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Nuclear reactions in stellar environments

• Low-energy reactions

• Influences of electrons

Introduction
Plasma is the most abundant form of matter in the visible Universe

http://www.plasma-universe.com/Plasma-Universe.com

http://www.lanl.gov/projects/dense-plasma-theory/
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• Astrophysical factor 

• Geometrical factor  in quantum-mechanical 

interactions

• The probability of overcoming the coulomb 

barrier 

S(E)
E−1

exp(−2πη)

Introduction
Thermonuclear reactions

http://csep10.phys.utk.edu/astr162/lect/index.html

< σv > ∝ σ(E)E exp(−E/T)dE

Cross section

σ(E) =
S(E)

E
exp(−2πη)

Sommerfeld parameter η = Z1Z2α mr /(2E)

Gamow Peak
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Introduction
General issues related to nuclear reactions in astrophysical plasmas

 Experimental data at low energies is limited


 Screening puzzle
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Screening in laboratory reactions
• Nuclei in neutral atoms and molecules
• Electron-screening potential energy

• The enhancement factor

Ue ∼ Z1Z2α/Ra
: the radius of the innermost electronsRa

glab(E) = σlab
s (E)/σb(E) ∼ exp[πη(E)Ue]/E for Ue ≪ E

Assenbaum, Langanke, and Rolfs, Z. Phys. A 327, 461 (1987)
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Screening in stellar reactions

Average Coulomb energy Ecoul ∼ Z2e2/a

Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)

Salpeter and van Horn, Astrophys. J. 155, 183 (1969)

Gamow peak energy EG

Electron Fermi energy EF

Rydberg constant Ry

Ion-plasma oscillation frequency E0

Γ ≡
Z2e2

akT
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Screening in stellar reactions

Salpeter, Australian Journal of Physics 7, 373 (1954)

Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)

Weak screening
Γ ≪ 1

• The potential
Vi(r) =

Zie
r

exp (−
r

RD )
Debye-Hückel model

• The weak screening factor

gscr = exp ( Z1Z2α
TRD )



11

Screening in stellar reactions

Salpeter, Australian Journal of Physics 7, 373 (1954)

Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)

Salpeter and van Horn, Astrophys. J. 155, 183 (1969)

Strong screening and Pycnonuclear regime
Γ ≫ 1

• The potential

• Salpeter’s strong screening factor

gscr = exp {0.205 [(Z1 + Z2)5/3 − Z5/3
1 − Z5/3

2 ](ξρ)1/3T−1
6 }

Γ ≳ 1 and

V(r) =
Z2e2

r
− H(r)

• “Freeze” the nuclei

ξ = ∑
i

XiZi/Ai with the mass fraction Xi

Ion sphere model
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Screening in stellar reactions

Mitler, Astrophys. J. 212, 513 (1977)

Dzitko et al., Astrophys. J. 447, 428 (1995)

Bridge between the weak screening and the strong screening 

• Screening factor
gscr = exp [8π2n2

e R5
D |ΔG | /(5T)]

• Ion sphere model for small distance

Mitler’s model

• Debye-Hückel model for large distance

ΔG = (ζZ1
+ ζZ2

+ 1)5/3 − (ζZ1
+ 1)5/3 − (ζZ2

+ 1)5/3 + 1

ζZ = 3Z/(4πneR3
D)
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Screening in stellar reactions
Interpolation models for intermediate screening

• Salpeter and van Horn intermediate screening (SVH)

• Graboske-Dewitt-Grossman-Cooper (GDGC) classical plasma model

• …… Astrophys. J. 155, 183 (1969)


Astrophys. J. 181, 457 (1973)

Quantum effects and Quantum statistical mechanics model
Gruzinov and Bahcall, Astrophys. J.504, 996 (1998)

Wilets et al., Astrophys. J. 530, 504 (2000)

Bahcall et al., Astron. Astrophys. 383, 291 (2002)

Chitanvis, Astrophys. J. 654, 693 (2007)

Spatial dependence of the screening potential
Itoh et al., Astrophys. J. 218, 477 (1977)

Itoh et al., Astrophys. J. 234, 1079 (1979)

Dynamic screening

……
Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)
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Screening in stellar reactions

Kravchuk and Yakovlev, Phys. Rev. C 89, 015802 (2014)

Salpeter’s strong screening

12C + 12C fusion in Carbon matter
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High power lasers

Year

• Particle sources


• High-energy-density plasmas


• New physics


• Nuclear physics


• Astrophysics

Mourou, Rev. Mod. Phys. 91, 030501 (2019)

Di Piazza et al., Rev. Mod. Phys. 84, 1177 (2012)

Cerjan et al., J. Phys. G 45, 033003 (2018)
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Screening in laser-generated plasmas

Wu, Phys. Plasma 27, 022708 (2020)
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Quantum effects for screening

Gruzinov and Bahcall, Astrophys. J.504, 996 (1998)

Elsing, Pálffy, and Wu, Phys. Rev. Research 4, L022004 (2022)

Density matrix equation in quantum statistical mechanics
∂ρ(r′￼, r; β)

∂β
= [∇2

r′￼
/2 + Φ(r′￼)ρ(r′￼, r; β)] β = 1/T

Normalisation of the electron density Z = 0, ρ0(β) = (2πβ)−3/2

Electron density
ρe(r) = ne(2πβ)3/2ρ(r, r; β)

Modified Poisson-Boltzmann equation for the potential surrounding Z

∇2δΦ = − 4π [nb ∑
i

ZiXi

Ai
exp(−βZiΦ) − ρe]

δΦ = Φ − Z/r
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Quantum effects for screening

Gruzinov and Bahcall, Astrophys. J.504, 996 (1998)

Elsing, Pálffy, and Wu, Phys. Rev. Research 4, L022004 (2022)

The screening enhancement factor

gscr = exp[−β(FZ1+Z2
− FZ1

− FZ2
)]

The free energy

FZ =
1
β ∫

β

0
UZ(τ)dτ

 is the electrostatic energyUZ

In numerical calculations, the potential is approximated by 
the Mitler model for large distance
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Quantum effects for screening

Elsing, Pálffy, and Wu, Phys. Rev. Research 4, L022004 (2022)
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Summary

• Screen effects can play important roles for stellar nuclear reactions


• There exist many models for screen effects for nuclear reactions


• Tests of the screening models are highly demanded


• High power lasers could offer new ‌opportunities for tests of the 
screening effects

Thank you!


