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For more than 22 centuries 

From Democritus (460 - 371 BC...) 
to Dalton (1766 - 1844) 

it was assumed that the objects around us are 
made up of tiny indivisible particles - atoms interacting 
with each other..



John Dalton 1808

- All atoms of one element are similar 
and have the same weight, 
- Atoms of different elements have 
different weights,

- The building bricks – molecules – are complex 
compositions of different atoms in certain proportions,
- The matter is neither formed nor is disappearing in 
chemical reactions

36 elements were known at that time



Genuine D.I.Mendeleev’s Table

Dmitri Mendeleev 
1869

63 elements were already know by that time
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Mendeleev’s Table of elements (1869) showed 
for the first time 

that the chemical properties 
(or the nature of the interaction) 

are regularly repeated with increasing the weight (or 
atomic number) of the elements. 

It follows that: 
the atoms are not "building bricks", 

They themselves are complex internal 
structures.
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electrons

Z

Planetary model of atom

nucleus

86 elements were already known by that time

Ernest Rutherford
March7, 1911

It became clear that existence of atom 
is limited by stability of its nucleus.



George Gamow 1928

In attempts to describe the properties of 
nuclear matter, George Gamow made a 
daring assumption that atomic nucleus 
may be similar to a drop of positively 
charged liquid.

In fact, the density of nuclear liquid 
is 1015 times more than that of water

Charged Liquid Drop Model 
of the atomic nucleus. 

G. Gamow, 1928.
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With this beautiful macroscopic and, in this sense, classical 
model of nucleus that presents nuclei as drops of charged 
liquid of constant density:

G.A.Gamov –developed the theory of alpha-decay of the 
atomic nuclei (1928) 

C.F. von Weizsäcker – wrote the famous formula for    the 
binding energy of nuclei (1933)

N.Bohr and J.Wheeler – developed the theory of 
nuclear fission (1939)
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We will be discussing today the problem of 
synthesis and properties of extremely heavy nuclei 
to get answers to questions about:

• How big the nuclei can be?

• What of proton and neutron number they may have?

• Where is the mass limit of the nuclei?

• How many chemical elements can be and what are 
their properties?
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Nuclear structure 

and stability of the heaviest nuclei
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In this interpretation, the manifestation of the nuclear structure is similar to the 
effect of the electron shells closure  in the atoms,–

2He, 10Ne, 18Ar, 54Xe, 86Rn    known as “noble 
gases” located in the last column 
of the Table of Elements.

Maybe that's why the appearance of this effect in the nucleus has been called
nuclear shells closure ....

However the analogy is very conditional because of a very dense nuclear matter 
can not have the structure of the atom 

(remember the model of atom of Rutherford – Bohr)
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NEW SHELLS

Among them 
9 nuclei are doubly magic

About 3000 nuclei 
are known today
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Shell effect in the nuclear ground states (mass defect)

Nilsson, Thompson, and Tsang, 1969
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Proton and neutron single particle energy spectra calculated
for deform 270108 and 298114 doubly magic nuclei



110

120

100

90

80

70
170

число нейтронов

чи
сл
о 
пр

от
он

ов

180 190110 120 130 140 150 160

Chart of nuclides

152

100

deformed
shells

deformed 
shells

162

108

spherical
shells

126

Pb

X

8282

Nuclear shells
(macro‐microscopic  calculations) 

About 50 years ago

184

114

spherical
shells

Neutron     numberNeutron     number

Pr
ot

on
   

 n
um

be
r



N
um

be
r o

f p
ro

to
ns

Number of protons

Map of the shell corrections (in MeV)
to the liquid drop potential energy

Yu. Oganessian. “Nuclear at the Mass Limit, Discovery of SHN” Seminar on NP of INPh April 4, 2017, MSU, Moscow



Nuclear levels
depending on
deformation

Shell effect with increasing of nuclear deformation
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Los Alamos (USA)
Berkeley (USA)
Dubna (JINR)
Oak Ridge (USA)

Mainz (Germany)
Darmstadt (Germany)
Orsay (France)
Würenlingen (Switzerland)
Tokyo (Japan) some later

1970-1985
15-year long assault on the “Islands of Stability”



To find the method of producing/detecting of superheavy elements
Search in nature: earth/lunar objects, cosmic rays, 

artificial synthesis of superheavy elements

Use and develop a setup for synthesizing SHE
High‐flux reactor, even nuclear explosion, powerful 

accelerator of heavy ions, 

To develop setups and detectors for separating and registering the 
rarest events of formation and decay of superheavy nuclei

separator/detector, spectrometer, chemical methods, etc.

To have much patience
To work for many years, being ready to rearrange on the way and improve 

the experimental technique

The task of every laboratory was:
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A. Sobiczewski, K. Pomorski, PPNP 58, 292, 2007
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Experiments on the synthesis of SHE with 48Ca-beam at FLNR (JINR) 

1977- 1979
FLNR JINR



1985

GSI, Darmstadt, Germany*
LBL, UC Berkeley, CA
Univ. of Mainz, Germany
LANL, Los Alamos, NM
EIR, Würenlingen, 

Switzerland

Experiments on the synthesis of Z=116 nuclei in the reaction 248Cm+48Ca 

1977- 1979
FLNR, JINR
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After this, an opinion arouse that the “Stability Island” may exist but this 
cannot be verified…

Here our opinions have diverged

We did not share this view and, since the beginning of 1990,  we started 
preparing:

• development of a separator of superheavy nuclei in 1989
(gas-filled separator of recoil nuclei)

• search for the target materials and manufacturing targets, 1990
(collaboration with nuclear centers of Russia and USA)

• production of intense beam of Cа‐48 in 1996
(new type of ion source ECR-4M)

• getting ready to long‐term experiments, 1990‐97.



Ion charge distribution of Ca‐48  extracted from 14 GHz ECR‐ion source
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Target

BeamBeam

Dubna Gas Filled Recoil Separator  /DGFRS/

Our design



High Flux Isotope Reactor  (HFIR) of ORNL
&

Electromagnetic Mass Separator of LLNL
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1985

GSI, Darmstadt, Germany*
LBL, UC Berkeley, CA
Univ. of Mainz, Germany
LANL, Los Alamos, NM
EIR, Würenlingen, Switzerland

Experiments on the synthesis of SHE in 48Ca induced reaction

1977- 1979
FLNR JINR

1999
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Summary decay properties of the isotopes of elements 112, 114, 116 and 118 
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Odd-Z Superheavy Nuclei

Synthesis of the Isotopes 
with Z =113, 115 and 117



Experiments on the synthesis 
of element 115 in the reaction 
243Am(48Ca, xn)291−x115

Yu. Ts. Oganessian et al., PRC 69, 021601(R) (2004)

RAPID COMMUNICATIONS

T1/2=320d
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Berkelium ‐249 at hot cell

In solution
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The purified product contained 22.2 мг Bk-249
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Summary decay properties of the isotopes of elements 113, 115, and 117 
observed in 237Np, 243Am and 249Bk + 48Ca reactions
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A/Z Setup Laboratory Publications

283112 SHIP GSI Darmstadt Eur. Phys. J. A32, 251 (2007)

283112 COLD PSI‐FLNR (JINR) NATURE 447, 72 (2007)

286, 287114 BGS LBNL (Berkeley) P.R. Lett. 103, 132502 (2009)

288, 289114

292, 293116

TASCA

SHIP

GSI – Mainz

GSI Darmstadt

P.R. Lett. 104,  252701 (2010)
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GSI – Mainz

GSI – Mainz
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Confirmations of DGFRS data  2007 ‐ 2014
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With Z >40% larger than that of Bi, the heaviest stable elementWith Z >40% larger than that of Bi, the heaviest stable element
we see an impressive extension in nuclear survivability. we see an impressive extension in nuclear survivability. 

Although SHN are at the limits of Coulomb stability, Although SHN are at the limits of Coulomb stability, 

•• shell stabilization lowers groundshell stabilization lowers ground--state energy, state energy, 

•• creates a fission barrier, creates a fission barrier, 

•• and thereby enables SHN to exist. and thereby enables SHN to exist. 
. 
The  fundamentals of the modern theory The  fundamentals of the modern theory 

concerning the mass limits of nuclear matter concerning the mass limits of nuclear matter 
have obtained experimental verificatihave obtained experimental verification 
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Super Heavy Atoms

Chemistry of the SHE
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Reaction:
242Pu(48Ca,3n)287114[0.5s]→α→283112 [3.6s]

Compounds: Hg(Au)
and 112(Au)

R. Eichler et al., Nature 447 (2007) 72

Au

SiO2
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Adsorption of Hg and Cn (Z=112) on the Gold Surface

V. Pershina, 2006  (theory)
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FLNR, JINR 2007 

242Pu(48Ca,3n) 287Fl → 283Cn
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Thermo chromatography of the SHEThermo chromatography of the SHE
and its light homologies oand its light homologies on the gold surfacen the gold surface
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Outcomes and the future
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Projec
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Intensi
ty

Ion/s
20Ne 1∙1014

48Ca 6∙1013 

50Ti 3∙1013

70Zn 2∙1013

86Kr 3∙1013 

100Mo 2∙1012

124Sn 2∙1012

136Xe 2∙1013 

208Pb 1∙1012 

238U 1∙1011  



More than 50 ORNL of staff contributed to 
the Bk‐Cf production and separation

1. Radiochemical Engineering Development Center1. Radiochemical Engineering Development Center

2. High2. High‐‐Flux Isotope ReactorFlux Isotope Reactor

3. Nuclear Science and Technology Division3. Nuclear Science and Technology Division

4. Chemical Sciences Division4. Chemical Sciences Division

5. Transportation and 5. Transportation and 

6. Packaging Division6. Packaging Division

Target Team at Oak Ridge



FLNR, JINR FLNR, JINR (Dubna)(Dubna)

ORNL (OakORNL (Oak--Ridge, USA)Ridge, USA)

LLNL (Livermore, USA)  LLNL (Livermore, USA)  

ANL (Argonne, USA)ANL (Argonne, USA)

GSI (Darmstadt, Germany)GSI (Darmstadt, Germany)

TAMU Cyclotron Institute (Texas, USA)TAMU Cyclotron Institute (Texas, USA)

GANIL (Caen, France)GANIL (Caen, France)

RIAR (Dimitrovgrad, Russia)RIAR (Dimitrovgrad, Russia)

Vanderbilt University (Nashville, USA)Vanderbilt University (Nashville, USA)

Knoxville University (Knoxville, USA)Knoxville University (Knoxville, USA)

CollaborationCollaboration
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