
Nukes (notes on PFFP) 

Chain reactions: 
Must understand power laws and exponential 
growth 

“One grain of wheat for the first square, two grains 
for the second square, four grains for the next, 
eight grains for the following….doubling for each 
square until all sixty four squares are exhausted.” 

2, 2 x 2 =4, 2 x 2 x 2 = 8, 2 x 2 x 2 x 2 =16…..210=1024, 
……264~1019 

Will discuss and compare some aspects of nuclear weapons 
and nuclear power reactors.  



Chain reactions in nuclear fission bomb 

Note the 
number of 
neutrons at 
each step 

If each neutron releases two more neutrons,  
then the number of fissions doubles each generation. in 10 
 generations there are 1,024 fissions and in 80 generations  
about 6 x 10 23 (a mole) fissions.  

Note that 
the fission 
fragments 
are not 
shown here. 
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~ kinetic energy of fission products 
~ gamma rays 
~ kinetic energy of the neutrons 
~ energy from fission products 
~ gamma rays from fission products 
~ anti-neutrinos from fission products 

energetics 

Each U235 
fission releases 
30 million times 
more energy 
than a molecule 
of TNT 

10 kg of 
uranium 
corresponds to 
300 million kg 
of TNT = 300 
ktons 

Energetics 

But the Hiroshima bomb (10 kg) only 
release 20 kilotons equivalent. Why ? 



Fission with Pu 239 (instead of U-235) 

Plutonium is an artificial element that can 
be created in nuclear reactors. 

Z=94, A =239  There are 94 protons 
and 145 neutrons in Pu-239 

In Pu-239 fission, on average 3 neutrons are 
release at each stage (c.f. 2.4 per stage in U-235) 

Conclusion: it takes many fewer generations to 
fission a given amount of Pu-239. 



Aside on “Mushroom Clouds” 

Nagasaki Atomic Bomb 
1945 

Volcanic Eruption (Mount 
Redoubt) 

Not characteristic of nuclear bombs but rather of 
large explosions. 

Convection, gravity, wind and dirt play a role.  



Other examples of uncontrolled chain 
reactions and/or exponential growth 

(important for future presidents to 
understand these) 

Fetus: starts from a single cell, which then 
divides many times (37 stages, 237=1011) 

Cancer: uncontrolled doubling of cells 
(mechanism that regulate cell growth do 
not work). 

Human population: In 1798 Malthus noted that If the 
average parent has 2 children, then there will be a 
population doubling each generationexponential growth of 
the population. This growth will be limited by finite resources, 
food and energy, which will lead to famine. Disease will also 
limit population growth. 



Other examples of chain reactions and/or 
exponential growth (continued) 

Recovery from mass extinction:  

DNA fingerprinting: using 
the DNA polymerase chain 
reaction (a.k.a. PCR): 

Used to guilt of criminals; 
victims of 9/11, paternity 
etc. 

Epidemics 

Dinosaurs extinct. Mammals 
99.9% extinct; one surviving 
couple is enough 

“Typhoid Mary” 

One person infects 2, 2 
infects 4, 4 infect 8…. 

233~8.6 billon > world population 



More examples of chain reactions and/or 
exponential growth 

(important for future presidents to 
understand these) 

Computer viruses: 

Avalanches/rock slides: 

Compound interest: (especially as related to debt) 

Suppose your earn 5% interest per year = (1.05); 2 years (1.05)*
(1.05) and after 14 years (1.05)14= 2 x original amount. 

Moore’s Law: number of components that can be put 
on a computer chip doubles every year 

Note log scale 
on the vertical 
axis 



Moore’s Law data for memory and CPU 



Back to Nuclear Physics 

The first self-sustaining chain 
reaction was achieved by Enrico 
Fermi at the University of Chicago 
in 1942 (not an explosion !) 

(The concept of a self-sustaining 
chain reaction was introduced by 
Leo Szilard in 1932) 



Have you heard the term “critical mass” ? 
In social science:  
describe the existence of a sufficient amount of adopters of an 
innovation in a social system such that the rate of adoption 
becomes self-sustaining and creates further growth. 

An example: 

“If we had a critical mass of the best engineers, we 
could build an iPhone” or “solve the energy crisis” 



Physics review of isotopes 

For today the important example is uranium: 

99% of uranium on earth is U-238 (which has 92 
protons and thus 146 neutrons, A=Z+N 

But about 0.7% of uranium is the isotope U-235, 
which has the same number of protons and thus 
only 143 neutrons. 

For the weak 
interaction, the 
difference in the 
number of 
neutrons is 
important. 



Need a critical mass for a chain reaction (bomb) 

At each fission, there must be enough material so that 
the emitted neutron hits another uranium nucleus 
instead of escaping in between the nuclei and exiting the 
material. 

For a uranium 235 bomb, the critical mass is 200 kg 
(440 lb) for a sphere of uranium 13.5 cm in radius 

(this led Werner Heisenberg leader of the 
German effort to abandon the idea of an 
atomic bomb.) 

However, scientists at the US Manhattan project 
realized (!!) that if there is a neutron reflector at 
the surface, the critical mass can be reduced to 
15 kg for U-235 and 5 kg for Pu-239. 



There are two methods to achieve 
critical mass in a bomb 

Used at 
Hiroshima, 13 
kton TNT yield 

Used at 
Nagasaki, 20 
kton yield 

(U-235) 

(Pu-239) 

Schematic of little Boy 



Hiroshima after the fission bomb 

Probably you have seen more graphic or moving images. 



Tokyo after US firebombing in WWII (chemical 
explosives used; hundreds of bombing missions) 

Tokyo police estimates 124, 711 
killed, ~1 million injured in Feb 1945. 

Chemical versus nuclear energy 



Effects of a 10-kiloton fission 
bomb 



Effects of nuclear bombs in the range (1, 10, 100, 1000) kilotons on 
NYC 

For reference, North Korea first test was 0.4 kilotons, 
second test was 1.6 kilotons. Iran might have enough for 
a 10 kiloton bomb. 



Enrichment of uranium is frequently in the news 

Recall: when you dig uranium out of the 
ground, it 99.3% U-238 and 0.7% U-235 

For use in a bomb, the U-235 has to 
be enriched to about 80% 

For use in a nuclear power reactor, it has to be 
enriched to about 3% 

Why is the requirement so much less stringent for a rector ?  

Ans: Don’t need both neutrons to hit U-235 nuclei; only one.  
Reactors also have moderators to slow neutrons down and 
increase their cross section for interaction with U-235 



Enrichment of U-235 is frequently in the news 

F= q v B = m v2/r  r = m v /q B  

Calutron= CALifornia University-tron 

Natural uranium 
is 99.3% U-238 
and 0.7% U-235 

Radius of curvature of ions in a B field allows 
separation of isotopes with different masses 

½ m v2=q V 
(acceleration part) 



Calutrons used for uranium-235 enrichment in WWII 

Oak Ridge, Tennesee calutron Control room@Oak Ridge 



Modern methods of uranium enrichment  
involve gas diffusion or centrifuges 

Cascade of gas centrifuges 
used to produce enriched 
uranium. This photograph is 
of a the U.S. gas centrifuge 
plant in Piketon, Ohio from 
1984 

Building the centrifuges is a significant 
technological challenge. The centrifuges 
must spin very quickly -- in the range of 
100,000 rpm. To spin this fast, the 
centrifuges must have: 

    (1) very light, yet strong, rotors 
    (2) well-balanced rotors 
    (3) high-speed bearings, usually  
magnetic to reduce friction 



Iraq 1991 (similar to Nagasaki bomb) 

This was built!  All it required (in 1991) was U-235.	

Plan to use implosion and U-235 (not Pu-239 !!) 



Calutrons at Tarmiya, Iraq (~1991) 

Iraqi watch: At the time of the Gulf war, eight 1200mm units were in limited 
operation at Tarmiya, and preparations had begun for a second group of seventeen 
1200mm separators. According to Iraq's declarations to U.N. inspectors, it managed 
to produce 640 grams of enriched uranium with an average enrichment of 7.2% at 
Tuwaitha and some 685 grams at an average enrichment of 3% at Al Tarmiya. 



former Iraqi Calutron (UN photo 
after the 1st Gulf War) 



Destruction of Calutrons in Iraq 
(1991) 

IAEA Hans Blix report on Iraq inspections 



Libyan nuclear program ended in 2003 

In exchange for improved exchanges with western countries, 
Libya turned over components of its nuclear program. The 
photo shows centrifuges obtained from Pakistan for uranium 
enrichment 



Iranian nuclear press event Feb 2012 

Iranian leader Ahmadinejad inspecting a 
uranium enrichment facility 

Israelis claim that 
Iran has 16 kg of 
U-235 



Last month, the International Atomic Energy Agency 
(IAEA), the United Nation’s nuclear watchdog, said that 
Iran had suspended work at its nuclear-field production 
facilities, likely a result of the Stuxnet virus. 

The Stuxnet virus, which has attacked Iran’s nuclear 
facilities and which Israel is suspected of creating, has set 
back the Islamic Republic’s nuclear program by two years, a 
top German computer consultant who was one of the first 
experts to analyze the program’s code told The Jerusalem 
Post on Tuesday. 

2012 Headlines 



2012 Headlines 
Israel teams with terror group to kill Iran's 
nuclear scientists, U.S. officials tell NBC News 



What is a thermonuclear weapon or “hydrogen 
bomb” 

It fuses molecules of deuterium and tritium in 
contrast to an “atomic bomb”, which uses 
fission of uranium or plutonium 

The deuterium and tritium nuclei are 
positively charged. Hence there is 
strong Coulomb repulsion. 

Need a temperature of ~40 million 
K to overcome the Coulomb 
repulsion. This is possible in the 
center of the sun or in a H-bomb 

Explosive yield is 50 million tons TNT 
c.f. 20 ktons for a U-235 bomb. 



“Secrets of the Hydrogen Bomb” 

How to achieve a high enough temperature to make the 
deuterium and tritium fuse ? Use a plutonium fission 
bomb on the outside and ignite this first. 

Instead of using tritium use a stable non-radioactive isotope Li-6. Use 
lithium deuteride (lithium combined with deuterium). When the fission 
weapon goes off, in the 1st microsecond the neutrons convert some of 
the lithium-deuteride to tritium. 

Neutrons from the deuterium and tritium fusion interact 
with the U-238 in the walls and induce more fission and 
energy release. 

Teller-Ulam design 

Secret 2: Uses n + solid Li^6 
deuteride to make tritium. 

Secret 1: x-rays  from Pu bomb can be used to 
ignite Tritium-Deuterim combination 



US Stockpile of Nuclear Weapons 

Currently the US has about 12,500 nuclear 
weapons. (with about 10 different designs). 

The US wanted to make sure that even 
if only 1% of its weapons survived a 
first strike, that would be enough to 
destroy the USSR. 

What is “Stockpile stewardship” ?  

There is no longer any testing of nuclear weapons 
allowed by test ban treaties. To assure their functionality 
there is a program at Livermore and Los Alamos 
National Labs to develop methods of testing nuclear 
weapons without igniting them. Cost is $4 billion/year at 
the DOE. The DOE program employs 27,500 people. 



Some recent headlines. Are there ethical issues here ? 

North Koreans Agree to Freeze Nuclear Work; 
U.S. to Give Food Aid (Feb 29, 2012) 

Obama says he's not bluffing on Iran nukes (Mar 2, 2012) 

I think that the Israeli government recognizes that, as president of the United 
States, I don't bluff," he said. 

"I also don't, as a matter of sound policy, go around advertising exactly what our 
intentions are. But I think both the Iranian and the Israeli governments recognize 
that when the United States says it is unacceptable for Iran to have a nuclear 
weapon, we mean what we say. " 

North Korean farm 



Let’s review our understanding and reading so far 

The Hiroshima bomb used 

a) A gun design 

b) thermonuclear fusion 

c) implosion  

d) Boosted fission  

e) Lithium deuteride 

The smallest container that could contain one 
critical mass of plutonium  

a) A tablespoon 

b) A coffee mug 

c) A large suitcase  

d) The trunk of an automobile 

The critical mass for Pu-239 is 5 kg=5000g; density is 20 g/cm^3 so occupies 
250 cm^3. N.B. critical mass for U-235 is 15 kg. 



Review cont’d  

A nuclear explosion similar to the one produced 
by North Korea would destroy an area of about 

a) The size of a college campus 

b) The size of a medium sized town 

c) The size of a major city 

d) A small state (e.g. Big Island, Massachusetts) 

Ans: Yield was ~1.6 kilotons. Enough to knock out a small 
Neighbourhood in SF. 

The number of nuclear weapons the US has is closest to 

a) One million 

b) Ten thousand 

c) One thousand 

d) Several hundred 

Ans: b) to assure obliteration of Russia after a first strike 



Review cont’d  

Saddam Hussein planned to enrich uranium 
using 

a) Centrifuges 

b) Calutrons 

c) lasers 

d) Gaseous diffusion 

A centrifuge enrichment plant takes an area of about 

a) One living room 

b) One large classroom lecture hall 

c) A large factory 

d) One square mile 

Ans: b)  

Ans b) an ancient technique abandoned by the US 



Nuclear Reactors for Power Generation 

What is the basic and important difference 
between a reactor and a bomb ? 

A reactor is self-sustaining and produces 
constant power. Only one neutron (on 
average) hits another nucleus to cause 
another fission. <“It is as if every couple 
had, on average, two children> 

News item, Feb 2012: 
NRC licenses first 
new US nuclear 
plants in 30 years 

Compare to coal plant 
(in China) 



Nuclear Power Topics  

Physics behind nuclear power plants 
Fukushima Dai-Ichi and risks 
FAQ: What is meant by “meltdown” ? 



Japan ~30% of 
electricity from 
nuclear power; US 
~20% and France 
~80% 

Coal power plants are 
the biggest contributor 
in Japan 

Existing (red) and 
planned (grey) 
nuclear power 
plants in the world 



Nuclear Power is based on a chain reaction involving fission 

Based on fission 
induced by neutrons 

Nucleus is like a droplet of nuclear 
matter with surface tension from 
strong interaction and EM Coulomb 
repulsion from protons in competition 

N.B. This does not 
work for U-238 



Chain reactions in nuclear fission 

  In a reactor 
one neutron at 
each step not 
two 

Can control with neutron absorbers  and  
moderators (slow down the neutrons so  
that they can induce more fission). 

 The fission 
fragments 
are not all 
shown here. 

If each neutron 
releases two 
more neutrons,  
then the number 
of fissions 
doubles each 
generation. In 10 
generations there 
are 1,024 fissions 
and in 80 
generations  
about 6 x 10 23 (a 
mole) fissions.  



Neutron moderators and neutron absorbers 

Slow down neutrons higher fission probability 

Control rods contain cadmium, 
boron or other neutron 
absorbers 

These drop/move into 
the reactor when an 
emergency occurs and 
stop the fission. 

As neutrons get too hot and go 
too fast, fission stops 

Moderators 



Half-lives of some important radioactive isotopes 

€ 

N(2thalf ) = (N0 /2)(1/2)

€ 

N(thalf ) = N0 /2


