(This is a supplement to the article “元素是怎樣產生的?” in HKAS Forum, 2010.08.21.  A briefing of the nuclear reactions in stars is given in http://www.nasa.gov/worldbook/star_worldbook.html --- Hydrogen fusion, Fusion of other elements.)
     Nuclear Reactions in Stars
Proton-Proton Chain
A chain of nuclear reactions inside stars that converts hydrogen into helium, with the associated release of nuclear energy. In the reaction, four hydrogen nuclei (protons) fuse to form one necleus of helium, with the production of a number of intermediate nuclei such as deuterium (2H) and isotopes of lithium (Li), beryllium (Be) and boron (B). At temperatures below ~16 million K, the proton-proton chain is more important than the CNO cycle, and thus operates chiefly in stars of less than 2 solar masses.  
Symbols: 

 nH = Nucleus of hydrogen in which the total number of protons and neutrons is n.

Hence, 1H means a proton. Similarly, 
3He = Nucleus of helium in which the total number of protons and neutrons is 3.

7Li = Nucleus of lithium in which the total number of protons and neutrons is 7.
(Note: The atomic number of an element = the number of protons in its necleus at normal state)

ν
  = neutrino

γ
  = gamma-ray photon

e  = electron

e+  = positron, e+ and e− can annihilate into gamma-ray photons.

[image: image1.jpg]Triple Alpha Process - first phase

@ Pron ey

@ Neuton





[image: image2.jpg]CNO Cycle - first phase

@ Proton
@ Neutron

O _Positron

¥ Gammaray
V' Neutrino





Reference:  http://en.wikipedia.org/wiki/Proton%E2%80%93proton_chain_reaction
Carbon-Nitrogen-Oxygen (CNO) Cycle
A cycle of nuclear reactions in stars that converts hydrogen into helium, with the associated release of nuclear energy. Carbon, nitrogen and oxygen acts as catalysts to speed the six-stage reaction. The cycle becomes increasingly important with rising temperature and dominates the proton-proton chain at temperatures above ~16 million K, as in the cores of stars of over 2 solar masses. 
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Reference:  http://en.wikipedia.org/wiki/CNO_cycle
Triple Alpha Process
The chain of nuclear reactions by which carbon is synthesized inside stars through the fusion of three helium nuclei (alpha particles); also known as the Salpeter process, after the American astrophysicist Edwin Salpeter (1928 - 2008). It requires a temperature of at least 100 million K, and operates inside stars of at least 0.4 solar masses when all available hydrogen has been converted to helium in their cores. It is the main sources of energy production in giants. 

Reference:  http://en.wikipedia.org/wiki/Triple-alpha_process
Carbon Burning Process
12C + 12C
→ 20Ne + 4He

12C + 12C
→ 23Na + 1H

12C + 12C
→ 23Mg + neutron
Alternatively:
12C + 12C
→ 24Mg + γ
12C + 12C
→ 16O + 2 4He

Neon Burning Process
































20Ne +γ
 → 16O + 4He 

20Ne + 4He
 → 24Mg + γ 

Alternatively:
20Ne + neutron
→ 21Ne + γ 

21Ne + 4He

→ 24Mg + neutron

Oxygen Burning Process 

16O + 16O
→ 28Si + 4He 

      
→ 31P + 1H 

      
→ 31S + neutron 

      
→ 30Si + 2 1H 

      
→ 30P + 2H  

Alternatively: 
      
→ 32S + γ 

      
→ 24Mg + 2 4He
Silicon Burning Process
12C + 4He
→ 16O 

16O + 4He
→ 20Ne 

20Ne + 4He → 24Mg
24Mg + 4He → 28Si 
28Si + 4He
→ 32S 

32S + 4He
→ 36Ar 

36Ar + 4He
→ 40Ca 

40Ca + 4He
→ 44Ti 

44Ti + 4He
→ 48Cr 

48Cr + 4He
→ 52Fe 

52Fe + 4He
→ 56Ni
(56Ni decays back to 52Fe.)









Reference:  http://en.wikipedia.org/wiki/Silicon_burning_process
Triple Alpha Process – 1st phase：





4He + 4He  →  8Be + γ


8Be + 4He  →  12C + γ


產物





Triple Alpha Process – 2nd phase：





12C + 4He	→	16O + γ


產物





CNO Cycle − 1st phase：





12C + 1H	→  13N + γ 


13N		→   13C + e+ + ν 


13C + 1H	→  14N + γ 


14N + 1H	→  15O + γ


15O		→  15N + e+ + ν	


15N + 1H	→  12C + 4He 








CNO Cycle − 2nd phase：





15N + 1H	→  16O + γ


16O + 1H	→  17F + γ


17F		→  17O + e+ + ν


17O + 1H	→  14N + 4He


14N + 1H	→  15O + γ


15O		→  15N + e+ + ν





Proton-Proton Chain − 1st phase：





1H + 1H	→  2H + e+ + ν


1H + 2H	→  3He + γ


3He + 3He	→  4He + 1H + 1H 


            product  








Proton-Proton Chain − 2nd phase： 





3He + 4He	→  7Be + γ 


7Be + e−	→  7Li + ν


7Li + 1H	→  2  4He


product








Proton-Proton Chain − 3rd phase：


3He + 4He	→  7Be + γ


7Be + 1H	→  8B + γ


8B		→  8Be + e+ + ν + γ


8Be		→  2 4He


product
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