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Stable & unstable nuclei

Courtesy of Jie Zhao
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Cao&Ye2008, Physics 37, 733-739 (in Chinese)
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Super heavy nuclei: Charge & mass limits of existence

Predicted in 1960s. 
Expt. progresses made since 1980s

Courtesy of Jie Zhao



WebElements, Aug. 2011Table of elements: ends?

IUPAC/IUPAP Joint Working Party, 2011:
114: flerovium

 
(symbol Fl); 116: livermorium
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http://www.webelements.com/


Existence of SHN: Quantum shell effects
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Existence of SHN: Quantum shell effects



Experimental exploration of the island of stability
 If T1/2 ~108 years & produced in the nucleosynthesis
SHN would survive until now
No confirmed results found in searching for SHE in the Nature 

Synthesis of SHE in laboratories via heavy ion fusions
GSI in Darmstadt, Germany
Flerov Laboratory of Nuclear Reactions in Dubna, Russia
Lawrence Berkeley National Laboratory in Berkeley, USA
RIKEN in Wako, Japan
GANIL in Caen, France
HIRFL in Lanzhou, China

Herrmann2004

Hofmann_Münzenberg2000_RMP72-733
Morita...2004_JPSJ73-2593

Oganessian...2007_JPG34-R165
Oganessian...2010_PRL104-142502

Zhang…2011_ChinPhysLett



Man-made SHN
Neutron capture followed by beta decay
In reactors: Z=94-100
In nuclear bomb: Z=98-100

Light ions as projectiles
Proton, D, T, 4He: up to Z=101

Heavy ions as projectiles
Cold fusion: 208Pb or 209Bi as targets, up to Z=113
Hot fusion: 48Ca as projectiles, up to Z=118



Experimental progresses

Courtesy of Kai Wen



Experimental progresses

Cold fusion

Hot fusion

Courtesy of Kai Wen



Experimental progresses

Courtesy of Kai Wen



N=177

Experimental progresses

Courtesy of Kai Wen


 

At least 7 neutrons less than N = 184


 
T1/2 increases with N




 

At least 7 neutrons less than N = 184


 
T1/2 increases with N


 

X-section maximal at Z = 114


 
Extremely low X-section for even heavier SHE

? N=177

Experimental progresses

Courtesy of Kai Wen



Heavy Ion Research Facility in Lanzhou (HIRFL)

SFC (K=69)
10 AMeV (HI), 17~35 MeV (p)

SSC(K=450) 
100 AMeV (HI), 110 MeV (p)

RIBLL1
RIBs at tens of AMeV

CSRm
1000 AMeV (HI), 

 

2.8 GeV (p)

RIBLL2
RIBs at hundreds of AMeV



Mass measurements w/ CSR

>20 new masses



SHE @ HIRFL

Gan...2001_EPJA10-21

He-jet technique & rotating-wheel

2001: 259Db (Z = 105) 2004: 265Bh (Z = 107)

Gan...2004_EPJA20-385

Nuclear chemistry for SHE



New gas-filled spectrometer @ Lanzhou: 271Ds

2011.01.15 64Ni+ 208Pb → 272Ds*       7 days
2011.03.15 64Ni+ 208Pb → 272Ds*    13 days

IMP/CAS, ITP/CAS

Nanjing Univ, CIAE

Zhang, Gan, Ma …, 
Chinese Physics Letters 29 (2012) 012502



Theoretical Study of SHN
Structure
Decay & fission
Synthesis mechanism



Theoretical Study of SHN
Structure
Decay & fission
Synthesis mechanism


 
Ground state properties
Binding energy (separation energy, Q value)
Deformation; exotic shapes? 
Single particle level (shell) structure  location of the island


 

Spectroscopy


 
Saddle point properties
Potential energy surface  fission path & fission barrier
Shell structure


 

Isomeric states
Longer half-life? A step stone toward the island of stability?


 

Excited compound nucleus
Level density
Quenching of shell effects w/ temperature


 

...



Spectroscopy of nuclei with Z~100

Spectroscopy of SHN
Detailed structure & stability 

Spectroscopy of deformed nuclei 
with Z~100 & N~152
Of interest in itself --- 

occurrence of deformation & K- 
isomerism
Orbitals around the Fermi level 

in these nuclei stem from those 
connected to the spherical shell 
gaps in SHN (1/2[521])

Synthesis of SHN  Decay modes & energies; X-sections, ...

Herzberg_Greenlees_Butler...
2006_Nature442-896



Experimental facilities & status
RITU@JYFL        SHIP@GSI         VASSILISSA@FLNR      FMA@ANL 
LISE3@GANIL    RMS@JAEA       HIRFL@IMP                   ...

Data from ENSDF (Jul. 1, 2011)

Leino_Hessberger2004_ARNPS54-175
Herzberg_Greenlees2008_PPNP61-674



Theoretical study of low-lying spectra
Self-consistent approaches

Macroscopic-Microscopic models

Projected shell model

Cranking shell model

Afanasjev...2003_PRC67-024309
Bender...2003_NPA723-354

Adamian...2011_PRC
Delaroche...2006_NPA771-103

Cwiok...1994_NPA573-356 Muntian...1999_PRC60-041302R

Parkhomenko_Sobiczewski2004_APPB35-2447
Parkhomenko_Sobiczewski2005_APPB36-3115

Sobiczewski...2001_PRC63-034306

Adamian...2011_PRC

Sun...2008_PRC77-044307 Chen...2008_PRC77-061305

Egido_Robledo2000_PRL85-1198

He...2009_NPA817-45 Zhang...2011_PRC83-011304R

Al-Khudair...2009_PRC79-034320

Zhang...2012, PRC85_014324
Liu...2012_arxiv1204.5527



One-quasineutron spectra in 245Cm

Adamian_Antonenko_Kukulin_Lu_Malov_SGZ2011_PRC84-024324

An agreement between 
data & various models

 In some cases, the 
order is not reproduced



Cranking Shell Model w/ PNC for pairing

Applications of CSM-PNC
Normally deformed & superdeformed high spin rotational 

bands of nuclei with A ~ 160, 190, & 250
Mechanism of identical bands in normally deformed nuclei
Nonadditivity in moments of inertia of high-K rotational bands
…

Zeng…1994_PRC50-1388
Zeng...1994_PRC50-746



Nilsson parameters & deformation parameters

Zhang_Zeng_Zhao_SGZ2011_PRC83-011304R

A new set of Nilsson parameters
Reproduce well single particle 

structure in heavy nuclei

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324



Bandhead energies in Bk (Z=97) isotopes

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324



Moments of inertia of even-even nuclei

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324



Moments of inertia of even-even nuclei

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324

New expt !



246Fm: ground state band observed @ Jyvaskyla

Piot...2012 PRC85_041301R



246Fm: ground state band observed @ Jyvaskyla

Piot...2012 PRC85_041301R



Moments of inertia of odd-Z nuclei

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324



Moments of inertia of odd-N nuclei

Zhang_He_Zeng_Zhao_SGZ2012, PRC85_014324



Rotational bands in 247,249Cm & 249Cf: Expt

Tandel...2010_PRC82-021303R



Rotational bands in 247,249Cm & 249Cf: MoI & align.

Zhang_Zeng_Zhao_SGZ2011_PRC83-011304R



Rotational bands in 247,249Cm & 249Cf: occupations

Zhang_Zeng_Zhao_SGZ2011_PRC83-011304R



Rotational bands in 247,249Cm & 249Cf: occupations

Zhang_Zeng_Zhao_SGZ2011_PRC83-011304R



Magicity in SHN with the new Nilsson parameter set

Zhang et al., in preparation



Microscopic correction energy

Zhang et al., in preparation



A multi-dimensional constrained RMF model & PES


 
A constraint deformed RMF model for normal & hypernuclei
Deformation space: (2 , , 3 , …) 
An axially deformed harmonic oscillator basis

Why multi-dimensional?


 
Triaxiality: the 1st barrier


 

Asymmetry: the 2nd barrier


 

Shapes of hypernuclei


 

Fission barriers of heavy & 
superheavy nuclei

Lu_Zhao_SGZ2011_PRC84-014328

Abusara…2010_PRC82-044303

Rutz…1995_NPA590-680

Lu_Zhao_SGZ 2012 PRC85_011301R



Serot_Walecka1986_ANP16-1

Meng_Toki_SGZ_Zhang_Long_Geng2006_PPNP57-470

Reinhard1989_RPP52-439

Vretenar_Afanasjev_Lalazissis_Ring2005_PR409-101
Ring1996_PPNP37-193

Non-linear Density-dependent

Meson exchange NL3, NL3*, PK1, ... DD-ME1, DD-ME2, ...

Point Coupling PC-F1, PC-PK1, ... DD-PC1, ...

A multi-dimensional constrained RMF model 

Relativistic mean field model

Lu_Zhao_SGZ 2012 PRC85_011301R
Lu_Zhao_SGZ 2011_PRC84-014328

Lu_Zhao_SGZ in preparation



Potential energy surfaces

Courtesy of Bing-Nan Lu (吕炳楠)

Mass, shape, & fission



Potential energy surfaces

Courtesy of Bing-Nan Lu (吕炳楠)

Shape, fission path & fission barrier



Three-dimensional constraint in the space (20 , 22 , 30 ) 

Lu_Zhao_SGZ2012 PRC85_011301R



Three-dimensional constraint in the space (20 , 22 , 30 )
Lu_Zhao_SGZ2012 PRC85_011301R



Bf of some even-even actinide nuclei
Lu_Zhao_SGZ2012 PRC85_011301R



Tetrahedral shape in heavy & superheavy nuclei?



Tetrahedral shape in heavy & superheavy nuclei?

Zhao_Lu_Zhao_SGZ in preparation



Theoretical Study of SHN
Structure
Decay & fission
Synthesis mechanism




 

Capture


 

Formation of CN


 

Deexcitation of CN

Capture CN formation neutron(s) emission

Three-step to 
a SHN

M. Schaedel



Capture process



 
Path integral method



 
WKB approximation



 
Hill-Wheeler formula



 
New formula by Li et al.



 
...

Hill_Wheeler1953_PR089-1102



Formation of CN
The macroscopic dynamical model

The fluctuation-dissipation model

The nucleon collectivization model

The fusion by diffusion models

The model based on multi-dimensional Langevin equations

Models based on the di-nuclear system concept

 ......

Swiatecki1982_NPA376-275

Abe2002_EPJA13-143; Shen...2002_PRC66-061602R

Zagrebaev2001_PRC64-034606

Liu_Bao2007_PRC76-034604 Swiatecki...2005_PRC71-014602

Zagrebaev_Greiner2005_JPG31-825

Volkov2004_ActaPhysHungA19-67
Feng...2011_NuclPhysRev28-1

Adamian...1998_NPA633-409
Li...2003_EuroPhysLett64-750; Zhao...2008_IJMPE17-1937; Li...2010_NPA834-353c



The DNS models

Exchanges of nucleon between the two nuclei
The DNS may go quasi-fission & the heavier one may fission
Deformations develop in both nuclei

After the capture process, the two colliding nuclei form a di-nuclear system 
and keep their individualities

W. Scheid



The DNS models

Exchanges of nucleon between the two nuclei
The DNS may go quasi-fission & the heavier one may fission
Deformations develop in both nuclei

After the capture process, the two colliding nuclei form a di-nuclear system 
and keep their individualities

W. Scheid



Dynamical PES

Wang_Zhao_Scheid_SGZ 2012_PRC85-041601R



De-excitation of excited CN:
Fission
Neutron emission
Gamma decay
Light-charged particle emission

A. Sobiczewski

Survival probability



De-excitation of excited CN:
Fission
Neutron emission
Gamma decay
Light-charged particle emission

A. Sobiczewski

Parameters needed:
Fission barrier
Neutron separation energy
Level density
Light-charged particle emission

Survival probability



X-sections in hot fusion reactions from a DNS model

Wang_Zhao_Scheid_SGZ 2012_PRC85-041601R



Summary & perspectives
Exploration of charge & mass limits Rich of physics

Lots of problems

Structure + Reaction;            Experiment + Theory



Thanks
谢谢

Zhou, Shan-Gui ITP/CAS

Beijing

Email: sgzhou@itp.ac.cn

URL:   www.itp.ac.cn/~sgzhou

http://www.itp.ac.cn/~sgzhou
http://www.itp.ac.cn/~sgzhou
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