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Two different mechanisms of the complete fusion.

Multinucleon transfer mechanism of the complete fusion



Two conceptions of the complete fusion
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𝑈 𝑍, 𝐴, 𝑅 =𝑉int 𝑍, 𝐴 +B1(𝑍, 𝐴) + B2(𝑍𝐶𝑁−, 𝐴𝐶𝑁−) − 𝐵CN.

V. I. Zagrebaev, et al.  J. Phys. G: Nucl. Part. Phys. 31 (2005) 825–844

N.V. Antonenko, et al. PRC 51, (1995) 2635.  (Dinuclear system model) 
G.G. Adamian et al. NPA 678 (2000) 24.
G. Giardina et al. EPJA 8, (2000) 205.



Main reaction channels of the heavy ion collisions
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Incomplete fusion
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Main reaction channels of the heavy ion collisions
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Incomplete fusion
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Association of the different mechanisms of the reaction channels with 
potential energy surface of the dinuclear system formed at capture. 
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• Reactions leading to synthesis of superheavy elements. 
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Quasifission and fusion-fission in reactions with massive nuclei: 
Comparison of reactions leading to the Z = 120 element 
A.K. Nasirov, et al. Phys. Rev. C 79, 024606 (2009). 
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50Ti + 249Cf 
54Cr + 248Cm 
58Fe + 244Pu
64Ni + 238U

Reactions
Ec.m.(MeV) Evaporation 

residues 
cross section 
(pb)

50Ti  + 249Cf 225 4 x 10-2

54Cr + 248Cm 236 2 x 10-3

58Fe + 244Pu 252 7 x 10-4

64Ni + 238U 275 2 x 10-6
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Differences in the cross sections of the evaporation residues of the same superheavy elements, obtained 

for cold and hot fusion reactions, shows the dependence of the fission barrier on neutron numbers. 

Fission barrier of the superheavy elements
as a function of their neutron numbers.

48Ca+232Th
Nc=170

64Ni+208Pb, 
Nc=162

64Ni+209Bi, Nc=160

48Ca+237Np
Nc=172

M. Kowal et al, Phys. Rev. C 82, 014303 (2010).
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Differences in the cross sections of the evaporation residues of the same superheavy elements, obtained 

for cold and hot fusion reactions, shows the dependence of the fission barrier on neutron numbers. 

Fission barrier of the superheavy elements
as a function of their neutron numbers.

48Ca+232Th
Nc=170

64Ni+208Pb, 
Nc=162

64Ni+209Bi, Nc=160

48Ca+237Np
Nc=172

Ncomp=170Ncomp=160

PHYSICAL REVIEW C 110, 014618 (2024)
A.K.N., A. R. Yusupov, and B. M. Kayumov. Small cross section of 
the synthesis of darmstadtium in the 48Ca+232Th reaction.
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Influence of the rotational energy of the dinuclear 
system on the nucleon transfer process.
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Reasons causing a difference in the  synthesis of the superheavy elements
in the cold and hot complete fusion channels.
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N.V. Antonenko, et al. PRC 51, (1995) 2635. 
G.G. Adamian et al. NPA 678 (2000) 24.
G. Giardina et al. EPJA 8, (2000) 205.

Fusion

Quasifission

𝑃CN~𝑒

𝐵𝑞𝑓−𝐵𝑓𝑢𝑠
∗

𝑇𝐷𝑁𝑆 𝑊surv~𝑒
𝐵𝑓𝑖𝑠−𝐵𝑛
𝑇𝐶𝑁

𝐵𝑓𝑢𝑠
∗ (cold fusion) > 𝐵𝑓𝑢𝑠

∗ (hot fusion) 

𝐵𝑓𝑖𝑠 (cold fusion) > 𝐵𝑓𝑖𝑠 (hot fusion) 

𝑃CN (cold fusion) ≪𝑃CN(hot fusion) 

𝑊surv (cold fusion) ≫𝑊surv(hot fusion) 



Role of the potential energy surface in calculation 
of the fusion probability. 
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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

Nasirov A.K. et al.  Phys. Rev. C 110, 014618 (2024)

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



Main characteristics of the entrance channel of the nuclear reactions

• Total mass and charge number of the colliding nuclei.

• Charge and mass asymmetry of the colliding nuclei (Z1<Z2 or Z1~Z2 ).

• Ratio of the mass and charge numbers  A1/Z1 and A2/Z2 .

• Beam energy  Elab and orbital angular momentum  𝐿 = [𝑏 × 𝑃].

• Orientation angles of the symmetry axis of the deformed nuclei.

• Microscopic shell structure of nuclei.
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The difference in the evaporation residues (ER) of the 34S + 208Pb and 36S + 206Pb reactions formed in the 2n and 3n 
channels has been explained by two reasons:

i) the capture cross section of the 36S + 206Pb reaction is larger than the one of the 34S + 208Pb reaction since the 
nucleus-nucleus potential is more attractive in the 36S + 206Pb.

Ii) the intrinsic fusion barrier B∗fus for the 34S + 208Pb reaction is higher than the one obtained for the 36S + 206Pb 
reaction. 
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Experiment (symbols)
1. J. Khuyagbaatar et al, 
Phys. Rev. C 86, 064602 (2012)

2. J. Khuyagbaatar et al, 
Phys. Rev. C 91, 054608 (2015).

Theory (curves)
A.K. Nasirov et al.
Eur. Phys. J. A (2019) 55: 29



Role of the non-equilibrium stage of the entrance channel in formation 
of the compound nucleus.
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Comparison of the potential energy surfaces ruling complete fusion  in 
the  of 34S+208Pb and 36S+206Pb reactions



Reaction channels leading to yield of the binary products.
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1. Quasifission

2.Incomplete fusion



Attempts to analyze the results of the mixed contributions of the fusion-
fission and quasifission products

22

Meenu Thakur et al., Eur. Phys. J. A (2017) 53: 133



Nasirov, A. K., B. M. Kayumov, O. K. Ganiev and G. A. Yuldasheva . "A new dynamical 
mechanism of incomplete fusion in heavy-ion collisions." Physics Letters B 842: 
137976 (2023).

23

W.J. Knox, A.R. Quinton, C.E. Anderson, Phys. Rev. 120 (1960) 2120



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



b1

P

𝐿1 = [𝑏1 × 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

𝑙𝑑

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

A.K. Nasurov et al. Physics Letters B 842: 137976 (2023)



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



16O+130Te
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Driving potential Potential energy surface
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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)

Appearance of the hindrance to complete fusion Phys. Lett. B 842: 137976 (2023)
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Solutions of the transport master equations for the evolution and 
decay dinuclear system formed in reaction 18O+165Ho

DZ
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Avinash Agarwal,  Phys.Rev.C103-034602 (2021)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 (2021)]Theoretical result of this work



32𝜎𝑖𝑐𝑓 𝐸Lab, 𝑍 = 

𝑙 0

𝑙
𝑑

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



Calculation of the evolution of the charge distribution  between fragments  of 
the dinuclear system
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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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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
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Conclusion
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1. The study of the different reaction channels in heavy ion collisions by the dinuclear system model

allows us to find a reason of the hindrance for complete fusion of the mass symmetric nuclei.

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.

4. The incomplete fusion is a quasifssion in the region of the very asymmetric 

masses.  Projectile nucleus breaks down after capture, not before capture.



The results have been obtained in cooperation with my young 
colleagues in Uzbekistan/ 
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