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Production of Heavy Elements in 
Complete Fusion Reactions 

•  We need to know three spin-dependent quantities: (a) the 
capture cross section, (b) the fusion probability and (c) the 
survival probability, and their isospin dependence 

where 



Examples of cold fusion predictions 



The problem 



Hot fusion examples 



“How good are the model 
predictions of cross sections” 

•  Very controversial 



Zagrebaev and Greiner (2015) 

Zagrebaev et al. (2001) 

Zagrebaev (2014) 

“The performed analysis makes it possible to conclude at present we 
are capable of calculating and predicting the values of formation 
cross sections of super-heavy elements with Z > 112 with an accuracy 
of two orders of magnitude at best” 

“One may conclude that our ability for the predictions of the cross sections for 
the production of super-heavy nuclei (both in fusion and transfer reactions) is 
not so good.  It is different for different reactions and different combinations,  
but on average, accuracy of such predictions is not better than one order of  
magnitude” 

“For unknown systems like symmetric reactions, the uncertainties will be  
several orders of magnitude.  For reactions involving 50Ti, such as the  
current efforts to synthesize elements 119 and 120, the uncertainties will  
be large. For extrapolations to the use of targets like 254Es, the uncertainties 
will be at least one order of magnitude.  But for reactions involving 48Ca and 
“familar” targets and products, the uncertainties will be a factor of 2. 

Adamian, Antonenko and Scheid (2004)	  

“The estimated inaccuracy of our calculations of σER is within a factor of 2-4” 



Capture Cross Sections 

Calculations done using coupled channels code (NRVP website) (Other 
 recommended procedures are PRC 90 064622, PRC 83 054602, etc.) 
Capture cross sections known within a factor of 2.  Is this good? 
NO—THIS IS NOT ACCEPTABLE.  Capture cross sections are easy to measure 
and should be measured rather than calculated. 



Survival Probabilities (Wsur) 
•  For the most part, the formalism for 

calculating the survival of an excited 
nucleus is understood. 

•  There are significant uncertainties in 
the input parameters for these 
calculations and the care needed to 
treat some situations. 



Pei	  et	  al.,	  PRL	  102,	  192501	  



Mg + Cm è274Hs (PRL 112, 152702) 

•  PCN = 1 
•  Subshell at N=162, Z=108 
•  Bf controversy 

•  ETFSI 2.50 MeV 
•  FRLDM 6.45 MeV 

•  Macro-Micro  4.37 MeV 
•  DFT  5.1 MeV 

•          (Γn/Γtot)1 = 0.89 +- 0.13 
•  ΓBW is reduced by the effects of 

nuclear viscosity.  (Kramers, 1940) 

	  



Other factors in Wsur 
•  Lu and Boilley (EPJ Web of Conf. 62, 03002)  Collective effects, 

Bf, Kramers effects most important. 
•  Bf uncertainty 
•  Ajanasjev et al/ (IJMPE 21, 1250025) –average deviation 

between calculated and measured inner barrier heights was 0.7 
MeV 

•  Bertsch et al. (J. Phys. G submitted) estimate the uncertainties 
in fission barrier heights to be 0.5-1.0 MeV in known nuclei. 

•  Sobiczewski et al. have extensively studied the uncertainties in 
nuclear masses and fission barriers for different models. 

•  For Z=92-98, the average discrepancy between measured and 
calculated barrier heights is 0.8 MeV 

 

  
	  



Survival Probability  
(How well do we know the isospin dependence of Bf?) 



The situation is more depressing 
if you go to the heaviest nuclei 

Baran	  et	  al.	  (2015)	  



Wsur summary 
•  Needed items 
•  Kramers correction 
•  Damping of shell effects 
•  Collective enhancement factors 
•  Pairing corrections 
•  E* (masses) 
•  Bf 



If Bf, masses the same, Wsur ~ 
same 

Cold Fusion 



The Fusion Probability, PCN 

•  Least well-known factor 
•  Hardest to measure 
•  A typical example 
 

PCN(expt.) = 0.05 







Excitation Energy Dependence of PCN 

⎥
⎦

⎤
⎢
⎣

⎡

Δ

−
+

=
)(

exp1
)*,(

*
int

*

0

JEE
P

JEP
B

CN
CN

Zagrebaev and Greiner 



PCN (E*)	  



50Ti + 208Pb 



PCN dependence on fissility	  

All data E*=40-50 MeV 

Other	  scaling	  variables	  include	  (Z1-‐Z2)/(Z1+Z2)	  



TDHF Calculations 
•  TDHF calculations appear to offer the 

best opportunity to understand (and 
possibly predict) PCN. 

•  Wakhle et al. (PRL 113, 182502) use TDHF 
calculations to calculate PCN for the 
reaction of 40Ca with 238U and its energy 
dependence. 

•  Their results agree well with the 
measurements of Shen et al. (PRC 36, 115) 



TDHF	  calculaHons	  (cont.)	  

•  Umar	  and	  co-‐workers	  (PRC	  81,	  064607;	  PRC	  
90,	  054605)	  have	  also	  studied	  the	  40,48Ca	  +	  
238U	  reacHons,	  calculaHng	  σcapture.	  



Reactions with Radioactive Beams 

•  The key factor is the production rate, 
not the cross sections, as RNB 
intensities are frequently low. 

•  One will not make new superheavy 
elements using radioactive beams. 

•  Most promising cases are reactions 
induced by light n-rich projectiles 

Ø 264Rf     252Cf(16C,4n) 
Ø 265Db        249Bk(20O,4n)  
Ø 268Sg     252Cf(20O,4n)  
Ø 267Bh    252Cf(21F,6n) 



Targeted Radioactive Beams	  
•  Special opportunities may exist if RNB facilities 

focus on producing a beam of particular interest.   
•  Example:  46Ar (from 48Ca fragmentation) 

FRIB “fast beam rate”  1.1 x 1010  
FRIB “reaccelerated beam rate”  2.3 x 107 

 Reaction Beam 
Intensity 

(p/s) 

Cross 
Section 
(pb) 

Atoms/day 

238U(48Ca,
3n)283Cn 

3x1012 0.7 0.5 

244Pu(46Ar,
4n)286Cn 

1.1 x 1010 250 0.6 

244Pu(46Ar,
3n)287Cn 

1.1 x 1010 140 0.3 



Multi-nucleon transfer reactions 



The neutron-deficient character 
of our efforts 

Zagrebaev,	  Karpov,	  and	  Greiner,	  Acta	  Physica	  Polonica	  B,	  45,291	  (2014)	  



Previous work 
•  The pioneering radiochemical studies of 

the 1970s and 80s at LBNL and GSI. 
•  The basic problem in making heavier nuclei 

was that the higher excitation energies 
that led to broader isotopic distributions 
caused the highly excited nuclei to fission.  

•  The contribution of Zagrebaev and Greiner 
to to emphasize the role of shell effects in 
these transfer reactions.  





The importance of shell effects 

V.I.	  Zagrebaev	  and	  W.	  Greiner,	  	  NPA	  (in	  press)	  



Theory tools 
•  Zagrebaev and Greiner calculations  
•  Semi-classical model of Pollarolo and Winther 

(GRAZING) and its revision (GRAZING-F) 
(Yanez and Loveland-2015) 

 
	  



136Xe + 208Pb—Barrett et al. 
•  Gammasphere study 
•  Over 230 nuclidic production cross 

sections were measured. 







	  
GRAZING	  is	  NOT	  a	  suitable	  model	  for	  large	  proton	  transfers	  

	  



The way forward 
•  Vacuum	  separators	  (FMA)	  
•  SHIP	  group	  argues	  that	  separaHon	  of	  products	  by	  velocity	  is	  5	  Hmes	  more	  

effecHve	  than	  separaHon	  by	  magneHc	  rigidity	  in	  a	  gas	  and	  the	  reacHon	  
channels	  can	  be	  determined	  directly	  from	  the	  velocity	  spectra.	  

•  Z-‐G	  predict	  the	  most	  n-‐rich	  transfer	  products	  peak	  at	  0°	  rather	  than	  the	  
grazing	  angle	  

•  SHIP(Heinz	  et	  al.)	  observes	  MNT	  products	  at	  0-‐2°	  with	  cross	  secHons	  down	  
to	  0.1-‐1	  nb.	  

•  We	  want	  to	  use	  the	  FMA	  to	  study	  MNT	  	  
•  FMA	  (64Ni	  +	  208Pb,	  132Xe	  +	  233U)	  
•  N=126	  factory	  -‐Guy	  Savard-‐ANL	  



FMA Experiment 132Xe + 233U 







Conclusions about MNT 
•  A number of experiments confirm the 

validity of Z-G approach. 
•  Need to extend the tests of MNT to 

actinide nuclei 
•  A way forward for studying n-rich β-

emitters is under construction. 



Overall Conclusions 
•  Measure σcapture 
•  Better info on Bf needed 
•  More measurements and TDHF calculations 

of PCN 
•  Uncertainty in calculated values of σEVR at 

least 1-2 orders of magnitude. 
•  RNB opportunities for making n-rich 

actinides exist. 
•  MNT appears promising and worth 

investigating. 
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