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   Research of shell effects in multi-nucleon transfer reactions in 
order to investigate the production of superheavy neutron-rich 
elements in collision of actinide nuclei 
( 238U+ 238U, 136Xe+ 248Cm, 197Au+238U).  

 Study of the multicluster decay of heavy nuclei.  



Heavy-ion reaction 
Multi-nuclear transfer reaction 

• Synthesis of Superheavy elements 
     
    Fusion-fission 
    Quasi-fission 
    Deep inelastic collision  
 
    Fission 
 

Dissipative process 
 
     Kinetic energy  
                 Intrinsic energy 
 
           Friction 
           Dynamical model 

• Multi-nuclear transfer reaction  
                          in Heavy mass region 



 
 

1. Introduction 
       Reaction in heavy mass region and superheavy elements 
 
2. Model 
       (1) Coupled-channels method (quantum)  + Langevin calculation (classical) 
              fusion-fission process --  Orientation effect  
     

       (2) Full Langevin calculation  (classical) 
             DIS, nucleon transfer 

 
3. Results 
            36S+238U and 30Si+238U  

                  Capture Cross-section 
                  Fusion Cross-section, Evaporation residue cross section 
                  Mass distribution of Fission fragments 

 
4. Multi-nucleon transfer reaction    
                Surrogate reaction   

        Zagrebaev 

 

5. Summary  
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  Periodic Table 

Менделеев(1834-1907) 

1869  

Super Heavy Elements    less stable 



Our Interests 

・ Next magic number Z=82, N=126 

・ Verification of ‘Island of Stability’ 

 （predicted by macroscopic-microscopic  

    model in 1960’s） 

・ Synthesis of new elements 



Cold fusion reaction  Hot fusion reaction 
1994 

  110  Ds    62Ni + 208Pb    269110 + n (GSI) 

  111  Rg    64Ni + 209Bi     272111 + n (GSI)    

1996 

  112  Cn  70Zn + 208Pb   277112 + n  (GSI)     named in Feb. 2010 

1999                                                                  

  114  Fl    48Ca + 244Pu   292114 + 3n    (FLNR)   named in May. 2012   

2000                            

  116  Lv   48Ca + 248Cm  292116 + 4n    (FLNR)   named in May. 2012 

2002 

  118    48Ca + 249Cf    294118 + 3n    (FLNR) 

2003 

  115    48Ca + 243Am  288115 + 3n   284113 + α  (FLNR)  

2004 

  113    70Zn + 209Bi    278113 + n     (RIKEN)  

2010 

  117    48Ca + 249Bk   294,293117 + 3-4n (FLNR)  
 

   Synthesis of  New Elements 
Reports of new elements 

Heavy ion reaction 



Fusion process in Superheavy mass region 

FUSION 

TRANSFER, QUASI-FISSION 

Nuclear Molecule 

Compound  

Nucleus (CN) 

Evaporation 

Residue (ER) 

FUSION-FISSION 

Fission 

Fragments 90~99% 

pb         1 week 

     10 weeks 

  2 years 

One event in 
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Formation probability 

Survival probability 

Reaction time t < 10-22 s 

10-22 < t < 10-18 s 

~10-18 < t  s 

Quasi-fission 90~99 % 

Fusion-fission 

Tℓ 

1st 

stage 

2nd 

stage 

3rd 

stage 

Touching probability 

σcap 
? PCN 

W 

Tℓ 

Uncertainty 

of the 2nd stage 



  Projectile dependence of fragment mass distributions 

Experiments by K. Nishio et al. (JAEA)  

Z=106          107           108           110             112 



36S + 238U 30Si + 238U 

Exp. by  

K. Nishio  

et al. 

at JAEA 

 Zcn=106 Zcn=108  

Fusion-fission process  

Quasi-fission process 



  Effects of Static Nuclear-deformation on Fusion 

Coulomb repulsion 

Orientation effects 

 K. Nishio (in the Symposium) 



2. Model 

 

          

 

 (1) Coupled-channels method (quantum) + Langevin calculation (classical) 
              
             fusion-fission process --  Orientation effect  
     
 (2) Full Langevin calculation  (classical) 
             DIS, nucleon transfer 



  Estimation of cross sections 

Capture Cross Section 

Fusion Cross Section 

Coupled-channel method 

Dynamical calculation 

Langevin eq. 

CN 

Formation probability PCN 

Axial symmetric configuration   

 start the Langevin calculation at the nose-nose configuration with each Rcont  in 1st stage 

 

1st  

stage 

2nd  

stage 

Touching configurations for all orientations 

RP
cm 

RE
cm 

RE
cm RP

cm 

calculate Rcont for all θ 

transform to the  nose-nose conf. keeping Rcont 



  Overview of Dynamical Process in reaction 36S+238U  
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1. Potential energy surface 

 

2. Trajectory  described by  

                           equations 



two-center parametrization                     

 

(Maruhn and Greiner,  

Z. Phys. 251(1972) 431) 

),,( z

   Nuclear shape 

(δ1=δ2) 

( , , )q z  



qi :   deformation coordinate         （nuclear shape） 

         two-center parametrization                    (Maruhn and Greiner, Z. Phys. 251(1972) 431) 

pi :   momentum 

mij : Hydrodynamical mass              (inertia mass） 

γij: Wall and Window (one-body) dissipation    （friction ） 
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多次元ランジュバン方程式   Multi-dimensional Langevin Equation 

Newton equation  Friction      Random force 

 dissipation    fluctuation 
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T : nuclear temperature 

   E* =aT2      a : level density parameter  

                         Toke and Swiatecki 

 

ES :  Generalized surface energy (finite range effect) 

EC :  Coulomb repulsion for diffused surface 

E0
shell : Shell correction energy at T=0 

 

I :  Moment of inertia for rigid body 

 

Φ(T) :  Temperature dependent factor 
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  Overview of Dynamical Process in reaction 36S+238U  
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  Calculated spectra for fusion-fission and quasi-fission 

Experiments by K. Nishio et al. (JAEA)  
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  Fusion and ER cross sections 



200u 74u 

137u 

36S + 238U 30Si + 238U 

178u 90u 

134u 

FF and DQF 

t > 50 x 10-21 sec 

-0.2 < δ < 0.2 (peak 0) 

QF via mono-nucleus 

t < 30 x 10-21 sec 

0.2 < δ < 0.5 (peak 0.4) 

QF 

t < 10 x 10-21 sec 

0 < δ < 0.2 (peak 0) 

FF and DQF 

t < 30 x 10-21 sec 

0 < δ < 0.4 (peak 0.2) 

20 

(1) Origin of the reaction process 

(2) Building times 

(3) Deformation of fragments 



  Time evolution of probability distribution 

Try to clarify the origin of difference between the both cases  



  (c) Trajectory Analysis  “Probability  Distribution” 

E* =  

35.5 MeV 

L=0, θ=0 

E* =  

39.5 MeV 

L=0, θ=0 

30Si+238U 36S+238U 



  Probability distribution of total time on the z-δ plane 

39.5 MeV 

The relation between the touching point and the ridge line 
is very important to decide the process   

 fusion hindrance  

Ridge line 

steep 

    gentle  Contact  

point 



2. Model 

 

          

 

 (1) Coupled-channels method (quantum) + Langevin calculation (classical) 
              
             fusion-fission process --  Orientation effect  
     
 (2) Full Langevin calculation  (classical) 
             
             DIS, nucleon transfer 



18O 

238U 

16O 

240U 

18O + 238U  16O + 240U  

Transfer reaction  

240U 
Decay process 

Evolution of nuclear shape 

in the whole process 



G. F. Bertsch, 1978;  W. Cassing, W. Nörenberg, 1983.   A. Diaz-Torres, 2004; A. Diaz-Torres and W. Scheid, 2005.   

Diabatic and Adiabatic  Potential  Energy 

Time-dependent weight function 

V. Zagrebaev, A. Karpov,  
Y. Aritomo, M. Naumenko  
and W. Greiner,  
Phys. Part. Nucl. 38 (2007) 469 



Langevin type equation  

mij : Hydrodynamical mass (mono-nucleus region), Reduced mass (separated region) 

γij: Wall and Window (one-body) dissipation 

Before touching nucleon transfer 
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, A. D. Hoover, J. R. Huizenga, W. U 
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  transfer reaction  18O + 238U  16O + 240U  Elab=160 MeV  
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  Emission angle and mass ratio of fission fragments 

Angle distribution  

 Analyze fusion fission dynamics  

 

A. Wakhle, D. Hinde and his group  (ANU) 

D.J. Hinde et al, PRL 101,092701 (2008) 

R.du Rietz et al, PRL 106, 052701 (2011) 

64Ni+184W 48Ti+184W 34S+184W backward 

forward 
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Way to synthesize new SHE 

  1) Ti, Cr, Fe etc.  beams   48Ca beams 

 

  2) Secondary beams 

 

  3) Transfer reaction U+Th, U+Cm 

          

 



 

 

Valery Ivanovich Zagrebaev  
(1950-2015)                      

 FLNR, JINR, Dubna Russioa 

 



Quasi-fission and fusion-fission processes 

V.I. Zagrebaev 



Inverse 

(antisymmetrizing) 

quasi-fission process 

normal  
(symmetrizing)  

quasi-fission 

“inverse” 
(antisymmetrizing)  

quasi-fission 

V.I. Zagrebaev 
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  Nucleon transfer 

22 1

0

:  transition probability

:  nucleon transfer rate (~ 10 s )



  

Mass transfer Neutron and proton transfer 

Drift 

Diffusion 

Nucleon Transfer rate 



Shell  effects in damped collisions 
160Gd + 186W 

VLDM 

VLDM +shell 

Exp. W.Loveland et al.  

PRC 83, 044610 (2011) 

V.I. Zagrebaev 



Shell effects in damped collisions of transactinides. New way to superheavies 

V.I. Zagrebaev 
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Isotopic yield of SHE in collisions of transactinides 

V.I. Zagrebaev 
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Isotopic yield of SHE in collisions of transactinides 

V.I. Zagrebaev and W. Greiner, PRC 87, 034608 (2013) 
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] Nuclei produced in 238U and 248Cm 

Number of neutrons 

Calculated by Zagrebaev 
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 β-stability Curve 264Fm 



Isotopic yield of SHE in collisions of transactinides 

mb 

198Pt+238U    

 Ec.m.=700 MeV 

V.I. Zagrebaev and W. Greiner, PRC 87, 034608 (2013) 



 3. Summary 

1. In order to analyze the fusion-fission process in superheavy mass region, we apply 
the Couple channels method + Langevin calculation. 

 
2. Incident energy dependence of mass distribution of fission fragments (MDFF) is 

reproduced in reaction 36S+238U and 30Si+238U. 
 
3. The shape of the MDFF is analyzed using 
  probability distribution 

 
4. The relation between the touching point and the ridge line is very important 
         to decide the process   fusion hindrance  

 
And…. 
 

 
   

  5. Summary 
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