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The discovery of radioactivity

Henri Becquerel (1896)

Marie Skłodowska-Curie 
Pierre Curie

(1898)

α β γ

Ernest Rutherford 
Paul Villard 

 (1903)



Quantifying radioactivity

Precision ionisation chamber
“Curie method”

+-

-particle counter α
Geiger and Rutherford



A tool for discovery

α

Geiger, Marsden, and Rutherford

(1913)

The atom has a nucleus!

α

H-particles
α

α
H-particles

Marsden and Rutherford (1919)
The nucleus consists of protons!



Polonium

source Beryllium 


foil

Ionization

chamber

α
Lead

James Chadwick 
(1932)

The nucleus consists of  
protons and neutrons!

Proton

Electron
Neutron

A tool for discovery



Enrico Fermi
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Geometry: his gateway into science

Pisa

Goettingen

Leiden

Florence

“I can calculate anything in 
physics within a factor 2 on a 
few sheets; to get it fully right 

may well take a physicist a year, 
but I am not interested in that.”



Back in Rome: the Via Panisperna boys
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“The pope”
Franco Rasetti 

“The Cardinal Vicar” 
Edoardo Amaldi 
“The Young Boy” 

Orso Corbino
“God almighty”



News from Paris: artificial radioactivity
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Frédéric and 

Irène Joliot-Curie


1934

“Our latest experiments have shown 
a very striking fact.”

“When an aluminium foil is irradiated on a 
polonium preparation …”

Geiger counter

Aluminium 

foil

Polonium

-sourceα



News from Paris: artificial radioactivity
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“Our latest experiments have shown 
a very striking fact.”

Geiger counter

“… the emission of radiation does not cease 
immediately when the active preparation is removed.”

Aluminium 

foil

Polonium

-sourceα

Frédéric and 

Irène Joliot-Curie


1934



News from Paris: artificial radioactivity
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Frédéric and 

Irène Joliot-Curie

“Our latest experiments have shown 
a very striking fact.”

Geiger counter

Aluminium 

foil

“The foil remains radioactive and the emission of 
radiation decays exponentially as for an ordinary 

radio-element.” 

Time

Activity

Polonium

-sourceα



Back to Rome
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Aluminium atom Phosphorus atom

α
+

α Fermi: High-intensity -source, 

but most -particles do not reach the nucleus!

α
α



What about neutrons?
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n Fermi: Uncharged neutrons would not 

get deflected!

But: available neutron sources much weaker

(Chadwick and Rutherford also in the game!)

Polonium

-sourceα

α n

Beryllium 

foil

Chadwick:

(Institute of Public Health, 
Via Panisperna basement)

Radium

( -source)α

Radon gas

(“Radium emanation”)

Beryllium powder

n



Neutron-induced radioactivity
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Irradiation
Counting  

room



The results were not reproducible!
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Wanted to use silver as “activation standard” to compare against

Much stronger effect for wood!

Wooden table

Target material

(cylinder w/ hole)

Marble table



Fermi’s discovery
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“We were working very hard in the neutron-induced radioactivity 
and the results we were obtaining made no sense.”

“One day, as I came to the laboratory, it occurred to me that I should 
examine the effect of placing a piece of lead before the incident neutrons.”

Lead 

sleeve

Silver

“I took great pains to have the piece of lead precisely machined.”



Fermi’s discovery
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“We were working very hard in the neutron-induced radioactivity 
and the results we were obtaining made no sense.”

Paraffin

Lead 

sleeve

Silver

“I tried every excuse to postpone putting the piece of lead in its place.”

“When finally, with some reluctance, I was going to put it in its place, I said to myself,  
‘No, I don’t want this piece of lead here; what I want is a piece of paraffin.’”

The activation became  
a lot stronger!



Slowing down neutrons
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Paraffin
Silver

Collisions with hydrogen atoms in paraffin wax slow down  
(initially fast) neutrons

Fast 

neutron

Slow 

neutron

Slow neutrons more easily enter the target nucleus

Silver 

nucleus

Unstable 

silver 


nucleus

The same happens 

with wood! 

Wood → water → hydrogen

“Further investigation showed that the 
activation could be enormously increased 

by surrounding the source and the 
activated substance with a large amount 

of water or paraffin wax.”



Patenting slow neutrons
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Paraffin  
blocks

Neutron  
source

Target  
material



Fermi’s blunder
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Exposing uranium to “thermal” neutrons

Paraffin

“moderator”

Uranium 

nitrate

Uranium (92 protons)

Palladium (91 protons)

Thorium (90 protons)

Actinium (89 protons)

Radium (88 protons)

Lead (82 protons)
…

Chemical separation:

13-minute 

half-life

Is it a heavier element with more than 92 protons?

New heavy element?UraniumSlow neutron

13-minute 

half-life



Fascists take over Italy

20

Safely arrived 

in New York 

(January 2, 1939)

At the Nobel Prize ceremony 

in Sweden (December 1938)



Fermi at Columbia
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Pupin hall

Lise Meitner
Otto Hahn

Fritz 

Strassmann

The uranium nucleus has been  
split in Berlin!
Results made public on January 6, 1939



“Radium” “Actinium” “Thorium”

What happened in Berlin?
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Virtually the same experiment as in Fermi’s Via Panisperna!

“As chemists, we would actually 
have to say that the new elements 

are not radium, but barium.”

Paraffin

“moderator”

Uranium 

nitrate

Neutrons Chemical analysis

“If our ‘radium isotopes’ are not 
radium, then our ‘actinium isotopes’ 

are not actinium, but lanthanum.”



What happened in Berlin?
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Uranium 
(92 protons)

Barium 
(56 protons)

Technetium 
(43 protons)

The nucleus is highly dynamic! 
A droplet of water instead of a bowling ball.

Paraffin

“moderator”

Uranium 

nitrate

Uranium (92 protons)

Palladium (91 protons)

Thorium (90 protons)

Actinium (89 protons)

Radium (88 protons)

Lead (82 protons)
…

Chemical separation:

13-minute 

half-life

Enrico Fermi, Via Panisperna (1934)



Fermi’s reaction
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“I want to see this for myself!”

February 16, 1939

Parallel plate 

ionization chamber

Uranium 

oxide

“A large number of small pulses from the  
-particles of uranium were observed.”α

“When exposed to the bombardment of neutrons 
very large pulses occurred in addition.”

Herbert Anderson



A chain reaction?
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Additional neutrons?

If so, how many?

Less than one 
(on average)

Reaction will eventually stop

More than one 
(on average)

Reaction will continue indefinitely



How many neutrons?
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Leo Szilard

Water + Manganese salt
(Activated by neutrons)

Geiger counter

Radioactivity of water + salt

Number of neutrons



How many neutrons?
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Leo Szilard

Water

Geiger counter

+ Manganese salt
(Activated by neutrons)

Radioactivity of water + salt

Number of neutrons

Radium-Beryllium

neutron source

Uranium oxide



Leo Szilard

How many neutrons?
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Water + Manganese salt
(Activated by neutrons)

Radium-Beryllium

neutron source

Uranium oxide

Activity of water increased by 10%  
when uranium was present!

→ more neutrons emitted 

than neutrons absorbed!

“This corresponds to an average 
emission of about 1.2 neutrons per 

thermal neutron absorbed by 
uranium.”



A practical chain reaction?
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A self-sustaining chain reaction is possible in principle …

… how to make it work in practice?

“1.5 neutrons per fission”  
→ quite tight!

Fast 

neutron

Slow 

neutron

Slow 

neutron

Need to slow down neutrons  
without losing them!

“Moderation”



The Hungarians visit Einstein
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Leo Szilard
Edward Teller

Eugene Wigner



The Hungarians visit Einstein
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Leo Szilard
Edward Teller

Eugene Wigner



Which moderator to use?
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Light atoms

 Densely packed

Minimum neutron  
absorption

Light Heavy

Helium

Hydrogen
Lithium

Beryllium

Boron

Carbon

Gaseous! Metallic,  
but dangerous

Not easily  
available

Carbon / graphite



Measuring neutron diffusion
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Test pile at Columbia

Slots to insert

rhodium foil


→ measure local  
neutron density

Graphite 

bricks

Spring 1940



Measuring neutron diffusion
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Too many neurons are absorbed!
→ Boron impurities in graphite!

Fast 

neutron

Carbon

Boron

Spring 1940



Szilard scrounges graphite
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Szilard scrounges graphite
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“[We] regret to hear that you are 
not in a position to supply graphite 

bricks free of boron to meet 
certain specifications of ours.”

“We should be very much 
interested to learn the boron 

content of the best graphite which 
you are able to supply …”



Test piles at Columbia
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8 ft

11 ft

8 ft

September 1941



Test piles at Columbia

38

8 ft

11 ft

8 ft

Uranium oxide  
      “lattice”

September 1941



Test piles at Columbia
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8 ft

11 ft

8 ft
Neutron source

Uranium oxide  
      “lattice”

“Build and test”  
instead of calculations / simulations

But: fell 13% short of 

self-sustaining chain reaction,


even if structure extended 

outwards indefinitely!

September 1941



A sense of urgency …
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… and a move to Chicago

Pearl Harbour

December 1941

Arthur  
Compton



The metallurgical laboratory
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Eckhart Hall, University of Chicago

(Today housing the mathematics department)



Stagg Field

42

Marshall field, ca. 1900 
Looking south

Stagg field west stand,  
1930s

President Robert Hutchins on football (1939):

an “infernal nuisance” distracting from academics



First test piles at Stagg Field
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Empty squash court



Improving the Pile
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Columbia / early Chicago piles:  
Rectangular → easy to build, but large 

neutron losses

Loss-minimizing shape: 
As close to a sphere as possible



Improving the pile
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Leona WoodsDetection chamber  
inside the pile

Readout  
instrument

Boron-trifluoride (BF3) counters …

Boron

Lithium

-particleαNeutron

… turn a nuisance into a virtue



Argonne Forest

Preserve

The site of the first pile
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“Site A”

(Today: Close to  

Argonne National Lab)



The site of the first pile
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“As a responsible officer of the University, according to every rule of 
organizational protocol, I should have taken the matter to my superior.  

But that would have been unfair.  

Based on considerations of the University’s welfare, the only answer he 
could have given would have been—no.  

And this answer would have been wrong.  
So I assumed the responsibility myself.”

Arthur Compton:

The workers at Argonne were on strike!

“Should we build the pile at Stagg Field?”



Building CP-1
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Building CP-1: layer by layer
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Uranium 

oxide



Approaching 

criticality … safely
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Reaction becomes self-sustaining

(“Pile becomes critical”)

Magnetic hook,

automatically released

Pile

Neutron-absorbing “‘Zip’ rod”:

Cadmium



December 2, 1942
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Arthur 

Compton

Enrico 

Fermi

George 

Weil

Liquid-control squad 
(Lichtenberger, Nyer, Graves)

Balloon 

fabric tent

Timber 

support structure

Air-tight housing

for safety rods



December 2, 1942
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3 pm

“O.K. ‘Zip’ in”

“Now it will become self-sustaining.  
The trace will climb and continue to climb.  

It will not level off.”

“‘Zip’ out”

“Pull it to 13 feet, George.”
“Pull it out another foot.”

“This is going to do it.”

“This is not it. The trace will go  
to this point and level off.”

Switching between different 

instrument scales

“Control rod 

and zip out”

“Removal of 

Cd #2”

“Safety 

rod in”



53

December 2, 1942
3.25 pm

An impromptu celebration with Italian red wine 

and paper cups …



Yesterday’s science is today’s engineering
1933

1940

1942

α

1913



(My) references

55

1. W. Crookes, “The Bakeries Lecture: On the Illumination of Lines of Molecular Pressure, and 
the Trajectory of Molecules” (1878)


2. J. J. Thomson, “Recent Researches in Electricity And Magnetism”, Clarendon Press (1893)

3. D. D. Patton, “Roentgen and the ‘New Light’—Roentgen’s Moment of Discovery”, 

Investigative Radiology 28, 10, 954—961 (1993)

4. M. Sekiya, M. Yamasaki, “Antoine Henri Becquerel: A scientist who endeavored to discover 

natural radioactivity”, Radiol. Phys. Technol. 8, 1—3 (2015)

5. F. W. Aston, “Isotopes”, Edward Arnold & Co (1922)

6. J. L. Heilbron, “Ernest Rutherford And the Explosion of Atoms”, Oxford University Press 

(2003)

7. H. E. Roscoe, A. Harden, “A New View of the Origin of Dalton’s Atomic Theory; A 

Contribution to Chemical History”, Macmillan And Co. (1896)

8. D. N. Schwartz, “The Last Man Who Knew Everything: The Life and Times of Enrico Fermi, 

Father of th the Nuclear Age”, Basic Books (2017)

9. A. Wattenberg, “The Birth of the Nuclear Age”, Physics Today 46, 44—51 (1993)

10. L. Woods, “The Uranium people”, Crane, Russia (1979)


