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Existence Limit of nuclel

Il stable nuclei ~ 300 nuclei
unstable nuclel observed ~ 2700 nuclel
—— drip-lines predictions) ~10000 nuclel
—— magic humbers
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How were the heavy elements from iron to Uranium made

[Special: New Learning Series on Genetics, page 70
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Mass measurement

Short-Lived Neutron-Rich Nuclel with the Novel
Large-Scale Isochronous Mass Spectrometry at

71 nuclides covered the FRS-ESR FaCIIIty Sun et al. NPA 812 (2008) 1-12

27 nuclides were measured

8 measured for the first time

8 unresloved ground state and isomeric states
1 isomeric state of 133Sb (E*=4564(170) keV) .
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Mass accuracy: 1.0 A0 (~120 keV) ;

Resolving power: 200,000 %f-r_.r

m Directly measured masses L [ [ILLLIILILL] W[
m Masses used as references EEEEEEEEEEEEE
m Stable isotopes N=50
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Relativistic Density Functional
Physics close to the dime
DRHBmass table collaboration
Physics along N=Z nuclel

R%\ativistic density functional theory in 3D lattice
Linear alpha -chain

A Nuclear fusion
A Nuclear fission
A Chiral dynamics

ReClheory

Toward Relativistic ab initio DFT



Relativisti ¢fiurictian 8P C-PK1
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Why relativistic ?

P. RingPhysica Scripta , T150, 014035 (2012)

Relativistic Density Functional for Nuclear Structure

Meng (Ed.), World Scientific, Singapore (2016)

N Spin-orbit automatically included

N Lorentz covariance restricts parameters
N Pseudo-spin Symmetry

N Connection to QCD: big V/S ~ £400 MeV
N Consistent treatment of time-odd fields

N Relativistic saturation mechanism

Pseudospin symmetry

Th11/2 —

Liang, Meng, Zhou, Physics Reports 570 : 1
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Relativistic Density Functional Theory

Relativistic Density Functional for Nuclear Structure
Elementary building blocks Meng (Ed.), World Scientific, Singapore (2016)
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Energy Density Functional
Densities and currents
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Dirac equation
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scalar potential:
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Dirac Sea: Spin symmetry
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S. G. Zhou, J. Meng and P. Ring, PRL92(03)262501



RelativistidunctionalPCPK1
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Zhao, LI, Yao, Meng, PRC 82, 054319 (2010)




Predictive power
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P. W. Zhaoet al Phys. Rev. C, 86 024324 (201
Data fromL. Chen,et al Nucl. Phys. A882 71 (2012)

V 53 new mass measured at GSI are reproduced well by PC-PK1
(only 11 parameters) with a rms deviation of 0.859 MeV.




Predictive power

Z =102-116

6 | DRHBc 1 ws4 | FRDM % %_’
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Mass number A

Kaiyuan Zhang, et al

Phys. Rev. C104 (2021) L021301

Predictive power for superheavy nuclear mass and possible stability beyond the
neutron drip line in deformed relativistic Hartree-Bogoliubov theory in continuum



Physiicsatlesedortheririp-line

/////////////

///////////////////
///////////////////

///////////////////

///////////////////
//////////////////////

Conmtinuum hdeformation, eclus¥eringa . i on, c |



New plreromena iincexbtionleleus

l. Tanihata, et al Phys. Rev. Lett. 55 (1985) 2676

ad
U

|. Tanihata et al.
Phys. Rev. Lett. 55, 2676 (1985)

Interaction cross section
measurements at Bevalac
(790 MeV/u)
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effective NN interaction
strong in-medium effects

From Xin-Hui Wu

- (A Meng and Ring, Phys. Rev. Lett. 77 (1996) 3963
- S Meng and Ring, Phys. Rev. Lett. 80 (1998) 460

Shell structure, low density. continuum =~ bound state,
spatial distribution, pairing correlation, coupling between
bound state and continuumeé

A Meng, Toki, Zhou, Zhang, Long & Geng, Prog. Part. Nucl. Phys. 57 (2006) 470
A Meng and Zhou, J. Phys. G: 42 (2015) 093101



Halo nuclel

U Halo nuclel have attractedlots of attentionsince the
discoveryof thehalophenomenoim 1. .
Li

Tanihataet al, PRL 55, 2676 (198¢
Tanihataet al., PPNP 68, 215 (201

- 28P 29P 30P 31P 32P 33P 34P 35P 36P 37P 38P 39P 40P 41P 42P 43P 44P 45P 46P 47P

23Si 24Si ZSSi 26Si 27Si ZSSi 29Si 3OSi 3lsi 3ZSi 33Si 34Si 3SSi 36Si 37Si 3SSi 39Si 4OSi 4ls1 4ZSi 43S1 44S1 4SS1
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36Mg 38Mg 4OMg

20Mg 211\/1g 22Mg 23Mg 24Mg 25Mg 26Mg 271\/1g 28Mg 29Mg SOMg 31Mg 32Mg 33Mg 34Mg 35Mg

37Na

20Na [?'Na | ?*Na | **Na | **Na | *°Na | *Na | ?’Na | *®Na | ®Na|*'Na | *'Na | **Na | **Na | **Na | **Na

. 8Ne | "Ne [*'Ne | ?'Ne | #*Ne | >’Ne | **Ne | *Ne | ?°Ne | >’Ne | *Ne 3ONe 2Ne 3Ne Neu‘[ron dripline
confirmed for ZO10

17F ISF 19F 20F 21F 22F 23F 24F 25F 26F 27F 3 lF

130 140 150 160 170 180 190 200 210 220 240
. 13N 14N 15N 16N 17N 18N 19N 20N 21N

IOC llC 12C 13C 14C . 16C 17C 18C 20C Stable nuclei

g | llg | 12g | B | 4B | 5B . Proton-halo candidates

"Be ‘Be | ''Be 12Be . . Neutron-halo candidates
°Li | Li | *Li | °Li
e | - 2?Al: Leeet al, PRL 125, 192508 (2020)
29F: Bagchiet al, PRL 124, 222504 (2020

37Mg: Kobayashet al, PRL 112, 242501 (201



V(r}+S(r) [MeV]

20

Proton

Neutron

r[fm]

Density in 11-Li

RCHB: Relativist . Continuum
Hartree - Bogoliubov theory with

denstly dependent pairing force

J. Meng and P. Ring, PRL 77, 3963 (1996),




Gilant halos
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J. Meng and P. Ring, PRL 80(1998)a60  FLfmM]



Halo in 35-Na

Meng, Tanihata & Yamaji, PLB419, 1(1998)

RLediction of giant halo
In Na isotopes

s.p.energy[MeV]




Deformed halos

V Therehasbeencontroversyoverthe existenceof deformedhalonuclel

Otsuka, Muta, Yokoyama, Fukunishi, and Suzuki, NPA 588, 113c (:
Misu, Nazarewicz, and AbertylPA 614, 44 (1997)
Tanihata, Hirata, and Toki, NPA 583, 769 (19
_ _ _ o _ Nunes, NPA 757, 349 (200
V Consideringdeformation, pairing, and continuum

effects, the deformed relativistic Hartree
Bogoliubovtheoryin continuum(DRHBc) predicts

deformedhalonucler
Zhou, Meng, Ring, and ZhaBRC 82, 011301(R) (2010)

Li, Meng, Ring, Zhao, and Zho®RC 85, 024312 (2012)

V Candidates of deformed halo nuclei have been suggestedir

experiment?!Ne and3’Mg.
Nakamuraet al, PRL 112, 142501 (20:
: obgyasheet al., PRL 112, 242501 (20:
V DRHBctheoryhasbeenappliedfor halo andotharexotic phenomena

Sun, Zhao, and Zhou, PLB 785, 530 (2018) Sun, PRC 103, 054315 (2021)
Zhang, Wang, and Zhang PRC 100, 034312 (2019) Zhanget al, PRC104, L021301 (2021)
Sun, Zhao, and Zhou, NPA 1003, 122011 (2020) Panet al., PRC104,024331(2021)

Yanget al, PRL 126, 082501 (2021) Heet al, CPC45, 101001(2021)



4“Mg: Density distributions

Zhou_Meng Ring Zhao2010 PRC82-011301R
Zhou Meng Ring Zhao2011 JPConfProc312-092067
Li_Meng Ring Zhao Zhou2012 PRC85-024312

A Prolate deformation
A Large spatial extension in neutron density distribution

Proton Meutron

Proton Meutron

S -
Mg 8 -] 0 4 8
x (fm) x (fm)

Viewpoint: A Walk Along the Dripline by Paul Cottle and Kirby Kemper
http://link.aps.org/doi/10.1103/Physics.5.49



Prolate core & oblate halo

Zhou, Meng, Ring & Zhao, Phys. Rev. C 82, 011301 (2010)
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x Prolate core, but slightly
oblate halo with sizable
hexadecapolecomponent !

x Decoupling of deformation
between core & halo
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Halo in triaxial nucleugAl
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v Core: v =3.85fm, £ =038 y=50° z>x>y
v Halo: r =5.26fm, § =079, y=-23°% z>y>x



DRHBc mass teidecobiatranation

Since December 5, 2018, PC-PK1 + DRHBc
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RCHB mass table

First nuclear mass table including
continuum effects

Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215

Contents lists available at ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt

The limits of the nuclear landscape explored by the relativistic
continuum Hartree-Bogoliubov theory

XW.Xia®, Y. Lim "<, PW.Zhao ¢, HZ. Liang, X.Y. Qu*%, Y. Chen ", H. Liu %, LF. Zhang,
S.Q.Zhang, Y. Kim*¢, ]. Meng %-*"-*

1 School of Physics and Nuclear Energy Engineering Beihang University, Beijing 100191, China

Y Cydotron Institute, Texas A&M University, College Station, TX 77843, USA

© Rare Isotope Science Project, Institute for Basic Science, Daejeon 305-811, Republic of Korea

9 State Key Laboratory of Nudear Physics and Technology, School of Physics, Peking University, Beijfing 100871, China
E Physics Division, Argonne National Laborarory, Argonne, [L 60439 USA

' RIKEN Nishina Center, Wako 351-0198, Japan

& School of Mecharronics Engineering, Guizhou Minzu University, China

" Insticuee of marerials, China Academy of Engineering Physics, Sichuan, 621907, China

i Deparrment of Physics, University of Seellenbosch, Stellenbosch, South Africa

ARTICLE INFO ABSTRACT
Artidle history: The ground-state properties of nuclei with 8 < Z < 120 from the proton drip line to the neutron drip line
Received 2 May 2017 have been investigated using the spherical relativistic continuum Hartree-Bogoliubov (RCHB) theory with

Received in revised form 12 August 2017
Accepted 5 September 2017
Awailable online 1 November 2017

the relativistic density functional PC-PK1. With the effects of the continuum included, there are totally
9035 nuclei predicted to be bound, which largely extends the existing nuclear landscapes predicted with
other methods. The calculated binding energies, separation energies, neutron and proton Fermi surfaces,



Drip -lines in variant models

The number of bound nuclides with between 2 and 120
protons is around 7,000 28JUNE2012|VOL486|NATURE|509
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8 Z 120 9035 nuclei predicted to be bound
Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215

10532boundnucleifrom Z=8 to Z=130 predictedby RCHB theorywith PGPK1. For 2227
nucleiwith data,binding energydifferencedbetweendataandcalculatedresultsareshownin
different color. The nucleondrip-lines predictedTMA, HFB-21, WS3, FRDM , UNEDF and

without pairingcorrelationareplottedfor comparison
See alsoAfanasjevAgbemavaRay, Ring, PLB726(2013)680




Possible existing Isotopes

Atomic Data and Nuclear Data Tables 121-122(2018)1-215
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[ Estimated to exsit: arXiv:1704.08906, 2017
[ Estimated to exsit: Nature 468 509 (2012)
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DRHBanass table collaboration

PC-PK1+ DRHBc
. Even T even nuclel

. Even Zi Odd N nuclel

1. Odd -Z nuclel
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Deformation improve the accuracy
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70 74 78 82 86 90 94 98 102
Neutron number N Exp: CPC 45, 030003 (2021)
Eveneven: PRC 102, 024314 (2020)
V  With deformation included, the data can be better reproduced
DRHBc 2.38 MeV RCHB 9.08 MeV
V The rotational correction energy Is expected to further improve the
results for odd nuclel.
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Deformed relativistic Hartree-Bogoliubov theory in continuum with
a point-coupling functional: Examples of even-even Nd isotopes

Kaiyuan Zhang (5KFF7T) et al. (DRHBc Mass Table Collaboration)
Phys Rev. C 102, 024314 — Puihlichad 12 Aninneti2020 [ m
PHYSICAL REVIEW C 102, 024314 (2020)

Article

Deformed relativistic Hartree-Bogoliubov theory in continuum with a point-coupling functional:
Examples of even-even Nd isotopes
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DRHBcMass Tableeven-even Nuclei

Atomic Data and Nuclear Data Tables 144 (2022) 101488

Contents lists available at ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt
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Nuclear mass table in deformed relativistic Hartree-Bogoliubov theory |
in continuum, I; Even-even nuclei
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DRHBcfor Odd -A and O -O Nuclel
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Deformed relativistic Hartree-Bogoliubov theory in continuum
with a point-coupling functional. Il. Examples of odd Nd isotopes

Cong Pan (7&IR) et a/. (DRHBc Mass Table Collaboration)
Phys. Rev. C 106, 014316 — Published 27 July 2022
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