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We are 
working 

on fusion 
here

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

Direct observational 
cosmology begins here

Big Bang!

Big 

unknown!

QGP

𝒆+𝒆−

plasma
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The great free 𝝂
streaming desert

𝒆+𝒆−
plasma

+ 𝝂ഥ𝝂
plasma

Hadron 

plasma epoch

𝑸𝑮𝑷
plasma

Observational 

cosmology

Dark Energy

Optically opaque

A quick look at the Universe’s composition 
Hadronization

Recombination

Free streaming 𝜸 (CMB)

Neutrino 

freeze-out

BBN 

epoch
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Choice of Zimanyi School 2022 lecture material
1. Universe evolution
2. Connecting new phases of matter in the laboratory & Universe
3. Baryons in the Universe
4. Strangeness epochs in the Universe
5. Muon abundance is the doorway to Kaons
6. Kinetic theory of hadronic strangeness
• Special topic: Heavy quarks
7. Neutrino freeze-out in the Early Universe
8. Big Bang Nucleosynthesis (BBN) epoch
9. Fusion energy for mankind

o Natural fusion
o Brute force & clever paths to manmade fusion
o Tabletop approaches to fusion

• Muon-catalyzed fusion
• Two beam pB-laser fusion
• Antennas for light – plasmonic fusion 

10. Moving nuclei in non-relativistic electron-positron plasma 

Quantum 
jump to 
slide 40



Module 1: Universe evolution
Basis of ΛCDM

Einstein’s Λ plus cold dark matter plus FLRW metric.
The Friedman-Lemaître-Robertson-Walker (FLRW) metric is given by: 

The universe’s evolution is described by the Einstein Field Equations (EFE)

diag 𝑔𝜇𝜈 = 1,−𝑎2 𝑡 , −𝑎2 𝑡 , −𝑎2 𝑡

ℛ𝜇𝜈 −
1

2
𝑔𝜇𝜈ℛ + Λv𝑔𝜇𝜈 = 8𝜋𝑇𝜇𝜈

In a perfectly homogenous isotropic universe, the FLRW metric is a solution 
of the Einstein Field Equations. Under the FLRW assumptions, the EFE 
reduce to two dynamical equations:

diag 𝑇𝜇𝜈 = 𝜌, 𝑃, 𝑃, 𝑃

Λ

3
+
8𝜋𝐺
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𝑎2
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3
𝜌 + 3𝑃 =

ሷ𝑎

𝑎
= −𝑞𝐻2

𝐻 ≡
ሶ𝑎

𝑎

𝑞 ≡ −
𝑎 ሷ𝑎

ሶ𝑎2
= −

1
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Λ
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−Λ
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3
𝜌

For most of the Universe’s 
history, the primary driver of 
expansion was energy density.
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Hubble parameter

Deceleration parameter

Relation of Dark 
Energy to Lambda

From particle data group, the 

Hubble constant today :



An important nuance A: 
Deceleration parameter 

The deceleration (or acceleration) of the universe’s expansion is 
written in terms of the second derivative of the expansion 
coefficient. Using the Friedman equations, this can also be written 
as:

𝑞 =
1

2
1 +

3𝑃

𝜌
1 +

𝑘

ሶ𝑎2
− 1 +

𝑃

𝜌

Λ

𝐻2

Universes with different energy content types results in different q values:

• Radiation dominated universe: 𝑷 = 𝝆/𝟑 ⇒ 𝒒 = 𝟏

• Matter dominated universe: 𝑷 ≪ 𝝆 ⇒ 𝒒 = 𝟏/𝟐

• Dark energy (𝚲) dominated universe:  𝑷 = −𝝆 ⇒ 𝒒 = −𝟏
Today evolving into a Dark Energy dominated accelerating universe!

7

Λ

3
+
8𝜋𝐺
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𝑎2
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𝜌 + 3𝑃 =
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𝑎
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Solve for constant and set two equations as equal.

This provides an expression for 
𝒒 in terms of 𝑯, 𝝆, 𝒂𝒏𝒅 𝑷.
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Hubble parameter

Deceleration parameter

Relation of Dark 
Energy to Lambda



• This is traditional freeze-out:
Rate of production become slower than the rate of Universe expansion.

• The case of muons is different:
Muons decoupling from the primordial plasma is driven by the production process 
slowing down at low temperature and not being able to keep up with decay of muons.

• Neutrinos, however, freeze-out very slowly because of the weakness of the interaction:
a. Neutrinos do not decay unlike muons, pions, etc… 
b. The chemical (abundance) and kinetic (equi-distribution of energy) feezes out nearly 

at same temperature. 𝑇 = 3 ± 1 MeV

• Exceptional case of pions:
The production 𝛾𝛾 → 𝜋0 is faster than the expansion of Universe, and all pions remain in 
full thermal equilibrium. I. Kuznetsova,  D.Habs and J.Rafelski Phys. Rev. D 78, 014027 (2008)

In cosmology, freeze-out refers to the epoch where a given type of particle ceases to 
interact with other particles as the Universe expands:

An important nuance B:
Freeze-out & non-equilibrium in a dynamic Universe
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The total relaxation time
Lifespan of muon

Muon abundance thus disappears as soon as a decay rate crosses the dominant 
production rate. Where this happen depend on temperature. Duration of 
reaction depends on the momentary value of H.

Width of freeze-out temperature interval

𝜏𝑎𝑏→𝑐 = 𝜏𝑐→𝑎𝑏 < 1/𝐻

J. Rafelski and C.T. Yang, Acta Phys. Polon. B 52, 277 (2021)

J.Birrell, C.T.Yang and J.Rafelski,  Nucl. Phys. B  890, 481-517 (2014)



• PROBING OVER A ‘LARGE’ DISTANCE THE (DE)CONFINING QUANTUM VACUUM STRUCTURE
The quantum vacuum, the present day relativistic æther, determines prevailing form of matter 
and laws of nature.

• STUDY OF THE ORIGIN OF MATTER & OF MASS
Matter and antimatter created when QGP ‘hadronizes’. Mass of matter originates in the 
confining vacuum structure.

Module 2: Connecting new phases of matter in the 
laboratory and in the Universe

• RECREATE THE EARLY UNIVERSE IN LABORATORY
Recreate and understand the high energy density conditions prevailing in the Universe when 
matter formed from elementary degrees of freedom (quarks, gluons) at about 20μs after the 
Big-Bang.

• PROBE ORIGIN OF FLAVOR
Normal matter made of first flavor family (d, u, e, [νe]). Strangeness-rich quark-gluon plasma 
the sole laboratory environment filled ‘to the rim’ with 2nd family matter (s, c, [μ, νμ ])). and 
considerable abundance of b and even t.

• PROBE STRONGEST FORCES IN THE UNIVERSE
For a short-times the relativistic approach and separation of large charges Ze ↔ Ze generates 
EM fields 1000s time stronger than those in Magnetars; strong fields=strong force=strong 
acceleration 9



Lorentz 

contracted 

nuclei collide.

Newly created 

matter
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• Matter we see in the 
Universe today is Family I.

• Early Universe had every-
thing in the particle soup.

• Heavy-ion collisions allow 
all three families to appear.

Quark Universe 
in the laboratory

Hadron Universe 
in the laboratory

Ongoing experiments 
utilize Lorentz gamma 
of 5-5,000 today.

Just after initial collision, hot primordial 

plasma forms (recreating early Universe)

I.   II.   III.

Melting Hadrons,
Boiling Quarks

Rolf Hagedorn



J. Rafelski and C.T. Yang, Acta Phys. Polon. B 52, 277 (2021)I. Kuznetsova, etc.  Phys. Rev. D 78, 014027 (2008)

Particle input in adiabatic expansion Comoving entropy 
density in universe:

Hubble parameter:
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Rises to 𝑔 ~ 108 in QGP
(See PDG 2022)

Pions remain always remain in chemical equilibrium, muons disappear at 4-5 MeV.

Const. = 𝑠𝑎3 =
𝜌 + 𝑃

𝑇
− 

𝑖

𝜇𝑖
𝑇
𝑛𝑖 𝑎3 ≡

2𝜋2

45
𝑔∗
𝑠𝑇3𝑎3

Gluons : 𝑔
Quarks : 𝑢, 𝑑, 𝑠, 𝑐, 𝑏, 𝑡
Weak bosons : 𝑊±, 𝑍130 GeV > 

T > 150 MeV

150 MeV >
T > 5 MeV

Heavy leptons : 𝜏±
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Evaporation-recombination formation of complex rarely produced (multi)exotic 
flavor (anti)particles from QGP is a key QGP property leading to abundant 
production of flavored (strange, charm, bottom) (anti)baryons progressing with 
‘exotic’ flavor content.

Cooking flavors, forming hadrons

Berndt Muller, Peter Koch, and JR

30 years after: Phys.Rept. 88 (1982) p331.
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Module 3: Baryons in the Universe
Asymmetry in the Universe 𝒏𝑩 ≠ 𝟎; 𝒏𝑩 + 𝒏𝒍 = 𝟎:
Quark chemical potentials near hadronization
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Three constraints
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phase 
transformation

2002 input data:
Changes nearly within the 

error bars and hardly visible

Chemical potential created by baryon asymmetry



• Considering the Universe evolves adiabatically, we have constant baryon-per-
entropy ratio, i.e.

• As long as strong interactions dominate production of strangeness the evolution of 
baryon and strangeness chemical potentials is constrained by                      , we have

Jean Letessier, Johann Rafelski, “Hadrons and Quark-Gluon Plasma”, p 220

From the QGP study, in high temperature range the  the strangeness formation 
processes studied in the laboratory are fast enough to assure chemical equilibrium.

Input: 

16
M.J.Fromerth, I. Kuznetsova, L. Labun, J. Letessier and J. Rafelski, ``From Quark-Gluon Universe to Neutrino Decoupling: 
200 <T <2MeV,’’ Acta Phys. Polon. B 43, no.12, 2261-2284 (2012)

2020 input 
data

Review chemical equilibrium and potential



We use the conservation of strangeness and the conserved entropy-per-baryon-ratio 
to determine the chemical potentials of baryons and strangeness in the early Universe 

Input: 

The chemical potentials change 
dramatically in the temperature window 
T = 50 ∼ 30 MeV which is an important 
period for antibaryon annihilation.

17

Chemical potentials of 𝝁𝑩 and 𝝁𝒔 in hadronic era

Jean Letessier
At time of book publication

Jean Letessier, Johann Rafelski, “Hadrons and Quark-Gluon Plasma”
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25~24MeV

33.8MeV

Strangeness in hyperon

• For temperature T > 20.8 MeV, the 
strangeness is predominantly present in the 
mesons with

• For T< 12.9 MeV the reaction K + N → Λ + π 
becomes slower than the strangeness decay N + π 
↔Λ, and we have 

• For temperature 20.8 >T > 12.8MeV, the 
strangeness is predominantly present in the 
hyperons and anti-strangeness in kaon, then 
keep 

Weak  interaction

EM interaction

Strong interaction

Strangeness exchange

Strangeness symmetry

Strangeness asymmetry
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20.8MeV

• The first freezeout reaction is the weak 
interaction                   at T=33.8 MeV.

• The second freezout reaction is the electromagnetic 
process. at T=25~24 MeV .

• The last freezeout reaction is the hadronic
reaction                   at T=19.8 MeV.

12.9MeV

Module 4: Strangeness epochs in the Universe
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• The blue boundary is drawn around 
hadronic particles expected to fall 
out of abundance equilibrium.

• The red circles within this domain 
represent strangeness-carrying 
mesons

• The green circles represent 
the equilibrium (index T) heat 
bath of particles.

The relevant reactions in the Universe following on QGP hadronization in the 
temperature interval 150> T > 10 MeV range.

We need to know what is the dominant strangeness and their reaction in early 
universe from 150 > T >10MeV.

Hadro-chemical equilibrium in the Universe



Strangeness flavor is abundant and found in chemical equilibrium in the primordial 
Quark-Gluon Plasma(QGP) filling the early Universe. Upon hadronization near to T = 
150 MeV one may think that relatively short lived massive strange hadrons decay 
rapidly and strangeness disappears.

However, strangeness can be produced by the inverse decay reactions in the early 
universe:

We need to explored the influence of strangeness decay and production reactions on strangeness flavor 
freezeout process.

• The freezeout processes can break the 
detailed balance and make the reactions 
departure from the equilibrium.

• Nonequilibrium processes have important 
impact  in the early universe evolution

Example:

Strangeness Decay

Strangeness production

Our interest is to study in detail how long can strangeness stay in the Universe

• The time it takes for the Universe to evolve from 150 MeV to 10 MeV, about ∆t ≈ 10-3 s, is much 
longer compared to K0 life span.

20

Strangeness in the hadronic Universe



Strangeness abundance from 𝝁𝑩 and 𝝁𝒔

• We show that the Universe in 
the range 𝑻 > 𝟐𝟎𝐌𝐞𝐕 is rich in 
physics phenomena involving 
strange mesons, (anti)baryons 
including (anti)hyperon 
abundances.

• In relative chemical equilibrium, 
the chemical potential of hadrons 
is equal to the sum of the chemical 
potentials of their constituent 
quarks. T=40MeV

T=20.8MeV

The number density of baryon and strangeness as a function of temperature 
150 MeV > 𝑇 > 10 MeV in early universe.

Onset of anti-baryon start disappearance:

21

Baryon-antibaryon 
pairs disappear



For 20 > 𝑇 > 12 MeV, the 
strangeness can present in the 
hyperons and anti-strangeness in 
kaon keeping symmetric: 𝑠 = ҧ𝑠

For 𝑇 > 20 MeV, the strangeness 
is dominantly present in the 
meson with: 𝑠 = ҧ𝑠

Strangeness exchange reaction:
ഥ𝐾 + 𝑁 → Λ + 𝜋

T=20.8MeV

T=12.8MeV

22

Composition of the Universe (chemical equilibrium)

For 𝑇 > 20 MeV the ratio 𝑛ഥ𝐾/𝑛𝐵 ≫ 1 which implies the universe is meson-dominant, 
and for 𝑇 < 20 MeV the ratio 𝑛ഥ𝐾/𝑛𝐵 ≪ 1 we have baryon-dominant universe. 



The muon abundances allow 
detailed-balance back-reactions to 
influence strangeness abundance.

Our interest in strangeness flavor freeze-out in the early Universe requires the 
understanding of the abundance of muons in the early Universe. 

We thus must establish the range of temperature in which production processes 
exceed in speed the decay process that keep muons remain in abundance (chemical) 
equilibrium 

Muon Production
Muon Decay

Motivation:

23

Do muon abundances still 
retain their chemical 
equilibrium? If so, how long?

J. Rafelski and C.T. Yang, Acta Phys. Polon. B 52, 277 (2021)

Module 5: Muon abundance is the low energy 
doorway to Kaon production



In a dense and high temperature thermal ambient phase particles A1 and B2 are present, 
and the inverse decay reaction can occur to produce the particle:

• In general, the thermal reaction rate per time and volume for two body to n final-state 
particles reaction 1+2 →n  can be written as

• In order to compare the reaction time with Hubble time 1/H, it is also convenient to define 
the relaxation time as follow

Relaxation time 

P.Koch, B.Muller and J.Rafelski, `Strangeness in Relativistic Heavy Ion Collisions’, Phys. Rept. 142 167-262 (1986)

24

Particle production rate



• As the temperature decreases in the 
expanding Universe, the muon abundance 
disappears as soon as any decay rate is 
faster than the fastest production rate. 

• Specifically, after the Universe cools below 
the temperature                         , the 
dominant reaction is the muon decay.

The thermal reaction rate per time and volume for two particles scattering and 
decay in Boltzmann approximation:

Muons persist in abundance (chemical) equilibrium established predominantly by 
electromagnetic and weak interaction processes until T = 4.2 MeV

25

Muon persistence temperature



• This muon-baryon density ratio at 
persistence  temperature:

• We also find that at the temperature for 
density ratio is unit 

This could be numerical coincidence, or a consequence of unknown physics.

Using constant baryon-per-entropy ratio, the density between muon and baryon can 
be written as

26

Surprising coincidence: Muons disappeared when 
their density matched the density of baryons.



Module 6: Kinetic theory of hadronic strangeness

We characterize the number of strange quark s = s ̄ abundance in the early 
Universe. The strange quark abundance is equal to the sum of strange baryons and 
strange mesons. Based on low T reaction rates, we can focus attention onto a 
smaller most relevant reaction system:

Strangeness in hyperons

Strangeness in mesons

27

• Below T= 55MeV all ρ created can 
convert faster to φ than they are 
resupplied, and φ will  break out into 
kaons which populate hyperons.

• ρ abundance is controlled by the 
production and decay rates →dynamic 
abundance

• Pions retain their chemical equilibrium 
until T=5MeV.

I. Kuznetsova,  D.Habs and J.Rafelski Phys. Rev. D 78, 
014027 (2008)



Strangeness creation/annihilation in mesons

Once the reactions decouple from the cosmic plasma, the corresponding detailed 
balance can be broken and the inverse decay reactions are acting like a "hole" in the 
strangeness abundance "pot”. 28

Freeze-out Condition:

Characteristic Universe 
time 1/H is our reference 
point for reaction rates.

Below T= 55MeV all ρ
created can convert 
faster to φ than they 
are resupplied, and φ
will  break out into 
kaons which populate 
hyperons.

Definition of N-folding:



Strangeness exchange reaction

Strangeness decay

We now consider the strangeness production reaction, the strangeness exchange 
reaction; and the strangeness decay in the universe

Strangeness production reaction

An example of a strangeness-exchange reaction
An example of a strangeness-production:

Jean Letessier, Johann Rafelski, “Hadrons and Quark-Gluon Plasma”

These reactions allow strange hyperons and anti hyperons to influence the dynamic 
nonequilibrium condition including development of 

29

Strangeness production/exchange in hyperons



In general, to evaluate the reaction rate per volume in two-body reaction 1 + 2 → 3 + 
4 in the Boltzmann approximation we can use reaction cross section  and the relation:

The cross section can be estimated base on experiments 

• For T < 20 MeV we have s = s̄: 
The reactions for the hyperon Λ production is 
dominated by K+̄ N ↔ Λ + π. Both strangeness 
and anti-strangeness disappear from the Universe 
via the reactions Λ → N+π and K → π+π, 

• For T = 12.9 MeV, we have s ≫s:̄
The dominant reaction is Λ↔ N + π, which shows 
that at a lower temperature we still have (very 
little) strangeness remnant in the Λ

P.Koch, B.Muller and J.Rafelski, `Strangeness in Relativistic Heavy Ion Collisions’, Phys. Rept. 142} 167-262 (1986)
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Strangeness reaction rate with hyperons



Our results presented so far depend on the 
baryon-per-entropy ratio and the chemical 
potential during the Universe’s evolution. But 
these techniques are also relevant to astro-
physical systems where the strangeness 
content in dense baryonic matter is dynamic:
• Supernova explosions
• Strangeness formation quark star cores

31

Supernova timescale 

Where else is strangeness content dynamic?
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• The charm abundance is 104 ~109 time 
greater than the bottom quarks in the 
temperature range 0.15<T<0.3 GeV.

• This implies that the small bottom quark 
abundance is embedded in a large 
background comprising all lighter quarks 
(u, d, s, c) and antiquarks, as well as 
gluons.

Experimentally accessible thermal temperature range
Thermal equilibrium abundance for charm and bottom

(Comparison to the Universe entropy density)

(Heavy) Quark Universe: Charm and Bottom Freeze-out

Bottom heavier than baryons – Origin of baryogenesis?

Special topic: Heavy quarks
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We have shown that thermalization of charmed 
quarks in a quark-gluon plasma by collisional 
processes on light quarks and gluons leads to a 
spectral shape well parameterized by the two 
parameter Tsallis distribution, and we have 
determined the pertinent spectral parameters for 
the published microscopic drag/diffusion 
coefficients.

Heavy quark dynamics with 
Tsallis statistics in thermal QGP

Brian Walton



• The relaxation time for c-quark 
production is faster than the c-
quark decay in QGP.

• The relaxation time for b-quark 
production  intersects with b-quark 
decay at temperature T=0.18 GeV. 

In the primordial QGP, the bottom quarks can be produced via the strong interaction 
gluon/quark pair fusion processes and disappear via the weak interaction decay . 

Bottom quark production/decay 

34
Hadronization T=150MeV

Charm disappear in the 
hadronic phase 

Dynamic bottom abundance 
in QGP

Production Decay



The heavy bottom quarks are embedded in a large background comprising all lighter 
u, d, s, c quarks and antiquarks, and can form the Bc meson via the reaction 

Bottom Flavor Abundance Non-equilibrium

35

The fugacity equation for b-quark: Adiabatic approximation

Two dominant terms allowing the adiabatic solution
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Bottom in QGP: Comparison with Entropy

The survival probability of one Bc meson as a function of 
temperature

M. Schroedter, R. L. Thews and J. Rafelski, “Bc meson production in nuclear collisions at RHIC,” Phys. Rev. C 62, 024905 (2000)

The Bc number density normalized by entropy density

After formation, the heavy bottom quarks are embedded in a large background 
comprising all lighter u, d, s, c quarks and antiquarks, and can form the Bc meson. 
The number density of Bc meson:

Temperature interval for 
Bc meson to exist is 
about T =1~0.2 GeV,



1. Neutrino chemical freeze-out:
At this point, annihilations/ productions cease, and relic population of particles remain. 

2. Neutrino kinetic freeze-out: 
At that time, elastic scattering processes cease, and the relic particles do not interact 
with other particles in the primordial plasma anymore.

3. Collisions between neutrinos:
Those collisions are capable of re-equilibrating energy within and between flavor 
families. These processes end at a yet lower temperature and the neutrinos will be 
truly free-streaming from that point on.
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In the literature one finds estimates of freeze-out temperatures based on a comparison of
Hubble expansion with neutrino scattering length and considering only number changing (i.e.
chemical) processes.

We employ a similar definition of freeze-out temperature in the context of the Boltzmann 
equation and refine the results by noting that there are three different freeze-out processes.

Module 7: Neutrino freeze-out in the Early Universe

𝑙 + ҧ𝑙 ⟺ 𝜈𝑙 + ҧ𝜈𝑙

𝑙 + 𝜈 ⟺ 𝑙 + 𝜈
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We studied the impact of SM parameter values on the neutrino freeze-out temperature 
in the Early Universe. In particular, we show the impact of the strength parameters 𝜂 and 
sin 2𝜃𝑊 on 𝑁𝜈.

Neutrino decoupling as a function of natural constants

UA Applied 
Math Prize

Jeremiah Birrell



J.Birrell, C.T.Yang and J.Rafelski,``Relic Neutrino Freeze-out: Dependence on Natural Constants,’’ Nucl Phys. B 890, 481-517 (2014) 39

Neutrinos could 
participate in reheating 
of the Universe if natural 
constants were different 
in the Early Universe. 

Solving the relativistic 
Boltzmann equation 
numerically, we show the 
impact of the strength 
parameter 𝜂 and sin 2𝜃𝑊
on 𝑁𝜈 and neutrino 
freeze-out temperature

Freeze-out dependance on natural constants

𝜈𝑒 𝜈𝜇 & 𝜈𝜏

𝜈𝑒
𝜈𝜇 & 𝜈𝜏



Module 8: Big Bang Nucleosynthesis epoch
Needed connection between time and temperature

40

Temperature and Time relation

There is very little non-equilibria during the Universe’s expansion, thus the comoving 
entropy is practically constant.

𝑑

𝑑𝑡
𝑔∗
𝑠𝑇3𝑎3 = 0 3𝐻 + 3

ሶ𝑇

𝑇
+ ሶ𝑇

𝑑

𝑑𝑡
ln𝑔∗

𝑠 = 0

Despite common 
assumption, 𝒆+𝒆−

plasma disappears 
AFTER BBN.
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The Big Bang Nucleosynthesis produce the primordial abundances of the light elements in early 
universe around the typical temperature 

C.Pitrou, A.Coc, J.P.Uzan and E.Vangioni, ``Precision big bang nucleosynthesis with improved Helium-4 predictions,’’ Phys. Rept. 754, 1-66 (2018)

Standard Model of Big Bang Nucleosynthesis

Measurements: 

𝑇𝐵𝐵𝑁 = 86 − 50 keV

= 𝐷 = 𝑇

= 𝑑
= 𝑡

𝑑 𝑡

(d

(d

(d

(d

𝑇 = 86 keV ≈ 1 × 109 K
𝑇 = 50 keV ≈ 6 × 108 K
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There is a lack of consistency between 
baryon, lithium, deuterium and 
helium abundance.
Efforts to reconcile using nuclear 
reaction rates calculated in vacuum 
are not successful.

Open problem in BBN

Pospelov, Maxim, and Josef Pradler. "Big bang nucleosynthesis as a 
probe of new physics." Annu. Rev. Nucl. Part. Sci. 2010. 60:539–68

Thank you Wikipedia Commons
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The origin of the problem is possibly due to the mistaken belief that the 
electron-positron plasma disappeared before the BBN epoch.

Open problem in BBN

Pospelov, Maxim, and Josef Pradler. "Big bang nucleosynthesis as a probe of new physics." Annu. Rev. Nucl. Part. Sci. 2010. 60:539–68



Does 𝒆+𝒆− plasma impact BBN in the universe?
Infinite electron-positron photon plasma with electromagnetic 
perturbations caused by nuclei

Applying previous quark-gluon-plasma (QGP) oriented 
work to electron-positron-photon QED plasma in the Early 
Universe:

In the Early Universe, the standard assumption of a 
homogenous and infinitely extended plasma applies.

Electromagnetic Perturbations  ↔ 𝑒+𝑒−𝛾 Plasma

Nuclei Photons Positrons & Electrons

44



When do pairs 𝒆+𝒆− disappear? Three principles 
used to determine the electron chemical potential

45

Our objective is to explore the dense electron/positron plasma in early universe under the hypothesis 
charge neutrality and entropy and baryon conservation 

1. 2.

3.



Dense electron/positron plasma in the BBN epoch
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We find that in the Big Bang Nucleosynthesis epoch (BBN) we have a lot of 𝑒+𝑒− pairs in the 
cosmic plasma with 𝑛𝑒

±/𝑛𝐵 = 107, and after temperature Tsplit = 20.36 keV the positron 

density decrease because of annihilation. In this case the BBN happened in the electron-
positron rich plasma in presence of large number of electron and positron pairs during the 
BBN temperature range. However, all BBN processes have been evaluated in empty space.

We know baryon density and charge neutrality fixes the electron chemical potential.

𝑇𝐵𝐵𝑁 = 86 − 50 keV

𝑇𝑠𝑝𝑙𝑖𝑡 = 20.4 keV

Baryon
density

Lab atomic density

𝑇𝐵𝐵𝑁 = 86 − 50 keV



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
• 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.

47

Module 9: Fusion energy for mankind
Natural plasma fusion



The outcome of BBN and stellar nucleosynthesis
These are the ashes!

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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Original figure courtesy of Wikipedia 

Fission

Fuel for standard 
fission reactors

Fusion
provides energy gain

provides energy gain



Primary power source of our Sun:
The proton-proton chain
• This process is responsible for most of the energy 

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

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

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

protons into deuterons.
• 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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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

50

Fission versus fusion

Fission processes break apart large nuclei Fusion processes “fuse” or combine 
smaller nuclei into larger ones

Natural fusion reactor

Future man-made fusion

Movie: Passengers (2016)



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 compared to natural plasma fusion?
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Only one exists Thousands will 
be built

Brute force & clever paths to manmade fusion



ITER = International Thermonuclear Experimental Reactor

ITER is a $70 billion experiment: Start 2050?
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𝑰𝑻𝑬𝑹 𝑫𝒊𝒗𝒆𝒓𝒕𝒐𝒓



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

Process used by NIF, 
Omega and MegajouleReminder: 

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

Indirect drive Direct drive

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



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. This is also where the funding of 
NIF came from.
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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

Problems with 
intertial fusion



dt-fusion safety and radioactive waste

n
Thermal neutron absorber

14 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: My 
objective today is the development of 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



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.”

Approach A: Muon-catalyzed fusion

56

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.

Tabletop approaches to fusion 



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.
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• 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.



Approach B: 
Laser driven aneutronic

proton-boron fusion

Patent

58

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



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.
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Jan. 2022

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

BN

BN
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proton-Boron requires non-equlibrium 
processes rather than a thermal reactor

Comparing neutronic and aneutronic fusion

Deuterium-tritium (dt) 
heavy hydrogen fusion

→ 𝟑𝜶

Heating

61

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

= 𝐷 = 𝑇

= 𝑑
= 𝑡



Approach C: Plasmonic fusion
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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).
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László Pál Csernai

NAPlife Collaboration:
Márk Aladi, Tamás S Biró, Attila Bonyár, Alexandra Borók, László P Csernai, Mária Csete, Attila 
Czirják, Péter Dombi, Olivér Fekete, Péter Földi, Gábor Galbács, Román Holomb, Csaba Horváth, 
Judit Kámán, Miklós Kedves, Norbert Kroó, Archana Kumari, Ágnes N Szokol, István Papp, Péter
Petrik, Béla Ráczkevi, Péter Rácz, István Rigó, Melinda Szalóki, András Szenes, Ádám Takács, Csaba 
Tóth, Emese Tóth, Dávid Vass, Miklós Veres, Shereen Zangna
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Tamás Birό Norbert Kroό
The NAPlife plasmonic fusion project



Antenna response: Surface electro-magnetic fields 
1000-fold (in numerical model) amplified 

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.

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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Demonstration of antenna 
amplification principle for 
purpose of fusion



Module 10: Nuclei in non-relativistic 𝒆+𝒆− plasma 
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The electron/positron medium is 
perturbed by alpha particle 
electromagnetically when it travel in 
the plasma.

• Linear response approximation

Polarization response

Nuclei in EM plasma example:
The alpha particle is surround by the electron cloud and 
the electron cloud moves with the ion in plasma together.

To  study the damped dynamic screening in 
electron/positron plasma,  more detail study of 
linear respond theory required.

The response of a relativistic plasma to electromagnetic fields in the framework of the Boltzmann 
equation incorporating a collision term in the relaxation rate approximation. 

Linear respond  does not 
separate electron and positron 

Still working in progress!

𝑨 𝑩

No self-interaction between 
screening charges and a small 
polarization perturbation.

Chris Grayson

Since, 

1

𝐻
≫≫

1

𝜅
to a very good approximation all 
plasma phenomena can be 
considered in a static universe.



Boltzmann “Flow” 
term: Represents 
diffusion of particles

Vlasov force term: 
Electromagnetic 
force on particles

ADDED Collision term:
Microscopic collision 
between all other 
constituents

Beyond Vlasov Boltzmann equations
The fundamental starting point for our study is the Vlasov Boltzmann equation 

Particles entering Particles leaving

Transition Rate for ProcessThe collision term is given by

Each species 𝑘 is described by 
their own Boltzmann equation.
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This neglects all process that allow particles to 
change from one species to another.
• Pair production
• Bremsstrahlung
• Compton scattering
• Electromagnetic force does not impact 

photons, but they can Compton scatter 
from both electrons and positrons

The usual relaxation time collision term turns all collisions into a medium effect.

Medium

“One Leg”

Photons don’t have charge!
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General transport equation in BGK approximation for the plasma:

Photon depends on the 
debye mass through 
collisions with the plasma

Photon transport equation in plasma:

Linearized collision term – BGK Simplification

For most part of the Universe’s evolution 𝜅𝑒𝛾
≪ 𝜅𝑒 ҧ𝑒 so the photons do not respond to 𝑒+𝑒−

plasma density fluctuations.



● Develops methods to 
calculate linear response in 
infinite homogeneous 
plasmas for which damping 
is important.

● Publication shown applied 
only to magnetic fields.

● Present extension now 
includes electrical fields in 
electron-positron plasmas.

Current-conserving relativistic 
BGK damped linear response
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Chris Grayson

Martin Formanek

Berndt Müller



Relic fields are diluted in the 
universe’s expansion due to 
the conservation of magnetic 
flux:

Could strong EM fields in the 
Early Universe be related to 
mysteries such as baryon 
asymmetry?

T. Vachaspati, “Progress on Cosmological Magnetic Fields” Rep. Prog. Phys.84(2021) 074901
S. Mtchedlidze, et al. “Evolution of primordial magnetic fields during large-scale structure formation." arXiv preprint arXiv:2109.13520 (2021).
K. Subramanian, “The origin, evolution and signatures of primordial magnetic fields.” Reports on Progress in Physics 79.7 (2016): 076901.

10−20 T < 𝐵𝑟𝑒𝑙𝑖𝑐 < 5 × 10−12 T

Observational 

Cosmology

𝒆+𝒆−

plasma

𝝂ത𝝂
plasma

𝑸𝑮𝑷

Hadron
plasma

𝑻𝒓𝒆𝒄𝒐𝒎𝒃 𝑻𝑩𝑩𝑵 𝑻𝝂 𝑻𝑸𝑪𝑫

𝑩 𝑡 = 𝑴(𝑡) +
𝑩𝑟𝑒𝑙𝑖𝑐

𝑎 𝑡 2

𝑴 𝑡 → 0

Magnetar field strength

Schwinger critical field

𝑻𝑬𝑾𝑻

Electroweak
Epoch

Strong magnetic fields govern early state 
quark-gluon-plasma in the universe
The intergalactic magnetic field 𝐵𝑟𝑒𝑙𝑖𝑐 is not 
strongly constrained at the mega-parsec scale:
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Andrew Steinmetz

Light opaque Universe



Dynamic damped screening potential: Debye Mass 

Longitudinal  permittivity
C. Grayson, M. Formanek, J. Rafelski and B. Müller,, arXiv:2204.14186 [hep-ph]

Using Linear response theory, the longitudinal 
polarization tensor for nonrelativistic electron-
positron plasma 

M.Formanek, C.Grayson, J.Rafelski and B. Müller,Annals Phys 434, 168605 (2021)

The screened potential of nuclei can be obtained by solving Maxwell equations algebraically in 
Fourier space, in the presence of electron/positron medium.

Fourier transformed charge 
distribution of the traveling nuclei
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Non-relativistic Debye mass:

72Boltzmann approximation taken by limit 𝒆−𝒙 ≪ 𝟏 Cheng-Tao YangChris Grayson



In electron-positron plasma the major reactions between photons and 
electron/positron pairs are inverse Compton scattering, Møller scattering, and 
Bhabha scattering. The general reaction rate per volume in two-body reaction 
in the Boltzmann approximation:

The damping rate for the electron-positron plasma is: 
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Jean Letessier, Johann Rafelski, “Hadrons and Quark-Gluon Plasma”

Damped dynamic screening with scattering friction 𝜿

“Damped”

“Over 
damped

𝑚𝐷
2 =

16𝛼

𝜋
𝑇2

𝑚

𝑇

2

𝐾2
𝑚

𝑇
cosh

𝜇

𝑇

Debye mass in
Boltzmann approximation

Cheng-Tao Yang
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● The self consistent potential in an infinite stationary plasma can be found to be

A ≈ 0     “non-relativistic”

● is the non-relativistic longitudinal polarization function found by solving,

With and

M. Formanek, C. Grayson, J. Rafelski and B. Müller, ``Current-conserving relativistic linear response for collisional 
plasmas,’’ Annals Phys. 434, 168605 (2021)

Damped dynamic screening with scattering friction 𝜿
Analytic solution in momentum phase space for the screened 
potential: Dynamic and damped
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Approaching a 1/r vacuum 
potential with a lower effective 
charge as already noted by L. 
Stenflo, M. Y. Yu, and P. K. Shukla 
Shielding of a slow test charge in 
a collisional plasma The Physics 
of Fluids 16, 450 (1973)

Wake charge build up (potential goes to zero)

Damped Dynamic Screening Comparison of Alpha Particles

= 6.8 × 10−3𝑐 at T = 86.2 keV

Chris Grayson



BBN reactions can be dynamically screened
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T (keV)

BBN 
range

Damped Dynamic Screening: 
Coulomb Potential of a moving alpha

All light element components (p, d, t, He-3) approach faster from 
back due to their lighter masses compared to the alpha.

Chris Grayson



Damped Dynamic Screening
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Static Screening

Less screening in the transverse direction

Chris Grayson
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December 2022 Fusion conclusion
• The universe’s evolution contains distinct eras of different particles and plasmas

• Special role of electron-positron plasma in BBN fusion recognized

• Fusion for mankind requires new ideas beyond what has been promised for 70 years without 
much success

• We describe screening effects that are relevant for BBN reactions. Future research needed: 
Are screening effects of key importance in understanding dynamical tabletop fusion?


