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N ezt Existence Limit of nucleus
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B stable nuclei ~300 nuclei
unstable nuclei observed so far ~2700 nuclei
— drip-lines (limit of existence) (theoretical predictions) ~8000 nuclei
—— magic numbers =

proton drip-line &

proton-rich nucleil ¢

(nmni
||||||
|||||||

proton number (Z)
s g @ neutron drip-line - 3
D o 5 ”I Question 3
. ne t . h I . How were the elements from
. utron-ricn nuciel iron to uranium made ?
B

9 neutron number (N) 202017122~ 2200 nuclear masses were meas I
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Question 3

How were the elements from
iron to uranium made?

“The 11 Greatest Unanswered Questions of Physics”

based on National Academy of Science Report, 2002 B
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r-process (r = rapid neutron capture process) < | n capture time: 7, << Tp
unstable nucleus reacts before capturing decay
T T 1 T T I T H T T T T T T T ]
100 232Ti35U 238,
. R
80 Bi . --q -1
(@ \ 1 ;LPHA-DECAY |
80+ \?ln. y) * .
N _ i
w {*v, EC) ; 1
S ™f ﬁ SETA-OECAT termination point:
g | fission of vefy heavy nuclei
5 60 b i
% STABLE 6 - b
= 50 NUCLIDE : N |
< ) e FISSION |
0T sse seED s SR
30 t = Rolfs & Rodney: .
S8 | Cauldrons in the Cosmos, 1988
N = 50 i
207 L | L 1 1 1 1 L L L 1 A . . .
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 18C
NUMBER OF NEUTRONS N
typical lifetimes for unstable nuclei far from the valley of B stability: 10“4-107?s

requiring n

: T, ~10%s
capture time:

<~

n, ~ 102 n/cm?3

explosive scenarios needed to account for such high neutron fluxes




RFIEEFEZARENE
Short-Lived Neutron-Rich Nuclei with the Novel

Large-Scale Isochronous Mass Spectrometry at
the FRS-ESR Facility Sun et al. NPA 812 (2008) 1-12

71 nuclides covered

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) =

Mass accuracy: 1.0 -10%(~120 keV) ;
Resolving power: 200,000 i

m Directly measured masses

m Masses used as references

m Stable isotopes N=50
Z=501
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2 ;]‘3 2 J 4 Birth of nuclear physics
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i3 The Nobel Prize in Physics 1903 -
Her?r'r Bgcﬁuergfiig:re Cﬁig:.shiarie Curie Aroun_d the turn Of Nlneteenth_ and
Twentieth centuries, the discoveries of
radioactivity by Becquerel and the
Curies and the existence of a compact
nucleus at the center of an atom by
Rutherford et al. opened the door of
nuclear science. These achievements
conceived the birth of quantum
Antoine Hnri Pierre Curie Marie Curie, I.'Iée mechar_u_cs, _promOted the expl0|tat|on
Heicduer SRR and utilization of nuclear energy and

nuclear technology, and brought about
a huge impact on human life.

I X
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Progress in Particle and Nuclear Physics 109 (2019) 103713

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

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

Review

Towards an ab initio covariant density functional theory for n
nuclear structure s
Shihang Shen *”¢, Haozhao Liang *¢, Wen Hui Long "¢, Jie Meng *"*,

Peter Ring *!

a State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
b Dipartimento di Fisica, Universita degli Studi di Milano, Italy

€INFN, Sezione di Milano, via Celoria 16, I-20133 Milano, Italy

4 RIKEN Nishina Center. Wako 351-0198. Japan
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During the hundred years’ struggling, in the development

of nuclear physics itself, there emerged a lot of significant
milestones, including

The discovery of neutron by Chadwick
which verified the composition of nucleus as
protons and neutrons

©
E distance
The meson-exchange theory for the
g P interaction between nucleons by Yukawa
o Pion exchange
Fﬁerme&on ]

exchange equilibrium
position

H. Euler, Z. Physik 105, 553 (1937)
Heisenberg's student who calculated the nuclear matter in 2nd order perturbation theory
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J. H. D. M. G. Mayer E. P. Wigner
Jensen

Nobel Prize in Physics 1963
Strong spin-orbit interaction

Great for:

magic numbers
ground state properties
some low lying excited states

Lead to deformed Nilsson model

S. G. Nilsson, Mat. Fys. Medd. Dan.
Vid. Selsk. 29, N0.16(1955).

S. G. Nilssion, et al., Nucl. Phys.
A131(1969) 1.

otally fails for nuclear bulk properties



http://en.wikipedia.org/wiki/File:Wigner.jpg

5147 = 1 1

The independent particle shell model of nucleus by Mayer and Jensen et
al., and the collective Hamiltonian for nuclear rotation and vibration by
Bohr and Mottelson, etc. However, since 1950s, nuclear physics stepped
iInto a more challenging stage.

O Although the independent particle
shell model could describe the single—
particle motion in a nucleus with a
phenomenological mean potential, it 7. H D. L G Mayer E P
cannot provide even a qualitative Jensen Wigner
descrip?ion for the nuclear bulk Nobel Prize in Physics 1963
properties.

O On the contrary, a unified
phenomenological description of
nuclear vibration and rotation can be -
achieved by the collective A. N. Bohr B. R. Mottelson J. Rainwater
Hamiltonian whereas it is helpless in Nobel Prize in Physics 1975

understanding the motion of a single
nucleon.
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Strutinsky =& 1E
A 60

PEKING UNIVERSITY -
50 —48.51MeV20 L - 48.56Me)
Compromise %I 40 40
between Shell model g
and collective model =, 30 30
5
Great success for c 20 20
FRDM = /
WS4 ... 10 10
10 0 0 I'
§ o 4 - Shell effects in nuclear masses and deformation
5“ | energies, Nuclear Physics A 95 (1967) 420
Times Cited: 1,664
2 | “Shells” in deformed nuclei, Nuclear Physics A 122
0 _ \ I \ I \ I \ I \ I \ I (1968) 1
" Masshumbera Y Times Cited: 1,040
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Finite-Range Droplet Model (FRDM)

P. Méller, J.R. Nix, W.D. Myers, W.J. Swiatecki, At. Data Nucl. Data Tables 59, 185 (1995).
Times Cited: 2,385 Error of the mass model is 0.669 MeV

Weizsacker-Skyrme (WS) formula

“Isospin for S-O & E_sym + mirror nuclei”
inspired by the Skyrme energy-density functional and a macroscopic-
microscopic mass formula, with an rms deviation of 336 keV with respect to

the 2149 measured masses in 2003 Atomic Mass Evaluation.

N. Wang, M. Liu and X. Z. Wu, Phys. Rev. C 81, 044322 (2010).
N. Wang, Z. Y. Liang, M. Liu and X. Z. Wu, Phys. Rev. C 82, 044304 (2010).
M. Liu, N. Wang, Y. G. Deng, and X. Z. Wu, Phys. Rev. C 84, 014333 (2011).

Taking into account the surface diffuseness effect, the rms deviation with

2353 known masses falls to 298 keV.
N. Wang, M. Liu, X. Z. Wu and J. Meng, Phys. Lett. B 734, 215 (2014).
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IF S2ImEE+9.511

Science BulletiniR4%

42778 4y gas

Nature I
Sciemce

SR PrEr.
16698 S adv E
13.116

2019 IF

]

T
=L

B 3 T 5

Science Bulletin 63 (2018) 759-764

Contents lists available at ScienceDirect

Science Bulletin

5

ELSEVIER

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

Science
Bulletin]

www.scibull.com

Article

High precision nuclear mass predictions towards a hundred
kilo-electron-volt accuracy

Zhongming Niu ¢, Haozhao Liang ”, Baohua Sun ¢, Yifei Niu¢, Jianyou Guo?, Jie Meng "

2School of Physics and Materials Science, Anhui University, Hefei 230601, China
D RIKEN Nishina Center, Wako 351-0198, Japan

€ School of Physics and Nuclear Energy Engineering, Beihang Uni
dELI-NP, *Horia Hulubei™ National Institute for Physics and Nucl
¢State Key Laboratory of Nuclear Physics and Technology, School
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Fig. 1. (Color online) Squared amplitudes |Fa.., |2 of the discrete Fourier transforms of the mass differences between the experimental data and the predictions of various
models, plotted against proton frequency ), and neutron frequency e,. The rms deviations of these mass models are marked on the vertical axis. Here we only take into

Mf~Hf~Lf 22?2

account the nuclei with proton number Z = 8 and neutron number N = 8 listed in the Atomic Mass Evaluation (AME2016).

quantum chaos ?7?7?

ig. 5. (Color online) Schematic illustration of the relations between the accuracy
desired for nuclear mass model and the required nuclear effective interactions to be
properly considered. In each column the lines from top to bottom denote the mass
rms deviations for the model, model + RBF, and model + RBFoe approaches. Models
from left to right denote the WS4 (33|, HFB-27 [34], FRDM [32], BW2 [31], RMF [35],

and BW [28] models, respectively.
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How to achieve microscopically and self-consistently a unified
description of the single-nucleon and collective motions of nucleus
based on the strong interaction theory is a crucial question to be

answered by nuclear scientists.

1
repulsive] attractive
]

distance

0"
. What form for the potential?
Pion exchange

nucleon-nucleon P.E.

Heavier meson l

exchange equilibrium
position
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Many-body problems

A=3 [—;—mvf+U(7;)}+Zw—zf:um)

I>]

7 N

Mean field potential Residual interaction

The self-consistent mean-field approach to nuclear structure is
analogous to Kohn-Sham Density Functional Theory.

Density functional theory (DFT), with the name comes from the use of functionals of the
particle density, is aquantum mechanical theory used in physics and chemistry to investigate
the structure (mainly the ground state) of many-particle systems.

26




Ab inito
Navratil, Vary, Barrett Phys. Rev. Lett. 84 (2000) 5728

Bogner, Furnstahl, Schwenk
Prog. Part. Nucl. Phys. 65 (2010) 94

Shell model

Caurier, Martinez-Pinedo, Nowacki, Poves, Zuker,

Rev. Mod. Phys. 77 (2005) 427

Otsuka, Honma, Mizusaki, Shimizu, Utsuno,
Prog. Part. Nucl. Phys.47(2001)319

Brown, Prog. Part. Nucl. Phys. 47 (2001) 517

Density functional theory

Jones and Gunnarsson,

Rev. Mod. Phys., 61 (1989) 689

Bender, Heenen, Reinhard,

Rev. Mod. Phys., 75 (2003) 121

Ring, Prog. Part. Nucl. Phys.37(1996)193
Meng, Toki, Zhou, Zhang, Long, Geng,
Prog. Part. Nucl. Phys. 57 (2006) 470

Nuclear Landscape

Ab initio
Configuration Interaction
Density Functional Theory

stable nucief

knowrn nuclel

FRZREREHAESHZRE LR ETZ
R ) 5 — ik
Relativistic Density Functional for Nuclear
Structure, International Review of Nuclear
Physics Vol 10 (World Scientific, 2016)
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The exact energy of a quantum mechanical many body
system is a functional of the local density p(r)

Elp] = (V| H[¥)

This functional is universal. It does not depend on the
system, only on the interaction. Hohenberg

One obtains the exact density p(r) by a variation of
the functional with respect to the density

note:

p(r) is a function of 3 variables.

W(ry...ry) is a function of 3NV variables. Kohn

og Nobel Prize in Chemistry 1998
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The numbers of papers (in kilopapers) corresponding to the search of a topic “DFT”
in Web of Knowledge (grey) for different and the most popular density functional
potentials: B3LYP citations (blue), and PBE citations (green, on top of blue).

K. Burke, Perspective on density functional theory, J. Chem. Phys., 136 (2012) 150901 [1-9]
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DFT: A Theory Full of Holes, Aurora Pribram-Jones, David A. Gross, Kieron
Burke, Annual Review of Physical Chemistry (2014).
June 20, 2017 iDFT, RIKEN 30



> Density functional theorv in nuclei
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Nuclear DFT has been introduced by effective Hamiltonians: by
Vautherin and Brink (1972) using the Skyrme model as a vehicle

E = (U|H|V) ~ (®|H;5(p)|@) = E[]

Based on the philosophy of Bethe, Goldstone, and Brueckner one
has a density dependent interaction in the nuclear interior G(p)

At present, the ansatz for E(p) is phenomenological:
« Skyrme: non-relativistic, zero range
 Gogny: non-relativistic, finite range (Gaussian)

« CDFT: Covariant density functional theory

11:49 31/70
- —m———————
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International Review of Nuclear Physics (\Vol 10)

Relativistic Density Functional for Nuclear Structurj
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Why Covariant? P. Ring Physica Scripta, T150, 014035 (2012)

v/ Spin-orbit automatically included

v/ Lorentz covariance restricts parameters
v/ Pseudo-spin Symmetry

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

v
v

Relativistic saturation mechanism

Vi{r)+8(r)
e —
— V(r)-S(r)
B
;

. Liang, Meng, Zhou, Physics Reports 570 : 1-84 (2015).

Pseudospin symmetry
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Spherical nucleus: continuum & pairing
Meng & Ring, PRL77,3963 (96)
Meng & Ring, PRL80,460 (1998)

Relativistic Continuum Hartree-Bogoliubov theory

Meng, NPA 635, 3-42 (1998) Meng, Tanihata, & Yamaji, PLB 419, 1(1998)

Meng, Toki, Zeng, Zhang & Zhou, PRC65, 041302R

Spherical nucleus but in DDRHFB: Fock term
Long, Ring, Meng & Van Giai, PRC81 , 031302
Wang, Dong, Long, PRC 87, 047301(2013).

Lu, Sun, Long, PRC 87, 034311 (2013).
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Deformed nucleus: deformation & blocking
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Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215
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The limits of the nuclear landscape explored by the relativistic
continuum Hartree-Bogoliubov theory
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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 (RCHE) theory with
Received in revised form 12 August 2017 the relativistic density funcrional PC-PK1. With the effects of the continuum included, there are totally

Accepted 5 September 2017

Available online 1 November 2017 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,
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around 7,000 28JUNE2012|VOL486|NATURE]|509

130
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No pairing
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8 < Z < 120: 9035 nuclei predicted to be bound
Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215
10532 bound nuclei from Z=8 to Z=130 predicted by RCHB theory with PC-PK1. For 2227
nuclei with data, binding energy differences between data and calculated results are shown in
different color. The nucleon drip-lines predicted TMA, HFB-21, WS3, FRDM , UNEDF and
without pairing correlation are plotted for comparison.

See also: Afanasjev, Agbemava, Ray, Ring, PLB?26(2013)6E




> Possible existing isotopes
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NPT PR 4Mg: Density distributions
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* Prolate deformation
« Large spatial extension in neutron density distribution

Proton Meutron

Proton Meutron

z (fm)

2L =
Mg B -4 0 4 &

=10 5 0 5 10
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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v’ The 2 wdrkshop on nuclear mass table with DRHBc theory was held
on Aug 21 — Aug 24, 2019 in Beljing, China, hosted by Peking
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DRHBc
Lagrangian
density
1 @ Odd nuclei
Hamiltonian 3
densit
L) | Spherical
MF app. | Quant. Meson field Axially deformed =—
" Fllllng app. BIocklng
Triaxially deformed \
RHFB RHB ] 3 v
1 Coordinate space RHB matrix RHB matrix
D|rac | |in half m™ blocks in full m™ blocks
equation RHB HO basis | |
equation -—— Dirac WS basis
Green function 1
Physical
""" observables




> Interesting topics
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1. Deformation effects on the limits of the nuclear landscape

2. Improvement of the description for nuclei by deformation
effects

3. Isotope shifts reproduced by the DRHBc theory

4. Pairing cutoff and pairing window in the density functional
theory

5. Neutron skin or possible neutron halo phenomena

6. A smooth transition of rotational correction energy for spherical
nuclel
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Thank you for your
attention!
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