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1. B(N,Z)/A~85MeV (A>12) (= Short range nuclear force



Long vs short range interaction

Long range force: B oc A(A —1)/2 7\ B/A x A

Short range force: saturation
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1. B(N,Z)/A~85MeV (A>12) (= Shortrange nuclear force
2. Eftect of Coulomb force for heavy nuclei



Nuclear Chart
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The Origin of Solar Energy




Semi-empirical mass formula

(Bethe-Weizacker formula: Liquid-drop model)

Z2 N — 7)?
B(N,Z) = apA — asA?/3 — ¢ ( )

CA1/3 — asym A

eVolume energy: a, A
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eSurface energy: —a SAQ/ 3

A nucleon near the surface
interacts with fewer nucleons.




72 N — Z)2
B(N, Z) :aUA—a3A2/3—aCA1/3—asym( 1 )

eCoulomb energy: —a ZQ/Al/3
_ 3 7%
5 Re

Ec for a uniformly charged sphere

oSymmetry CNCIEY. —asym (N — Z)Q/A
Potential energy vnn = Upp = U,  Upp ~ 20

< a nucleon interacting with nuclear matter:
v
N (vnnN/A + vpnZ/A) + Z(vpnN/A + vppZ/A) = 5(3A — (N = 2)?/4)
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B(N, Z) = ayA — asA%/3 — a,
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Shell Energy
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Extra binding for N,Z = 2, 8, 20, 28, 50, 82, 126 (magic numbers)
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(note) Atomic magic numbers (Noble gas)
He (Z=2), Ne (Z=10), Ar (Z=18), Kr (Z=36), Xe (Z=54), Rn (Z=86)

Shell structure

Similar attempt in nuclear physics: independent particle motion in a
potential well

Woods-Saxon potential
V(r) = —Vo/[1 + exp((r — Ro)/a]
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Woods-Saxon itself does not provide
the correct magic numbers (2,8,20,28,

50,82,126).
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Strong spin-orbit interaction
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Nuclear Deformation

Deformed energy surface for a given nucleus

E(3) = ELpm(B) + Esnen(5)

Liquid drop
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Deformation

LDM only e====p always spherical ground state
Shell correction == may lead to a deformed g.s.

* Spontaneous Symmetry Breaking



Nuclear Deformation -

cf. Rotational energy of a rigid body
(Classical mechanics)

0.903 8* 1 j > _ I?
(MeV) T 2J

(I =Jw, w=2~0)
0.544 6" n |

154Sm is deformed

Excitation spectra of 1>4Sm

0.267 4" (note) What is 0" state (Quantum Mechanics)?
0.082 7+ 0": no preference of direction (spherical)
0 0"  ===)Mixing of all orientations with an
1>4Sm equal probability
I(I +1)R?
Ep ~ ( ;7 ) + + +

c.f. HF + Angular Momentum Projection



Nobel Prize in Physics 2008

“for the discovery of the mechanism of spontaneous
broken symmetry in subatomic physics”

Yoichiro Nambu

“for the discovery of the origin of the broken symmetry which predicts
the existence of at least three families of quarks in nature”

Kobayashi-Maskawa
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(note) rigid rotation of mechanical systems
E.R. Marshalek, Ann. of Phys. 53(°69) 569
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Random phase ap’ioroximation:

eSmall oscillation around equillibrium
1
V(z,y) ~V(x0,y0) + 5 > (8;0;V)(m;j — z40)(x; — x0)

2,
eAll degrees of freedom are treated equally

——  Treat x and y on the same footing
(work with the Cartesian coordinate)



1) “Spherical” case (L=0)
2 2
1
= 254 U 4 Ck(a? + )

2m 2m

D Wy = wy = \/k/m

ii) “Deformed” case (L #% 0)

Ly x=L, yo=0
'—’FWWW—CDm == Spontancous Symm. Breaking
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A warm up
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R(n2) &

otal Length= 2/cos45°
=228 W

R(m/2)

Total Length
=4(1/2/c0s30°)

+1-2(1/2*tan30°)
= 2.732
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