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I describe and evaluate the ongoing efforts at taming the H -bomb in a plasma or 
inertial confinement fusion reactor. I show that this serves primarily military 
objectives and explain why I believe that there is minimal chance of a civilian 
application. I argue for return to the search for a novel nuclear sciences path to 
ÆÕÓÉÏÎ ÅÎÅÒÇÙȢ !Ó ÁÎ ÅØÁÍÐÌÅ ÏÆ ÔÈÉÎÇÓ ÔÏ ÃÏÍÅ ) ÄÅÓÃÒÉÂÅ (ÁÎÓ "ÅÔÈÅȭÓ ÃÁÔÁÌÙÔÉÃ 
nuclear fusion cycle powering the heavier (1.3x) Suns recognized by a Nobel Prize in 
Ϋγΰα ×ÉÔÈ ÔÈÅ ÃÉÔÁÔÉÏÎȡ Ή)Î Ô×Ï ÐÁÐÅÒÓ ÉÎ Ϋγέβ ÁÎÄ Ϋγέγ "ÅÔÈÅ ÄÅÓÃÒÉÂÅÄ ȣ Á ÍÏÒÅ 
complex cycle of nuclear reactions in which carbon acts as a catalyst." It is 
remarkable that unlike the H -Bomb the stellar power derives from two different 
(catalytic) reaction chains which do not produce neutrons. I believe that aneutronic 
fusion is the only practical path to civilian fusion energy production. I explain that 
other aneutronic (catalytic) nuclear fusion cycles remain to be explored and/or 
invented. To -wit I will describe requirements for a new beginning in nuclear fusion 
research within an interdisciplinary research program engaging beyond nuclear 
physics other disciplines: plasmonics, high intensity lasers, strong fields, and 
plasma physics. The important role of non equilibrium environments in probable 
civilian application of nuclear fusion will be illustrated by example.

Towards the new beginning of the Nuclear Context of Fusion
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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
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Natural fission reactor
Present 2 billion years ago at Oklo, Gabon in Africa

Man-made fission reactor
Pale Verde Generating 
Station west of Phoenix, AZ
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Nuclear fission is different from nuclear fusion

Fission processes break heavy nuclei (U) apart
Fusion processes transmute light nuclei Ð"O έɻ

Natural fusion reactor
Our Sun

Future man-made fusion

Movie: Passengers (2016)



Ȱ3ÐÁÃÅ ÐÌÁÎÅȱ 

of fusion

There are different nuclear fusion environs 
natural and (planned) manmade

2. Big Bang Nucleosynthesis (BBN) in a 
homogenous thermally equilibrated 
plasma which is dynamic and expands 
over time.
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3. Some larger manmade fusion 
reactors Ȱ(-ÂÏÍÂ ÓÔÙÌÅȱare 
designed to operate for short pulsed 
periods of time.

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

4. Core of this lecture: Can we facilitate nuclear 
fusion via a different path as compared to the 
bomb? Example: Proton -Boron fusion ▬║

We will address the following four areas of nuclear fusion:



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 (Only possible for 
recent stars with recycled ashes)

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.

61



The CNO process 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.

Graphics courtesy 
of Wikipedia 
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Ȱ"ÏÔÔÌÉÎÇ ÔÈÅ 3ÕÎȱ ÉÓ Á ÒÉÃÈ ÄÉÖÅÒÓÅ
ÆÉÅÌÄ ÏÆ ÓÔÕÄÙȢ 3ÅÅ Ϋγΰα .ÏÂÅÌ 0ÒÉÚÅ ÆÏÒ (Ȣ "ÅÔÈÅȭÓ ÃÁÒÂÏÎ-

cycle, an example of catalytic aneutronic fusion

Start!

End!

4 protons and 2 weak decays to 
produce 1 alpha in steady state
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Ȱ#ÏÏËÉÎÇȱ ÈÙÄÒÏÇÅÎ ÉÎ ÃÁÒÂÏÎ 
evaporating helium!

Lesson #1: If you want to work 
on fusion, know how stars burn.

In all these
reactions, notice

there is not a single
free neutron
produced or
consumed.

Triple 



Primary power source of our Sun:
The aneutronic P-P chain

Å We note that both PP and CNO stellar burn processes are 
aneutronic. Another manifestation of the anthropic principle?

Å This process is responsible for most of the energy 
production within our Sun as well as most low-mass stars. 

Å Every alpha produces releases about 27 MeV of energy from 
the binding energy.

Å The PP chain uses both the weak and strong interactions:
Å The very slow weak interaction converts two protons 

in the first step into one deuteron.
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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The proton-proton chain in detail

Graphic courtesy of Wikipedia 
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In all these
reactions, notice

there is not a single 
free neutron produced 

or consumed.

84.9% 15%

0.1%



We are 
working 

on fusion 
here

Particles and Plasmas in the Universe: Making matter and nuclei

Big Bang nucleosynthesis (first fusion)

Supernova element
synthesis (stellar fusion)
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Matter creation

Elementary particle 
creation

CMB

Big 
Bang!

Disappearance of Antimatter
(Reported by Andrew Steinmetz )

A short survey of 
matter -antimatter 
evolution in the 
primordial 
universe

J. Rafelski, J. Birrell , 
A. Steinmetz, C.-T. 
Yang

arXiv: 2305.09055

Key epochs of the Universe
2



The first nuclear burn in the universe:
Big Bang nucleosynthesis

C. Pitrouȟ ÅÔ ÁÌȢ Ή0ÒÅÃÉÓÉÏÎ "".ȣΉ 0ÈÙÓÉÃÓ 2ÅÐÏÒÔÓ αίή ɉάΪΫβɊȡ Ϋ-66.
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Standard burn model

BBN, which begins at 
about 100 seconds age 
of the Universe, has 
neutrons available 
(lifetime of 880 
seconds).

Ὠ ὸ
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BBN is an example of fusion network is 
neither related to the Sun or the weapon.

It would be nice if: BBN would be responsible for the 
generation of the light elements ȟὒὭȟὄȟὄὩwhile 
heavier elements are products of stellar life and death.

The dt weapon and big 
fusion reaction is one of 
many in BBN network

Plasma screening of nuclear dust
(Reported by Chris Grayson )



(Li, B, Be, F, Sc) 
Hard to make and 
may be nuclear burn depleted

Most bound nuclei and thus 
relatively more abundant

Some light elements such as boron or beryllium 
can serve in aneutronic fusion cycle.

U decays faster than 
Th so less abundant.
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Figure adapted and evolved from Wikipedia 

Fission

Fuel for standard 
fission reactors

Fusion
Outcome of BBN and stellar nucleosynthesis

d

p

t

Distribution due to non -equilibrium 
processes. Future equillibrium yields mostly 
nickel and iron ɀin zillions of years, if at all.

Hans Bethe
CNO cycle

H-bomb 
and ITER

Present day nuclear ashes in the Universe
And their role in energy production

3He



Inertial confinement indirect drive fusion
Exact imitation of micro -Nuclear Weapon with high power lasers
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Betti, R., and O. A. Hurricane. "Inertial-confinement 
fusion with lasers." Nature Physics 12.5 (2016): 435-448.

Alternate process 
attempted by NIF, 
Omega and Megajoule

Problems
with tritium and 

neutrons apply to all 
inertial confinement 
and plasma fusion.

Indirect drive Direct drive

Originally envisioned 
with heavy-ions, but 
ultimately developed 
using laser pulses. 

Alert #1: dt-ÆÕÓÉÏÎ ÉÓ ȰÂÏÔÔÌÉÎÇ ÔÈÅ (-ÂÏÍÂȱ

Weapon neutrons
used to breed
tritium from

lithium.
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n
Thermal neutron absorberρτ-Å6neutrons 

(dt process)
ὺ πȢρχσὧ Ὠ ὸO σȢφ-Å6 ὲρτ-Å6
dt-fusion leads to super-fast neutrons and associated problems: Civilian 
nuclear fusion should seek the development for energy use 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.

Ὀ Ὕ

Ὠ
ὸ

MeV energy units: M = million and eV is the kinetic energy a unit charged particle acquires in a 1 Volt step

Trouble with bottling the weapon
Alert #2: dt-fusion creates safety 

concerns and a lot of radioactive waste 

We return to this 
point below
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Fusible materials used and processes occurring in plasma or inertial fusion have little 
relation, if at all, to fusion reactions within our Sun, or in any other stellar object. Maybe 
the purpose of current inertial confinement and/or plasma fusion is to imitate nuclear 
weapons in near equilibrium burn process.
There are large technical problems:
It is commonly believed that civilian fusion programs began before there was adequate 
understanding of the required science and technology. People in charge of developing 
fusion energy are trained in engineering, material science, and management while making 
decisions about yet-to-be understood nuclear technology concepts.

Money flow from US DOE/DOD 
(weapons programs)

All fusion reactor projects (ITER, etcȣɊ 
are not Ȱ"ÏÔÔÌÉÎÇ ÔÈÅ 3ÕÎȱ

7ÅȭÒÅ ÂÏÔÔÌÉÎÇ 
the weapon!

Really?

Alert #3: Do 
not believe 

propaganda.

ITER: Risky project at gigantic 
size with exploding cost.
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The trouble with tritium supply

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

One  1 GW electrical power reactor needs to produce about 
2.8 GW thermal power and this requires ρπ dt-fusions 
per second. Per year this amounts to

which is 160 kg of tritium per year .
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φȢπςρπÔÒÉÔÏÎÓσÇÒÁÍÓ

Cost of artificially made tritium per gram:
$30,000-$300,000

Published in Science
June 24th , 2022

tritium is
radioactive
◄ Ȣ ◐►▼

ITER 
experimental 
burn range

Alert #4: One experimental 
reactor (ITER) burns it all.
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Clery, D. "Out of gas." Science (New 
York, NY) 376.6600 (2022): 1372-1376.

The tritium producing CANDU fission reactors are being shut off.

Today there is not enough tritium 
fuel to initiate one reactor.

Breeding a large excess amount of tritium required in 
growing the dt -fusion economy (with many reactors in a 
large network) is an unsolved problem and a nuclear 
proliferation nightmare.

Published in Science
June 24th , 2022

tritium is
radioactive
◄ Ȣ ◐►▼

ITER 
experimental 
burn range

Insight: The dt nuclear fusion energy economy, 
if technologically realizable, is well beyond a 
100-year horizon.

Ȱ/ÕÔ ÏÆ ÇÁÓȱ ɉÔÒÉÔÉÕÍɊ

Government bets 
were placed on the 
wrong horse.

ΗΰΪ ÂÉÌÌÉÏÎ ÏÎ Ȭ3ÕÎË #ÏÓÔ &ÁÌÌÁÃÙȭ



LULI pB nuclear fusion

Modern nuclear fusion processes occur under nonequilibrium conditions 
with the objective to spark a nano -fusion explosion which is short lived.

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.

Plasmonic nuclear fusion

The nano-sized antenna are 
ȰÅÎÅÒÇÉÚÅÄȱ ÔÏ ÁÎ ÅØÔÒÅÍÅ ÄÅÇÒÅÅ 
by the incident laser and in the 
brief moment before the antenna is 
destroyed, the surface plasmons 
accelerate particles to required 
fusion conditions.

184 Comparing traditional thermal nuclear fusion to 
modern nuclear fusion approaches



Explanation: 7ÈÙ ÃÁÎȬÔ ×Å ÂÕÒÎ ÂÏÒÏÎ ÉÎ Á ÓÔÅÁÄÙ ÓÔÁÔÅ ÔÈÅÒÍÁÌ ÒÅÁÃÔÏÒȩ

Deuterium -tritium (dt) 
heavy hydrogen fusion

ᴼ ♪

Heating
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Most advanced fuels (such as boron) do not allow steady state 
thermal fusion because of fusion output versus radiation loss.

Ὀ Ὕ

Ὠ
ὸ

ὄ ὴO σ ὌὩ ρφ-Å6

Non -equilibrium 
required

Lesson #2: Currently investigated modern 
fusion requires non-equilibrium processes.

Comparing neutronic and 
aneutronic fusion



Other catalytic 
nuclear fusion cycles 
remain to be invented 
hopefully allowing us 
to put fusion energy 

on the tabletop.
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Muon catalysed fusion of nuclei with Z>1, D Harley et al (1990) J. Phys. G: Nucl. Part. Phys. 16 (2) p281 https://doi.org/10.1088/0954-3899/16/2/017

Lesson #3: There are many possible 
nuclear reactions and zillions of cycles.

Lots of cooking recipes to be discovered.

pB is
just 
one

example

Incomplete look at a list of 
light element fusion reactions

This list was prepared for 
cycles relevant to muon 
catalyzed fusion. But 
many more cycles are 
likely to exist requiring 
imagination outside the 
examples nature provides.

Lesson #4: We need 
more nuclear physicists.

https://doi.org/10.1088/0954-3899/16/2/017


21/37Nuclear physics research continues:
Research towards pB fusion The work 

continues 
today!

ὴ �í�ì�� ᴼ �ó���� 

Modern nuclear data acquired 10 years ago
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