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Gamma and Neutron Radiation for Low Altitude Airburst

Radiation Effects in Humans vs Yield and Slant Range from Detonation

Some from Glasstoneand Dolan (Effects of Nuclear Weapons 1977, 2022 ςChap 8)

https://atomicarchive.com/resources/documents/effects/glasstone-dolan/chapter8.html



Radiation Units
ÅCurie (Ci) = radiation decay rate from 1g 226Ra88 (Radium)
Å1Ci = 37 billion decays/s (1 g Ra at Beginning of Life (BOL))
ÅMarie Curie ςfirst woman to receive Nobel prize (Physics 1903)
ÅFirst woman to be a professor UnivParis (1906)
ÅSecond Nobel Prize (Chemistry 1911)
Å226Ra88 Ą

222Rn86  ( )h
Å226Ra88 ( )h ̱ 1/2=1599y Ą 222Rn86 ( )h ̱ 1/2=3.82 d Ą 218Po84

ÅRadon is a gas ςone of the leading causes of lung cancer
ÅImportant to have a well ventilated room (espbasement)

ÅRoentgen (historical unit ςX Ray ionization in air)
ÅDefined now as 1R = 2.58x10-4 Coulomb/kg

ÅBecquerel (Bq) = 1 decay/s  1 Ci= 37GBq, 1nCi=37Bq (37 decays/s)

ÅRAD-rad (Radiation Absorbed Dose) = 100 erg/g = 0.01 J/kg
Å(1 erg=10-7J)

ÅREM-rem (Roentgen Equivalent Man ςbio damage) 
ÅĄTyp50% lethality (50% chance of death) is ~ 500 REM = 5Sv ă
Å0.055% increase in cancer per REM  (5.5%/Sv)
ÅRecommended limit is 100 mrem/yr (1 mSv/yr) not including medical x-ray
ÅTypnatural background is ~ 300 mrem= 3mSv
ÅRecommended limit for nuclear workers is 5rem/yr (50mSv/yr)
ÅEx: Inside US Capitol building ~ 85 mrem/yr (0.85 mSv/yr) due to radiation from Granite

1903 Nobel Prize - "in 
recognition services they 
of the extraordinary have 

rendered by their joint 
researches on 

the radiationphenomena 
discovered by Professor 

Henri Becquerel."

Marie and Pierre Curie - 1904

1911 Nobel Prize - "in 
recognition of her services to 
the advancement of chemistry 

by the discovery of the 
elements radium and 

polonium, by the isolation of 
radium and the study of the 

nature and compounds of this 
remarkable element."

https://en.wikipedia.org/wiki/Ionizing_radiation


Radiation and Biological Damage
ÅRelationship between RAD and REM depends on radiation particle
ÅREM = RAD * QF where QF = quality factor   QF ~ 1  beta, x-ray/ gamma, QF ~ 10-20 alpha, 

QF ~ 1-10  neutrons

Å1 Gray (Gy) = 100 RAD  (1 RAD = 0.01 Gy)

Å1 Sievert (Sv) = 100 REM (1 REM = 0.01 Sv=10mSv)

ÅBED ςBanana Equivalent Dose (150 gram banana)
ÅRadioactivity Primarily From radioactive Potassium- 40K
Å0.0117% of natural K is isotope 40K (̱ 1/2=1.25 Gyr, 31 Bq/g(of total K))
ÅBanana has ~ 0.5g of total K Ą ~ 15 Bqfrom 40K (you are radioactive)
ÅTotal dose when eaten ςƛƴŎƭǳŘŜǎ άƻǳǘǇǳǘέ лΦмS˃v,  10 ˃ REM, ~0.4 nCi

ÅHuman body regulates 40K so you do not accumulate it
ÅTyphuman has 2.5 g/kg of total K or about 175g in 70 kg person (this is Potassium from all 

sources you eat)
ÅRadiation from 40K in person (70 kg) = 175g *31 Bq/g(of total K) ~ 5400 Bq(decay/s) ~150 

nCi~ 400 bananas
ÅCommitted effective Dose = net radiological effect from 50 years of exposure
ÅUS EPA calculates for 40K in our bodies about  5.02 nSv/Bqover 50 years Ą 5.02 nSv/Bq* 

31Bq/g(total K)*0.5 g~ 78 nSv~ 0.1˃ Sv
ÅThe above assumes you come to metabolic equilibrium with bananas



Ionizing radiation related quantities

Quantity Unit Symbol Derivation Year SIequivalent

Activity(A)

becquerel Bq sҍм 1974 SI unit

curie Ci 3.7×1010 sҍм 1953 3.7×1010 Bq

rutherford Rd 106 sҍм 1946 1000000Bq

Exposure(X)

coulombper kilogra
m

C/kg Cẗkgҍмof air 1974 SI unit

röntgen R
esu/ 0.001293g of 
air

1928 2.58×10ҍпC/kg

Absorbed dose(D)

Gray= 100 RAD Gy Jẗkgҍм 1974 SI unit

ergper gram erg/g ergẗgҍм 1950 1.0×10ҍпGy

rad rad 100ergẗgҍм 1953 0.010Gy

Equivalent dose(H)

Sievert= 100 REM Sv Jẗkgҍм× WR 1977 SI unit

röntgen equivalent 
man

rem 100ergẗgҍм× WR 1971 0.010Sv

Effective dose(E)

sievert Sv Jẗkgҍм× WR× WT 1977 SI unit

röntgen equivalent 
man

rem
100ergẗgҍм× WR×
WT

1971 0.010Sv

https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Specific_activity
https://en.wikipedia.org/wiki/Becquerel
https://en.wikipedia.org/wiki/Curie_(unit)
https://en.wikipedia.org/wiki/Rutherford_(unit)
https://en.wikipedia.org/wiki/Radiation_exposure
https://en.wikipedia.org/wiki/Coulomb
https://en.wikipedia.org/wiki/Kilogram
https://en.wikipedia.org/wiki/Roentgen_(unit)
https://en.wikipedia.org/wiki/Statcoulomb
https://en.wikipedia.org/wiki/Absorbed_dose
https://en.wikipedia.org/wiki/Gray_(unit)
https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Erg
https://en.wikipedia.org/wiki/Rad_(unit)
https://en.wikipedia.org/wiki/Equivalent_dose
https://en.wikipedia.org/wiki/Sievert
https://en.wikipedia.org/wiki/Sievert#Calculating_protection_dose_quantities
https://en.wikipedia.org/wiki/Sievert#Calculating_protection_dose_quantities
https://en.wikipedia.org/wiki/Effective_dose_(radiation)
https://en.wikipedia.org/wiki/Sievert
https://en.wikipedia.org/wiki/Sievert#Calculating_protection_dose_quantities
https://en.wikipedia.org/wiki/Sievert#Calculating_protection_dose_quantities


Sources 
of 

Radiation 
in your 

Life



Relative Doses from Radiation 
Sources in your Life



Natural Uranium 
variation in drinking 
water vs Country



Summary of 
worldwide 
annual doses 
(mSv)

Note 
Inhalation of 
Radon is 
significant 
Contributor 
to lung 
cancer



Radon ( 86Rn) and Radium (88Ra)
ÅRadon inhalation is a significant source of radiation exposure
ÅRadon is a significant contributor to lung cancer

ÅALL isotopes of Radium known are radioactive

ÅMost stable isotope (t1/2 ~ 1600 yrs)  of Radium is 88 
226Ra

ÅPrimary Radon isotope of concern is 86 
222Rn from alpha decay of 88 

226Ra
Å86 

222Rn (t1/2 ~ 3.8215 d) 
Main isotopes

[3]
Decay

Isotope abun-
dance

half-
life (t1/2)

mode product

223
Ra trace 11.435d ʰ 219Rn

224
Ra trace 3.632d ʰ 220Rn

225
Ra trace 14.8d ʲ

ҍ
225Ac

ʰ
[4]

221Rn
226

Ra trace 1600y ʰ 222Rn
228

Ra trace 5.75y ʲ
ҍ

228Ac

Main isotopes
[4]

Decay

Isotope abundance half-
life (t1/2)

mode product

210
Rn synth 2.4h ɮ96% 206Po

ʲ
+
4% 210At

211
Rn synth 14.6h ʲ

+
72.6% 211At

ʰ27.4% 207Po
220

Rn trace 55.6s ʰ 216Po
222

Rn trace 3.8215d ʰ 218Po

https://en.wikipedia.org/wiki/Radium#cite_note-NUBASE2020-3
https://en.wikipedia.org/wiki/Radioactive_decay
https://en.wikipedia.org/wiki/Natural_abundance
https://en.wikipedia.org/wiki/Half-life
https://en.wikipedia.org/wiki/Radioactive_decay#Types
https://en.wikipedia.org/wiki/Decay_product
https://en.wikipedia.org/wiki/Radium-223
https://en.wikipedia.org/wiki/Trace_radioisotope
https://en.wikipedia.org/wiki/Alpha_decay
https://en.wikipedia.org/wiki/Radon-219
https://en.wikipedia.org/wiki/Radon-220
https://en.wikipedia.org/wiki/Beta_minus_decay
https://en.wikipedia.org/wiki/Actinium-225
https://en.wikipedia.org/wiki/Radium#cite_note-Ra-225-4
https://en.wikipedia.org/wiki/Radon-221
https://en.wikipedia.org/wiki/Radium-226
https://en.wikipedia.org/wiki/Radon-222
https://en.wikipedia.org/wiki/Actinium-228
https://en.wikipedia.org/wiki/Radon#cite_note-NUBASE2020-4
https://en.wikipedia.org/wiki/Radioactive_decay
https://en.wikipedia.org/wiki/Natural_abundance
https://en.wikipedia.org/wiki/Half-life
https://en.wikipedia.org/wiki/Radioactive_decay#Types
https://en.wikipedia.org/wiki/Decay_product
https://en.wikipedia.org/wiki/Synthetic_radioisotope
https://en.wikipedia.org/wiki/Alpha_decay
https://en.wikipedia.org/wiki/Polonium-206
https://en.wikipedia.org/wiki/Beta_plus_decay
https://en.wikipedia.org/wiki/Astatine-210
https://en.wikipedia.org/wiki/Astatine-211
https://en.wikipedia.org/wiki/Polonium-207
https://en.wikipedia.org/wiki/Trace_radioisotope
https://en.wikipedia.org/wiki/Polonium-216
https://en.wikipedia.org/wiki/Radon-222
https://en.wikipedia.org/wiki/Polonium-218
https://en.wikipedia.org/wiki/Polonium-216


Element and Isotope Library on Radiacode
https://www.radiacode.com/spectrum-isotopes-library



Radium Decay ExampleÅ Ra-226, Radium-226, Natural
Å ʰΣ ʲΣ ʴ ǊŀŘƛŀǘƛƻƴ
Å Half-life: 1600 years
Å Lines: 46, 78, 186, 242, 295, 351, 609, 1120, 1760, 2200 KeV
Å Radium-226 (Ra-226) is a naturally occurring radioactive 

isotope of radium, part of the uranium-238 decay series. It 
has a half-life of approximately 1,600 years and decays by 
emitting alpha particles, eventually forming radon-222, a 
radioactive gas. Ra-226 also emits gamma radiation, making 
it detectable by gamma spectrometry. Due to its 
radioactivity, Ra-226 is both a radiological hazard and a 
valuable tool in specific applications.

Å Ra-226 was historically used in luminescent paints for watch 
dials, instrument panels, and other devices, though this 
practice was discontinued due to health risks. Today, Ra-226 
is employed in medicine for cancer treatment, particularly in 
brachytherapy, where its strong radiation is used to target 
tumors. Additionally, it is used in calibration sources for 
radiation detection instruments and in some research 
applications.

Å Ra-226 is found in trace amounts in uranium ores, such as 
pitchblende, and contributes to natural background 
radiation. It may also be present in groundwater and soil in 
areas with high natural uranium content. Due to its long half-
life and radioactive properties, Ra-226 is subject to strict 
regulation and careful handling to minimize environmental 
and health risks.



Radon Decay ExampleÅ Rn-222, Radon-222, Natural
Å ʰΣ ʲ ǊŀŘƛŀǘƛƻƴ
Å Half-life: 3.8 days
Å Main emission lines: Decay chain: Ra-226
Å Lines: 47, 78, 242, 295, 351, 609, 1120, 1760, 2200 KeV
Å Decay product of uranium thorium or radium. Always present with gamma-

emitting decay products. The spectrum is almost identical to that of Radium-
226 or natural uranium.

Å Radon-222 (Rn-222) is a radioactive isotope of radon with a half-life of 
approximately 3.8 days. It is part of the uranium-238 decay series, formed as 
a decay product of radium-226. Rn-222 undergoes alpha decay to produce 
polonium-218, emitting alpha particles during the process. While Rn-222 
itself does not emit significant gamma radiation, its decay products (such as 
lead-214 and bismuth-214) emit gamma rays at characteristic energies, 
making radon and its progeny detectable using gamma spectrometry. These 
gamma emissions are widely used in monitoring radon levels in the 
environment.

Å Historically, radon was used in radon therapy, where patients inhaled radon 
gas in controlled environments, though this practice has largely been 
discontinued due to health risks. Modern applications primarily focus on its 
role as a tracer in geological and environmental studies, such as tracking air 
and groundwater movement.

Å Rn-222 occurs naturally as part of the uranium-238 decay chain. It is found in 
soil, rocks, and groundwater in areas with high uranium or radium content. It 
can accumulate in enclosed spaces like basements and buildings, where it is 
a significant contributor to natural background radiation. High levels of 
radon in homes and workplaces are considered a health hazard due to its 
radioactive decay products, which can attach to dust particles and be 
inhaled. Monitoring and mitigation measures are often implemented in 
regions with elevated radon levels to minimize health risks.

Å https:// www.radiacode.com/isotope/bi-214?lang=en, 
https:// www.chemlin.org/isotope/lead-214

https://www.radiacode.com/isotope/bi-214?lang=en
https://www.chemlin.org/isotope/lead-214


Radon Concentration Implications
Bq/m3 pCi/L Occurrence example

1 ~0.027
Radon concentration at the shores of large oceans is typically 1Bq/m3. Radon trace concentration 
above oceans or inAntarcticacan be lower than 0.1Bq/m3, with changes in radon levels being used 
to track foreign pollutants.

100.27
Mean continental concentration in the open air: 10 to 30Bq/m3. An EPA surveyof 11,000 homes 
across the USA found an average of 46Bq/m3.

1002.7
Typical indoor domestic exposure. Most countries have adopted a radon concentration of 200ς
400Bq/m3 for indoor air as an Action or Reference Level.

1,00027

Very high radon concentrations (>1000Bq/m3) have been found in houses built on soils with a high 
uranium content and/or high permeability of the ground. If levels are 20 picocuries radon per liter 
of air (800Bq/m3) or higher, the home owner should consider some type of procedure to decrease 
indoor radon levels. Allowable concentrations in uranium mines are approximately 
1,220Bq/m3 (33pCi/L)

10,000270
The concentration in the air at the (unventilated)GasteinHealing Galleryaverages 
43kBq/m3 (about 1.2nCi/L) with maximal value of 160kBq/m3 (about 4.3nCi/L).

100,000~2700 About 100,000Bq/m3 (2.7nCi/L) was measured in Stanley Watras'sbasement.

1,000,00027000 Concentrations reaching 1,000,000Bq/m3 can be found in unventilated uranium mines.

~5.54 × 1019 ~1.5 × 1018 Theoretical upper limit:Radon gas (222Rn) at 100% concentration (1 atmosphere, 0°C); 
1.538×105 curies/gram; 5.54×1019 Bq/m3.

https://en.wikipedia.org/wiki/Antarctica
https://en.wikipedia.org/wiki/Bad_Gastein#Spa_and_Therapy


Radon Concentration in US over limit and near to Uranium Mine



Uranium 238 (99.3% Abundance) Decay Chain
A Common Source of Radium 226



Decay Chain of U 238 (t1/2 ~ 4.47 Gyr), 235 (0.70 Gyr) and Thorium 232 (14 Gyr)
Note that Radium and Radon Isotopes are different for each decay chain



Some people thought Radiation is Good for Health
Revigator

Åhttps:// en.wikipedia.org/wiki/Radium_ore_Revigator

ÅϦCƛƭƭ ƧŀǊ ŜǾŜǊȅ ƴƛƎƘǘΦ 5Ǌƛƴƪ ŦǊŜŜƭȅ Χ ǿƘŜƴ ǘƘƛǊǎǘȅ ŀƴŘ ǳǇƻƴ ŀǊƛǎƛƴƎ ŀƴŘ ǊŜǘƛǊƛƴƎΣ 
average eight or more glasses dailyΦά

Åmarketed as a healthy practice which could άǇǊŜǾŜƴǘ illnesses 
includingarthritis, flatulence, andsenilityέ

ÅCarnotite K2(UO2)2(VO4)2·3H2O (Uranium, Vanadium, Arsenic, Lead)

ÅProduced Rad

Åhttps://www.nist.gov/news-events/news/2010/01/what-were-they-drinking-
researchers-investigate-radioactive-crock-potson infused water to drink

ÅEpstein, M.S.; etal. (2009)."What Were They Drinking? A Critical Study of the 
Radium Ore Revigator". Applied Spectroscopy. 63 (1406):1406ς1409

https://en.wikipedia.org/wiki/Radium_ore_Revigator
https://en.wikipedia.org/wiki/Arthritis
https://en.wikipedia.org/wiki/Flatulence
https://en.wikipedia.org/wiki/Senility
https://en.wikipedia.org/wiki/Carnotite
http://www.opticsinfobase.org/abstract.cfm?URI=as-63-12-1406


Glowing Beauty and Radium?
https://en.wikipedia.org/wiki/Radium



Radiation 
Doses



Rad Dose relative to 
Aircraft Flight Hours (fh)

Typical commercial aircraft flies 
at 10km altitude



Quality Factor for 
Neutron in Tissue
REM=QF*RAD
https://www.nrc.gov/reading-rm/doc-
collections/cfr/part020/part020-1004.html

a Value of quality factor (Q) at the point where 
the dose equivalent is maximum in a 30-cm 
diameter cylinder tissue-equivalent phantom.
b Monoenergetic neutrons incident normally on a 
30-cm diameter cylinder tissue-equivalent 
phantom.

Neutron energy (MeV) Quality factora (Q)

Fluenceper unit dose 
equivalentb

(neutrons cm-2 rem -1)

2.5 x 10-8 2 980 x 106

1 x 10-7 2 980 x 106

1 x 10-6 2 810 x 106

1 x 10-5 2 810 x 106

1 x 10-4 2 840 x 106

1 x 10-3 2 980 x 106

1 x 10-2 2.5 1010 x 106

1 x 10-1 7.5 170 x 106

5 x 10-1 11 39 x 106

1 11 27 x 106

2.5 9 29 x 106

5 8 23 x 106

7 7 24 x 106

10 6.5 24 x 106

14 7.5 17 x 106

20 8 16 x 106

40 7 14 x 106

60 5.5 16 x 106

1 x 102 4 20 x 106

2 x 102 3.5 19 x 106

3 x 102 3.5 16 x 106

4 x 102 3.5 14 x 106

https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html#table-2-ftna
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html#table-2-ftnb
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html#N_2_201004
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1004.html#N_3_201004


REM vs RAD conversion factor (Quality Factor ςQ = QF)
https://www.nuclear-power.com/nuclear-engineering/radiation-protection/equivalent-dose/roentgen-equivalent-man-rem-unit/



REM vs RAD conversion factor (Quality Factor ςQ = QF)
Neutron Energy Fits ςRadiation Weighting Factor wR=Q

https://www.nuclear-power.com/nuclear-engineering/radiation-protection/equivalent-dose/roentgen-equivalent-man-rem-unit/



Rad Dose
Acute dose=short time
Chronic dose=long time

High doses tend to kill 
cells, while low doses 
tend to damage or 
change them. Low 
doses spread out over 
ƭƻƴƎ ǇŜǊƛƻŘǎ ŘƻƴΩǘ 
cause an immediate 
problem to any body 
organ. The effects of 
low radiation doses 
occur at the cell level, 
and the results may 
not be observed for 
many years.

Å0.005 mremïSleeping next to someone (per night)

Å0.009 mremïLiving within 30 miles of a nuclear power plant for a year

Å0.01 mremïEating one banana

Å0.03 mremïLiving within 50 miles of a coal power plant for a year

Å1 mremïAverage daily dose received from natural background

Å2 mremïChest X-ray

Å4 mremïA 5-hour airplane flight

Å60 mremïmammogram

Å100 mremïDose limit for individual members of the public, total effective dose 

per annum

Å365 mremïAverage yearly dose received from natural background

Å580 mremïChest CT scan

Å1 000 mremïAverage yearly dose received from a natural background in 

Ramsar, Iran

Å2 000 mremïsingle full-body CT scan

Å17 500 mremïannual dose from natural radiation on a monazite beach near 

Guarapari, Brazil.

Å500 000 mremïDose that kills a human with a 50% risk within 30 days (LD50/30) 

if the dose is received over a very short duration.







Nuclear Weapons Radiological Effects

For additional Materials See My Nuclear Weapons Class
https://www.deepspace.ucsb.edu/classes/physics-150-nuclear-weapons-physics-and-policy-fall-2025

https://www.deepspace.ucsb.edu/classes/physics-150-nuclear-weapons-physics-and-policy-fall-2025


First Nuclear Detonation ςTrinity 6 kg Pu 239 ςJuly 16, 1945 ςAlamogordo NM
Map shows Fallout across continental US from Trinity + 93 Nevada Atmospheric Tests  (Bq/m2)



World wide nuclear fallout from above ground testing
ÅEarly Spikes(1940s-1960s):The most dramatic increases in atmospheric radioactivity occurred 

during the peak of nuclear testing, with significant peaks in the early 1960s from large-yield 
atmospheric tests.

ÅDecay: Radioactive isotopes decay at different rates (half-lives).
ÅShort-lived: Iodine-131 (8-day half-life) decays quickly.
ÅLong-lived: Cesium-137 (30-year half-life) and Strontium-90 remain in the environment and are tracked today.

ÅGlobal Distribution: Northern Hemisphere tests injected more fallout into the atmosphere, 
leading to higher concentrations there than in the Southern Hemisphere, with a time lag for 
mixing.

ÅTreaty Impact: The 1963 Limited Test Ban Treaty significantly reduced new atmospheric fallout, 
causing day-to-day radiation levels to fall dramatically.

ÅModern Levels: Current background radiation levels from testing are generally very low, often 
below detection limits, but long-term monitoring (like EPA's RadNet) continues to track 
background radiation and specific isotopes.

ÅModern Levels: Carbon-14 produced from atmospheric 14N neutron capture 14N+nĄ 14C+p

ÅC-14- 5730 yr half life ςC-12 is stable ςratio of C-14 to C-12 used in Carbon dating of dead 
organisms as organisms (when alive) exchanges Carbon through breathing. 

ÅCosmic ray production - 14Cis also produced by cosmic rays fragmenting nuclei in air (14N )and 
producing neutrons with same 14N+nĄ 14C+p

https://www.google.com/search?q=Early+Spikes&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAB
https://www.google.com/search?q=Decay&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAD
https://www.google.com/search?q=Global+Distribution&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAH
https://www.google.com/search?q=Treaty+Impact&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAJ
https://www.google.com/search?q=Modern+Levels&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAL
https://www.google.com/search?q=Modern+Levels&oq=world+wide+radiation+plot+vs+time+from+nuclear+testing&gs_lcrp=EgZjaHJvbWUyBggAEEUYOTIHCAEQIRigATIHCAIQIRigATIHCAMQIRigATIHCAQQIRigATIHCAUQIRirAjIHCAYQIRifBTIHCAcQIRifBTIHCAgQIRifBTIHCAkQIRifBdIBCTE2MjMxajBqNKgCALACAA&sourceid=chrome&ie=UTF-8&mstk=AUtExfClgc51A3Sb8vzV7CEVpnA2d0Tm9kc62CzwnnOwxd-kWf-DGoMtJD_Xq_JJNB4egtDS9SadzdEIQMxUEgEKxG6YJY-LyuS-l1bfnzxWTGaj9srsoLYDQVirQ3vyv2ay9r6Gjsd8qE1GZnn2nFfBw4cKG6zHZFQ07elKKQZXZ6qq1rPi3zMfMq1GAULvEraYI4p9&csui=3&ved=2ahUKEwiLnvOJs-uRAxVhLkQIHY1dLMkQgK4QegQIAxAL


Alpha - Beta - Gamma Emission
Neutrons are also dangerous but generally reactions are nuclear and not ionizing



Above and Underground Testing vs Year



World wide nuclear fallout from above ground testing
10% of the14C dose commitment, corresponds to the truncated effective dose commitment in the year 2200 (by which time most of the other 

radionuclides will have delivered almost their entire dose), 14C only contributes 19% of the truncated effective dose ǘƻ  ǘƘŜ ǿƻǊƭŘΩǎ population



Carbon 14 ςRadiological Dating
ÅGood summary https://en.wikipedia.org/wiki/Carbon-14

Å12/ ƛǎ ǘƘŜ άƴƻǊƳŀƭέ ƛǎƻǘƻǇŜ ƻŦ /ŀǊōƻƴ ςnot radioactive ~ 99% abundance

Å13C is another stable but rare isotope of carbon ~ 1% abundance

Å14C is a radioactive isotope with a half-life of 5700 (30) years
ÅDiscovered 1940 UC Berkeley radiation (cyclotron) lab (now LBNL) 
ÅBeta decays into 14N ςNO gamma BUT electron can bremsstrahlung in material into X-ray
ÅGenerally the bremX ray production is small and NOT generally a line unless inner shell
ÅTOTAL decay energy (not all goes into electron KE) is 156 KeVwith mean into beta of 49 KeV
ÅRange of e- with 156 KeVmax into e- is about 0.22m (air) and 0.27mm in body tissue
ÅBeta does not generally penetrate skin

Å14C is very useful for radiological dating (Carbon dating) of biological materials
Å¢ƘŜ ǊŜŀǎƻƴ ƛǎ ǘƘŀǘ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎ άōǊŜŀǘƘŜέ ƛƴ ŀƛǊ ŀƴŘ ŀǊŜ ƛƴ ŜǉǳƛƭƛōǊƛǳƳ ǿƛǘƘ 14C until death and 

then the 14C decays away. 
ÅSea level abundance is ~ 1.2 ppt (10-12)
Å²ƛƭƭŀǊŘ [ƛōōȅ ŘŜǾŜƭƻǇŜŘ άŎŀǊōƻƴ ŘŀǘƛƴƎέ ƛƴ мфпфΣ ¦ǎŜŦǳƭ ŘŀǘƛƴƎ ǘƻ ŀōƻǳǘ слΣллл ȅŜŀǊǎ ƻƭŘ
Å14C ŘŜŎŀȅ ǊŀǘŜ ƛƴ άŎŀǊōƻƴ ƛƴ ŀǘƳƻǎǇƘŜǊƛŎ ŜǉǳƛƭƛōǊƛǳƳέ ƛǎ ŀōƻǳǘ мп ŘŜŎŀȅǎκƎκƳƛƴǳǘŜ

https://en.wikipedia.org/wiki/Carbon-14


14C  production from Neutron bombardment of14N
Å14/ ƛƴ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǎ ƎŜƴŜǊŀƭƭȅ ǇǊƻŘǳŎŜŘ ōȅ ƴŜǳǘǊƻƴ ōƻƳōŀǊŘƳŜƴǘ ƻŦ 

atmospheric 14N
ÅNeutrons that bombard 14N come from cosmic rays (CR) that breakup air and liberate 

neutrons
ÅMax production rate of 14C at 9-15 km altitude
Å/w ǊŀǘŜ ƛǎ ƳƻŘƛŦƛŜŘ ōȅ ǎƻƭŀǊ ŎȅŎƭŜ ǿƘƛŎƘ ƳƻŘƛŦƛŜǎ 9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ
Å9ŀǊǘƘΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ƳƻŘǳƭŀǘŜǎ ŎƘŀǊƎŜŘ /w ǊŀǘŜ ŀǘ ǾŀǊƛƻǳǎ ŀǘƳƻǎǇƘŜǊƛŎ ŀƭǘƛǘǳŘŜǎ
Å1: Formation of carbon-14 from nitrogen-14

2: Decay of carbon-14
3: The "equal" equation is for living organisms
Åand the unequal one is for dead organisms
Åin which the C-14 then decays
ÅIn atmospheric equilibrium for every 
Å14C  molecule there are ~1012 molecules 12C

ÅIF pure 14C then 165 GBq/g or 4.46 Ci/g
ÅNormal Carbon in equilibrium ~ 0.2 Bq/g
ÅCorresponding to 1.2 ppt sea level equilibrium abundance



14C Production Neutron Cross Section Comparison for 14N,13C, 17O
Note large 14NCross section for thermal neutrons

14Cproduction route

Parent isotope
Natural 

abundance,%

Cross section for 
thermal neutron 
capture(barns)

Reaction

14N 99.634 1.81 14N(n,p)14C

13C 1.103 0.0009 13C(n,ɹ ύ14C

17O 0.0383 0.235 17O(n,h ύ14C

https://en.wikipedia.org/wiki/Neutron_cross_section
https://en.wikipedia.org/wiki/Barn_(unit)


14C in atmosphere from Above Ground Nuclear Testing
Weapon neutrons bombard Atmospheric 14Nproducing  14C

Bȅ ǘƘŜ мфулǎΣ Ƴƻǎǘ ƻŦ ǘƘŜ άōƻƳōέ14C had been absorbed into the oceans and land biota, leaving slightly elevated 
levels in the atmosphere. Yet atmospheric14C levels continue to decreaseςnow because of CO2 emissions from fossil 
fuel burning. Fossil fuels are millions of years old, and have extremely low14C



Human radiological annual dose (mSv) from above ground testing - 1945-2010



Radionuclide vs 
Half-life and Organ 
Affected via 
Digestion and via 
Inhalation

Simon et al 2022



Little Boy U (Hiroshima) neutron Spectra outside weapon
Prompt fission (inside) and Weapon Leakage (outside casing) (Spriggs2017)



Fat Man (Pu implosion) and Little Boy (U gun) Weapon Gamma Spectra 



Fat Man (Pu implosion) and Little Boy (U gun) Weapon Neutron Spectra



Fat Man (Pu implosion) and Little Boy (U gun) Weapon Gamma vs Angle



Thermonuclear Neutron Spectra (per KT yield)
Outside Weapon - DTRA 2017



Thermonuclear Gamma Spectra (per KT yield)
Outside Weapon - DTRA 2017



Gammas from Weapon

ÅάLƴǎǘŀƴǘŀƴŜƻǳǎέ DŀƳƳŀΩǎ ŀǊŜ ǇǊƻŘǳŎŜŘ ǿƛǘƘƛƴ ǘƘŜ ǿŜŀǇƻƴ ŀƴŘ 
almost entirely absorbed by the dense nuclear material during 
the fission and fusion process. Most do not leave the weapon

ÅtǊƻƳǇǘ DŀƳƳŀΩǎ ǇŜŀƪ ŀǘ ŀōƻǳǘ мл-100 ns after detonation

ÅDelayed Gammas come as the weapon expands into the air/ 
ground/vacuum as the vaporized (plasma) weapon material 
density rapidly decreases

ÅIn addition to the gammas from the weapon, there is also 
neutron capture in the air (Nitrogen primarily) that emits a 
radiative capture (of n) and produces more gammas

ÅIf the detonation is near the ground, the neutrons induced 
radioactivity in the ground (and air) that can produce gammas.



Time 
Dependence 
of Gamma 
Radiation
Glasstoneand Dolan ςChap 8

Nuclear Isomer is a nuclear 
metastable state ςusually short lived 
which then decays usually emitting 
ƎŀƳƳŀ ǊŀŘƛŀǘƛƻƴ όάƛǎƻƳŜǊƛŎ ŘŜŎŀȅǎέύ



Gamma glow 
from 
Atmosphere
Backscatter



Fission Weapon 
Gamma Dose vs 
Slant Range
Low Alt Airburst
Glasstoneand Dolan ςChap 8

Recall 500 REM = 
50% lethality



TN Weapon 
Gamma Dose vs 
Slant Range
Low Alt Airburst
Glasstoneand Dolan ςChap 8

Recall 500 REM = 
50% lethality



Shielding 
Thickness for 
Fission Products 
and Nitrogen 
Neutron Capture 
Gamma Emission
Glasstoneand Dolan ςChap 8



Percent of 
Initial 
Gamma 
Dose vs Time
20 KT and 
5 MT
Glasstoneand Dolan ςChap 8



Neutrons from Weapons
ÅNeutrons carry a relatively small fraction of weapon yield 
ÅTyp~1%

ÅPrompt Neutrons Come within 1 ms after detonation
ÅNeutrons come from both fission and fusion process

ÅDelayed Neutrons come from Fission products
ÅDelayed Neutrons are < 1% of total neutrons
ÅIƻǿŜǾŜǊ ǘƘŜ ŘŜƭŀȅŜŘ ƴŜǳǘǊƻƴ ŘƻǎŜ ƛǎ άŜƴƘŀƴŎŜŘέ ōȅ άƘȅŘǊƻŘȅƴŀƳƛŎ ŜŦŦŜŎǘǎέ 
ŦǊƻƳ ǘƘŜ ōƭŀǎǘ ǿŀǾŜ όƭŜǎǎ ŀƛǊ ŀǎ ƛǘ ƛǎ άǇǳǎƘŜŘ ƻǳǘ ƻŦ ǘƘŜ ǿŀȅέύΦ CƻǊ ŘƛǎǘŀƴŎŜǎ Ҕ 
~1km from high yield weapon (MT range) the dose from delayed neutrons 
can exceed the dose from prompt neutrons
ÅMajority of delayed neutrons come within 1 minute

ÅDue to scattering on weapons materials, casing, air the neutron spectrum (# vs 
energy) at observer is quite different (softer spectrum) than inside the weapon (at 
moment of detonation/ creation)

ÅNeutron from fission are typ ~ 1 Mev while those from fusion are typ ~ 12-14 MeV 
(peak of spectrum outside weapon)



Fission Weapon 
Neutron Dose vs 
Slant Range
Low Alt Airburst
Glasstoneand Dolan ςChap 8

Recall 500 REM = 
50% lethality



TN Weapon 
Neutron Dose vs 
Slant Range
Low Alt Airburst
Glasstoneand Dolan ςChap 8

Recall 500 REM = 
50% lethality



Clinical ςMedical Response to various Radiation Loads
Glasstoneand Dolan 1977 ςChapter 12

For consistency, the data in Table 12.108 are the doses (in 
rems) equivalent to the absorbed doses (in rads) in tissue 
at the surface of the individual. For gamma rays, these 
absorbed doses are essentially equal to the exposures in 
roentgens (§ 8.18). For nuclear weapon radiation, the 
midline tissue doses for average size adults would be 
approximately 70 percent of the doses in the table.

https://www.atomicarchive.com/resources/documents/effects/glasstone-dolan/chapter8.html#%C2%A78.18


Summary of Clinical Effects of Acute Radiation ςTable 12.108 GD 1977



Shielding 
Thickness for 
Gamma and 
Neutrons
Glasstoneand Dolan ςChap 8



Shielding 
Thickness 
for 
Gamma 
and 
Neutrons
Glasstoneand Dolan ς
Chap 8



Stable and Unstable Isotopes

Chart of nuclides (isotopes) by binding energy, depicting the valley of stability. The diagonal 
line corresponds to equal numbers of neutrons and protons. Dark blue squares represent 
nuclides with the greatest binding energy, hence they correspond to the most stable nuclides. 
The binding energy is greatest along the floor of the valley of stability.



Stable and Unstable Isotopes

Chart of nuclides by half life. Black squares represent nuclides with the longest half lives hence 
they correspond to the most stable nuclides. The most stable, long-lived nuclides lie along the 
floor of the valley of stability. Nuclides with more than 20 protons must have more neutrons 
than protons to be stable.



Stable and Unstable Isotopes

Chart of nuclides by type of decay mode. Black squares are stable nuclides. Nuclides with 
ŜȄŎŜǎǎƛǾŜ ƴŜǳǘǊƻƴǎ ƻǊ ǇǊƻǘƻƴǎ ŀǊŜ ǳƴǎǘŀōƭŜ ǘƻ ʲҍ όƭƛƎƘǘ ōƭǳŜύ ƻǊ ʲҌ όƎǊŜŜƴύ ŘŜŎŀȅΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ At 
high atomic number, alpha emission (orange) or spontaneous fission (dark blue) become 
common decay modes.



Stable and Unstable Isotopes

Example: The uranium-238 series (grey line) ƛǎ ŀ ǎŜǊƛŜǎ ƻŦ ʰ όb ŀƴŘ ½ ƭŜǎǎ нύ ŀƴŘ ʲҍ ŘŜŎŀȅǎ όb 
less 1, Z plus 1) to nuclides that are successively deeper into the valley of stability. The series 
terminates at lead-206, a stable nuclide at the bottom of the valley of stability.


