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Learning Outcomes

The student will learn

• The main nuclear processes in stellar interiors

• The relative importance of each

• The temperature dependence of the the 
processes and likely sites of occurrence

• The relation to the cosmic abundance pattern 
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Introduction 

We have seen that the 4 equations of stellar structure must be 
supplemented with expressions for P, , 

•  will be defined by the nuclear energy source in the interiors. We need to 
develop a theory and understanding of nuclear physics and reactions

•   will be determined by the atomic physics of the stellar material

• P will be given by the equation of state of the stellar matter

• This lecture will explore the physics of the nuclear energy reactions  
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The binding energy of the atomic nucleus
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The general description of a nuclear reaction is 

Where Ai = the baryon number, or nucleon number (nuclear mass)

And     Zi = the nuclear charge

The nucleus of any element is uniquely defined by the two integers Ai and   

Zi 

Recall that in any nuclear reaction the following must be conserved:

1. The baryon number – protons, neutrons and their anti-particles

2. The lepton number – light particles, electrons, positrons, neutrinos, and 

anti-neutrinos.  

3.  Charge

Note also that the anti-particles have the opposite baryon/lepton number to

their particles. 
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The total mass of a nucleus is known to be less than the mass of the constituent 

nucleons. Hence there is a decrease in mass if a companion nucleus is formed 

from nucleons, and from the Einstein mass-energy relation E=mc2 the mass 

deficit is released as energy. This difference is known as the binding energy of 

the compound nucleus. Thus if a nucleus is composed of Z protons and N 
neutrons, it’s binding energy is

For our purposes, a more significant quantity is the total binding energy per 

nucleon. And we can then consider this number relative to the hydrogen 

nucleus



The binding energy per nucleon
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The variation of binding energy per nucleon with

baryon number A

• General trend is an increase of Q  with atomic 

mass up to A= 56 (Fe). Then slow monotonic 

decline

• There is steep rise from H through 2H, 3He, to 4He 
→ fusion of H to He should release larger amount 

of energy per unit mass than say  fusion of He to C 

• Energy may be gained by fusion of light elements 

to heavier, up to iron

• Or from fission of heavy nuclei into lighter ones 

down to iron.
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Occurrence of fusion reactions
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Now will discuss the conditions under which fusion can occur – and whether such 

conditions exist in stellar interiors  

• Nuclei interact through four forces of physics – only electromagnetic and strong  
nuclear important here

• Two positively charged nuclei must overcome coulomb barrier (long range force 

∝1/r2), to reach separation distances where strong force dominates (10-15 m, 

typical size of nucleus)
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Schematic plots

• V (potential energy) 

vs  nuclei separation 
distance  

• Wave function  

representing 

penetration of a 
potential barrier by 

nucleus with kinetic 

energy of approach 

Ekin (below barrier 

height). 
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z1, z2 = number of protons in each nuclei

e= charge on electron=1.6 10-19 C

𝜀0= permittivity of free space = 8.85  10-12 C2N-1 m-2

 

To fuse nuclei, must surmount the coulomb barrier. Height of barrier is 

estimated by:

Class task:

Calculate the potential energy required for fusion of 2 H nuclei (set r= 10-15 m )  

Compare this to the average kinetic energy of a particle (3kT/2 : Lecture 4)

What T do we require for fusion ?

How does this compare with the minimum mean T of sun (Lecture 3) ?

Any comments on these two temperatures ?



The Gamow peak
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Schematically this is plotted, and the 

fusion most likely occurs in the energy 

window defined as the Gamow Peak.

The Gamow peak is the product of the 

Maxwellian distribution and tunnelling 

probability. The area under the Gamow 
peak determines the reaction rate. 

The higher the electric charges of the interacting nuclei, the greater the 

repulsive force, hence the higher the Ekin and T before reactions occur.

Highly charged nuclei are obviously the more massive, so reactions 

between light elements occur at lower T than reactions between heavy 

elements.  



Quantum Tunnelling
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As derived in your Quantum Mechanics courses, there is a finite probability for a 

particle to penetrate the Coulomb barrier as if “tunnel” existed. 

Quantum effect discovered by George Gamow (1928) in connection with 
radioactivity.

Penetration probability (calculated by Gamow) is given as:

Hence this increases with v (particle velocity), but we know v will be 

Maxwellian distribution for ideal gas.  Hence fusion probability is product 
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The Gamow peak
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Astrophysical S Factor
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Hydrogen and helium burning
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The most important series of fusion reactions are those converting H to He (H-

burning). As we shall see this dominates ~90% of lifetime of nearly all stars.

•  Fusion of 4 protons to give one 4He is completely negligible

•  Reaction proceeds through steps – involving close encounter of 2 particles

•  We will consider the main ones: the PP-chain and the CNO cycle

The PP Chain

The PP chain has three main branches called the PPI, PPII and PPIII chains.

PPI Chain

1    p + p → d + e+ + ve

2    d + p → 3He + 𝛾

3   3He + 3He → 4He + 2p

PPII Chain

3'  3He + 4He → 7Be + 𝛾

4'   7Be + e- → 7Li + ve

5'   7Li + p → 4He + 4He

PPIII Chain

4''  7Be + p → 8B + 𝛾

5''   8B → 8Be + e+ + ve

6''   8Be → 24He
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Relative importance of PPI 

and PPII chains (branching 

ratios) depend on 

conditions of H-burning 

(T, 𝜌 , abundances). The 

transition from PPI to PPII 

occurs at temperatures in 

excess of 1.3 107 K. 

Above 3 107 K the PPIII 

chain dominates over the 

other two, but another 

process takes over in this 

case. 
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Energy production and neutrino emission
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Energy released in the formation of an alpha particle by fusion of four protons. Is 

essentially given by the difference of the mass excesses of four protons and one 𝛼 

particle. 

Since any reaction branch that completes this must  turn 2 protons in 2 

neutrons, two neutrinos are also emitted, which carry energy away from the 

reaction site. 

It is these neutrinos that directly confirm the occurrence of nuclear reactions in 

the interior of the Sun. No other direct observational test of nuclear reactions is 

possible.  

The mean neutrino energy flux is ~0.26MeV for d creation (PPI/II) and ~7.2MeV 

for B decay (PPIII). But as PPIII is negligible, the energy released for each He 
nucleus assembled is ~26MeV (or 6  1014 JKg-1 )
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Exercise 

Estimate the total number of neutrinos generated in the Sun per second, 

and the flux of solar neutrinos on the Earth (i.e., the number of neutrinos 

per unit area and per unit time).

Assume that the cross section for reaction between a neutrino and a 
nucleus is 1046 cm2. 

Estimate the total number of neutrino reactions per year in the body of a 

typical student.

(EXTRA NEUTRINOS)
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The detector consisted of 1000 
tonnes of ultrapure heavy water 
(99.917% 2H by mass) 
contained within a 12-m-
diameter, 5.6-cm thick 
transparent acrylic vessel.
 The heavy water was viewed 
with the aid of 9438 sensitive 
Photomultiplier Tubes on an 18-
m diameter support structure.
 Highly enriched heavy water 
was required because the 
neutron capture cross section 
on 1H is 640 times that on 2H. 

The entire cavity outside the 
acrylic vessel was filled with 
ultrapure light water.

SNO
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The CNO Cycle
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At birth stars contain a small (2%) mix of heavy elements, some of the most 

abundant of which are carbon, oxygen and nitrogen (CNO). These nuclei may 

induce a chain of H-burning reactions in which they act as catalysts. 

The process is known as the CNO Cycle. There are alternative names that you 

may come across :

• The CNO bi-cycle

• The CNOF cycle

• The CN and NO cycles

• The CN and NO bi-cycles

In this course we will just refer to it all as the CNO cycle – and discuss the 
branches.



The main branch
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1 12C + p →  13N +𝛾

2 13N       → 13C + e+ + ve 

3 13C + p →  14N + 𝛾
4 14N + p →  15O + g 

5 15O →  15N + e+ + ve

6  15N + p →  12C +  4He 

In the steady state case, the 

abundances of isotopes must take 

values such that the isotopes which 

react more slowly have higher 

abundance. The slowest reaction is p 
capture by 14N . 

Hence most of 12C is converted to 14N. 
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Temperature dependence of PP chain and CNO 
Cycle
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The two processes have very different temperature dependences. The rate of 

energy production in each (see pages 84-87 Pols notes):

Equating this two gives the T at which they produce the same rate of energy 

production:

Below this temperature the PP chain is most important, and above it the CNO 
Cycle dominates. This occurs in stars slightly more massive than the sun e.g. 1.2-
1.5M


. 
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Helium Burning: the triple- reaction.
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Simplest reaction in a helium gas should be the fusion of two helium nuclei. 

There is no stable configuration with A=8. For example, the beryllium isotope 8Be 

has a lifetime of only 2.6 10-16 s
4He + 4He → 8Be

But a third helium nucleus can be added to 8Be before decay, forming 12C by the 
“triple-alpha” reaction
4He + 4He → 8Be
8Be + 4He →12C + 𝛾



Helium Burning: the triple- reaction.
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Fred Hoyle (1952-54) suggested this small probability of  alpha-capture by 

short lived  8Be would be greatly enhanced if the C nucleus had an energy 

level close to the combined energies of the reacting 8Be and 4He nuclei. The 

reaction would be a faster “resonant” reaction. 

This resonant energy level of 12C was not experimentally known at the time. 

Hoyle’s prediction led to nuclear experiment at Caltech, and resonant level 
discovered.  

Thus helium burning proceeds in a 2-stage reaction, and energy released is

In terms of energy generated per unit mass  = 5.8  1013 JKg-1 (I.e. 1/10 

of energy generated by H-burning). But the T dependence is 

astounding:
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Carbon burning
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Carbon burning (fusion of 2 C nuclei) requires temperatures above 5 108 K

Interactions of C and O nuclei are negligible – as at the intermediate temperatures required 

by the coulomb barrier the C nuclei are quickly destroyed by interacting with themselves



Ne burning
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O burning
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Silicon burning: nuclear statistical equilibrium

42

 



Major nuclear burning processes
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Common feature is release of energy by consumption of nuclear fuel. Rates of 

energy release vary enormously. Nuclear processes can also absorb energy 

from radiation field, we shall see consequences can by catastrophic. 
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Chemical composition of the Sun



The s-process and r-process
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Interaction between nuclei and free neutrons (neutron capture) – the neutrons 

are produced during C, O and Si burning. 

Neutrons capture by heavy nuclei is not limited by the Coulomb barrier – so 
could proceed at relatively low temperatures. The obstacle is the scarcity of 

free neutrons. If enough neutrons available, chain of reactions possible:

I(A,  Z)      + n →  I1(A+1, Z) 

 I1(A+1,  Z) + n →  I2(A+2, Z) 

 I2(A+2,  Z) + n → I3(A+3, Z)

Eventually,  a radioactive isotope is formed it will undergo beta-decay, 

creating a new element.

IN(A+N,  Z) →  J(A+N, Z+1) +  e- + ҧ𝜈    

if new element stable, it will resume neutron capture, otherwise my undergo 

series of beta-decays

 J(A+N,  Z+1)   →  K(A+N, Z+2) +  e- + ҧ𝜈

 K(A+N,  Z+2)   →  L(A+N, Z+3) +  e- + ҧ𝜈
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Different Timescale of the 
neutron capture

Neutron capture elements: r-s process

Different process path 

s-process 

The elements beyond the iron peak (A>60) are manly formed through 
neutron capture on seed nuclei (iron and silicon). 

Two cases:

p

n

  c
  c

r-process 

n
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nuclear chart web site

https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html
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3 components: weak, main and strong

weak main

On the s-process
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Summary and conclusions
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Recalling that we wanted to determine the physics governing   will be defined by 

the nuclear energy source in the interiors. We needed to develop a theory and 

understanding of nuclear physics and reactions

•  We have covered the basic principles of energy production by fusion

•  The PP chain and CNO cycle have been described,  

•  He burning by the triple-alpha reaction was introduced

•  Later burning stages of the heavier elements (C,O, Si) discussed

•  The r- and s-processes – origin of the elements heavier than Fe
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