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Rotation about the symmetry axis

Equator part is expanded due to
the centrifugal force

— Moment of inertia increases

Example: The earth

Rotation about symmetry axis is
quantum-mechanically forbidden



Spin alignments

Q=A+2
(m=4_{,+0,)

non-collective motion

By spin alignments which break the time-reversal
symmetry, quantum objects can have angular momentum
about the symmetry axis



Physical phenomena in high-spin states

E.S. Paul et al., Phys. Rev. Lett. 98, 012501 (2007)

4.0

w w
o o

N
o

E -0.007 « I (I+1) (MeV)
> o o

o
o

o
o

|
—
o)
m —
[T]
—_

60°

triaxial

oblate Y
O 7
2
W\
OO
o0

neutron

alignment

@

terminating

bands

X
proton

alignment

terminating states

3
band

new

<— high moment _ strongly 7
of inertia

band

core-breaking N
excitations  hole”

triaxial

deformed?

In core

Torus iIsomer IS
an extreme limit
of oblate
deformations

valence
band particles —
146Gd core
prolate .j> oblate Iﬁ> triaxial
| | | | | | | |
0 10 20 30 40 50 60 70

Spin I (A)




Objective

m A drastic example:
If many nucleons break
the time-reversal symmetry
rotating about the symmetry axis
— torus configuration

m  Search for stable torus isomers in high-spin states from 28Si to “°Ni
using the cranked Hartree-Fock (HF) method

m How is their excited states?
— Precession motion

— Describe the precession motion using the time-dependent Hartree-
Fock (TDHF) method



Search for torus isomer state in 4°Ca

Cranked 3D Hartree-Fock method 0 <I§V — a)fz> =0

- it j ' w: rotating frequency of
Energy variation in the rotating frame the body-fixed frame

Skyrme interactions : SLy6, SkiI3, Skl4
Energy Density Functional
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Spatial grid points

32 x 32 x 24 points
interval: 1 fm

Search for a stable state by varying various w



Density distribution of a stable solution

ho = 1.2 MeV
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Convergence of K (J-)
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I Alignments of orbital angular momentum

A= L () K< 2 (i) K = 60h | (iii) K< 100K
Good quantum number Y% 2 (471 + 5% + 672) (3 4 5h
o) 6h + Th)

‘ / | ~/\ T/ insufficient _ Unbound,>.<%->.<. °
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Systematics of torus isomers
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System J,
(SLy6)

OAr 36
WCa 60
My 44
BCr 72
2Fe 52
Density:

123.89 0.137
169.71 0.129
151.57 0.137
191.25 0.132
183.70 0.138
p ~ 2/3p0

5.12
6.07
6.30
7.19
7.47

Width: similar to o particle

1.62
1.61
1.61
1.60
1.60



Macroscopic current of nucleons

0Ca K=60h (4x4+5x4+6 x4)

1 A\ 12 nucleons rotate to the
i\ A same direction about the
symmetry axis
A 61’.*, %% - y ry
A_s 9990
N=4

Macroscopic circulating current occurs in a torus isomer



Nambu-Goldstone mode

The symmetry of the density distribution is largely broken

J=eOn (AR d xS oxd Collective motion to restore
the broken symmetry should
appear (NG mode)

%) E/ Collective rotation about an

p=5 4 , axis perpendicular to the
T, symmetry axis

— Precession motion

How is the moment of inertia for rotation about the axis
perpendicular to the symmetry axis when macroscopic
currents occur?



Precession motion

z <,

cf. a spinning top
In zero gravity

Torus isomer has very large angular
momentum about the symmetry axis

If we give an impulsive force to the
symmetry axis

— Rotation about an axis
perpendicular to the symmetry axis

— Precession motion starts

Describe the precession motion
using time-dependent Hatree-
Fock (TDHF) method



Schematic picture of precession motion

[: total angular momentum
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Method

® Time-Dependent Hatree-Fock (TDHF) equation
0: density distribution ihp = [h, p]
h: Hatree-Fock Hamiltonian

® |nitial configuration o P
prepare by cranked HF ¢, |

—10 __

B gives an impulsive o
force att = 0 by Vet (7, 0, 2) = Vozcos @ - e VR /@

the external field Vo = 0.12757 MeV



Time evolution of density distribution
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I Calculated results
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Moment of inertia calculated by TDHF

Period 1 2 3 4 5 6 /

Tn (fm/c) 401.4 403.5 404.6 4054 403.5 4009 401.5

Torec = 403.0 fm/c fluctuation is very small

2 L
Wprec = i 3.08 MeV/h — Excitation energy of Al =1
T

prec

7, PHE = T 1 /MeV " = 21.1 B*/MeV

Worec

The obtained moment of inertia is almost
consistent with the ridged-body one




Pure collective motion

B The random phase approximation (RPA) calculation for
the precession motion (a simple model analysis)

RPA method can check whether the precession
motion is the pure collective motion described by the
\ % f coherent superposition of 1p-1h states or not

TRA =19.6 h*/MeV

7 PHE — 198 1% /MeV T = 21.1 B*/MeV

Surprisingly, the moment of inertia for an axis perpendicular
to the symmetry axis is consistent with the classical one,
although a torus isomer Is pure quantum object!



Summary

® We find a stable state with the exotic torus configuration in high-
spin isomer of 4°Ca

® To build the torus state with K = 60 £, the 12 nucleons for A = 4,

5, and 6 are aligned with the symmetry axis for both proton and
neutron

® \We also describe the precession motion of a torus isomer using
the TDHF method

® By comparing to the RPA calculation, we found that the
precession motion obtained by the TDHF calculation
correspond to the excited mode generated by coherent
superposition of many 1p-1h excitations
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