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Lecture outline

The first talk will introduce what makes a nuclear weapon program, focusing 

on technical aspects and past proliferation cases. It will also look at the 

effects of nuclear weapon explosions. 

The second talk will address how the world deals with these weapons: What 

are the related politics, the role of states and the United Nations. What can 

civil society – including the academic community – do? 

The third talk will highlight another important contribution by physicists: 

International agreements on nuclear nonproliferation and disarmament 

require internationally developed verification measures to monitor 

compliance – or: science for peace. Current verification research will be 

presented, including particle detection.



Warhead stocks

H.M. Kristensen and M. Korda. “Status of World Nuclear Forces”. https://fas.org/issues/nuclear-weapons/status-world-
nuclear-forces/
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Nuclear weapons today
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Who possesses nuclear weapons?
Representative survey in Germany
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How many nuclear weapons are in the world?
Representative survey in Germany



How did it start?
• 1938: Discovery of fission in Nazi Germany (Otto Hahn, Fritz Straßmann, Lise 

Meitner, Otto Frisch)

• Nuclear research by e.g. Carl Friedrich von Weizsäcker and Werner 

Heisenberg

→ Goal to build a reactor

→ Haigerloch reactor does not reach criticality in 1945 (By 1942, Chicago 

Pile 1 by Enrico Fermi has reached criticality, but it was unknown by

Germany at the time)



How did it start?



How did it start?

Manhattan Project

Some involved scientists: Robert Oppenheimer, Leo Szilard, Otto 

Frisch, Niels Bohr, James Franck, Enrico Fermi, Edward Teller



How did it start?

Manhattan Project



The Gadget (15 July 1945)



Trinity Test (16 July 1945)

Fireball (0.016 s after detonation)



Weapons dropped on Japan
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Little Boy, dropped on Hiroshima  

6 August 1945

Highly enriched uranium
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Fat Man, dropped on Nagasaki

9 August 1945

Plutonium instead of uranium!



Hiroshima

Wie überprüft man, ob 
Kernwaffen abgerüstet werden?
29.04.2014Seite  15



Criticality

Neutrons leaking the volume

(if leaking outward, term is 

negative)Definition of criticality:

Absorption = fission + capture



Ingredients for nuclear weapons

Highly enriched uranium or plutonium



Criticality of a nuclear weapon

Evolution of neutron densities over m generations

n proportional to flux, proportional to reaction (fission) rate

Per fission: around 200 MeV energy release

ҧ𝑙 : Duration of one generation



Criticality of a nuclear weapon
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Fat Man, dropped on Nagasaki,  9 August 1945

Plutonium instead of uranium!



Criticality of a nuclear weapon

How to achieve 𝑛0?

▪ Initiation with deuterium and tritium fusion in accelerator

▪ Additional neutrons during fission: Boosting

2𝐷 + 3𝑇 → 4𝐻𝑒 + 𝑛 + 17.6 𝑀𝑒𝑉

210𝑃𝑜 → 𝛼 + 206𝑃𝑏 ; 𝐵𝑒 𝛼, 𝑛 𝐶

2𝐷 + 3𝑇 → 4𝐻𝑒 + 𝑛 + 17.6 𝑀𝑒𝑉



Reprocessing plant

Enrichment plant

Natural uranium

Reprocessing waste

Plutonium

Highly enriched

uranium

Reactor



Fissile material production

U.S. Hanford reactor U.S. Oak Ridge enrichment plant



Plutonium production

238𝑈
(𝑛,𝛾) 239 𝑈

𝛽− 239𝑁𝑝
𝛽− 239𝑃𝑢

(𝑛,𝛾) 240 𝑃𝑢

Pu-239

Pu-240

Here: 2400 MWtherm reactor

Yongbyon, DPRK: 5 Mwel

Tihange: 3 x ≈ 3000 MWtherm

Dual use:
Civilian uses: Nuclear

energy, research, medical
isotope production
Military plutonium

production
→ Reactor design and 

operation may give
indication, but any

design/operation is feasible
for military purposes

23



Reprocessing

Spent fuel from
reactor

Plutonium

(weapon use or
Mixed Oxide (MOX) 

fuel production

Uranium 
(enrichment, fuel

production)
Waste

High-level waste: 
Other actinides, 
fission products

Medium- and low-
level waste

• Separation by nuclear chemistry

• Civilian programs may reprocess or

not (spent fuel disposal or

recycling fuel for further use)

Dual use:
Reprocessing needed for
military use, optional for

civilian use

24



Weapons and plutonium stocks

International Panel on Fissile Materials, Global Fissile Material Report, 2022



Uranium enrichment

Uranium use

• Natural uranium (0.7% U-235)

– E.g. civilian or military heavy water reactors

• Low enriched uranium, LEU (<20% U-235)

– E.g. light water reactors (3-5%)

– Naval fuel (e.g. France)

• Highly enriched uranium, HEU (>20% U-235)
Weapon-grade uranium (>90% U-235)

– Research and isotope production reactors

– Naval fuel (e.g. United States)

– Nuclear weapons

Dual use:
Different degrees of

enrichment used both for
civilian and military

applications
→ Non-trivial to assess

military nature of an 
enrichment program

26
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Enriching for one bomb

From natural uranium (0.72% U-235) to 25kg of 93% U-235:

Feed: 4460 kg

Enrichment step Percent of total 

kg SWU required

Feed mass 

required

072% → 3.5% 64% 4460 kg

3.5% → 20% 27% 702 kg

20% → 93% 9% 117 kg

27



Weapons and HEU stocks

International Panel on Fissile Materials, Global Fissile Material Report, 2022



Emissions from nuclear weapons

Thermal radiation (around 35% for atmospheric explosion)

• Due to the massive energy release, the weapon parts heat up as

gas to several tens of million degrees (sun‘s surface: 5000 K, 

comparable to sun‘s inner temperature)

• Weapon residues radiate x-rays within less than a millionth of a 

second, absorbed within a few meters

• This leads to the formation of an extremely hot spherical mass of air

and gaseous weapon residues („fireball“)

• Fireball grows to over one kilometer in 10 seconds

→ Thermal radiation emitted from it causes skin burns and fires

29
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Emissions from nuclear weapons

Shock wave (around 50% for atmospheric explosion)

• From the rapid weapon explosion: Sudden increase in 

pressure at the front, gradual decrease behind it

(extraordinarily strong winds)

→ Destroying structures, can also be directly lethal

31
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Emissions from nuclear weapons

Initial nuclear radiation (around 5% for atmospheric explosion)

• Especially gamma rays, neutrons

Residual nuclear radiation (around 10% for atmospheric 

explosion)

• Especially beta particles

33



Emissions from nuclear weapons

The radioactive „mushroom“ clound

• Fission products, uranium and plutonium, weapon casing and 

other materials heat up and vaporize

• Upward drag of hot weapon debris, as well as dirt and debris

from the earth‘s surface

34
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Emissions from nuclear weapons

Fallout

• When sufficient cooling has occured, the fission products and 

other radioactive residues become incorporated with the

earth particles as a result of the condensation of vaporized

fission products into fused particles

• Due to gravity, the contaminated particles gradually descend

to earth („fallout“) and contaminates the soil (residual 

radiation)

36



Explosion of W-87 warhead (300 kt), currently in U.S. arsenal

37

Nukemap by Alex Wellerstein

https://nuclearsecrecy.com/nukemap/



1 rad = 0.01 Gy = 0.01 J/kg

Total rad  Effects

38



Nuclear winter
• Soot (German: “Ruß”) from large-area fire is injected into the atmosphere 

and reaches the stratosphere

• The concentration would be reduced by 1/e in only 5 years → effects for a 
decade

• Climate models predict

– Decrease of temperature
(SORT scenario: Last
ice age) for a decade

– Decrease of precipitation
for a decade

– Dramatic depletion 
of ozone layer, loss
of protection against
ultraviolet radiation

• Profound impact on
agriculture (10-100% reduced 
growing season → food availability

• Such indirect effects of nuclear war would have a global impact, largely 
outweighing the direct explosion effects.

I-P-Scenario: 1.5 Mt TNT total yield
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Weapon tests

Effective moratorium on nuclear testing (except North Korea)

Country Number of tests

United States 1054

Soviet Union 715

United Kingdom 45

France 210

China 45

India 6

Pakistan 6

North Korea 6

Israel 1?



Weapon tests



Weapon tests

Atmospheric test: Operation Greenhouse, Eniwetok-Atoll, 1951 

Atmospheric tests, underground tests, underwater tests



Weapon tests

Atmospheric tests, underground tests, underwater tests

Underground test: Sedan test, Nevada Test Site, 1962



Weapon tests

Atmospheric tests, underground tests, underwater tests

Underwater test: Crossroads Baker, Bikini Atoll, 1946

Local population was evacuated, cannot return until today 

due to radioactive contamination


