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The motivation and aim of the talk.

• 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” .

[ Avinash Agarwal et al. PHYSICAL REVIEW C 103, 034602 (2021)]

The aims of this work are 

• To calculate the yield of evaporation residues formed in the incomplete 
fusion reactions in the framework of the dinuclear system model.

• To explore a role of physical quantities determining the cross section of 
the incomplete fusion processes. 
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``Understanding such (incomplete fusion)  experiments has renewed interest in 
the formation of superheavy elements. 

The authors show that their model description, without additional adjustment, 
reproduces the experimental data qualitatively. This and the interpretation of this 
specific exit channel provide an interesting insight into the experiment and might 
be interesting for future studies.”
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The citation from the report of the reviewer of the paper by 
A.K. Nasirov et al., Physics Letter B 842, (2023) 137976.
"A new dynamical mechanism of incomplete fusion in heavy-ion collision"

This is a result of the fruitful cooperation of the nuclear physicists of India, Russia and Uzbekistan in JINR. 
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The popular mechanism of incomplete fusion in heavy-ion collisions 
since 1961 from the first experiment: 

?



A new mechanism of incomplete fusion in heavy-ion collisions
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Role of the orbital angular momentum in the reaction mechanism.
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The role of the centrifugal forces was discussed by Prof. Vadim Volkov in his paper 
Centrifugal fragmentation of a dinuclear system in the process of its evolution toward a 

compound nucleus V. V. Volkov Physics of Atomic Nuclei volume 70, pages  2046–2053 (2007)

https://link.springer.com/article/10.1134/S106377880712006X#auth-V__V_-Volkov-Aff1
https://link.springer.com/journal/11450
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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. First time

Quasifission



Role of the orbital angular momentum in the reaction mechanism.
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E*’’DNS

Calculation of the cross section  of incomplete fusion

𝜎𝐸𝑅
(𝐼𝐶𝐹)

𝐸Lab, 𝑍 = 

𝑙=0

𝑙𝑑

𝜎𝑐𝑎𝑝 𝐸Lab, 𝑙 𝑌𝑧 𝐸Lab, 𝑙 𝑊𝑠𝑢𝑟(𝐸Lab, 𝑙, 𝑍)
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Experimental setup to observe evaporation residues which are formed in 
complete and incomplete fusion reactions.
Experiment was performed in Inter University Accelerator Centre in New Delhi .

A. Agarwal et al., Phys. Rev.C 105, 034609 (2022).
D. Singh et al., Phys. Rev.C 79, 054601 (2009).



Main reaction channels of the heavy ion collisions
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Two mechanisms of formation of the evaporation residues
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Incomplete fusion
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This Fig. from
new work 
with Indian 
group 
R. Sariyal, I.
Mazumdar, …
“Measurements 
of evaporation 
residue  ….”



Dependence of incomplete fusion contribution on the entrance channel
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These figures from our new work  with Indian group R. Sariyal, I. Mazumdar, …, S. Nath, … A. K. Nasirov, B.M. Kayumov

“Measurements of evaporation residue cross-sections and evaporation residue-gated γ-ray fold distributions for 32S + 154Sm system”

32S + 154Sm       186Pt
48Ti + 138Ba         186Pt



Comparison of the cross sections of the capture, complete fusion, 
quasifission cross sections
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Competition of different reaction mechanisms in complete fusion of colliding nuclei at 
synthesis of 272Ds
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Utot= B1 + B2 + Vint(R) - BCN

E*
DNS

A. K. Nasirov et al, 

Eur. Phys. Jour. A 55, (2019) 29. 



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

)),()((
),(

where

),(),(),(

******

**

*)(

*)(**
max








ZBZEZBZEZBZE

ZBZE
EP

EPEYEP

symDNSqfDNSfusDNS

fusDNS

DNS

Z

CN

Z

Z

DNS

Z

CNDNSZDNSCN

sym












Calculation of the competition between complete fusion and quasifission: 
Pcn(EDNS,L)
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Nasirov A.K. et al. Nuclear Physics A 759 (2005) 342–369

Fazio G. et al, Modern Phys. Lett. A 20 (2005) p.391
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Calculation of the charge distributions.
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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: 



Nucleon transfer coefficients for evolution of the charge asymmetry of 
dinuclear system
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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)



Classical equations of the radial and tangential motions with 
the kinetic coefficients which are calculated microscopically 

 
R

d μ(R)R V(R)
+ γ (R)R(t)=

dt R






1 1 2 2θ eff eff

dL
= γ (R)R(t) θR(t) θ R θ R

dt
   

2 2 2

1 1 2 2

2 2 2

R
rot

J θ J θ J θ
E = + +𝐿0 = 𝐽𝑅  𝜃𝑅 + 𝐽1  𝜃1+𝐽2  𝜃2
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A.K. Nasirov et al., Nucl. Phys. A 946 (2016) 89.
B.M. Kayumov et al., Phys. Rev. C 105 (2022) 014618. 
A.K. Nasirov et al. Eur. Phys. J. A 49 (2013) 147. 



16O+130Te
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Driving potential Potential energy surface



Appearance of the hindrance to complete fusion
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Appearance of the hindrance to complete fusion



The excitation energy of dinuclear system as a function of the 
beam energy and orbital angular momentum
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L0=[b x P]
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Driving potential of dinuclear system for the reaction 18O+165Ho and 
dependence of its excitation energy on the orbital angular momentum L.

4He
179Ta

L



Rotation energy of dinuclear system consisting of
alpha particle and 179Ta
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σICF(Ec.m., L)=σCapture (L) YZ(L)

Calculation of the cross section  of incomplete fusion

𝜎𝑖𝑐𝑓 𝐸Lab, 𝑍 = 

𝑙=0

𝑙
𝑑

𝜎𝑐𝑎𝑝 𝐸Lab, 𝑙 𝑌𝑧 𝐸Lab, 𝑙 𝑊𝑠𝑢𝑟(𝐸Lab, 𝑙, 𝑍)



Partial cross section of the incomplete fusion
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σICF(Ec.m., L)=σCapture (L) YZ(L)
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Solutions of the transport master equations for the evolution and 
decay dinuclear system formed in reaction 18O+165Ho



Solutions of the transport master equations for the evolution and 
decay dinuclear system formed in reaction 18O+165Ho
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Partial cross sections of incomplete fusion in the 18O+165Ho reactions
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𝜎incom 𝐸Lab, 𝑙 = 𝜎cap 𝐸Lab, 𝑙 𝑌𝑧 (𝐸Lab, 𝑙)
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Experimental data obtained from the paper by H. Bruchertseifert et al., 

Soviet Journal of Nuclear Physics; v. 33(6); p. 778-782 (1981)).

The conjugate nucleus 194Au has enough small excitation energy E*ICF(L).

𝜎𝐸𝑅
(𝐼𝐶𝐹)

𝐸Lab, 𝑍 =  

𝑙=0

𝑙
𝑑

𝜎𝐼𝐶𝐹 𝐸Lab, 𝑙 𝑊𝑠𝑢𝑟(𝐸Lab, 𝑙, 𝑍)

The survival probability Wsur has been calculated by B.M. Kayumov:
H. Lü, A. Marchix, et al, Comput. Phys. Com. 200 (2016) 381.

Code KEWPIE2



Explanation of the formation of the cold conjugate nucleus in the incomplete fusion.
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This work has been published in A. K. Nasirov, B.M. Kayumov, O. K. Ganiev, G.A. Yuldasheva
Phys. Lett. B 482, 137976 (2023).
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Comparison of the experimental and theoretical results the formation of the 
evaporation residues accompanied by emission of 3 neutrons in the 
incomplete fusion and complete fusion reactions.
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Comparison of the experimental and theoretical results the formation of 
the evaporation residues accompanied by emission of 4 neutrons in the 
incomplete fusion and complete fusion reactions.
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Comparison of the experimental and theoretical results the formation of the 
evaporation residues accompanied by emission of 5 neutrons in the incomplete 
fusion and complete fusion reactions.
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Avinash Agarwal,  Phys.Rev.C103-034602]Theoretical result of this work

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

Comparison of the results by dinuclear system model and PACE4 code.



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



Conclusion
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We can conclude that the incomplete fusion is a quasifssion in the region of 
the very asymmetric masses.  Projectile nucleus transforms into α-particle during 
evolution of the dinuclear system formed as the capture. α-particle could not 
be transformed to the partner nucleus due to hindrance caused by the centrifugal force
and this force throws away α-particle.  

The difference between the evaporation residue cross sections in complete fusion 
and incomplete fusion is explained by the strong increase of the intrinsic fusion barrier 
at large angular momentum of the dinuclear system. Therefore, contribution from  the 
evaporation residues formed in the incomplete fusion increases in the large values of the 
beam energy.



THANK YOU VERY MUCH FOR YOUR ATTENTION !
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