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• Diffraction of Light

• General Features of Nuclear Physics 
Experiments

• Elastic Electron Scattering

• A Few Pictures

• Summary
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To see is to believe

• What is vision?

• Send a bunch of photons into an object

• Detect the scattered photons with our 
eyes

• What about the nucleons?

• Too small to see with our eyes 
(10-15m = 1 fm)
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Young’s Double Slit
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Young’s Double Slit
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Move to Quantum World

• In quantum world,  
wave = particle, particle = wave  
wavelength (   ) ~ momentum (   )

• According to De Broglie

• Then we can use
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Double Slit in Momentum Space
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Wavy Patterns, again
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Generalization

• For a distribution of diffraction holes

• For continuous distribution of scattering 
centers

Form Factor
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Intensity vs Form 
Factor

F (�k) =

Z

V
⇢(x) exp(i�k · x) d3x
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Nuclear Experiments

Unknown
Structure
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Nuclear Experiments

• Beam

• photon, electron, proton, nucleus

• pion, muon, kaon, positron, anti-proton

• unstable nuclei (RI beam)

• Usually requires accelerators
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Nuclear Experiments

• Target

• proton (hydrogen)

• stable nuclei

• neutron???

• solid, liquid, gas
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Nuclear Experiments

• Measuring the Intensities (Cross Sections)

• Detectors

• Spectrometers
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Cross Section

• Unit : area

• cm2, etc

• barn = 10-24 cm2

• mb, μb, nb, pb

Number of Scattered Particles

Number of Incident Particles/Area/Number of Scattering Center
σ = 
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Nuclear Experiments

• Intensities (or cross sections)

• Interaction between the beam and the 
target

• Measuring various particles and 
properties
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Nuclear Experiments
• Measuring various particles and properties

• beam, target

• “new” things

• newly produced particles

• fragments of the beam or target

• properties

• energy and/or angular distributions

• polarization (or spin direction)

• mass, lifetime, etc
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Scattering of Electrons

�ki

kf

�k = q = ki � kf

• Electron’s charge interacts with charge 
distribution inside the target

• Form factor = Fourier transform of the 
charge distribution

F (q) =
�

V
�(x)eiq·x d3x
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Homework

• Calculate the form factor for uniform 
density sphere of radius R

• In other words, do the following integral.

F (q) =
�

V
�(x)eiq·x d3x

with
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On Carbon Nucleus
• For a uniformly 

charged sphere

• From the position of 
the first minimum  
 
R ~ 2.5 fm  
   or 2.5x10-15m
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! Nuclear radius (4)

! Example for first form factor measurement at SLAC:

! Homogeneous sphere:

General properties of nucleiGeneral properties of nuclei

Homogeneous
sphere with edge oscillating

Exponential-like constantdipole12C 

Hofstadter, 1953 

Minimum at !=51°:

Oscillating:Homogen. sphere:

Form factorsCharge distribution

Scattering of wave on circular
opening generates
characteristic diffraction
pattern

Homogeneous sphere of radius R:
Minima at:

R. Hofstadter, Ann. Rev. Nucl. Sci. 7 (1957) 231.

F (q) =
3
�3

(sin�� � cos �)

� = |q|R/�
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Nuclear Radius

�
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1.2 General properties of nuclei 13
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Fig. 1.1. Experimental charge density (e fm−3) as a function of r(fm) as determined
in elastic electron–nucleus scattering [8]. Light nuclei have charge distributions that
are peaked at r = 0 while heavy nuclei have flat distributions that fall to zero over
a distance of ∼ 2 fm.

Table 1.1. Radii of selected nuclei as determined by electron–nucleus scattering [8].
The size of a nucleus is characterized by rrms (1.11) or by the radius R of the
uniform sphere that would give the same rrms. For heavy nuclei, the latter is given
approximately by (1.9) as indicated in the fourth column. Note the abnormally
large radius of 2H.

nucleus rrms R R/A1/3 nucleus rrms R R/A1/3

(fm) (fm) (fm) (fm) (fm) (fm)

1H 0.77 1.0 1.0 16O 2.64 3.41 1.35
2H 2.11 2.73 2.16 24Mg 2.98 3.84 1.33
4He 1.61 2.08 1.31 40Ca 3.52 4.54 1.32
6Li 2.20 2.8 1.56 122Sb 4.63 5.97 1.20
7Li 2.20 2.8 1.49 181Ta 5.50 7.10 1.25
9Be 2.2 2.84 1.37 209Bi 5.52 7.13 1.20
12C 2.37 3.04 1.33
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On the Proton

• Electrons also have spin, so does the 
proton

• Two form factors for

• charge distribution

• spin(magnetization) distribution

• Electric and Magnetic form factors

GE(q2)

GM (q2)
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• Spin 0 + Spin 0
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• Spin 1/2 + Spin 0
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• Spin 1/2 + Spin 1/2
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Summary

Spin 0 on Spin 0

Spin 1/2 on Spin 0

Spin 1/2 on Spin 1/2
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Cross Section

• Separation of the two form factors

• Measure the cross section at two 
different angles

• keeping       constant

e + p� e� + p
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Rosenbluth Separation
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Elastic electron-proton scattering (DIS)Elastic electron-proton scattering (DIS)

! Extraction of electric and magnetic form factors

! Rosenbluth separation

• Plot measured elastic cross-section as function of tan2(!/2)

• Slope:

• Intercept:

• Proton form factors:

• Neutron form factors:

R.E. Taylor, Proc. Int. Symp. on electron and
photon interactions at High Energies (Stanford
1967)

2�G2
M

(G2
E + �G2

M )/(1 + �)

Slope

Intercept
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Form Factors of the Proton

•  

• Radius of the 
proton

GE = GM/µ

�
< r2 > = 0.81fm
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Jefferson Lab
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Jefferson Lab Hall-A

Electron beam from 
the accelerator

Nuclear target
Two spectrometers

To the beam dump
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Spectrometer

Q1 Magnet

Detector
Packages

Dipole Magnet

Q3 Magnet

Q2 Magnet

Path of scattered electrons
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Experimental Hall A
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Installation of the new detector
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Summary

• Nuclear Physics

• Study of interactions of the nuclei

• Study of the structure of the nuclei

• beam on target

• Measurement of various “things”

• Infer interactions/structure


