
Nuclear fusion

• Stars produce light using the same basic idea: converting mass into 
speed.

• However, the process is not the same as proton-proton collisions or 
matter-antimatter annihilation. Instead, it involves atomic nuclei.

• This process is called nuclear fusion, and involves converting 
hydrogen (1 proton) into helium (2 protons).

• In stars with up to 1.3 times the mass of the Sun, nuclear fusion 
occurs mostly via the proton-proton chain (a.k.a. the p-p chain).
• This includes the Sun itself.

• In more massive stars, it occurs mostly via the CNO cycle.



Nuclear fusion

• In step 1 of the proton-proton chain, two protons collide.

• One of the protons undergoes positron emission, a.k.a. 𝛽+ (beta 
plus) decay. The proton becomes a neutron and emits a positron 
and an electron neutrino:

𝑝 → 𝑛 + 𝑒+ + 𝜈𝑒

• 𝑝 is the proton (charge +1)

• 𝑛 is the neutron (neutral)

• 𝑒+ is the positron (charge +1)

• 𝜈𝑒 is the electron neutrino (neutral); 𝜈 is the Greek letter nu.

• Note that total charge is conserved: it’s +1 before and after the decay.



𝜷+ decay
Credits: Modification of work by Sarang (Wikipedia)



Nuclear fusion

• Isotopes are atoms that have the same number of proton (so the 
same atomic number) but a different number of neutrons.

• The isotopes of hydrogen (1 proton) are:
• Hydrogen-1 or 1H or protium: 0 neutrons. Very common (99.98%). Stable.

• Hydrogen-2 or 2H or deuterium: 1 neutron. Less common (0.002%). Stable.

• Hydrogen-3 or 3H or tritium: 2 neutrons. Extremely rare. Unstable; decays 
into helium-3 (3He) with a half-life of ~12 years.
• Half-life is the time required for half of the atoms in a radioactive substance to decay. 

We learned about it in lecture 8 of ASTR 1P01.

• There are also heavier isotopes with 3 or more neutrons. However, 
they decay after a fraction of a second, so are not found in nature.



Isotopes of hydrogen
Credits: BruceBlaus (Wikipedia)



Nuclear fusion

• Going back to the proton-proton chain, the first proton decays:
𝑝 → 𝑛 + 𝑒+ + 𝜈𝑒

• Let’s add back the second proton:
𝑝 + 𝑝 → 𝑝 + 𝑛 + 𝑒+ + 𝜈𝑒

• The second proton combines with the neutron to form a deuterium 
nucleus 2H:

𝑝 + 𝑝 → 2H + 𝑒+ + 𝜈𝑒

• We can write 1H for the protons, since they’re just protium nuclei:
1H + 1H → 2H + 𝑒+ + 𝜈𝑒



Proton-proton chain step 1
Credits: Modification of work by Sarang (Wikipedia)



Nuclear fusion

• Step 1 is mediated by the weak interaction.
• Remember that this is one of the 4 fundamental interactions: 

electromagnetic, strong, weak, and gravity.

• The weak interaction is responsible for nuclear reactions.

• Each proton in the core of the Sun waits a few billion years (on 
average) before it manages to successfully fuse with another 
proton!



Nuclear fusion

• Helium (He) has 2 protons. Its stable isotopes are:
• Helium-3 or 3He: 1 neutron. Very rare.

• Helium-4 or 4He: 2 neutrons. Very common (99.99986%).

• In step 2 of the proton-proton chain, the 2H from step 1 collides 
with a 1H (proton) to form 3He and a photon:

2H + 1H → 3He + 𝛾



Proton-proton chain step 2
Credits: Modification of work by Sarang (Wikipedia)



Nuclear fusion

• Step 2 is mediated by the strong interaction.

• Therefore, it is much faster (since the interaction is stronger).

• In the core of the Sun, each 2H nucleus created in step 1 only exists 
for a few seconds before it is converted into 3He in step 2.



Proton-proton chain steps 1+2 combined
Credits: Modification of work by Sarang (Wikipedia)



Nuclear fusion

• In step 3 of the proton-proton chain, two 3He, produced in step 2, 
collide to form 4He and two protons:

3He + 3He → 4He + 1H + 1H

• In the Sun, it takes each 3He a few hundred years to convert to 4He.

• This is the most common way (~83%) for step 3 to occur, called 
branch I, but there are at least 3 other less common branches 
which we won’t talk about here.



Proton-proton chain step 3 (branch I)
Credits: Modification of work by Sarang (Wikipedia)



The full proton-proton chain (branch I)
Credits: Modification of work by Sarang (Wikipedia)

Combining all the steps together:
6 1H → 4He + 2 1H + 2𝜈𝑒 + 2𝑒+ + 2𝛾

Since there are 2 protons on each side, 
we can “subtract” them:

4 1H → 4He + 2𝜈𝑒 + 2𝑒+ + 2𝛾

In this process we “fused together” 4 
hydrogen nuclei (protons) to create 

one helium nucleus (plus other stuff).



Nuclear fusion

• Remember that antimatter quickly annihilates with matter.

• A positron (𝑒+) is antimatter, so it annihilates with an electron 
(𝑒−) to produce 2 photons (𝛾) like we discussed earlier:

𝑒+ + 𝑒− → 2𝛾

• This happens twice since we have 2 positrons. So
4 1H → 4He + 2𝜈𝑒 + 2𝑒+ + 2𝛾

becomes
4 1H + 2e− → 4He + 2𝜈𝑒 + 6𝛾



Nuclear fusion

4 1H + 2e− → 4He + 2𝜈𝑒 + 6𝛾

• The mass of a proton is ~938.3 MeV.

• So the total mass of the original 4 protons is ~3,753 MeV.

• The mass of the resulting 4He nucleus is ~3,728 MeV.

• There is a difference of ~25 MeV (0.7% of the original mass)!

• The rest energy of this lost mass is converted to kinetic energy of 
the neutrinos and photons.



Nuclear fusion

• So in conclusion, this is how stars like the Sun generate light:
• They fuse hydrogen to helium.

• In the process, photons of light are emitted.

• The helium has a smaller mass than the hydrogen.

• The mass difference gets converted to the kinetic energy of the photons.

• When the photons from the Sun reach Earth, their kinetic energy is 
converted into heat and makes life and many other things possible!
• Neutrinos are also emitted, so they “steal” some of that kinetic energy for 

themselves. Since neutrinos just pass through everything without affecting 
it in any way, that energy is effectively lost.



Nuclear fusion

• As mentioned before, the proton-proton chain is dominant in stars 
with up to 1.3 times the mass of the Sun, including the Sun itself.

• In more massive stars, nuclear fusion occurs mostly via the CNO 
(carbon-nitrogen-oxygen) cycle.

• The CNO cycle is a bit more complicated, so we won’t cover it here. 
But it basically does the same thing: 4 hydrogen nuclei are fused 
into a helium nucleus, and neutrinos and photons are released in 
the process.



Nuclear fusion

• The are ~1057 protons in the Sun.

• Every second, the Sun fuses ~1038 protons (~600 million tons of 
hydrogen) into helium nuclei.

• In this process, ~4 million tons (~0.7%) of rest energy from the 
mass difference is converted to kinetic energy of released photons.

• Using 𝐸 = 𝑚𝑐2, this is equivalent to ~1026 W of energy.

• This is 10 million times Canada’s yearly energy consumption, every 
second!



Conclusions

• In this lecture, we learned many advanced concepts from relativity, 
particle physics, and nuclear physics.

• We saw how different subatomic particles and interactions 
contribute to the nuclear fusion process that allows stars to 
generate their light.

• Reading: OpenStax Astronomy, chapter 16.

• Exercises: Practice questions will be posted on Teams.
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