How to probe nuclear size?
= Electron Scattering from 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 ¢, it is
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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.
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for a point nucleus, indicating
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from: http://hyperphysics.phy-astr.gsu.edu/



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

The cross section from elastic electron scattering is:
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Calculated and measured densities
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Protons and neutrons aren’t point particles

charge distribution in the neutron charge distribution in the proton
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Proton size puzzle

Muon has a mass of 105.7 MeV, which is about 200 times that of the electron
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http://www.psi.ch/media/proton-size-puzzle-reinforced
http://www.newscientist.com/article/dn19141-incredible-shrinking-proton-raises-eyebrows.html
http://www.annualreviews.org/doi/abs/10.1146/annurev-nucl-102212-170627

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.

1100 [T | RAARRARRE RAARRARAL RAARARRE RAARRARRL 7] 550-0_ """" AAARRRAL RARARRARL [RRRRRRARR [RARARRRAL ]
L - . O 549.0F -
E 1000[ kG E
5) . i
5*_: — 548.5- By
W
= 77
5 950k sl o
5 : { { £ 548.0F -
2 900 [ } } { { . = K I o I:
B . m 547.5F i P
850 Losssis s lisiaiei TPATTITIT L sl SAT0 s Levisiann Levesviess Levasreess lesssonsss o
1960 1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

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


https://www.quantamagazine.org/20160811-new-measurement-deepens-proton-radius-puzzle/

|Isotope Shift

Laser trapping of exotic atoms.
RMP 85, 1383 (2013)

TABLE 1. Contributions to the electronic binding energy and
their orders of magnitude in atomic units. a, is the Bohr radius,
a = 1/137. For helium, the atomic number Z = 2, and the mass
ratio u/M ~ 1 X 107%. g, is the nuclear g factor. a, is the nuclear
dipole polarizability.
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Experiment Theory
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Neutron radii

e Proton-Nucleus elastic

« Pion, alpha, d scattering >~ Involve strong
probes

« Pion photoproduction _

Phys. Rev. Lett. 112, 242502 (2014)


http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.112.242502

Parity-violating electron scattering

Z, of Weak Interaction
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A comment: Yukawa potential
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Lead (298Pb) Radius Experiment: PREX

Analysis is clean, like electromagnetic scattering:

1. Probes the entire nuclear volume

2. Perturbation theory applies E =850 MeV,0=6"
electrons on lead

Phys. Rev. Lett. 108, 112502 (2012)

Rskin — Rn — L1p



http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.108.112502

Neutron & proton density distributions

Diffuseness
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S. Mizutori et al., Phys. Rev. C61, 044326 (2000)

0.70 - 0.85

oss—070 | HFDB / S Ly4:

0.40 — 0.55 .

0.95 — 0.40 neutron skin

0.10 - 0.25

-0.05 - 0.10

-0.20 — -0.05
<-0.20 82

100+

EROROOOA

Proton Number Z
(@)
o

28

50 100 150 200
Neutron Number N



