
Global properties of atomic nuclei



For low energies and under conditions where the electron does 
not penetrate the nucleus, the electron scattering can be 
described by the Rutherford formula. The Rutherford formula is 
an analytic expression for the differential scattering cross 
section, and for a projectile charge of e, it is

Kinetic energy of electron

How to probe nuclear size?
⇒ Electron Scattering from nuclei

As the energy of the electrons is raised enough to make them an effective nuclear probe, a 
number of other effects become significant, and the scattering behavior diverges from the 
Rutherford formula. The probing electrons are relativistic, they produce significant nuclear 
recoil, and they interact via their magnetic moment as well as by their charge. When the 
magnetic moment and recoil are taken into account, the expression is called the Mott cross 
section. 



A major period of investigation of nuclear size and structure occurred in the 1950's with 
the work of Robert Hofstadter and others who compared their high energy electron 
scattering results with the Mott cross section. The illustration below from Hofstadter's 
work shows the divergence from the Mott cross section which indicates that the 
electrons are penetrating the nucleus - departure from point-particle scattering is 
evidence of the structure of the nucleus.

from: http://hyperphysics.phy-astr.gsu.edu/



Form factor

q – three momentum transfer of electron

The cross section from elastic electron scattering is:

Mott cross section form factor



Sizes

ρ 0( ) = 0.16 nucleons/fm3

ρ r( ) = ρ0 1+ exp
r − R
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R ≈1.2A1/3 fm, a ≈ 0.6fm



Calculated and measured densities



Protons and neutrons aren’t point particles
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.

But quarks can have a transverse spin preference, denoted as 
transversity. Because of effects of relativity, transversity’s rela-
tion to the nucleon’s transverse spin orientation differs from 
the corresponding relationship for spin components along its 
motion. Quark transversity measures a distinct property of 
nucleon structure—associated with the breaking of QCD’s 
fundamental chiral symmetry—from that probed by helicity 
preferences. The first measurement of quark transversity has 
recently been made by the HERMES experiment, exploiting 
a spin sensitivity in the formation of hadrons from scattered 
quarks discovered in electron-positron collisions by nuclear 
scientists in the BELLE Collaboration at KEK in Japan.

Fueled by new experiments and dramatic recent advances 
in theory, the entire subject of transverse spin sensitivities in 
QCD interactions has undergone a worldwide renaissance. 
In contrast to decades-old expectations, sizable sensitiv-
ity to the transverse spin orientation of a proton has been 
observed in both deep-inelastic scattering experiments with 
hadron coincidences at HERMES and in hadron production 
in polarized proton-proton collisions at RHIC. The latter 
echoed an earlier result from Fermilab at lower energies, 
where perturbative QCD was not thought to be applicable. 
At HERMES, but not yet definitively at RHIC, measure-
ments have disentangled the contributions due to quark 
transverse spin preferences and transverse motion preferences 
within a transversely polarized proton. The motional prefer-
ences are intriguing because they require spin-orbit correla-

tions within the nucleon’s wave function, and may thereby 
illuminate the original spin puzzle. Attempts are ongoing to 
achieve a unified understanding of a variety of transverse spin 
measurements, and further experiments are planned at RHIC 
and JLAB, with the aim of probing the orbital motion of 
quarks and gluons separately.

The GPDs obtained from deep exclusive high-energy 
reactions provide independent access to the contributions 
of quark orbital angular momentum to the proton spin. As 
described further below, these reaction studies are a promi-
nent part of the science program of the 12 GeV CEBAF 
Upgrade, providing the best promise for deducing the orbital 
contributions of valence quarks.

The Spatial Structure of Protons and Neutrons
Following the pioneering measurements of the proton 

charge distribution by Hofstadter at Stanford in the 1950s, 
experiments have revealed the proton’s internal makeup with 
ever-increasing precision, largely through the use of electron 
scattering. The spatial structure of the nucleon reflects in 
QCD the distributions of the elementary quarks and gluons, 
as well as their motion and spin polarization.

Charge and Magnetization Distributions of Protons and 
Neutrons. The fundamental quantities that provide the 
simplest spatial map of the interior of neutrons and protons 
are the electromagnetic form factors, which lead to a picture 
of the average spatial distributions of charge and magnetism. 

26 QCD and the Structure of Hadrons

charge distribution in the neutron charge distribution in the proton

relativistic Darwin-
Foldy correction



Proton size puzzle

https://www.psi.ch/media/proton-size-puzzle-reinforced

http://www.newscientist.com/article/dn19141-incredible-shrinking-proton-raises-eyebrows.html

Muon has a mass of 105.7 MeV, which is about 200 times that of the electron

Bohr radius:
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Figure 1: Proton radius determinations over time. Electronic measurements seem

to settle around rp=0.88 fm, whereas the muonic hydrogen value [1,2] is at 0.84 fm.

Values are (from left to right): Orsay [10], Stanford [11], Saskatoon [12, 13],

Mainz [14] (all in blue) are early electron scattering measurements. Recent new

scattering measurements are from MAMI [4] and Jlab [15]. The green and cyan

points denote various reanalyses of the world electron scattering data [16–21]. The

red symbols originate from laser spectroscopy of atomic hydrogen and advances

in hydrogen QED theory (see [3] and references therein). The green and red

points in the year 2003 denote the reanalysis of the world electron scattering

data [19] and the world data from hydrogen and deuterium spectroscopy which

have determined the value of rp in the CODATA adjustments [3, 22] since the

2002 edition.
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Figure 2: Proton charge radii rp obtained from hydrogen spectroscopy. According

to Eq. (4), rp can best be extracted from a combination of the 1S-2S transition

frequency [25] and one of the 2S-8S,D or 12D transitions [26,27]. The value from

muonic hydrogen [1, 2] is shown with its error bar.

Table 1: Numerical results for the O(↵5)m4 proton structure corrections to the

Lamb shift in muonic hydrogen. Energies are in µeV.

(µeV) Ref [91] Ref. [81, 90] Ref. [93]

�Esubt 5.3± 1.9 1.8 2.3

�Einel
�12.7± 0.5 �13.9 �16.1

�Eel
�29.5± 1.3 �23.0 �23.0

�E �36.9± 2.4 �35.1 �36.8

Proton charge radii obtained from 
hydrogen spectroscopy

Proton radius determinations over time

Pohl et al. http://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102212-170627

New radius: ���������	� fm



New Measurement Deepens Proton Puzzle
Aug. 2016: Pohl et al. (Science 353) determined the charge radius of the deuteron, 
a nucleus consisting of a proton and a neutron, from the transition frequencies in 
muonic deuterium. Mirroring the proton radius puzzle, the radius of the deuteron 
was several standard deviations smaller than the value inferred from previous 
spectroscopic measurements of electronic deuterium. This independent 
discrepancy points to experimental or theoretical error or even to physics beyond 
the standard model.

Examples of how the measured values of constants can vary dramatically before 
converging on their correct values (from PDG)




