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Radioactivity is a property of unstable nuclei 

4 ways nuclei are radioactive: 
(alpha particle) 
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Alpha particles are the nucleus of the 
Helium atom - first discovered in the Sun 
(-1859) - Helium was later found in 
Uranium mines. 

Beta particles are electrons, which surround 
every atom. 

Gammas are photons (light is a low 
energy photon) 

Fission produces other nuclei, some of which 
are themselves radioactive, and neutrons. 
This process is the basis for both nuclear 
weapons and reactors. 



• For our purposes, there are two kinds of energy: potential (stored) 
and kinetic (moving). 

• Kinetic energy 
• Wind 
• Solar 
• Hydro-electric 

• Potential energy 
• Coal 
• Natural gas 
• Petroleum 
• Nuclear - where does this come from? 

• Potential energy sources have traditionally been more effective, 
powerful and cheap, but: 

• Not renewable (except for certain nuclear technologies) 
• Waste problems (soot, greenhouse gases, and spent nuclear fuel) 
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• Kinetic energy is generated from solar energy 
.. Atmospheric motion driven by solar heating (wind energy) 
• Solar cell conversion of light from the sun 
.. Hydro-electric power replenished by rainfall, an atmospheric phenomenon 

• Potential energy was stored long ago from various sources 
• Coal, petroleum and natural gas 

• Conversion of biological hydrocarbon material 
• Coal formed from vegetative deposits in alluvial fans from ancient rivers 

- Ironically, coal is slightly radioactive - filtered uranium and other heavy 
elements from water over the eons 

.. Nuclear 
• Very strange and complicated 
• kinetic energy in the collapse of a supernova stored as potential energy 

in heavy nuclei during processes known as nucleosynthesis. 

25-July-09 



,~~,': rr'" :~~U.:' ~r:;~~ \ u:~ : "<,r C -." • " • 1 ~ I < "',.~ 

, 
, " " ~< 

:." - , ~. L _ ~ _~' .. , • _, de .::, ~ .,. ~ < .. ,~~:. '" ,';:~ 

• Before nuclear reactions were discovered, the source of solar 
energy was unknown. 
~ Astrophysics and nuclear physics are closely related 
~ Spectroscopic measurement of Sun composition: Hydrogren (92 010), Helium 

(7 010), and traces of Fe, Ni, 0, Si, S, Mg, C, Ne, Ca, Cr, etc. 
• Helium discovered in 1868 by Pierre Janssen - observed an unknown 

(e.g., not observed on earth) spectroscopic yellow line during solar eclipse 
- name derives from helios. 

• Ramsay (1895) isolated He from Uranium-rich minerals 
• Terrestrial He is produced in the decay of radioactive elements (how?) 

~ found in natural gas deposits (Texas and Wyoming) 
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• The nucleus of helium is an alpha-particle 
• Alpha particles produced in radioactive decay - after alpha is ejected from 

nucleus, it collides with other atoms; 2 electrons are captured; becomes helium 
atom. 

• Also - alpha particle is produced inside stars in a process called fusion 

• On earth, some radioactive "decay chains" take millions (or billions) of 
years, involve many different nuclei, and produce multiple alphas . 

.. Radioactive decay of heavy elements is the source of helium deposits. 
• Helium is found in gas deposits, deep underground in Wyoming and ex 
• Helium is not found in the atmosphere - it is so light it escapes to space. 

• If half-lives were all significantly shorter, there would be no naturally 
radioactive elements remaining from the supernova event. 

... The existence of very long-lived radioactive elements makes nuclear 
energy possible 

25-July-09 6~ 
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• Alpha-particle emission is ·a common form of radioactive decay for heavy 
elements 

• For example: U-238 ~ Pb-206 is shown below 
• Note that in uranium are, all the elements (or 19 different nuclear states) in the 

chain will be present 
• Some of the intermediate nuclear states between uranium and lead or short-lived, 

but since the U238 decay which starts the chain occurs randomly, at any given 
time, all parts of the chain will be represented from decays that started at different 
times. 

uranium-238 
4,500,000,000 years 

radon-222 
3.8 days L..----, 
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The "radium chain" is shown at left; 
• 19 total nuclear states (not all labeled), 
• 10 total alphas emitted 
• Other emissions include beta and 

1602 years radon-222 gamma 
~------------------------------~ 

3.8 days 

'---------, polonium-210 ~ r-------------------------, 
---~38 days lead-206 When R~, Rn, and ~o decay, 

(stable nuclide) they emit alpha particles. 
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• Reactions are shown to the right 
... (not simultaneous!) 
• Average time,..., 1 Billion years 

• p + p ~ 0 + e+ + neutrino 
• 0 is "deuterium" an isotope of hydrogen 

• 0 + p ~ 3He + y 
• (this is the reaction proposed for fusion 

reactors, such as ITER) 

• 3He + 3He ~ 4He + 2p 

• Reaction rates measured in laboratories 
• Fortuitously slow reactions means sun burns 

for billions of years! 
• This was discovered by Hans Bethe (1938) 

25-July-09 8b, 
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• Discovered by Bethe and Weizacker 
(1939 and 1938) 

• 12C is the beginning of the cycle 
• The cycle synthesizes N, C, 0, and 

more He 
• Cycle releases - 26 Mev energy 
• Note: many of the reactions release 

neutrinos: 
... Observed by Davis (-1970s) in 

Homestake Mine experiment (site of 
proposed DUSEL facility) 

• Where does the 12C come from? 
... Fusion of 3 He nuclei 

Y GammaRay 
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• A star's life ends when hydrogen-fusion energy production falls too low 
... Heat-induced pressure is less than self-gravity - star implodes, very quickly . 
.. When it collapses, it becomes dense (and hot) enough for nuclear fusion to restart 

(very dramatically) and it explodes . 
.. In a few seconds, all the heavy elements are generated. 

• Some of the kinetic energy of col/apse is stored in the heavy nuclei. 
.. Kinetic energy required to fuse nuclei (overcome electric repulsion) 
.. Heavy, radioactive nuclei such as uranium and plutonium 
... Therefore, nuclear energy derives from supernova collapse 

• U-238 was produced in a supernova preceding our solar system 
.. Our solar system is over 5 8illion years old (based on calculations of solar 

processes and other data - for example the 7% composition of He in the 
sun) . 

• We do not know when the supernova occurred that produced the elements 
in our world, but it was prior to 58 years ago 

• U238 half-life of 4.58 years - some of it still exists on earth 
• Crab supernova animation (SN 1054, Messier 1758 M 1, Pulsar) 

.. Type of supernova depends on mass of star and composition 

.. Very large stars end up as black holes after the supernova event 

25-July-09 



• Many of the basic scientific facts about fusion (early 1930's) were known 
before the facts about fission (late 1930's) 

• But fission devices were made before fusion 
• Fission 

• Reactor (1942) 
• Bomb (1945) 

• Fusion 
• Reactor (still not there - ITER in France may provide direction) 

• Bomb (1952) 
• Why is fusion more difficult than fission? 

• Fusion requires much higher energy 
• Fusion bomb (hydrogen bomb) is "ignited" by a fission bomb 

... The behavior of highly compressed and hot hydrogen is a very difficult 
mathematical problem which must be solved to design a hydrogen bomb 
(or a fusion reactor) 

• For example, the science of "chaos theory" has its origins in work on 
designing early fusion reactors (Tokamak) 

2S-July-09 



• Fission 
• Fission occurs spontaneously in fissionable nuclei, like U235 and Pu239 
• Fissionable nuclei: 

• Can absorb a neutron and split in two -halves 
• Some of them emit more than 1 or 2 neutrons 

- Can support multiplying or chain reaction 
... When "critical mass" conditions are met, a chain reaction occurs 

• Fusion 
• Must collide nuclei at high speed to create fusion 
• Recreate conditions existing in interior of the sun 
• Once conditions of high temperature and pressure are met, fusion begins 

throughout volume, simultaneously - does not rely on a chain reaction 
• Can achieve very high yields, roughly proportional to the amount of fuel 

present. 
• The first true US H-bomb was "Ivy Mike" 

25-July-09 



• Deuterium (2H or D) is a stable version of Hydrogen with "extra" neutron 
.. Occurs naturally - about 1 in 6400 hydrogen atoms on Earth 

... Heavy water (02°), comprises 1 in 41 million molecules of natural water 

• Extracted by distillation, electrolysis, or isotope exchange 
(sulfide process) - all processes are energy intensive 

... Moderator in reactors: slows neutrons, with less absorption than H20 

• Tritium (3H or T) is an unstable (radioactive) isotope of Hydrogen with two 
neutrons and one proton, and has a half life of -12 years. 

... Produced naturally by cosmic ray neutrons striking Nitrogen 

... Manufactured in reactors: 6Li + n ~ 4He + 3H 

... 0 + T ~ 4He + n is much more probable than 0 + 0, because of additional 
strong-force attraction supplied by the additional n in T . 

... Trivia: medical therapy for flushing T from a human who has ingested it? 
Drinking huge quantities of beer! 
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Ulam, Feynman, von Neumann 
at Bandelier (circa 1945) 
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• Scientific research 
• Fundamental particle physics - what 

goes on at smallest distances and 
greatest energies? 

... Energy research - geothermal, 
materials, nuclear reactors, etc. 

• Nuclear waste disposal 
• Weapons research 

• Hydrogen bombs 
• Star wars - x-ray laser, etc. 
• Stockpile stewardship program 
... Reliable Replacement Warhead 

program 
• Homeland security 
• Treaty verification monitoring 
... Vast computing installation 



• Oppenheimer convenes meeting in Princeton to review [June-51] 

• Several hydrogen fusion ideas discussed 

• Two approaches: a) full test of entire bomb, b) bomb test for each idea 

• Everyone excited, endorsing Telier/Ulam design: no more talk of morality! 

"It is my judgement in these things that when you 
see something that is technically sweet, you go 
ahead and do it ... " 

- Oppenheimer 
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• Conducted on Eniwetok Atoll, 3000 miles west of Hawaii 

• Personnel: 9k military, 2k civilians living on ships, in tents for months 

• Aircraft carrier with 4 destroyers for security 

• 80 aircraft: 26 8-29s, 2 8-36s, 8-47, + patrol planes 

• High-speed "streak cameras" - 3.5M frames-per-sec 

• 9000' -long plywood box filled with Helium (from 2000 bottles) to 
transport x-rays and neutrons (which would be scattered by air) from 
the explosion for measurement 

• Tritium transported as metal-hydride-U mixture in a bucket: similar to 
technology for proposed Hydrogen-economy-cars 

• After assembling device, team moved 30 miles away 

• After detonation, mushroom cloud pierced stratosphere, reaching 30 
miles high, and is 100 miles wide; white rain (coral) on observer ships 
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Actual device person 

Photo taken 30 miles away 
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• [1957] AEC consumed 6.7% of US supply of electricity, and 

• 340
/0 of US supply of stainless steel 

~ 33% of US supply of hydroflouric acid 

• Capital investment $98 (greater than combined capital expenditures of GE, 
US Steel, Alcoa, DuPont, Goodyear) 

~ Nuclear bombs adapted to many weapon systems: bomber air-drop, depth 
charges, anti-aircraft missiles, ballistic missiles of various ranges, and 
cannons 

~ The number of bombs in US arsenal grew rapidly: 

• 1950: 298 

• 1955: 

• 1962: 
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• The Hydrogen Bomb significantly increased the seriousness and 

danger of nuclear war 
• The Cold War left a lasting impression on world politics 
• Espionage played a significant role in various countries' efforts to 

become nuclear powers 
• When espionage has been revealed, it has created great mistrust­

for example, fueling tensions in the Cold War 
• Nuclear competition and espionage are evidently still active . 

• Ongoing developments in Iran and N. Korea 

• US and Russia stockpiles are now much lower than peak numbers (a 
few thousand each - but still plenty!) - and there was a recently 
announced agreement to reduce further. 
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• Given the complexities of developing a successful nuclear program what 
are the realistic chances for Iran and DPRK? 

• Are isolation and consistent diplomacy the key? 
• Does Israel have a unique risk? 
• Can intelligence be trusted? Intelligence about Soviet program was either faulty 

or ignored - and true threat was inflated (JFK and the "missile gap") 

• What is the threat today? 
• Accident? Triggered by command malfunction? 
• Rogue states or terrorists? 
• Have nukes made world war obsolete? 

• What should be US policy on weapon stockpile? 
• Reduction? Would unilateral reduction be met with similar gestures by other 

countries? 
• Refinement? 
• Improved safety? 
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• Addenda slides follow this slide 
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• Home is now a community center, on Oppenheimer beach. 
• After his death, his ashes were scattered off this beach. 
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Many Nobel Prize winners (past and future) were associated (shown 
in Bold) with the Manhattan Project 
1995 - Martin L. Perl, Fred Reines (Reines worked with Feynman on Project) 
1989 - Norman F. Ramsey, Hans G. Dehmelt, Wolfgang Paul (Ramsey worked at Los Alamos) 
1980 - James Cronin, Val Fitch (Cronin is an SMU grad - no connection to Project !!) 
1975 - Aage N. Bohr, Ben R. Mottelson, James Rainwater (Aage was Neils' son and collaborator) 
1968 - Luis Alvarez (worked at Cyclotron in Berkeley) 
1967 - Hans Bethe (head of Los Alamos Theory Division) 
1965 - Sin-Itiro Tomonaga, Julian Schwinger, Richard P. Feynman (Feynman was wunderkind of Theory 

Division) 
1963 - Eugene Wigner, Maria Goeppert-Mayer, J. Hans D. Jensen (Wigner worked on Project, Goeppert was 

Oppenheimer's fellow grad student in Gottingen and worked with Urey on separation) 
1959 - Emilio Segre, Owen Chamberlain (Segre discovered anti-proton, worked on Project) 
1958 - Pavel A. Cherenkov, II'ja M. Frank, Igor Y. Tamm (Russian Project) 
1954 - Max Born, Walther Bothe (Born was Oppenheimer's PhD advisor, and Grandfather of Newton-John). 
1952 - Felix Bloch, E. M. Purcell (Bloch quit the Project after a short time, objecting to "military discipline"). 
1948 - Patrick M.S. Blackett (Blackett was Oppenheimer's advisor at Cambridge) 
1946 - Percy W. Bridgman (Oppenheimer's teacher at Harvard) 
1944 - Isidor Isaac Rabi (Project consultant) 
1939 - Ernest Lawrence (invented/worked at Cyclotron in Berkeley) 
1938 - Enrico Fermi (Built first reactor at U. of Chicago, key Project scientist) 
1932 - Werner Heisenberg (Involved in ineffectual Nazi atomic program) 
1922 - Niels Bohr (Danish Physicist; he was assigned the pseudonym "Nicholas Baker") 
1921 - Albert Einstein (Signed letter to Roosevelt urging Project initiation; limited Project role - briefly visited?) 

None of these prizes were awarded for Manhattan Project work ... 
Who is notable by his absence among Nobel Laureates? 
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Five Nobel Peace Prizes have been awarded for work associated with 
eliminating or controlling nuclear weapons: 

Nobel Peace Prize: 
2005 - International Atomic Energy Agency, Mohamed EI Baradei 
1995 - Joseph Rotblat, Pugwash Conferences on Science and World Affairs 
1985 - International Physicians for the Prevention of Nuclear War 
1975 - Andrei Sakharov (anti-war protester, "father of Soviet hydrogen bomb") 
1962 - Linus Pauling (also won the Chemistry Prize for molecular theory) 

The only Nobel Prize awarded for Manhattan Project research was in 
Chemistry: 

Nobel Prize in Chemistry: 
1951 - Edwin M. McMillan, Glenn T. Seaborg (discovered Plutonium - only Nobel 

Prize work directly related to the Project) 
1944 - Otto Hahn (co-discovered fission, worked on Nazi nuclear projects) 
1934 - Harold C. Urey (isolated deuterium and supervised Uranium enrichment for 

the Project) 

2S-July-09 



?t;':,,~'-":" >'~/:'-; .. ·.r'~_:,;':;'" " . <. • • • , -. n. ",' ."."- <. ":.' -.. > ··~11i 

~~_~ ~ , ~,. ~". ,if' 
',;' ,~ 

::,,, • : ,< ,';" 

:.t/:,.~ . " ~ .. "". >. ¥_ .. ,.1-., .v J ~ ~..', .:. :" - ~ .... :~L ~~. ,.;, ''''<~:;-':''~'~'l~~~:;~~~::ii~l 

• Hans Albrecht Bethe (1906 - 2005) 
.. Born in Strassburg, Germany 

(France, since 1919) 
.. Jewish mother, Christian father; 

raised Christian . 
.. Fired by the Nazis (1933) from his 

Professorship at TObingen 
.. Teaching and research in UK, 1933-

1935 
.. Professor, Cornell 1935-2005 
... US citizen in 1941. 
.. Nobel Prize (1967) in physics "for his 

contributions to the theory of nuclear 
reactions, especially his discoveries 
concerning the energy production in 
stars". (work done 1935-1939). 

25-July-09 
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• Led the Theoretical Division at Los Alamos during the Manhattan Project 
• Critical mass calculations 
• Theoretical fluid flow calculations of bomb operation 

• A prolific researcher, making significant discoveries and writing landmark papers 
in each decade of his life - well into his 80's. 

• "the supreme problem solver of the 20th century", said Freeman Dyson 
• In 1960's, opposed nuclear weapons development and anti-missile systems 
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• Born in Schleswig-Holstein to a prominent 
family; father was a diplomat, brother was 
a post-WWII president of Germany 

• Raised in Stuttgart, Basel, Copenhagen 
• Studied in Berlin, Gottingen and Leipzig 

with Heisenberg and Bohr 
• Mentioned by name in a famous letter 

from Einstein to FDR as key to possible 
German nuclear weapons research in 
WWII. 

• Explained nuclear fusion cycle in stars 
(Bethe-Weizsacker formula and process, 
1937-1939) 

• Developed "liquid drop model" of nucleus 
in 1935 (before Bohr) 

• Not awarded Nobel Prize 
• WWII nuclear research with Heisenberg 

(famous debriefing at Farm Hall near 
Cambridge after the war) - was the 
German bomb effort serious? 
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Skiing with Heisenberg, 
Bloch, Bohr, W (rt side) 

Philosopher in 
later life (1970) 

"A mathematician is a machine for turning 
coffee into theorems" - Paul Erdos 
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• Big Bang nucleosynthesis 
~ Most matter in the universe today formed in first 3 minutes of the Big Bang 
... Elements up to Lithium in mass 
~ Universe expanded rapidly and cooled, and heavier elements could not form 

• Stellar burning nucleosynthesis 
~ Fusion and processes create elements up to Iron (Fe) in size 
~ Observation of Technetium (1950) a radioactive element with lifetime less than 

star age confirmed this process - made in the star. 
• Supernovae nucleosynthesis 

... Supernova occurs when a star's fuel is exhausted and the energy production 
produces less pressure than gravitational force - star collapses 

~ Super-dense conditions for a few seconds - before the nova explosively 
rebounds - all elements heavier than Fe are synthesized through fusion or 
neutron capture, including Uranium 

... Therefore, nuclear power reactors ultimately derive their energy from a 
supernova event 

• Cosmic ray spallation 
~ Collisions between high ener9Y protons and elements such as C, N, or 0 break 

the elements in smaller nuclei, such as Li, and Be. 
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• When nuclei are synthesized, energy is stored in them; this potential 
energy is what we call nuclear energy 

• When a nucleus changes to a lighter nucleus, through radioactive 
decay, the binding energy per nucleon increases and the difference is 
released as energy 

• The assembled nucleus mass is less than the sum of its parts 
(neutrons and protons) - the binding energy is equivalent to the 
"missing mass": 

E = mc2 

(one might naively assume all the matter is converted to energy via this formula 
- but it is only the "missing mass" or "binding energy") 
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• In fusion, the heavier nuclear product is more deeply bound, and energy is released 
• In fission, the lighter nuclear products are more deeply bound, and energy is released 
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A primaty difficulty with this subject is grasping phenomena on a 
scale very different from human experience. 

• Need keen imagination: 
• Hard to grasp the very large force of nuclear weapons 

• Crossroads Baker test video 
• Crossroads Baker still photo 

• Early weapons underwent -80 chain-reaction generations in less than one-millionth 
of a second. What is that scale? 
• Start with one dollar and double 80 times - result is about $1 with 24 zeroes after 

it (a $T has only 12 zeroes !) 
• The heat, and force released in nuclear explosions are HUGE 

• Nuclear weapons sizes are quoted in equivalent "tons of TNT" power - has anyone in 
this room seen one explode? 

• 500-lb laser-guided Air Force bomb (GBU-12) - seen on TV news from Iraq 

• 8.65 GBU-12's = 1 Ton TNT 

• Early bombs were equivalent to 15 kilo-tons TNT - or - 129,845 G8U-12's 
exploding simultaneously in a concentrated space. 
• But a nuclear weapon also destroys with heat and radiation, in addition to blast. 

• Modern nuke: 500 kilo-tons = 4,325,000 GBU-12's 

• Football analogy: imagine 43 Rose Bowls - now imagine a bomb in each seat!! 
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Crossroads Baker test (1946), the fifth nuclear explosion: 

Return to presentation 
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• Our world is made of molecules - they are very small: we will never see one with the 
human eye, even using a microscope. 

• Molecules are made of Atoms (about 100 elements: H, 0, U, etc.) consisting of a 
nucleus (plural: nuclei) surrounded by electrons 

• Nucleus at the center of every atom -- nuclei consist of neutrons and protons 

• Atoms are mostly "empty space": the scale is like a bit of dust or sand (1/10 of a 
mm - the nucleus) with an electron orbiting 10 meters (yards) away - but MUCH, 
MUCH SMALLER. 

• There are a countable, but really inconceivable number of atoms 

• Rutherford's experiment - alpha particles unexpectedly bounced directly back by 
hard, compact nucleus -like firing a cannon at a mattress and the cannonball 
(sometimes) bounces right back. 

• Rutherford had discovered the location of nearly all the mass in our world. 

• In addition to mass, vast amounts of energy are stored in nuclei as binding energy 

• Scale of the nucleus - Powers of Ten SLIDE SHOW 
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Nuclei may undergo 4 different kinds of radioactive decay -
all may occur naturally (randomly) or be induced. 
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Alpha particles are emitted by some 
heavy nuclei. 

U-238 ~ Th-234 + a 

Beta particles are electrons, which 
surround every atom. 

C-14 ~ N-14 + e- + V e 

Gammas are photons (light is a low 
energy photon) 
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• Fission occurs readily in two special elements: U-235 (rare) and Pu-239 
(man-made) 

• On average, fission of U-235 and Pu-239 releases more than 2 neutrons, 
feeding a chain reaction 

• Half-life of U-235 must be sufficient long (7 x 108 years) for there to be a 
sufficient quantity remaining on Earth 

- U-235 is the "bootstrap" isotope - used in reactors to make Pu. 

- U-235 is -0.7% of uranium now, but "primordial" abundance was much 
higher: 

• a "natural reactor" occurred in Africa - 2 Billion years ago. 

• Fission occurs rapidly, making an explosion possible (in an element - U235 
- with a half-life of 700 million years!) 

• "Critical mass" is low enough to make weapon delivery practical 

- Early estimates implied a bomb would have to be delivered by boat. 
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SEPTEMBER 1. 1939 PHYSICAL REVIEW VOLU:?vlE 56 

The Mechanism of Nuclear 'Fission 

NIELS BOHR 

U1J.iversityof Copenhagen" Copenhagen, Denmark, and The Institute for Advanced Study, Princeton, New Jersey 

AND 

JOHN ARCHIBALD WHEELER 

Princeton University, Princeton, New Jersey 

(Received June 28, 1939) 

On the basis of t}:le liquid drop nlodel of atomic nuclei, an account is given of the mechanisnl 
of nuclear fission. In particular, conclusions are drawn regarding the variation fronl nucleus 
to nucleus of the critical energy required for fission, and regarding the dependence of fission 
cross section fo'r a given nucleus on energy of the exciting agency. A detailed discussion of the 
observations is presented 011 the basis of the theoretical considerations. T~leory and experiment 
fit together in a reasonable way to give a. satisfactory picture of nuclear fission. ' 
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SEPTEMBER 1, 1939 

and ... 

PHYSICAL REVIEW 

On Continued Gravitational Contraction 

J. R. OPPENHEIMER AND H. SNYDER 

University of California, Berkeley, California 

(Received July 10, 1939) 

VOLUME 56 

When all thermonuclear sources of energy are exhausted a sufficiently heavy star will 
collapse. Unless fission due to rotation, the radiation of mass, or the blowing off of mass by 
radiation, reduce the star's mass to the order of that of the sun, this contraction will continue 
indefinitely. In the present paper we study the solutions of the gravitational field equations 
which describe this process. In I, general and qualitative arguments are given on the 
behavior of the metrical tensor as the contraction progresses: the radius of the star ap­
proaches asymptotically its gravitational radius; light from the surface of the star is pro­
gressively reddened, and can escape over a progressively narrower range of angles. In II, an 
analytic solution of the field equations confirming these general arguments is obtained for the 
case that the pressure within the star can be neglected. The total time of collapse for an ob­
server comoving with the stellar matter is finite, and for this idealized case and typical stellar 
masses, of the order of a day; an external observer sees the star asymptotically shrinking to 
its gravitational radius. 
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• Atomic nucleus is made of neutrons and protons, and is held 
together by the attractive short-range force between them 

• But there is a long-range electric-repulsive force between the 
protons 

• In very heavy elements, the attractive and repulsive forces are 
barely balanced - the nucleus is close to instability 

• When certain heavy elements absorb a neutron, this dilutes the 
attractive short-range force, and the lon~-range repulsive force 
rips apart the nucleus - this is called fIssion 

• In some types of fission, more than two neutrons are also 
emitted. They can be absorbed by other nuclei, and a chain 
reaction can occur. 
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• 

• 

• 

• 

• 

Liquid Drop Model was a crude but effective 
approximation for nuclei - and fission. 

Experiments showed nuclear density is -
constant (independent of nuclide) 

Experiments showed volume of nucleus is + 
proportional to number of nucleons (n, p) 

This suggested nucleus is like an 
incompressible liquid 

Early models of nucleus introduced 
~ independently by Bohr (1936) and von 

Weizsacker (1935) were patterned on liquid 
drops. 

Liquid drops provide a visual image of fission 
for example: 

- when a neutron is captured in uranium, the nucleus 
becomes larger, and vibrates; 

- the short-range nuclear attraction is less effective; 
- the long-range electrical repulsion is more effective; 
- the nucleus breaks apart 
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• Los Alamos 
- Fuller Lodge (Architect: Meem), a social center of the Manhattan Project 
- "Bathtub Row" homes, where top Manhattan Project scientists lived 
- John F. Kennedy Memorial Stadium (JFK gave a speech there in 1962) 
- Bradbury Science Museum 
- Lab site (44 square miles) - access now restricted 
- Edith Warner's "House at Otowi Bridge" (San Iidefonso Pueblo) 

• Santa Fe 
- La Fonda Hotel (social center of Manhattan Project) 
- Manhattan Project gate-keeper office (109 East Palace) 
- Various sites of espionage 

• Albuquerque 
- National Atomic Museum (Old Town) 
- Sandia National Lab (at Airport) - provides weapons engineering 

• Trinity Test Site - location of July 16, 1945 nuclear device test 
- (White Sands - open 1 st Saturday of April and October) 

• http://www.atomictourist.com/ 
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• 130,000 people employed (similar to the US Automotive Industry) 

• Cost: $2 Billion (» $20B current?) mostly for producing U and Pu 

• 3 Primary Sites: 

• Los Alamos, NM: central research and design 

• Oak Ridge, TN: uranium refinement - "enrichment" - separation of U-235 from U-238 

• U-235 is 0.7% of natural U (most is U-238) 

• U-235 isolated in laborious, multi-step process, beginning with ore 

• Hanford, WA: Pu-239 made from U-238 in nuclear reactors, then chemically separated 

• Many other sites, including: 

• University of California at Berkeley, University of Chicago, Columbia U. 

• Even greater in the 1950's and 1960's 

• Used about 7% of US electricity 

• A major new US industry 

• Second R&D lab: Lawrence Livermore Laboratory, east of Oakland 
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Trinity Site, Oppenheimer (Thin Man) 
Groves (Fat Man), Sept, 1945. 
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Thin Man 

Random tourist, 
April, 2008 
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"Little Boy" uranium bomb model in Albuquerque Atomic Museum: 
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• Compression: 
- Inward explosive force compresses Pu core 

to critical mass; about 6x density (- % 
radius) 

• Nuclear ignition: 
- Intense, and rapid fission chain reaction 

(-80 generations in millionth of second) 

• Expansion: 
- U238 slows expansion, prolonging chain 

multiplication 
- Chain reaction ceases when density falls 

below criticality 
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• Since 1945: 

- Increasing yield (power) 

• Augmented with fusion process 

• "standard" modern US weapon is much more powerful than 
Trinity Test 

- "Weaponization" 

• smaller, more easily delivered 

• Diverse systems (missiles, bombers, artillery, land mines, 
depth charges, etc.) 

- Safety, command and control (accident would be awful- and 
could spark a war) 

• US conducted -1,000 nuclear device explosion tests 

• US produced -100 different versions of nuclear weapons 
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Many of the weapons were tested in Nevada. 

Including the: Atomic Cannon 
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• Successful creation and synthesis of brilliant research in physics, chemistry, 
mathematics, computing, and engineering. 

• Continued an era of scientific discovery, and spawned vast technological 
development: 

- Nuclear physics 

- Particle physics (SMU researchers actively engaged at CERN in Geneva) 

- High-speed photography and electronics (for monitoring tests) 

- Space exploration 

• Large missiles were developed as delivery devices 

• Early satellites for monitoring nuclear tests 

- Computers (first computer was used for Manhattan project) 

- Chemistry, metallurgy, new materials 

- Reactors, supplying - 10% of world electricity 

• Creation of most powerful weapon ever devised. 

22-July-2010 Cas Milner 
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Addenda 

• Additional support slides follow this one 
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• Hungarian refugee scientist Leo Szilard was convinced a nuclear weapon 
could be built, and began organizing U.S. efforts: 

- Showed calculations to Wigner 

- With Wigner, visited their former University of Berlin Professor Einstein at his 
rented summer cottage on Peconic Bay (North Fork of Long Island) and 
convinced him of the feasibility of a nuclear weapon. 

- Drafted letter with Wigner and Einstein 

• Originally planned to send letter to Belgians (Einstein knew the monarchs) 
- but knew someone, who knew someone ... 

- Szilard enlisted help of an economist he knew from Vienna - who 
recommended talking to Presidential advisor Alexander Sachs, and 
economist who was Vice Chair of Lehman (!I!). 

- Sachs recommended writing directly to President Roosevelt - the letter 
became a note from the most well-known scientist of the day, to the most 
well-known international leader. 

• One of the most important letters of the 20th Century - and part of the 
beginning of the Manhattan Project. 
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Secret Einstein letter, 
page 1 

Very soon after fission was 
discovered, the previous December. 
Letter was actually delivered on Oct. 
11, 1939, after start of WWII. 

Strong, attention-getting phrases. 

New scientific breakthrough 

Breakthrough could lead to a bomb 
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IEinstein letter, page 21 -2-
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Key intelligence fact - ore is rare 
and we know where it is. 
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Recommend starting a project and 
assigning a leader (read between the 
lines: Szilard? Fermi?) 

Coordinate activities and obtain ore. 

Propose expanding University work 
using private funds and industry help 
(note: not asking for government 
support yet). 

Ends with ominous observation of 
possible German projects - another deep 
intelligence fact (note this info is coming 
from foreign scientists, not the FBI or 
Army Intelligence!) 
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