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Nucleus as a liquid drop
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Nucleus as a quantum liquid

e Classical vs Quantum

— Strength of interaction vs Zero-point kinetic

energy
2
Vo VS hAMcz

c . Length scale of the interaction

V, : Energy scale of the interaction



Nuclear force vs
molecular force
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Spontancous symmetry breaking (SSB)
of the rotational and gauge symmetry

« Hamiltonian 1s rotationally invariant

11,7 ko

— But many nuclei are deformed !
 Hamiltonian 1s rotationally invariant in the gauge space

|H,N |=0
— But many (heavy) nuclei are superfluid !

e ¢. g., Uranium nucleus (235,238) are believed to
be deformed and in the superfluid phase.
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Different reaction rate

* Transfer reaction (Strong interaction)
_ ISN(p,a)UC
— 6~0.5b (E=2 MeV)
* Capture reaction (Electromagnetic interaction)
— 3He(a,y)'Be
— 6~ 106 b (E=2 MeV)
* Weak process (Weak interaction)

o p(p,eW)d
— 5~ 1020 b (E=2 MeV)

mem) Different time scale
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pp chain (1) P e
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Nucleus with Different Time Scales

* Time period of nucleonic Fermi motion
— Tp~ RWVg ~ 1022 sec
e Collision time

— T, >>T¢ (Nucleon near Fermi energy)
— T. > T¢ (Thermal neutron)




Nucleonic single-particle motion in nucleus

Bohr & Mottelson, Nuclear Structure Vol.1

Neutron Separation energy
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SSB in the Nuclear Time Scale

* Time period of nucleonic Fermi motion
— T~ RWVe ~ 1022 sec
 Collision time

— T, >> T (Nucleon near Fermi energy)
— T, 2 T¢ (Thermal neutron)

* Time scale of symmetry breaking
— Tgg >> T (1020 sec)

— Broken symmetry is restored by Nambu-
Goldstone modes in time of 145



Nuclear Deformation
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« Rotational excitation spectra
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More than hundred times larger than typical single-
particle values



Nuclear Deformation

» Characteristic spectra associated with
different symmetry breaking
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Phonon
excitation

Shape phase transition
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Nuclear deformation as
phonon condensation

‘ () 0 > Ground state A
V(B)

B+

2+

o 0 > Excited state (27)
@ Away from the
closed-shell
+ >
‘(I)def> = eXp(CBz+) (I)o> P

p = <(I)def "”2Y20 (7)

Dp )
det /' deformation (order parameter)
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Nuclear superfluidity as

pair condensation

‘ ()] 0 > Ground state
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() 0 > Pairing vibration
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Symmetry breaking in nuclei
ei¢J“P>¢‘qj> ei¢N‘qj> - ‘\IJ>

Quadrupole deformation

Pairing deformation

ﬁzu = <‘P‘V 2Y2 M“P> (superfluidity)
A=Wy W)

Deformation in the gauge space

prolate oblate triaxial

Nuclear Superconductivity

Octupole deformation Nuclear Superfluidity

/330 = <\P‘F3Y30‘W> .

P|W) = +|W)
‘ Pear shape (u=0)




Symmetry breaking in nuclei
| W) = W)

S. Frauendorf

Spatial deformation Magnetic deformation ?
(Electric deformation)
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Shell Structure

Approximate degeneracy of single-particle levels

’

Stability and Instability of spherical shape

P3ns, Pin

N/

N~
Driving force of SSB Jahn-Teller Mechanism




Shell Structure

Bohr, Mottelson, Nucl. Str. Vol.2
Single-particle energies 1n a spherical potential

can be specified by the quantum numbers (7, /)
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Classical correspondence
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Closed periodic orbital
a:b=2:1 W) Elliptic orbits

j> SSB to ellipsoidal shape
in open-shell nuclel

Spatial shape of w.f. created by superposing degenerate s.p. states.



Germanium gamma-ray detector
arrays developed in 1980°-90°s
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Mechanism of stabilizing superdeformation

3D Harmonic Oscillator Potential

Freq. ratio (@, / w,)
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What happens if we add neutrons to
“closed-shell” superdeformed nuclei?

. Effective potential
V(B)
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Typical classical periodic orbits 1n
superdeformed potential

Deformed HO potential

(n,l)y=(n.,n,,n_)
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Bending-shape phase transition in open-
shell SD states

T.N., S.M., K.M., Prog. Theor. Phys. 87 (1992) 607.

Increase of valence
neutrons
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Fission Isomers

Where are they?

Increasing (decreasing) valence neutrons (protons) by 8-10
leads to regions near beta-stable line
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From BCS to BEC ?

* Correlation becomes prominent at low density.

— In normal nuclear density, the size of nucleonic
Cooper pair 1s larger than the size of nucleus.
(~ 10 fm or larger)

— At low density, the pair wave function may be
much more compact (~ 2 fm)
p (N F )= Y 8(F=1)S, O(F'=7)S, |~ py(F' NP (F L)
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M. Matsuo (Niigata Univ.)




Summary

Nucleus 1s a wonderful
laboratory of finite many-body
systems of quantum liquid

Nucleus shows different aspects
in different time scales

\

Superdeformation

A variety of spontaneous
symmetry breakings are
observed 1n nucle1

Hyperdeformation

Oblate
spgerdeformation

A new type of shape phase
transition 1s predicted in Gtuple T
superdeformed nuclei dotpole Y



CNO Cycle

e Slowest reaction
determines the

energy-production V\lgo

efficiency o
— ptp — d (pp chain) 7% !

— Proton capture (CNO) v
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