
  Structure of the atomic nucleus 

 

  Some basic facts about the atomic nucleus: a bit of 
history and unveiling the important degrees of 
freedom 

  

 

  

 



THE ATOMIC NUCLEUS AS A BOUND SYSTEM 

NUCLEAR BINDING ENERGY / NUCLEON

NUCLEONS NUCLEUS + 

BINDING ENERGY

~- 8MeV





Scattering of  particles (from Ra source) 
on Au foil (1910)  

Atomic size ~ 10-14 m 

New picture of the atom: discovering the atomic nucleus 



Observing the nucleus with increased 
resolving power and complementary probes 

Using electrons, photons, and 
other strongly interacting 
particles: ,p,n,…, nuclei. 
 
 
Transfer of energy and momentum: 
measure the nuclear response to 
these external probes  



NUCLEAR CHARGE DENSITY



“For his pioneering studies of electron scattering in atomic nuclei  
and for his thereby achieved discoveries concering the structure  
of the nucleons” (work in the period 1953-1956 at Stanford-SLAC). 

Robert Hofstadter – Nobel prize in physics 1961 



208 3 209Pb( He,d) Bi

SINGLE-NUCLEON TRANSFER REACTIONS

C. Ellegaard and B. Vedelsby, PL26B (1968), 155 

Single-particle transfer reactions 
testing the single-particle structure 
of levels next to closed shell nuclei 

Tandem at Niels Bohr Insitute 
 
Deuteron spectrum measured at 85°  
and 110° in magnetic spectrograph  



A.Bohr, B.Mottelson and D.Pines, 
PR110(1958),936 

Pairing of nucleons 
 
Essential to describe 
odd-mass and even-even 
nuclei. 





Photoneutron cross-sections on Au 
using monochromatic photons 
 

Fultz et al., PRC127 
(1962),1273 

Lawrence Radiation Lab. 
Livermore 

Nuclear electric dipole 
vibrational mode 





Coulomb excitation, lifetime data, 
inelastic scattering,..  

Nuclear 
collective 
quadrupole 
modes 



Observation of rotational bands following 
Coulomb excitation of 242,244Pu 

W. Spreng et al., 
PRL 51(1983),1522 

Projectile: beam of 208Pb  



Heavy-ion fusion-evaporation 
Reactions    
 
40Ar on 124Sn forms the  
compount nucleus 164Er in a  
state of rapid rotation. 
 
Unbound: 4 neutrons emitted 
to form 160Er which decays  
further with emission of  
 rays down to ground state 



   THERE EXISTS A RATHER CONSTANT NUCLEAR CHARGE AND  MATTER 
   DENSITY DISTRIBUTION ch(r),m(r), WITH A SHARP RADIUS R~ r0A1/3 

 
   ONE NUCLEON TRANSFER REACTIONS GIVE EVIDENCE FOR SINGLE-PARTICLE 
   MOTION WITH STRONG SPIN-ORBIT SPLITTING AND LARGE SHELL GAPS 
 
   Independent-particle motion near the Fermi level 
 
   ONE NUCLEON VS. TWO NUCLEON SEPARATION; TWO-NUCLEON SPECTRA, 
   SPECTRA IN SERIES OF ISOTOPES (ISOTONES) 
 
   Superfluid (pairing) structure at low excitation energy 
 
   COULOMB EXCITATION; SCATTERING OF d,,p,..; HEAVY-ION FUSION- 
   EVAPORATION REACTIONS. 
 
   Presence of multipole (dipole,quadrupole) modes exhibiting  
   vibrational, rotational patterns. 
 
 
    EMERGENCE OF EFFECTIVE DEGREES OF FREEDOM IN THE 
ATOMIC NUCLEUS 



Theoretical concepts ensueing from the data set 
to describe the essential degrees of freedom 



Maria Goeppert Mayer, J.Hans 
D. Jensen – 1949 
 
“for their discoveries concerning 
nuclear shell studies” (1963) Phys.Rev.75,1969 (1949) 

Phys.Rev.75,1766(1949) 
Shell closure at Z=2,8,20,28,50,82,.. 
N=2,8,20,28,50,82,126,.. 



Aage Bohr, Ben Mottelson and James Rainwater  
– 1950-1952 
 
“for the discovery of the connection between  
collective motion and particle motion in atomic  
nuclei and the development of the theory of  
the structure of the atomic nucleus based on  
this connection” (1975) 



Exploring the mass landscape beyond the region close 
to stability 

Need for new experimental 
methods: using unstable beams 
 



First accelerator: 800 keV protons at Cavendish (Cambridge) 

Eventually he came out, sat on a stool and said:  
'Those scintillations look mighty like alpha-particle  
  ones. I should know an alpha-particle when I see one  
 for I was in at the birth of the alpha-particle and I  
 have been observing them ever since'! (E.Walton) 

E. Walton, E. Rutherford and J. Cockcroft (1932) 

 “Splitting the atom” 
 
  First reaction: 7Li + p  8Be   +  
   



Thibault et al., PRC 12 (1975)  

Mass of 26-32Na 

The early ISOLDE separator beam 
line in 1967 at the SC at CERN 

Experiments with unstable beams: 
  
Direct mass measurements 

 Na nuclei  



..to the present beam-lines layout and research 
with postaccelerated beams at Mini-ball @ REX- 
ISOLDE -2010-2012 





In order to make steady progress in exploring the atomic 
nucleus and its structure, starting from the interplay of  
many nucleons (protons,neutrons) interacting with an 
« in-medium » effective nucleon-nucleon interaction. 
 
Need for developments on the side of both accelerators, 
detection systems and analyzing algorithms.   
 
Discoveries will follow as shown many times in the past. 



   The atomic nucleus: a bound system of 
interacting nucleons 

 
   1. Nuclear forces and very light nuclei 
 
 2. The nuclear shell model: from independent 

particle motion towards modern applications 
 
 3. Nuclear deformation and collective motion: 

phenomenological models and self-consistent 
mean-field theory 

 


