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Nuclear physic

Study of nuclei : Proton and Neutron bound state

Binding Energy := BE(Z,N) := (Mnuclear(Z,N)−Nmn − Zmp)c
2

mn = mass of the neutron mp = mass of the proton
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Theory of the Nuclei: a many body problem

Description of nuclei : a theoretical challenge

• Quantum many-body problem (A≈ 100)

• Interaction between nuclei → residues of the
interactions between quarks

It needs simplifications
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Macroscopic model : Liquid Drop

Semi-empirical macroscopic model:

BE(Z,N) = avA
1/3 − asA

2/3 − ac
Z2e2A−1/3

4πϵ0
− 1

2
aa

(N − Z)2

A
+ δ(N,Z) (1)
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Two neutron separation

S2N(N,Z) :=

BE(Z,N − 2)−BE(Z,N)

d

dN
(S2N ) ≈

How much less bonded is the new neutron pair with respect to the last one
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Experimental values

Ref[1]
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Shell Model

• Single particle behaviour in Wood-Saxon
potential

• Spin-orbit coupling

• Emergence of all magic numbers
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Island of Inversion
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Other experimental evidence

Ref [2]
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Hartree-Fock Method

Variational principle:
{ϕα(r⃗)} form a Slater determinant

∀ϕ∗
i (r⃗) ∈ {ϕ∗

α(r⃗)} :

∂

∂ϕ∗
i (r⃗)

{
E(C)−

∑
α ϵα

∫
dτ1|ϕα(r⃗1)|2

}
= 0

Mean field equations:

Tϕi(r⃗) +
{∑

α

∫
dτ1ϕ

∗
α(r⃗1)V (r⃗r⃗1)ϕα(r⃗1)

}
ϕi(r⃗)

−
∫
dτ1 {

∑
α ϕ

∗
α(r⃗1)V (r⃗r⃗1)ϕα(r⃗)}ϕi(r⃗1) = ϵiϕi(r⃗)
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Hartree Fock Method
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Skyrme forces

Modelisation of the two body interaction :

Vsky(1, 2) = t0(1 + x0P
σ)δ(r⃗1 − r⃗2)

+ 1
2 t1(1 + x1P

σ)
[
δ(r⃗1 − r⃗2)k

2 + k′2δ(r⃗1 − r⃗2)
]

+ t2(1 + x2P
σ)k′δ(r⃗12)k

+ iW0(σ⃗1 + σ⃗2) · k′ × δ(r⃗1 − r⃗2)k

+ 1
6 t3(1 + x3P

σ)ργ00(
r⃗1+r⃗2

2 )δ(r⃗1 − r⃗2)
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BCS Theory (Bardeen, Cooper, Schrieffer)

Interaction :

• pair coupling

• short range

• between particles of equal in norm and
opposed spin

Figure: ∆ = Pairing gap
E = single particle energy
Ef = Fermi level
f(E) = single particle level occupation
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18/36



HF study of
Island of
Inversion

Introduction

Problematic

Methodology

Deformation

Results

Conclusions

Appendix

deformation of the nuclei

• Wood-Saxon + spin-orbit :
spherical solutions

• Hartree-Fock + Skyrme +
BCS : Allow deformed nuclei

Q̂20 =

√
16π

5
(2ẑ2−x̂2−ŷ2) βp =

√
5π

3

Q20(ρe)

ZeR2
0
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Process
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Binding Energy
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RMS (in MeV) for the different Skyrme
forces:

Z SIII SKM* SLY4 LD

24 2.40 6.58 0.37 4.81

26 2.72 4.60 0.55 3.69

28 2.60 3.15 1.04 2.83
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two neutron separation
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deformation
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comparison with other calculations
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constrained calculations (SIII)
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Summary

• Problematic :
• Liquid drop and shell models struggles in some area of the nuclear chart
• Island of inversion around 68Ni

• What we did :
• Study Cr,Fe and Ni around N=40 using Hartree-Fock calculations
• Creation of an environment in C++ in order to produce results

• What we found :
• Some features of the Cr,Fe and Ni isotopes lines can be explained with predicted

deformations
• Predicted sphericity of Ni points toward double magicity of 68Ni
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Beyond

Figure: (Color online) PNVAP potential energy surfaces as a function of the (β2, γ) deformation
parameters for the even-mass 100-130 Cd isotopes. The results are obtained with the Gogny-D1S
interaction within the SCCM approach.
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Skyrme forces

Vsky(1, 2) = t0(1 + x0P
σ)δ(r⃗1 − r⃗2)

+ 1
2 t1(1 + x1P

σ)
[
δ(r⃗1 − r⃗2)k

2 + k′2δ(r⃗1 − r⃗2)
]

+ t2(1 + x2P
σ)k′δ(r⃗12)k

+ iW0(σ⃗1 + σ⃗2) · k′ × δ(r⃗1 − r⃗2)k

+ 1
6 t3(1 + x3P

σ)ργ00(
r⃗1+r⃗2

2 )δ(r⃗1 − r⃗2)

k = 1
2i(∇⃗1 − ∇⃗2) ; k

′ = k acting on the left ; P σ = 1
2(1 + σ⃗1σ⃗2)
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Skyrme parameters
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constrained calculations (SIII)
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BCS equation

Ĥ =
∑

ν eνa
+
ν aν −G

∑
ν>0,ν′>0 a

+
ν a

+
−νa−ν′aν′
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Figure: Comparison: without BCS (left);with BCS (right)
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