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Some terms:

Fission: Splitting of an atom into smaller parts- accompanied
by serious energy release.

Fissile: Capable of sustaining a chain reaction of nuclear fission.

Radioactivity: process in which an unstable atomic nucleus 
spontaneously loses energy by emitting ionizing* particles and radiation.

Chain reaction: I’ll show you.

Fertile: Can be converted to fissile material- usually in a reactor 
or accelerator.

Path forward for today: Fission independent of application- Weapon vs. Reactor

In order to appreciate any of this, one needs to know the structure of an atom.

*Ionizing: induces emission of an electron in another substance.



A very simplified view.

•Atoms are comprised of subatomic particles

•There are three principal kinds of subatomic particles:

•Proton – carries a positive charge, found in the nucleus

•Electron – carries a negative charge, found outside the nucleus 

•Neutron – carries no charge, found in the nucleus 

Chemistry:

Physics:



A closer look at the nucleus.

Positively charged, contains protons AND neutrons.
The number of protons defines the element!

Isotope: an atom with the same number of protons, but a 
different number of neutrons.

Table from Bowser, “Inorganic Chemistry.”



Not naturally occurring.



Atomic Numbers, Mass Numbers and Isotopes

92
235U

92

U
238.0829

Symbol

Atomic Number or ‘Z’. Equal to # Protons OR Electrons

Mass Number. Equal to number of protons AND neutrons

All atoms of the same element have the same 
number of protons.

Atomic weight in amu.



Naturally occurring elements are found as mixture of isotopes

Uranium
U-238: 99.284%
U-235: 0.711%

U-234: 0.0058%

Iron
Fe-54:  5.80%

Fe-56:  91.72%
Fe-57:  2.2%
Fe-58: 0.28%



How can nuclei change?

• Three ways a nucleus can change:

• Radioactive decay (spontaneous splitting)

• Fusion (induced joining)

• Fission (spontaneous or induced splitting)



Radiation Types

Alpha ()
2 protons, 2 neutrons

positively charged particle
n

p+
n

p+

Beta ()
like an electron

negatively charged 
particle

-

Gamma ()
Wave energy (not a particle)



Radioactive -decay

94Pu
239

92U
235 4

+      2He2+

94 p+ 92 p+ 2 p+

145 n 143 n 2 n

alpha particle

- particle

There is a large amount of energy associated with this!
End result: Z decreases by 2



Radioactive -decay example

In reverse:

53
131I  54

131Xe 1
0e

37
81Rb 1

0e 36
81Kr
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Implications? Damage?



t1/2 or half-life: time required for any given substance to react 
(or decay) to half of its original amount.  

Nuclear decays are UNAFFECTED by external conditions such as 
temperature, pressure, environment, etc.

137Cs (t1/2=30 years)
90Sr (t1/2=28 years)

99Tc (t1/2=2.13×105 years)
129I (t1/2=1.57×107 years) Fission products



So, what is with all this ‘decay’ business? Why does an atom do this?
The nucleus is unstable.  Not enough neutrons.

More protons require more neutrons to 
provide a compensating nuclear strong 
force and to dilute the electrostatic 
proton-proton repulsions. The plot 
stops at element 83 (bismuth) because 
no element above this has a stable
isotope.

- Isotopes with atomic number greater 
than 83 tend to be alpha emitters.

- Isotopes occurring above and to the 
left of the band of stability tend to be 
beta emitters.

- Isotopes lying below and to the right 
of the band are positron emitters.



Binding energy per nucleon



Fusion in a nutshell

• Take two light elements and smoosh
them together

Taken from http://nuclear-energy.net/what-is-nuclear-energy/nuclear-fusion



U235
92

n1
0

2.4 kJ mol-1 (0.025 eV)

1 Calorie = 4.184 joules = 0.004184 kJ

36
92Kr

Ba142
56

2×1010 kJ mol-1 (2 MeV)

Moderators
Graphite
H2O (D2O)

Self-propagating chain reaction

UO2

Nuclear Fission in a Nutshell



Nuclear Fission: Chain Reaction
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.
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Identity of Fission Fragments

U235
92

n1
0

36
92Kr

Ba142
56



Critical Mass: the smallest amount of  fissile material needed
to sustain a nuclear reaction.

One neutron in, but then those produced induce further reaction.



Note: Be reflector used in above graph.
Source: Alexander Glaser and Frank N. von Hippel, "Global Cleanout: Reducing the Threat of HEU-Fueled Nuclear Terrorism," 

Arms Control Today, January/February 2006, 
available online at: http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp.       Key term: downblending

Figure itself from http://nti.org/db/heu/critical_mass_figure.html

Natural uranium: 0.7% U-235

SEU- Slightly Enriched uranium: 0.9 to 2% U-235

LEU- Low enriched uranium: <20% U-235

HEU- Highly enriched uranium: >20% U-235

Take home message: know the level of enrichment
when reading policy, news, whatever.

http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp
http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp
http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp
http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp
http://www.armscontrol.org/act/2006_01-02/JANFEB-heuFeature.asp


London ‘freebie’ August 2010.



Other things that can happen besides fission: neutron capture

Not every neutron that hits a nucleus induces fission

Incoming neutron has to have the right energy, or ‘speed.’

Likelihood of fission (or capture) represented by a 
cross-section

U235
92

n1
0

36
92Kr

Ba142
56



What the heck is a neutron cross section?

Used to express the likelihood of interaction between an incident neutron 
and a target nucleus.    in barns where 1 barn = 1 x 10-24 cm2.

We need to know the ENERGY of the incident neutron.  Wikipedia has a great page:

http://en.wikipedia.org/wiki/Neutron_temperature

U235
92

n1
0

36
92Kr

Ba142
56
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U-238, on the other hand, more likely to undergo capture,



Typical Chemical Reaction:

CH4(g)  + 2O2(g)  CO2(g) + 2H2O(l)

1.0 gram CH4 yields 55.36 kJ or 1 PowerBar

Typical Fission Reaction:
1.0 gram U-235; assume 10% completeness

U235
92

n1
0

36
92Kr

Ba142
56

7.17 x 106 kJ or 7500 PowerBars

1 Fuel Pellet (once through) = 3 barrels of oil, 1 ton of coal or 17,000 ft3 natural gas



A nuclear reactor, shown here schematically, produces heat that 
converts water to steam. The steam powers a turbine, just as in a 
conventional coal-burning plant.

Diagram of a nuclear power plant



Closer look at just the reactor:

This is a BWR

AKA ‘LWR’

Other flavors of LWR include PWR



Control Rods and Fuel Rods

- Nuclear reactors use only 3-5 % 
of fissionable U-235, in the form 
of uranium dioxide (UO2).

- Neutrons given off during the 
fission of U-235 are absorbed by 
atoms of U-238, cadmium and 
boron: no build up of a neutron 
stream.

- No critical mass of U-235.



U235
92

n1
0

2.4 kJ mol-1 (0.025 eV)

1 Calorie = 4.184 joules = 0.004184 kJ Ba142
56

2×1010 kJ mol-1 (2 MeV)

Moderators
Graphite
H2O (D2O)

UO2

One more thing about nuclear reactors: Moderators.

2.3 neutrons per fission

Water is the moderator- hence the 
term “Light Water Reactor”
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Most nuclear fuel (spent or not) is 238U:

(t1/2=2.36 days)

min)24(
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1
239
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(t1/2=2.14 x 106y)

Look at how the composition of fuel evolves.

Note the neutron capture!

One man’s trash is another man’s treasure.
This is how you make Pu (albeit in a different
reactor type).



Segue to Radiation, Half-Lives and Stability.

Other concepts: self-protecting, ‘too hot to handle’, 
detection, screening, etc. 

Waste implications?



Back to waste for a second… 

Most nuclear fuel (spent or not) is 238U:

(t1/2=2.36 days)
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137Cs (t1/2=30 years)
90Sr (t1/2=28 years)

99Tc (t1/2=2.13×105 years)
129I (t1/2=1.57×107 years)

Spent Fuel Composition 
95.6 % Uranium (<1% 235U)

0.9% Plutonium
0.3 % major fission products (137Cs, 90Sr, HLW)

0.1% long-lives fission products (I, Tc)
0.1% long-lived minor actinides (Np, Am, Cm)

3% stable or short-lived fission products (no disposal problem)

(t1/2=2.14 x 106y)



Storage Pools- Quickie.
Fuel assemblies ‘cool’ here for 10-20 years*
Non linear cooling rate.

Blue Glow?
Cherenkov Radiation

Photo: Earth Magazine
*Wikipedia- Spent Fuel Pool



The need for a long term repository- why?

BB&NE.



t1/2 or half-life: time required for any given substance to react (or decay) 
to half of its original amount.  

Nuclear decays are UNAFFECTED by external conditions such as 
temperature, pressure, environment, etc.

137Cs (t1/2=30 years)
90Sr (t1/2=28 years)

99Tc (t1/2=2.13×105 years)
129I (t1/2=1.57×107 years)

Short term Storage Issues
Heat load

Long-term Storage Issues
Heat load vs. radiation



M. Salvatores, ANL

Minor actinides come from decay of U or Pu.  Pu came from neutron capture(s).



The dynamic nature of SNF

M. Salvatores, ANL



Back-up Slides
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Bad calc under here




