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5 new superheavy elements obtained in FLNR,
in JINR (Dubna).

48 new isotopes

Fusion probability
PCN

Z1+Z2=ZCompound

A1+A2=ACompound
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Ca
Ni

S

Potential energy surface for the dinuclear system, Z and A charge-mass numbers of the light fragment. 
𝑈 𝑍, 𝐴, 𝑅 =𝑉int 𝑅, 𝑍, 𝐴 +B1(𝑍, 𝐴) + B2(𝑍CN− 𝑍, 𝐴CN − 𝐴) − 𝐵CN ;   Bi (i=1,2, CN)  binding energies

Differences in the mechanisms of cold and hot fusion according to dinuclear system model

R A.K. Nasirov , A.I.Muminov, G. Giardina, and G. Mandaglio,
Physics of Atomic Nuclei, 2014, Vol. 77, No. 7, pp. 881–889
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The cross sections of the synthesis of the same superheavy elements,

obtained for the cold and hot fusion reactions, shows the dependence 

of the fission barrier on neutron numbers. 

Bf

M. Kowal et al. Phys. Rev. C82,014303 (2010)
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The experimental and theorerical methods studying  a mechanism of the complete fusion 
reactions leading to synthesis the new super heavy elements have open problems

1. Theoretical methods are developed on the base of the knowledge of 
the reaction mechanism  obtained from the experimental studies.

2. At the same time the analysis of the experimental data requires the relevant 
methods allowing to identify surely the mechanism producing the observed 
nuclei by detectors.

3. The successful choice of the degrees of freedom of the interacting system
depends on the assumption about the way of complete fusion.
There are two ways of complete fusion. 



Two different mechanisms of the complete fusion.

Multinucleon transfer mechanism of the complete fusion suggested by Prof. Vadim Volkov



International School-Seminar on 
Heavy Ion Physics in Dubna, Bogoliubov
Laboratory of Theoretical Physics, JINR, 
September 1993.

Heavy Ion Conference in Dubna, 
Bogoliubov Laboratory of Theoretical 

Physics, JINR, September 1966

Rudolf Bock, Vadim Volkov, and 
Wolter Greiner Vadim Volkov, Gurgen Adamian, 

Nikolai Antonenko, and Avazbek Nasirov



Reasons causing a hindrance to formation of the  evaporation residues in 
synthesis of the superheavy elements   complete fusion.  
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Competition between quasifission and

formation of the compound nucleus is

the other reason causing decreasing of

the probability of synthesis of

superheavy elements. The quasifission

is dominant in cold fusion processes.
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N.V. Antonenko, V.V. Volkov, E.A. Cherepanov, A.K. Nasirov, V.P. Permyakov
Phys.Lett. B  319 (1993) p.425; Phys.Rev.C 51, (1995) p.2635. For first time
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Calculation of the competition between complete fusion and quasifission: Pcn(EDNS,L).
Influence of the nuclear shell effects are in intrinsic barrier B*fus and in YZ charge (mass) distributions.
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Nasirov A.K. et al. Nuclear Physics A 759 (2005) 342.

Fazio G. et al, Modern Phys. Lett. A 20 (2005) p.391

E*DNS(Z)=Ec.m.-Vmin+(BP+BT) -(BZ+Bztot-z)



How we can prove that complete fusion occurs by 
multinucleon transfer through the small window (or neck) 
between two  fragments of the dinuclear system?
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Capture



Main reaction channels of the heavy ion collisions
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Incomplete fusion

F1
F2

LICN E*ICN

𝜎𝐸𝑅

𝜎𝑐𝑎𝑝𝑡𝑢𝑟𝑒
~10−9



1. About incomplete fusion mechanism---as a type of the quasifission.

• The authors of the recent experiments concluded that “none of the theoretical  models is 
able to explain satisfactorily the incomplete fusion reaction dynamics at lower energies 
below 10 MeV/nucleon” .

[ A. Agarwal et al. PHYSICAL REVIEW C 103, 034602 (2021)] Light fragment
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Incomplete fusion

Projectile

b

P

Mechanism of incomplete fusion which is popular during 60 years 
since the first experiment was performed.  Heavy fragment
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P

𝐿 = [𝑏 × 𝑃]18O 18O 4He
4He

165Ho 165Ho
179Ta

E*DNS

E*’DNS

Incomplete fusion
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E*’’DNS

Calculation of the incomplete fusion cross section

𝜎𝑖𝑐𝑓 𝐸Lab, 𝑍 = 

𝑙=0

𝑙
𝑑

𝜎𝑐𝑎𝑝 𝐸Lab, 𝑙 𝐷𝑧 𝐸Lab, 𝑙 Λ𝑍(𝐸Lab, 𝑙, 𝑍)

А.К.Nasirov, et. Al. Phys. Lett. B 942 (2023) 137976



Classical equations of the radial and tangential motions with 
the kinetic coefficients which are calculated microscopically. 
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E*
DNS

∆𝐸(∆𝑡) =  

0

∆𝑡

𝛾 𝑅 𝑡  𝑅2 𝑡 𝑑𝑡



Nucleus-nucleus interaction potential
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Density dependent effective nucleon-nucleon forces
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The values of the constants of the effective nucleon-nucleon forces from the textbook
A.B. Migdal, “Theory of the Finite Fermi-Systems and properties of Atomic Nuclei”, 
Moscow, Nauka, 1983.  The constants of version II were used in our calculations.
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Constants Versions

I                        I I

fin

fex

f’in

f’ex

g

g’

- 0.09
- 2.23
0.89  
0.06
0.7
0.83

+0.09
- 2.59
0.42
0.54
0.7
0.83

C0=300 MeV fm-3



𝐻 𝜉, 𝑅, 𝐿 = 𝐻𝑖𝑛 𝜉 + 𝐻𝑐𝑜𝑙𝑙 𝑅, 𝐿 + 𝛿𝑉 𝜉, 𝑅, 𝐿

𝐻𝑖𝑛 𝜉 =  𝑖
𝐴1𝑎𝑖

+𝑎𝑖+ 𝑗
𝐴2𝑎𝑗

+𝑎𝑗

𝐻𝑐𝑜𝑙𝑙 𝑅, 𝐿 =
𝑃2

2𝜇
+𝑉(𝑅)+

𝑙(1+𝑙)ℏ2

2𝐽𝐷𝑁𝑆

𝛿𝑉 𝜉, 𝑅 = 𝑖,𝑗 𝑔𝑖,𝑗(𝑅)(𝑎𝑖
+𝑎𝑗 + 𝑎𝑗

+𝑎𝑖) +  𝑖,𝑗 𝑉𝑖,𝑗𝑎𝑖
+𝑎𝑖

𝑖 ϵ A1 , 𝑗 ϵ A2 



The role of the orbital angular momentum 

U(Z,A,L,R)=Vcoul(Z,A,R)+Vnucl(Z,A,R,L)+Vrot(Z,A,R,L)+Qgg(Z,A)-𝑉𝑟𝑜𝑡
𝐶𝑁

(𝐿)
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𝑉𝑟𝑜𝑡 𝑍, 𝐴, 𝑅𝑚𝑖𝑛, 𝐿 =
𝑙 𝑙 + 1 ℏ2

2𝐽𝐷𝑁𝑆(𝑍, 𝐴, 𝑅𝑚𝑖𝑛)

𝐽𝐷𝑁𝑆 𝑍, 𝐴, 𝑅𝑚𝑖𝑛 = 𝜇𝑍𝑅𝑚𝑖𝑛
2 + 𝐽1 𝑍, 𝐴 + 𝐽2 𝑍𝐶 , 𝐴𝐶 /2

𝐿

A,Z

AC, ZC

Conjugate 
nucleus

𝑅𝑚𝑖𝑛



Calculation of the charge distributions.

21

2Z 3,..., 2,Zfor 

),,()(

),,(),,(),,(

tot

*)()(

*

1

)(

1

*

1

)(

1

*






















tEY

tEYtEYtEY
t

ZZ

qf

ZZZ

ZZZZZZZZ





  ttW

tWtntng
t

TzPz

tt

TP

TzPz
TPPTPT

TP

TPZ

TzPzTzPz

Zz

ZzZZZZ

Zz

Zz










 

)-(cose 2.-e+1()(

)-(
)())(1)((

1

)2(-)2(-

2)()(

2

,

)(





G.G. Adamian, et al. Phys. Rev. C53,  (1996) p.871-879
R.V. Jolos et al., Eur. Phys. J. A 8, 115–124 (2000)

Details of calculation of the matrix elements are presented in papers: 

E*DNS(Z)=Ec.m.-Vmin+(BP+BT) -(BZ+Bztot-z)



Application of the dinuclear system model for the interpretation of the experimental data 

measured at the Inter-University Accelerator Centre (IUAC), New Delhi by the group of 

Prof. Indranil Mazumdar from Tata Institute of Fundamental Research, Mumbai, India. 

22



Role of the orbital angular momentum in the reaction mechanism.

b1

P

𝐿1 = [𝑏1 × 𝑃]18O 18O 4He

18O 4He

4He

165Ho 165Ho

165Ho 179Ta

179Ta

183Re

E*DNS

E*’DNS

E*DNS

E*’DNS E*CN

Incomplete fusion

Complete fusion

b2

P

18O

165Ho

𝐿2 = [𝑏2 × 𝑃]

𝑏1 > 𝑏2
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E*’’DNS



The appearance of the hindrance to complete fusion in reactions with the light nuclei 

due to centrifugal forces in collisions with the large impact parameters. 
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16O+130Te
L=40 

Potential energy surface for the dinuclear system, Z and A charge-mass numbers of the light fragment. 
𝑈 𝑍, 𝐴, 𝑅 =𝑉int 𝑅, 𝑍, 𝐴 +B1(𝑍, 𝐴) + B2(𝑍CN− 𝑍, 𝐴CN − 𝐴) − 𝐵CN ;   Bi (i=1,2, CN)  binding energies

R=Rm(Z)

Z,A Ztot-Z

R

(A.K. Nasirov et al. Physics Letters B 842: 137976 (2023))
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Appearance of the hindrance to complete fusion

E*DNS(Z)=E*Z

E*DNS(Z)=Ec.m.-Vmin+(BP+BT) -(BZ+Bztot-z)
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Solutions of the transport master equations for the evolution and 
decay dinuclear system formed in reaction 18O+165Ho



Explanation of the formation of the cold conjugate nucleus in the 
incomplete fusion. (A.K. Nasirov et al. Physics Letters B 842: 137976 (2023))
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28. H. Bruchertseifert et al., Soviet Journal

of Nuclear Physics; v33(6),p778 (1981)).

22Ne+176Lu -> 196Au+α

E*(IC)
CN(Z,L)=Ec.m.-Vmin (Z,L)+ (BP+BT) - BCN



Comparison of the results by dinuclear system model and PACE4 code.
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Avinash Agarwal,  Phys.Rev.C103-034602 (2021)]Theoretical result of this work



“Unexpected entrance-channel effect in the fission of 216Ra”
A. Yu. Chizhov,  M. G. Itkis, G. N. Kniajeva, et al, Phys. Rev. C 67, 011603, 

(2003). Experiment.
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A.K. Nasirov, E.D. Khusanov, M.M. Nishonov, Phys. Rev.C (accepted 2024)



Conclusion
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1. Experience of the synthesis of superheavy elements shows that there is 
a huge hindrance for complete fusion of the colliding nuclei as a function of the mass  
asymmetry of the entrance channel.

2. The hindrance to fusion increases by the increase of the angular momentum 

of collision.

3. Complete fusion occurs by multinucleon transfer through the neck connecting   

two fragments of dinuclear system.



Thank you for your attention !
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