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Nuclel: aggregate of nucleons (protons and neutrons)

== N Uclear 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
»1n and 2n halo nuclel

»Random Phase Approximation

»Nuclear Reactions
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proton (+e)

neutron (no charge)

electron cloud (-e)

1 Angstrom (= 100,000 Fermi)
e

» Neutral atoms: # of protons = # of electrons
» Chemical properties of atoms —— # of electrons

»M, ~ M, ~2000 M, —— the mass of atom ~ the mass of nucleus
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Nucleus as a quantum many body system

Basic ingredients: charge  mass (MeV)  spin
Proton +e 9038.256 Yo+
Neutron 0 939.550 Yo+

(note) n—p+e +v (10.4 min)



Periodic table of chemical elements

Group — 1 2 3 - 5 6 7 a8 9 10 11 12 13 14 15 16 17 18
| Period

1 2

Ll w He

5 3 4 5 B 7 8 9 10

Li Be B - N O F Ne

3 11 12 13 14 15 16 17 18

MNa Mg Al Si P 5 Cl Ar

A 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti W Cr Mn Fe Co Ni Cu || Zn || Ga Ge || As Se Br Kr

5 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 23 54

Rb Sr Y Zr Nb [[ Mo || Tc Ru Rh Pd || Ag Cd In Sn Sh Te I Xe

6 a5 56 712 73 74 15 716 17 78 79 80 81 82 83 84 a5 86

Cs || Ba Hf Ta W Re || Os Ir Pt || Au || Hg Tl Pb Bi Po || At Rn
7 87 a8 104 || 105 || 10e (| 107 || 108 || 109 (| 110 (] 111 (| 112 || 113 || 114 (| 115 (| 116 || 117 || 118
Fr Ra Rf || Db || Sg || Bh || Hs || Mt Ds || Rg || Cn || Uut ([ FI [|Uup|| Lv || Uus || Uuo
Lanthanides 57 58 29 60 61 62 63 64 65 66 &7 68 69 70 71

La Ce Pr Nd [[ Pm || Sm || Eu || Gd || Tb Dy || Ho Er || Tm || ¥Yb Lu
Actinides 89 90 91 92 93 94 95 96 97 98 99 (1100 (| 101 || 102 || 103

Ac Th Pa u Np Pu || Am || Cm || Bk cf Es || Fm || Md || No Lr

tabular arrangement of chemical elements based on

the atomic numbers (= # of electrons = # of protons)




1 Angstrom (= 100,000 Fermi)
e

neutron (no charge)

proton (+e)

Where are neutrons?

Group — 1 2 3 4 5] 6 7 g 9 10 11 12 13 14 15 16 17 18
| Period

1 2

L lw He

5 3 4 5 6 7 g 9 10

Li Be B = N Q F Ne

11 12 13 14 15 16 17 18

Na Mg Al Si P 5 cl Ar

4 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti v Cr || Mn || Fe Co Ni Cu || Zn || Ga || Ge || As Se Br Kr

5 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr || Nb || Mo || Tc Ru Rh || Pd || Ag || Cd In sn || sk Te | Xe

6 55 56 72 73 74 75 76 77 78 79 80 a1 82 83 84 a5 86

Cs || Ba Hf Ta W Re || Os Ir Pt || Au || Hg Tl Pb Bi Po || At Rn

7 87 a8 104 || 105 || 106 (| 107 || 108 || 109 ([ 110 || 111 )| 112 || 113 || 114 || 115 || 116 || 117 || 118

Fr Ra Rf [| Db || Sg || Bh || Hs || Mt || Ds || Rg || Cn || Uut || FI ||Uup|| Lv || Yus || Uuo
Lanthanid 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
anthanides |\ 15 | ce || pr || md || Pm || sm || Eu || Gd || To || Dy || Ho || Er || Tm || ¥b || Lu

Actinides a9 90 91 92 93 94 95 96 97 98 99 || 100 || 101 (| 102 || 103

Ac || Th Pa u Np (| Pu || Am || Cm || Bk cf Es || Fm || md || No Lr




Nuclear Chart: 2D map of atomic nucleli




Nuclear Chart: 2D map of atomic nucleli

160 (Z=8, N=8, A=16)

170 (Z=8, N=9, A=17)

180 (Z=8, N=10, A=18)
A=Z+N

g Isotopes
o

neutron number




- Stable nuclei in nature: 287
Nuclei artificially synthesized :about 3,000
Nuclei predicted:about 7,000 ~ 10,000

Nuclear Physics:
Several static and
dynamical properties
of those nuclel




Nuclear Chart: 2D map of atomic nucleli

_,.r"" ; >how many neutrons can be attached?
= % J>what s the shape of nuclei?
- >is there any exotic structure?

»Wwhat Is the heaviest nucleus?

»how do nuclel decay?  ___

..... etc. etc.

neutron number



An example of what we investigate in nuclear physics

»Wwhat Is the shape of a nucleus?

Are nuclei all spherical?



»Wwhat Is the shape of nucleus?

MNuclear ground-state shapes
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http://t2.1anl.gov/tour/sch001.html

Some nuclei are deformed in the ground state!
what are combinations of (Z,N) which yield a deformation?



Density Distribution

High energy electron scattering

Born approximation:
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do 21%64

DIFFERENTIAL CROSS SECTION IN CM>STERAD
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g Form factor
6\ F(q) :/e—z’q-r p(r)dr
B T (Fourier transform of the density)

SCATTERING ANGLE
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Fermi distribution

PO
1 4+ exp((r — Rg)/a)

oo ~ 0.17 (fm-3) <= Saturation
Ry ~ 1.1 x AY/3 (fm) Properw
a ~ 0.57 (fm)

p(r) =




Momentum Distribution

Fermi gas a[l)(proximation D o a /kF 1.2 d
— T
: P 0 (2n)3
2
R T2
> ky
K (note: spin-isospin degeneracy)
Ky
p=017fm3 —— k.~1.36fm*
v ke - hc
S — bl — F 5 = 0.235
C mc
k2. h?
Fermienergy: ep =-£— ~ 37 (MeV)
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Nuclear Mass

8p + 8n
B

. (binding energy)
18608

m(N, Z)c? = Zmp(:2 + Nmpc® — B
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A
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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If one nucleon interacts only with surrounding o nucleons

B~aAl2 ——B/A~ a/2 (const.)

For A < a+1, one nucleon interacts with all the other nucleons
— > B/Ax A

B/A

o+1
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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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Stable nuclei: N > Z



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




