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.I Motivation & background
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New physics: shape coexistence,

Adapted from Sneden and Cowan, Science (2003) midshell collectivities

J. Wu et al., PRL, 118 ,072701 (2017)

s-process — neutron capture timescale > -decay timescale

r-process — neutron capture timescale < 3-decay timescale
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K. Hara and Y. Sun, Int. J. Mod. Phys. E 4, 637 (1995).



.I Results & Discussion-PSM

DI
PMK|(D(K)>
———
angular
momentum

projection

|
|o.)

K. Hara and Y. Sun, Int. J. Mod. Phys. E 4, 637 (1995).



.I Results & Discussion-PSM

‘ Intrinsic coordinate

Laboratory coordinate

|

|

‘CI)K> ﬁj\gK|q)(K)>

e

angular
momentum
projection

‘\PIM> — ZFKIK]S]\;K‘(DK>
xK

K. Hara and Y. Sun, Int. J. Mod. Phys. E 4, 637 (1995).



.I Results & Discussion-PSM

‘ Intrinsic coordinate Laboratory coordinate

! |

@) Pl Pw) [¥ur) =D Fichix|®,) === PSM
KK

e
angular
momentum
octi
projection Projection operator:
~ 21 +1
Pix == [ QD R(©)

How to select two-body interaction, single particle basis
and model space?

K. Hara and Y. Sun, Int. J. Mod. Phys. E 4, 637 (1995).
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Usually, quite satisfactory results can be obtained since
the deformed quasiparticle basis already contains
important correlations.



.I Results & Discussion-PSM

N 2 N °
H,—Zhwe0 axial symmetry

/’ 3

Nilsson potential

K. Hara and Y. Sun, Int. J. Mod. Phys. E 4, 637 (1995).



.I Results & Discussion-PSM

) . :
5 hewe), axial symmetry

VaN 2 ) A Q 2 —|— - 2 | ° °
. - triaxial
\HO —gha) &0, +&'=

- ~ | TPSM

J. A. Sheikh and K. Hara, Phys.Rev.Lett. 82, 3968 (1999).
Y. Sun et al., Phys. Rev. C 61, 064323 (2000).

Nilsson potential




.I Results & Discussion-PSM

Nilsson potential
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J. A. Sheikh and K. Hara, Phys.Rev.Lett. 82, 3968 (1999).
Y. Sun et al., Phys. Rev. C 61, 064323 (2000).

Double even nucleus: ‘()>, aa’

Double odd nucleus: a:a;‘0>

. + + + +
Odd neutron nucleus: av‘0>, a, amaﬂz‘

. + + + 4
Odd proton nucleus: aﬂ‘0>, a.a,a,,

0)

0

Nilsson+BCS deformed basis

O>, aﬂ'laEZ‘ >a vlav2aﬂ1aﬂ2‘0>

angular

~ | TPSM

PA;K|(D(K)>

momentum

Model space

projection




.I Results & Discussion-PSM

Perform configuration mixing

PSM wave function H‘ W, )= ZF,é(ﬁAgK‘ D, )
KK

Z{HlfKK'K' _ENIfKK'K'}FK{K — O
k'K’

(@,
(@,

HP..|®,)
}A)IéK"CDK>

Band energy HEK(]) — — ];’f’f




.I Results & Discussion-PSM

Moment of Inertia (J)

271
E(D)-E(-2)

1) _

B(E2, 1->1-2)

2

1
21 +1

B(E2,] > 1-2)= 0, ¥")

‘<\Ijl—2

g factor

ul) 1
N [, (D) + 1, (D]

g(l)=



.I Results & Discussion-A~130 region
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[0 Deformed shell gap in light rare-earth nuclei

@® Z. Patel et al. Phys. Rev. Lett. 113(2014) 262502, the predicted deformed shell

closure is at N=100.
® R. Yokoyama et al. Phys. Rev. C 95(2017) 034313, new isomers can be

explained without the predicted N=100 shell gap.
® J. Wu et al. Phys. Rev. Lett. 118(2017) 072701, the authors could not find a
convincing signature in the half-life trend to confirm the evidence for a

deformed subshell gap at N=100.
® D. J. Hartley et al. Phys. Rev. Lett. 120(2018) 182502, the existence of the N= 98

deformed subshell gap.

O Question

The existence of neutron shell gap at N=98 or N=100 is currently a question
under debate, which needs to be investigated further by theoretical and

experimental studies.

Y. X. Liu et al. Changes of deformed shell gaps at N~100 in light rare-earth, neutron-
rich nuclei, J.Phys. G 47 (2020) 055108.

v propose a modification for the “standard” Nilsson parameters,
v’ ground state configuration in odd-neutron nuclei, upbending of the yrast moment
of inertia at higher spins and the energies of 2-quasineutron 6 and 4~ isomers in even-even nuclei
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Studies of 162Eue3 (N=99)
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However, such interpretations cannot account for the existence of 3- and 2" long-

lived states in 162Eu.
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.I Results & Discussion-A~160 region

The long-lived levels in 162Eu can be assigned the n5/2[413] ® v7/2[633] configuration W|th
K™=1* assigned to the ground state and K™= 6* to the isomer. This interpretation is consistent
with the observed decay pattern in 12Eu and can explain the observed isomerism in this nucleus.

Studies of 162Eu (N=99) cont.
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Studies of 162Eu (N=99) cont.
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Figure 3. Nilsson diagram generated with the ‘standard’ set of parameters (x, p) of
Bengtsson and Ragnarsson [26]. The values for the neutron n =6 shell are
Kk =0.062, p = 034.
deviations from WS, Nilsson & folded-Yukawa 162 Gd

ordering of the 1/2[521] and 7/2[633] neutron orbitals — —
How can we interchange the ordering of 1/2[521] and 7/2[633] neutron orbitals? A simple
modification can be achieved to move the neutron i3/, intruder state down properly while
keeping the other nearby orbitals unchanged.
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FIG. 1: Calculated ground state bands of odd-neutron nuclei with neutron number N = 97, 99 and 101 at Z = 60 (Nd), 62

(Sm) and 64 (Gd) with new set of Nilsson parameters. Data are taken from Refs. [2, 15

4000

3000

2000

Energy (keV)

1000
500 |-

-500 [

FIG. 2:

and T2

(Hf) with new set of Nilsson parameters. Data are taken from Refs.

[ 72—

L — v1/2[521]

3500 |
b oaas —_—3302

2500 L

299 7912

N ——
1500

L 192 e e 1912

L |
[ 1 Ve 11/2
72
_=1."2
Exp PSM

1T|Yb

(@) |N=101

=332

2972

R

S

— 52
— 112
— T2
=1l|l2'
Exp PSM

1?3Hf

12

| L — v5/2[512)

(b) [N=103 |
3332
LTy —l T

25(2 ———252

212 2172 21."2- 212
1712. 172 1?F2——1 T
BEL 132 1 — 137
g==n y=—u
Exp PSM Exp PSM

'1?.5'_“

 — Vv T2514]
- a7
[ ap—— V2
27— 212

2 ——232
— 10/ —19/2
L |5 e 152

Hei=—=—=1117
3 — 4

12
- Exp PSM

oy

5, 26-29)]

(©) N=105|
33/2————332
32 s e 312

27 Pt e 272 L

23\-'2'— —_—y

19!2——19;2
1.‘»'2——15.12
11;2— 111'2
" Exp PSM
'T?Hf

- —— v 9/2(624]

T
—29j2
—_—52
I —
[ 2102 ————21/2
g ——172'
13;2'=—|3|’2
- ar’ —a2’
- %2 Exp psm
'IT?Yb

(@)|n=107

——
25/ ———252

2 f———2112'

Calculated ground state bands of odd-neutron nuclei with neutron number N = 101, 103, 105, and 107 at Z = 70 (Yb)

[30-35]




.I Results & Discussion-A~160 region

[0 Reproduce correct order of single particle Orblt
(x, )New = (1 - 0.015]V - 102])(x, L)N=102

) |
1000 |- —— v 5/2[523] (a) N=97§ - v 7/2[633] (b) N=99 | | v 1/2[521] (c) N=1D‘II :
I | a2 1772 17/2
80O + 17/2 17 1212 172 . = —_— =" |
I~ I I 12 172’ 172" |
2 600 18 152 152 |+ — iz
i 400 | 132 1377 1302 132 | L2 ey 12 152" ! 372 e 312 =132 :
g’ T 1112 v uz 1 B2 melee 132 I
— —_ . ' 3 o2 2
G 200 g2 2 22 az sz Db ':L 12 12" :;f» Lt —_— e /2 I
L 102 i Iz 12 P a2 R A2 512 52 502
0 8252 57 &I 52 512 : Welr iy p /7 i 52 72 712" K- 1 U2 1 B |
ann " Exp PSM Exp PSM Exp PSM || Exp PSM Exp PSM Exp PSM Exp PSM Exp psMm Exp PSM |
| 15?Nd 1598m 1t:1Gd I 'SHNd 1h‘ISm ‘IB!Gd lli‘Nd 'Li3sm ‘IGSGd :
|

_--------------------------l
FIG. 1: Calculated ground state bands of odd-neutron nuclei with neutron number N = 97, 99 and 101 at Z = 60 (Nd), 62
(Sm) and 64 (Gd) with new set of Nilsson parameters. Data are taken from Refs. [2, 15, 26-29]

® Especially, for neutron number N=99 and 101, the order of 1/27[521]
and7/2%[633] is interchanged and consistence with the experimental
observation.

® These represent a clear example that due to changes in neutron/proton
ratio, the traditional Nilsson model for the stable mass region cannot be

directly applied for the neutron-rich region.

FIG. 2: Calculated ground state bands of odd-neutron nucler with neutron number N = 101, 103, 105, and 107 at Z = 70 (Yb)
and 7 {Hf] with new set of Nilsson parameters. Data are taken from Refs. [30-35]
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u Deformed shell gap at N~100

Studies of 162Eu (N=99) cont.
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® The correct placement of the 1/2- [521] neutron orbital opens a subsheII closure
at N=98 with neutron number N=96 - 100. The location and size of the shell gaps
change with neutron number and deformation.



.I Results & Discussion-A~160 region

] Isomer states for N~100 nuclei

® This disagreement with data can be understood as mainly due to the wrong
calculation for the N=98 shell gap and its relative size to the N=100 shell gap.

® We emphasize that the 2-qp isomer energy can be sensitively related to
deformed shell gaps in the neutron-rich regions as well as precise locations of
the quasiparticles that build the isomeric states. Systematical experimental
data for such isomers are much desired.
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The calculated bandhead energies of isomer states for Nd, Sm, and Gd isotopes with new and standard (labeled by
‘Old’) Nilsson parameter and comparison with the available data for (a) at N=98, (b) N=100 and (c) N=102. The
configuration of K™=4" is v1/2[521]+ v7/2[633]. The configuration of K"=6" is v5/2[523] + v7/2[633] for (a) and (b),
v5/2[512] + v7/21633] for (c). The configuration of K™=6"(1) in (b) is v5/2[512] + v7/2[633].
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1 Isomer states for N~100 nuclei
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.I Summary & Outlook

v Confirmation of the S-bands built on prolate 2qgp-proton
and oblate 2gp-neutron configurations.

v' Good description of t-band and D-band.

v'Deformed shell gap is dependent on the order of single
particle orbit, deformation and neutron number.

v'The new formulation need to be checked in other nuclear
region.

New order of 1/2-[521] and7/2+[633] single particle orbit L A~160
was confirmed.
C.]. Zachary et al., Phys.RevC. C 101, 054312 (2020)
E. H. Wang et al., Phys.RevC. 103, 014317 (2021)
R. Yokoyama et al., Phys.RevC. 104, L021303 (2021)
M. J. Burns et al., Phys.RevC. 106, 054308 (2022)
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.I Results & Discussion-A~130 region

low-Q protons at the prolate

rotation-aligned (RAL) bands

S-bands
high-Q neutrons

Deformation aligned (DAL)

!

K-bands
Between the DAL and RAL regimes

Fermi-aligned (FAL)

band First t-band in A~130 region
I-bands C.M. Petrache et al. PLB 795 (2019) 241



