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Nuclel: aggregate of nucleons (protons and neutrons)

=P NUuclear Many-Body Problems

(Low-energy) Nuclear Physics:

to understand rich nature of atomic nuclei starting from
nucleon-nucleon interactions

- Size, mass, density, shape
- excitations

- decays

- nuclear reactions

two Kkinds of particle: protons and neutrons



Nuclel: aggregate of nucleons (protons and neutrons)

=P NUuclear Many-Body Problems

microscopic descriptions of atomic nuclei

»Liquid drop model

» Single-particle motion and shell structure
»Hartree-Fock approximation

» Bruckner theory

»Pairing correlations and superfluid Nuclel

» Angular momentum and number projections
» 1-neutron and 2-neutron halo nuclel
»Random phase approximation (RPA)
»Nuclear reactions
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Introduction: atoms and atomic nuclel

1 Angstrom (= 100,000 Fermi)

~ 10-10 m



Introduction: atoms and atomic nuclel

atomic nucleus

°© ~10%m

1 Angstrom (= 100,000 Fermi)

~ 10-10 m



proton (+e)

neutron (no charge)

electron cloud (-e)

1 Angstrom (= 100,000 Fermi)
EE———————

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

»M, ~ M, ~ 2000 M; —— the mass of atom ~ the mass of nucleus
9 .49 / yr,u /e



Scale in m: bt 2 Scalein 10 ""m:
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Nuclear 0 nucteus Gy o
- < o
Physics orotoy €3

10"m 1,000

g Py E
10" m EIURFR@ (‘weectmn <1
(-:; ?

1fm=10"m

Nucleus as a quantum many body system
'm’uo’wsw?lo 71)'\'@% o,{. V.w,.j \m\A‘t\Ahll] -Xer actTa a rmr’;’wlej‘

Basic ingredients: charge  mass (MeV)  spin 4, wp & M
Proton +e 038.256 Lo+ ( Longptn spe
Neutron 0 939.550 15+ m=p
: ‘L‘bloé\Y;L

(note) n—p+e+v (104 min) Amalegee
half -\ife Tm Some Wnls
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neutrons

® Nucleons are not stopping inside a nucleus.
(they move relatively freely)

® Yet, they are not completely independent.
A nucleus keeps its shape while nucleons
Influence among themselves so that a
nucleon does not escape.

a self-bound system
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neutrons

a self-bound system

What happens if a photon is absorbed into a nucleus?
- one nucleon simply starts moving faster?
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a self-bound system
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® Nucleons are not stopping inside a nucleus.
(they move relatively freely)

® Yet, they are not completely independent.
A nucleus keeps its shape while nucleons
Influence among themselves so that a
nucleon does not escape.

neutrons

a self-bound system

What happens if a photon is absorbed into a nucleus?
- one nucleon simply starts moving faster?

\ery coherent
motion can happen

Collective motions




Very coherent
motion can happen

Collective motions

a variety of
motions
— very rich!



Nuclear Chart: 2D map of atomic nuclel




NO neutrons

Periodic table: protons only,
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Nuclear Chart: 2D map of atomic nuclei
Wybofe — some 2
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160 (Z:8, N=8, A:16)

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

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

r'-r-r + i Isotopes

neutron number




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

Nuclear Physics:
Several static and
dynamical properties
of those nuclei




Nuclear Chart: 2D map of atomic nuclei
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, >how many neutrons can be attached?
»Wwhat Is the shape of nuclei?

»>1s there any exotic structure?

»Wwhat Is the heaviest nucleus?

»how do nuclel decay?  ___
__etc. ete.

neutron number



Extension of nuclear chart: frontier of nuclear physics

superheavy

Proton number Z

100

80

60

40

20

elements

proton rich

R s
L "ﬂﬂ halo nuclel| Nihohium
: " ° (almost) bare NN interaction /7 1
weak in-medium effects \EIE ent 113)
neutron- n#h nuclei (RI*BF)
20 40 60 100 120 140 160

Neutron number



Neutron-rich nuclel (RIBF at RIKEN)
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Prediction of island of stability: an important motivation of SHE study

CHART OF THE NUCLIDES

nuclei In naturges | sperc
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Shell
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Sea of Instability

10 20 30 40 50 60 70 80 90 100 (10 120 130 140 150 160 170 180 190 200
Neutron number

island of stability around Z=114, N=184 Yuri Oganessian
W.D. Myers and W.J. Swiatecki (1966), A. Sobiczewski et al. (1966)

modern calculations: Z=114,120, or 126, N=184
e.g., H. Koura et al. (2005)




Nuclear Chart: 2D map of atomic nuclei
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a nucleus is not always spherical

Quantum shape
dynamics



Density Distribution

High energy electron scattering

Born approximation:

» . {RB=5.3efm=1.10A"3fm

= 4 / a=053fm
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Born approximation

pi(r) = e'PiT/T

— ‘



Born approximation () = DT /R

Yi(r) = ePiT/h V(r) 0
- * —) °
C up; . momentum
Wy = 47T2h4/dQ |V(Q)| tranffer

V(q) = [ dre! PP T/ Ty 0y = / dre= 4TV (1)

incident flux: Jinc = piv = p;/

Wy, 2 Py |
C 7 jinf :/dQ 4Wéﬁ4‘V(Q)|2 %\qh

C

_da 9
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Electron scattering — /
V(r) = —eQ/d’r" p(r') )

=

C do 2%64

3
Rg=6.38fm =110A"*fm

e B
— F 2 g } i { a=053fm
ds? (4E S n2 9/2)2 | (Q)| N g °F \ZB‘,A (Ra=6.876m=118A"fm)
10 z
— (Ck‘R—Uth> |F(q) |2 5 ) %0 2 ¢ s \? 0T (UNITS OF fm)
9 "

Form factor
F(q) = [ e 97 p(r) dr

POINT CHARGE

SCATTERING OF 153 MeV

* relativistic correction: ELECTRONS ON Au

DIFFERENTIAL CROSS SECTION IN CM*STERAD™
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ds? 2 SCATTERING ANGLE
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0.20

P. nuclear
F

matter

010

Fermi distribution

PO
1 4 exp[(r — Rg)/al

oo ~ 0.17 (fm-3) &= Saturation
Ry ~ 1.1 x AL/3 (fm) ProPeY
a ~ 0.57 (fm)

p(r) =




Momentum Distribution

Fermi gas aiproximation D o a /kF 1.2 d
A = v
. P 1 o (2m)3
2
‘ 2
> ky
K (note: spin-isospin degeneracy)
Ky
p=017fm3 —— k.~1.36fm?
A
| v kr - hc
S — bl = F 5 — 0.235
o ¢ mc
k2 h?
Fermi energy: ep = g ~ 37 (MeV)
™m
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by b ] l
by B0 T, ke, ke T
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Nuclear Mass

8p + 8n
B

. (binding energy)
18608

m(N, Z)c? = Zmp(:2 + Nmnc® — B

/,\
]91‘ 1 ")a E

B0




(4)]

BE/A (MeV)
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BE/A (MeV)

(4)]

i

1. B(N,Z)/A ~ 8.5 MeV (A > 12)

I | | | | | |

60 80

120 140 160 180 200 220 240
A

(=) Short range nuclear force
wWare Mol g elaevey WEREY
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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 nuclei



Nuclear Chart
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Stable nuclei: N > Z



neutrino

Halium I.';.HB:I (e-type)
nucleus

| | i l | | | | | | ﬂ

60 80 100 120 140 160 180 200 22n 24n
A

(A>12) (= Shortrange
Effect of Coulomb force for heavy nuclel

Fusion for light nuclel

Fission for heavy nuclel




Semi-empirical mass formula R =voh

(Bethe-Weizacker formula: Liquid-drop model)

72
B(N,Z) = ayA — a3A2/3 — aCAl/?’ — asym

(N - Z)?

A

e\/Olume energy: a, A
. 42/3
eSurface energy:. —asA
eCoulomb energy: —a Z2/AL/3
eSymmetry energy: —asym (IN — Z)2/A
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How well does the Bethe-Weizacker formula reproduce the data?

o) Iy | | |
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7.5
| | | | |
0 50 100 150 200 250

Mass number A4



How well does the Bethe-Weizacker formula reproduce the data?

o) Iy | | |
B N=28 N =50 -
=
§ 85
o o=
=
s+
& 1
L
: b
< 8.0
] -
7.5
| | | | |
0 50 100 150 200 250

Mass number A4

cf. N,Z = 2, 8, 20, 28, 50, 82, 126: large binding energy
“magic numbers”



(note) Atomic magic numbers (Noble gas)
He (Z=2), Ne (Z=10), Ar (Z=18), Kr (Z=36), Xe (Z=54), Rn (Z=86)
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