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RADIATIVE CAPTURE

Radiative capture is an important process due 
to its astrophysical applications.

CNO cycle
pp chain

BBN, stellar evolution, element synthesis, X-ray bursts, etc.
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Hydrogen burning



RADIATIVE CAPTURE

The radial Schrӧdinger equation:
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Direct capture

Normalization

Bound state: 𝑢𝐽 𝑟 → 𝐶 exp −𝑘𝐵𝑟

Scattering state: 𝑢𝐽 𝑟 → 𝐹𝐽 𝑘𝑟 cos 𝛿𝐽 + 𝐺𝐽 𝑘𝑟 sin 𝛿𝐽

Bound stateScattering state
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𝑢 𝑟 + 𝑉 𝑟 𝑢 𝑟 = 𝐸𝑢 𝑟

Nuclear pot.Coulomb pot. Spin-orbit pot.

Bound state

Scattering state



RADIATIVE CAPTURE

Using the balanced detail, the cross section for the radiative capture A(p;γ)B reaction 
is determined as

𝜎 𝐽𝑓, 𝐸 ~

𝜎𝜆

𝐸𝛾

ℏ𝑐

2𝜆−1

Ψ𝐽𝑓 𝑀𝜎𝜆 Ψ 𝐸
2
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Matrix elements needed for electromagnetic transitions

Ψ𝐽𝑓 𝑀𝜎𝜆 Ψ 𝐸 = 𝑒𝑍𝑒𝑓𝑓 𝐽𝑓𝜆𝑀𝑓𝜇|𝐽𝑖𝑀𝑖

2𝐽𝑖 + 1 2𝜆 + 1

4𝜋 2𝐽𝑓 + 1
න
0

∞

𝑢𝑖 𝐸, 𝑟 𝑟𝜆𝑢𝑓 𝑟 𝑑𝑟

Coupling coefficient Overlap integral

NucleonPhoton

𝐸1 ≫ 𝐸2 ≈ 𝑀1 ≫ 𝐸3 ≈ 𝑀2, …

Long wavelength approximation

Scattering state Bound state

𝜎𝜆 =



NUCLEAR MEAN-FIELD POTENTIAL

NUCLEAR 
MEAN 
FIELD

NUCLEAR MATTER FINITE NUCLEI

 EOS of nuclear matter

 Single particle potential

 Symmetry energy

 Neutron star

 Bound problems

 Scattering problems

Free

NN interaction

In-medium

NN  interaction
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Radiative capture



NUCLEAR MEAN-FIELD POTENTIAL

In-medium (density dependent) NN interaction 

𝑣𝐷 𝐸𝑋 𝜌, 𝑠 = 𝐹0 𝜌 𝑣00
𝐷 𝐸𝑋

𝑠 + 𝐹1 𝜌 𝑣01
𝐷 𝐸𝑋

𝑠 𝜏1 ⋅ 𝜏2

Density dependence G-matrix based on M3Y interaction
D.T. Khoa, G.R. Satchler and W. von Oertzen, Phys. Rev. C 56, 954 (1997);

D.T. Loan, B.M. Loc, and D.T. Khoa, Phys. Rev. C 92, 034304 (2015).
N. Anantaraman, H. Toki, G.F. Bertsch, Nucl. Phys. A 398, 269 (1983).

with 𝑠 = Ԧ𝑟1 − Ԧ𝑟2

Antisymmetry of wave functions

(Slater’s determinant)

𝑣 = 𝑣𝐷 + 𝑣𝐸𝑋

HF Approximation

Fermions
M3Y
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HF calculation Extended HF (HF + RT) calculation
HvH theorem

Doan Thi Loan, Bui Minh Loc, and Dao T. Khoa, Phys. Rev. C 92, 034304 (2015)

Dao T. Khoa, Nguyen Hoang Phuc, Doan Thi Loan, and Bui Minh Loc, Phys. Rev. C 94, 034612 (2016)
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𝑈 𝑅 = න𝑑𝑟𝜌𝐴 Ԧ𝑟 𝑣𝑁𝑁 Ԧ𝑟 − 𝑅, 𝜌

R

Single folding model

mean-field

𝑈 =

𝑗∈𝐴

𝑘, 𝑗 𝑣𝑐
𝐷 𝑘, 𝑗 + 𝑘, 𝑗 𝑣𝑐

𝐸𝑋 𝑗, 𝑘

r

NUCLEAR MEAN-FIELD POTENTIAL

Folding model potential of p + 12C scattering



Elastic (p + 12C) scattering
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NUCLEAR MEAN-FIELD POTENTIAL



MEAN-FIELD DESCRIPTION OF 
THE 12C(p,γ)13N AND 13C(p,γ)14N REACTIONS

12C(p,γ)13N 

p + 12C 
Q = 1.94 MeV

2.36 MeV     (1/2+)

Ex = 0.42 MeV

Eγ

G.S. (1/2-)
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13N S-factor

𝑆 𝐸 = 𝐸 exp 2𝜋𝜂 𝜎 𝐸



MEAN-FIELD DESCRIPTION OF 
THE 12C(p,γ)13N AND 13C(p,γ)14N REACTIONS

11

12C(p,γ)13N 

Reaction rate

𝜎𝑣 =
8

𝜋𝜇

1
2 1

𝑘𝐵𝑇
3
2

න
0

∞

𝜎 𝐸 𝐸 exp −
𝐸

𝑘𝐵𝑇
𝑑𝐸



MEAN-FIELD DESCRIPTION OF 
THE 12C(p,γ)13N AND 13C(p,γ)14N REACTIONS
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13C(p,γ)14N 

J. T. Huang et al. Atom.Data Nucl.Data Tabl. 96 (2010) 



SUMMARY
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 The folded potential gives a good OM description of the elastic p+12C scattering
at several energies.

 This SFM approach is further used to calculate the nuclear mean-field potential
for the study of the astrophysical S factor of the 12C(p,γ)13N and 13C(p,γ)14N
reactions.

 Reaction rates of the radiative capture reactions which are an importantly
astrophysical quantity are produced to describe effectively the experimental
data.
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