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Nuclear Structure in the 1950's

• Rutherford: Most of the mass is located in 
a small, dense center of the atom            
=> Nucleus 

• Nuclei consist of protons and neutrons 

• Electron scattering (up to 15.7 MeV) [3] 
and fast neutron scattering => Nuclei have 
a finite radius 

• Form of the charge distribution unknown 

• No knowledge of the substructure of 
nucleons and others than electromagnetic 
interaction
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taken from ref. [4]
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Robert Hofstadter
• *Feb. 5th 1915,  Nov. 17th 1990 

• study of physics from 1935 at Princeton 
University, PhD in 1938 

• from 1938 research on photoconductivity in 
willemite crystals and during the war at the 
National Bureau of Standards 

• in 1950: Associate Professor at Stanford 
University initiating a program on electron 
scattering but also doing research on 
scintillation counters 

• from 1953: Main interest in electron scattering 
experiments and nuclear structure 

• 1961 Nobel Prize in physics
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Ref. [1]cf. ref. [1]
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Structure Determination by Elastic 
Electron-Nucleus Scattering

5

• Electron is the ideal probe: point-particle and only electromagnetic interaction 

• At “low” energies (< 1 GeV): elastic scattering, no disintegration of the nucleus 

• Interaction type depends on de Broglie wavelength of the electron (virtual 
photon): elastic and inelastic scattering 

• calculation of the cross-section: Born approximation and Fermi’s Golden Rule

taken from ref. [2]



Rutherford and Mott Scattering

Rutherford scattering: 

• non-relativistic, no recoil 

• only interaction between 
electric charges 

• point-like, spin-less particles
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Mott scattering: 

• relativistic electrons, point-like 
particles, recoil still negligible: 

• spin-less nucleus/electrons have 
spin 

• backscattering suppressed 
(helicity conservation for           )
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Nuclear Form Factor
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taken from ref. [2]
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• accounts for finite size of the 
nucleus 

• form factor and electric charge 
distribution are Fourier pairs



Experimental Apparatus
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taken from ref. [7,8]



Experimental Apparatus
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taken from ref. [7,8]



Experimental Apparatus
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taken from ref. [7]



Form Factor Measurements
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taken from ref. [7,9] taken from ref. [5]



Form Factor Measurements
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taken from ref. [6]

• diffraction minima of 
heavier elements are 
“washed out” 

• data agree well with a 
Fermi-type model of the 
nucleus 

• minima occur at the 
same position => R ⇠ A

1
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Results on the Nuclear Charge 
distribution
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taken from ref. [5]
taken from ref. [5]

• uniform charge distribution with smoothed surface (Fermi-model) [6,7] 

• model takes only two parameters [6,7]
c = (1.07 ± 0.02) ·A 1

3 fm
t = (2.4 ± 0.3) fm

t = r⇢/⇢0=0.1 � r⇢/⇢0=0.9 = 2z · ln 9



Results on the Nuclear Charge 
distribution
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taken from ref. [5]

• uniform charge distribution with smoothed surface (Fermi-model) [6,7] 

• model takes only two parameters [6,7]
c = (1.07 ± 0.02) ·A 1

3 fm
t = (2.4 ± 0.3) fm

taken from ref. [7]
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Nucleon Structure - How large are 
the Proton and Neutron?
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• charge und magnetic 
moment distribution of 
proton and neutron 

• idea: use electron 
scattering method on 
nucleons 

• 1954: first experiments by 
Hofstadter showed that 
proton has a finite size 
(0.74 fm)

taken from ref. [5,11,12]



Rosenbluth Formula - Electric and 
Magnetic Form Factors

• Rosenbluth (1950): higher electron energy -> magnetic scattering 

• scattering of point-like particles with spin:

• cross-section measurement: counting number of electrons 
scattered in a particular direction and knowing the incident 
electron flux 

• account for finite size of the nucleons (Rosenbluth formula):
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Electric and Magnetic Form Factor
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• Fourier-transforms of the charge/magnetic moment distribution      
in the limit

GE(Q
2) ' GE(q

2) =

Z
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• normalisation of the form factors to the charge/magnetic 
moment:
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Dirac- and Pauli Form Factors
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• relation to electric and magnetic form factors

GM = F1 + F2GE = F1 � ⌧F2

•      Dirac form factor: spread out charge distribution and 
magnetic moment 

•      Pauli form factor: anomalous magnetic moment (           )
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Proton Structure Results I (1956) [13,14]

taken from ref. [13]
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Proton Structure Results II (1961)

• form factors split at higher 
momentum transfer

• charge and magnetic moment 
RMS radii can be extracted 
independent of the 
distribution model

• results as of 1961 [cf. ref. 15]:

Rc = (0.75± 0.05) fm
Rm = (0.97± 0.10) fm
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taken from ref. [15]
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The Structure of the Neutron

• neutrons only available 
in the deuteron 

• at large momentum 
transfer neutron 
essentially free 

• cross section approx. 
sum of proton and 
neutron cross section

taken from ref. [11, 16]
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The Structure of the Neutron
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Rm = 0.76 fm
Rc = 0.00 fm

taken from ref. [5]

cf. ref. [17]

taken from ref. [18]



The Proton Radius - Today
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Rm = 0.777(13)
stat.(9)syst.(5)model

(2)
group

fm

taken from ref. [19]

cf. ref. [20]
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The Proton Radius Puzzle
The proton radius measured by spectroscopy of muonic hydrogen 
differs by      from the proton radius obtained using the electron 
scattering method and spectroscopy of “normal” hydrogen.
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The atomic orbit of the muon 
is much closer to the proton 
since 

=> higher sensitivity of the 
muon energy levels to the 
proton size [21,22]

Rc = 0.84087(39) fm

Rm = 0.87(6) fm
cf. ref. [22] cf. ref. [23,24,26]
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Summary - Electron Scattering

• nuclei have Fermi-type charge distribution described 
by two parameters, the radius c which depends on 
the number of nucleons and a surface thickness t 
which is constant for all nuclei 

• nucleons have a finite size and can be described by 
an exponential charge/magnetic moment distribution 

• development of the electron scattering method which 
is used today to measure the form factors of nuclei/
nucleons
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Questions?
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Thank you for your attention!



Measurement of the Form Factors
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taken from ref. [27]
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