
Nuclear Astrophysics 
An Introduction 

 

Lecture 1 

Francois De Oliveira Santos          



Motivations 
  

Origin of the chemical elements 

Energy generation of stellar events 

Time scales of the Universe 

 
 
 

Observables 
  

Abundances of the elements 

Luminosities 

Light profile 

Introduction 
 



Big Bang 

14 billion years 

ago 

H, He, 
7Li AGB star 

Nucleosynthesis 

Core collapse 

Supernova 

H, He, Li, 

C, N,O, 
9Be 

Spallation 

Neutron star 

X-ray bursts 

White  dwarf 

Novae 

H, He, Li, C, N,O, 
9Be, 19F, 15N, Fe, U 

SN Ia 

Neutron Stars  

Coalescence 

Sun 

2 WD 

coalescence 

Today 



Outline of the Lectures 

• An introduction - Basics 

• A historical approach 

• Mostly light / neutron deficient nuclei 

• With exercises (check solutions in the 

afternoon)  

• Several examples of experiments 

• pp rate calculated for the first time  



Element In atoms In mass 

H 94 % 74 % 

He 5.9 % 25 % 

O 0.06 % 0.8 % 

Abundance of the chemical elements 

Abundance 
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Nebula lines 
Red : Hydrogen (H à 656 nm) 

Green: Oxygen (500 nm [OIII])   

 

1814      Discovery of dark 

absorption lines in the Sun's spectrum 

(Fraünhofer)  

Discovered in the Sun by 

Jules Jansen & N. Lockyer 

1868 



Conversion of gravitational  energy into heat 

Meteorites falling on the Sun                                

Maximum age ~  107   years   

 

Chemical reactions?                            

Mass of the Sun = 2x1030 kg 

~10 eV/ reaction   age ~ 104 years 

 

Radioactivity?                                       

6 nW / T (Earth)       1019  W 

 

Origin of Sun’s heat?  
Power of Sun = 4x1026 Watts 

1862 

Several ideas… 



Francis William Aston 

1919 
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Precise mass measurements 



E = mc² 

26.7 

MeV/reaction 

Notice sur les travaux scientifiques      J. Perrin 

Académie des Sciences    1923 

Nuclear reaction 

4H  4He 

1919  Jean  Perrin 
 proposed that the Sun and other stars are 

powered by nuclear reactions. 

Origine de la chaleur solaire Annales de Phys., 1919 
Revue du Mois, 1920  
L'Astronomie, 1922  



Power of Sun = 4x1026 Watts 

26 MeV/reaction 

?????   T/s of H is 

transformed into 4He 

Exercise 

It could provide 

?????   years of burning 
Mass of the Sun = 2x1030 kg 

94% of H 



Power of Sun = 4x1026 Watts 

26 MeV/reaction 

Solution 

~ 1011   years 

620x106   T/s of H 

Mass of the Sun = 2x1030 kg 

94% of H 



3 4He  12C 

Notice sur les travaux scientifiques      J. Perrin 
Académie des Sciences    1923 

(known today as the 

Triple Alpha reaction) 

1923    



Is this guess confirmed by theory? 



  dt  dv (v)  v(v)NNdN 213

The Reaction Rate 

dN3 = N1  N2  v  (v) (v) dv  dt 

Number of 

particles 3 

produced per cm3  
Densities 

particles/cm3 

Cross Section Probability to get 

the velocity 

between  

v and v+dv 

Velocity 

Reaction Rate  cm3 s-1 

 a) Velocity distribution  (v) 

 b) Cross section  (v) 

1 + 2  3 

Need:  



     T ~ 15x106 K 

Sun     Emax ~ 0.86 keV 

Maxwell – Boltzmann Velocity Distribution 

Emax =  k T = 0.086 T6 (keV) 

Interacting nuclei in plasma are in thermal 

equilibrium at temperature T    

Velocity distribution 

Hydrostatic equilibrium 

Energy (keV) 
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Cross section 

From quantum mechanical, we expect: 

E

1
(E) 2 

lenght- wave Brogliede :

But not only…. 
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Distance 

Nuclear 

Potential 

1 keV 

keV 500
fm)(

 MeV1.44 21
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The Coulomb barrier 

In the case of    p+p 

A huge hill to overcome 



E 

E=550 keV 

(v) 

Probability 
27510

) 1(

)550( 




keV

keV

Emax =1 keV 

0dv (v) (v)  v 
In the Sun  ~ 1057 protons 

Reaction Rate 

Maxwell-Boltzmann  

Distribution 

No reaction! 

Is the temperature high enough?  
(to induce nuclear reactions)  

E

1
(E) 

0(E) 

Coulomb barrier 



1926  
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About the quantum theory of 

the atomic nucleus 

Alpha particle was considered 

a preformed cluster, moving 

around the core and penetrating 

quantum mechanically 

the Coulomb barrier 

G. Gamow 

1928  
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Quantum tunneling  

Quantum-mechanical tunneling probability 

Gamow factor 

Penetrability 

 

Energy 
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tending towards 1 

   P(E)E)( 2



• The Gamow expression of Penetrability is an approximation 

 

• Angular momentum l  should be taken into account 

R)E,(GR)E,(F

1
R)E,(P

22






More accurate expression: 

Penetrability 

with regular and irregular Coulomb function 

Effective potential with the centrifugal 

barrier term 



Be careful,  in the literature there are different 

definitions of “P”, the penetrability, 

R)E,(GR)E,(F

1
R)E,(P

22




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R)E,(GR)E,(F

Rho
R)E,(P

22








With Rho   E1/2 



gcc  –Wall  – I/usr/include –c   essai.c 

gcc –L/lib essai.o –lgsl –lgslcblas –lm 
Compiled with 

One program for 
penetrability 



Reactions with neutrons 

v

1

E

1
E)( 

Discontinuity in potential gives 

rise to partial reflection of 

incident wave 




 2/1E(E)P

2/1EE)(  

for  = 0 

Consequence:    

s-wave neutron capture 

usually dominates at low 

energies 

  

 (v)dvcte  v
v

1
  v

Penetrability 

Cross section 

E 0 

Reaction rate 



From C. Iliadis “Nuclear Physics of Stars” 

“exact” formula for the Penetrability 

Pl (E) 



Probability ??? 

p+p (1keV)  

2/1

2129.312 









E
ZZ




with E in keV 

µ in u.m.a 

Exercise 

) 2exp( y Probabilit 



2/1

2129.312 



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


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E
ZZ


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with E in keV 

µ in u.m.a 

Solution 

) 2exp( y Probabilit 

Prob = 10-10 

p+p (1keV)  



S(E) ~ constant  

The Astrophysical Factor 

Tunnel Effect 

Astrophysical 

Factor 
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Theoretical Models for Nuclear Astrophysics – P. Descouvemont 

Classification of the Reactions 



Classification of the Reactions 



This is very counter-intuitive! Why is it so? 
  

measured (11 MeV) ~ 1 µbarn 
 
 
 
 

Z=59   exp(-2) = 7 10-31 
 

   S = 1.25 x 1025 
 

The extremely low 
penetrability seems to be 
compensated by the 
extremely high nuclear 
astrophysical factor 

 

) 2exp(
E

S
 (E) 



P(E)
E

S
 (E) 

The Gamow factor is an approximation 

S(0) ~constant within a 

factor 100 

 

using the exact formula 

for the penetrability 



dE)exp()(S)()(  
E

b

kT

E
Evdvvvv

Maximum reaction rate at E0  

0
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1 TZZE  E = 6.4 keV 

Gamow energy 

Gamow window 

Gamow energy and window 



Exercise 

p + p     2He     p + p 

(E0) ?   
we suppose S(E) = constant = 1 MeV barn                  

 

Rate of reaction ?                                                
at T6=15 

 

How many times per second a proton is transformed into 2He ?                                          
at density=150 g/cm3 

)
kT

3E
exp(-

2
      dE )

E

b

kT

E
exp(- 02/1

0


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
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with E in keV and µ in amu 

) 2exp(
E

S
 (E) 

Solution: (E0)  

E0 = 5.9 keV  

 

(E0) = 19 mb 

 

 

keV   )T  Z(Z 1.22  E 3
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Solution: Reaction Rate 

Reaction rate  at  T6=15 

)
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kB =  1.38x10-23 JK-1 

1 u = 931.5 MeV/c2 
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Solution: rate of proton capture 

p + p     2He 

  dt  dv (v)  v(v)NN dN pp2He

Reaction Rate  cm3 s-1 

dtN
2

1
 2- dN 2

pp  v

dtN - dN pp 







vpN

11
 s 10x  5 -8

 = 20 x 106 s-1 

Abundance = 

74% in mass 



Exercise 

p + 16O    17F +  

(E0) ?                    

 

Rate of reaction ?                                           

 

Lifetime of proton ?                                          

 

Q=+600 keV 



p + 16O    17F +  

E0 = 29 keV 

 

We suppose S(E) = constant = 10-3 MeV barn 

(E0) = 9.0 x 10-22 b 

 

< v> = 2.2 x 10-45 cm3 s-1    

 

N16O  = 0.8% (in mass) x 150 g/cm3     

Np  constant     

dN16O = - < v>  Np N16O dt  = -  N16O dt    

Approximate reaction time 

 = 6.8 x 1018 s = 2 x 1011 years 

Solution 
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~Penetrability 

The first ones to 

apply quantum 

mechanics to 

astrophysics 

~Effective 

lifetime 



Exercise 

p + 16O    17F +  

< v> = 2.2 x 10-45 cm3 s-1    

 

N16O  = 0.8% (in mass) x 150 g/cm3     

Np  constant     

dN16O = - < v>  Np N16O dt     

We have seen: 

But only ~ 1% of the Sun’s mass has T6=15 and 

density~150g cm-3 

 

Is this reaction responsible for the Sun’s heat? 



Solution 

Rate (T6=15) < v> = 2.2 x 10-45 cm3 s-1 =  1.32 x 10-21 mole-1 cm3 s-1   

 

dNreactions = < v>  Np N16O dt      

 

Energy production rate:     

 

 

Q=0.6 MeV/reaction 

Avogadro number NA = 6.02 x 1023 

Np = 150 g/cm3 x 74%   = 111 moles cm-3 

Np = 150 g/cm3 x 0.8 %  = 1.2 moles cm-3 

 

1 % of Mass of the Sun (2x1030 kg) = 1.3 x 1029  cm3 

P(16O+p)= 1.3x1021 W 

Power of Sun P = 4x1026 Watts 

dt

dN
 N Q  )cmP(W reactions

A

3- 

P = 10-8 W cm-3 

3.3x10-6 of the 

Sun’s heat 



To be determined from experiments and theoretical considerations 

As star evolves 

 

 Temperature changes  

  Measure / Evaluate (E) for each energy 

<v> is the KEY quantity 

Energy production Change in abundances Timing 



The end 

oliveira@ganil.fr 


