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Plasma 1s the most abundant form of matter in the visible Universe
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Exo-planets

Nuclear reactions 1n stellar environments
e L ow-energy reactions

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

e I[nfluences of electrons http://www.lanl.gov/projects/dense-plasma-theory/
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Thermonuclear reactions
<ov>xo(E)Eexp(—E/T)dE

Cross section Gamow Peak
S(E)
o(E) = exp(—27zn)
E Gamow
. window
e Astrophysical factor S(E) S arier

e Geometrical factor E~! in quantum-mechanical
interactions

e The probability of overcoming the coulomb

barrier exp(—27n) — Energy —

Sommerteld parameter n = lez(,l\/ m,,/ (2E ) http://csep10.phys.utk.edu/astr162/lect/index.html
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General 1ssues related to nuclear reactions 1n astrophysical plasmas

@ Experimental data at low energies is limited

D Screening puzzle
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Screening in laboratory reactions

e Nuclel in neutral atoms and molecules

e Electron-screening potential energy
U,~ ZZ,alR,
R : the radius of the innermost electrons
 The enhancement factor

8in(E) = 6°(E)/6,(E) ~ explan(E)U,J/E  for U, < E
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Assenbaum, Langanke, and Rolfs, Z. Phys. A 327, 461 (1987)
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Screening in stellar reactions
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Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)
Salpeter and van Horn, Astrophys. J. 155, 183 (1969)
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Weak screening

I’ <1 lon under
consideration

e The potential

/e r
Vl(r) LA exp (-—) Excess electrons
rr RD

Debye-Hiuckel model Excess positive ions k
I RD '

e The weak screening factor Debye Radius

YAV
I'Rp

gSCI’ — eXp (

Salpeter, Australian Journal of Physics 7, 373 (1954)
Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)

10

Screening in stellar reactions



Screenlng in stellar reactlons

Strong screenmg and Pycnonuclear reglme
I'>1 and I'>1

e “Freeze” the nuclel
Z2e?
e The potential V(r) = — H(r)

r

e Salpeter’s strong screening factor
8 = xp § 0.205 [(Z1 + 2, - 297 - 2% (&p) "1 |

E = Z X.Z./A; with the mass traction X,

Salpeter, Australian Journal of Physics 7, 373 (1954) I()n Sphere mOdel

Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)
Salpeter and van Horn, Astrophys. J. 155, 183 (1969)
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Screenlng in stellar reactlons

AT O 8

Brldge between the weak screening and the strong screening
Mitler’s model

e [on sphere model for small distance

e Debye-Huckel model for large distance

e Screening factor
8er = eXp 8771 R} | AG|/(5T)
= (L7 +C+ P = (G + DP = (G, + D + 1
¢, =3Z/(4nn,R})

Mitler, Astrophys. J. 212, 513 (1977)
Dzitko et al., Astrophys. J. 447, 428 (1995)
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Screening in stellar reactions
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Interpolation models for intermediate screening

e Salpeter and van Horn intermediate screening (SVH)

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

° Astrophys. J. 155, 183 (1969)
Astrophys. J. 181, 457 (1973)

Spatial dependence of the screening potential

[toh et al., Astrophys. J. 218, 477 (1977)
Itoh et al., Astrophys. J. 234, 1079 (1979)

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)
Dynamic screening

Wiescher et al., Rev. Mod. Phys. 97, 025003 (2025)
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Salpeter’s strong screening

12C + 12C fusion 1in Carbon matter

Kravchuk and Yakovlev, Phys. Rev. C 89, 015802 (2014)
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High power lasers
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Vacuum Polarization e Particle sources
Ultra Relativistic Optics
10 E,=m,¢’ = e High-energy-density plasmas

e New physics

Relativistic Optics

e
=

E,=myc? o e Nuclear physics

Bound electrons

e Astrophysics

—
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Focused Intensity (W / cm’)
= =

B CPA

<«——mode locking mJ

(o' A Q-switching

Mourou, Rev. Mod. Phys. 91, 030501 (2019)
1960 1970 1980 199‘(3ear 2000 2010 2020 2030 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

Neutron events
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Wu, Phys. Plasma 27, 022708 (2020)



Quantum eftects for screening

Density matrix equation in quantum statistical mechanics
op(x', 13 )

op
Normalisation of the electron density Z = 0, p,(B) = 2#p) '

= [ V32 + D@)p(x', 13 )]

Electron density
p.(r) = n,2xp)y"p(r,r; f)

Modified Poisson-Boltzmann equation for the potential surrounding Z

V25® = — 4 z' it (— BZ.D)
= —4r |n exp(—pL:D) —
b i A. P l Pe

l

oD =D —7/r

Gruzinov and Bahcall, Astrophys. J.504, 996 (1998)
Elsing, Palffy, and Wu, Phys. Rev. Research 4, 1.022004 (2022)

18

B=1/T



Quantum eftects for screening

The screening enhancement factor

8scr — eXp[_IB(F21+Z2 R le o Fzz)]
The free energy
1 (¥
F,= —J U, (t)dr

0
U, 1s the electrostatic energy

In numerical calculations, the potential 1s approximated by
the Mitler model for large distance

Gruzinov and Bahcall, Astrophys. J.504, 996 (1998)
Elsing, Palffy, and Wu, Phys. Rev. Research 4, 1.022004 (2022)
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Quantum effects for scre

ning

13C(4He, n)160

Oscr

30f

weak = = Mitler DMF weak = = Mitler DMF
e T SVH =-=-GD i
— 1024 cm 3 1 {1 R N SVH =-=-GDGC
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Elsing, Palffy, and Wu, Phys. Rev. Research 4, 1.022004 (2022)
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e Screen effects can play important roles for stellar nuclear reactions
e There exist many models for screen effects for nuclear reactions
e Tests of the screening models are highly demanded

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

Thank you!
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