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Outline 
• Introduction 

 

• Nucleon clustering in light and medium nuclei 

 

• Density-dependent cluster model (DDCM) and 
generalized DDCM for alpha-decay half-lives 
 

• New version of Density-dependent cluster 
model (DDCM+) :  solve quasi-bound state 
Schrödinger--equations for alpha-decay half-
lives 

 

• Summary 



中国科学院卡弗里理论物理研究所(Kavli) 
Program: Clustering Aspects in Nuclei 

 

• Date : from 2013-04-01 to 2013-04-26 
 

• Local coordinators : Zhongzhou Ren (Chair, 
Nanjing University), Chang Xu (Nanjing 
University), Furong Xu (Peking University), 
Zaiguo Gan (Institute of Modern Physics),  

    Shan-Gui Zhou (KITPC/ITP-CAS) 
 

• International coordinators : Zhongzhou Ren 
(Chair, Nanjing University), Yanlin Ye (Peking 
University), W. Mittig (Michigan State University), 
P. Van Isacker (GANIL), G. Audi (Université de 
Paris Sud) 

2013.4，Zhongzhou REN (任中洲)  et al 

organize workshop in KAVLI in Beijing on 

cluster physics 
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Cluster on 20Ne : PRC 86 (2012) 014301 

(China-Japan-France-Germany  Collaboration) 
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PRL 110, 262501 (2013): nolocalized cluster 
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    good description 
both on positive 
and negative bands 

PRL 110, 262501 (2013) 



20Ne artcle is cited by Ito and Ikeda 



Research from Prof.Iachello and collaborators 
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Extend THSR wave 
function 
 

[31]Roepke，
Schuck…, 
PRC90,034304(2014) 
[34]Zhou，Funaki，
Horiuchi，Ren…, 
PRL110,262501(2013) 



2016.3-4, KITPC, by  Zhongzhou Ren … 
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We develop  cluster model (THSR) from N=Z=Even 

nuclei (previous researches) to N=Z+1 nuclei  (9Be…, 

Lyu, Ren,..Horiuchi,…PRC 2015).   Schematic Fig.: 
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The effective nucleon-nucleon interaction of 
9Be : the Volkov potential + spin-orbit potential  
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Low energy states  of 9Be in cluster model (THSR),  

PRC 2015 , Lyu, Ren, …, Horiuchi,… 



Lyu, Ren,… PRC2015: 9Be(α+α+n) 

coupling of single-particle and cluster motions 
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We develop  cluster model (THSR) from 

N=Z=Even nuclei (previous researches) to 

N=Z+2  or  N=Z=odd nuclei  (10Be,  10B…, Lyu, 

Ren, Horiuchi,…Zhao…, PRC2016, PRC2018).    

Schematic Fig.:  Cluster structure of 10Be 
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10Be: compare exp. data with cal. ones 
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Freer et al. cited our work 

in RMP： 10Be article 
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Both 9Be and 10Be cited 



9B，develop cluster model by including 

coupling between proton and clusters 
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9B:  comparison between calculated and 

experimental levels 



Extended cluster model to study A=10 nuclei  

                         (PRC 100, 014306(2019))  
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alpha transfer reaction of light nuclei：PLB2019  
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Now move to alpha decay of nuclei:  

importance of alpha decay  

 

• Origin of nuclear physics 1896: Becquerel 

 

• Identify new elements (Po and Ra) by stronger 
radioactivity: Curies.  Z=105-118… 
 

• Identify the core of atom (nucleus): Rutherford 
 

• Validity of quantum mechanics for nuclear 
Physics: Gamow in 1928 
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There are more than 400 nuclei that exhibit the 

alpha-decay phenomenon (yellow one). 



known 

CN 277112 

273110 

269Hs 

265Sg 

261Rf 

257No 

11.45 MeV 

280 s 

11.08 MeV 

110  s 

9.23 MeV 

19.7 s 

4.60 MeV (escape) 

7.4 s 

8.52 MeV 

4.7 s 

253Fm 

8.34 MeV 

15.0 s 
Date:  09-Feb-1996 

Time: 22:37 h 

277112 

70Zn 208Pb 277112 

n 

kinematic separation 
in flight 

identification  
by - correlations 
to known nuclides 

Synthesis of Z=112 SHE at SHIP 
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Z=113,115,117,118  

identified by alpha decay 

 

• Z=113:  Nihonium, Nh.   (produced in RIKEN). 

 

• Z=115: Moscovium, Mc. (produced in Dubna). 

 

• Z=117: Tennessine, Ts. (produced in Dubna). 

 

• Z=118: Oganesson; Og. (produced in Dubna). 

 



 

I and my teacher，PRC 36 (1987) 

456. heavy nuclei :alpha transfer 

 
 



ZZ Ren，GO Xu，PRC 36 (1987) 456 

• Reduced 

alpha 

transfer rates 



ZZ Ren，GO Xu ， PRC 38 (1988) 1078 

 



Our: alpha decay of 104Te (100Sn+…); Exp. 



Nuclei around A=208: 212Po (208Pb+4He) 





南京大学 

Predictions of SHF and RMF 

compare well with MM results 

[12,13] 

Oganessian et al, PRC72, 034611 (2005) 



南京大学 

SHF [12，49-51] and RMF 

[13，52-57]  compare well 

with the experimental 

results 

Oganessian et al,  PRC72  

2005 



15.  Ren, Z.  Shape coexistence in even-even 

superheavy nuclei. Phys. Rev. C65, 051304 

(2002) 

   Cited:  shape coexistence, Ref.  [15] 

Nature, 433 (2005) 705 



New isotope in China: 265Bh (Z=107) 

Data of 265Bh agree with Ren et al  [12,13] 
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Ren et al., PRC 70 (2004) 034304, Density-Dependent 

Cluster Model (DDCM): new model 4He, 14C decay 

37 



 

 Density-Dependent Cluster Model 

 
• DDCM:  model of alpha and cluster decay: 

• 1) N-N effective potential: from Reid potential 

• 2) Double folding with  density: alpha+nucleus 

• 3) low density behavior--exchange included 

• 4) agree well with experimental half-lives 

 

• Z Ren, C Xu, Z Wang, PRC 70: 034304 (2004) 

• C Xu, Z Ren, NPA 753: 174 ,NPA 760: 303 (2005)  

• C Xu, Z Ren, PRC 73:  041301(R) (2006)… 

• D. Ni, Z. Ren, PRC , (2009), (2010), GDDCM….. 
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Schematic Fig.: double folding 

potential or Woods-Saxon potential 

   We consider a spherical 
alpha-particle interacts 
with a deformed core 
nucleus which has an 
axially symmetric 
nuclear shape.    

The decay process is described by the tunneling 
of the alpha particle through a deformed 
potential barrier, which is approximated by an 
axially deformed potential. 
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alpha decay and quantum mechanics 

• Quantum mechanics: originated from atomic physics. 
Two kinds of states in textbook: bound, scattering 

    1928，Gamow:  quantum tunnel  
• Unstable nuclei (238U):  finite lifetime: Quasi-Bound 

State (QBS) 

 

• Our DDCM: WKB,  Bohr-Sommerfeld quantization, 
semi-classical approximation 

• alpha-decay :  quantum effect. To solve 
Schroedinger-eq. for QBS 

 

• Generalized Density-Dependent Cluster Model 

• Multi-Channel  Cluster Model (MCCM) 
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        V0 is determined by the 

characteristic of the alpha-

cluster quasibound state. 

Woods-Saxon shape 

nuclear potentials 

QBS:  wave function of Woods-Saxon potential, tail 



Generalized Density-Dependent Cluster Model 

The Reid  

nucleon-nucleon potential 

Nuclear Matter : G-Matrix 

M3Y 

Bertsch et al. 

Satchler et al. 

Alpha  Scattering 

RM3Y 

1/30 
G-DDCM Electron Scattering  

Nuclear Matter 

Alpha Clustering (1/3) 
Alpha Clustering 

Brink et al. 

S--Eq. : Q—BS 

Tonozuka et al. 

Hofstadter et al. 
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Generalized Density-Dependent Cluster Model 

PRC 80 014314 (2009) 
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   First result on charge radii of superheavy nuclei by decay data 
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PRC 89 (2014) 024318: Nuclear charge radii of superheavy odd-

mass and odd-odd nuclei from α-decay data 



Microscopic calculation of ɑ preformation 

factor 212Po (PRC 2016, Xu, Ren,…Horiuchi...)  



Cluster in medium and heavy nuclei 
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2017.11 Hokkaido U 

2018.11 Chengdu, China  

Cluster  conferences  in China and in Japan  

2014.12 Nanjing U 

2015.08 Hokkaido U &  

               Osaka-RCNP 

2016.07 PKU 

2016.11 Yokohama 
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2018  cluster  conference at Chengdu, China 



PRL 110, 262501 (2013) 

PRL 122, 192503 (2019), New isotope: 220Np， 

N = 126 shell effect.  Editor’s suggestion 

南京大学 

同济大学 



PRL 125, 032502 (2020) ： new isotope 222Np 
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同济大学 

任中洲 



Phys. Rev. Lett 126, 152502 (2021) ：new isotope 
214U 

53 



Phys. Rev. C 105, 024327 (2022)，DDCM+ by 
Wang, Bai, Ren 
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New version of density-dependent cluster model 
 

 (DDCM+) 
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  to solve quasi-bound state Schroedinger-equations 

 

  include the surface effect of nucleon density and deformation 

for nuclei ：Bohr,Mottelson, Nuclear Structure Vol. 2 (1998). 

 Different density distributions of protons and neutrons  



56 

Numerical results（ 214U 、 216U、 218U ） 

核素 δ1 δ2 

214U 1.053 0.352 

216U 0.804 0.181 

218U 0.594 0.0045 

DDCM+  is in  better agreement with data for new isotopes 214U，

216U and  218U 

Deviation between logrithms of calculated half-lives and data 
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Deviations between calculated half-lives and data 
（ 157 even-even nuclei） 

RMS is reduced by 41.3%  ↓（data is from NUBASE2020） 

Blue region: less than 3 times 
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Summary 
 

• Develop  the cluster model of light nuclei 

 

• Density-Dependent Cluster Model (DDCM) 

 

• New version of Density-Dependent Cluster Model 
(DDCM+) for calculations of alpha-decay half-lives : 

      S-eq. for quasi-bound states. 

 

• By including nuclear deformation and surface effect 
we reach good agreement with experimental half-lives.   

 

• New isotopes 216U, 219,220,222Np 
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Thanks 

• Collaborators: C.Xu, D.Ni, X.P. Zhang, 

Y.Qian, Bo Zhou, Mengjiao Lyu, Q. 

Zhao，D. Bai, Z.Wang… Z.Gan…;  

   H. Horiuchi, Tohsaki, Funaki, Yamada， 

   En’yo, P. Schuck, G. Roepke, M. Kimura, 

H.Toki, Ito… 

• happy to attend YKIS2022b (online). 

• Thanks for  your attention .… 
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