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Mendeleev periodic table of the elements 
(2012) 

 

Livermorium 
 

Lv  116 

Flerovium 
 

Fl  114 

Flerovium 
 

Fl  114 
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Searching for the island of stability  
(GSI, Darmstadt) 
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48Ca+244Pu→ 292Fl,  

            +248Cm → 296Lv,  
               +249Bk → 297117, 

                  +249Cf →297118 
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    Nuklidkarte, Stand:   Januar,      About synthesis of super heavy elements   

Hot  fusion  (Dubna experiments) 

Cold  fusion  (GSI and RIKEN 

experiments) 

Hot  fusion  (Berkeley experiments) 



The Origin of the Nuclear Energy.  
Exothermic Chemical Reactions 

    Heat is evolved in the chemical reaction in which hydrogen and 
oxygen are combined to be water;  

    
 
 
     i.e. the combustion of hydrogen. Such chemical reaction in which 

heat is evolved is called exothermic reaction. The chemical 
equation of this reaction for one mol of hydrogen is written  
 
Namely, when one mol of hydrogen burns, 286 kJ of heat is evolved.  
Another example is  
 
 

     where one mol of carbon is oxidated t o be carbon dioxide with 
producing 394 kJ of heat.  



Heat at burning of hydrogen and carbon 

      The above chemical equations, (1) and (2), are for one mol of hydrogen and 
carbon, respectively. In order to compare these chemical reactions with 
nuclear reactions, it is convenient to rewrite these equations "for one 
molecule". For this, let us divide the heat production by the Avogadro constant  
 
 

      Then they are rewritten as  
 
 
 

        
       Equation (3) means that the process in which two hydrogen and one oxygen 

molecules combine to be one water molecule generates 3.0 eV energy 
emission. And Eq. (4) says that, when a carbon atom combines with an oxygen 
molecule to be a carbon dioxiside molecule, 4.1 eV energy is released.  
       As learned before, eV is a unit of energy extensively used in the atomic and 
nuclear world. It is the work done on an electron that is accelerated through a 
potential difference of one volt. Its value is  
 We can understand that "the energy evolved from one process of an 
exothermic chemical reaction is about 3 or 4 eV".  



Exothermic Nuclear Reactions 
 

Nuclei show various types of reaction: For example, one 
nuclide splits into two or more fragments. This type of 
reaction is called nuclear fission.  

     Contrarily, two nuclides sometimes combine with each 
other to be a new nuclide. This type of reaction is called 
nuclear fusion.  

     There are many other types of reaction processes; they are 
generally called nuclear reactions.  
 

    Among these various types of nuclear reactions, there are 
some types of exothermic reactions which are sometimes 
called "exoergic" reaction in nuclear physics.  
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Exothermic reactions 

Where is the exothermic heat energy coming from?  
 
The heat comes from the energy stored in the nuclear 
binding energies of the reactant  nuclei. The binding 
energies  of initial nuclei  are greater than the energy 
stored in the binding energies of the reaction products.  
 
In endothermic reactions, the situation is reversed: more 
binding energy is stored in the reaction products  than in 
the reactants nuclei.  



    The nucleus of deuterium atom is called deuteron which consists of 
a proton and a neutron. It is represented by a symbol "d". The 
nuclear reaction in which two deuterons bind with each other is an 
example of nuclear fusion. This exoergic reaction is written as  
 

 
If a neutron is absorbed in the uranium-235 nucleus, it would split 
into two fragments of almost equal masses and evolves some 
number of neutrons and energy Q. One of the equations for the 
processes is written  
 

 
This is an example of nuclear fission.  
Here it is quite interesting how much the amount of the energy 
emission Q is. It must be about 200 MeV.   

Exothermic Nuclear Reactions 

The nuclear reaction energy is  million times more than energy of chemical reactions ! 



Nuclear Power in the World Today 

 



Part of the nuclear power stations in 
world electricity production.  

Over 60 further nuclear 
power reactors are under 
construction, equivalent to 
17% of existing capacity, 
while over 150 are firmly 
planned, equivalent to 48% 
of present capacity. 



 



Nuclear Electricity Generation 



Analogies of four basic chemical and nuclear reactions 
types: synthesis, decomposition, single replacement 

and double replacement. 

synthesis 

decomposition 

single replacement 

double replacement 



Sources of atomic energy  

• An absorption or release of nuclear energy occurs in nuclear reactions or 
radioactive decay.  

• Those that absorb energy are called endothermic reactions and those that 
release energy are exothermic reactions. Energy is consumed or liberated 
because of differences in the nuclear binding energy between the 
incoming and outgoing products of the nuclear reactions. 

• The best-known classes of exothermic nuclear transmutations are fission 
and fusion. Nuclear energy may be liberated by atomic fission, when 
heavy atomic nuclei (like uranium and plutonium) are broken apart into 
lighter nuclei. The energy from fission is used to generate electric power in 
hundreds of locations worldwide.  

• Nuclear energy is also released during atomic fusion, when light nuclei like 
hydrogen are combined to form heavier nuclei such as helium. The Sun 
and other stars use nuclear fusion to generate thermal energy which is 
later radiated from the surface, a type of stellar nucleosynthesis.  

• In order to quantify the energy released or absorbed in any nuclear 
transmutation, one must know the nuclear binding energies of the nuclear 
components involved in the transmutation. 

 

http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Endothermic
http://en.wikipedia.org/wiki/Exothermic
http://en.wikipedia.org/wiki/Atomic_fission
http://en.wikipedia.org/wiki/Atomic_fusion
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Hydrogen


Mechanism of releasing nuclear energy. 

 Reaction energy balance Q  is determined by mass 
difference between the initial and final sets of particles 
  
  
a)  If Q > 0, reaction is exothermic (energy released as 
    kinetic energy and g-rays). 
b) If Q <0, reaction is endothermic. There is a threshold 
     of the energy of the incoming particle to make the 
    reaction happen. 
 c) Q =0 is elastic scattering. Total kinetic energy is   
     conserved 



 

Qgg=mU-mBa-mKr=215.154 MeV 
mU=42.44 MeV; mBa=-71.78 MeV 
mKr=-76.72 MeV 



Mass excess, binding energy and energy balance 

Mass excess    Δm(A,Z)=M(A,Z)-A·u 

M(A,Z) is the mass of nucleus and A is its mass number.;  u is mass units   

 u=M12C/12=931.494 MeV;   or u= 1660538.73(0.13)10-33kg 

 Mp=7.289 MeV;   Mn=8.071 MeV; 

 

Binding energy   B=Δm(A,Z)-Z·Mp -N·Mn 

 

 

 
ΔmU=42.44 MeV;      BU/A= 7.586 
 BU=42.44-92·7.289-144·8.071=-1790.372 MeV;    
ΔmBa=-71.78 MeV;   BBa/A= 8.265 
BBa=-71.78-56·7.289-88·8.071=-1190.212 MeV;   
ΔmKr=-76.72 MeV;    BKr/A= 8.617 
BKr=-76.72-36·7.289-53·8.071=-766.887 MeV;  
 
Energy balance in nuclear fission  236U ⇾ 144Ba+89Kr channel:  
Qgg=mU-mBa-mKr=215.154 MeV 
   



Fission Energy Distribution  
 

Energy (MeV) distribution in fission reactions  

Kinetic energy of fission fragments  167 MeV  

Prompt (< 10-6 s) gamma ray energy  8  

Kinetic energy of fission neutrons  8  

Gamma ray energy from fission products  7  

Beta decay energy of fission products  7  

Energy as antineutrinos (ve)  7  

In the fission process, the fragments and neutrons move  away at high speed  

carrying with them large amounts of kinetic energy.  

The neutrons released during the fission process are called fast neutrons because  

of their high speed. Neutrons and fission fragments fly apart instantaneously  

in a fission process.  

• Gamma rays (photons) equivalent to 8 MeV of energy are released within a  

microsecond of fission.   

• The two fragments are beta emitters. Recall that beta decays are accompanied  

by antineutrino emissions, and the two types of particles carry away approximately  

equal amounts of energy.  

Estimated average values of various energies are given in a table:  



The neutron with the thermal energy (En= 0,025 eV) 
causes excitation and fission of atomic nuclei 



 



The neutron with the thermal energy (En= 0,025 eV) 
causes excitition and fission of atomic nuclei 



Experimental results to study fission mechanism 
and role of the nuclear structure 

In the experiment they measure kinetic energy 
and velocity, angular distributions of the 
fragments, neutron multiplicity and energy 
spectra, as well as gamma multiplicity 
accompanying fission fragments.  



Experimental setup CORSET 

 



 

Both fission  products are registered in coincidence.   



Fission of nuclei  

1. Spontaneous fission; 

      

 2.  Fission induced by  

      neutrons,  gamma quantum, 

      protons; 

  3. Fusion-fission reactions; 

 

   

 



Fission induced by protons 
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The source of the kinetic energy of products is intrinsic binding energy of system 

A=N+Z 



Spontaneous fission properties and lifetime systematics. 
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Nucl.Phys. A502 (1989) 21c40c. 



Asymmetric and  
Symmetric mass distributions  
of fission products as  
a function of the neutron 
numbers.  
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Mass and total energy distribution of the fission fragments. 

 

Prpjection  
of 3D figure 



Mass distribution of the fission products as a function 
of the excitation energy of compound nucleus 



Liquid drop model 

 



Nuclear binding energy in the liquid drop model 

 



Deformation energy in the liquid drop model  

 



Mass distribution of the fission products obtained by liquid drop 
model is symmetric because minimum values of the potential 
energy surface calculated by this model correspond to the mass 
symmetric region.   



 
Note,  
1)  two center shape of the mass and charge 
distributions are appearance of the shell 
structure of being formed fragments; 
2) Transition of the shape of the mass and 
charge distributions from the two center shape 
in one center symmetric shape means the 
decreasing of the shell effects by increasing the 
effective temperature of interacting nuclei. 
Fluctuation energy of nucleons becomes 
comparable and large than distance between 
energy levels. 



 

𝑇2 =
  𝐸2

∗

𝑎2
 

Γ𝑖 =
ℏ

𝜏𝑖
 

Z1,M1 Z2,M2 

𝜀i 

𝜆𝐾
(a) Chemical potential  

K=Fragment1 and Fragment2 
α=protons and neutrons  

Δ𝜀 



Parameters of the nucleon-nucleon effective forces  

 

A.B.Migdal, Theory of the Finite Fermi—Systems and Properties of Atomic Nuclei,  
Moscow, Nauka, 1983. 



Results of calculation of the widths Γ𝑖  of single-particle states of neutrons 
in the interacting nuclei  for the 40Ca+248Cm and 48Ca+248Cm reactions 

 

Realistic s.p. scheme  
for neutrons 40Ca 

Double pressed 
 scheme for  
neutrons  40Сa 

Realistic s.p. scheme  
for neutrons 248Cm 

For neutrons of 48Ca 

ΔE=2·ΔE’ 



 

Results of calculation of the widths Γ𝑖 of single-particle states of the protons  in 
the interacting nuclei  for the 40Ca+248Cm and 48Ca+248Cm reactions 



Relaxation times of the single-particle excitations 

 

This relaxation time  is considered as  transition time between diabatic and adiabatic  
pPictures of the processes 



Friction coefficient is a function of   
the relaxation time.  

 



Mass distribution of the fission products as a function 
of the excitation energy of compound nucleus 



Width of the single-particle excited  states  

 Γ𝑖 =
ℏ

𝜏𝑖
 

A. Nasirov et al, Nucl. Phys. A 759 (2005) 342–369 

D. Pines, P. Noziéres, Theory of Quantum Liquids, Benjamin, New York, 1966 

𝐸𝐾 is         excitation energy and mass number  
             of the fragment K  

𝐴𝐾 



Emission of neutrons does not change strongly  the kinetic 
energy distribution  of the  fission fragments. 

 



 
Note,  
3) Due to the shell structure of being formed 
fragments the share of the excitation energy 
released from the binding energy of the 
compound nucleus is no equilibrated: 
𝑇1 ≠ 𝑇2 ,  i.e. excitation energies of both 
fragments  are not distributed proportionally to 
their masses 

                           
𝐸1

𝐴1
 ≠  

𝐸2

𝐴2
 

This is seen from the neutron multiplicity – 
number of the emitted neutrons from the each 
fission fragments. 



 

Yield neutrons and gamma quanta                                              
in coincidence with the fission fragments  



 



 G.G. Adamian, R.V. Jolos, A.K. Nasirov, “Partition of excitation 
energy between reaction  products in heavy ion 
collisions”,  ZEITSCHRIFT  FOR PHYSIK A 347, 203-210 (1994) 

 

 The role of the particle-hole excitations and the nucleon 
exchange is considered. The ratio of the projectile 
excitation energy to the total excitation energy for the 
reactions 238U(1468 MeV)+124Sn, 238U(1398 MeV)+124Sn 
56Fe(505 MeV)+ 165Ho, 74Ge (629 MeV)+ 165Ho and 68Ni(880 
MeV)+ 197Au is calculated. The results of calculations are in 
good agreement with the experimental data. 



 



 



 

ZP,MP ZT,MT 

𝜀i 
Δ𝜀 

R 

There are two interacting nuclei – projectile and target which have  ZP and ZT  protons,  
and NP  and NT neutrons, respectively.   The protons  and neutrons are placed on the  
corresponding single-particle states created by the mean-fields UP and UT .  
The quantum numbers and energies of these single-particle states are found by  
 solving the Schrödinger equation  with the Hamiltonians for both nuclei  



 𝐻in 𝑅 𝑡 = 



Hamiltonian of the interacting nuclei of the dinuclear system 

 



 

Taking into account the influence of the partner 
nucleus mean-field on single-particle states. 



Taking into account the influence of the partner 
nucleus mean-field on single-particle states. 

The effect of the presence of the partner – nucleus on 
the single-particle states of considered nucleus is taken 
into account  by the perturbation theory:   



Calculations of the single-particle density matrix elements  

 

(10) 



 

 

 As a wave functions 𝜑𝑃
∗  and   𝜑𝑇

∗  we used the solutions of the 
Schrödinger equation with the symmetrical rectangle  potential 
well with the given depth  UP  and UT , respectively. The single-
particle energies were found as own values of the Wood-Saxon 
potential which is more realistic for the atomic nuclei.  

Calculations of the transition matrix elements  



 

Calculations of the single-particle density matrix 
elements  



 

Calculations of the single-particle density matrix elements  



Solution of the master equation for the nucleon transfer 

 



Irreversibility of the solution of master equation  

for the  occupation numbers can be proved by calculating the 
derivative of the entropy of system: 

 
 𝑛 

𝑛  𝑖 = 1 − 𝑛𝑖 

where k is the Boltzmann constant. It is seen that the entropy derivative is 
larger than or equal to zero. This irreversibility is a consequence of the 
assumptions that the distribution of the phases of the non-diagonal 
matrix elements of  𝑉𝑖𝑘 and nik is chaotic (10). 



Including the residual forces in the master equation 

The explicit account of the residual interaction requires voluminous 
calculations. The linearization of the two-body collision integral 
simplifies the considerations. In the relaxation time approximation 
[Köhler, H.S.: Nucl. Phys. A343, 315 (1980); ibid 378,181 (1982)]  our 
master equation has the next operator shape: 

where 𝜏 is the relaxation time, and 𝑛  𝑒𝑞(𝑅 𝑡 ) is a local quasi- 
equilibrium density matrix at fixed value of the collective 
coordinate R(t), which is determined by the excitation energy of 
each nucleus.   

< 𝑛  𝑒𝑞 𝑅 𝑡 >= 1/ 1 + exp 
𝜀−𝜆

𝑇
  

where 𝜀 and 𝜆 are  single-particle energy of nucleons and T is  the effective temperature. 



Master equations for the density matrix in the 
tau-approximation method  

which are solved only numerically at known matrix elements Vik 



Solutions for the density matrixes  

 

where  

and 𝜔 𝑘𝑖 = 𝜀 𝑘 − 𝜀 𝑖 /ℏ   



Time evolution of the occupation numbers of 
protons and neutrons in interacting nuclei. 
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Non-equilibrium processes in heavy ion collisions  

 
At  А1 +А2 → А1’ +А2’    usually  Е1

* : Е2
* ≠ А1’ : А2’  (even at fission!).   

   At  thermodynamic equilibrium  must be  Т1=Т2 →  Е1
* : Е2

* = А1’ : А2’  

ii AET
i

/46.3 *

i=P,T 

R.V. Jolos,  Eur.  Phys. Jour. A7, 2000, p.115-224  

𝐸𝑃
∗ = 𝐸𝑃

∗(𝑝ℎ)
+ 𝐸𝑃

∗(𝑒𝑥)
 



Calculation of the physical quantities characterizing 
multinucleon transfer reactions  

 



Calculation of the excitation energy of nucleus 

where HP,  λP and NP are  Hamiltonian, chemical potential and 
number nucleons, respectively, for the projectile-like nuclei. 



 

Calculation of the excitation energy of nucleus 



Calculation of the excitation energy of nucleus 



Total kinetic energy loss 

So,  our model allows us to calculate  excitation energy of the 
interacting nuclei as a sum of the excitation energy of their proton 
and neutron subsystems.  This is important in case of calculation of 
the pre-equilibrium emission of protons or neutrons at more high 
energies relative to the Coulomb barrier of the entrance channel. 



Comparison of the calculated results for mean values of the charge 
and mass numbers in 56Fe+165Ho and 74Ge+165Ho reactions.   

 



Comparison of the ratio of the 
light fragment  excitation 

energy to the total excitation 
energy of reaction products. 

      R=
𝐸𝑃

∗

𝐸𝑃
∗+𝐸𝑇

∗  

𝐸𝑃
∗  and 𝐸𝑇

∗  consists from excitation 
energies of the particle-hole 
excitations in the interacting nuclei 
and nucleon exchange process 
between them: 

𝐸𝑃
∗ = 𝐸𝑃

∗(𝑝ℎ)
+ 𝐸𝑃

∗(𝑒𝑥)
 



Classification of the nuclear 
reactions in heavy ion collisions  

Early studies of reaction mechanisms between heavy ions have shown that, in 
a Wilczynski diagram, a definite evolution towards negative scattering angles 
with increasing energy loss is present, so that the scattering angle was used as 
an estimate of the interaction time. As usual three regions can be 
distinguished:  

(i) the elastic or quasi-elastic component,  

(ii)  the partially damped region where the nuclear forces bend the 
trajectories toward smaller scattering angles and  

(iii)  the fully relaxed component, where negative angle scattering (or 
orbiting), fusion-fission and symmetric fragmentation may occur. 



 



 

J. Tõke and W.U. Schröder, Annu. Rev. Nucl. Part. Sci. 1992.42:401-446 



 



The results obtained in this experiment demonstrate the 
possibility of the "element“ approach in studying nuclear 
reactions with very heavy ions. Transfer reactions with 4°Ar have 
been shown to occur both in the form of quasielastic  and deep 
inelastic processes.. Deep inelastic processes make a noticeable 
contribution to few-nucleon transfer reactions and are dominant 
in multinucleon reactions. In such processes all the kinetic 
energy of nuclear collisions is spent in the rearrangement and 
excitation of nuclei.. The transfer of a considerable number of 
nucleons from a heavy ion to the target nucleus with a 
noticeable cross section indicates the possibility of using such 
processes for the synthesis of transuranic elements and, 
possibly, of superheavy nuclei in a new region of stability. It is 
worth noting that the large width of the energy spectra of light 
products increases the probability of processes resulting in the 
weak excitation of the final heavy products. 


