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Short summary of the previous lecture 
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with E in keV 

µ in u.m.a 

Sommerfeld parameter 

Astrophysical factor 

Origin of the Sun’s heat? 



Direct Measurements  Indirect Measurements 
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• Transfer Reaction  

           12C(7Li,t)16O 

• Resonant Elastic Scattering 

           12C(,)12C 

• Coulomb Breakup 

           16O(,)12C 

• Trojan Horse 

             6Li(12C, 12C)2H 

Model Dependant 

Gamow 

Peak 

Two methods to determine (E) or S(E) 

Need experiments AND theory to determine stellar reaction rates 
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A resonance in 12C(p,)13N Example 1 

A model is 

needed to fit the 

shape of the 

resonance 
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We need: 

• Energy of excited states 

• Spins 

• Widths 

(E) for a resonance 
Breit-Wigner Formula 

X(p,)Y 
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Rate of a narrow resonance 
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Analytical formula 
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Exercise: Rate of 12C(p,)13N? 



http://www.astro.ulb.ac.be/nacreii/ 

http://www.nuclear.csdb.cn/data/CF88/ 

http://starlib.physics.unc.edu/RateLib.php 

 

ER = 2364.9-1943.5 = 421.4 keV 

 = 31.7 keV     = 0.5 eV 
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Solution 

0.87e+05 /T932*exp(-4.890/T9) 

Resonance energy 

Databases 

http://www.astro.ulb.ac.be/nacreii/
http://www.nuclear.csdb.cn/data/CF88/
http://www.nuclear.csdb.cn/data/CF88/
http://starlib.physics.unc.edu/RateLib.php
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In case of  
Broad resonances 

L = order of the -transition 

12C+p 

13N 

 

 

The rate has to be calculated 

numerically 

or depending on the P(E) definition: x P(E)Econstant )E( p



Very good 

approximation here. 

Effect of the tail of 

the resonance seen 

at low temperature 
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Broad versus narrow resonance 

 = 31.7 keV, not very narrow  

Analytical  

expression 

Numerical 

Integration 

12C(p,)13N 



Direct measurement of 
3He(3He,2p)4He 

Example 2 

Important in the Sun 

E0 = 21 keV 

S ~ 3 MeV b 
(50 keV) = 5.5 x 10-11 b 

Beam 350 µA = 2x1015 pps 

(gas) Target ~ 1016 atm/cm2 

dN=4 counts/hour 
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It is possible to 

measure it directly! 



Krauss et al. Nuclear Physics A467 (1987) 273-290 

+ Windowless gas target 

+ 6 Silicon detectors to 

measure the protons 
3He protons 

350 µA = 2x1015 pps 

1016 atm/cm2 

Direct measurement of 3He(3He,2p)4He 

Bochum - Dynamitron Tandem 

leff = effective target thickness 

The good events 
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Gamow 

peak 

Results 



Mechanism of 3He(3He,2p)4He reaction? 

• Formation of a compound nucleus 

      3He+3He  6Be*  4He + 2p   
 

 

No resonance known in 6Be 
 

    No cross section! 
 

 

 

• Direct process        neutron tunneling 

 

 

 
 

 

• Sequential process         d tunneling 
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3 reaction mechanisms possible to explain the cross section 

3He + 3He  p + 5Li(gs)  p + p + 4He  



Mechanism of 3He(3He,2p)4He reaction? 
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Neutron tunneling model 

agrees with experiment at 

low energy 



1976 

10 s 
Sagittarius 

Example 3 The rate of 15O(,)19Ne 

Observation of 

X-ray Bursts 

Typical X-ray bursts:  

• 1038 erg  

• duration 10 s – 100s  

• recurrence: hours-days  

• regular or irregular 

Novae are ~ 1 million times more intense, 

and type I supernovae are ~1 million times 

more intense than novae 

1 erg = 624.15 GeV 



X-ray burst 
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rp-process 

Hot CNO cycle 

Triple alpha reaction 

Explosive hydrogen burning 

15O(,)19Ne 

Breakout 

reaction? 

Astrophysical 
model 

Not changed : triple alpha 

Waiting 

point 



Direct measurement of 15O(,)19Ne? 

T9~1 

S=constant=2x103 MeV.b 

 

E0 = 931 keV 

(E0) = 4.7x10-10 b 

 

But 15O is radioactive 

GANIL beam intensity ~ 1.7x107 pps 

dN ~ 2.5 counts / 

century 

Not possible to 

measure directly 

 

 Indirect 

measurements 



dN ~ 100 counts / hour 

(efficiency ~ 1% => 1/h)         E minimum (CM) = 8.67 MeV 

Direct measurement possible only to…. 

Far from   E0 = 931 keV 



Indirect determination of 15O(,)19Ne 

Resonance! 

J 3/2+   l=1    J(15O)=1/2- 

  extremely low, not measurable 

B =  /  =(2.9  2.1) 10-4 

 

   ??? 

Parameters for the BW formula 



E,lab =  E,cm    (1+ (vrec/c) . cos ) 

Doppler effect 

DSAM (Doppler Shift Attenuation Method) 
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20Ne 

34 MeV 

0° 

Ex = 4.03 MeV 

Experiment performed at TRIUMF 
3He(20Ne,4He)19Ne* 

De-excitation γ rays were detected in 

coincidence with α particles. 

Best fit  of the line shape (solid line) 

  

  

      =  17 µeV 

eV 06.0
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p + p     2He     p + p 

 

p  + 4He      5Li       p + 4He 

 
4He  + 4He      8Be     4He + 4He 

  

 

What else??? 

 

p  + 16O        + 17F    ???  

 

 

Which nuclear reaction is at 
the origin of the Sun’s heat? 

Example 4 
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~Penetrability 

The first ones to 

apply quantum 

mechanics to 

astrophysics 

~Effective 

lifetime 

Only the light 

nuclei can be at 

the origin of the 

Sun’s heat?  



1932    

James Chadwick 

CHADWICK. Nature, 1932, vol. 129, no 3252, p. 312. 



Discovery of the positron 

Existence of neutrino suggested by Pauli   

Pauli. October 1933 at the Solvay Congress in Brussels. 

1933    



1934    

Fermi, E. (1934). Il Nuovo Cimento 11(1), 1. 

First 

time 

named 

Beta decay probability Fermi function 
Nuclear 



1938    
No neutrino 

Gamow theory 
Fermi’s theory 



p + p 

2He(0+) 

+ 

2H(1+) + e+ +  

ER = 0.4 MeV 

p ~ 1.4 MeV 

Exercise: Let’s calculate the p(p,d) reaction 

1) (E=0.4 MeV) ? 

2) Rate of the reaction (function of Temperature)? 

3) What % of the Sun’s mass is burning? 

4) Lifetime of the Sun? 



(n => p)    Log f t+  = 3.0  




t

2ln

A few clues 



p + p 

2He(0+) 

+ 

2H(1+) + e+ +  

ER = 0.4 MeV 

p ~ 1.4 MeV 

(n => p)    Log ft  = 3.0  

T1/2 (
+) ~ 530 s (at ER)       ~ 10-26  MeV 
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(0.4 MeV) ~ 10-24  b 

Solution 

Answer 1) 



rate = 4.01e-15/T923*exp(-3.380/T913)*   (1.0+0.123*T913+1.09*T923 +0.938*T9)  

Analytical expression (CF88) 

Solution 

Answer 2) 



Solution 

Rate (T6=15)  <v> ~ 8 x 10-20 cm3mole-1s-1 

 

 

 

Energy production rate:     

 

 

4p => 4He  Q=26 MeV/ reaction 

Avogadro number NA = 6.02 x 1023 

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

 

 

Power of Sun P = 4x1026 Watts  =>  Volume involved = 1.6 x 1029 cm3 

Mass involved = 2.4 x 1028 kg 

Mass of the Sun = 2x1030 kg 

 

Lifetime                                                ~ 3.6 x 109 years 

dtN- dN 2

preactions  v




vpN

1

dt

dN
 N Q  )cmP(W reactions

A

3- 

P = 2.5 mW cm-3 

1% of the 

Sun’s mass 

Answer 3) 

Answer 4) 



If nuclear force was changed? 

Calculated with program “dwu” 

2He would be bound if the nuclear force was increased by 6.9% 
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CNO Cycle 

Bethe-Weizsäcker cycle 

1939    



Imbriani et al. , Astronomy & Astrophysics, 420, 2004 

Age Univers = (14 ± 1) 109 ans 

Globular Cluster of stars 
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Temperature 

pp 

CNO  

Diagram Hertzsprung Russell 

All these stars were 

formed at the same time 

The exact shape is a function 

of the age of the cluster 

pp 

CNO 



The end 


