
基于形变相对论连续谱理论的原子核质量表

DRHBc Mass Table Collaboration 合作组

孟 杰

北京大学/物理学院

华中师大粒子物理所论坛

2020年7月22日 上午10点

会议:  https://lbnl.zoom.us/j/97212711449    

会议id： 97212711449





不忘初心，牢记使命





1966-08-01《人民日报》社论

为反帝反殖和发展民族科学文化而斗争——庆祝北京科学讨论会一九六六年暑期
物理讨论会胜利闭幕

北京科学讨论会一九六六年暑期物理讨论会胜利闭幕了…… 这次物理讨

论会，长了四大洲各国人民和科学家的志气，灭了帝国主义及其科学“权威”
的威风。那种认为物理学，特别是核物理学，只能由欧美某些大国所垄断的神
话，早已破灭了。会议的光辉成果，对于那些妄想在世界科学领域内称王称霸
的人，是当头一棒。四大洲各国发展民族科学文化事业的根本问题，首先是政
治问题。

……

我国物理学工作者，在科学实践中，努力掌握毛泽东思想，掌握正确的认
识论和方法论。他们以毛泽东思想来指导科学实践，来改造人的世界观，破除
迷信，解放思想，敢想、敢说、敢做、敢闯、敢革命。他们高举毛泽东思想的
伟大红旗，在现代物理学领域里，闯出自己的一条路子来。

……



如果说我比别人看得更远些，那是因为我站

在了巨人的肩上。

——牛顿
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尼尔斯·玻尔（Niels Bohr，
1885-1962），1922年获得诺
贝尔物理学奖。

列夫·朗道（Lev Landau，
1908-1968），苏联犹太人，
1962年诺贝尔物理学奖。

影响深远的学派

 哥本哈根学派：玻尔、玻恩、海森堡
、泡利、狄拉克等都是主要成员。在
Los Alamos，玻尔对小儿子说：记住
费曼，他是我说出愚蠢想法时，唯一
说 no 的人。

 朗道学派：朗道对自己和学生的要求
很高，每篇论文必修有重要性，重视
思想交流。经常在学术讨论中一针见
血地指出别人的错误和缺点。朗道吸
引了许多优秀学生，弟子中包括 10
多位院士，其中 Aleksey Abrikosov
和 Vitaly Ginzburg 获 2003 年诺贝
尔奖。 7



2008年物理诺贝尔奖

小林诚 益川敏英南部阳一郎
仁科芳雄 汤川秀树 朝永振一郎

坂田昌一提出的基本粒子由更深
层次基本粒子构成的理论与毛泽
东物质无限可分思想产生共鸣

影响深远的学派

 仁科芳雄（1890-1951），长冈半太郎的学生），其学派包括
汤川秀树、朝永振一郎、坂田昌一、南部阳一郎、小林诚、益
川敏英等。

… 8
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proton-rich nuclei

proton drip-line

neutron-rich nuclei

neutron drip-line

neutron number (N)

proton number (Z)

stable nuclei ~300 nuclei
unstable nuclei observed so far ~2700 nuclei
drip-lines (limit of existence)（theoretical predictions) ~8000 nuclei
magic numbers

~ 2200 nuclear masses were measured

Question 3
How were the elements from 

iron to uranium made ?

Existence Limit of nucleus
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Abundance curve of the elements
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7 orders of 
magnitude 
difference!

“The 11 Greatest Unanswered Questions of Physics”
based on National Academy of Science Report, 2002

Question 3
How were the elements from 

iron to uranium made?

黄金为什么比铁贵？

1
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从铁到铀的重元素是如何合成的？

系统的核物理知识: 

质量、β衰变寿命、反应率等

《发现》杂志：“物理学十一大待解之谜”

关键：实验存在困难

精确描述：核物理界的难题GW170817 双中子星合并事
件证实双中子星合并为r-过
程发生场所之一

关键机制： 快中子俘获过程
(r-过程)

r-过程发生场所

ApJL 848, L12 (2017)

需要大规模高精度的理论计算

β衰变

电子 反中微子

Gamow-Teller跃迁

重元素合成研究的重大进展

天体快中子俘获过程
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unstable nucleus reacts before capturing decay
r-process (r = rapid neutron capture process) n capture time:  τn << τβ⇔

typical lifetimes for unstable nuclei far from the valley of β stability:     10-4 – 10-2 s
requiring n 
capture time: τn ~ 10-4 s      ⇔ nn ~ 1020 n/cm3

termination point: 
fission of very heavy nuclei

explosive scenarios needed to account for such high neutron fluxes

waiting points
Rolfs & Rodney: 
Cauldrons in the Cosmos, 1988

天体快中子俘获过程

1
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Mass accuracy: 1.0 ∙10-6 (~120 keV) 
Resolving power: 200,000   

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)

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  

快过程原子核的质量测量

1
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正在运行和建造主要的稀有同位素束设施

兰州HIRFL-CSR
1997-2008年
投资：2.93亿元

北京BRIF-II
2014年

韩国 KoRIA 
2012年开始建设
投资：5.5亿美
元

美国MSU-FRIB
2008年开始建设

投资：5.5亿美元
法国SPIRAL-II
2006年开始建
设

德国GSI-FAIR
2007年开始建设
投资：17 亿欧元

日本RIKEN-RIBF
2006年第一期完工

投资：550亿日元

惠州 HIAF
2015年12月立项
投资：15亿元

http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
http://jcnp.pku.edu.cn/%7Esqzhang
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Birth of nuclear physics

Around the turn of Nineteenth 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
mechanics, promoted the exploitation
and utilization of nuclear energy and
nuclear technology, and brought about
a huge impact on human life.
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Milestone toward the nuclear model

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

The meson-exchange theory for the
interaction between nucleons by Yukawa

During the hundred years’ struggling, in the development 
of nuclear physics itself, there emerged a lot of significant 
milestones, including 

H. Euler, Z. Physik 105, 553 (1937)
Heisenberg's student who calculated the nuclear matter in 2nd order perturbation theory



第一代核模型：平均场近似



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, No.16(1955).
S. G. Nilssion, et al., Nucl. Phys. 
A131(1969) 1.

平均场壳模型

Totally fails for nuclear bulk properties 

J. H. D. 
Jensen

M. G. Mayer E. P. Wigner 

Nobel Prize in Physics 1963

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


J. H. D. 
Jensen

M. G. Mayer E. P. 
Wigner 

Nobel Prize in Physics 1963

 Although the independent particle
shell model could describe the single-
particle motion in a nucleus with a
phenomenological mean potential, it
cannot provide even a qualitative
description for the nuclear bulk
properties.

 On the contrary, a unified
phenomenological description of
nuclear vibration and rotation can be
achieved by the collective
Hamiltonian whereas it is helpless in
understanding the motion of a single
nucleon.

A. N. Bohr B. R. Mottelson J. Rainwater

Nobel Prize in Physics 1975

平均场壳模型与集体模型

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
into a more challenging stage.

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


Strutinsky 壳修正

Compromise 
between Shell model 
and collective model 

Great success for 
FRDM
WS4 …

V.M. Strutinsky, 
Shell effects in nuclear masses and deformation 
energies, Nuclear Physics A 95 (1967) 420   
Times Cited: 1,664  
“Shells” in deformed nuclei, Nuclear Physics A 122 
(1968) 1     
Times Cited: 1,040



Weizsäcker-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).

Finite-Range Droplet Model (FRDM) 
P. Möller, 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 

质量模型



IF 影响因子9.511 



第二代核模型：有效相互作用



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.
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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.



Nuclear theory

http://www.unedf.org/

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

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

…

• Shell model
Caurier, Martínez-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

…

密度泛函理论有希望给出核素图上所有原子核
性质的统一描述

Relativistic Density Functional for Nuclear 
Structure，International Review of Nuclear 
Physics Vol 10（World Scientific, 2016）

27
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Hohenberg

Kohn

Hohenberg-Kohn theorem (1964) 

28 Nobel Prize in Chemistry 1998



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]



DFT papers

June 20, 2017 iDFT, RIKEN 30

DFT: A Theory Full of Holes,  Aurora Pribram-Jones, David A. Gross, Kieron 
Burke, Annual Review of Physical Chemistry (2014).



11:49 31/70

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

At present, the ansatz for E(ρ) is phenomenological:   

• Skyrme:     non-relativistic, zero range

• Gogny:       non-relativistic, finite range (Gaussian)

• CDFT: Covariant density functional theory

Density functional theory in nuclei 

Nuclear DFT has been introduced by effective Hamiltonians:  by 
Vautherin and Brink (1972) using the Skyrme model as a vehicle



J. Meng, H. Toki, S.-G. Zhou, S.Q. Zhang, W.H. Long, and L.S. Geng,  
Prog. Part. Nucl. Phys. 57 (2006) 470-563

孟杰, 郭建友, 李剑, 李志攀, 梁豪兆, 龙文辉, 牛一斐, 牛中明, 尧江明, 张颖, 
赵鹏巍, 周善贵, 原子核物理中的协变密度泛函理论, 物理学进展, 第31卷04
期 (2011) 199-336

J. Meng, J. Peng, S.Q. Zhang, and P.W. Zhao, Front. Phys. 8 (2013) 55-
79

H. Z. Liang, J. Meng, and S.-G. Zhou, Physics Reports 570 (2015) 1-84

J. Meng and S.-G. Zhou, J. Phys. G42 (2015) 093101



International Review of Nuclear Physics (Vol 10)

Relativistic Density Functional for Nuclear Structure
World Scientific, Singapore (2016)

700 Pages

Editor: Jie Meng

Authors include:

China: J. Y. Guo, Z. P. Li , W. H. Long, Z.M. Niu, B.H.Sun, S.Q. Zhang, E.G. Zhao, S.-G. Zhou
Croatia: N. Paar, T. Niksic, D. Vretenar, J. Zhao
France:  N. Van Giai
Germany: B.N. Lv, P. Ring, P.-G. Reinhard
Italy: Y. Niu, 
Japan: K. Hagino, H. Z. Liang, J. M. Yao
USA:  A. V. Afanasjev, E. Litvinova, J. Piekarewicz, P. W. Zhao

《核物理国际评述》系列丛书第10卷
《原子核结构的相对论密度泛函》
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P. Ring Physica Scripta, T150, 014035 (2012) Why Covariant? 
✓ Spin-orbit automatically included
✓ Lorentz covariance restricts parameters

✓ Pseudo-spin Symmetry 

✓ Connection to QCD: big V/S ~ ±400 MeV

✓ Consistent treatment of time-odd fields

✓ Relativistic saturation mechanism

✓ …

Hecht & Adler 
NPA137(1969)129
Arima, Harvey & Shimizu 
PLB 30(1969)517

Pseudospin symmetry

Ginocchio PRL 78, 436 Shen et al Chin. Phys. Lett. 33 (2016) 102103 



Zhao, Li, Yao, Meng, PRC 82, 054319 (2010)
Zhang, Niu, Li, Yao, Meng, Front. Phys. 9 (2014) 529
Lu, Li, Li, Yao, Meng PRC 91 (2015) 027304

Agbemava PRC 2014
Geng PTP 2005

迄今最好的密度泛函 PC-PK1

Best density functional for 

nuclear masses so far! 3
5



Relativistic Continuum Hartree-Bogoliubov theory

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

Deformed nucleus: deformation & blocking
Zhou, Meng, Ring & Zhao, Phys. Rev. C 82, 011301 (R)(2010)
Li, Meng, Ring, Zhao & Zhou, Phys. Rev. C 85, 024312 (2012)
Chen, Li, Liang & Meng, Phys. Rev. C 85, 067301 (2012)
Li, Meng, Ring, Zhao & Zhou, Chin. Phys. Lett. 29, 042101 (2012).

Reviews:
Meng,Toki, Zhou, Zhang, Long & Geng, PPNP 57. 460 (2006)
Meng and Zhou, J. Phys. G: Nucl. Part. Phys. 42 (2015) 093101

3
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基于协变密度泛函，建立了迄今唯一考虑了
连续谱效应的原子核质量表

RCHB mass table

3
7



Drip-lines in variant models 

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.

The number of bound nuclides with between 2 and 120 protons is 
around 7,000  2 8 J U N E 2 0 1 2 | V O L 4 8 6 | N AT U R E | 5 0 9

See also: Afanasjev, Agbemava, Ray, Ring, PLB726(2013)680

8 ⩽ Z ⩽ 120：9035 nuclei predicted to be bound
Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215
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Atomic Data and Nuclear Data Tables 121-122(2018)1-215

Possible existing isotopes 

Atomic Data and Nuclear Data Tables 
121-122 (2018) 1-215
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• Prolate deformation
• Large spatial extension in neutron density distribution

44Mg: Density distributions
Zhou_Meng_Ring_Zhao2010_PRC82-011301R
Zhou_Meng_Ring_Zhao2011_JPConfProc312-092067
Li_Meng_Ring_Zhao_Zhou2012_PRC85-024312

40

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

 Prolate core, but slightly 
oblate halo with sizable 
hexadecapole component !

 Decoupling of deformation 
between core & halo

Zhou, Meng, Ring & Zhao, Phys. Rev. C 82, 011301 (2010) 

41

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



目标

基于自主发展的包括形变效应和连续谱效应的相对论密度泛函

(DRHBc)理论，结合天文观测结果和实验数据，开展以下研究：

 确定适用于计算所有原子核质量的数值条件

 构建偶偶原子核质量表

 构建奇偶原子核和奇奇原子核质量表

 探索三轴形变效应对晕现象和滴线的影响

 快中子俘获过程模拟计算

42



1st workshop on Deformed RHB in continuum mass table 

December 05 – 07, 2018

IBS, Daejeon, Korea

DRHBc 质量表合作组：2018年起

43



 The 2nd workshop on nuclear mass table with DRHBc theory was held
on Aug 21 – Aug 24, 2019 in Beijing, China, hosted by Peking
University.

44



 Anhui University（安徽大学）
 Beihang University （北京航空航天大学）
 Huzhou University （湖州师范学院）
 Institute for Basic Science (韩国基础科学研究所)
 Institute of Modern Physics, CAS （中国科学院近代物理研究所）
 Institute of Theoretical Physics, CAS （中国科学院理论物理研究所）
 Korea Institute of Science and Technology Information 

（韩国科学技术信息研究所）
 Nanjing University of Aeronautics and Astronautics （南京航空航天大学）
 Peking University （北京大学）
 Pusan National University （釜山大学）
 Sichuan Normal University （四川师范大学）
 Soongsil University （崇实大学）
 Southwest University  （西南大学）
 Sungkyunkwan University （成均馆大学）
 The University of Hong Kong （香港大学）
 Zhengzhou University （郑州大学）

DRHBc Mass Table Collaboration
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DRHBc Mass Table Collaboration
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Lagrangian
density

DRHBc

Physical
observables

Even nuclei
Hamiltonian

density

RHB
equation

Coordinate space

HO basis

Dirac WS basis

Green function

……

Dirac 
equation

RMF

RHB

Spherical

Axially deformed

Triaxially deformed

……

RHB matrix
in half 𝑚𝑚𝜋𝜋 blocks

RHB matrix
in full 𝑚𝑚𝜋𝜋 blocks

Odd nuclei

BlockingFilling app.

RHFB

MF app. Quant. Meson field

47



Interesting topics

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
nuclei

… …
48



 利用包括形变和连续谱效应的相对论密度泛函理论，构建高

精度的原子核质量表；

 在双中子星并合等天体环境下，利用动态网络方程研究快中

子俘获过程中的重元素合成；

 探讨核物理和天文观测不确定性对快中子俘获过程的影响，

探索宇宙中的重元素起源；

 在国际学术会议上做重要演讲，发表高水平的论文，培养高

水平的相关领域博士。

谢谢各位！

总结与展望

49
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Thank you for your 
attention!
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