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Early Discoveries of the Elements

• The alchemists of long ago 
sought materials that could be 
transmuted into gold 

• Gold is one of the seven metals of 
alchemy (gold, silver, mercury, 
copper, lead, iron & tin).

• For the alchemist, it represented 
the perfection of all matter on any 
level, including that of the mind, 
spirit, and soul – close to the 
philosopher’s stone. 

• In pursuit of this the alchemists 
discovered the basics of 
chemistry and discovered many 
elements along the way
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Organizing the Elements
• With the better and better abilities to 

measure weights and chemical 
properties the discovery of elements 
proceeded quickly in the recent era.

• There resulted a large number of 
elements that had intriguing 
periodicities in properties.

• There were many early organizers of 
these elements into groups depending 
upon the chemical properties.

• Mendeleev’s (1834-1907) chart (1871) 
with increasing atomic weight as the 
abscissa showed common chemical 
properties 
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Plato
Mendeleev

Filling in the Elements

Modern

The discovery of new elements drove changes in table.
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Radioactivity
• The pursuit of new elements led to the discovery of elements that were 

naturally radioactive. 

• This led to speculation that the radioactivity transmuted elements to yet 
lower mass elements.

• The radioactivity of uranium was discovered in 1896 by Henri Becquerel who 
gradually realized  that he was observing just such transmutation.

• It was also found that thorium was radioactive.

• Two new radioactive elements, polonium and radium, were discovered by 
Pierre and Marie Curie, while a third one, actinium, was identified by André 
Debierne. 

• The study of the penetrating power and of the effect of electric and magnetic 
fields allowed scientists to demonstrate the complexity of nuclear radiation 
with its three components α, β, γ. 

• α – helium 4 nuclei β – free electron γ – photon
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Discovery of Fission
• Fission is a nuclear reaction or radioactive decay process in which 

the nucleus of an atom splits into two or more smaller, lighter 
nuclei, and often other particles. 

• Nuclear fission was discovered in December 1938 by chemists 
Otto Hahn and Fritz Strassmann and physicists Lise Meitner and 
Otto Robert Frisch by bombarding uranium with neutrons.

• The fission process often produces gamma rays and releases a 
very large amount of energy, even compared to the energetic 
standards of radioactive decay. 

• Scientists already knew about alpha decay and beta decay, but 
fission assumed great importance because the discovery meant 
that a nuclear chain reaction was possible which could lead to the 
development of nuclear power and nuclear weapons.
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Illustration of Induced Fission
 Fission can happen spontaneously 
 It can also be induced 
 Often neutrons can be emitted as well
 Neutrons of the right energy can induce fission

Atomic mass

Atomic number
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Illustration of Chain Reaction
 Residual neutrons 

from an initial 
fission can be used 
to trigger other 
fissions

 The release of 
energy from each 
of these fissions 
can lead to an 
enormous release 
of energy in total.

 This is illustrated in 
the diagram to the 
right
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• Among the scientists who fled Europe were Albert Einstein, Hans 
Beta, John von Neumann, Leo Szilard, James Franck, Edward 
Teller, Rudolph Peierls, and Klaus Fuchs.

• Enrico Fermi 's wife Laura was Jewish.  After the 1938 Nobel Prize 
ceremony, he and his family left for the United States. 

• Joseph Rotblat left days before the outbreak of World War II. 
Tragically, his wife was unable to accompany him and later died 
during the Holocaust in a concentration camp. 

• Stanislaus Ulam fled Poland with his brother Adam shortly before 
the German invasion in September 1939. The rest of Ulam’s family, 
including his parents and sister, were killed in the Holocaust.

• Many others who fled formed the backbone of the Manhattan 
Project  

Exodus of Jewish Scientists
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Einstein’s Letter 8/2/1939 
 Leo Szilard met with Einstein and helped draft a 

letter to Roosevelt urging rapid work into 
Uranium chain reaction research as it was 
probable these reactions could release very 
large amounts of energy

 Einstein believed the German government was 
pursuing this line of research and thought the 
US should too

 Alexander Sachs meets with Roosevelt 
10/11/1939 to discuss the concept –

 Two months after receiving letter
 Preoccupied with events in Europe
 Initially at meeting Roosevelt noncommittal
 After some urging, the next day Roosevelt 

launched into action
 Roosevelt writes back to Einstein that he has set 

up a committee to study the issue - 10/19/1939
 Roosevelt was now convinced the US could 

not take the risk that Nazi Germany would 
have such a weapon
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The Organization of Science - 1

 Restriction of publications
 Radical step for US scientists 
 Effort led by Szilard, Wigner, Teller, 

Weisskopf, Fermi
 Voluntary agreement – G. Breit

proposes “Censorship committee”
 Roosevelt  appoints Lyman Briggs, head of 

NBS, to chair the Uranium Committee
 Uranium committee meets for first 

time, 10/21/1939
 First report discusses nuclear power 

and bombs - first request for funds -
$6,000

 Second report eclipsed by events in 
Germany ..  a large effort at Kaiser 
Wilhelm Institute  on Uranium research 
was discovered

 U-235 was now the primary fissioning 
isotope considered

 Better organization and broader scope 
of effort needed

Meeting in the Radiation Laboratory at the University of California, Berkeley 
(UCB) in March 1940 to discuss the 184-inch cyclotron. Left to right: Ernest O. 
Lawrence, Arthur H. Compton, Vannevar Bush, James B. Conant, Karl T. 
Compton, and Alfred Loomis.
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The Organization of Science -2

 Roosevelt approves formation of National Defense 
Research Council in June of 1940 at urging of Vannevar 
Bush

 Roosevelt transfers Uranium Committee to NDRC 
under Vannevar Bush in fall of 1940
 Bush reorganizes without direct military 

membership
 Enrichment was main focus

 All reports very skeptical of development of a bomb 
before 1946 or earlier

 Recognized a bomb needed fissioning from fast 
neutrons not thermal ones.

 Suggested that a Plutonium bomb may be quicker 
pathway to a weapon
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The MAUD Report -
Good News from the Brits
 July 1941 – Bush receives MAUD report from Brits
 Reported that a sufficiently purified mass of U-235 

could support a chain reaction by fast neutrons
 Critical mass estimated to be 10 kilograms
 Bomb is possible with this amount of material

 Report had plans for a bomb drawn up by the Brits
 Report also dismissed 

 Plutonium weapon option
 Enrichment by thermal diffusion, 

electromagnetic, and centrifuge
 Supported enrichment by gaseous diffusion

 MAUD also reported progress by Nazi Germany in 
this area

 MAUD also was the vehicle alerting Soviet 
intelligence to Anglo-American discussions on this 
topic

 Bush and Conant began redirection of the efforts
 Enrico Fermi added as head of theory efforts
 Harold Urey added as head of isotope 

separation and heavy water research

MAUD is a code name not a acronym –
turns out to be the governess for Bohr’s 
children
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Two Pathways to the Bomb -
Uranium and Plutonium

The Uranium Pathway – Major obstacle was U-235 
Enrichment

Winter – Spring of 1942
 Urey worked on gaseous diffusion and centrifuge 

enrichment
 Lawrence concentrated on electromagnetic 

separation
 Abelson worked on liquid thermal diffusion
 Murphree worked on methods to industrialize the 

approaches
 Uranium ore needed for research

 1200 tons in storage on Staten Island
 Uranium hexafluoride also needed
 Murphree arranged for DuPont  and 

Harshaw to provide the industrial 
production

 Lawrence very successful at electromagnetic 
separation

 Bush reports to Roosevelt 3/9/1942 that 
Lawrence’s work  may make the bomb possible 
on a short time scale – by 1944

 Also aided by new and smaller estimates of 
the critical mass

 Roosevelt told Bush – “The whole effort should 
be pushed – this is very much of the essence”

The Plutonium Pathway – Major obstacle was 
Reactor Production

Winter – Spring of 1942
 No one knew about the spontaneous fission and 

the neutron problem yet
 Compton consolidated fission research at the 

new Metallurgical Laboratory at the University of 
Chicago (MET Lab)

 Fermi still working at Columbia with plans to 
relocate to Chicago

 Theoretical work continued at Princeton and 
Berkeley

 Under the west grandstand at Stagg Field Allison 
began building the first reactor – graphite 
moderated Uranium

 Recent US calculations had cast doubt on MAUD 
report negative findings on Plutonium

May 23 1942 
 Committee decides to go forward with all 

enrichment approaches for U-235 and the reactor 
production of Pu-239

 No clear path for selection at the time
 Too critical to war effort to down-select 

prematurely
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Creation of the Manhattan Engineering District

 Decision to go forward with major production effort   of 
Plutonium and enriched Uranium led to the involvement of 
the Army Corps of Engineers

 Bush transferred process development, materials 
acquisition, engineering design, and site selection to the 
Army while retaining control of the university research for 
the OSRD.

 Delicate negotiations for university control of 
research

 Army officer in overall charge of project 
 Summer-Fall of 1942

 Initial Army organization based in New York City 
from which the new organization got its name

 Leslie Groves promoted to Brigadier General and 
made head of the Manhattan Project on September 
17, 1942

 In October Groves accepted the Oppenheimer 
suggestion of an isolated site for the laboratory

 Groves acted quickly to redirect the efforts
 By November 1942 Plutonium seemed the most 

promising approach but Uranium not abandoned
 Centrifuge project canceled in favor of 

electromagnetic and gaseous diffusion enrichment
 Oppenheimer selected to be the head of the bomb 

research and development laboratory to be built in 
Los Alamos, New Mexico and the 235U production 
site at Clinton, Tennessee.

Oppenheimer suggested the site in Los 
Alamos because he had gone to a boys 
ranch there and knew that it was really 
isolated. 
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U-235 Cross Sections

Chain reaction must outrun the explosion

Fission
Scatter
Capture

15% Speed of LightSpeed of sound in Uranium

Half life: 703,800,000 years
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Pu-239 Cross Sections

Fission
Scatter
Capture

Half life: 24,100 years

15% Speed of LightSpeed of sound in Plutonium

Chain reaction must outrun the explosion
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1.Large fission cross section for fast neutrons
• Check

2.Multiple high energy neutrons in the final state
• Check

3.Long enough half life
• Check 

Basic Requirements Fulfilled 

Materials available in significant enough 
quantities?

Nuclear Weapons Possible

With some effort
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In Class Exercise
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•Organize into 3 groups
•USA 
•Germany 
•Japan

•Time is midway in WWII
•Your country has heard of nuclear fission and you are aware of 
potential  for destructive power

•Do you start an effort to develop such weapons?
•What ethical questions do you ask?
•What practical questions do you ask?
•What would be your target list?

In Class Exercise
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Assignments for 
Next Class
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Required reading second class -

•The Los Alamos Primer: The First Lectures on How To Build an 
Atomic Bomb -- Robert Serber (Author)

Suggested reading second class

•The Making of the Atomic Bomb,  Richard Rhodes (Author) 

Assignment for Next Class
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Backup Slides
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92-U-235 + 0-n-1

0-n-1

92-U-236

U
92

235

56-Ba-141 + 36-Kr-92 + 3 0-n-1

235.0439 + 1.008665

236.0525 u

140.9144 + 91.92616 + 3.025995

235.866 u

Mass Defect = 0.1859 u = 3.09 x 10e-28 kg 

E = mc2 

E = 3.09xe-28 x (3.00e8)2

E = 2.78xe-11 J
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Multiple High Energy Neutrons After Fission

From  J. Watterson, CERN 2007

• The probability of a neutron 
from fission having an energy 
between E and E+dE is the 
function P(E)dE.

• In modern parlance the Watt 
Spectrum

• The distribution in the figure is 
for neutrons from the fission of 
235U with a slow neutron

• This was unknown in the 1930s 
or 1940s.

The Watt Spectrum
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The Basic Idea of Nuclear Weapons

Uranium

Neptunium

Plutonium

Americium

Curium

1. Large fission cross section for fast 
neutrons

2. Multiple neutrons in the final state
3. Long enough half life

Half Life

Stable
Very Short
> 100,000 yr
> 10 yr
> 100 days
> 10 days
> 1 day
> 1 hr
> 1 min

http://atom.kaeri.re.kr/cgi-bin/tonmap12
http://atom.kaeri.re.kr/cgi-bin/tonmap12
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IND Hierarchy
Goal – Build an IND from Parts

Nuclear Pit

Assembly System

Initiator

CC Electronics

Weaponization

T&F Electronics

Nuclear Material

Material Form

Material Preprocessing

Pit Design

Material Final Processing

Gun Design

Implosion Design

Mechanical Design

(D,T) System

(Alpha,) System

Gun Assembly

Implosion Assembly

Mechanical Assembly

Gun Assembly

Implosion Assembly

Mechanical Assembly

WGP RGP

WGU RGU

HEU NP

U Metal – IF&S PU Metal – IF&S

Mixed Phase Pu Alpha Phase Pu

Delta Phase Pu U-Oxide

Pu-Oxide Used Rods

New Rods PUREX Slurry

PU Shell Pieces U Rings and Plugs

Np-Oxide NP-IF&S

Reduction to Metallic Form Isotope Enrichment

Separation of Fissile Materials Gallium Stabilize

None Required

Gun System Implosion System

Mechanical System

Gun Design
Implosion Design

Mechanical Design

Pick one from 
this group

Pick one or 
more from this 
group

Pick one from 
this group

Pick one from 
this group

Pick one from 
this group

Pick one from 
this group

No choice –
pick this

Pick one from 
this group

Pick one from 
this group

Pick one from 
this group
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Np-237 Cross Sections

Fission
Scatter
Capture

Half life: 2,144,000 years
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Plato’s Periodic Table
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The 1869 periodic table by 
Mendeleev in Russian, with a 
title that translates "An 
experiment on a system of 
elements ... based on their 
atomic weights and chemical 
similarities." .
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Among the 
scientists who 
worked to created a 
table of the 
elements were, from 
left, Antoine 
Lavoisier, Johann 
Wolfang Döbereiner, 
John Newlands and 
Henry Moseley.
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Calculating Tools 
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Discovery of Fission

The discovery came after forty years of investigation into the nature and properties of radioactivity and radioactive 
substances.

the discovery of the neutron by James Chadwick in 1932 created a new means of nuclear transmutation. Enrico 
Fermi and his colleagues in Rome studied the results of bombarding uranium with neutrons, and Fermi concluded 
that his experiments had created new elements with 93 and 94 protons, which his group dubbed ausonium and 
hesperium.

Fermi won the 1938 Nobel Prize in Physics for his "demonstrations of the existence of new radioactive elements 
produced by neutron irradiation, and for his related discovery of nuclear reactions brought about by slow 
neutrons".   

However, not everyone was convinced by Fermi's analysis of his results. Ida Noddack suggested that instead of 
creating a new, heavier element 93, it was conceivable that the nucleus had broken up into large fragments, and 
Aristid von Grosse suggested that what Fermi's group had found was an isotope of protactinium.

This spurred Hahn and Meitner, the discoverers of the most stable isotope of protactinium, to conduct a four-year-
long investigation into the process with their colleague Strassmann. After much hard work and many discoveries, 
they determined that what they were observing was fission, and that the new elements that Fermi had found were 
fission products. Their work overturned long-held beliefs in physics and paved the way for the discovery of the real 
elements 93 (neptunium) and 94 (plutonium), for the discovery of fission in other elements, and for the 
determination of the role of the uranium-235 isotope in that of uranium. Niels Bohr and John Wheeler reworked the 
liquid drop model to explain the mechanism of fission.
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The chain reaction can take place only in the proper multiplication environment and only 
under proper conditions. It is obvious, if one neutron causes two further fissions, the 
number of neutrons in the multiplication system will increase in time and the reactor power 
(reaction rate) will also increase in time. In order to stabilize such multiplication 
environment, it is necessary to increase the non-fission neutron absorption in the system 
(e.g. to insert control rods). Moreover, this multiplication environment (the nuclear reactor) 
behaves like the exponential system, that means the power increase is not linear, but it is 
exponential.

Nuclear chain reaction
The nuclear chain reaction occurs when one single nuclear reaction causes an average of 
one or more subsequent nuclear reactions.
On the other hand, if one neutron causes less than one further fission, the number of 
neutrons in the multiplication system will decrease in time and the reactor power (reaction 
rate) will also decrease in time. In order to sustain the chain reaction, it is necessary to 
decrease the non-fission neutron absorption in the system (e.g. to withdraw control rods).

In fact, there is always a competition for the fission neutrons in the multiplication 
environment, some neutrons will cause further fission reaction, some will be captured by 
fuel materials or non-fuel materials and some will leak out of the system.

Chain Reaction
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Discovery of Fission-2
•Hahn and Strassmann at the Kaiser Wilhelm Institute for Chemistry in 
Berlin bombarded uranium with slow neutrons and discovered that barium 
had been produced. 

•They reported their findings by mail to Meitner in Sweden, who a few 
months earlier had fled Nazi Germany. Meitner and her nephew Frisch 
theorized, and then proved, that the uranium nucleus had been split and 
published their findings in Nature. 

•Meitner calculated that the energy released by each disintegration was 
approximately 200 megaelectronvolts, as Frisch had observed. 

•By analogy with the division of biological cells, he named the process 
"fission". 

•Hahn was awarded the 1944 Nobel Prize in Chemistry for the discovery.
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