
Nuclear Experiments: Introduction 

Ø  What is the nature of the nuclear force that binds 
protons and neutrons into stable nuclei and rare 
isotopes? 

Ø  What is the origin of simple patterns in complex 
nuclei? 

Ø  What is the origin of the element in the cosmos? 

Major open questions in current nuclear structure physics: 



National Superconducting  
Cyclotron Laboratory 

131 Undergrad. students  
  85 Graduate students 
  43 Postdocs 
  44 Faculty 

Coupled Cyclotron Facility 



FRIB: Facility for Rare Isotope Beams 

New Construction 

Ø  FRIB is located on the campus of Michigan State University and funded by the 
U.S. Department of Energy 

Ø  MSU selected to design and 
establish FRIB in December 
2008 

Ø  Project started in 
June 2009 

Ø  Expected 
completion 2022 
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There is more than fundamental physics 

I would like to describe a field, in which little has been done, but 
in which an enormous amount can be done in principle. This field 
is not quite the same as the others in that it will not tell us much 
of fundamental physics (in the sense of, “What are the strange 
particles?”) but it is more like solid-state physics in the sense that 
it might tell us much of great interest about the strange 
phenomena that occur in complex situations.  

APS Meeting 1959, Engineering and Science, February 1960 

Richard Feynman 



       Human  
        life    

      DNA  
                         
  
                             
 

Nucleons 

         Cells    

        

                        Molecules 

  
                             

       

      Quarks 

Nuclei 
Atoms 

From simplicity to complexity 



Nuclear chart 

In order to answer the main questions one has to measure 
the properties of nuclides as a function of N and Z 



Discovery of isotopes 

Ø  First step is the discovery of new isotopes 
Ø  Develop new production, identification  

and purification techniques 
Ø  As techniques become more routine  

and beam intensities increase, one can  
start to measure nuclear properties: 
Ø  Lifetimes 
Ø  Masses 
Ø  Structure 

The quest for the unknown is a 
driving force for discovery 



Technological advances drive discoveries 

Radio- 
activity 

Mass  
spectroscopy 

First accelerators 

Projectile 
fragmentation WWII 

Fusion evaporation    

Reactors 

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



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



Discovery of radioactivity: 238U 

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 



Exponential decay I 



Exponential decay II 



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 



Origin of the term isotope 
http://blogs.nature.com/thescepticalchymist/2013/11/isotope-day.html 

B. F. Thornton and Shawn C. Burdette, Nature Chemistry  5 (2013) 979 



“Iso”-”tope”: Same place 



December 4: Isotope Day 

http://www.gla.ac.uk/hunterian/visit/events/headline_296351_en.html 



..nothing to do with… 



Mass spectra of chemical elements 
F.W. Aston, Phil. Mag. 39 (1920) 611 

A.J. Dempster,  
Phys. Rev. 11 (1918) 316 



Improvement of resolution 

F.W. Aston, Nature 105 (1920) 617 

A.O. Nier,  
Phys. Rev. 33 (1938) 282 



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 

9Be(α,n)12C 



First accelerators 

J.D. Cockcroft and E.T.S. Walton,  
Proc. Roy. Soc. A 136 (1932) 619 

J.D. Cockcroft and E.T.S. Walton, 
Nature 129 (1932) 242 
Submitted: February 2, 1932 

E.O. Lawrence and M. S. Livingston, 
Phys. Rev. 40 (1932) 19 
Submitted: February 20, 1932 

Electrostatic accelerator 

Cyclotron 



First new isotope produced  
with an accelerator 

7Li + p        8Be        2α 

J.D. Cockcroft and E.T.S. Walton,  Nature 129 (1932) 649 
Submitted April 16, 1932 



First new isotope produced  
in a neutron induced reaction 

W.D. Harkins, D.M. Gans, and H.W. Newson, 
Phys. Rev. 44 (1933) 945 



January 15,1934: First observation  
of new radioactive isotopes 

27Al(α,n)30P 

Nature,  
February 10, 1934 



First nuclear chart 

Neutrons vs Protons 

G. Fea, Nuovo Cimento 12 (1935) 368 



Original Segre chart 

http://www.daviddarling.info/encyclopedia/I/
isotope.html 
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Discovery of transuranium elements? 

Nature, June 16, 1934 

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



Early skeptics: 

The proof that the new 
radioelement has Z = 93, 
has not been established… 

Angew. Chemie 47 (1934) 653 

It is conceivable that… 
these nuclei decay into 
several larger pieces… 



Apparent confirmation, but… 

239U 

Z. Phys. 106 (1937) 249 

This result is hard to understand within the current understanding of 
nuclei. 



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 



Reminder: Be careful! 

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



World War II 



Classified research 

Neptunium and plutonium: 
 
These first two transuranium elements were referred to simply as 
“element 93” and “element 94” or by code names, … 
 
Throughout 1941, element 94 was referred to by the code name of 
“copper”, which was satisfactory until it was necessary to introduce 
the element copper into some of the experiments. This posed the 
problem of distinguishing between the two.  
 
For a while, the plutonium was referred to as “copper” and the real 
copper as “honest-to-God copper.” 

“The elements beyond uranium”,  
G.T. Seaborg and W.D. Loveland (Wiley1990) 



Classified documents 



New counting techniques 

A.D. Schelberg, M.B. Sampson, and A.C.G. Mitchell,  
Rev. Sci. Instrum. 19, 458 (1948).  

Photograph of an oscilloscope 
with an oscillograph recorder. 
The time interval between the 
arrows is 0.05 s during which 
153 pulses from the decay of 
43Ti were counted.  

43Ti 



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



First fusion-evaporation reaction 

Phys. Rev. 80 (1950) 486 

Phys. Rev. 81 (1951) 154 
248Cf 



Range of fusion-evaporation reactions 



First detection of fusion-evaporation recoils 

A. Ghiorso et al., Phys. Rev. Lett. 1 (1958) 1 



Thermo-nuclear explosions I 

Rapid neutron capture 

“The elements beyond uranium”,  
G.T. Seaborg and W.D. Loveland (Wiley1990) 

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



Thermo-nuclear explosions II 

Successive neutron capture reactions 
followed by beta-decay 



Neutron-induced reactions in reactors 

Neutron induced fission 

X-10 reactor in Oak Ridge 



Network relations 

OSIRIS The neutron separation energies of the new 
isotopes 240U and 240Np were deduced from 
known α- and β - decay energies. 

J.D. Knight et al., Phys Rev 91 (1953) 889 

Network relationships between α-
decay, β -decay and neutron 
separation energies for thorium, 
uranium and plutonium isotopes.  



Missing mass spectra 

Energy spectrum of 6He ejectiles measured at 12◦ in a spectrograph.  

J. Cerny et al., Phys. Rev. Lett. 13 (1964) 726 

12C(3He,6He)9C 



First radioactive beam experiment 

Phys. Rev. 82 (1951) 96 



Production of Rare Isotopes at Rest 
(ISOL technique) 

1. Bombard a thick target of heavy nuclei with energetic light 
particles, e.g. 1 GeV protons, to achieve random removal of 
protons and neutrons or fission 

2. Extract rare isotopes from the target material by diffusion or 
effusion; ionize and accelerate them to the desired energy 
→ beam of high quality 



1 GeV p+U: Light neutron-rich isotopes 



Isotope Separation On-Line (ISOL) 

Phys. Rev. Lett. 20 (1968) 740 

ISOLDE (Isotope Separation On-Line DEtector) 



Production of Rare Isotopes in Flight 
1. Accelerate heavy ion beam to high energy and pass through a thin target 

to achieve random removal of protons and neutrons in flight 

2. Cooling by evaporation 

hot participant zone 

projectile fragment 

projectile 

target 

projectile fragment 

Rare isotope beam 



Projectile fragmentation 

Phys. Rev. Lett. 42 (1979) 40 

Fragments were detected 
in a zero-degree magnetic 
spectrometer and identified 
in a ΔE-E silicon detector 
telescope 



Fragment separators (Spectrometers) 

T. Baumann et al., Nature 449 (2007) 1022 



Secondary beams 

18O         11Li+C         10He+X 

10He        8He+n+n 



In-flight fission 

M. Bernas et al., Phys. Lett. B 331 (1994) 19 



High precision mass measurements 

J. Van Schelt et al., Phys. Rev. C 85 (2012) 045805 

Canadian Penning Trap: 
252Cf fission source 

Mass excess:   −60237(10) keV 
AME03:            −60420(200)# keV 



Known isotopes today 

M. Thoennessen, Int. J. Phys. E 25 (2016) 1630004 



Five-year running average 

M. Thoennessen, Int. J. Phys. E 25 (2016) 1630004 



Leading countries 

M. T., Nuclear Physics News 22, No.3, 19 (2012) 



Leading laboratories 

M. T., Nuclear Physics News 22, No.3, 19 (2012) 



Production methods 

- Stable and naturally 
occurring radioactive 
isotopes 

- Light-particle reactions 
- Neutron reactions 
- Fusion-evaporation 
- Fragmentation/spallation 



Known isotopes by production 
mechanism 



Five-year running average  
(production mechanism) 
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How many more nuclides are there? 

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



How can new nuclides be discovered? 

M. Thoennessen, Nucl. Data Sheets 118 (2014) 85 



New fragmentation facilities 



ISOL facilities 



Summary 

Ø  The quest for new discoveries pushes new technical developments 
Ø  Many of the most recent experimental techniques are based on methods 

developed many years ago. 
Ø  The new facilities will produce a tremendous amount of new data. 
Ø  Evaluation of these data is essential for the dissemination of the results. 
Ø  An experimental result  

that is not published is 
a waste of time and 
money. 

evaluated 


