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Our Sun and Life

• The sun produces hydrocarbons, storing energy through photosynthesis by 
life

• The sun produces our food

• The sun heats the planet

• The sun lights the planet

• The sun makes our ocean liquid

• The sun evaporates ocean water and brings fresh water to land

• The sun provides the energy for wind

• Past fossil plant life decays to make fossil fuels

• The sun can provide clean wind, solar and hydro energy



Pharoah Akhenaten and the Sun God Aten or Ra
Father to Tutankhamun.  Queen is Nefertiti



Particle and Wave Nature of Light and Matter

• Light can be thought of as having a particle or Ray nature with a given 
energy per photon.

• Light also has a wave nature, which can interfere, or diffract around 
objects.  

• Packets of different frequency can be superposed to give a localized 
light packet.

• The same is also true of all particles of matter.

• This is called particle-wave duality.



The Uncertainty Principle

• Another way to state about wave packets is that if the packet size is 

• ΔX, and it’s spread in momentum is ΔP, then the product of their 
spreads is greater than a quantity ℏ = h /2 pi. 

• Δ X Δ P < ħ/2



Wave Packet of Nearby Frequencies



Beta Decay of Neutrons, and Postulate of the Neutrino

• Neutrons live about 15 minutes, and then decay to a proton plus a positron 
plus missing energy.

• n → p + e⁻ + ?

• Wolfgang Pauli in 1930 postulated that the energy was carried away by a 
light neutral particle of spin ½, which he named the neutrino, νₑ.

• n → p + e⁻ + anti-νₑ.  Since the neutron has angular momentum spin ½, 
and angular momentum has to be conserved, and p and e- have spin ½, 
adding up to 0 or 1, the νₑ must have spin ½.

• Pauli won the Nobel Prize in 1945 for the PauliExclusion Principal, which 
states that no two electrons can occupy the same physical state because 
they are spin ½ or fermions.  This is why you had to take ⁼chemistry.



Beta Decay Turned Around to Make Solar Deuterons

• Beta Decay:  n → p + e⁻ + anti-νₑ  is a slow or weak interaction.
• Switch particle sides, making them their antiparticles:
• Proton to neutron conversion in a nucleus where neutron is better bound 

(inverse beta decay):  p → “n” + e⁺ + νₑ.  
• The start of solar fusion is then the merger of two protons, where one 

becomes converted to a neutron, and the proton and neutron combine to 
form a deuteron (pn):  p + p → d + e⁺ + νₑ.

• Since spin of the deuteron is zero, this could not take place, unless the light 
neutrino existed, and had spin ½.  So sunshine by fusion depends on there 
being neutrinos! 

• Then a deuteron, which is larger than a proton and more strongly attracts 
another proton, can merge with another proton to form He³ .



Solar Fusion:  Protons to deuterons to He³ to He⁴
Two electron neutrinos produced



Nuclear Attraction versus Coulomb Repulsion

• The Strong Force binds neutrons and protons together.

• This is usually described by falling down a potential well of depth 7 or 
8 MeV (million electron volts per nucleon), or a nuclear square well 
potential).

• It’s range for a proton is about a fermi, which is 10⁻⁵ of the atomic size 
Angstrom scale of 10⁻⁸ cm, or 1 fermi = 10⁻¹³ cm.

• But the singly positively charged protons repel each other, with a 
positive potential energy barrier that grows like e²/r.



Energy and Potential Energy in Fusion

• At 15 million degrees K, proton kinetic 
energy is 1.3 KeV

• But height of coulomb potential at 
1.2 fermi is 600 KeV, almost 500 
times higher

• Without tunneling, there would be 
zero fusions 

• With tunneling, only 1 in 10²⁸ 
collisions result in a 

• p + p -> d + e⁺ + νₑ  fusion
• Nuclear Well depth is 7 to 8 MeV
• Deuteron lightly bound by 2.2 MeV



Coulomb Barrier for proton-proton solar fusion

• Energy Graph
600 keV Coulomb barrier height

1.3 keV thermal energy

‒7 MeV Nuclear square well depth

Probability drops off exponentially inside barrier, with 
exponential proportional to height and width of barrier 



George Gamow to the Rescue

• Gamow reasoned that in an equilibrium gas at a given temperature you have a 
distribution of energies, which falls off as you look for higher energies.

• But, as you get higher in energy, the exponentially suppressed tunneling with 
distance gets less because there is less distance to tunnel, and tunneling is also 
less suppressed because you are closer to the barrier top.

• These two balance at about 6 keV energy, where the higher energy collisions are 
only suppressed by about 10⁻³, and the tunneling only suppresses protons by 
about 10⁻³.

• So only about 1 in 10⁶ protons get through the barrier.  Without tunneling, there 
would be no fusion at all in the sun, at the present temperature!

• But a rare weak interaction is still needed to convert the proton to the neutron.  

• So, only 1 in 10²⁹ collisions have two protons fusing to a deuteron!



p + p → d + e⁺ + νₑ



Solar Fusion to He⁴:  Energy released about 25 MeV.
8.5 x 10³⁷  fusion cycles per second in the sun.  This produces 86% of 
all solar neutrinos, at energies less than 400 keV.



Hans Bethe

• Hans Bethe figured out how the 
protons to He⁴ fusion worked 
when given the problem at a 
physics conference in 1938.

• He also figured out the tri alpha 
fusion to C12, and the CNO cycle 
fusion process.

• He was a Jewish refugee, and 
headed the Theory division of 
the Manhattan Project



Carbon C¹² Synthesis by the Tri-Alpha Process, in a Red Giant



The CNO cycle for heavier stars

• For stars of mass greater than 
1.3 times our sun, they use the 
C-N-O cycle, after creating C¹² 
with 6 protons and 6 neutrons.

• Forget the complex cycle, just 
note that the input is 4 protons, 
and the output is one He⁴ plus 
two e⁺ and two νₑ



There are about 7x10¹⁰ solar neutrinos crossing a cm² per 
second at the earth.


