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Nuclel: aggregate of nucleons (protons and neutrons)
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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 9038.256 Yo+
Neutron 0 039.550 Yo+

(note) n—p+e + 7 (10.4 min)



Density Distribution
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POINT CHARGE

SCATTERING OF 153 MeV
ELECTRONS ON Au

50°

70° 90° 110° 130° 150° 170°
SCATTERING ANGLE

High energy electron scattering

Born approximation:

67:’6,&'-7“ /
? eikf'r

do Z]%e4

dQ2~ (4Esin26/2)2

F(q)[?

Form factor
F(q) = [ 747 p(r) dr
(Fourier transform of the density)
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Fermi distribution

p(r) = po/[1 + exp((r — Rg)/a)]
po ~ 0.17 (fm-3) == Saturation
Ry ~ 1.1 x AL/3 (fm) PoPeY
a ~ 0.57 (fm)




Momentum Distribution

Fermi gas approximation ke k2dk
r k = 2X2x4 /
’ P " Jo (27)3
2
= k3
\ . 372 F

(note: spin-isospin degeneracy)
kx
A kp~1.36  (fm?)
e YEZFP T o5

C mcC

Cormi _ k2 h?
ermi energy: ep = —-—— ~ 37 (MeV)




Nuclear Mass

8p + 38n

B
(binding energy)

m(N, Z)c? = Zmp02 + Nmpc? — B
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1. B(N,Z)/A ~85 MeV (A>12) (=) Short range nuclear force



Long vs short range interaction

Long range force: B oc A(A—1)/2 (Y B/Ax A

Short range force: saturation
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1. B(N,Z2)/A~8.5MeV (A>12) (> Shortrange nuclear force
2. Effect of Coulomb force for heavy nuclel



Nuclear Chart
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Stable nuclei: N > Z



neutrino
Helium I.';HB:I (e-type)
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A

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

Fusion for light nuclel

Fission for heavy nucleli




Semi-empirical mass formula

(Bethe-Weizacker formula: Liquid-drop model)

72 (N — Z)2

B(N,Z) = aUA—aSAQ/?’ —aCA1/3 — asym 1

eVolume energy: ay.A

T

(A-1) i

Ro~11xAY3 5 vxA
S x A2/3

.
5

eSurface energy: —a,SAQ/ 3

A nucleon near the surface
Interacts with fewer nucleons.




B(N,Z) = apA — asA?/3 — ¢

72 (N — Z)2

C'Al/3 — Gsym

eCoulomb energy: —a Z2/A1/3
3 Z?e? .
Ec=— for a uniformly charged sphere
5 Rco

eSymmetry energy: —asym (IN — Z)Q/A

Potential energy vnpn = vpp = v,  Upp ~ 20

< a nucleon interacting with nuclear matter:

N (vnnN/A 4 vpnZ/A) + Z(0pnN/A + vppZ/A) = %(3A _ (N — 2)2/4)

Kineticenergy bl et
— AR e e]
Pauli exclusion — __ [ogrieeld 3 e
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3 -stability line

72 (N — Z)?
@ B(N,Z)=avA—aSA2/3—aCA1/3—asym 1

Z? A —27)?
m(A,2) = F(A) + ac g + asym 20

JA4.Z)
| Stable nuclei (beta-stability line)
\\ ! am
\\ _ p— O
\ 0Z | A=const.
(a) 4 = 121 @
4asym

o 2&0/A1/3 —I— 8asym/A
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Nuclear Chart
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Nuclear Fission

72 (N — 2)?
Al/3 dsym A

:
b

@ Lsyrf = E(O) (1+2€2/5‘|‘"')

surf

Ec = EQ@1-e/54--)

B(N, Z) = ayA — asA2/3 — ac
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Collective Vibrations

a

b

R-(1+4+¢)
R-(1+¢)~1/2

A,

@ In general, R(0,¢) = R (1 + > OéAMY/{'}L)

1 2
V = 5 Z C |O‘)\,u|
A
7

===  Quantization: Harmonic Vibrations

(note) moment of Inertia <= incompressible and
Irrotational flow



R(0,$) = Ro (1 + 2 oY,

A,

A =2: Quadrupole vibration

A =3: Octupole vibration



Y*
R(0,¢) = Ro (1 | E :a)\,u A,u)
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R(0,$) = Ro (1 +2 axﬂil)
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Double phonon states
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SUEURSHOEOIEN B(N, Z) = Bmacro(N, Z) + Bmicro(N, Z)

sof N=2028 0 82 126 eSmooth part

. Bmacro(N, Z) = ayA — asA%/3
Z2 (N — 2)?
—ac—— 5 — a
CA1/3 >ym A

eFluctuation part
Bmicro = Bpair + Bshell

B/p (MeV)

80 -

Liquid drop model:

B/p (Mev)
o = N w B oo o0 9 @ 0
T T T T T T T T T

7.5

BI_DI\/I = Bmacro + Bpair

1 1
0 50 100 150 200 250



Pairing Energy

Extra binding when like nucleons form a spin-zero pair

Example: Binding energy (MeV)
“082PD15g = #,Phy56+2N 1646.6
#10g3Bi1p7 = 2%%,Pbypetn+p 1644.8
20982|:)l?1z7 = 2083)PD 56N 1640.4
“0g3Bl1pg = 2%%,Pbypt+p 1640.2
Bpair = A (for even — even)

0 (for even — odd)
—A (for odd — odd)




Shell Energy

9.0

B/4 (MeV per nucleon)
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50 100 150 200 250
Mass number 4

Extra binding for N,Z = 2, 8, 20, 28, 50, 82, 126 (magic numbers)
—> Very stable

4 16 40 48 208
,He,,19504,%%,0Cay0, %050 Cayg, g, P01 56

o



(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) = -W/[1 4+ exp((r — Ro)/al
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Infinit Woods-Saxor

well

Woods-Saxon itself does not provide
the correct magic numbers (2,8,20,28,

50,82,126).

1

Meyer and Jensen (1949):
Strong spin-orbit interaction

h° 5
_%v —|—V(r)e] w(r) =0

1dV
Vis(r) ~ =2 =S5

r dr

(A > 0)



1j coupling shell model

2
V2V e 6 =0 =D W, () = )

-
Spin-orbit interaction

R? 5
[—%V +V(r)+ Vi,(r)l-s— e] Y(r) =0

(note) g =1l+s =—> l-s:(jz—lz—sz)/Q

mnglm(r) — ujl(r)yjlm(f;;)

r

> (U my 1/2 ms|j m)Yiy,, (F)xm,

myp,ms

yjlm(r"z)




1j coupling shell model

R 5
[—va + V(r) —I—Vls('r)l-s—e] W(r) =0

(note) g =1l+s =—=> l-s=(j2—l2—32)/2

N

wjlm(r) — ujlr,«(r)yjlm(frﬁ
Viim(®) = 3 (I my 1/2 ms|j m) Y, (F)xm,
myp,Mms

los=1/2 G=1+1/2), —(+1)/2(G=1-1/2)
—(I+1)/2-(Vig)

j=1-1/2

J=1+£1/2 1/2 - (Vi)
j=14+1/2
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Single particle spectra

E (MeV)
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2.81
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209Bi
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13/2%

7/2~

9/2~

FIG. 3.6. Low-lying single-particle levels of 2%°Bi.
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Fig. 4.1. Mass distributions in terms of the fission fragment masses for spontaneous
fission of 22Cf, 236Fm and 23Fm and for neutron-induced fission of ’Fm. Note
the trend toward symmetric fission with increasing mass and in addition the larger
number of symmetric events for neutron-induced than for spontaneous fission (from

R. Vandenbosch and J.R. Huizenga, Nuclear Fission (Academic Press, New York
and London, 1973)).



RFDER

Deformed energy surface for a given nucleus

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

Liquid drop

—
-
-
-

Super-
deformation

Potential energy

-
—
=

Ground-s}ate
deformation

Deformation B -

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

* Spontaneous Symmetry Breaking
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154Sm .
Cf. RADEETRIILF—(HH-NZF)
0.903 8+ ) I
(MeV) b= —J =37
I= =0
0.544 6" n (= Jw, w=0)
154Sm

0.267 4" (note) 0" JREEL X (BF HZ) ?
0.082 2. 0 ZREOERFEAEL

" tsigm = & A HAENERETRE TS

. I(I +1)r?

I™~"""57 + + +




Evidences for nuclear deformation 1.084 8*

(MeV)
e The existence of rotational bands
b I(I + 1)TL2 0.641 6*
I — 27
0.309 4*
eVery large quadrupole moments .\
(for odd-A nuclei) 0.093 5+

[167 HOHT
Q=c¢e ?<WII|7“2Y20|\UH>

eStrongly enhanced quadrupole transition probabilities
eHexadecapole matrix elements <= 3,
eSingle-particle structure
eFission isomers

Liquld drop Fission from
\/\ >|somer state
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eformati
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Fission fromg.\
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Deformation

Potential energy




