
In words, the first Born approximation tells us that:

The scattering amplitude is the Fourier transform of the scattering potential, and
the scattering cross section is the magnitude squared of the scattering amplitude.

To apply this, we need to know the relevant potential:

The potential for electrons is the Coulomb potential. 
The potential for visible light is the index of refraction.
The potential for neutrons is the nuclear density.
The potential for x-rays is the electron density.

In words, we might say:

Electrons feel the electrostatic potential.

Visible light feels the index of refraction. 
In our experiment, the light experiences the absorption produced by the dark areas.
This corresponds to the imaginary component of the index of refraction.
http://henke.lbl.gov/optical_constants/getdb2.html

Neutrons feel the nuclei of the atoms.
http://en.wikipedia.org/wiki/Neutron_cross_section
http://periodictable.com/Properties/A/NeutronCrossSection.html

X-rays feel the electrons. 
http://henke.lbl.gov/optical_constants/atten2.html
http://physics.nist.gov/PhysRefData/Xcom/html/xcom1-t.html
http://henke.lbl.gov/optical_constants/asf.html
http://skuld.bmsc.washington.edu/scatter/AS_form.html

In the classical E&M description, the EM waves wiggle the electrons, 
and the wiggling (therefore accelerating) electrons emit EM waves. 
The cross section for this is called the Thomson cross section.
http://farside.ph.utexas.edu/teaching/em/lectures/node96.html
http://farside.ph.utexas.edu/teaching/jk1/lectures/node85.html

Non-relativistic quantum mechanics gives the same answer as 
classical E&M---this almost always happens. 
http://quantummechanics.ucsd.edu/ph130a/130_notes/node473.html

When the photon energy becomes large compared with the rest 
mass energy of the electron, the Thomson cross section is replaced 
by the Klein-Nishina cross section.
http://en.wikipedia.org/wiki/Klein-Nishina_formula

http://henke.lbl.gov/optical_constants/getdb2.html
http://en.wikipedia.org/wiki/Neutron_cross_section
http://periodictable.com/Properties/A/NeutronCrossSection.html
http://henke.lbl.gov/optical_constants/atten2.html
http://physics.nist.gov/PhysRefData/Xcom/html/xcom1-t.html
http://henke.lbl.gov/optical_constants/asf.html
http://skuld.bmsc.washington.edu/scatter/AS_form.html
http://farside.ph.utexas.edu/teaching/em/lectures/node96.html
http://farside.ph.utexas.edu/teaching/jk1/lectures/node85.html
http://quantummechanics.ucsd.edu/ph130a/130_notes/node473.html
http://en.wikipedia.org/wiki/Klein-Nishina_formula
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First Born approximation in x-ray scattering (so-called kinematical scatteringkinematical scattering) 

plus plus 

the farfar--field approximationfield approximation

plusplus

the neglection neglection of the xof the x--ray scattering by spinsray scattering by spins (no magnetic scattering):(no magnetic scattering):

the scattered wave is proportional to the Fourier transformationthe scattered wave is proportional to the Fourier transformation of the electron densityof the electron density

∫ −ρ∝ rQrrQ .i3 e)(d)(E

Q is the scattering vector. If the scattering is elastic, then:



Born approximation
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where             is the momentum transfer;
are the linear momenta of the incident and scattered particles, respectively.

The first Born approximation The first Born approximation 

Using (1.23), we can write the differential cross section in the first Born approximation
as follows:

(1.25)

In elastic scattering, the magnitudes of are equal (Figure 2); hence

(1.26)

Figure 2:
Momentum transfer for elastic scattering:
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The scattering amplitude f is the Fourier transfrom of the potential V 
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The scattering triangle in momentum space 
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the differential scattering cross section is equal to
the magnitude squared of the scattering amplitude
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From Shankar's Principles of Quantum Mechanics
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the differential scattering cross section is equal to
the magnitude squared of the scattering amplitude
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Born approximation in X-ray scattering

Wave function )(xrΨ )(xu r
Electric field

Potential )(xU r

Schrödinger equation
Electron density )(xrρ
Wave equationSchrödinger equation
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Wave equation
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Scattering amplitude =
Fourier transform of potential

Scattered electric field =
Fourier transform of densityFourier transform of potential Fourier transform of density
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Born approximation: Coulomb potential
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Charged particle scattering: electrons, protons, alpha particles, .....
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Lecture 20

Scattering theory



Scattering theory

Scattering theory is important as it underpins one of the most ubiquitous
tools in physics.

Almost everything we know about nuclear and atomic physics has
been discovered by scattering experiments,

e.g. Rutherford’s discovery of the nucleus, the discovery of
sub-atomic particles (such as quarks), etc.

In low energy physics, scattering phenomena provide the standard
tool to explore solid state systems,

e.g. neutron, electron, x-ray scattering, etc.

As a general topic, it therefore remains central to any advanced
course on quantum mechanics.

In these two lectures, we will focus on the general methodology
leaving applications to subsequent courses.



To see = scattering experiment
pole

wave
length

Analysis of scattering pattern gives “picture” of object

Smaller objects than wave length of probe cannot be observed
→ looks point-like

High resolution ⇔ short wave length ⇔ high energy
λ = hc / Eλ =  hc / E

Quantum mechanical duality:  particle ↔ wave
High energy particles (photon, electron, proton…) → high resolution
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x-ray crystal scattering => the atomic scale structure of ~everything we know
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Scattering as 
t l fa tool for 

exploring the 
t t fstructure of 

matter

The search for 
f d t lfundamental 
particles



Wh t i tt i ?What is scattering?

• Français: dispersion
• Auf Deutsch: Streuen
• In Italiano: dispersione
• På svenska: spridning

E t ê di• Em português: dispersar
• Românã: împrãştiere 
• 简体中文版: 驱散 散射• 简体中文版:  驱散 散射
• English: cause to separate and go in different directions, 

deflection, collision, dispersion, diffusion, sprinklingp p g



Applications of Entanglement

► Tests of non-locality 
(Bell inequalities etc)

► Quantum cryptography

► Quantum computing

► Quantum teleportation

► Interface between 
quantum and classical 
worlds
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