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Star Composition-Chemical

• Hydrogen

• The most abundant element in the universe and 
the major component of main sequence stars like 
the Sun

• Hydrogen undergoes nuclear  fusion in the core of 
stars to form helium

• Hydrogen accounts for approximately 71 percent 
of the Sun’s mass

• Helium

• The second most abundant element in the 
universe and is a major component of main 
sequence stars such as the Sun

• Helium accumulates in the core of stars as a result 
of hydrogen nuclear fusion

• Helium accounts of approximately 27 percent of 
the Sun's mass
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• Each element absorbs light at specific wavelengths 
unique to that atom

• When astronomers look at an object’s spectrum, they can 
determine its composition based on these wavelengths



Composition -The Sun
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Composition-Interior of Stars

• Plasma of hydrogen nuclei

• Very high temperatures ~ 15e6 K

• Very high pressure ~3.5 × 1011 atm

• High density ~ 160 g m/cc3

Water density is 1 gm/cc3

• High pressures, temperatures, density due to 
gravitational force
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Very high temperature of hydrogen 
plasma along with quantum mechanics 
leads to fusion of hydrogen nuclei into 
helium nuclei

Equation of Ideal Gas Law



Composition-Nuclear Fusion in Stars

• In 1920, Arthur Eddington proposed that stars 
obtained their energy from nuclear 
fusion of hydrogen to form helium and raised the 
possibility that the heavier elements are produced 
in stars

• In 1939, Hans Bethe analyzed the different 
possibilities for reactions by which hydrogen is 
fused into helium

• The first one, the proton-proton chain reaction, is 
the dominant energy source in stars with masses 
up to about the mass of the Sun

• The second process, the carbon–nitrogen-oxygen
cycle, is more important in more massive main-
sequence stars
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Composition-States of Matter

• Solids-particles are packed tightly together so they 
don't move much

• The electrons of each atom are constantly in 
motion, so the atoms have a small vibration, but 
they are fixed in their position

• Particles in a solid have very low kinetic energy

• Have a definite shape, as well as mass and volume

• Have a high density- the particles are tightly packed 
together

• Liquids- particles are more loosely packed than in a 
solid and can flow around each other, giving the 
liquid an indefinite shape

• Liquids-most have a lower density than solids

• Are incredibly difficult to compress

• Gases-particles have a great deal of space between 
them and have high kinetic energy

• Have no definite shape or volume

• Under pressure the space between particles is 
reduced and the gas is compressed

• Plasmas- highly charged particles with extremely 
high kinetic energy

• Not a common state of matter on Earth

• Stars are essentially superheated balls of plasma

• Noble gases (helium, neon, argon, krypton, xenon 
and radon) are often used to make glowing signs 
by using electricity to ionize the gases to the 
plasma state
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Composition- Chemistry and Nuclear Physics

• In chemistry the heat of formation is the amount 
of heat (energy) released when making a molecule 
from its elemental constituents

• Hydrogen plus oxygen forming water releases       
2.5 electron volts (eV) of energy per water 
molecule

2 H2 + O2 → 2 H2O +Heat

• In nuclear physics the nuclear binding energy is the 
energy released when making a nucleus from free 
protons and neutrons

• It is also the energy required to completely 
disintegrate a nucleus

• Helium -4 nucleus has a binding energy of 

28.3 million electron volts (MeV)
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Composition-Converting Protons into Helium
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Two hydrogen nuclei (1H) are 
merged together into a 
deuterium nuclei (2D)

Deuterium nuclei (2D) can then be merged 
with another hydrogen nuclei (1H) to form 
a light isotope nuclei of helium ( 3He)

Two of the nuclei of helium ( 3He) can be 
merged together to form a helium-4 
nuclei (4He)

Fusion process yields 28.3 MeV or
670 million megajoules of energy per kilogram



Composition-Nuclear Physics

• An atomic nucleus  is composed of protons and
neutrons at the center of a cloud of electrons

• Protons have a positive electrical charge

• Neutrons have zero electrical charge

• Electrons have negative electrical charge

• The number of neutrons is about the same as or 
somewhat greater than the number of protons

• In a neutrally charged atom the number of protons 
equals the number of electrons

• The current model of the atom is the “Electron 
Cloud Model” 
• Described by Quantum Mechanics
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Composition-Nuclear Physics-Binding Energy

• Binding energy per nucleon (proton and 
neutron) is energy that would be released 
by creating the nucleus from free protons

• Lighter elements release energy during 
fusion-exothermic process

• Up to iron

• Elements heavier than iron require energy 
to fuse into even heavier elements-
endothermic process

• Elements heavier than iron are not created 
by fusion the in cores of stars

• H-1 binding energy =0

• He-4 binding energy =7 MeV per nucleon
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Composition- Nuclear Physics

• The bigger the nucleus the more energy it takes to 
tear it apart
• Average energy required is about 8 MeV per 

nucleon
• A nucleon is a proton or neutron

• Small nuclei have relative low binding energy per 
nucleon

• Binding energy per nucleon rises to a maximum 
value at atomic mass of about 60

• The nucleons are held in the nucleus by the strong 
nuclear force

• If the nucleons are surrounded by other nucleons  
it takes about 8 MeV to pull the apart on average

• Nucleons near the surface of a nucleus –not 
surrounded by other nucleons-have lower binding 
energy  than average

• This “surface penalty” is more pronounced for 
small nuclei-they have higher surface to volume 
ratio

• Another fact is that protons repel each other-
partially offsetting the strong nuclear force

• The strong nuclear force is  a little stronger when it 
is between a proton and a neutron than when it is 
between 2 protons and 2 neutrons 

• This increases the binding energy of nuclei with 
lots of proton- neutron pairs

• Light nuclei suffer from high surface area-their 
binding energy is lower than average

• Very heavy nuclei also have low binding energies-
adding nucleons to a nucleus increases the proton 
penalty as the desire for “symmetry” results in 
additional protons

• The net effect is to destabilize the nucleus
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Composition- Nuclear Physics

• The source of the Sun’s is energy is nuclear fusion 
of helium from hydrogen

• The stable nucleus of hydrogen is H1-one proton 
with a binding energy of 0

• Helium-4 has a binding energy of 7 MeV per 
nucleon

• It has 4 nucleons

• Two protons and two neutrons

• Hydrogen to helium  fusion releases 7 MeV per 
nucleon: 28 MeV

• Equivalent to 670 million megajoules of energy per 
kilogram

• The Sun’s-total energy output divided by energy 
per kilogram released by fusion:

• Total energy output = Luminosity x Age

• Luminosity is 3.8e26 watts

• Age is 4.6 billion years  

• Total (to date) energy output of the Sun is:

5.5e43 joules of energy

• Mass of hydrogen :

• By converting only 4% of its hydrogen into helium 
the Sun can release energy enough to shine for 
billions of years
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Composition- Nuclear Physics

• When an interaction releases energy the total 
mass must decrease-Einstein

• The fractional change in mass for hydrogen

• Helium nucleus is less massive by 0.75% than two 
isolated protons (helium nucleus is one proton)

• As the Sun radiates energy it is losing mass

• The Sun is losing 4 billion kilograms of its mass 
every second

• The mass of the Sun is~12.0 × 1030 kg

• Only about 10% of Sun’s hydrogen will be fused int 
helium

• Sun will shine for another 4-5 billion years 
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Composition-Converting Protons into Helium
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Two hydrogen nuclei (1H) are 
merged together into a 
deuterium nuclei (2D)

Deuterium nuclei (2D) can then be merged 
with another hydrogen nuclei (1H) to form 
a light isotope nuclei of helium ( 3He)

Two of the nuclei of helium ( 3He) can be 
merged together to form a helium-4 
nuclei (4He)

Fusion process yields 28.3 MeV or
670 million megajoules of energy per kilogram



Composition-Fundamental Forces

• Gravity

• Electrical

• Strong nuclear

• Weak interaction
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Always attractive

Attractive opposite charges
Repulsive like charges

Attractive for nucleons over very 
short distance

Causes beta decay-form ofradiation

Electrical repulsive force between two 
protons is ~1x10E36  times stronger than 
their gravitational attractive force



Composition-Fundamental Forces-Strong Force

• The strong nuclear force is one of four 
fundamental forces in nature

• The strong force is 'felt' between nucleons 
(protons and neutrons) inside of the nucleus of an 
atom

• This force is strong enough that it overcomes the 
repulsive force between the two positively charged 
protons, allowing protons and neutrons to stick 
together in an unimaginably small space

• The strong force dies off with distance much faster 
than gravity or the electromagnetic force, so fast 
that it's almost impossible to detect the strong 
force outside of a nucleus

• The strong force and the weak force are not 
inverse square laws

• The electrical force pushing protons apart and the 
strong force acting on both protons and neutrons 
inside of a nucleus
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Composition-Converting Protons into Helium

• If two protons get within 1.5e-15 meters of each 
other the strong nuclear force overcomes their 
electrical force repulsion 

• This requires 1 MeV of energy

• Temperature in the core is 15e6 K which gives an 
average kinetic energy of a particle of 0.002MeV

• The core temperature is too low to support 
hydrogen to helium fusion!

• We need quantum theory to explain fusion in the 
stars

• The amplitude of the proton’s wave function 
decreases as it leaks through the barrier 

• The portion that gets through the barrier is tiny

• It is governed by Schrodinger Wave Function 
Equation

• Quantum theory predicts the energy required to 
get the protons within 1.5e15 meters of each 
other(strong force) is on the order of 0.0025 MeV

• This same order of magnitude as the average 
energy of protons at the core

• Hydrogen to helium fusion at centers of stars is 
explained
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Composition-Converting Protons into Helium

• Exponential fall off in the wave function as it 
penetrates the barrier means that the probability 
to penetrate the barrier depends on energy                       
( Temperature)

• Small changes in energy lead to large changes in 
fusion rate

• Rate of proton fusion varies as T**4

• Other reactions vary as T**8

• Each reaction has a sharply defined ignition point

• Below it power output is negligible
• Above it power output is substantial

• Helium -2 nucleus is unstable

• Weak nuclear interaction can convert protons into 
neutrons and vice versa

• When two protons approach each other there is a 
slight chance that one will change into a neutron 
and emit a neutrino in the process

• One proton and one neutron  make hydrogen-2 
deuterium which is stable

• A deuterium nucleus  colliding with a proton forms 
helium-3 and emits a gamma ray

• Simplest path to helium -4 :

• After about 20,000 years a helium -3 nucleus will 
find another helium -3 nucleus and collide

• This knocks away 2 protons

• Leaving 2 protons and 2 neutrons leaving  helium -4

• A very stable nucleus –no  more interactions
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Composition-Fusion in Stars-Quantum Effects

• Classical physics cannot explain hydrogen  fusion in most stars

• Quantum mechanics does explain hydrogen fusion in stars

• If it weren’t for the quantum nature of every particle in the Universe, and the fact that their positions are 
described by wavefunctions with an inherent quantum uncertainty to their position, this overlap (tunneling) 
that enables nuclear fusion to occur would never have happened

• The overwhelming majority of today’s stars in the Universe would never have ignited, including our own

• Their cores not hot enough to overcome the electrical repulsion of protons

• It’s the power of quantum mechanics that allows the stars and the Sun  to shine
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Next Session

• Classification of stars
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