
Isotopes: production and application  

Kornoukhov Vasily Nikolaevich 
 

VNKornukhov@mephi.ru 
 

Lecture No1  

Isotopes: Introduction & History of discovery 



Milestones of History of isotopes 
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1896 – Discovery of radioactivity by Henri Becquerel. Nobel prize of 1903 
 
1898 - Discovery of Po-212 by P. Curie and M. Curie and Ra-226 by P. Curie and M. Curie and G. Bemont.  
 
1910-1913 – Investigation of the properties of isotopes and origin. Introduction of the term “Isotope”  
              by Frederick Soddy. Nobel prize of 1921.   
 
1911 – The first direct observation of the stable isotopes (Ne-20 and Ne-22) in experiments with “canal (anode) rays”  
              by Joseph John  Thomson. Nobel prize of 1906.  
 
1919 – Investigation of isotope phenomenon. The first mass-spectrometer by Francis Aston. He identified 
             isotopes of Cl-35, -37, Br-79, -81, and Kr-78, -80, -82, -83, -84, -86. Nobel prize of 1922. 
  
1934 – Discovery of artificial radioactivity. Production of P-30 as a very first “artificial” isotope by Irène and Jean 
              Frédéric Joliot-Curie.  
 
1934 –Enrico Fermi reported the discovery of neutron-induced radioactivity in the Italian journal La Ricerca 
              Scientifica on 25 March 1934. Production of new radionuclides.  
 
 1936  - Emilio Segre discovered the very first artificial element Technetium Tc (in Greek - τεχνητός — “artificial”). 



Isotope: definition 

 “ISOTOPES (from the Greek isos - equal, the same and topos - place), varieties of atoms of the same chemical element whose 
atomic nuclei have the same number of protons (Z) and different numbers of neutrons (N). (Isotopes are the nuclides of one 
element.) The nuclei of such atoms are also called isotopes. Isotopes occupy the same place in the periodic table of elements 
(hence the name.) 

 

 

 

 

 

 

 

 

 

• The nuclear properties of isotopes differ radically. 

• The chemical properties of the isotopes of one element are close.  

The exception is isotopes of light elements of hydrogen: 1H, 2H, 3H are so different in mass that physical and 
even chemical the properties of H of different isotopic composition are different. So they got are independent 
name: 1H name protium, 2H - deuterium D (nucleus - deuteron d), 3H – tritium T (nucleus - triton t). 
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 A = Z + N  
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The number of stable isotopes in an element 
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The number of stable isotopes in an element 
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Stable element      83 
Stable isotopes     287 



Relative atomic mass (Atomic Weight) 
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The mass of “average” atom of each element compared to 12C  
 
Average atom based on all the isotopes and their abundance % 
 
Atomic mass is not a whole number … mass number is a whole number 

Si 
28.085 

The atomic weight on an element is defined as the ratio of the average mass of a neutral atom of an element  
to 1 12   of the mass of the neutral 12C atom.   
The term “relative atomic mass” is synonymous with “atomic weight”. 
The atomic mass unit (amu or u) of mass is defined as the mass of one neutral atom of 12C divided by 12.  

1 amu = (𝟏 𝟏𝟐   )ˑ(𝟏𝟐
𝑵

𝑨
 ) = 𝟏 𝟔.𝟎𝟐𝟐ˑ𝟏𝟎𝟐𝟑      = 1.66ˑ10-24 gram (NA =  𝟔.𝟎𝟐𝟐ˑ𝟏𝟎𝟐𝟑 - Avogadro number) 

Masses of nuclides are normally expressed in atomic mass units.  
Relative Mass of 1 AMU (1.673 x 10-24 g) 
 
Proton relative mass of 1 AMU (1.673 x 10-24 g) 
Neutron relative mass of 1 AMU (1.675 x 10-24 g) 
 



Calculating of Atomic Mass (Silicone as an example) 
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• Abundance of isotopes (%)  
• Mass of each isotope of that element 
 

• Weighted average = 
mass isotope 1(%)

100
 + 

mass isotope 2(%)
100

 + 
mass isotope 3(%)

100
  

 
            
 
   Isotopes    Mass of Isotope      Abundance 
  
   28Si     =     27.97693 amu   92.223% 
 
   29Si   =       28.97649 amu           4.685% 
 
   30Si     =         29.97377 amu   3.092% 
(24)(.787) + (25)(.1013) + 26(.1117) = 
(27.97693)(92.223)

100
 + 

(28.97645)(4.685)
100

 + 
29.97377(3.092)

100
 = 25,8011  + 1,3578 + 0,9268 = 28,08549 amu 

 

𝑺𝒊    𝟏𝟒
𝟐𝟗  

𝑺𝒊    𝟏𝟒
𝟑𝟎  

𝑺𝒊    𝟏𝟒
𝟐𝟖  

𝑺𝒊    𝟏𝟒  M = 28.0855 u 



Nuclear properties of isotopes (isotope effects). 
 Base for techniques of isotopes separation. 
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Type I isotope effects is due to the difference in the masses of the isotopes M. They are most pronounced, naturally, in the lightest elements - hydrogen, helium,  
lithium, beryllium, carbon, for which the value of the relative mass change ∆M/M is relatively large. If ∆M/M ≤ 0.01 ÷ 0.03 these isotopic effects are negligible. 
The even-even nuclei will be the most stable, which determines the existence of a large number of stable isotopes with even Z. No stable elements with Z > 83. 

•  Isotopic shift of optical spectral lines: the difference between the transition frequencies for two isotopes with a mass difference ΔМ (in the first approximation):  

    Δν = ν∞mеΔМ/М2  where ν∞ = Е∞/h             → optical (laser) method of separation 

• Average velocity of molecule                         and the ratio of velocity of two molecules with M1 and M2 is                     → gas diffusion method of separation 

 
•  The radial separation factor for molecular weights M1 and M2 is                                                                                              → centrifuge method of 

separation           
 
Type II isotope effects are due to the difference in the nuclear properties of isotopes. This is due to the fact that with the same nuclear charge, a deficiency or  
an excess of neutrons radically changes the structure of nuclear shells. As a result, the isotopes of one element may have significantly different nuclear spins, 
 the spectrum of nuclear energy levels, the ability to enter into certain nuclear reactions, etc. 
 
 Nuclear spin I, which reflects the total angular momentum of  Ј (Ј = ħI, ħ is Planck's constant), which is a sum of the angular momenta of nucleons entering it. 

𝐻𝑒2
4  posses I = 0 (boson) and 𝐻𝑒2

3   posses I = 1/2 (fermion) and the quantum properties of their liquid states are dramatically different. 
 
 Nuclear magnetic moment μ = gˑμNˑI                 

where μN = 
𝑚𝑒

𝑚𝑝

 μB = 
𝑒ħ

2 𝑚𝑝𝑐
 is nuclear magneton; μB is Bohr magneton and g is a dimensionless factor 

 
 Origin of the quadrupole momentum Q is due to the violation of the spherical symmetry of the charge distribution, especially large in heavy nuclei having  
a strongly elongated shape. At the same time, nuclei with Z = N = A/2 are the spherical symmetry and Q = 0.  
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Segr𝑒  Chart of Isotopes (Table of Nuclides) 
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Black squares represent stable radionuclides  

The Segrè chart (1945, declassified in 1946) arranges the individual isotopes by neutron number vs proton number 

Number of elements              118 
Number of nuclides             1700 
 

General Criteria for Stability 
• All isotopes with Z > 83 are unstable. 

• Pairing: 

   Most even - even nuclei are stable (I = 0; μ = 0) 

   Many odd - even or even--‐odd nuclei are stable. 

   Only 4 odd - odd nuclei are stable: 𝐻,1
2 𝐿𝑖3

6 , 𝐵5
10 , 𝑁11

14 ; 

• N/Z ratio 

    For A < 40: N ≈ Z 

    For A > 40: N > Z 

287 stable isotopes 
> 2000 isotopes have been observed in various nuclear experiments 

Emilio Gino Segrè 
1905 - 1989 



Stable vs Unstable Nuclei and Nuclear Decay Modes 
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The Segrè chart depicts nuclear decay mode 

Nuclear decay modes 
Isotopes:   Constant Z, but different A = (N + Z) 
                             
Isobars:     Constant A = Z + N, but different Z 
Isotones:   Constant N, but different Z and A 
Isomers:    Constant Z, the same N, but different  
                   nucleus energy (mass) and different half-life 
                   (denoted as m – metastable or excited state) 



Models of the nucleus  

10.112020 Lecture No1        Isotopes: introduction                   V.N. Kornoukhov 11 

Several models of the nucleus have evolved that fit certain aspects of nuclear behavior, but no single model has successfully described all aspects. 
 
 
 The liquid-drop model is based on the fact that certain properties of a nucleus are similar to those of a drop of incompressible liquid. The liquid-drop 
model is in fact based on the assumption of strong forces between the nucleons that considerably constrain their motion. The model has been particularly 
successful in explaining details of the fission process and in evolving a formula for the mass of a particular nucleus as a function of its atomic number and 
mass number, the so-called semiempirical mass formula ( the Weizsaecker formula). 
 
The Fermi gas model, which treats the nucleons as if they were particles of a gas restricted by the Pauli exclusion principle. There are actually two 
independent Fermi gases, one of protons and one of neutrons. The tendency of nucleons to occupy the lowest possible energy level explains why there is a 
tendency for the numbers of protons and neutrons to be nearly equal in lighter nuclei. In heavier nuclei the effect of electrostatic repulsion among the larger 
number of charges from the protons raises the energy of the protons, with the result that there are more neutrons than protons. The pairing of nucleons in 
energy levels also helps to explain the tendency of nuclei to have even numbers of both protons and neutrons. 

 
The shell model can explain the exceptional stability of nuclei having certain values for either the number of protons or the number of neutrons, or both. 
These so-called magic numbers are 2, 8, 20, 50, 82, 114, 126, 164 for protons and 2, 8, 20, 28, 50, 82, 126, 184, 196, 228, 272, 318 for neutrons. Double 
magic numbers are highlighted in bold. The model includes the assumption of strong coupling between the spin angular momentum of a nucleon and its 
orbital angular momentum.  
 
 
 Various attempts have been made (Generalized model, Optical model, Glauber's model, Hydrodynamic models…) to construct a model incorporating the 

best features of the liquid-drop model , Fermi gas model and the shell model as well, but with partial success ... 



The liquid-drop model (1939)  
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 constant density like a liquid   

R = R0 A
1/3  where R0 ~ 1.2 fm 

 = A / (4/3 R3) = 1014 g/cm3 (!!) 

 finite square potential 

• p,n act as free particles inside of drop 

• states filled to Fermi energy 

 ‘surface tension’  

• normally prevents breakup 

• excitation can induce split into smaller drops 

with lower overall energy 

The liquid-drop model has been proposed by Niels Bohr and J. Wheeler in 1939  

The semi-empirical mass formula (the Weizsaecker formula) 

M (A,Z) = Zˑmp + Nˑmn -𝐸𝑏 (𝑍,𝑁))/𝑐2 

 where the binding energy of the nucleus 

 
 

 
+ δ

0
− δ

 

+/- δ(A,Z) 

for even-even nuclei 

for odd-odd nuclei 
for even A Pairing term δ =  



Plot of the binding energy per nucleon  
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The semi-empirical mass formula (the Weizsaecker formula) 

M (A,Z) = Zˑmp + Nˑmn -𝐸𝑏 (𝑍,𝑁))/𝑐2 

 where the binding energy of the nucleus 

 
 



Shell model (1949) 
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Proposed by M. Goeppert-Mayer and J.H.D. Jensen 

similar to atomic orbitals: 
• quantized angular momentum 
• energy levels 
• multi-particle wave function 

 
difference: 
• no ‘central’ potential (nucleus) 
• effective finite square potential 
• complicated nuclear force 
• strong dependence on spin 
• two particles: p, n 
• more types of decays 

The motion of each nucleon is governed by the average attractive force of all the other nucleons. The 

resulting orbits form “shells,” just as the orbits of electrons in atoms do. As nucleons are added to the 

nucleus, they drop into the lowest-energy shells permitted by the Pauli Principle which requires that 

each nucleon have a unique set of quantum numbers to describe its motion. 

Relation between shell model and magic numbers 



Valley of stability and Island of stability 
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The island of stability is a hypothetical transuranic region on the isotope chart, for 
which (in accordance with the theory of the shell structure of the nucleus by M. 
Goeppert-Meyer and H. Jensen), due to the ultimate filling of proton and neutron 
shells in the nucleus, the lifetime of isotopes significantly exceeds the lifetime of 
the "neighboring" transuranium isotopes, making possible the long-lived and 
stable existence of such elements, including in nature. 

Maria Goeppert Mayer 
1906 – 1972 



The island of stability 
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The island of stability is a predicted set of isotopes of superheavy elements that may have considerably longer half-lives than known isotopes of these elements. 
 Its theoretical existence is attributed to stabilizing effects of predicted "magic numbers" of protons and neutrons in the superheavy mass region. 
 Predictions have been made regarding the exact location of the island of stability, though it is generally thought to center near copernicium and flerovium 
 isotopes in the vicinity of the predicted closed neutron shell at N = 184.  

These models strongly suggest that the closed shell will confer  
further stability towards fission and alpha decay. While these 
effects are expected to be greatest near atomic number Z = 114 
and N = 184, the region of increased stability is expected to 
encompass several neighboring elements, and there may also be 
additional islands of stability around heavier nuclei that are doubly 
magic (having magic numbers of both protons and neutrons). 
Estimates of the stability of the elements on the island are usually 
around a 𝑇1/2 ~ minutes or days; some estimates predict half-lives 

of millions of years. 



Synthesis of transuranium and superheavy elements  
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Z = 93÷100: by sequential neutron capture reactions (high flux neutron nuclear reactors SM-3 and HFIR). 
         
At present, heavy ions accelerated in cyclotrons or linear accelerators bomb targets of heavy elements, 
and as a result of a fusion reaction with the emission of one or more neutrons, a new element with a 
serial number (nuclear charge) is the sum of the charges of the nuclei of the incident ion and the target 
nucleus. For the synthesis of the most stable isotopes, such combinations of nuclei are chosen, which 
contain the largest possible number of neutrons and the composite nuclei have a low excitation energy.  
 
Z > 100: by reactions with accelerated heavy ions in so-called “hot fission” reaction with excitation energy  
𝐸𝑥

𝑚𝑖𝑛  ≥ 50 MeV 
𝐸𝑥= 𝐸𝑝 - [𝑀𝐶𝑁- (𝑀𝑇 + 𝑀𝑃)] = 𝐸𝑝 - Q 

  where 𝐸𝑝 is particle energy, 𝑀𝐶𝑁- (𝑀𝑇 + 𝑀𝑃)] - masses of compound nucleus, target nucleus, and particle 

𝐸𝑥
𝑚𝑖𝑛  = 𝐵𝑐 - Q (for example, ~ 20 MeV for 4He particle) 

    First, production of targets based on Pu, Am, Cf and Fm elements with SM-3 and HFIR reactors 
    Then, last actinoids Md, No, Lr and trans-actinoides Rf, Db, Sg have been synthesis: 
 242Pu(22Ne,xn)259,260Rf, 249Cf(12C,4n)257Rf, 249Cf(13C,3n)259Rf; 243Am(22Ne,xn)260,261Db, 249Cf(15N,4n)260Db; 
249Cf(18O,4n)263Sg. 
Z = 101 ÷ 111 (Dubna): so-called “cold fission” reactions with the incident ion  as “double magic” nuclei, 
48Ca and 64Ni. The excitation energy  𝐸𝑥

𝑚𝑖𝑛  from 10 to 20 MeV (quite comfortable!) 
 
These works are carried out in Dubna under the leadership of Acad. G. N. Flerova (1913-1990) and now 
under the scientific supervision of Acad. Yuri Ts. Oganesyan. There are only a few accelerators and 
installations in the world where it is possible to obtain transactinoid elements (i.e., elements with a 
nucleus charge Z of more than 103).  

The latest decision of IUPAC (International Union of Theoretical and Applied Chemistry on recognizing the discovery of four elements at once (No 113, 115, 117 and 118) - attracted the attention 
 of the Russian public also because the priority in three of them - 115, 117 and 118 - was recognized for a Russian-American collaboration, including the Flerov Laboratoy of JINR (Dubna), 
 (FLAR JINR), Lawrence Livermore National Laboratory (LLNL), Oak Ridge National Laboratory (ORNL) and Vanderbilt University. The priority in the discovery of element 113 is recognized by  
a group from the Japanese accelerator research center RIKEN. 
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Short tour to the History of isotopes discovery 



Discovery of X-rays  
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 5 January 1896 Wilhelm Conrad Röntgen's discovery of X-rays. 
During the experiment, Röntgen "found that the Crookes tubes he 
had been using to study cathode rays emitted a new kind of invisible 
ray that was capable of penetrating through black paper". 
  

Wilhelm Röntgen 
1845-1923 

First medical X-ray by Wilhelm Röntgen 
 of his wife Anna Bertha Ludwig's hand 

Wilhelm Roentgen is a very first laureate of Nobel prize in physics and a man whose difficult character was legendary. The Swedes contacted him and tried to  
explain that it was a great honor, especially since the event will be attended by the king of Sweden. But what did the great physicist care about the Swedish king!?  
So Roentgen shrugged and said, since it's so important, let them send the Prize by the mail. And so it happened. 



Discovery of radioactivity 
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Henri Becquerel 
French physicist 
1852-1908 

In 1896 H. Becquerel discovered that uranium emits spontaneously a radiation  
that produces an impression on a photographic plate through a sheet of black paper,  
and ionizes the air. 

Materials that emit this kind of radiation are said to be radioactive and  
to undergo radioactive decay. 



Race for discovery of new radioactive elements.  
Polonium and Radium (1898) 
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Pierre Curie 
1859- 1906     

Marie Skłodowska Curie 
 1867 - 1934 

July 18, 1898     P. Curie and M. Curie        212Po 
 
Dec. 26, 1898    P. Curie and M. Curie and G. 
Bemont      226Ra 
 
Nov. 6, 1899 P. Curie and M. Curie             222Rn 
 
Only by 1902 Marie Curie recovered the first 
decigram of pure radium salt and made a 
determination of its atomic weight. The separation 
of barium was made by a process of fractional 
crystallization. 



Radioactive transformations (1903) 
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𝑹𝒂 → 𝑹𝒏 + 𝑯𝒆𝟐
𝟒

𝟖𝟔
𝟐𝟐𝟐

𝟖𝟖
𝟐𝟐𝟔  

 
 

In 1903 Ernst Rutherford and Frederick Soddy discovered  
that Radium emits α-particle (nucleus of Helium) . 
They based their formulation of the radioactive law on  the 
‘emanation theory’ of radioactive decay: radioactivity is an 
‘atomic’ phenomenon, which is accompanied by ‘chemical’ 
changes. 

       Displacement rule 
 

 α - decay  𝑿 → 𝑹𝒏 + 𝑯𝒆𝟐
𝟒

𝒁−𝟐
𝑴−𝟒

𝒁
𝑴  

 

 β – decay  𝑿 → 𝒆 + 𝒀𝒁+𝟏
𝑴

−𝟏
𝟎

𝒁
𝑴  

Old Physics Building of McGill University, 

Montreal (Canada) 



Radioactive transformations and a new parameter 

E. Rutherford and F. Soddy found that emanation, whether from 
thorium or radium, lost its activity over a brief period of time. This 
was the first indication that radioactive substances were 
characterized by a new parameter, a life-time or a half-life( T1/2) 
(Rutherford 1900). 

A radioactive substance transformed into another substance in the 
sense that the atoms changed from a “parent element” to another 
“daughter element” at a characteristic rate. Not only do atoms 
change or transmute, they also do so randomly, such as expressed 
by a certain decay constant (λ) that depends only on the nature of 
the radioactive element. The fraction of atoms dN that disintegrate 
in a small interval of time dt follows the expression  

 
𝑑𝑁
𝑑𝑡=− λ𝑁 
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Rutherford and Soddy, Phil. Magazine, series 6, vol. 4,  
September 1902, p.370 



Natural-occurring radioactive decay: The Uranium Series (4n) 
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Radioactive displacement law  
of Fajans and Soddy  

(1913) 
In α-decay, an element is created with Z 
 less by 2 and A less by 4 of that of the 
parent radioisotope 
 
In β-decay, the A remains unchanged 
 while the Z becomes greater by 1  
than that of the parent radioisotope 



Isotopes: discovery 

In 1913 English radiochemist Frederick Soddy discovered the phenomenon of 
isotopy of elements (Nobel Prize in Chemistry, 1921). The term "isotope" was 
proposed by Soddy in 1910 based on two Greek words: isos - "equal", "same" and 
topos - "place". 

Isotopes are varieties of atoms of the same chemical element that have the same 
nuclear charge, but different atomic masses. F. Soddy said that isotopes are the 
same "outside", but different "inside". 

First, F. Soddy found isotopes of several radioactive elements, and then discovered 
non-radioactive ones.  

 

  Margeret Todd was a family friend of chemist Frederick Soddy. In 1913, Soddy 
explained to her the research on radioactivity for which he won the Nobel Prize 
in Chemistry in 1921. Todd suggested that such atoms be named isotopes, Greek 
for at the same place («You need a good Greek term, try word isotope). This 
term was accepted and used by Soddy, and has become standard scientific 
nomenclature. 
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Margaret Georgina Todd 
Scottish doctor and writer 

1859 - 1918 

Frederick Soddy 
English radiochemist 

1877- 1956  



“Chain reaction" of ideas inspired by Soddy (1909- 1914 - 
1938) 
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 Soddy not only created the term "isotope" and was the first to use the term "chain reaction". In a strange "chain reaction" of 
ideas, Soddy played a part in the US developing an atomic bomb. Soddy's book, The Interpretation of Radium, inspired H.G. Wells 
to write The World Set Free in 1914, and he dedicated the novel to Soddy's book. Twenty years later, Wells' book set Leo Szilard 
to thinking about the possibility of Chain reactions, and how they might be used to create a bomb, leading to his getting a British 
patent on the idea in 1936.  
The prize-winning science-fiction writer, Frederik Pohl, talks about Szilard's epiphany in Chasing Science (pg 25), 
 
".. we know the exact spot where Leo Szilard got the idea that led to the atomic bomb. There isn't even a plaque to mark it, but it 
happened in 1936, while he was waiting for a traffic light to change on London's Southampton Row. Szilard had been 
remembering H. G. Well's old science-fiction novel  about atomic power, The World Set Free and had been reading about the 
nuclear-fission experiment of Otto Hahn and Lise  Meitner, and the lightbulb went on over his head.“ 
 
A few years later Szilard encouraged his friend, Albert Einstein, to write a letter to President Roosevelt about the potential for an 
atomic bomb. 



Frederick Soddy and Descartes’ theorem 
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In 1936 Soddy rediscovered Descartes' theorem (1643) about four 
mutually touching spheres. He proved that the radii of any such circles 
satisfy a certain quadratic equation. 



Canal ray (anode ray) tube and History of mass 
spectrometry 
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Canal ray (anode ray) tube 

 
Canal rays, also called anode rays, were observed by Eugen Goldstein, in 1886. Goldstein used 
a gas discharge tube which had a perforated cathode. The rays are produced in the holes 
(canals) in the cathode and travels in a direction opposite to the "cathode rays," which are 
streams of electrons. Goldstein called these positive rays "Kanalstrahlen" - canal rays. 



Isotopes: discovery stable isotopes of neon 

In 1913 English chemist Francis Aston, together with J. Thomson, confirmed 
the existence of stable isotopes in neon. 

F. Aston designed the first mass spectrometer. In 1922, the scientist was 
awarded the Nobel Prize in Chemistry "for his discovery of isotopes of a large 
number of non-radioactive elements with the help of a mass spectrograph 
invented by him and for formulating the rule of "whole numbers". 

So, almost all elements of the Periodic system of D.I. Mendeleev have several 
isotopes. Moreover, their chemical properties are quite close. And the 
physical ones can be radically different. In this regard, isotopes of the same 
chemical element can be both stable and unstable, i.e. radioactive. 

A number of elements are represented only by unstable isotopes (radon, 
polonium, all actinides, etc.).  

About 2000 isotopes known to science, only 287 are stable. 
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Francis Aston 
English chemist  
1877 – 1945 

Joseph John Thomson 
British physicist 
1856 -1940 



Joseph J. Thomson & Francis Aston: confirmation of the 
existence of stable isotopes in neon (20Ne and 22Ne) 
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Mass-spectrograph designed by Francis Aston 
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Aston's mass spectrograph sketch 

Replica of Aston's third mass spectrometer 



Isotope Tracer Method (Isotopic labeling) 

10.112020 Lecture No1        Isotopes: introduction                   V.N. Kornoukhov 32 

• In 1913, Friedrich Paneth, together with Gyord de Hevesy, proposed the method of 
radioactive indicators - the method of labeled atoms. 

 

• 1911. The very first application of  the method of radioactive indicators by George Charles de Hevesy, a young 

student:  control of the quality of food in the dorm cafeteria using a small amount of radioactive material and a 

simple electroscope.  

 

• Isotopic tracer, any radioactive atom detectable in a material in a chemical, 
biological, or physical system and used to mark that material for study, to observe 
its progress through the system, or to determine its distribution. An isotopic tracer 
must behave as does the material being studied, but, in addition, it must have 
some distinguishing property by which it can be detected in the presence of the 
other material. 

Friedrich Adolf Paneth 
1887 - 1958 

George Charles de Hevesy 
1885 – 1966 



Discovery of the Neutron and Proton-Neutron Model of Nucleus 
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 Sir James Chadwick 
1891 – 1974 

Nobel Prize in Physics (1935) 

• First,  Walther Bothe and his student Herbert Becker had used polonium to bombard beryllium with alpha particles, producing 
an unusual form of radiation. Chadwick had his Australian 1851 Exhibition scholar, Hugh Webster, duplicate their results.  

To Chadwick, this was evidence of something that he and Rutherford had been hypothesizing for years: the neutron, a theoretical 
nuclear particle with no electric charge. 
• Then Frédéric and Irène Joliot-Curie had succeeded in knocking protons from paraffin wax using polonium and beryllium as a 

source for what they thought was gamma radiation. Rutherford and Chadwick disagreed. 
• J. Chadwick “Possible Existence of a Neutron” Published in Nature (27 February 1932) 

 Dmitry Ivanenko    Werner Heisenberg 
1904 -1994         1901 - 1976 
Nobel Prize in Physics (1935) 

D. Ivanenko and W. Heisenberg immediately 
 (and independently) proposed  

proton-neutron model of nucleus 



Discovery of artificial radioactivity. The very first artificial 
radioisotope 30P 
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Irène Curie and 
Jean Frédéric Joliot 

3 min 15 sec 

𝐴𝑙 + 13
27 𝐻𝑒2

4 → 𝑃15
30 + 𝑛0

1  

Enrico Fermi 
1901-1954 

Fermi used strong Rn-Be neutron source, which he created by filling a glass bulb with beryllium powder, evacuating 
the air, and then adding 50 mCi of radon gas. This created a much stronger neutron source, the effectiveness of which 
declined with the 3.8-day half-life of radon.  
He started by bombarding Pt, an element with a high Z that was readily available, without success. 
 He turned to Al, which emitted an alpha particle and produced sodium, which then decayed into magnesium by beta 
particle emission: 27Al(n,α)24Na →(β−)24Mg   
He tried Pb, without success,  
and then fluorine in the form of CaF2, which emitted an alpha particle and produced nitrogen, decaying into oxygen 
by beta particle emission: 19F(n,α)16N → (β−) 16O 
 In all, Fermi induced radioactivity in 22 different elements.  
Fermi rapidly reported the discovery of neutron-induced radioactivity in the Italian journal La Ricerca Scientifica on 
25 March 1934. 

Nobel Prize 1935 for synthesis of new radioactive elements 

Nobel Prize 1938 for prove of existing new radioactive elements produced after bombardment with neutrons, and 
discovery of nuclear reactions caused by slow neutrons. 



Discovery of Uranium fission in 1938 
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     Otto Hahn  
1879 - 1968 

𝑈92
235  + n → 𝐵𝑎56  + 𝐾𝑟36  + some 

n 

 Niels Bohr and John Wheeler reworked the liquid drop model to explain the mechanism of fission. 

Fritz Strassmann 
1902 - 1980 

In December 1938, Hahn and Strassmann sent a manuscript to Naturwissenschaften reporting the results of their experiments  
on detection of barium as a product of neutron bombardment of uranium. Otto Frisch confirmed Strassman and Hahn's report  
experimentally on 13 January 1939. 
 Frisch and Meitner explained Strassman's and Hahn's findings as being from nuclear fission. 
In 1944, Otto Hahn received the Nobel Prize for Chemistry for the discovery of nuclear fission, although Fritz Strassmann  
had been acknowledged as an equal collaborator in the discovery. 

Isomerism has been discovered  
by Otto Hahn in 1921 

 Atoms with the same A and Z, but with different states 
 of excitation in the atomic nucleus.  
The higher or more excited state is called a metastable state, 
 while the stable, unexcited state is called the ground state. 



Discovery of Plutonium and Pu-239 
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Plutonium was first produced in 1940 by the Berkeley team (Glenn Seaborg, Edwin McMillan, Joseph Kennedy, and Arthur 
Wahl). It was the second synthetic transuranium element of the actinide series to be discovered. 
Pu-238 (𝑇1/2 = 87.7 years) was produced by deuteron bombardment of U-238 in the 60-inch cyclotron in Berkeley, California: 

238U + 2H ⇒ 238Np +2n 
ß decay (𝑇1/2 = 2.1 days): 238Np ⇒ 238Pu  

 
The metal was later found naturally in minute quantities as a decay product in uranium ores. 
Pu-239 (𝑇1/2 = 24 110 years) was first made in 1941:  
238U(n,γ)239U →ß decay (𝑇1/2 = 2.1 days) 239Np ⇒ 239Pu  

In 1940 it was found that slow neutrons cause plutonium-239 to undergo fission. The fission releases more neutrons, hence 
can result in a nuclear chain reaction. This discovery would lead to the use of plutonium as a source of nuclear energy. 
A microgram of pure Pu-239 compound was isolated in 1942 by Burris Cunningham and Louis Werner at the Metallurgical 
Laboratory of the University of Chicago. 
This was the first time a compound of an artificially produced element had been made in a visible quantity, allowing 
detailed studies of its properties. 
The metal was first isolated in 1943. A few small globules of silvery metal weighing 1-3 micrograms each were produced. 
 
The element is named after the planet Pluto, continuing the theme started by Martin Klaproth when he named uranium after 
the planet Uranus. 
Since WWII more than 1,200 metric tons of plutonium have been produced in the world. Of this amount, 260 metric tons have 
been produced by military applications and the rest by commercial reactors. A large amount of plutonium produced for 
weapons purposes has, since the end of the Cold War, been declared “surplus” by the U.S. and Russia. 
 The United States acquired or produced about 110 metric tons of plutonium between 1944 and 1994 and about 100 metric 
tons remains in inventory 

Edwin McMillan 
1907 - 1991  

     Joseph William Kennedy 
1916 - 1957 

     Arthur Wahl  
1879 - 1968 

     Glenn T. Seaborg 
 1912 - 1999 



Discovery of tranuranium element Z > 92 (Lawrence 
Berkeley National Laboratory, USA) 
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Elements discovered by Berkeley Lab physicists include astatine, neptunium, plutonium, curium, americium, berkelium*, californium*,  
einsteinium, fermium, mendelevium, nobelium, lawrencium*, dubnium, and seaborgium* 

Glenn T. Seaborg 
 1912 - 1999 

Edwin McMillan 
1907 - 1991  

Nobel Prize in Chemistry (1951) 

The search for new elements was also driven by patriotism and a healthy dose of competition.  
Seaborg, McMillan, and their colleagues at the University of California at Berkeley created berkelium, 
californium, and americium, pioneering the discovery of the artificial transuranium elements by the 1940s 
and winning Nobel Prizes for their work. 
 

𝑈92
238  + 𝐻12  → 𝑵𝒑𝟗𝟑

𝟐𝟑𝟖  + 2n      (in 1940 McMillan and Philip Abelson) 

𝑁𝑝93
238  → 𝑃𝑢94

238  + β−– particles. 

𝑷𝒖𝟗𝟒
𝟐𝟑𝟖  → α- particles              (In February 1941 Seaborg) 
 
Names were needed. McMillan suggested “neptunium” for element 93, as the element follows uranium in 
the same way that the planet Neptune follows Uranus. Following suit, Seaborg and his graduate student, 
Arthur Wahl, suggested “plutonium” for element 94. 
 

The 60-inch (1.52 m) cyclotron in Berkley 



The 60-inch (1.52 m) cyclotron in Berkley after completion in 
1939  
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Left to right: D. Cooksey, D. Corson, Lawrence, R. Thornton, 
 J, Backus, W.S. Sainsbury. In the background are 
 Luis Walter Alvarez and Edwin McMillan. 



Discovery of tranuranium element Z > 92 (Dubna, Russia) 
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Accelerator of the first stage and second stage of the DRIBs complex  
- cyclotron U-400M 

Georgy Nikolaevich Flerov  
1913 – 1990 

 In the 1970s  transition metal elements:  
seaborgium and bohrium 

Yuri Oganessian 
1933 (age 87) 

In the 1970s, Oganessian invented the method of cold fusion, a technique to produce transactinide elements 
(superheavy elements). It played a vital role in the discoveries of elements from 106 to 113. From the mid-1970s 
to the mid-1990s, the partnership of JINR, led by Oganessian, and the GSI Helmholtz Centre for Heavy Ion 
Research in Germany, led to the discovery of six chemical elements (107 to 112): bohrium, meitnerium, hassium, 
darmstadtium, roentgenium, and copernicium. 
 
His newer technique, called hot fusion, helped to discover the rest of the superheavy elements (elements 113–
118). The technique involved bombarding calcium into targets containing heavier radioactive elements that are 
rich in neutrons at a cyclotron. The elements discovered using this method are nihonium (2003–2004; also 
discovered by RIKEN in Japan using cold fusion), flerovium (1999), moscovium (2003), livermorium (2000), 
tennessine (2009), and oganesson (2002). 
Flerov is the second scientist (after Glenn Seaborg), during whose life a chemical element was named after him. 



2 August 1939: Albert Einstein’s letter to President Roosevelt as  
“a trigger” of Manhattan project 
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Albert Einstein and Leo Szilard  
prepare a letter to Franklin Roosevelt 
atomicheritage.org 
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Atomic Project in the USSR 

Igor Vasil’evich Kurchatov  
(1903 –1960), academician of AS USSR,  

scientific leader of the Soviet Atomic Project 

Lavrenty Pavlovich Beria 

(1889 - 1953) 

Vice Chairman of the  

government of the USSR, 

minister of internal affairs  

(chief of “KGB”),  

administrative head of  

the Soviet Atomic Project 

 Andrei Sakharov (left) and Igor Kurchatov 



The beginning of Atomic Project in the USSR 
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29.09.1944. Kurchatov’s Letter regarding enrichment of U-235  28 of September 1942.  
About organization of jobs on Uranium 



Race of two superpowers for (against) monopoly over A-
bomb weapons in the 40s of the 20th century 
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The USA 
October 1939 
Einstein’s letter to President Roosevelt: Uranium Committee, 
Since 1940 the Committee S-1 was transformed 
to National Committee for Defense Research (science & development) 
 
September 1942 
Manhattan project (production of weapon) 
 
16 July 1945 
Test of A-charge (code name Trinity, nick name The Gadget) in Alamogordo, NM 
the beginning of the Atomic Age 

The USSR 
October 1942 
Lavrenty Beria’ note to Josef Stalin: 
Committee No 1 devoted to atomic problem 
 
20 August 1945 
Special Committee under Government Committee for 
Defense of the USSR 
L. Beria is a head of the Committee. 
 
First Chief Directorate under Council of People's Commissars 
of the USSR (Vannikov is a head of Directorate) 
 
29 of August 1949 
Test of 1st atomic bomb RDS-1 (based on Pu-239) 



“Dawn” of big scale separation of isotopes: 
from mg-scale to tons-scale 

• Manhattan (USA) project and Soviet A-project: separation of 235U (0.73%) and 238U (99.27%) 
for manufacture of the atomic bomb (235U up to 93.5%) 

•  Production of 239Pu with nuclear reactors: 238U(n,γ)239U →239Np→239Pu. 

• Separation of 6Li (7.53%) and 7Li (92.47% ) for manufacture thermonuclear weapons (and 
future peaceful fusion application) 
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Nuclear Power Plants (top five nuclear electricity 
generation countries, 2017) 

10.112020 Lecture No1        Isotopes: introduction                   V.N. Kornoukhov 45 

Country 

Nuclear electricity 
generation capacity 

(million kilowatts) 

Nuclear electricity 
generation (billion 

kilowatthours) 

Nuclear share of 
country's total 

electricity generation 

United States 99.6 805.0 19.8% 

France 63.1 381.8 71.5% 

China 34.5 232.8 3.7% 

Russia 26.1 190.1 18.4% 

South Korea 22.5 141.3 26.6% 

Source: U.S. Energy Information Administration, International Energy Statistics, as of April 16, 2020 

Electricity generation from nuclear reactors started in the 1950s. Nuclear energy is obtained by fission of uranium  
(235U and 238U) or plutonium isotopes. It now supplies around 4% of global electricity and is the fourth largest source of energy. 

https://www.eia.gov/international/data/world/electricity/electricity-capacity?pd=2&p=00000000000000000000020000000c&u=0&f=A&v=mapbubble&a=-&i=none&vo=value&&t=C&g=00000000000000000000000000000000000000000000000001&l=249-ruvvvvvfvtvnvv1vrvvvvfvvvvvvfvvvou20evvvvvvvvvvvvvvs&s=315532800000&e
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Thank you for your attention! 



Selected references (recommended) 
• V. Baranov scientific editor “ISOTOPES: PROPERTIES, PRODUCTION, APPLICATION”Collective Monograph (in 

Russian), 703 pages, IzdAT, Moscow, 2000. 2-nd edition, 2 volumes, 1325 pages, Fizmatlit, Moscow, 2005. 

• V.I. Levin. POLUCHENIE RADIOACTIVNIKH IZOTOPOV (Production of radioactive isotopes). Moscow. ATOMIZDAT. 
1972. In Russian. 

• Production of isotopes: collection of articles (in Russian). PROIZVODSTVO IZOTOPOV MOSCOW. ATOMIZDAT. 1973.  

10.112020 Lecture No1        Isotopes: introduction                   V.N. Kornoukhov 47 



10.112020 Lecture No1        Isotopes: introduction                   V.N. Kornoukhov 48 

 IUPAC Periodic Table of the Elements and Isotopes  https://applets.kcvs.ca/IPTEI/IPTEI.html   

https://applets.kcvs.ca/IPTEI/IPTEI.html
https://applets.kcvs.ca/IPTEI/IPTEI.html
https://applets.kcvs.ca/IPTEI/IPTEI.html

