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I. About Neutrons



Standard Model: Fundamental Particles and Interactions

https://en.wikipedia.org/wiki/List_of_particles#Elementary_particles

24 + 6 + 1= 31

??

𝑆𝑈 3 𝑐 × 𝑆𝑈 2 𝐿 × 𝑈(1)𝑌 × 𝑆𝐿(4, 𝑹)

𝑆𝑈 3 𝑐 × 𝑈(1)𝑒𝑚 × 𝑆𝐿(4, 𝑹)



First Batch of Neutrons in the History of Universe 

SingularityNothing Planck Epoch Grand Unification Epoch

10−43𝑠0 𝑠

𝑔 + 𝛾 + (𝑍,𝑊) + 𝐺 𝑔 + 𝛾 + 𝑍,𝑊 ; 𝐺;

Steven Hawking :
Quantum Fluctuation

String Theory:
Membrane Collision

https://bigbangtheorysatit.wordpress.com/bigbang-timeline/big-bang-theory-2/

Electroweak Epoch

10−37 − 10−35𝑠

Cosmic Inflation: increased by a factor of 1078

𝑔; 𝛾 + 𝑍,𝑊 ; 𝐺;

10−32𝑠

1) Abundance of
light elements  

2) CMB

4)Hubble-Lemaitre law

3)Large-scale structure

10−6𝑠

Baryogenesis: birth of matter

Nucleosynthesis



Properties of Neutron: Bond State of Quarks

Gell, Y.; Lichtenberg, D. B. (1969). Il Nuovo Cimento A. Series 10. 61 (1):

Perkins, Donald H. (1982). Introduction to High Energy Physics. Reading, Massachusetts: Addison Wesley. pp. 201–202

Lattice 
QCD 

Neutron data booklet:https://www.ill.eu/about-the-ill/documentation/

ℒ𝑄𝐶𝐷 = ത𝜓𝑞𝑖 𝑖(𝛾
𝜇𝐷𝜇)𝑖𝑗−𝛿𝑖𝑗𝑚𝑞 𝜓𝑞𝑗 −
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Mass 
Moments
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Strong interaction

Weak  interaction

Electromagnetic  interaction

‘’Spin Crisis”
We Know 
Its Structure

?

We Do Not Know 
Its Structure !

Gravity

𝐼 𝐽𝑃 =
1

2
(
1

2

+

)

https://www.reactor-physics.com/what-is-neutron-definition/

https://en.wikipedia.org/wiki/Il_Nuovo_Cimento_A
https://archive.org/details/introductiontohi0000perk
https://archive.org/details/introductiontohi0000perk/page/201
https://www.ill.eu/about-the-ill/documentation/


How to Get Neutrons: Sources and Mechanisms

Natural 

http://cosmicray.com.au/what-is-a-cosmic-ray

Cosmic Ray Spallation Process Fusion Process in Stars

https://www.scienceabc.com/nature/universe/how-were-the-elements-created.html

Spontaneous Fission Process

Table of Isotopes, 8th ed., edited by R. B. Firestone and V. S. Shirley (Wiley, New York, 1996).

Artificial 

(𝛼, 𝑛)

(𝛾, 𝑛) 4
9𝐵𝑒 + 𝛾 → 4

8𝐵𝑒 + 0
1𝑛

Spontaneous Fission
Fission reactor 

Spallation energetic protons

Fusion generator 

HFIR

SNS



How to Get Neutrons: Stability of Nuclei and Elements

http://hyperphysics.phy-astr.gsu.edu/hbase/NucEne/nucbin.html

Elements: Bonded  States of Nucleons

𝑀1
0𝑝 + 𝑁0

1𝑛 → 𝐴
𝑍𝑋

𝑍 = 𝑀 + 𝑁 𝐴 = 𝑀

𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦

≔
𝑀𝑚𝑝+𝑁𝑚𝑛−𝑚𝑋 𝑐2

𝑀+𝑁

Strong interaction    v.s.     Electromagnetic Interaction

𝑍1

𝐴1𝑋 + 𝑍2

𝐴2𝑌 → 𝑍3

𝐴3𝑈 + 𝑍4

𝐴4𝑉

Symmetry-induced selection rule: 
Conversation of energy, momentum, charge, 

baryon number…..



Two Neutron Sources in Oak Ridge National Lab: HFIR && SNS
THE HIGH FLUX ISOTOPE REACTOR: Highest Steady-state Thermal Flux 𝟐. 𝟔 × 𝟏𝟎𝟓 𝒏𝒆𝒖𝒕𝒓𝒐𝒏𝒔/(𝒄𝒎𝟐 ∙ 𝒔)

𝑈3𝑂8 − 𝐴𝑙 cerment

9.4 𝑘𝑔 235𝑈 + 2.8 g 10B

~50 𝑚𝑒𝑉
~1𝑀𝑒𝑉



𝐹𝑒

𝐻𝑔

Two Neutron Sources in Oak Ridge National Lab: HFIR && SNS
Spallation Neutron Source

1000 MeV

2.5 MeV

Pulsed 𝑯− Ion Source

Liquid Mercury



Neutron Scattering by Crystals

𝑘0

𝑛

𝑘1

റ𝑞

Strong interaction. && Electromagnetic Interaction     

1) Neutron-Nucleus Interaction:  Fermi pseudopotential

𝑽 𝒓 =
𝟒𝝅ℏ𝟐

𝒎
𝒃𝒄𝜹 𝒓

𝑑𝜎

𝑑Ω𝑑𝜔
𝑁

=
𝑑𝜎
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𝑁;𝑐

+
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𝑑Ω𝑑𝜔
𝑁;𝑖𝑛𝑐

𝑑𝜎

𝑑Ω𝑑𝜔 𝑁;𝛼
≡ 𝑏𝛼

2 𝑘1

𝑘0
𝑁𝑆𝛼 ( റ𝑞, 𝜔), 𝛼 = 𝑐, 𝑖𝑛𝑐

𝑆𝛼 ( റ𝑞, 𝜔) ≡
1

2𝜋ℏ
න𝑑റ𝑟𝑑𝑡𝐺(റ𝑟, 𝑡)𝑒𝑖(𝑞∙ റ𝑟−𝜔𝑡)

𝐺(റ𝑟, 𝑡) ≡
1

𝑁
න𝑑റ𝑟′ 𝜌(റ𝑟′, 0)𝜌(റ𝑟′ − റ𝑟, 𝑡)

𝐺𝑠( റ𝑟, 𝑡) ≡
1

𝑁


𝑗

න𝑑റ𝑟′ 𝛿(റ𝑟′ − 𝑅𝑗(0))𝛿(റ𝑟
′ − റ𝑟 −𝑅𝑗 (𝑡))

𝜌(റ𝑟′, 𝑡) ≡ 

𝑗

𝛿(റ𝑟′ − 𝑅𝑗(𝑡))

𝑘1 = 𝑘0 − റ𝑞

ℏ2𝑘1
2

2𝑚𝑛
=
ℏ2𝑘0

2

2𝑚𝑛
− ℏ𝜔

Coherent Incoherent

Elastic Bragg diffraction: റ𝑞 =

റ𝐺

Local structure

Inelastic Single-Phonon 

excitation

NMR



Neutron Scattering by Crystals
Strong interaction. && Electromagnetic Interaction     

2) Neutron-Electron Interaction:  dipole-dipole interaction

𝑑𝜎
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𝑑Ω𝑑𝜔
𝐵𝑟𝑎𝑔

≡ (1.91
𝑒
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න
𝑑𝑡

2𝜋
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𝑑𝜎

𝑑Ω𝑑𝜔
𝑑𝑖𝑓𝑓

≡ (1.91
𝑒

ℏ𝑐
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𝑘0
න
𝑑𝑡

2𝜋
𝑒−𝑖𝜔𝑡 𝑴⊥ റ𝑞, 0 𝑴⊥(− റ𝑞, 𝑡) − 𝑴⊥( റ𝑞) 𝑴⊥(− റ𝑞)

≡ 1.91
𝑒

ℏ𝑐

2 𝑘1
𝑘0
𝛿(𝜔) 𝑴⊥( റ𝑞) 𝑴⊥(− റ𝑞) 𝑴( റ𝑞) ≡

𝑗

𝜇𝑗𝑒
−𝑖𝑞∙𝑅𝑗

If 𝐿 = 0, some iron group 3𝑑 ions

Coherent Incoherent

Elastic Bragg diffraction: റ𝑞 = റ𝐺 Critical Scattering

Inelastic Magnon Excitation

Crystal Field 
splitting

Spin-Orbital 
Coupling

If റ𝑞 is small 𝝁𝑗 = 𝝁𝐿𝑗 + 𝝁𝑆𝑗

𝑴⊥( റ𝑞) ≡ 𝑴( റ𝑞) ∙ റ𝑞

If 𝐿 ≠ 0, but orbital ground state singlet or nonmagnetic doublet(some 3d ions)

= 𝜇𝐵(𝑳 + 𝟐𝑺)

𝑳 + 𝟐𝑺 → 𝒈𝑺

If  small ion radius (rare earth ions)

𝑳 + 𝟐𝑺 → 𝒈𝑱 𝑱 = 𝑳 + 𝑺 𝒈: Lander factor


