarily made up of primordial hydrogen and helium.
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Primary power source of our Sun:
The proton-proton chain
Å This process is responsible for most of the energy 

production within the Sun as well as most low-mass 
stars. 

Å Every alpha produces releases about 14 MeV of 
energy from the binding energy per nucleon.

Å The PP chain uses both the weak and strong 
interactions:
Å The weak interaction in the first step converts 

protons into deuterons.
Å The strong interaction then accomplishes the 

second and third steps to make intermediate 
helium-3 and finally the product helium-4.

Graphic courtesy of Wikipedia 
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Secondary power source of our Sun:
The CNO cycle

The CNO process is more important for 
massive stars and overtakes the PP chain for 
stars above 1.3 solar masses.

The CNO cycle is 
responsible for 
1.7% of helium-4 
production within 
the Sun.

The fusion process is fuel, catalyst, 
and environment (P,T) sensitive.

Lesson for laboratory fusion!Graphics courtesy of Wikipedia 
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The first nuclear burn in the universe:
Big Bang nucleosynthesis

BBN is responsible for the generation of the light 
elements in the early Universe while
heavy elements are products of stellar evolution.

C. Pitrou, et al. "Precision big bang nucleosynthesis with improved Helium-4 predictions." Physics Reports 754 (2018): 1-66.
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Standard burn model



The abundance of elements is the outcome of 
BBN and stellar nucleosynthesis

Hard to make and 
nuclear burn depleted

Most bound nuclei and thus 
relatively more abundant

The light elements of lithium, boron and beryllium are suitable for aneutronic fusion.

U decays faster than 
Th so less abundant.
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Figure courtesy of Wikipedia 



Part III: Manmade fusion awakening

$100 
Billion

$100 
Million

$10 
Million

╩

Dozens of government and commercial projects and companies are all chasing fusion.

Every month a new fusion 
startup pops up and asks for half 
a billion. The appetite is growing.

Governments are also 
recognizing modern fusion as a 
strategic investment opportunity.

August 2022
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Oct. 2007



ITER = International Thermonuclear Experimental Reactor

III -A: ITER is a $70 billion experiment: Start 2050?
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French Nobel laureate Pierre-Gilles de Gennes: Ȱ4ÈÅ 
ITER project has been supported by Brussels for 
ÐÏÌÉÔÉÃÁÌ ÉÍÁÇÅ ÒÅÁÓÏÎÓ ÁÎÄ ÔÈÉÓ ÉÓ Á ÍÉÓÔÁËÅȢȱ

Another French Nobel laureate Georges 
Charpak: Ȱ,ÅÔȭÓ ÓÔÏÐ )4%2ȟ ÔÈÅ ÕÓÅÌÅÓÓ 
ÁÎÄ ÏÖÅÒÐÒÉÃÅÄ ÒÅÁÃÔÏÒȢȱ

Claessens, M. (2020). Those Who Are Against ITER. In: ITER: The Giant Fusion Reactor. Copernicus, Cham. https://doi.org/10.1007/978-3-030-27581-5_7
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What others are saying about ITER

ITER



The success or failure of DT based nuclear 
ÆÕÓÉÏÎ ÒÅÓÉÄÅÓ ÉÎ ÔÈÅ ÒÅÁÃÔÏÒȭÓ ÁÂÉÌÉÔÙ ÔÏ ÓÁÆÅÌÙ 
absorb the hard neutron radiation and self-
produce its own fuel tritium.
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Unsolved DT fusion 
problems

Kovari M, et al. PROCESS: a systems code 
for fusion power plantsɂpart 2: 
engineering, Fusion Eng Des 2016; 104:9ɀ20.

Where are we going to get all the tritium? (slide to follow)



DT fusion safety and radioactive waste

n
Thermal neutron absorber

ρτ-Å6neutrons 
(dt process)
ὺ πȢρχσὧ

Ὠ ὸO ‌σȢφ-Å6 ὲρτ-Å6
DT fusion leads to super-fast neutrons and associated problems: My 
objective today is the development of aneutronic fusion in a dynamic 
regime i.e. non-thermal equilibrium, forbidden by brems-losses.

ά ὧ ωτπ-Å6
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Appelbe, B., and J. Chittenden. "Relativistically correct DD and 
DT neutron spectra." High Energy Density Physics 11 (2014): 30-35.
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The trouble with dt -14 MeV neutrons
The collision cross-section of 14 MeV neutrons in matter 
is typically 10 times (or more!) smaller compared to MeV 
neutrons. Therefore, the neutron energy declines slowly 
from collisions (moderation). Containment walls must 
then be very thick. Much of the material is subject to 
element transmutation from exposure to such high 
energy and high intensity dt fusion neutrons.

Since 80% of fusion energy is released in the form of 14 
MeV neutrons, the containment vessel is both the 
source of energy to drive the turbines and the source of 
tritium needed for fusion from element transmutation.

In aneutronic systems ( e.g. pB), neutrons 
carry a fraction of a percent of the total 
energy and material for fusion can be mined.
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The trouble with tritium supply
One  1 GW electrical power reactor needs to produce about 
2.8 GW of thermal power and burns 160 kg of tritium per 
year.

Clery, D. "Out of gas." Science (New 
York, NY) 376.6600 (2022): 1372-1376.

A dt-cycle fusion plant must produce tritium from the 
high flux of neutrons. The dt-fusion economy would need 
to be grown slowly into many reactors which is at risk from 
fuel disruption because of the natural decay of tritium.

Conclusion: The dt-fusion economy, if technologically 
realizable, is well beyond a 100-year horizon. With 
technological advances in aneutronic fusion, the chance 
that the dt -fusion economy will be relevant is negligible.

Is there enough tritium fuel 
to run just one reactor?

Breeding the excess amount of tritium 
required to grow the dt -fusion economy is 
an unsolved problem.

Published 
June 24th , 2022



Part III -B: Inertial confinement fusion
19

Betti, R., and O. A. Hurricane. "Inertial-confinement 
fusion with lasers." Nature Physics 12.5 (2016): 435-448.

Process used by NIF, 
Omega and Megajoule

Reminder: All 
problems with 
tritium and neutrons 
also apply to inertial 
confinement fusion.



Unstable processwhich must be continuously 
repeated and yet is intrinsically difficult to repeat. 
This is a hard conundrum to solve.

Personal point of view: Direct drive inertial 
confinement laser fusion unsuitable for any 
meaningful power generation. It is useful for a 
femto-version of an H-bomb.
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Tollefson, Jeff. "Exclusive: Laser-fusion facility heads back to the drawing 
board." Nature 608.7921 (2022): 20-21.

Published 
July 22nd , 2022



J.D. JacksonÒÅÍÉÎÉÓÃÅÓ ÉÎ άΪΫΪȡ ȰLuis Alvarez and colleagues discovered muon-catalyzed 
fusion of hydrogen isotopes by chance in late 1956. On sabbatical leave at Princeton 
University during that year, I read the first public announcement of the discovery at the end 
of December in that well-known scientific journal, The New York Times. A nuclear theorist 
by prior training, I was intrigued enough in the phenomenon to begin some calculationsȢȱ

Part III -C:
Muon-catalyzed fusion
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Jackson, J.D. A Personal Adventure in Muon-Catalyzed Fusion. Phys. Perspect. 12, 74ɀ88 (2010). https://doi.org/10.1007/s00016-009-0006-9



Different ‘ὅὊhydrogen fusion processes
Here are all the muon-catalyzed fusion processes with hydrogen, but only 
the dt-fusion processes can be cycled many hundreds of times per muon. 

Ⱨ

Ⱨ

Ⱨ

Ⱨ

Ⱨ
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Muon-catalyzed fusion ‘ὅὊ
Å The muon is a heavy electron with 207 

times more mass therefore muonic atoms 
are shrunk by a factor of 207.

Å Muonic molecules of hydrogen are then also 
shrunk which allows rapid spontaneous 
fusion at any temperature and pressure.

Å For Ὠὸ‘ molecules, the fusion rate is a 
million times faster than the natural decay 
of the muon.

Å The greatest challenge to ‘ὅὊis the loss of 
the muon due to binding with the produced 
alpha particles. This limits the number of 
observed fusions to about 200 per muon.

The physics breakeven point for 
▀◄Ⱨcycle was achieved around 1988.

The muon is the catalyzer for dt -fusion 
allowing a single muon to facilitate many 
fusion events.
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Search for 
aneutronic Ⱨ╒╕
All possible light 
element fusion 

reactions

Much work can still be 
done in this field! 
Resonant mesomolecular
processes would need to 
be discovered.
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Part III -D:
Laser driven aneutronic 

proton-boron fusion

Patent
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Belyaev, V.S.; et al. (2005). "Observation of 
neutronlessfusion reactions in picosecond 
laser plasmas". Physical Review E. 72 (2): 
026406. doi:10.1103/physreve.72.026406

Two-laser process
Aneutronic fusion reactions require a spark of protons in the  0.01-1 MeV energy range



A mJfemtosecond laser is 
capable of producing
reactant protons for fusion
For any aneutronic fusion 
process, cheap and abundant 
MeV scale protons are essential.
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Two-laser  
pB process

The long-pulsed nano-laser 
produces plasma and sweeps 
electrons away.

The short-pulsed pico-laser 
produces a beam of reactant 
protons. Fusion reactions 
occur prior to protons 
reaching thermal equilibrium.

Laser Contrast Ratio:Ὑ
Ⱦ

The laser contrast ratio is a crucial parameter 
in achieving laser-driven nuclear fusion.

Alternative short 
pulse lasers are milli -
Joule femto -second 
level for same effect.
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Jan. 2022

The experimental progress in pB fusion measured in terms of ‌production

BN

BN
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Why 
boron-nitride?

1. Chain of sustained 
reactions: Micro-explosions.

2. Boron-nitrides forms 
Buckyball nanostructures 
akin to #

3. Change of fuel, but 
otherwise same two-laser 
process.
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Part III -E:
Plasmonic fusion
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Surface electro-magnetic fields 
1000-fold (in numerical model) amplified 

Nanoparticles act as 
resonant antennas 
working at a fraction of 
ÔÈÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔȬÓ 
wavelength.

Resonance wavelength is 
determined by the 
electron density and 
geometry of the 
antenna.

Plasmon coherent 
dynamics lifespan 
requires sub-picosecond 
laser pulses.

Commercially available femto -sec mJ lasers can excite 
surface plasmons in dielectrics which can accelerate 
protons to MeV energies.
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The NAPlife plasmonic fusion project
UDMA polymer with resonant gold nano-rods 

Gold nano-rods embedded in polymer matrix:
Transmission electron microscope image; 
insert shows actual nano-rods

Actual absorption curve for nano composites 
measured by optical spectroscopy. The 
absorption peak is tuned to resonate with laser 
wavelength at 795 nm
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