
Global properties of nuclei

1. Masses, binding energies and neutron separation energies

2. Charge density distribution

3. Deformations, quadrupole moment



Binding

• The mass of a nucleus consisting of A 
nucleons is not entirely determined by the 
masses of the nucleons. The difference (the 
“mass defect”) is the binding energy: that 
energy required to disassemble the 
nucleus. Note that the mass is defined in 
terms of atomic masses (it includes the 
electron masses).

• The binding energy contributes significantly 
(~1%) to the mass of a nucleus. This 
implies that the constituents of two (or 
more) nuclei can be rearranged to yield a 
different and perhaps greater binding 
energy and thus points towards the 
existence of nuclear reactions in close 
analogy with chemical reactions amongst 
atoms.



Binding: liquid-drop formula

The semi-empirical mass formula, 

based on the liquid drop model, 

considers five contributions to the 

binding energy(Bethe-Weizacker

1935/36)

Different contributions to 

binding.



Estimates for the drip lines 

can be obtained from the 

liquid-drop model

Missing: Shell corrections 

and other effects from

quantum mechanics.

The liquid-drop formula 

reproduces the bulk properties of 

nuclei.



Binding energies: bulk properties

• For most nuclei, the binding energy per nucleon is about 8MeV.
• Binding is less for light nuclei (these are mostly surface) but there 

are peaks for A in multiples of 4. (But note that the peak for 8Be is 
slightly lower than that for 4He.

• The most stable nuclei are in the A~60 mass region
• Light nuclei can gain binding energy per nucleon by fusing; heavy 

nuclei by fissioning.
• The decrease in binding energy per nucleon for A>60 can be 

ascribed to the repulsion between the (charged) protons in the 
nucleus: the Coulomb energy grows in proportion to the number of
possible pairs of protons in the nucleus Z(Z-1)/2

• The binding energy for massive nuclei (A>60) thus grows roughly as 
A; if the nuclear force were long range, one would expect a variation 
in proportion to the number of possible pairs of nucleons, i.e. as 
A(A-1)/2. The variation as A suggests that the force is saturated; the 
effect of the interaction is only felt in a neighborhood of the nucleon.



Neutron star: bold explanation





Shell effects



Odd-even effects

Odd-even staggering

1. Double occupancy of single-

particle orbitals by spin-1/2 

fermions

2. (Pairing is another component)





Charge-density distributions

Cross section from elastic electron scattering

Mott cross section Form factor accounts for sub-structure

Relation to geometric properties: 
Expansion for small momentum transfer

For a “box density”:



Size and shape



Experimental and calculated density distributions



Halo nuclei



Halo nucleus 11Li 

Charge radius of 11Li 

comparable to that of 208Pb !

Weakly bound system

Pairing effects essential

(10Li particle-unstable nucleus) 



Neutron skin vs. neutron halo

• Measure for neutron skin:

• Neutron skins gradually build up as isotopes become more and 
more neutron rich.

• Halos are formed when the Fermi energy is close to the continuum, 
i.e. the neutron (proton) separation energy is close to zero. Due to 
the Coulomb barrier, proton halos are less pronounced than neutron 
halos. In a single-particle picture, we have

• Neutron halos appear as one approaches the neutron drip line. They 
are clearly correlated to the neutron separation energy.



Halos and Fermi energy

System of 70 noninteracting fermions 

in a square well of radius RSW
and energy e of the least bound orbital. 

The halo develops as the

binding energy of the least bound 

orbital goes to zero.



Calculated neutron skins 



Neutron halos and separatation energies



Shape deformation



Shape deformations



Quadrupole moments and electric E2 transitions

Strength for electric quadrupole transitions



Shell structure: B(E2) and E2
+

Nuclei with magic N

• Relatively high-lying first 2+

exited state 

• Relatively low B(E2) transition 
strength

S. Raman et al, Atomic Data and Nuclear Data Tables 78 (2001) 1.

E2+

B(E2)


