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Nuclel: aggregate of nucleons (protons and neutrons)

=P NUuclear Many-Body Problems

» Liquid drop model

» Single-particle motion and Shell structure

» Hartree-Fock approximation

»Bruckner Theory

»Pairing correlations and Superfluid Nuclel
» Angular momentum and number projections
»Random Phase Approximation

» (Generator Coordinate Method (GCM))

» (Time-dependent Hartree-Fock Method)

» (Nuclear Reactions)
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Basic Properties of Nuclel
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Nucleus as a quantum many body system

Basic ingredients: charge  mass (MeV)  spin
Proton +e 038.256 Yo+
Neutron 0 939.550 1o+

(note) n—p+e +v (10.4 min)



Density Distribution

High energy electron scattering

Born approximation:
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POINT CHARGE
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DIFFERENTIAL CROSS SECTION IN CM>STERAD
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B T (Fourier transform of the density)

SCATTERING ANGLE
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Fermi distribution

P(?") — PO/[l + exp((r — Ro)/a)]
po ~ 0.17 (fm=) == Saturation
Rg ~ 1.1X A1l/3 (fm) property
a ~ 057 (fm)




Momentum Distribution
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Nuclear Mass

8p + 8n
B

. (binding energy)
18608

m(N, Z)c? = Zmp(:2 + Nmpc® — B
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1. B(N,Z2)/A~85MeV (A>12) (=) Short range nuclear force



Long vs short range interaction

Long range force: B x A(A—1)/2 [V B/Ax A

Short range force: saturation
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B~aAl2 ——B/A~a/2 (const.)
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1. B(N,Z2)/A~85MeV (A>12) (= Shortrange nuclear force
2. Effect of Coulomb force for heavy nuclel



Nuclear Chart
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neutrino
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(A>12) (= Shortrange
Effect of Coulomb force for heavy nucleli

Fusion for light nuclel

Fission for heavy nuclel

The Origin of Solar Energy




Semi-empirical mass formula

(Bethe-Weizacker formula: Liquid-drop model)

72 (N — Z)°

B(N,Z) = avA—aSAQ/S _aCAl/?’ — asym A

e\Olume energy: a, A

|||||||

Ro~11x A3 5 v A
S x A2/3

eSurface energy: —a,SA2/ 3

A nucleon near the surface
Interacts with fewer nucleons.




72 (N — Z)°

B(N,Z) = avA—aSAQ/S _aCAl/?’ — asym A

eCoulomb energy: —a .~ Z2/A1/3

| 3722

Eqo = for a uniformly charged sphere

5 Rgo
eSymmetry energy: —asym (N — Z)2/A
Potential energy  vpp = vpp = v,  Upp ~ 20

C a nucleon interacting with nuclear matter:
U
N (vnnN/A + vpnZ/A) + Z(vpnN/A + vppZ/A) = 5(:—sA — (N = Z)?/A)

Kineticenergy it b
] ] ool T ::::::::;::,:::::

Pauli exclusion — _ [rpwiegrymid [ 88 Femi

. . ——O—O0——0—0— L —o—e— ¥
prInCIDIe occupied —O—O0—T—@—@— " —————
—— 00— — 99— —O— = — 80—
—O0—O0—1—@—@— —O0—O0——80—8—
—0—O0——&—0— —o0—0———0—0—

P n P n




B-stability line

Z2 (N — Z)?
— 2/3
@ B(N,Z) = ayA — asA / —acA1/3 — asym A
A7y — oA Z? (A-2Z)2
m( 3 )_f( )+aCA1/3+a’Sym A

m(A,Z)
Stable nuclei (beta-stability line)
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Nuclear Chart
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Nuclear Fission

B(N,Z) = ayA — asA2/3 — ac

Z2 (N — Z)°
A1/3 asym A

@ Ly = E(O)f(1+2€2/5+"')
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Collective Vibrations

R- (14 ¢
R-(14+¢)71/2
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@ In general, R(6,¢) = R (1 + > a)\MY)T,LL)

1 2
V = 5 Z C) |a)\u|
A
s b

mm=p>  Quantization: Harmonic Vibrations

(note) moment of inertia <= incompressible and
irrotational flow



R(6,¢) = Ro (1 + D oYy

Ay b
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A=2: Quadrupole vibration

A=3: Octupole vibration
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Double phonon states

0'00 2040 60 80 100 T30 140 160 180 200 Rzz?%%m;im A 4+ 1282 Mev
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Microscopic description 2+ 0.558 MeV

—> Random phase approximation (RPA)
[later in this lecture]

O+
114Cd



