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NUCLIDE CLASSIFICATIONS 

1. Stable nuclides -do not undergo radioactive decay 
a. 264 known stable nuclides 

b. examples: 12C, 4He, 2H, 208Pb , etc.

2. Primary radionuclides -radioactive and have been here on Earth since it was 
formed 

a. Have long half-lives, t1/2

b. 26 primary radionuclides are known 

c. examples: 238U- t1/2 = 4.5 x 109 yr , 40K- t1/2 = 1.3 x 109 yr , 87Rb t1/2 = 4.8 x 1010 yr

3. Secondary natural radionuclides -radioactive nuclides formed from the decay of 
primary radionuclides 

a. t1/2 too short for them to have been here since Earth formed 

b. 38 secondary radionuclides are known 

c. examples: 226Ra t1/2 = 1600 yr, 234Th t1/2 = 24.1 days, 222Rn t1/2 =  8.0 days
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NUCLIDE CLASSIFICATIONS 

4. induced natural radionuclides -formed by cosmic rays 

 a. induced radionuclides have a short t1/2 but are continuously formed by 
cosmic ray interactions with terrestrial nuclides

 b. 10 induced radionuclides are known 

 c. examples: 3H - t1/2 = 12.3 yr , 14C- t1/2 = 5730 yr 

 d. 3H and 14C formed from cosmic rays interacting with 14N in the 
stratosphere

5. artificial radionuclides ςall are man made by nuclear reactions 

 a. artificial radionuclides have a variety of t1/2Ωǎ 
 b. more than 2000 artificial radionuclides are known

 c. examples: 60Co - t1/2 =  5.27 yr, 137Cs - t1/2 =  30.1 yr, 24Na - t1/2 = 14.96 hr 

5



NUCLIDE CLASSIFICATIONS 

6. Mass classifications of nuclides 

a. Isotopes ςnuclides that have equal numbers of protons  
 12C, 13C, 14C 

b. Isotones - nuclides that have equal numbers of neutrons        
 14C,15N, 16O

c. Isobars - nuclides that have equal mass numbers   
 11B, 11C, 11N 

d. Isomers ς nuclides with the same Z, N, and A but different excitations 99Tc or 
99Tc*and 99-mTc 
 1) usually have a relatively long difference in t1/2 
 2) 99-mTc t1/2 = 6.02 hr 

 3) 99Tc- t1/2 = 2 x 105yr 
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Nuclear Periodic Table
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Nuclear Periodic Table
Isotopes ς nuclei with constant Z

9C, 10C, 11C, 12C, 13C, 14C, 15C, 16C, 17C, 18C, 19C, 20C

Isotones ς nuclei with constant N
11Li, 12Be, 13B, 14C, 15N, 16O, 17F, 18Ne, 19Na, 20Mg, 21Al, 22Si

Isobars ς nuclei with constant A
13O, 13N, 13C, 13B

Find these various nuclide series on chart of nuclides
Is there a pattern?
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Nuclear Periodic Table
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Nuclear Periodic Table
https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html

https://www-nds.iaea.org/relnsd/vcharthtml/VChartHTML.html


Binding Energy
ÅQ value is the nuclear analog to DHrxn in Chemistry 

ÅSign of this number tells you whether reaction is endo- or exoergic 

ÅBinding energy is the nuclear analog to  Ў(f
0 in Chemistry 

ÅBinding energy indicates how well a given nucleus is held together (bound)

ÅFor nuclei the binding energy is given by the Q value for the reaction that forms a nucleus 
from its component pieces 

ÅDefinition of Q value
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BINDING ENERGY
ÅTo calculate the binding energy of a nucleus use this basic equation

 

or

EB = [(Z mH + N mn) ς ME ]931.5 MeV/amu

or

EB = (Z DmassH + N Dmassn) - Dmass product nuclide 
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Z mH + N mn­  an atom of  A E + energy



Binding Energy
ÅCalculate the binding energy of 19F

EB = [ 9 (7.289) + 10 (8.071)] - (-1.4871) MeV 
= [ 65.601 + 80.711 + 1.4871] MeV 

= 146.311 + 1.4871 MeV 
= 147.798 MeV  
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Binding Energy
ÅIMPORTANT NOTE
Å The nuclear chemistry definition is the reverse of the P-chem and gen chem definition

Å products ς reactants

ÅIn the nuclear scheme:
Å Q > 0 means exoergic

Å Q < 0 means endoergic 
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Valley of Stability
Semiempirical binding energy equation can be written as a quadratic function of Z 

BE = clA -c2A
2/3- c3Z

2A-1/3- c4(A-2Z)2/A+ d 

Quadratic functions are parabolas 
Plot BE on y-axis and Z on x-axis we get parabolic curves that depend on the Z and mass 

Single parabola for odd-A nuclei of constant A 
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Valley of Stability
Two parabolas for even-A nuclei of constant A 

  one for even-even nuclei 

  one for odd-odd nuclei 

  separation due to the pairing term, d 
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Valley of Stability
Plot mass excess (D) vs Z vs N 

3-5 ƎǊŀǇƘ ƻŦ .9 ǘƘŀǘ ǎƘƻǿǎ ǘƘŜ ǎǘŀōƭŜ ƴǳŎƭŜƛ ƭȅƛƴƎ ŀǘ ǘƘŜ ōƻǘǘƻƳ ƻŦ ŀ ά±ŀƭƭŜȅ ƻŦ {ǘŀōƛƭƛǘȅέ
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Binding Energy per Nucleon or BE/A
ÅBinding energy per nucleon or BE/A

ÅRelative indication of how well each nucleon is bound to the nucleus

Å  BE/A  for 19F is given by 
Å  147.798 MeV ÷ 19 = 7.779 MeV

ÅThe higher BE/A value the more stable the nucleus  
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Binding Energy per Nucleon or BE/A



Radioactivity
A. Alpha decay

Nucleus spontaneously emits a 4He2+ particle

For example:
210Po              206Pb2- + 4He2+     t1/2 = 138 days

Alpha decay primarily occurs in heavy nuclei

All nuclides heavier than 209Bi can alpha decay (among other possibilities)



Radioactivity
B. Beta minus decay

Nucleus spontaneously emits a b- (an electron)

Converts a neutron into a proton

Neutron rich nuclides undergo b- decay
Have too many neutrons relative to protons

90Sr        90Y + b- + Ӷ’      t1/2 = 29.1 y
32P        32S + b- + Ӷ’        t1/2 = 14.3 d



Radioactivity
C. Beta plus decay

Nucleus spontaneously emits a b+ (a positive electron or positron)

Converts a proton into a neutron

Proton rich nuclides undergo b+ decay
Have too many protons relative to neutrons

22Na        22Ne + b+ + ’ t1/2 = 2.60 y
11C        11B + b+ + ’ t1/2 = 20.36 m



Radioactivity
How does a proton become a neutron and vice versa?

Is this how you envision a 4He nucleus?

Think about it more like this.
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Radioactivity
How does nature pull off this trick?

Pi-mesons (or pions) are the answer!

There are three types of pions,  p+ p- p0

All three have a rest mass of 0.149867 amu
Protons have a rest mass of 1.007276 amu

Neutrons have a rest mass of 1.008665 amu

tƛƻƴ ƴǳƳōŜǊ ŀƴŘ ŎƘŀǊƎŜ ŘŜǘŜǊƳƛƴŜǎ ǿƘŀǘΩǎ ŀ ǇǊƻǘƻƴ ƻǊ ƴŜǳǘǊƻƴ



Radioactivity
Pions are constantly moving (exchanging) from one particle to another.



Radioactivity
In beta decay pions convert from p+ or p- to p0

   Positron decay illustration

  p+ p0 + b+ + n

p+

p0
p

p0

n
p0



Radioactivity
Negatron decay illustration

  p- p0 + b- + Ӷ’

p+

p0
p



Radioactivity
What is that n thing?

It is the symbol for a neutrino

tǊƻǇƻǎŜŘ ƛƴ ǘƘŜ мфнлΩǎ ōȅ ²ƻƭŦƎŀƴƎ tŀǳƭƛ ǘƻ ŜȄǇƭŀƛƴ ǿƘȅ ōŜǘŀ ŘŜŎŀȅ ǎǇŜŎǘǊŀ ŀǊŜ ŎƻƴǘƛƴǳƻǳǎΣ ƴƻǘ ŘƛǎŎǊŜǘŜ



Radioactivity
9ƴǊƛŎƻ CŜǊƳƛ ǇǊƻǇƻǎŜŘ ǘƘŜ ƴŀƳŜ ƴŜǳǘǊƛƴƻΣ Lǘŀƭƛŀƴ ŦƻǊ άƭƛǘǘƭŜ ƴŜǳǘǊŀƭ ƻƴŜέ

5ŜŦƛƴƛǘƛǾŜƭȅ έŘƛǎŎƻǾŜǊŜŘέ ōȅ CǊŜŘ Reines and Clyde Cowan in 1956

Neutrino properties
Zero charge

Mass of ~1.1 eV or 1.2 x 10-9 amu



Radioactivity
D. Gamma decay

Nucleus spontaneously emits a highly energetic light photon (electromagnetic radiation)

Nuclear equivalent of atomic emission spectrum

All nuclei can undergo gamma decay
Yes, even stable nuclides!

60Co*         60Co + hn t1/2 = 0.30 ps E = 1.17 MeV & t1/2 = 0.71 ps with an E = 1.33 MeV 
16O*        16O + hn           t1/2 = 6.7 ms   with E = 6.05 MeV 

By comparison, the violet colored light in the H emission spectrum has an E = 3.03 eV



Radioactivity
[ŜǘΩǎ Ǉǳǘ ǿƘŀǘ ǿŜ ƪƴƻǿ ǎƻ ŦŀǊ ƻƴǘƻ ǘƘŜ ƴǳŎƭŜŀǊ ǇŜǊƛƻŘƛŎ ŎƘŀǊǘ



Radioactivity
E. Other forms of Radioactive Decay

Spontaneous fission (nucleus splits into two pieces) VERY heavy nuclei like 252Cf do this

Proton emission ς VERY rare but has been seen in 53mCo and a few other nuclides

Neutron emission ς also rare but seen in very neutron rich fission products

Heavy particle emission ς 12C and 16O emission seen in a few heavy alpha emitting nuclides



Radioactivity
F. Kinetics of Radioactive Decay

All radioactive decay obeys first order kinetics

A = A0e
-kt or ln(A/A0) = -kt

A = remaining amount of nuclide

A0 = initial amount of nuclide

k = radioactive decay constant

t = time since decay started

Decay constant and half life are related
t1/2 = 0.693/k



Radioactivity
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Nuclear Reactions
Somewhat like chemical reactions in that the reacting species: 
1. Must collide with one another 

2. Have enough kinetic energy for the reaction to occur
(Unlike chemical reactions orientation is not a significant factor.)

Nuclear reactions are balanced by ensuring that protons and mass are conserved 

Neutron induced reactions do not require that the neutron be accelerated
235U + n          145Ba +  88Kr + 3n

92 p                  56 p     36 p

235 + 1 = 145 + 88 + 3



Nuclear Reactions
Charged particle reactions using p, 3H, 12C, etc. require acceleration so that the positively 
charged nuclei will come into contact and exchange pieces

12C + 3He     14N + 1H 

12C + 3He     11C + 4He 

Two important nuclear reactions are fission and fusion
Fission ς one big nucleus splits into two smaller nuclei
235U + n          145Ba +  88Kr + 3n

Fusion ς two smaller nuclei merge into one larger nucleus
20Ne + 20Ne      40Ca



Your Choice
A. Nuclear energy

B. Nuclear weapons

C. Nucleosynthesis

D. History of nuclear science



A. Nuclear Energy



Nuclear Reactors
1. Military weapons reactors are designed to produce fissile isotopes for use in nuclear 

weapons.
1. Hanford, WA

2. Savannah River Site, SC

2. Nuclear power reactors are designed to generate heat which is used to generate electricity 
1. Military versions used in aircraft carriers and submarines

2. Civilian versions used around the country (and world) to generate electricity

3. In US ~ 15% of electricity is reactor generated

4. In France ~ 70% of electricity is reactor generated



Nuclear Reactors
3. Critical mass required

A. Amount of material so that generated neutrons have a high probability of 
being captured

B. Maintains chain reaction

4. Self-sustaining chain reaction
A. One neutron emitted is captured by a nucleus
B. Nucleus fissions and emits more neutrons

1) On average 2.5 neutrons per event

C. Exponential growth of fission reactions
1) If it occurs in a few ms ς BOOM!

2) Uses fast neutrons

3) Highly enriched (> 90%) 235U or 239Pu

5. If we slow down chain reaction and control it, then we can generate a 
steady heat source

1) Uses slow neutrons

2) Low density of fissile nuclei

3) 1.7 to 3.2% 235U enrichment



Nuclear Reactors
6. We can express the chain reaction characteristics using the multiplication factor, k

7. If k < 1, chain reaction is subcritical and not self sustaining
A. Reaction will fizzle

8. If k = 1, chain reaction is critical and self sustaining
A. Ideal for reactors

9. If k > 1, chain reaction is supercritical and will run out of control
A. Great for weapons but very bad for reactors!

k =
Number of neutrons in the n+1 generation

Number of neutrons in the n generation



Reactor Components
Nuclear Fuel

232Th, 233U, 235U, 238U, and 239Pu can be used
233U, 235U, and 239Pu have large thermal neutron capture cross sections
232Th and 238U have large fast neutron capture cross sections

235U is the most commonly used fuel
Physical forms ς U metal, UO2, or UC

UO2 is used most commonly

238U and 232Th can be used to make other fuels

Basis for breeder reactors

238U + fast n ­ 239U b - 23.5min½ ­½½½ 239Np b - 2.36 days½ ­½½½ 239Pu

232Th + fast n ­ 233Th b - 22.3min½ ­½½½ 233Pa b- 27.0 days½ ­½½½ 233U



Fuel Cladding
Fuel Rods 

Assemblies of UO2(s) inside metal tubes

Tubes are from ~ 1 yd to 10 or 15 yd in length

Couple of inches in diameter

Packed into bundles containing several rods

Tubes are made of Zr alloyed with Ni, Cr, Fe, and Sn
At high T these tubes are catalysts for water decomposition!



Moderators
Required to slow neutrons to thermal velocities

Typically contain lots of protons which neutrons scatter from to slow down

Commonly used moderators
1H2O, 2H2O and C (graphite)

1H2O is cheap, plentiful, and easy to purify
Has relatively high neutron capture cross section
Requires enriched U fuel

2H2O is expensive to separate from regular water
Much lower neutron capture cross section (0.16% that of 1H2O)
Can use natural fuel

Graphite is cheap, plentiful, and easy to purify
Much poorer moderator
First few reactors  used it
[ŀǎǘ ƻƴŜ ƛƴ ¦{ όIŀƴŦƻǊŘΣ ²!ύ ǎƘǳǘ Řƻǿƴ ƛƴ ǘƘŜ мфулΩǎ



Coolants
Removes heat from fission reactions

Heat transfer to power generator

Common coolants include CO2, He, H2O (both heavy and light), and alkali metals like Na(l)

In the US regular water is most commonly used for both moderator and coolant



Reactor Types
Fast Breeder Reactors

Fast refers to the neutrons

Generate fuel as they operate

Use conventional U fuel either enriched or natural

After reactor has been in operation for a few months
235U is depleted, 238U is still present and some 239Pu has been made

Fuel rods are removed and chemically processed to obtain 238U and 239Pu

New fuel rods are prepared with 239Pu surrounded by 238U
Neutrons from 239Pu fission initiate this reaction sequence
238¦ Ҍ ƴ Ҧ 239¦ Ҧ239bǇ Ҍ ʲ- Ҧ 239tǳ Ҍ ʲ-



Reactor Types
Thermal Breeder Reactors

Core is 233U surrounded by 232Th

Fission neutrons from 233U captured by 232Th to initiate this reaction sequence
232¢Ƙ Ҍ ƴ Ҧ 233¢Ƙ Ҧ 233tŀ Ҍ ʲ- Ҧ 233¦ Ҍ ʲ-



Reactor Types
Power Reactors

Light water reactors
Most common type

Pressurized water reactors
Capped to increase pressure, raise water temperature, and increase thermal efficiency

Boiling water reactors
Operate with water at 1000C



Control Materials
To control the fission reaction we must have materials that absorb neutrons

Adding or removing a small amount of material adjusts neutron flux affecting k value

Common control materials include B, Cd, and In all of which have high neutron capture cross 
sections

B (as BC or various salts) used most frequently

BC is a common control rod

The whole reactor is housed in a containment building



Reactor Pictures



Reactor Pitfalls
Theoretically they can melt down

Even when control rods are inserted and core poisoned there is still residual heat from fission product 
radioactive decay

Core must be cooled until after heat has subsided

Chernobyl and Fukushima have tried to turn theory into practice



Reactor Pitfalls
They can explode

Not a nuclear explosion but a chemical explosion

Catalytic decomposition of coolant/moderator water from zircalloy fuel rods

2H2 + O2 Ҧ нI2O is very exothermic
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Reactor Pitfalls
Cleanup is difficult because area is highly radioactive

Radioactivity is spread far and wide
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Reactor Pitfalls
Waste disposal is huge issue



Nuclear Reactor Pluses
Power generated from nuclear fission does not add to global warming

No CO2 emissions

Compared to coal-fired plants nuclear energy is very clean

Much longer term energy source than fossil fuels

It is possible to engineer nuclear power plants that are fail-safe







B. Nuclear Weapons



Nuclear Fission Weapons
Nuclear reactors are designed so that they cannot undergo a nuclear explosion

Fissile material is too far apart

Cannot sustain a chain reaction

Nuclear fission weapons require a critical mass of 90% pure 235U or 239Pu

Critical mass ς sufficient quantity of material that fission neutrons cannot escape without 
initiating another fission reaction
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Nuclear Fission Reactions
Chain reaction ς one neutron initiates 2 or 3 fission reactions that initiate 2 or 3 more, etc.
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Nuclear Fission Weapons
U consists of the following isotopes all of which are radioactive

233U also exists in very small amounts with a t1/2 of 1.59 x 105 yr

To make a weapon the U must be enriched from 0.720% 235 U to 90% 235U

Isotope % Abundance t1/2

238U 99.275% 4.5 x 109 yr

235U 0.720% 7.04 x 108 yr

234U 0.0054% 2.45 x 105 yr
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Nuclear Fission Weapons
Manhattan Project started in 1940-41 to build nuclear weapons

Los Alamos, NM ς weapon design research facility

Oak Ridge, TN ς 235U enrichment facility

Hanford, WA ς 239Pu production facility
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Nuclear Fission Weapons
In July 1945 the first atomic bomb was exploded in the desert near Los Alamogordos, NM
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Nuclear Fission Weapons
Hiroshima, Japan ς August 6, 1945

Little Boy weapon

Casualties
66,000 dead 

69,000 injured
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Nuclear Fission Weapons
Nagasaki, Japan August 9th, 1945

Fat Man weapon

Casualties
39,000 dead

25,000 injured
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Nuclear Fission Weapons
USSR builds a nuclear weapon in 1949

Starts the Cold War

Countries that possess nuclear weapons
USA

Russia

Britain

France

Israel

China

India

Pakistan

North Korea

(South Africa)
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Nuclear Fusion Weapons
First thermonuclear explosion -1952 

Cranks up the Cold War
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Nuclear Fusion Weapons
How did we take that enormous bomb and make it into something that would 
fit onto an airplane or missile?

Typical 1 megaton weapons are about the size of wheeled garbage cans.
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C. Nucleosynthesis



Primordial Nucleosynthesis  
Big Bang Theory 

A. Seminal paper by Alpher, Bethe, and Gamow in 1948

B. Further work by numerous others
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Primordial Nucleosynthesis 
Universe started ~ 13 to 15 billion years ago

1. All matter, energy, space and time were contained in a single immensely dense and extremely small point

2. At ~10-43 s after the explosion (singularity) occurs, all matter was compressed into a sphere the size of the point of a 
needle with a density of ~1090 kg/cm3

3. Universal T was ~1032 K

4. All 4 physical forces are united in a single force

5. As the explosion proceeds, the universe expands and cools

a. 4 forces begin to separate themselves over the next ~ 10-8 s

b. some particles have been generated including leptons, quarks, leptoquarks, and gravitons

c. Universe inflates tremendously over the time frame 10-35 to 10-33 s and the strong force separates from the electroweak 
force ς gluon appears

d. From 10-33 to 10-6 s all four forces finally separate and electrons, positrons, neutrinos, and antineutrinos begin their 
existence

Matter dominates over antimatter

Protons and neutrons are formed
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Primordial Nucleosynthesis 
D.Nucleosynthesis era 1 to 5 min after the explosion

1)universe has cooled to 109 K and nuclei can begin to form (thermal E < strong 
force)

2)universe consists of a very hot plasma containing electrons, positrons, 
neutrinos, antineutrinos, neutrons, and protons

E.Nuclear reactions begin making some new nuclei and elements
1)Ǉ Ҍ ƴ Ҧ Ř Ҍ g

2)Ř Ҍ ƴ Ҧ ǘ Ҍ g (tritium rapidly decays away)

F.He formation begins
1)Ǉ Ҍ Ř Ҧ 3He + g

2)3He + 3IŜ Ҧ 4He + 2p

G.Elements with A = 5 or 8 are all very unstable with short half lives, this 
blocks the direct synthetic route for heavier elements
1)8Be t1/2 ~ 7 x 10-17 s

2)5Li  t1/2 ~ 3 x 10-22 s

3)5He  t1/2 ~ 7.6 x 10-22 s
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Primordial Nucleosynthesis 
D.Only 7Li is stable enough to withstand these conditions

1)4He + 3I Ҧ 7Li  or
2)4He + 3IŜ Ҧ 7Be 
3)7Be + e- Ҧ 7Li  + n

E.Within 5 minutes after the Big Bang, the Universe has cooled to the point 
that further nuclear reactions are impossible and only these elements have 
been formed
1)1H ~ 76% of the early universe
2)4He ~ 24% of the early universe
3)Trace amounts of 3He, 2H, and 7Li
4)This explains the early portion of the cosmic abundance curve but where did the 

rest of the stuff come from?

F. Elemental synthesis stops for ~ 106 years and the universe cools off some 
more 

1)matter dominates radiation
2)electrons and nuclei can finally combine to form atoms

G. Universe continues its expansion and cooling to the point that we have a 
nearly constant 3K microwave radiation cosmic background 
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Stellar Evolution
1. Big Bang explosion spews matter and energy over Universe then gravity begins to contract clumps

1) Big Bang was not symmetric otherwise there would be no coagulation into galaxies and stars, etc.

2. Protostars are made as H and He gases condense into a sphere raising temperature and density high enough to initiate fusion 
reactions

3.Three different star populations

1) Population III stars

a. First generation stars

b. Have no starting material except H, He and some Li

c. Extremely massive with very short lives of a few thousand to few million years

d. Nuclear reactions inside them made some heavier elements which were then ejected into the interstellar medium 
and used in subsequent stars

e. No population III stars exist today

2) Population II stars

a. Second generation stars

b. These stars contained ~ 1% heavier elements then H and He (from the pop III stars)  when they are formed

c. This changes some of the synthetic pathways that are available to them

d. A few of these stars are still with us but mostly as remnants

3) Population I stars

a. Third generation stars

b. Begin life with 2-5% heavier elements than H and He

c. Sun is a population I star

a. Most abundant stars in the sky 75



Stellar Evolution
4. Evolution of a star

A. Evolutionary pathway is determined by its mass and original composition

B. massive stars have short lifetimes and go down certain pathways that less massive stars 
cannot do

C. smaller stars have longer lifetimes and different pathways

D. Hertzsprung-Russell diagram

1) Plot of stellar luminosity versus surface T or color 

2) Blue stars are hottest 

3) Red stars are coolest 

4) Luminosity amount of light generated corrected to a common distance

5) Most massive stars lie in the upper left corner

6) Least massive stars lie in the lower right
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Stellar Evolution
Main Sequence Stars

Most stars are found in a diagonal band on the H-R diagram called the main sequence

Stars spend the majority of their lives on the main sequence

Blue supergiants
Massive stars that are exceedingly hot 

Producing majority of their light in the UV 

Red Supergiants and Red Giants
Massive, large diameter stars that are cooler

Emit a lot of their light in the red-IR region

White dwarfs
Very small stars that are relatively hot

  As a star reaches the end of its lifetime it moves from the main sequence into the red supergiant or red giant region
Once it passes through the red giant or supergiant phase, it has two options available to it

If the mass is < 1.4 solar masses it becomes a white dwarf

If it is truly a massive star > 3 solar masses, then it will become a nova or supernova

If the core that remains after the explosion has a mass of 1.4-3 solar masses, it becomes a neutron star

If the core has a mass > 3 solar masses it will form a black hole 
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Stellar Nucleosynthesis
1. Main sequence hydrogen fusion reactions 

2. Once star has reached an internal T of ~108 K 

3. ppI sequence
a) Ǉ Ҍ Ǉ Ҧ Ř Ҍ b- + n

b) p + p + e- Ҧ Ř Ҍ n

c) Ǉ Ҍ Ř Ҧ 3He + g

d) 3He + 3IŜ Ҧ 4He + 2p

4. bŜǘ ǊŜǎǳƭǘ п Ǉ Ҧ пIŜ Ҍ ŜƴŜǊƎȅ 
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Stellar Nucleosynthesis
5. If the star has sufficient He and high T ppII sequence is possible

a) 3He + 4IŜ Ҧ 7Be + g

b) 7Be + e- Ҧ 7Li + n

c) 7[ƛ Ҍ Ǉ Ҧ 8Be + g Ҧ 4He + 4He 

6. One last pp possibility is the ppIII chain
a) 7.Ŝ Ҍ Ǉ Ҧ 8B + g

b) 8. Ҧ 8Be + b+ + n

c) 8.Ŝ Ҧ 4He + 4He 
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Stellar Nucleosynthesis
Why is the Main Sequence the longest portion of a 
ǎǘŀǊΩǎ ƭƛŦŜΚ
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²ƛŜƴΩǎ [ŀǿ
ʇpeak T = 2.898 x 10-3 mK
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Stellar Nucleosynthesis
7. CNO Bi-cycle first recognized by Hans Bethe

A.12/ Ҍ Ǉ Ҧ 13N + g

B.13N + e- Ҧ 13C + n

C.13/ Ҍ Ǉ Ҧ 14N + g

D.14b Ҍ Ǉ Ҧ  15O + g

E.15O + e- Ҧ  15N + n

F.15b Ҍ Ǉ Ҧ  12C + 4He
1) C and N isotopes catalyze the formation of 4IŜ ŦǊƻƳ п ǇΩǎ 

8.Another possible CNO cycle is
A.15b Ҍ Ǉ Ҧ 16O + g

B.16h Ҍ Ǉ Ҧ 17F + g

C.17F + e- Ҧ 17O + n

D.17h Ҍ Ǉ Ҧ  14N + 4He 
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Stellar Nucleosynthesis
He burning

A.Over time the core becomes He rich - p to p interactions become too diffuse to sustain fusion

B.Core contracts and heats initiating new more exoergic fusion reactions than H fusion
1) Even though the core contracts, the star expands to accommodate the increased energy flow from He fusion 

reactions

2) Star evolves from main sequence to red giant or red supergiant phase

C.Triple alpha process
1) 8Be has a short half-life (~10-17 s) not much is around at any one point in time

2) In a red giant star enough 8Be present to form an equilibrium concentration of 8Be leading to these He 
burning reactions

a. 4He + 4IŜ Ҧ 8Be

b. 8Be + 4IŜ Ҧ 12C + g

D.Carbon fusion reaction
1) 12C + 4IŜ Ҧ 16O

E.C fusion is the end of the line for He burning 
1)IŜ ōǳǊƴƛƴƎ ƭŜŀǾŜǎ ǘƘŜ ǎǘŀǊΩǎ ŎƻǊŜ ǊŜƭŀǘƛǾŜƭȅ ǊƛŎƘ ƛƴ / ŀƴŘ h

2) He burning is much shorter than the main sequence lasting perhaps for only a few thousand to million years

3) Eventually the core becomes saturated in C and O shutting off the He burning sequence

F.Core contracts and heats

G.{ǘŀǊΩǎ exterior contracts to initiate the next batch of reactions  
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Stellar Nucleosynthesis
Heavier Element Burning

1. C burning major reaction sequence

A. 12C + 12/ Ҧ 20Ne + 4He

B. 12C + 12/ Ҧ 23Na + 1H

C. Shorter time frame than the He burning phase

2. Photodisintegration reactions occur next

A. variety of (n,g) and (g,p) and (g,a) reactions to generate some nuclei in the interior particularly  20Ne 

3. Neon burning phase

A. 20Ne + 4IŜ Ҧ 24Mg

B. {ǘŀǊΩǎ ŎƻǊŜ ŎƻƴǘǊŀŎǘǎ ŀƴŘ ƘŜŀǘǎ ŀƎŀƛƴ

4. Oxygen burning phase

A. 16O + 16h Ҧ 32S + g

B. 16O + 16h Ҧ 31P + 1H

C. 16O + 16h Ҧ 28Si + 4He

D. Also produce Ca, Ar, K and Cl nuclei

E. These phases are getting quite short on the order of weeks to days

5. Silicon burning

A. 28Si + 28{ƛ Ҧ 56Ni

B. These reactions are the end of the line for fusion ς Why?
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Stellar Nucleosynthesis
11. Elements heavier than Fe and Ni are made via the r- and s-neutron capture 

processes 
A.slow or s-process

1) neutron capture is slow relative to beta decay

2) series of (n,g) reactions that produce radioactive nuclei which eventually decay to stable nuclides

3) 56Fe(n,g)57Fe(n,g)58Fe(n,g)59Fe

4) 59Fe then beta decays to the stable 59Co nucleus 

5) s-process appears to account for the production of the elements up to Bi
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Stellar Nucleosynthesis
B.rapid or r-process

1) Rapid capture of as many as 20 to 50 neutrons before the nucleus beta decays

a. Yields nuclei that are excessively neutron rich

2) Such high neutron fluxes can only occur during a supernova explosion

3) Synthesizes the heaviest elements like U and Th as well as some nuclei that the s-process cannot 
generate such as 116Cd

4) Peaks in the cosmic abundance curve at N = 50 and 126 are double humped due to the r- and s-
processes making slightly different A value nuclides

86



Stellar Nucleosynthesis
C.photonuclear or p-process

1) between A = 70 and A = 200 there are some proton rich or long-lived nuclei that cannot be 
formed by the s- or r-processes

2) Some of these are 73Kr, 112Sn, 120Te, 124Xe, 144Sm, 184Os

3) These are formed by (g,n) reactions followed by possible proton capture
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Stellar Nucleosynthesis
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Supernovae

Historically Known Supernovae

1054 ς Chinese and American Indian Records
Occurred in Taurus

6500 light years away
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Supernovae
1572 ς Seen all over Europe

Tycho Brahe ς Danish astronomer

Occurred in Cassiopea

10,000 light years away
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Supernovae
1604 ς Seen Around the World

Johannes Kepler described it

Occurred in Ophiuccus

20,000 light years away

Visible in daylight for 3 weeks 
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Stellar Nucleosynthesis
Supernovae 

A.Type I Supernovae
1) occur as one star steals mass from another nearby star until it reaches a critical 

mass and the star undergoes a supernovae explosion

B.Type II supernovae are the final step in the evolution of massive stars (> 
10 solar masses)
1) Fe-Ni core reaches 1.4 solar masses or more that cannot support itself

2) Rapidly collapses from a radius ½ that of Earth to 100 km

3) Core density reaches nuclear density, ~ 1014 g/cm3

4) Nuclear strong force ceases to be attractive becoming repulsive
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Stellar Nucleosynthesis
1) Core collapse takes a few 10thΩǎ ƻŦ ŀ ǎŜŎƻƴŘ 

a. Outer core edges traveling ~70,000 km/s (0.25 c)

2) Photodisintegration reactions occur converting protons to neutrons 
a. Generates an enormous neutrino flux of ~16.8 x 1057 neutrinos

b. Energy released in the neutrino flux is ~ 6.7 x 1046 J

3) Core rebounds through a hydrodynamic bounce 
a. ~ 0.7 solar masses of 56Ni are made inside the core

b. Takes about 20 ms for the shock wave to exit the core but ~ 2 hours for it to get 
out of the star

c. Neutron star, pulsar, or a black hole remains from the core

4) Neutron star formation releases an amount of energy equal to 100 times 
ǘƘŀǘ ƻŦ ǘƘŜ ǎǳƴΩǎ ŜƴǘƛǊŜ ƭƛŦŜǘƛƳŜ 9 ƻǳǘǇǳǘ ƻǊ Ϥ ǎŀƳŜ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ 
emitted in the visible universe in 1 sec
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March 2016, Kepler Telescope 
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March 2016, Kepler Telescope
Supernova Shock Breakout Simulation
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https://www.google.com/search?q=kepler+telescope+supernova+flash&rlz=1C1CHWA_enUS606US606&espv=2&biw=1440&bih=859&tbm=isch&imgil=SR47M1BMu46Y7M:;p1IikjuZb_jQoM;http://www.nasa.gov/feature/ames/Kepler/caught-for-the-first-time-the-early-flash-of-an-exploding-star&source=iu&pf=m&fir=SR47M1BMu46Y7M:,p1IikjuZb_jQoM,_&usg=__xffS8qoeyoJswF_KSBRuMmOt-DU%3D&ved=0ahUKEwjSouvLwZ3MAhUH1WMKHSGfCYcQyjcINw&ei=qZ0XV5KqG4eqjwOhvqa4CA#imgrc=GZZdAQACfLQ5IM%3A


Stellar Nucleosynthesis
1) Supernova 1987A

1) Large Magellanic Cloud 

2) Constellation Dorado

3) 167,885 light years away
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SN 1987A
Bolometric Decay Curve
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Stellar Neutrino Detection
17. Neutrinos generated in core collapse of a 

supernova should also be detectable
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https://www.youtube.com/watch?v=LoaOHvy5AcA
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