
Discovery of exotic nuclei: 
past, present and future 

“Owing to the rapid advance in research on 

disintegration and the theory of nuclear 

structure, the existence or non-existence of 

rare isotopes has acquired an entirely 

unexpected importance and calls for a short 

review of their present situation.” 

F.W. Aston,  Nature 137, 613 (1936) 



Why search for new isotopes? 

 First step is the discovery of new isotopes 

 Develop new production, identification  

and purification techniques 

 As techniques become more routine  

and beam intensities increase, one can  

start to measure nuclear properties: 

 Lifetimes 

 Masses 

 Structure 
The quest for the unknown is a 

driving force for discovery 



New territory to be explored 

Table of isotopes 

Nuclear 

Chart in 1966 

Less than1000 

known 

about 3000 

known isotopes 



Discovery of radioactivity 

With potassium uranium sulfate, of which I have a few crystals 

forming a thin transparent crust, I was able to perform the following 

experiment: … 

 

From these experiments we must therefore conclude that the 

phosphorescent substance in question emits radiation which passes 

through the paper which is opaque to light and reduces the silver 

salts. 

February 24, 1896 



Uranium had been known for a while… 

Annals of Chemistry for the 

friends of natural science, 

medicine, home economics 

and manufacturing September 24, 1789 



Radioactive substances 

…however, already on September 13, 1899, 

Rutherford performed the first half-life 

measurement, discovering 220Rn 

February 24, 1896 Uranium  H. Becquerel      238U 

March 24, 1898  Thorium  G.C. Schmidt     232Th 

July 18, 1898  Polonium P. Curie and M. Curie    212Po 

December 26, 1898 Radium  P. Curie, M. Curie and G. Bemont 226Ra 

November 6, 1899 Radon  P. Curie and M. Curie    222Rn 

Subtracting the contribution of the activated plate due to the radioactive substance, 

it remains radioactive for several days. However, the induced radioactivity is 

decreasing, first very rapidly, then slower and slower and tends to disappear 

asymptotically. 



Exponential decay 



Rutherford’s Bakerian lecture: May 19, 1904 



The charge and nature of the α-particle 



Explanation of the decay chains 

F. Soddy,  

Nobel Lecture, 1922 

F. Soddy, Chem. News 107 (1913) 97 

 (submitted Feb. 18, 1913) 

 

K. Fajans, Physik. Z. 14 (1913) 131 

 (submitted Dec. 31, 1912) 



Thomson’s Bakerian Lecture: May 22, 1913 

J.J. Thomson, Proc. Roy. Soc. 89 (1913) 1 



Mass spectra of chemical elements 

F.W. Aston, Phil. Mag. 39 (1920) 611 



Nuclear transmutation 

“From the results so far obtained it is difficult to avoid the conclusion 

that the long-range atoms arising from collision of particles with 

nitrogen are not nitrogen atoms but probably atoms of hydrogen, or 

atoms of mass 2” 

E. Rutherford, Phil. Mag. 37 (1919) 581 



First new isotope in a nuclear reaction 

14N(α,p)17O 



Discovery of the neutron  

J. Chadwick, Nature 129 (1932) 312 

 

Submitted: February 17, 1932 



First new isotope produced  
with an accelerator 

7Li + p      8Be      2α 

J.D. Cockcroft and E.T.S. Walton,   Submitted: April 16, 1932 

 Nature 129 (1932) 649 



January 15,1934: First observation  
of new radioactive isotopes 

27Al(α,n)30P 

Nature,  

February 10, 1934 



March 1934 

March 1:    H.R. Crane and C.C. Lauritsen 

   Phys. Rev. 45 (1934) 430 (Caltech) 

 

March 9:  M.L. Oliphant, P. Harteck and E. Rutherford  

   Nature 133 (1934)  413 (Cambridge) 

 

March 17:  L. Wertenstein, Nature 133 (1934) 564 (Warsaw) 

 

 

March 20:  I. Curie and F. Joliet, 

   J. Phys. Radium 5 (1934) 153 (Paris) 



March 25, 1934: Fermi 



Discovery of transuranium elements? 

Nature, June 16, 1934 

E. Fermi, Nobel Lecture, December 12, 1938: 



December 22,1938: 

If they correspond to 

technetium, ruthenium, 

rhodium, palladium has not 

been tested. One could not 

have thought about this earlier. 

The sum of the Ba+Ma mass 

numbers (128+101) is 239! 

Naturwiss. 27 (1939) 11 

As chemist we should rename 

Ra, Ac, Th to Ba, La, Ce. As 

“nuclear chemists” close to 

physics, we cannot take this 

step, because it contradicts all 

present knowledge of nuclear 

physics. 



January 28, 1939: Discovery of 140Ba 



Interesting quotes I: 

D.R. Corson et al., Phys. Rev. 57 (1940) 459 



Interesting quotes II: 

D.C. Grahame and H. J. Walke, Phys. Rev. 60 (1941) 909 



Interesting quotes III: 

S. Ruben et al., Phys. Rev. 59 (1941) 349 



First spallation reaction: 63Cu(d,4p9n)52Fe  



Fusion-evaporation 

Phys. Rev. 80 (1950) 486 

Phys. Rev. 81 (1951) 154 
248Cf 



Nuclear explosions 

Rapid neutron capture 

“The elements beyond uranium”,  

G.T. Seaborg and W.D. Loveland (Wiley1990) 

http://www.youtube.com/watch?v=-22tna7KHzI 



1 GeV p+U: Light neutron-rich isotopes 



ISOL: Isotope separation on-line  

Phys. Rev. 82 (1951) 96 

Phys. Rev. Lett. 20 (1968) 740 



Projectile fragmentation 



Secondary beams 

18O      11Li+C      10He+X 

10He      8He+n+n 



Timeline movie 

http://www.nscl.msu.edu/~thoennes/2009/discovery.htm 

http://www.youtube.com/watch?v=oRkc521no94 

http://www.youtube.com/watch?v=ZvuMRwvJhHw 



Discoveries per year 

Radio- 

activity 

Mass  

spectroscopy 

First accelerators 

Projectile 

fragmentation 
WWII 

Fusion evaporation    

Reactors 

M. T. and B.M. Sherrill, Nature 473 (2011) 25 



Nuclide discovery by region 



MSU 

GSI 

RIKEN 

CERN 

Argonne GSI 

MSU 

GSI 
Berkeley 

Dubna 

Discoveries since 2009 

Jyväskylä 

Legnaro 

TAMU 



Discovery of superheavy elements 

~1 new element in 3 year 

G. T. Seaborg and W. D. Loveland, “The elements beyond  

uranium", Wiley, New York, New York (1990) 



Discovery of super heavy nuclides 

~4 new nuclides/year 

G. T. Seaborg and W. D. Loveland, “The elements beyond  

uranium", Wiley, New York, New York (1990) 



RIKEN 2010 



GSI 2012 

Using the high-resolution 

performance of the 

fragment separator FRS at 

GSI we have discovered 

60 new neutron-rich 

isotopes… 

Received 1 December 2011 



ANL 2012 

Received 1 July 2011 



MSU: 2013 



Nuclide beyond the dripline 



Neutron unbound 25O 

C.R.Hoffman et al., 

Phys. Rev. Lett. 100 (2008) 152502 

RIKEN 

>1000counts/50keV in 2012 

Y. Kondo et al., COMEX4, Oct.2012 

MSU 

~60counts/100keV in 2008 



Reconstructing 26O 

E. Lunderberg et al.,  

Phys. Rev. Lett. 108 (2012) 142503 

C. Caesar et al., arXiv:1209.0156   

MSU 

GSI 



Future 

M. T. and B.M. Sherrill, Nature 473 (2011) 25 

Most isotopes discovered per year ever! 

First time more than 100!! 



How many more nuclides are there? 

7000 bound nuclide should exist   (Erler et al.,Nature 486 (2012)  509) 



How can new nuclides be discovered? 



How produce new superheavy nuclides 

W. Loveland,  

Phys. Rev. C 76 (2007) 014612 

fusion with radioactive beams 

V. Zagrebaev and W. Greiner  

Phys. Rev. C 78 (2008) 34610 

cold fusion 

hot fusion 

multi-nucleon transfer 



Connect hot and cold fusion results 



Medium mass proton-rich nuclides 

proton emitters 



Projectile fragmentation instead of fusion 
evaporation reactions 

Only published in a Conference 

Proceeding, possible charge-state 

contamination could not be 

excluded. 

New nuclides 



Light proton-rich nuclides 



Neutron-rich nuclides 



New facilities 



FRIB: Facility for Rare Isotope Beams 

, 

Slid



• Project started in June 2009 

–MSU selected to design and establish FRIB in December 2008 

–Cooperative Agreement signed by DOE and MSU in June 2009 

• Preliminary technical design, final civil design, and R&D complete 

• Final technical design underway, to be completed in 2013 

• NSAC Implementation Subcommittee 2013 - FRIB a priority 

–“With FRIB, the field has a clear path to achieve its overall 
scientific goals“ 

• Early completion expected in 2019 

–CD-4 (project completion) is 2021 

FRIB project is on track 

, 

Slid



Final civil design is complete 

New Construction 

, 

Slid



Ready for civil construction to begin 

• Installation of pilings for earth retention system completed on schedule 

• Site preparation activities complete; ready for start of civil construction upon 
approval from DOE-SC 

Web cams at 

www.frib.msu.edu 

, 

Slid



New nuclides with FRIB 



Summary 

 Discovery is the first necessary step to study new 

isotopes 

 Search for new nuclides is a major driving force for 

developing new technologies and methods 

 Over 3000 nuclides are known, another ~1500 

nuclides should be possible to produce and identify 

 

 

http://www.nscl.msu.edu/~thoennes/isotopes 


