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The world of subatomic particles
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Categories of particles
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Introduction

For atoms, structure means the spatial distribution of electrons  

It is described by the ground state wave function  

For the hydrogen atom, neglecting spin, the probability density is given by 

The structure includes all excited states 

Only if all excited states are known is the structure of an atom fully known and 
determined 

For nuclei charge and mass distributions are not identical 

For nucleons, studying their structure implies shooting a beam of particles 
accelerated at high velocities on them 

The nucleons, usually being at rest initially, recoil back from the interaction with very 
large velocities, close to the velocity of light 

Their structures are described in terms of form factors  

For leptons, no internal structure is known so far
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the electron wave function at the point
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Elastic scattering vs spectroscopy
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the intensity of the elastic peak is measured as a function of the scattering angle 

the intensity changes with angle because of the different recoil of the target particles 

the observed intensity is translated into a differential cross-section dσ/dΩ 

information about the structure of a particle is then deduced from the cross-section

In spectroscopy, one angle is selected and the spectrum of the scattered particles is 
studied at this angle 

In structure experiments, the detector configuration is very similar to the one used in 
spectroscopy experiments 

the detectors look at the elastic peak

Structure of particles is studied via either 
elastic or inelastic interactions between the 
particles of study and probes (beams) of 
incoming particles 

Elastic scattering experiments have provided 
a significant part of the information we now 
know about the structure of subatomic 
particles 

Elastic scattering experiments very similar to 
the spectroscopy ones
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Rutherford scattering

Elastic scattering of α-particles by the Coulomb field of the nucleus of charge Ze 

The cross section can be computed, with the same results, either classically or 
quantum-mechanically
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electron-proton scattering vs energy: Rutherford scattering

The Rutherford and Mott scattering are the low-energy limits of e-p scattering 

In both cases the electron energy is sufficiently low that the kinetic energy of the 
recoiling proton is negligible compared to its rest mass 

In this case the proton can be considered as a fixed, point-like source of 1/r 
electrostatic potential 

The cross-sections are calculated from scattering theory by using the first order 
terms in the perturbation expansion 

Rutherford scattering: 

the proton recoil can be neglected and the electron is non-relativistic 

The differential cross-section is given then by
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electron-proton scattering vs energy: Mott scattering

The Mott scattering is the limit where the electron is relativistic but the proton recoil 
can still be negligible 

These conditions apply when me << E << mp  

The matrix element is given this time by 

while the differential cross-section is given by
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Form factors

Form factors are introduced to account for the fact that some particles are not 
elementary but have internal structure 

The electron and in general leptons are elementary particles and thus are ideal tools 
to probe the internal structure of particles 

A typical example of such kind of interaction is the electron-proton elastic scattering
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Form factors (cont.)

The connection between the form factor and the density distribution is given by a 
Fourier transform of the probability density 

Experiments measure F(q2) for various values of the square of momentum transfer 
q2 and fit the data points to recover the continuum
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Form factors (cont.)

The form factor depends on the square of the momentum transfer to the target and 
not on the energy of the incident particle 

F(q2) can thus be determined for a specific value of q2 with projectiles of different 
energies 

However this q2 dependence is only a first order approximation…higher order 
corrections are needed
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Form factors (cont.)
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probability density: δ-function 
Form factor: uniform

probability density: exponential 
Form factor: dipole-like

probability density: gaussian 
Form factor: gaussian

probability density: box 
Form factor: sine-like
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Charge distribution of spherical nuclei

Investigation of nuclear structure by electron scattering performed using an electron 
accelerator that produces a beam with energies between 250 MeV and few GeV 

The electrons are transported into a scattering chamber where they hit the target 

The intensity of the scattering electrons is measured as a function of the scattering 
angle
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Charge distribution of spherical nuclei (cont.)
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The differential cross-section for the scattering of 500 MeV electrons from 40Ca
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Charge distribution of spherical nuclei (cont.)

The crudest approximation of the nuclear charge distribution is via an one-
parameter function e.g. a uniform or Gaussian distribution 

One-parameter functions give poor fits 

Two-parameter functions are more suitable instead e.g. the Fermi distribution 

Where N is the normalisation constant, c and α are parameters describing the nucleus 

c is called the half-density radius, t is the surface thickness 

Both are connected with α via
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Charge distribution of spherical nuclei (cont.)

For medium and heavyweight nuclei the root-mean-square charge radius is 

where A is the mass number of the nucleus 

the nuclear volume is thus proportional to the number of nucleons 

Nuclear density is approximately constant 

The half-density radius and the skin thickness are approximately 

the density of nucleons at the centre is                                                approaching the 
density of nuclear matter
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Charge distribution of spherical nuclei (cont.)

The actual charge distribution is however by far more complex than the two 
component Fermi distribution due to shell structure effects 

It is possible to extract the charge distribution from electron scattering cross-section 
in a model-independent way by writing the charge distribution as a superposition of 
Gaussians
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Elastic form factors of nucleons

Nucleons are not point like particles 

They have an internal structure, containing a combination of uud (protons) and udd 
(neutrons) 

The best way to explore the charge and current distributions of nucleons is again via 
the elastic scattering with electron beams 

For protons, one can use a liquid hydrogen target in the path of an electron beam 
and determine the differential cross-section of the scattered electrons 

For neutrons things become more complicated as there is no neutron target 

One relies on deuteron targets and subtract the effect of protons 

This usually leads to significantly large uncertainties in the measurements 

The form factors for spineless particles is given by 

This formula needs to be generalised for spin-1/2 particles
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Elastic form factors of nucleons (cont.)

The form factor in the previous formula describes the electric charge distribution, 
and thus F(q2) is called the electric form factor 

A proton has also a magnetic moment with its “magnetisation” being distributed over 
the volume of the nucleon and is described by the magnetic form factor 

The generalisation of the previous formula is given by the Rosenbluth equation 

where GE and GM are the electric and magnetic form factors and they are both a function 
of q2 

M is the mass of the nucleon, θ is the scattering angle between the incoming and 
outgoing electrons with energies E and E’, respectively 

q is the momentum transfer to the nucleon

19



Panos.Christakoglou@nikhef.nl

Elastic form factors of nucleons (cont.)

For the static case we have 

where Q and µ are the charge and magnetic moment of nucleons  

More specifically, for protons and neutrons we have
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Elastic form factors of nucleons (cont.)

Conclusion: Nucleons are not point like particles!
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Nobel prize in physics 1961
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Elastic form factors of nucleons (cont.)

To extract the form factors, we use this formula 

and plot the ratio of the measured cross-section for a given q2 value over the Mott cross-
section as a function of tan2(θ/2) 

The slope gives the factor multiplying tan2(θ/2) from where we extract GM2 

The intercept on the y-axis gives the other factor from where we extract GE2
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Elastic form factors of nucleons (cont.)

The magnetic form factor of a proton is described fairly well by a dipole function for 
low values of q2 

The proton charge and magnetic distributions are quite different
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Elastic form factors of nucleons (cont.)

The magnetic form factor of a neutron is described fairly well by a dipole function for 
low values of q2 

The neutron charge distribution is quite small
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Size of proton
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