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» Information e A el
Research experience .
= Senior Research Fellow, Center for Exotic Nuclear Studies at IBS, Korea (Mar. 2025 -
Present) — IDATEN project at RIBF, y-ray spectroscopy at RAON
= Visiting Professor, Wako Nuclear Science Center at KEK (Apr. 2021 - Present)
= Professor, School of Physics at Beihang University, China (Jan. 2013 - Feb. 2025)

— Decay spectroscopy with EURICA, KISS, and IDATEN

= Research Associate, Nishina Center at RIKEN, Japan (Aug. 2007 - Dec. 2012) — First decay spectroscopy at RIBF
» Postdoctoral Fellow, Department of Nuclear Physics at ANU, Australia (May 2004 - Jul.
2007) — y-ray and electron spectroscopy at ANU and ANL
= Contract Research Scientist, Applied Nuclear Physics Laboratory at RIKEN, Japan (Jul. 2000
PP 4 i Japan { — Nuclear moment measurements at RIKEN
- Apr. 2004)
Education

Ph.D. in Physics, Kyushu University, Japan — Secondary fusion reactions using high-spin isomer beams

MSc in Physics, Kyushu University, Japan ~ — Development of unstable °He beams
BSc in Physics, Kyushu University, Japan
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Research using high-spin 1somer beams at RIKEN
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Gamma-ray and electron spectroscopy at ANU and Argonne
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First decay spectroscopy
at RIBF

self-intro

EURICA project at RIBF

Decay spectroscopy at KISS
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journal homepage: www.elsevier.com/locate/ppnp

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Review published in 2017

Exotic nuclei explored at in-flight separators

T. Nakamura ®®* H. Sakurai”*‘, H. Watanabe "¢

4 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan

b RIKEN Nishina Center, Saitama, Japan

¢ Department of Physics, University of Tokyo, Tokyo, Japan

4 JRCNPC, School of Physics and Nuclear Energy Engineering, Beihang University, Beijing, China

Fur. Phys. J. A (2019) 55: 19
DOI 10.1140/epja/i2019-12677-6

* Overview of in-flight separators
Experiments by particle identification
* Experiments with stopped beams

* Experiments with reactions

* Future perspectives

THE EUROPEAN
PHYSICAL JOURNAL A

Review

Nuclear decay studies of rare isotopes

Overview of decay spectroscopy at RIBF

, R 5
Hiroshi Watanahe!:2:2

! JRCNPC, School of Physics and Nuc

2

‘lear Energy Engineering, Beihang University, Beijing 100191 China

¢ RIKEN Nishina Center, 2-1 Hirosawa. Wako. Saitama 351-0198. Japan

published in 2019

Experimental details

Decay spectroscopy of neutron-rich nuclei
Decay spectroscopy of proton-rich nuclei
Ongoing projects and future perspectives

olume 55 - number 2 - february - 2019

@ Springer
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Research interest of Nuclear Structure group at CENS

B Probing the mechanism of a quantum many-body
system:

* Magicity loss and new magic numbers (shell evolution)

» Shape co-existence and higher-order deformation B
Hiroshi WATANABE Yung Hee KIM Byul MOON

* Isospin breaking, seniority (non-)conservation
* Proton-neutron (T=0) pairing
B Filtering/enhancing specific interactions relevant
to fundamental symmetries:

* B/y asymmetry and correlations from polarized nuclei

. . . . . Xesus PEREIRA-LOPEZ Arunita MUKHERJEE  Zhiqiang CHEN
* vy-ray circular polarization from parity-mixed nuclear levels

B Exploring exotic nuclei and their sensitivity to
nucleosynthesis:

* Decay properties (B-T, ,, P,, etc.) and masses

* Isomers on s/i/r-process pathways
Youngseub JANG Jaechwan LEE Minju KIM



Contents of today’s lecture

B Basic properties of atomic nuclel

» Scale in physics; Shell structure; Deformation

B Decay spectroscopy and related topics

B decay
y-ray emission
Isomeric transition

D

v" Single-particle structure
v" Nuclear shapes and collectivity

v Symmetry breaking (parity, seniority,
axial/rotational symmetry)
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Cyclic nature of scientific subjects from
very large scale to extremely small scale

Fundamental force

Electromagnetic
Nuclear weak &

Sheldon Glashow
Nobel Prize in

Physics (1979)
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Cyclic nature of scientific subjects from
very large scale to extremely small scale

Fundamental forces relevant to
Nuclear Physics

2\

Nuclear strong

Gravitation
Fundamental force

Electromagnetic
Nuclear weak &

Nuclear weak Electromagnetic
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Neutron (N)

. Mass number
N+Z=A

A
ZXN

Proton (Z)

Many-body quantum system consisting of protons and neutrons in a confined space

e

Self-aggregated by strong nuclear force

Macroscopic Surface and volume Pairing correlation \\

(classical) Shape and deformation Quantized energy levels
aspects

Mean—field potential Shell effect

Collectivity motion ._ Effective interactions /

\,‘

Microscopic
(quantum)
aspects

A rich variety of phenomena emerge according to the combination of Z and N, energy, angular momentum, etc.



Various aspects of atomic nuclei: Shell structure
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Phenomenological nuclear potential
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Phenomenological nuclear potential
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Phenomenological nuclear potential (spherical)
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Phenomenological nuclear potential (deformed) émi
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I Stable nuclei ~270 B

L
[ Unstable nuclei produced in laboratories ~3000 ;. &E
(V) i
(Pb) 82 : i —
Discovery of isomer
1921
O. Hahn
(Sn) 50 Discovery of radioactivity
V4
| 1896 1898
. ! H. Becquerel M. Curie y AL
(Ni) 28 62 234mpg (o- 1.2 m)
Ca 20 234Th
( ) “ Ll ;;85 Uﬁt’/’l/;.;g
(O) s yfidae= |
: =3:hy 234 +
(He) 2 0 N Pa (4%, 6.7 h)

O. Hahn, 1921 Chem. Ber. 54 1131



I Stable nuclei

B Unstable nuclei produced in laboratories ~3000

~270
Unstable nuclei predicted by theories
Exotic nuclei

~7000 =1
g “ (g) stable

5 {bag Superheavy
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Stable nuclei
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Neutron-rich nuclei
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208Pb' Cr ,.?' .. 5
— :
N proton  neutron
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I Stable nuclei ~270 ;a Superheavy
B Unstable nuclei produced in laboratories ~3000 = ol :&E elem?nts
Unstable nuclei predicted by theories ~ ~7000 ot
Exotic nuclei U) = i diiiiiidy
= i H
LN (ﬁ) = Neutron rich 0 (P b) 82 ] L
Z Z/stable \\(\ | o (ube
or Q anp/UEE
N N : S : L > - (\©
- << (—) = Proton rich Q A 1 LA \\\
Z stable 6\0 | Ly Lk 6‘\9
Xt = | x(O®
- ol eV
(Sn) 56 e W
Z
_= 0 126
1 Outstandlng questions in modern nuclear physics
o ol Qat“” 0 Where are the limits of existence of bound nuclei?
(Ni) 28 ‘ tge‘es“ 82 = Proton/Neutron drip lines, Superheavy elements
(Ca) 20 _ {% O Which force does underlie the formation of atomic nuclei?
i3 = Spin-orbit, tensor, 3-body, isospin dependence ...
50
O) 8 ¥ E..-l' O Are the magic numbers (and shell structures) universal?
(O) £ i 2(‘) 28 O What kind of shapes/correlations emerge in exotic nuclei?
(He) 2 3 3 — N O How/where are heavier elements (Au, Pt, etc.) synthesized?




Shell evolution: New and lost magic numbers

(NI) 28

(Ca) 20

Monopole-driven shell evolution
= More prominent in exotic nuclei

T. Otsuka et al.,

PRLY5, 232502 (2005)

50 _ 7>
a -Iq:: |
Shell quenching
> N=8, 20,28, (40) . | Monopole
i interaction

| 8
proton neutron |

¥
L o
» ¥

| 8 i -
2 5 20
2 8
(Ni) 28 [l
(Ca) 20 A
[ - Np il 50
(0) 8 *]'E.:Z
(He)ﬁ 9_-.8' 20 N

O Are the magic numbers (and shell structures) universal?




I Stable nuclei ~270
B Unstable nuclei produced in laboratories ~3000
Unstable nuclei predicted by theories ~ ~7000
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I Stable nuclei

B Unstable nuclei produced in laboratories ~3000

~270 = &E e Superheavy
i o el elements
Unstable nuclei predicted by theories ~ ~7000 ) | ?
Radioactive decay @ (Pb)i 82 ,_Wf:f;
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A sQ% \)\‘00
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(Ni) 28 iz i ~nnnl! ” Radioactive decay takes place when
(.
, H | [
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J: i N 50
(O) 88 Ji-”iuza
(He) 2 <@ 20
2 8

Total mass

| Total mass
before decay

>
after decay 0

The process in which an unstable nucleus spontaneously
releases energy through emission of particles or radiations



Types of radioactive decay

Decay mode Symbol | Daughter Z
Spontaneous fission SF Various
Neutron emission n Z
Proton emission p /-1
Alpha (*He) emission o Z-2
Positron emission B+ Z-1
Electron capture EC /-1
Beta-ray emission - Z+1
Gamma-ray emission Y Z
Isomeric transition IT Z
Internal conversion IC,e- Z

—

—

_ External decay

Internal decay
(No change in Z, N, and A)

N

EC

D+ Parent
atom
|

)
n B

(0

z

(The number or type of nucleons changed)

IC

J,
A f
ZXN

The process in which an unstable nucleus spontaneously
releases energy through emission of particles or radiations



Alpha (a) decay: Q>0
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Beta-minus () decay: Qg > 0

Evaluators: D. De Frenne and E. Jacobs




Energy i the daughter, £

What can we learn from decay spectroscopy?

4 Q
P.a]l:lznt %/2 _ E:O Sp(ED) % f(Z,Q5 — Ey)
A
\B‘ NPy
A
Isomer NP, S
T A
___________________________________________ * \/ \J \J
Daughter

p-decay half-lives = Nuclear matrix elements (Sp)
Decay energies = Mass differences (Qp)

Decay schemes = Energies of excited states
Delayed particles = Emission probabilities (P, ,,)
Delayed fission = Fission barriers (By)
Isomeric states = Details of nuclear structure

YVVVVYVYY

éQﬁ

: f(Z,E*) 1,

~ (Qp-E)3

s
NE

S

_———
—

B-strength | | Phase B-decay
function space mtensity
Good testing ground for
nuclear models




Common feature of radioactive decays
* Transitions take place between two (initial and final) “quantum” states = Quantum process

/ Fermi’s golden rule: 7Transition probability per unit time \
1 27 2
_ _ !/
A =—=—|(¢¢|H'|¢:)| p(Ey)
\ . .
/ T Final state density
Decay ) :
Mean Matrix element (representing quantum process)
constant cr gt : : :
lifetime » Weak interactions that create an electron and neutrino = f decay
\ » Variation of EM fields leading to creation of a photon = vy decay/
* Radioactive decay 1s stochastic, in which 100 v
an
— The time when the decay happens 1s random (i.e., independent on history) 80 lifztime

— Only the expectation (average) values of quantities can be evaluated 60

: 40
The number of nuclides
. b The average number of

that decay per unit time wl\ decaying nuclides at time t

dN _At 0 1 2 3 4 5
= _ N(t) =N(0
7 = AN(t) (t) (0)e e

20

Survival probability [%]

o




Types of B decay

Beta-minus () 0 N S0 o
decay (jfj O, (%' O . -
of v SR aeutrine
Beta-plus (%) v. e . th 0 v il ol
decay (% y (% -
b W Positron  Neutrine

Ctrf

Electron-capture
(EC) decay

Neutrino

&
" Q)
& &

Important!
B decay is 3-body decay

Q,B‘ = [Mn(éXN) o {Mn Z+1YN 1) + me + mv}]
? [M(2Xn) — M(z44Yy-1)]c?

Neglecting the differences in electron binding energy

Qp+ = (M, (3Xn) — {Mp(2-4Yn+1) + M +m,}]c?
= [M(ZXn) — M(z-4Yn+1)]c? — 2mec?

Qrc = [{Mn(ZXN) + me} — {Mn(Z 1Yn+1) + my}c?
= [M(ZXy) — M*(z-4Yn11)]c?
[M($Xn) — M(z-4Yn+1)]c* — Be

M(4Xy)c? = M, (5Xy)c? + Zmyc? — Z B;

f f ":11

Atomic Nuclear Electron
mass mass binding energy




Momentum/Energy spectrum in § decay

Beta-minus (B) 0 - € L
decay L Q) 5 - -
w | o RREREE e
Beta-plus () Y. o0 _, G P + @ + ©
decay y + 2
\ U : U Positron  Neutrino
Electron-capture . € .o . G e .
(EC) decay | » A ' + 2
; U Electron ‘ U Neutrino
Important!

B decay is 3-body decay

Final state density smp Energy spectrum
dnvdne
p(Er) =

VZ
(EO Ee)zF(Z; Ee)dpe

(anhs)zcs Pe /

Fermi function:
Correction factor for distortion

of the electron wave function
by the Coulomb field

n,,: Number of states of neutrino
n,: Number of states of electron
Ey: End-point energy



Momentum/Energy spectrum in § decay

Momentum distribution Energy distribution
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Important! L 2
B decay is 3-body deca)/ .
| 1
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Selection rules for § decays

Beta-minus (3°) .
decay C% O y C%) ©. <3
0--- Tl = Fermi transition
) T , 1T Se, e Sy, L = —
Jui Jr. s _C ev vy S = Set Sy {1 -+ 11,1l = Gamow-Teller
3=2 43 transition
. _)e : |#] = n: Degree of forbiddenness
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] i — ] f + § + ¢
* 111 -
;= (=1 * s n | m*n, | Transition types I Pure Fermi decay
F [0— | | =J=
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GT |0, 1.
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1| -1 | Istforbidden ’ Teller transitions
GT |0,1,2,
F 2 | n™ forbidden

2| +1 | 2nd forbidden

GT 2,37 unique transitions




log;o[fn=0(Z,E)]
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B-decay transition rate and fz value
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Effect of nuclear structure on  decay: (-forbidden

& 859.6 ms
V(1d3/2)'1 $ 3/2% 0
s 39 ~
Allowed decay {-forbidden ‘-f;?
(mixed Fermi+GT) GT decay Or:? QEC= 6530.6
: ) )
S
1(2s,,)" 57 fs 1/2% ‘E 2522.5 0.0023% 7.1
Mixed M1+E2
e 5=0.84(2)
t-forbidden M1 B(M1) = 0.0141(16) W.u.
. B(E2) = 5.1(6) W.u.
—~ o
a(1d,,)"! | staple 22y 0 ~100% 36

22K



Effect of nuclear structure on § decay: K-forbidden

Intermediate states

A i First forbidden = logff ~ 6 — 10
Excitation I | Deexcitation
h’ lsomer = T1/2—3 664 h K=1
o+ EC dff_a_y [ \Ground state = T,,=3.7%10°yr, K=7 n;g [541()j]®
0 » 176y B-decay : e
0 ogcft
176Yh Qg = 1192.8 keV O'?f &/ '
19.98

Qgc = 106.2 keV

0.329

Large angular
momentum

306.8 keV M4 re-orientation
94

201.8 keV

% 6.54
| 88.3 keV ' .

13.3 6.85

19.17




Neutron

Es.p., MeV

Effect of nuclear structure on pj decay: Nilsson orbits
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Effect of nuclear structure on § decay: Shell gap

m3—:
2ps
151
E
=
o 10° 3
=
- ] 117
| -4 3Ga
- _ﬁ'_ gozn
_ﬂ_ ggcu
' | ! | ' | ' [ ' |
44 46 48 50 52
MNeutron number

78N region

Z.Y. Xu et al., PRL113, 032505 (2014)

(1) Abrupt drop for Ni isotopes N > 50




Half-life (ms)

Effect of nuclear structure on § decay: Shell gap

10° -

10F =
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I

46 48

MNeutron number

Z.Y. Xu et al., PRL113, 032505 (2014)

(1) Abrupt drop for Ni isotopes N > 50

50

52

78N region

3812

(2) Sizable gap between ,¢Ni and ,,Co

Robust nature of doubly-magic nucleus "Ni




Gamma-ray emission

Charge/current distribution Energy released as a photon

Extra-nuclear field varies

»

changes in a nucleus (emission of an EM wave)

5.586

> Electric transition S R Nl Nl " —
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E, =E;,—E S Ah ity = (~1) 1e1
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A /
f ______________
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Reduced transition probability B(/l i —>]f) z |(]fo|0)44 JiM; >| 2] 11 |(If” ﬂll]l)' » I:r?teg:f;;d
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Gamma-ray spectroscopy in nuclear physics

Powerful experimental means to investigate (bound) excited states

Observables/techniques Physics outputs

B Full-energy (photo) peak = Level and transition energy
B Time distribution, Doppler shift = Lifetime of excited states
B Coincidence relationship = Level scheme

B Angular distribution and correlation = Spin, multipolarity (A)

B [inear polarization = Parity (EA or ML)

High resolution y-ray spectroscopy with large detector arrays
has been a cornerstone in nuclear structure studies



Two main research gears for y-ray spectroscopy at CENS

IDATEN ASGARD

(International Detector Assembly for fast-Timing (Array of Super clover GAmma-Ray Detectors)
measurements of Exotic Nuclei)

LaBr;(Ce)-based array Hyper-pure Ge detectors
U U
Fast time response High energy resolution
5 proposals from CENS (spokesperson/co-spokesperson) 4 experiments proposed by the CENS members

approved by RIBF PAC in 2022/2023 scheduled at RAON in Oct-Nov 2025



Scientific motivation for measuring excited-state lifetime

Lifetime of an excited state 1s one of the most important observables 1n nuclear structure studies

1
T

8r(1+1) 1

Ey

F_
Y|

22+ D2k

(

hc

2A+1
> B(oX; I; = If)

B(ol) contains information of the wave functions of
the initial and final states

» More sensitive to the intrinsic structure than level energies

» In-depth study of the underlying nuclear structure aspects,
such as single-particle and collective motion

» Probe for the “hidden” mechanism of structural change
(e.g., shell/shape evolution)

» Good testing ground for theoretical nuclear structure models




Scientific motivation for measuring excited-state lifetime

Lifetime of an excited state is one of the most important observables in nuclear structure studies

1 8r(1+1) 1 (Ey
T

2A+1
ACA+ D2 A hc> BloAil; S 1)

_F_
==

P.J. Nolan and J. F. Sharpey-Schafer, Rep. Prog. Phys. 42, 1 (1979)

r(ev)
10°% 1078 1078

1 1 1 1 1 5 — e

192 1 19‘2

F b
Particle resonance spectroscopy

1

Resonance fluorescence

- -

Llndirecf
methods

le,ef)

Coulomb excitation

Blocking

DSAM

Diraect

methods
f
X-ray coincidences
— 1
<
I T 3 13 r T T T 1
10—-18 10—15 10—1& 10-—12 10-10 10—3 :10-5
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B(o)) contains information of the wave functions of
the initial and final states

» More sensitive to the intrinsic structure than level energies

» In-depth study of the underlying nuclear structure aspects,
such as single-particle and collective motion

» Probe for the “hidden” mechanism of structural change
(e.g., shell/shape evolution)

» Good testing ground for theoretical nuclear structure models

Beam pulse, particle, o
radiation (B, vy, etc.) 2

[1 T -

N

E, )

Deexcitation y ray

Time difference

Iy

The mean lifetime can be determined from the slope

or the shift of centroids of the time differential spectrum.



International Detector Assembly for fast-Timing measurements of Exotic Nuclei: IDATEN

FATIMA
FAst-TIMing Array

KHALA
Korea High-resolution Array of LABr;(Ce)

‘ J »
P
i | L,
- -~

Quantity 36 units
Crystal size | ¢1.5” X 2”-length
PMT R9779
oE./E, 3.4% @779 keV
0T, in FWHM 334.3(4) ps
(y-y coin.) (1332-1173 keV)
U. of Surrey
Owners U. of Brighton

48 units
¢1.5” X 1.5”-length
R13408

3.3 % @662 keV
335(1) ps
(511-511 keV)
Korea U.
Seoul National U.

Abs. Eff. (%)

IDATEN
82 LaBr;(Ce) + 2 Clover HPGe detectors

22

Simulated y-ray FEP efficiency with
82 LaBr;(Ce) at 17cm from the center

]
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Y
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The world’s most efficient
fast-timing LaBr,(Ce) array
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International Detector Assembly for fast-Timing measurements of Exotic Nuclei: IDATEN

FATIMA

KHALA

FAst-TIMing Array

Korea High-resolution Array of LABr;(Ce)

Quantity 36 units
Crystal size | ¢1.5” X 2”-length
PMT R9779
oE./E, 3.4% @779 keV
0T, in FWHM 334.3(4) ps
(y-y coin.) (1332-1173 keV)
U. of Surrey
Owners U. of Brighton

48 units
¢1.5” X 1.5”-length
R13408

3.3 % @662 keV
335(1) ps
(511-511 keV)
Korea U.
Seoul National U.

IDATEN
82 LaBr;(Ce) + 2 Clover HPGe detectors

Scope of IDATEN

* Measurement of 10 ps - 10 ns lifetimes
using the electronic fast-timing methods

* Study of new levels and vy rays by B-y
spectroscopy

* Search for previously unexplored isomers



Experimental setup: SRC — BlgRIPS/ZeroDegree — IDATEN
S L ///’\\‘ RI ~beam del i |very line #U beam

- = N ~* 345MeV/u
NS W ; PRSP Ny B|gRIPS e g, % « 70 pnA

_*u’

= ¥

Active stopper system Scope of IDATEN

DSSSD (Micron BB- 7) Segmented lg}a_st_iC_ * Measurement of 10 ps - 10 ns lifetimes
N \\ 4 using the electronic fast-timing methods

* Study of new levels and vy rays by B-y
spectroscopy

* Search for previously unexplored isomers



LaBré( Ce) detectors

FWHME [%]

efficiency [%]

Courtesy of J. Lee

KHALA: Korea High-resolution Array of LABr;(Ce)

B. Moon et al., NIMB 541 (2023) 253
 ¢$1.57 X 1.5” crystal (BrilLanCe380) from Saint-Gobain
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Analysis technique: Generalized Centroid Difference (GCD)

Lifetimes comparable with time resolution (10 — 100 ps) can be determined by means of
the GCD method using fast-response y-ray detectors such as LaBr;(Ce).
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First physics result from IDATEN: Excited-state lifetime of °**Pd

B [DATEN commissioning experiment (26-27 June 2024) , 2 (a) 1092 keV-324 keV cascade for 8"

: £ 10}
B Primary beam: 124Xe, 345 MeV/u, ~140 pnA 2 . “]
S 6F
'E - AC,,=1.88(17) ns
- Reference || Present work 2 40 |
4 v & 4884 515ns! 560(10) ns - : [ W .qu Qi ano
[UEAD I e 4789 - 4 =2 0 2 4
& AT [ns]
(107) y s 3795 <19 ps ol @B 324KV (b gate: 1002keV |
=~ :: :;
¢ / o Jl‘ ‘ {20 =
> ) =z I z
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* Lifetime of the (8") level measured in better precision
* Lifetime of the (4") level measured for the first time
* Upper limit of lifetime defined for the (27), (67), and (107) levels




°4Pd results: compared to shell-model calculations

B Model space: ps, 155, P12> 89 fOr protons and neutrons

B Interactions: JUN45 (optimized using experimental data) i =~ -= This work —— JUN45
B Effective charges: 1.5¢ for protons, 1.1e for neutrons - /= >+ Previous values 120
: . — 400 \
B Three types of calculation using the KSHELL code: = - / I N
TUNA4S5 full 2 300k
_________ o1 -
T=0 (Vi of T b
SoTIonI! 1 200F
' T=1 (VP off) | 0 : \, I
___________ \ | f— B I \
v 2 o0k d
T=1 T=0 - -
94Pd : T \\
467 748 6135 14+ - \'g_,_d..--ﬂ-—"
5689 12* 0 : ' ' ' ' '
2 4 6 8 10 12 14
4884 (141 . :
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37951073690 ———10* 3,9 e
3350 14l ees < Newly measured B(E2) values can put a stricter constraint on
2703 (87) 2678 8" 2797 6° - -
2379———(6") yo55— ¢+ 23368 2460 4* the p-n interactions
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014 @ w1 o Y ¥ 1 ? » Both T=0and T =1 components contribute to the 8 state
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Experiment JUN45 T=0 T=1

Accepted for publication in PRC




Proton (Z) #

100 —

80 —

60 —

Physics imterest with IDATEN

» Shell evolution, seniority breaking

» Collectivity and shape transition/coexistence
» Pairing, IS/IV interactions
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Nuclear isomers as a probe of the underlying nuclear structure

Metastable with 7>1 ns = facilitate identification/separation by various experimental techniques

gum—

Low energy transition

2241
T(o2)= w2 | Srlsl - I @ B(O'/I; [ —>1 f)‘ i> Longer r when 5 | Large spin gap
7. @i al e
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Shape 1somer Spin-gap 1somer K 1somer
P.M. Walker and

M s
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Nature 399 (199) 35 Shape elongation Spin Spin projection

Energy
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Nuclear shape transitions and characteristic isomers

Closed-shell region Transitional region Mid-shell region
1K

Jmax
Seniority & . K isomer
spin-gap 2
isomer
S 7
B(E2) 3 - K hindrance
~1 W.u. AK >
ar /
. . ~100 W.u.
. R4/2 <2 R4/2 23,33




Seniority isomer: Signature of the robustness of shell closure

Seniority quantum number (V)
» The number of nucleons that are not in pairs coupled to J =0

» Adopted in jj-coupling for many like nucleons (protons or neutrons) in a single-j shell
for the classification and characterization of excitation spectra

— 2) 2j+1—2n2x ,
— - ] - ] — o<
H[? . - =] 2j+1—2v) et
A 1.2 ¢
1.0
0.8
0.6
04
e O vt 0.2
" 2 4 1 B 0.0

E2 matrix elements connecting the same seniority

Level energies with identical J and seniority multiplet members are close to zero near the middle
are independent of » of the valence subshell
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Seniority isomer: Signature of the robustness of shell closure
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Seniority isomer: Signature of the robustness of shell closure
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Seniority isomers in the N =

82 isotones on the r-process path

3 140Te

141 Te 142Te

... N
45

lzlig  lzzag L1234z ladhg  L2SAg  L36hg  12Thz  WQgad

48

Progenitors of '25130Te
included in the 27! peak

T4 & T &0 G2 G4 s}

Nuclear structure effect on the r-process
nucleosynthesis
® Size of the N=82 shell gap
=> 2" peak position & shape?
® [ ocation of the 1g,, neutron orbit
= Speed of the r-process?
® Presence of long-lived isomers
= Constraint on -decay pathway?

scaled S.5. s—-process
scaled S.S. r— process
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i
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8%) 2151 5.8(8)us (8%)___ __ 2130 0.22(3) us
(67)— 751 —2076 (67— ]gg_zooz
(47) ifsm (4%) 1864
504.4 039
1311 (2") 1325
1311.4
0 0 o* 0
128 130
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Atomic Number

s, 1e observed by HST
[.U. Roederer, ApJL 747 (2012)

Level sequences below the 8* isomer
in the N=82 isotones

HW et al., PRL113 (2014) 042502

A. Jungclaus et al., PRL99 (2007) 132501

» Seniority-two (v=2) coupling in
the isolated 1g,,, proton subshell

= Indirect evidence for the
robust nature of the N=82 core



Lifetime measurements for the low-spin states in >5Pd, ¥°Cd __ A IDATEN

B(E2) [W.u.]

0.1r

001+

0.001

0.1

10 +

0.1

MN=50 ®N=82 — (9/2)" Av=0 B(E2) in single closed-shell nuclei

8 —6"

Deviation from the simple seniority scheme is ascribed to:
(D Presence of other orbitals near the Fermi surface
@ Configuration mixing between different seniorities (e.g., v=2 and 4)

(3 Core excitation across the shell gaps

= Test of the model space used in nuclear model calculations

= Development of effective nucleon-nucleon interactions

® N=82 with EURICA " :
HW etal., PRL111 (2013) 152501 — Av=0 transitions for j=9/2
A. Jungclaus et al., PRL132 (2024) 222501 B N=50 isotones

B N=50 isotones in the middle of the proton shell (Z=44, 46)
» Significant distortions of the seniority scheme for 6*—4" and 47— 2"
/ X B(E2;4"—2%) < B(E2;8"—6%) < B(E2;6"—4") in *°Pd

= Conservation of seniority 1s violated

Question
Seniority breaking takes place as well in the N=82 counterpart 23Pd?



G. Simpson et al.,
PRL 113, 132502
(2014)
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(reduce neutron pairing) = Seniority-mixed 4+ state




Excitation energy [MeV]

OO

ra

—

Absence of the 8* seniority isomers in ">74Ni

Lowering of the “seniority-4” 6" state below the “seniority-2” 8" state
results in a fast E2 transition between the states with different seniority

-
T
L

H. Grawe, et al., Nucl. Phys. A704 (2002) 211
AF. Lisetskiy, et al., Phys. Rev. C 70 (2004) 044314
P.V. Isacker, J. Phys. Conf. Ser. 322 (2011) 012003
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Absence of the 8" seniority isomers in ’>74Ni

(67,77)

72C0 \. J1.5(3) ms

Candidate
for 8%,

29

72Ni

o 67 Candidate for
| 4+, and 6%,
t;,=31.6(6) ms /
L, <86 >4~ / / (67) 3658
Nt
T e M
C\]
L, <5 550 v jl l
(67 2507/ | @ d
— <4 >583 —_sz—é
— <10 >5.57

Ig-(%) logft

(4*)! 2105
o llo

A.l. Morales, G. Benzoni, HW, et al.,
PRC 93, 034328 (2016)

A.l. Morales, G. Benzoni, HW, et al.,
PLB781, 706 (2018)

B Strong  feeding via Gamow-Teller (vf;,—nf,,) transition = 67 (vg,,&f;, )
B 8%, (v=2) state: decays to (6™,), butnot to (67,) = 67, (v=4), 6%, (v =2)

B 6, (v=2) state: decays only to (47)) in ?Ni = 4%, (v=4), 4*, (v=2)

strongly feeds (4*,) in 7*Ni = 4%, (v=2), 4%, (v=4)
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Mid-shell anomaly in Ca isotopes

B(E2) in W.u.
078 £0.02] ;=704 It 6+
=-=037] 10,55 4+ 0.03
L 4+
8.3+ 1.2 .
1811
0.88 + 0.21
—_— 04
9.5+ 0.4 10.061972| 2.59 + 0.46
________________ O+
42Ca 44Ca 46Ca

n . . .
>V ( f7/2 ) dominance in the low-lying levels
e 4246Ca have similar E, (J) = Particle-hole symmetry

e 2" and 4" states are lower in 4Ca than in 434°Ca

Squared overlap of the wave functions between

the CI+GXPF1 and seniority models
L. Kovacs et al., Phys. Rev. C 106, 024303

7
$CIIIIICIISTooIooIITRTITIIITIT =
_ A (v=2) L20 (v=2)
0s(¥=0) (v=2)~_ L
§ 0.6 e oea)
5
= 04}  _e g, . (v=d) Semorlt}.@
& ca and 4 mixing
02f ™ %ca a
*MCa atJ_4
0 . | I | . ‘
0 1 2 3 4 5 6 7

J

B Lowering of 4* in #*Ca is ascribed to seniority mixing
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Energ

Mid-shell anomaly in Ca isotopes

. a mass number, A
oo pal B 40 50 60 70
4<j ;\.}'__ /// o e Expt T — T — 1
_é"'-.' __ i e it % ¢ H__ 3-b correlations 4 "
i, K i /A = ;L a H_ no 3-b correlations 2" energy level
3 r /:+ ? % 3l o exp. ]
- g > L present
2+ I Bl o2t — GXPF1Bs 4
g BT e E : ( = — VS-IMSRG
1 o s 1H [0 cC i
+N-
1 1 1 1 1 1 1 1 1 1 1 1 O . 1 .
040 ' 10 ‘ A1 ' 16 ' 13 22 24 26 28 30 32 3 38 40 42 44 46 4
A
16
ds ), S1/25 £505 P3p (100 core)  fp+g,, model space Full pf shell
* sd—fp 2p-2h excitations « Chiral NN + 3N force GXPF1Bs

incorporated
E Caurier et al., Phys. Lett. B 522 (2001) 240

L. Coraggio et al., Phys. Rev. C 102,

054326 (2020)

S. Chen et al., Phys. Lett. B 843
(2023) 138025

B Lowering of 4* in #*Ca is ascribed to seniority mixing
B Shell-model calculations can not provide reasonable
explanation for the lowering of the 2* state in *Ca



Intrinsic excitations in deformed nuclei: K isomer

)=l

[=K=8
omer =1 =8 1> ‘ I - If‘ Spin selection
= Yes
I=6
K selection
= A>2K —K
= K=K/ Sortof
=0
K=0
K-forbidden y-ray transitions
7EXP
Weisskopf hindrance: = :
w
Degree of K forbiddenness v =AK — A
Reduced hindrance: fy =F Yy

?

Often violated due to
» Coriolis effects

» Axial asymmetry
» Random mixing

Q Measure of the hindrance per
degree of K forbiddenness




Origin of naturally occurring isomer '8™Ta (T,,, > 10'° yr)

Low-K states

T. Hayakawa et al.,

PRCS2, 058801(R) (2010)
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High-K states
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14~
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1021
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X

235 kel
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AY

4

12-

752

- 505

9" ¥3714 7+ 359

Ty, > 105 yr

Ta

Synthesis of '8°Ta

R. Garg et al.,

PRCI107, 045805

(2023)

179

The abundance of '8™Ta results not only from the production
process, but also from the thermalization/freeze-out processes

> Contribution from the main s/r-process blocked

Main s-process

s-process weak branch

All other reaction networks

181

182

181

> v-process in SNe: 8°Hf(v_,e"), 18! Ta(v,v'n)
> p/y-process in type-II SNe: 131'Ta(y,n)
> Weak s-process in AGB: '"7Hf*(3)!7"Ta(n,y)




High-K isomers in '"Hf

fa =T72(2)
587

f=165G) \

fe > 160
= 6+
‘ ‘ 4_+
_I_
fv ~ 100 stable

K is well conserved

M. B. Smith et al., PRC 68, 031302(R) (2003)

2 -~ + : T _
L VE(7/27[514] ® 9/2*[624]) = K 81
: }:::~::::1711xed
| w2(7/27[404] ® 9/27[514]) : K™ =8,
L e e e e e -
coupled
K™ =16"

High-K MQP states

K=ZQJ.
J

v Single-particle orbits near the Fermi surface
v Pairing and other residual interactions
v’ Axial (a)symmetry (y degree of freedom)
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Two quasiparticle K isomer and sub-shell closure

" | Neutron single-particle orbits

1 \ 1 y o 1 L~

A
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-
-~
— 1

0.0 0.1 0.2 0.3
B2

0.4

—— | K= 8 (N=106)

104 > K*= 6" (N=104)
_____ 5/

éﬂ — Kr=3+(N=102)
- Kr=4 (N=100)

98 > K™= 6 (N=98)
- 5/2-]523]

="
)
<
-
Lad
ad
e

Epgp =+ (81 — D)2 + A% + /(g — )2 + A2 > 24

» The excitation energy of a 2qp K isomer depends on
an energy difference between deformed single-
particle orbitals mmvolved, as well as the pairing gap.
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Two quasiparticle K isomer and sub-shell closure

66 DY 104

K=6+; v7/2-[514]v5/2-[512]

172

66 DY 106

n=8-: v7/2-[514]v9/2*[624]

(65)

0.99(4) ns 1644
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8§94,

(255]

386 3

'1}338 496.6

) 1075.7
(65) AR l

2569
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H ) 1147

1020.5

N K

= o o
170 S5@)s P.A. Soderstrom et al.,
s6 DY 104 PLB 762 (2016) 404

8- TL(S 5| -
(8-) 0.71(5) s (45 1278 () . 1933
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HW et al.,

L0V 3405 pLg 760

(2016) 641
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Kz= 8 (N=106)
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Energy difference between
the K™= 6" and 8 neutron
2qp K isomers

x

EEE)}J'

sEr 7o¥Ybh zHf W 03 =Pt soHg

N=104 sub-shell gap rapidly decreases beyond Yb (Z=70)



E. Ideguchi et al.,

Why is the nucleus deformed? PRLS7 (2001) 222501
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EXCITATION ENERGY (MeV)

Shape transitional phenomena take place owing to correlations

Schematic drawing of energy correlations

that contribute to 0" intruder states
K. Hyde and J.L. Wood, Rev. Mod. Phys. 83 (2011) 1467

] g g€ )
J\I ________________ l
Unperturbed
AE[)Eii[“ energy

020 S I I s O A

82 8 90 94 98 102 106 110 114 118 122 126

NEUTRON NUMBER

B AE,,;: Pairing energy
» Immediately dominate in closed-shell nuclei

B AEq: Quadrupole energy gain
» Crucial for producing nuclear deformation

B AE,;: Monopole energy contribution
» Play an important role in changing the shell structure
» Enhanced in the regions far from stability

T. Otsuka et al., J:
PRL95, 232502 (2005) i’
i |
Monopole ,
| . p? Iensor-force effect in
Interaction
| the proton-neutron
proton neutron

interactions

Many of closed-shell nucle1 (both singly and doubly closed shells) that have the
spherical ground states exhibit low-energy “intruder” deformed states —> Shape coexistence



° ° ° 2f?t‘2 _______
Shell evolution and collectivity oSN @ — 2
* Lost and new magic numbers 192 20— —_—
. 512 = 1h11e g 2dsp ~
e Island of Inversion N (50) i; ® (50)
. . 0f2 E— 72— 0/7 E—
* (Cross-shell excitations S _— @)
. 2p1e 2P
(Ni) 28 Proton Proton
(Ca) 20 4ar 132G
>3l
, [«}]
=,
R —~ —e— N=56
(O) 8 : & —l— N=70
(He) 2 .m:-ﬂFl L 0 —e— N=82
P 2 ° 38 40 42 44 46 48 50 52 54
1481 Par 80 z
I/ 7"\1 ___________ I I/ - |
1da: \20/‘ ez —— 1d3p \2_0
2S1p - @ 2S1p
1d s, m— dmz—" s, m— -
5’ iy ———— — T Large-scale SM calculation
Bz 1P F. Nowacki et al., PRL117 (2016) 272501
Proton Proton Proton Proton Y ra—
L 64] - [ 7;
4 : <\ 52Ca Nl : I~ 78Ni 4 :—5+—6+ 6"
F Sl 2 - 64 i 4+_—4“
@ 3 [} Cr 3__2+__2+
E. E. ; % [ —t R
~2 —e— N=16 =1 —— N=32 = of e e s
E,,. 1 —— N=20 ﬁ : : . : : —ii— N=40 i + —6" +
o, ——N=28 Wol i i 7 & i | —®—N=50 s e —s ==
8 1012 14 16 18 20 22 24 \18 20 22 24 26 28 30 32 / bo— =8 =% —5 —u
z =

Z

Fe Mer i ca




Low-lying level structures associated with the broken symmetry

. (1) . Spherical
Lost symmetry 1s restored by Te

collective rotational motion i

Characteristic band structures

Figures taken from
P. Moller et al., ADNDT98 (2012) 149

0+ c—

Vibrational band

[ ]
Rotational invariance broken
(Quadrupole deformation)

Axial symmetry broken
(Triaxial deformation)

Parity symmetry broken
(Octupole deformation)

3) Axially Asymmetric Spheroidal _.. (4) Reflection Asymmetric

14OGd

2796.8

10+

2412

+

8+ 2139.7

1882 6+

5+

6+ 1464.0 12815
S 4+

3+

8362 713.4

vy band

4+

2+

24 328.6

0+

GS band

04 c—

Positive-parity band

Atomic nuclei serve as laboratories that enable studying the dynamical mechanism of SSB




Basic symmetries of nuclear mean-field Hamiltonian

Operators associated with self-consistent |In a rotating frame, H® = H — wl,

symmetries 1n a ‘“‘non-rotating’”’ frame M7 R, R, S,, S, are violated
y>©rz> =ys Tz . e
A.L. Goodman, Nucl. Phys. A230 (1974) 466 B P R.S.remain Coriolis force
9 X X
e T Time reversal = Provide a classification of the description

A=even deformation: Parity (p) and Signature (7;.)
A=0dd deformation: Simplex (s,) only

P: Space inversion (Parity)

e R, = e '™k: Rotations by 180°
about the three principal axes of the
mean field

e S, =P Ry : Reflections through
planes containing the two principal

axes of the mean field
- Quadrupole deformation Octupole deformation

7 I S P
When deformed, ‘ .
, , +1 0,2,4,6, ... +1 01,243, 4%, ..
* Rotation around the symmetry axis Even mass
1 1,3,5,7, ... 0,152,354, ..
— Good K quantum number _ .
G0 12,522,902, ... A 172,302,527, 7025, ...

Odd mass
+1 3/2,7/2,11/2, ... +1 1/2%,3/2-,5/2%,7/2, ...



Signature quantum number and Triaxiality

h2
E]:EUU‘FD—KZ]

* The rotational band separates into two 4] = 2 sequences according
to signature (r = +1 for even-A, r = +i for odd-A nuclei)

» K, K+2, K+4 ...
»K+1, K+3, K+5 ...
> Different Coriolis effect between the signature partners

> Signature splitting (energy staggering) caused by Coriolis
coupling, which is enhanced for high-j/low-Q orbits

Ey—Ej1 OBy R

2] 2] 27
* Axially symmetric rotor: 7, = J,, # J,

= K ({2) approximately conserved = Constant AE;_,;_, /2]
 Asymmetric (Triaxial) rotor: I, # J,, # 7,

= AK = £+2 mixing = Coriolis coupling through “mixed” low-
(2 components = Staggering in AE;_,;_, /2]

13/27

Signature splitting 1s sensitive to triaxiality

187R6112

19/2 —,—*——1384

M.W. Reed et al., PLB752, 311 (2016)
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What is happening around N =116, A =192?

0 50 100

HFB calculations with D1S Gogny

Theoretical arguments

® Transition from prolate to oblate shape ——
® Soft potential energy surface in the y direction

L.M. Robledo et al, J. Phys. G: Nucl. Part. Phys. 36 (2009) 115104



What is hagpenlng around N =116, A =192?

1000
X, W isotopes
800 T
X A 2
= 600} R v 4+
= v X 27z
G o400F g
200 |- ‘____‘____‘_,,-t---i
0p——+— ;
0Os isotopes .~ x
800F  x Fa
> 00} X e
=, A o ¥ A
g 4oor ¥
0 50 100 5C .ok
200F gk
HFB calculations with D1S Gogny 0—
320 o W .-
: a0l ¢.n 0S
Experimental arguments L 80 ‘o, ® O¢
g 287 r‘;“ )
® [ow-lying 2%, (K™= 2") state = Axial asymmetry is enhanced 261 )
. . . . 2.4F
® Rapid fall in R,, for ,,W = Dramatic change in nuclear shape | . ., ¢
. 0o g0 . . . ' 110 112 114(116)118 120 122
B Large signature splitting for rotational bands in odd-A nuclei NeutrSTumber
B E2 matrix elements measured by Coulomb excitation indicating y-soft nature
B Anomalously small K hindrances measured for the decay from K™= 10~ isomer




Interpretation of low-lying levels of odd-A ,.Re by Skyrme-HF model
#20+ #]/ 8- #19+ | calculated for '920s w/ HFB+SVI odd-A ;sRe isotopes

-6 1000
< T oo HHIVZT Experiment
2 &
% % 600
3 g 40 n[514]9/2-
QL E
- £ 200t
= %
5 Mo 0e -
8 185 187 189 191
% - — 2000
E T HF+SVI
0 5 10 0 10 20 30 40 50 60 -10 5 0 2 1000}
Q: [b] y [deg.] Q2 1] =
£ 3500t
Expected deformation A 185 187 189 191 2
. 04— .
and spin of the lowest- | gnin 250 240 2.18 0.32 183 1§71 191
lying (#20+) state of

) Main K* 5/27 5/27  5/27  1/27
odd-A Re isotopes by Sh o -
HFODD Q,[b] 152 152 13.8 13.0 ape transition from axia

y[deg.] 0.0 88 153 345 |$ symmetry to asymmetry




Space inversion (parity) symmetry breaking in weak interaction

T.D. Lee & C.N. Yang
Predicted P-symmetry violation
Nobel Prize in Physics 1957

C.S. Wu
Discovered P-symmetry violation \ ‘@f-'f-rj
in B-decay of spin-polarized ®°Co
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Nuclear structure and Parity non-conservation (PNC)

58keV | AK=8 | E1 | 3.5X 1017 W.u.

SSh

M2 | 9.8 X 10715 W.u. — . -
501 keV | AK=8 X 1000 Mix Parity mixing in bound nuclear states 1s caused by weak (parity
E3 |7 W.u. violating) interaction terms in the nuclear Hamiltonian, Hpyc
443 keV | AK=0 | E2 | 2.45%X 10> W.u
S — 1 [ 15 = 18 + 9l (8" [Honcl8")
-)=187)+n|8 Hpyc|8™ The smaller energy gap,
+ A " —_— =
8 -f'—500'61/57'6 1083.5 } 18%) = |8%) —7|87) 1 E,.(87)—E,(8%) the larger mixing
If parity is NOT conserved, P-odd quantities change the sign;
6" v v 640.9 » J -k, — 6=0°180° asymmetry (4,) from polarized nuclei (Py)
v 332.3 - Ny(0°)-n,, (180°) - (E2)
PyA, = N, (097, (180°) A, (501keV) = 2(n Ul
4" ¥ 308.6_ » @y - k, — Circular polarization (B,) from non-polarized nuclei
J"/215.3 p, = jﬁ;jﬁ P,(501keV) = 2n <<E2>>
2" 93.3
X 7933 (E2) Enhancement due to
- vy 0 gt e(E2/M2) = —0.0324(16)(19) EM transition matrix
SO J.R. Stone et al., PRC76 (2007) 025502




Nuclear structure and Parity non-conservation (PNC)
58keV | AK=8 | El | 3.5X10"7 W.u.

M2 | 9.8X 1075 W.u. e . -
501 keV | AK=8 Mix Parity mixing in bound nuclear states 1s caused by weak (parity

X -10 o o [ o . . .
E3 | 7.1X1077 W violating) interaction terms in the nuclear Hamiltonian, Hpy
443 keV | AK=0 | E2 | 2.45X 10> W.u.

SSh ——— —— 1 [ 1) = 18) + 18" (8*|Hpnc|87)  The small
) )=l ) t7 PNCIS e smaller energy gap,
+ A " —_— =
8 -f'—500'61/57'6 1083.5 } 18%) = |8%) —7|87) 1 E,.(87) — E,(8%) the larger mixing
y443.1
Y 332.3 AE, 57.6 keV
O0(E3/M2 —5.3
4+ v 308.6 (E3/M2)
(M2) 4,12 X 1045172
v 215.3
J" (E2)  7.51x105s17
2" 93.3
€] 3.24 X102
0+ *}/ 933 0 |n| 18 < 10_11

180 g £ |Hpncl 1.0X10%eV <:< Extremely small (K mismatch)




Nuclear structure and Parity non-conservation (PNC)

51keV | AK=8 | E1 | 1.3 X101 W.u. . .
Less hindered compared to '*™Hf due to K mixing?
ey | g | M2] 40X 1072 W
- | B3 ? Small (common) K components in the 8"
456 keV | AK=0 | B2 N and 8- states cause (8% |Hpync|87) # 0
615m K =8 1172.9 — -
. g+ |v506.6 Y308 |10 |§:> =|87) +n|8%) (8" |Hpyc|87) The smaller energy gap,
. ' 18%) = 18%) —n(87) E.(8°)—E,(8%)  the larger mixing
v 455.8
+ 666.3
v _ Plan st RAON
v 344.1 57.6 keV 50.8 keV
4+ 322.2 5(E3/M2) —5.3 ? 7 Ws07(0) or asgy
(M2) 412X 104s172 ? Tt (or e )
+ + 4+
- Y2244 . (EZ) 751 % 105 512 9 / 8 27,4
— €| 3.24 %1072 ? Asgy
0" VTS ul 1.8 X 10-11 ? T~ and/or
-6 P507
B2H £ |Hpncl 1.0 X10°eV ?




Summary

Decay spectroscopy 1s an experimental technique to investigate nuclear structure by measuring
the energy, lifetime, multipolarity etc. of radioactive decays, such as

* B decay: Selection rule, logft = Effect of nuclear structure in the 3 strength function
* y-ray emission: Excited-state lifetime measurement by electronic fast-timing (IDATEN)

* Isomeric transition: Deviation from seniority scheme, K quantum number and mixing

Radioactive decay measurements can provide significant information on

» Evolution of shell structure
» Shape transition and co-existence

» Specific interactions, e.g., parity violating term in the nuclear Hamiltonian

Thank you for your listening!
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    𝟏 𝟎  − 𝟏 𝟓


    𝟏 𝟎  − 𝟏 𝟖


   X N   Z A


  +  ℓ 2


   ℓ 2


  +  ℓ 2


  +  ℓ → ∙  s →


  −  V  ℓ s   𝜕 V  ( r )  𝜕 r  ℓ → ∙  s →


  𝑬  (  𝒋 > ) < 𝑬  (  𝒋 < )


   j > = ℓ + s


   j < = ℓ − s


  s = 1 / 2


  +  ℓ 2


  +  ℓ → ∙  s →


  −  V  ℓ s   𝜕 V  ( r )  𝜕 r  ℓ → ∙  s →


  E  (  j > ) < E  (  j < )


   j > = ℓ + s


   j < = ℓ − s


  s = 1 / 2


  +  ℓ 2


  +  ℓ → ∙  s →


  + 𝛽  r 2  Y 20  ( 𝜃 , 𝜙 )


     N Z ≫    (    N Z ) stable


     N Z ≪    (    N Z ) stable


     N Z ≫    (    N Z ) stable


     N Z ≪    (    N Z ) stable


   X N   Z A


   1   T  1 / 2 =   ∑   E i = 0   Q 𝛽   S 𝛽  (  E i ) × f  ( Z ,  Q 𝛽 −  E i )


  𝝀 =  𝟏 𝝉 =   𝟐 𝝅 ℏ    |  ⟨   𝝓 𝒇 |  𝑯 ′ |   𝝓 𝒊 ⟩ | 𝟐 𝝆  (  𝑬 𝒇 )


    𝒅 𝑵  𝒅 𝒕 = − 𝝀 𝑵  ( 𝒕 )


  t
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   O  𝜆 𝜇 ( M 𝜆 ) =   ∑  i = 1 A   {  g s ( i )  s i +  g ℓ ( i )   2  ℓ i  𝜆 + 1 } ⋅  ∇ i (  r i 𝜆  Y  𝜆 𝜇 (  𝜃 i ,  𝜑 i ) )  𝜇 N


   𝝅 𝒊  𝝅 𝒇 = ( − 𝟏  ) 𝝀
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