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Uniqueness of Nuclei

Nucleus : Unique Quantum System where
3 interactions out of 4 are active!

Strong, Weak, EM

(Gravitational force is too weak!)
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Mass and Binding Energy of Nuclei

Bethe-Weizsacker

Nuclear mass @ mass formula
m = Zmy, + Nm, —

Binding energy 2Z-1) =N )Z,,
EB = EI-V.A — G-sAgﬁ — g Al.m — a4 A + 5(‘4: Z)
*mass term Coulomb term **symmetry term
surface term pairing term
(even-odd term)

+6& Z,N even (A even) ap
8(4,2)={0  Aodd b =T
AL/2
—6 Z,N odd (A even)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!

Binding energy per nucleon, MeV
Ln
(=]

Nuclear Binding Energy
(per nucleon)

70Ne
'gO* —‘
9.0 - %C-— \P/\
8O, L/ I Sn ‘W, Th,

Fe,Ni Energy Fission| ™

. Ener

i v Energy release

2ol [Fesion light nuclei: by Fusion
A 4 ole Change . - -

o | Nete eheee heavy nuclei: by Fission

11| | 1
4 8121620 40 60 80 100 120 140 160 180 200 220 240 260

Mass number




Volume Surface Radius

Nuclear Volume : proportional to mass A
Surface : A23
Radius : Al

Coulomb Force: Combination of Protons

The number of combination
2>r=2->,C,=(1/2) n(n-1)

2(Z-1)

- Coulomb int.(Da.cT

*Coulomb Interaction:
two-body interaction

Think of
. a long range force
Coulomb Interaction 9 9
among *— sign: repulsive
Protons

Mass and Binding Energy of Nuclei

Bethe-Weizsacker

Nuclear mass @ mass formula
m = Zmy, + Nm, — <5
=

Binding energy 2z-1]| =i ')5
EB = a.n,:A — a.sflm — g AL T0a4 A + 5(‘4: Z)
*mass term Coulomb term | **symmetry term
surface terhn pairing term
(even-odd term)

+6& Z,N even (A even) ap
0(A Z)=<0 A odd 5D:ﬁ
—& Z,N odd (A even)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!

Mass and Binding Energy of Nuclei

Bethe-Weizsacker

Nuclear mass @ mass formula
m = Zmp+ Nm, —

Binding energy 2zon =N ')gz
EB =+ G-VA — If!.'-s.Ag’f3 — Qg Alfl3 — a4 A + 5(“4: Z)
*mass term Coulomb term **symmetry term
surface term pairing term
(even-odd term)

+6& Z,N even (A even) ap
(A, Z)=«10 A odd 5n=m
—6 Z,N odd (A even)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!




Saturation of Nucleon Density in Nuclei

0.20 —r 7| T — T T

AIZ pg(r)

Net density: p(r)

' r (fm) .
*Charge Density can be easily studied by (e,e”)

=>due to the “short range” nature of nuclear interaction
=>due to the intermediate mass of pion (~135 MeV)

=>therefore, the two-body Nucleon-Nucleon int. is dominant !
=>therefore, the “mass term” is proportional to mass number A

Binding energy per nucleon, MeV

Nuclear Binding Energy
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Mass and Binding Energy of Nuclei
Bethe-Weizsacker
Nuclear mass @
m = Zmy + Nm, — <5
=

mass formula
Binding energy =N-Z

Z(Z-1) (A=27)*
EB = G-VA — If!.'-s.Ag’f3 — g Alfl3 — a4 A + 5(“4: Z)
*mass term Coulomb term **symmetry term
surface term pairing term
(even-odd term)

+6& Z,N even (A even) ap
(A, Z)=«10 A odd 5n=m
—6 Z,N odd (A even)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!




Nuclear Binding Energy
-Surface Energy-
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round shape is preferred!
o is tightly bound =» cluster structure!

l Note change
of scale

L1 | | 1 | | | | | | | | | | |
4 8121620 40 60 80 100 120 140 160 180 200 220 240 260

Mass number

Mass and Binding Energy of Nuclei
Bethe-Weizsacker
Nuclear mass @
m = Zmy+ Nm, — <
=

mass formula
Binding energy =
Eg=ayvA—asA** —a 2(2 1) - a
B = 0y s CT A1 LA A
*mass term Coulomb term **symmetry term
surface term pairing term
(even-odd term)
+6& Z,N even (A even) ap
5(A.Z)={0  Aodd %=1
—& Z,N odd (A even)

L 5(4, Z)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!

Symmetry Energy
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ZSymmetry Energy i

prefers N=2Z !

proton, neutron:
both are
Fermions !
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Mass and Binding Energy of Nuclei

Bethe-Weizsacker
Nuclear mass mass formula
m = Zmy, + Nm, —

Binding energy =
Eg=ayA—agA?® — ¢ 2(2-1) —a
B =Qay s Y LA A
*mass term Coulomb term **symmetry term
surface term pairing term
(even-odd term)
+6& Z,N even (A even) ap
5(A.Z)={0  Aodd %=1
—& Z,N odd (A even)

4 8(4,2)

* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!
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Mass Surface Coulomb Symmetry Pairing
Main part of the Coulomb p-n p-p, N-n
Nuclear Interaction Interaction is  Interaction is Interactions are
is short range ! Strongly Important. Important.

Main part of the Nl'is  Coulomb force is  p-n int. is
Attractive Repulsive. Attractive
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Shell-model-like and Cluster structures in 12C
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Red Giant Star

Role of Hoyle state
in the formation of 12C

Hoyle state:
dilute cluster gas

Mass and Binding Energy of Nuclei

Bethe-Weizsacker
Nuclear mass @
m = Zmy + Nm, — <5

mass formula

. Strong Int. EM Int.

ing.s -

*mass 18

Strong Int.

airface term i
There is no term from the Weak Interaction !
The contribution is small.
However, it has the function to change the charge of nucleons.
proton €-> neutron.

T
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* mass term shows that the nuclear force is short range!
**symmetry term originates from the Pauli exclusion principle for fermions!




