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Superheavies: 

 

1. Theoretical models of formation dynamics 
(the problems to be solved) 

• Fusion reactions      (new SH elements and isotopes)  

• Transfer reactions (new neutron-rich SH nuclei) 

• Neutron capture     (SHE in nature)                                                                                                                                                                                          
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2. SHE experiments 
(what could be really done within the next few years) 



2 

Synthesis of SHE in fusion reactions (conventional view) 
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Capture cross section 

(Channel Coupling 

approach) 
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Capture cross section (Empirical Channel Coupling approach) 
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Triumph of Theory 
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Cooling (survival) of excited compound nucleus (Statistical Model) 

http://nrv.jinr.ru/nrv/Statistical Model 
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Decay widths and survival probability 
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Triumph of Theory for SHE formation in very asymmetric fusion reactions 
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Lack of Theory for SHE formation in more symmetric fusion reactions 
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Two (quite opposite) theoretical approaches for calculation of CN formation 
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What is behavior of valence nucleons  

at near-barrier collisions of HI ? 
(Zagrebaev, Samarin and Greiner, PRC 2007)  

Time-dependent Schrödinger equation shows 

that at low-energy collisions nucleons do not 

“jump” from one nucleus to another.  

Wave functions of valence nucleons follow the 

two-center molecular states spreading over 

both nuclei. 

→ 

Two-Center Shell Model  +  

Adiabatic Potential Energy Surface +  

Transport (Langevin type) Equations of Motion  
are appropriate for description 

of low-energy nucleon rearrangement 
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CN formation probability in cold fusion reactions 
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“Cold” and “Hot”  synthesis of SHE 
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Predictive power of the theory for the hot fusion reactions 

 

looks quite impressive, but… 
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48Ca + 248Cm  collisions  at  Ecm = 203 MeV (quasi-fission) 
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Fusion of “fission fragments”:   136Xe + 136Xe → 272108 
(theoretical troubles) 
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Synthesis of SHE in fusion reactions 

(theoretical problems to be solved) 

1. Capture (contact) reaction stage 

 standard CC calculation: 

 → no problems with predictions of capture cross sections 

      (within factor 2 or 3) 

 

2. CN formation stage 

 two-center shell model and transport equations: 

 - explicit potential energy surface? 

 - appropriate degrees of freedom and equations of motion? 

 - nuclear viscosity? 

 - nucleon transfer rate? 

 → uncertainty factor may vary from 10 to 1000 

  

 

3. Cooling stage 

 standard Statistical Model calculation: 

 - collective enhancement factor in level density? 

 - damping of shell corrections and fission barrier? 

 - unknown fission barriers for SH nuclei? 

 → uncertainty factor is about 10 
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Synthesis of SHE in transfer reactions: 

Which models are on the market? 

1. Semiclassical Model: code GRAZING 

 A. Winther, 2005 

 Good agreement with experiment for few-nucleon transfers  

 and quasi-elastic excitations (grazing collisions). 

 Does not describe properly deep inelastic scattering and multi-nucleon transfers. 

 

2. Quantum Molecular Dynamics 

 J. Tian et al., 2008, Z.Q.Feng et al., 2009 

 Only 2 or 3 papers on SHE formation have been published so far.  

  

3. TDHF calculations 

 C. Simenel et al., 2010 

 Mostly qualitative results.  

 Cross sections for SHE production were not obtained yet. 

 

4. Macroscopic transport equations 

 Zagrebaev & Greiner, 2005 

 Poor description of quasi-elastic scattering and few-nucleon transfers. 

 Appropriate description of deep inelastic scattering and multi-nucleon transfers. 

 



20 

Satisfactory agreement with experiment 
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Underestimation of  “anti-symmetrizing” dynamics 
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Production of transfermium nuclei along the line of stability 

looks quite possible 
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Synthesis of SHE in transfer reactions 

(theoretical problems to be solved) 

1. Microscopic (and semi-microscopic) models  

 need further development: 

 The models should be applied first to description of numerous 

 experimental data on deep inelastic scattering and 

 multi-nucleon transfers in low energy HI collisions 

 

2. Macroscopic (classical) approaches: 

 There are several uncertain parameters and quantities: 

 - too many important degrees of freedom, 

 - explicit adiabatic potential energy surface? 

 - appropriate equations of motion? 

 - nuclear viscosity? 

 - nucleon transfer rate? 

  

3. Decay of excited heavy (and superheavy) primary fragments: 

 standard Statistical Model calculation: 

 - collective enhancement factor in level density? 

 - damping of shell corrections and fission barrier? 

 - unknown fission barriers for SH nuclei? 

 → uncertainty factor is about 10 
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Nucleosynthesis by neutron capture 
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Next generation of  pulsed  reactors: We need factor 1000  only ! 
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Formation of SH elements in astrophysical r-process 

Strong neutron fluxes are expected to be generated 

by neutrino-driven proto-neutron star winds which 

follow core-collapse supernova explosions  

or by the mergers of neutron stars. 

 

The question: How large is the neutron flux?  
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Formation of SH elements in astrophysical r-process: 

fit of unknown neutron fluence 
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Formation of SH elements in astrophysical r-process 
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Synthesis of SHE by neutron capture in r process 

(“experimental” problems to be solved) 

1. Equations are well defined.  

 

2. Neutron capture cross sections and  

 decay properties of heavy neutron rich nuclei are unknown: 

 - only theoretical estimations, 

 - most uncertain are the fission half-lives, 

 - beta(-) decay half-lives are also unknown. 

   

3. Neutron fluence ? 

 - adjusted to reproduce experimental abundances? 
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SHE experiments 

 

What new could be done within the next few years? 
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Beyond 48Ca:    50Ti  and  54Cr induced  fusion reactions 

Probably these elements are the last ones 

which will be synthesized in the nearest future  
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We are still far from the island of stabilty 
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Approaching  

the area of instability 
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The gap in SH mass area must be filled somehow 
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Our ability of predictions in superheavy mass area 
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It is easier to fill the gap from above 
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Cross sections are high enough to perform experiments 

at available facilities just now  
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Use of low-energy Radioactive Ion Beams  

for production of neutron rich superheavy nuclei ? 

No chances today and in the nearest future 
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Multi-nucleon transfer for production of superheavies:  

U-like beams give us more chances 

to produce neutron rich SH nuclei in transfer reactions 
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Production of transfermium nuclei along the line of stability 

looks quite possible 



41 41 

Narrow pathway to the island of stability 

just by fusion reactions ! 
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Experiments for the next several years: 

• Elements 119 and 120 may be really synthesized in the Ti and/or Cr fusion 
reactions with cross sections of about  0.05 - 0.02 pb.  

 Perhaps they are the heaviest SH elements with T1/2 > 1 μs ? 

 (beam time: 0.5 year + 0.5 year) 
 

 

• The gap in SH mass area (Z=106 – 116) can be easily filled in fusion 
reactions of 48Ca with lighter isotopes of actinides (239Pu, 241Am, 
243Cm, …). 

 (beam time: one weak for one decay chain of a new SH isotope)  
 

 

• The narrow pathway to the island of stability is found at last ! 

 (beam time: 20 days to check the idea) 
 

 

• Multi-nucleon transfer reactions have to be used for synthesis of neutron 
enriched long-living SH nuclei located along the beta-stability line. 48Ca 
and 136Xe beams are insufficient. Uranium-like beam is needed ! 

 (beam time: one day for one new neutron-rich isotope of Fm, Md, No…)   
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