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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 
fusion energy. As an example of things to come I describe Hans Bethe’s catalytic 
nuclear fusion cycle powering the heavier (1.3x) Suns recognized by a Nobel Prize in 
1967 with the citation: "In two papers in 1938 and 1939 Bethe described … a more 
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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• 1973: PhD from Frankfurt University with 
specialty in theoretical nuclear physics

• 1978, 1985 – 1992: Muon-catalyzed fusion
• 2011 – 2015: 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 (pB → 3α)

Natural fusion reactor
Our Sun

Future man-made fusion

Movie: Passengers (2016)



“Space plane” 

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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(𝝁𝑪𝑭) = Muon-catalyzed fusion
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3. Some larger manmade fusion 
reactors “H-bomb style” are 
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 (𝒑𝑩)

We will address the following four areas of nuclear fusion:



The fusion reactor powering the solar system

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

(CNO) cycle (Only possible for 
recent stars with recycled ashes)

• Gravity provides the confining force 
which balances the explosive 
radiative pressure.

• It produces 3.8 × 1026 W and has 
been continuously running for 4.6 
billion years.

• The Earth is habitable by the grace 
of our “local” 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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“Bottling the Sun” is a rich diverse
field of study. See 1967 Nobel Prize for H. Bethe’s carbon-

cycle, an example of catalytic aneutronic fusion

Start!

End!

4 protons and 2 weak decays to 
produce 1 alpha in steady state

𝐝
𝐞
𝐥𝐚
𝐲
𝚫
𝐭
≈
𝟐
𝐦
𝐢𝐧

𝐝
𝐞
𝐲
𝐥𝐚
𝐲
𝚫
𝐭
≈
𝟏
𝟎
𝐦
𝐢𝐧

“Cooking” hydrogen in carbon 
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 𝛼



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

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

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

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

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

in the first step into one deuteron.
• 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. Pitrou, et al. "Precision BBN…" Physics Reports 754 (2018): 1-66.
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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).

𝑑 𝑡

(d

(d

(d

(d

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 (𝛼, 𝐿𝑖, 𝐵, 𝐵𝑒) while 
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 – in 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-fusion is “bottling the H-bomb”

Weapon neutrons
used to breed
tritium from

lithium.

3



n
Thermal neutron absorber14 MeV neutrons 

(dt process)
𝑣𝑛 = 0.173𝑐 𝑑 + 𝑡 → 𝛼 3.6 MeV + 𝑛 14 MeV
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.

𝑚𝑛𝑐
2 = 940 MeV
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Appelbe, B., and J. Chittenden. "Relativistically correct DD and 
DT neutron spectra." High Energy Density Physics 11 (2014): 30-35.

= 𝐷 = 𝑇

= 𝑑
= 𝑡

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, etc…) 
are not “Bottling the Sun”

We’re bottling 
the weapon!

Really?

Alert #3: Do 
not believe 

propaganda.

ITER: Risky project at gigantic 
size with exploding cost.



16

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 1021 dt-fusions 
per second. Per year this amounts to

which is 160 kg of tritium per year.

W = VA = 6.24 × 1018 eV/s

𝐴 =
𝐶

𝑠
= 6.24 × 1018

electrons

second

# of fusions to produce 1 W =
6.24 × 1018

eV
s

17.6 MeV

𝟏𝐖 ෝ= 𝟑. 𝟓𝟓 × 𝟏𝟎𝟏𝟏
𝐝𝐭 𝐟𝐮𝐬𝐢𝐨𝐧𝐬

𝐬𝐞𝐜𝐨𝐧𝐝

# of fusion to run a reactor for 1 year = 3.15 × 1028

6.02 × 1023 tritons ෝ= 3 grams

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

Published in Science
June 24th, 2022

tritium is
radioactive
𝒕𝟏
𝟐

= 𝟏𝟐. 𝟑𝟐 𝒚𝒓𝒔

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
𝒕𝟏
𝟐

= 𝟏𝟐. 𝟑𝟐 𝒚𝒓𝒔

ITER 
experimental 
burn range

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

“Out of gas” (tritium)

Government bets 
were placed on the 
wrong horse.

$60 billion on ‘Sunk Cost Fallacy’



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 
“energized” to an extreme degree 
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: Why can‘t we burn boron in a steady state thermal reactor?

Deuterium-tritium (dt) 
heavy hydrogen fusion

→ 𝟑𝜶

Heating

19

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

= 𝐷 = 𝑇

= 𝑑
= 𝑡

5
11𝐵 + 𝑝 → 3 × 2

4𝐻𝑒 + 16 MeV

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.

20

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!

𝑝 + 10B → 7Be+ 𝛼0

Modern nuclear data acquired 10 years ago

𝑝 + 10B → 7Be∗ + 𝛼1

7Be∗



S-factor helps isolate the impact of tunneling
22

𝝈

𝑺

𝑆 𝐸 = 𝐸𝑒2𝜋𝜂𝜎 𝐸

𝜂 =
𝑍1𝑍2𝑒

2

4𝜋𝜖0ℏ𝑣
=
𝑍1𝑍2𝛼

𝛽

Sommerfeld tunneling factor:

Cvetinović, Aleksandra. Doctoral Thesis. Diss. Univerza v Ljubljani, Fakulteta za matematiko in fiziko, 2015.

S-Factor:

Sommerfeld tunneling 
factor and its screening.

Work 1 year ago



The status of p + 5
10𝐵 today

23

∗
(0.4291 MeV)

𝐸𝛼 =
7

11
(1.15 MeV)

𝐸𝛼 =
7

11
(0.7 MeV)

The signature of light element fusion 
is high energy 𝛼 production.

Wiescher M, deBoer RJ and Görres J (2022), Front. 

Phys. 10:1009489. doi: 10.3389/fphy.2022.1009489

This is the lowest resonance of them all at 10 keV.

Resonance 10 keV

Resonance 10 keV



Explanation of resonance transmutation of 𝑝 + 5
10𝐵 → 4

7𝐵𝑒 + 𝛼 + (1.15 MeV)
24

Carbon-11 is called the 
compound nucleus and defines 
the zero-point of energy.

Most likely outcome of these transition 
processes because to reach the compound 
nucleus requires gamma emissions.

𝑺

Threshold resonance

Energy gain is 8.6896 – 7.543 MeV ~ 1.1 MeV

𝑬 = 𝟎

Natural screening in thin target 
(no target is free of electrons)

Fake effect, consequence of definition and not “real.”

Exceptionally 
strong resonance

𝟏𝟗𝟗𝟑



LULI Experiment

Proton beam formation

Plasma formation

Exploration of 
𝑝 5
11𝐵 fusion

From JR lecture at Duke University May 7, 2013

Labaune, C., et al. "Fusion reactions initiated by laser-accelerated particle beams 
in a laser-produced plasma." Nature Communications 4.1 (2013): 2506.

25



1. Chain of sustained 
reactions: Micro-explosions.

2. Boron-nitrides forms 
Buckyball nanostructures 
akin to C60

3. Change of fuel, but 
otherwise same two-laser 
process.

26

First exploration 
of boron-nitride 
catalytic cycle

BN



Jan. 2022

The experimental progress in pB fusion measured in terms of 𝛼 production

BN

BN

27

Laser Contrast Ratio: 𝑅 =
𝑃𝑢𝑙𝑠𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑃𝑟𝑒𝑝𝑢𝑙𝑠𝑒/𝑝𝑒𝑑𝑒𝑠𝑡𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑖𝑡𝑦

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

LULI method



Plasmonic fusion
28



Antennas for light invented in ancient Imperial Rome

A nano-sized piece of metal can be viewed as a box trapping free electron plasma. The 
domain of physics describing how light interacts with metallic nano-structures 
embedded in an insulator is called plasmonics. Extreme daily light absorption 
properties of metallic nano particles have been empirically recognized and used in 
medieval stained glass (see e.g. The Grande Rose of the Chartres Cathedral); and in 
precious objects made of glass during the Roman era (e.g. Lycurgus drinking cup).

29



A new beginning: Coherent light antenna response: Surface 
electro-magnetic fields 1000-fold (in numerical model) amplified 

Definition of plasmonic fusion: Commercially available femto-sec 10’s of mJ high 
contrast lasers excite surface plasmons in dielectrics which accelerate protons to 
100’s of keV energies. Screening of electrons and acceleration of protons to fascilitate 
fusion processes.

30

Plasmons are coherent 
excitations which requires sub-
picosecond laser pulses.

Laser energy is focused to sub-
diffraction limit by nano-
antennas.

Nanoparticles act as resonant 
antennas working at a fraction of 
the incident light‘s wavelength.

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

See lectures by: Norbert Kroó, Laszlo Csernai, Tamas Biro, and Istvan Papp

Dielectric: E.g. UDMA/TEGDMA 
(contains CNO and lots of H)
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Light antenna energy concentration helps 
reduce contrast requirement



Remarks about plasmonic fusion: It’s hard to make deuterons in UDMA/TEGDMA

All reactions to generate deuteron are strongly endothermic for example:

Compound 
nucleus

Compound nucleus

𝑝 +13 𝐶 → 𝑑 +12 𝐶 + (−2.7 MeV)𝑝 +15 𝑁 → 𝑑 +14 𝑁 + (−8.5 MeV)

32



Beyond boron, another plasmonic opportunity:

Highly active mono-isotope 
element due to the extra 
neutron.

Nuclear chemistry quickly 
becomes very complicated! Even 
among the lighter elements, the 
number of possible reactions can 
be large.

Fluorine 9
19
𝐹 has 

many resonances 
to explore

𝟏𝟗𝟗𝟖

𝟐𝟎𝟎𝟎

Very strong 
resonances

33



The real future of
civilian nuclear fusion

34

Searching to implement fusion, we need:
1. An abundant fuel (anything but tritium)

2. High contrast lasers: A non-

equilibrium aneutronic process

3. Plasmonics: Enhances nuclear fusion 

reaction environ (coherence & screening)

4. Nuclear physics: Identify/invent the 

right (catalytic) nuclear fusion cycle

Loose ideas for a proposal to create a 
future fusion program

Thank you for your attention!

Johann Rafelski

I thank Andrew Steinmetz for interest in, and 
kind assistance with preparation of this talk.

We have to encourage interdisciplinary research 
into novel nuclear fusion synergies between strong 
fields, plasma properties, nuclear theory,& 
plasmonics.
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Appendix A: A very optimistic knowledge 
based view about the origin of elements

Johnson, J. A. "Populating the periodic table: Nucleosynthesis of the elements." Science 363.6426 (2019): 474-478.



J.D. Jackson reminisces in 2010: “Luis 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 calculations.”

Appendix B: Muon-catalyzed fusion
36

Jackson, J.D. A Personal Adventure in Muon-Catalyzed Fusion. Phys. Perspect. 12, 74–88 (2010). https://doi.org/10.1007/s00016-009-0006-9

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



Muon-catalyzed fusion (𝜇𝐶𝐹) cycle

The physics breakeven point for 𝒅𝒕𝝁
cycle was achieved around 1988.

The muon is the catalyzer for dt-fusion 
allowing a single muon to facilitate many 
fusion events.

37

• The muon is a heavy electron with 207 times 
more mass therefore muonic atoms are shrunk 
by a factor of 207.

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

• For 𝑑𝑡𝜇+ molecules, the fusion rate is a million 
times faster than the natural decay of the muon.

• The greatest challenge to 𝜇𝐶𝐹 is 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.



2011
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Appendix C: Fusion in space travel



Appendix D: 
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: 𝑅 =
𝑃𝑢𝑙𝑠𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝑃𝑟𝑒𝑝𝑢𝑙𝑠𝑒/𝑝𝑒𝑑𝑒𝑠𝑡𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑖𝑡𝑦

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.

39



Laser driven aneutronic
proton-boron fusion

Patent

40

Belyaev, V.S.; et al. (2005). "Observation of 
neutronless fusion 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
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3
6𝐿𝑖 + 𝑛 → 2

4𝐻𝑒 2.05 MeV + 1
3𝑡 2.75 MeV + 4.80 MeV

3
7𝐿𝑖 + 𝑛 → 2

4𝐻𝑒 + 1
3𝑡 + 𝑛 − 2.466 MeV

LiD Sakharov thermonuclear fusion bomb reaction

Minor side-reactions with tritium and deuterium

1
2𝑑 + 1

3𝑡 → 2
4𝐻𝑒 3.56 MeV + 𝑛 14.03 MeV

1
3𝑡 + 1

3𝑡 → 2
4𝐻𝑒 + 𝑛 + 𝑛 11.33 MeV

The mechanism to trigger a fusion bomb:

𝑃𝑜 → 𝛼 + 𝑋

𝛼 + 𝐵𝑒 → 𝑛 + 3𝛼

Trigger Po fission

Trigger LiD/U fusion/fission

Giga-scale fusion patterned after the bomb

Appendix E: Comparison of dt-fusion power to fusion weapon reactions
(all public information)
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