
Radioactivity in PffP 



Radioactivity 
Historically, classified into three types 

Alpha rays (α ) – helium nuclei (2 p + 2 n) 

Beta rays (β) - electrons or positrons 

Gamma rays (γ) - photons 

Example: Iodine-131 
Artist’s impression  



Feynman diagram 
for β decay 

β decay is a weak interaction (long lifetime for 
some radioactive decays) 

Is β decay mediated by a strong, weak or EM interaction ? 

Quick review(?) of β decay  

Visualization 

A fundamental process underlying many types of radioactivity 



Fundamental Interactions in Physics 



Physics Review: Isotopes 

Isotope: elements with the same atomic number (same 
number of protons) but different numbers of neutrons. 

Some important examples:  

Deuterium: Same atomic number as hydrogen (one proton) 
but has an extra neutron 

Deuterium is rarer (1/6000 less common 
than hydrogen). H20-”heavy water”, 
which can be used in nuclear reactors. 



Physics review (cont’d) 
Even less common is tritium, a hydrogen 
isotope, which has two extra neutrons. 
Used in medicine, hydrogen bombs and a few 
physics experiments on neutrino mass. 

Another very important example is uranium: 

99% of uranium on earth is U-238 (which has 92 
protons and thus 146 neutrons, A=Z+N 

But about 0.7% of uranium is the isotope U-235, 
which has the same number of protons and thus 
only 143 neutrons. 

For the weak 
interaction, the 
difference in the 
number of 
neutrons is 
important. 





Otto Hahn and 
Lise Meitner (along 
with Strassman) 
discovered nuclear 
fission ~1938 

Uranite or pitchblende: 
raw material used to 
extract uranium 

Marie and Pierre Curie: 
discover many properties 
of uranium, new elements 
and coin the term 
“radioactivity.” 



Activity 
 The number of times each second a radioactive material 
decays and releases radiation. 

Dose (Absorbed) 
  The amount of radiation energy absorbed into a given mass of  

tissue. 

Dose (Equivalent) 
 Measures the energy per unit mass times adjustments for the 
type of radiation involved (quality factor) and the biological 
response in the tissue (a weighting factor). 
 Equivalent dose converts dose into a measure of risk.  

Types of Radiation Units  



Activity 
•  Disintegration/sec=1 Becquerel (Bq)  
•  37 billion Bq = 1 Curie 

Dose  (Absorbed) 

•  1 joule/kg=1 Gray(Gy) 
•  1 Gray=100 rad =100,000 mrad 

Dose (Equivalent) 
•  Gray x quality factors= Sievert (Sv) 
•  1 Sievert =100 rem =100,000 mrem 

Understanding Radiation Units  

Standard Units 

S.I. Units 

Sv and Bq are 
units usually 
used in Japan 
and Europe 



Hint for remembering units 

Sieverts (capital S) are the Big Units 

  rems(lower case r) are the small units 

1 Sievert =100 rem  



How much is a Becquerel(Bq) really ? 
•  The natural 40K activity in the body of an adult human of 

normal weight is 4000-6000 Bq. 

•  Bananas contain around 400 Bq/kg 

•  There is an average of about 50 Bq per cubic meter of 
air inside a home on the east coast US from radon. 

•  Even though a strong 60Co source of γ (gamma) 
radiation containing billions of Bq can kill you if you are 5 
meters from it, it is harmless at a distance of 100 meters. 

•  Tokyo water at one plant in April 2011 had an activity of 
~200 Bq/liter warnings for children and mass panic. 
(Dominated by I-131) 

ACTIVITY 



Radiation induced cancers have been seen in the atomic 
bomb survivors exposed to as little as 0.2 Sieverts. 

A Sievert is a relatively large amount of radiation. 

The annual background radiation exposure for a typical 
American is 0.0062 Sv, 6.2 mSv or 620 millirem.  
(Source: EPA. This dose has two components: 3.2 mSv/
322 mrem natural and 2.98 mSv/298 mrem from medical 
procedures) 

A CAT scan gives a dose of ~6-13 mSv (depending on 
type); a chest x-ray is ~0.1 mSv; a dental x-ray is ~1/10 of 
a chest x-ray 
                 Conversion factor: 1 Sv = 100 rem 

EQUIVALENT DOSE 

How much is a Sievert (Sv)? 



Since typical doses are much much smaller: you 
will frequently hear about doses in microSv (1/
millionth of a Sv) or millirems (1/1000 of a rem)   

Inspection in Koriyama, 
60 km from Fukushima 
Dai-ichi 

LD50: The lethal dose that will kill 50% of 
those exposed. Memorize the following: 

LD50 for radiation is 300 rem or 3 Sieverts 

Dose in Tsukuba, Japan@KEK 



The linear hypothesis is the  basis for 
most estimates of risk from radiation  

Problem with this assumption: It is assumed that a dose of 
2500 rem spread out over a 2500 people population will 
cause 1 extra cancer. (However, 2500 rem delivered to one 
person will be ~2.5 times the lethal dose. Moreover 1 rem/
person will not cause any harm.) 

Note that with 2500 people, you expect 500 cancers from other 
causes (environment, genetics). 

(Mechanism is mutation in cells from radiation) 

Probably the linear hypothesis is wrong but is 
thought to provide a conservative estimate of risks. 



Chernobyl after the accident 

Radioactivity and Nuclear Power 



40000*20%=8000 cancers. So including 80008720. 
Statistically hard to detect because of fluctuations and 
other effects. (although thryoid cancer tends to be more 
prevalent). 

For people further away in Northern Europe, the 
dose was 1 rem for a  100 million people 

4000 extra cancers on top of the “normal” 
20,000,000 cases. 



In Denver, the exposure per citzen is 0.1 
rem per year (from radon), much higher 
than the US average. Yet the cancer rate 
is below average. 

For Hiroshima, there were of order 52000 deaths. 
From the linear hypothesis and the expected dose, 
the contribution from cancer from radiation was less 
than 2% (maybe 0.8%)  

Check the arithmetic yourself  

Stereotypes about Radioactivity 

Zero risk is good: People are radioactive due to the 
presence of potassium-40. Married couples are exposed to 
radiation form their partners. Should we require twin beds 
with lead shields between to lower the risk ? 



Risks of medical X-rays 
(using the linear hypothesis) 

Values given earlier for cancer risk assume a whole 
body dose (2500 rem per cancer) 

However, dental x-rays expose at most ~1% of the body 

The dose in a dental x-ray is around 1 millrem 

Let’s calculate:  

10-3 rem* 1% of the body = 10-5 rem equivalent whole body dose 

Thus 2500 rem/10-5 rem whole body~2.5 x108 x-rays per cancer 

Equivalently, the probability of cancer from one x-ray is 1/2.5 x 108= 4 x 10-9 



Comparative risks of medical X-rays 
(using the linear hypothesis) 

However, chest x-rays expose around 50% of the body 

The dose in a chest x-ray is around 25 millrem 

Let’s calculate again:  

25 x 10-3 rem* 50% of the body = 1250x 10-5 rem equivalent whole body dose 

Thus 1250 x 10-5 rem whole body/2500 rem = 5 x 10-6 is the cancer 
probability from one chest x-ray 

This risk is 1250 times greater than the value for the dental 
x-ray (although it is still small). 



Profileration of CAT scans and mistakes in 
operation and calibration (NYT 2011 series) 

Radiation burns from 
mis-operated CAT scans 
(NYT article); FDA is now 
investigating. 





Risks: Quick aside on household smoke detectors 
These contains a small amount of the 
radioactive isotope Am-241 (0.29 micrograms 
with an activity of ~37,000 Bq). 

Am-241 is an α emitter. The α’s that are emitted 
ionize the air molecules and create a conductive 
path through the air to a small detection circuit that 
runs off a battery.  

If there are smoke particles present, these interrupt the 
path of the ionization electrons and the alarm sounds. 

If the battery in the detection circuit becomes 
weak, the smoke detector starts “chirping” 



Dirty Bombs (discussion from Pffp) 
Many books and movies imagine terrorists  
detonating a dirty bomb in Grand Central Station in 
New York. Is this practical ?  

Suppose you wish to spread lethal radioactive material 
over a 1 kilometer area. 
You wish to deliver a bomb of size 1 meter in a truck. 

Therefore you must concentrate the radioactivity by a factor 1 
km2 /1 meter or 106 m2/1 m or a factor of 106 

You wish to deliver the lethal dose fairly quickly. (say 1 hour) 

However, the terrorist delivering the bomb and standing 
within 1 meter of the bomb will reduce the lethal dose (1 
million times faster) or 1 hour/million or 3.6 milliseconds. 



Dirty Bombs (continued) 
Well, the terrorist could stand 3 meters away but she still would 
receive the lethal dose in 36 milliseconds (scale by 1/r^2 =1/32 ) 

Hard to construct and deliver the bomb 
even for a suicide bomber. 

How about using lead shielding to reduce the dose ? 

0.5 cm of lead can reduce the dose by a factor of 3 

1 cm of lead can reduce the dose by a factor of 9 = 3 x 3 

2 cm of lead can reduce the dose by a factor of 9 x 9= 81 

Try a cube of lead with walls 2 cm thick (this weighs 1.6 tons and 
reduces the does by a factor of 81. But the terrorist still receives the 
lethal dose in 3 sec at a distance of 10 m). 



Photo of a “dirty bomb” prepared by Chechen 
terrorists found in a park in Moscow 

Radioactive source (Cs-137) 
inside conventional explosives 

There have been two well publicized cases of dirty 
bombs prepared by Chechens in Russia. Neither was 
detonated. (most damage would occur from 
conventional explosives anyways). 

Not entirely in the realm of fiction 



It is very difficult to make a dirty bomb that will kill 
anyone. A second problem is procuring radioactive 
material. 

Jose Padilla a.k.a Abdullah al-Muhajir was convicted in 2002 of 
conspiring to make a dirty bomb. His source of radioactive 
materials was smoke detectors, which contain a very small 
amount of Americium 241. However, Padilla eventually gave up 
on the dirty bomb and switched to natural gas. 

Dirty Bombs (continued II) 

Dhiren Barot of 
London pleaded 
guilty to conspiring 
to make a dirty 
bomb. He targeted 
the IMF, NYSE etc.. 



Dirty Bombs (continued III) 

However, in 2006 Russian government assassins added a new 
twist to the story. Using a large dose of Polonium-210  they 
poisoned an outspoken journalist Litvinenko in a sushi bar (Itsu) 
in London.  

Radioactive decays of polonium (alpha emitter !) are shielded 
by the skin. However, when ingested (swallowed) it may/does 
cause radiation poisoning. 

Polonium has a 
half-life of 20 
weeks; 97% of 
world’s supply is 
produced in 
Russian reactors 
(100 grams/
year). 

Polonium 
contamination 
was used to 
trace the path 
of his assassins 



Other important examples of radioactive isotopes 
The human body contains a fair amount (~40 grams) of 
potassium mostly potassium 39, which is not radioactive. 

Potassium 39 has 19 protons (Z=19) and thus 20 
neutrons. 

About 0.01% of Potassium is potassium 40, 
which has 21 neutrons and is radioactive. 

K-40 

Thus there is 0.01 x 10-2 x 40 g = 4 mg of K-40 in 
your body or ~6 x 1019 radioactive atoms !! 



Self-induced K-40 dose over 50 years is 16 millirem 

Using the linear hypothesis, this corresponds to an 
extra 36 cancer deaths per year in the US (see text for 
the full calculation). 

Zero risk is our goal: People are radioactive due to the 
presence of potassium-40. Married couples are exposed to 
radiation form their partners. Should we require twin beds with 
lead shields between to lower the risk ? 



Another important and interesting example 
Carbon 12 is the common stable isotope. C-14 
has two more neutrons and is radioactive. 

Carbon 14 has a radioactive β decay to nitrogen. 
(Physics Review: what is β decay ?) 

C-14 has a half-life of 5730 years 
C-14 is produced by cosmic 
rays striking the earth’s 
atmosphere. It is absorbed in 
plants when they convert C02. 

Other creatures that ate plants 
also absorb C-14. When living 
creatures they stop absorbing 
new C-14. 

This leads to radio-carbon dating  

(measuring the radioactivity of C-14 in a fossil or 
archeological find 



Invented by Willard Libby, 
University of Chicago chemist. 
Received Nobel Prize in 
chemistry in 1960. 



Comparison of Carbon 14 dating with Potassium-
Argon (K-Ar) dating. 

K-Ar 40 dating is useful for geological time scales. Ar-40 can escape 
the rock when it is liquid (lava) but is trapped when the rock 
solidifies. 



Our planet earth is radioactive  

Uranium and thorium decays in the crust generate heat. This 
supplies the heating needed for volcanoes, hot springs, geysers 
and some important geological changes. 

Sunlight 2 x 1017 W (provides a lot more)  

Heat generated by radioactivity in the 
earth is 2 x 1013 W (20 Terawatts) 

At the bottom of the crust (30 km down), it is hot  (1000 C) 

A deep mine is quite warm 



RTGs (another interesting example) 
RTG=Radioisotope Thermal Generator 

Spacecraft missions to outer planets can take ~10 years or longer. 

The solar flux at earth 1 kW/m^2 is reduced by a huge factor 
(900) (flux goes as 1/r2, where r is the distance from the sun.)  

Batteries and fuel cells cannot provide for more than 10 
years and weigh too much 

NASA mission to Pluto uses 11 kg of Pu 238. Its 
radioactivity creates 600 W/kg for about 6.6 kW. A 
thermoelectric generator can convert  7% of the heat 
generated into power. 

Why Pu-238 rather than Pu-239 (commonly produced in reactors) ? 

Half life of Pu-238 is 87 years. 



Plutonium RTG 
pellet glowing red 

More on RTG’s 



Dilapidated Soviet RTG 

Very strong beta emitting strontium-90 sources are used as thermoelectric 
power generators for beacons in lighthouses in remote areas of Russia.  
In December 2001, three Georgian woodcutters stumbled over such a  
power generator and dragged it back to their camp site to use it as a heat 
source. Within hours they suffered from acute radiation sickness and 
sought hospital treatment. 



Minimal Radioactivity is required in all alcoholic beverages 

Alcohol (e.g. whiskey or vodka should be 
made from grains or plants).  

Petroleum, which was created from 
dead plants 300 million years ago 
has minimal C-14 remaining. 

In contrast, recent plants have 
significant C-14. 

The US Bureau of Tobacco, Alcohol and 
Firearms requires and tests for minimal 
radioactivity levels. If too low, the beverage is 
deemed unfit for human consumption. 



Example of an Antique Radium Watch 

Marie Curie suffered radiation burns from the first 
samples of radium. She may have died from a 
cancer due to radium exposure. 



Comparison of Radium and Tritium Watches 

Tritium is a low energy beta 
emitter. Phosphor glows 
when electron interacts. 

Radium watch dial factory 
in 1920’s  

Radium is a high energy alpha 
emitter as well as a beta, 
gamma emitter. Decay 
products bind well to bone. 



Key concepts: Fission and Fusion 

Fission: A nucleus breaks up into two pieces 

Fusion: Two nuclei fuse into another nucleus 



When a nucleus fissions, the bulk of the mass is usually divided 
into two unequal pieces called (appropriately) fission fragments.  
These pieces are usually radioactive with relatively short half lives 
(from seconds to years), and they can be very dangerous to 
humans. They are the primary source of the residual radioactivity 
after a nuclear weapon has been exploded, and the main danger 
in radioactive fallout from such a weapon. 

Nuclear fission 



Fusion at the center of the sun Fusion on earth in experimental 
reactor such as ITER  
(International Thermonuclear 
Experimental Reactor) in France. 
Cost ~16 Billion Euros/21 Billion 
Dollars. 



To make fusion work, must overcome the Coulomb (electric 
repulsion) of the constituents (e.g. two protons). At the center 
of the Sun the temperature is ~15 million degrees K.  
N.B. Surface 6000 K is too cold. 



These fusion reactions (left) dominate in stars like the Sun. 
Can build up the elements such as He.  

Where do most of the heavier elements (e.g. C (Carbon) or 
Fe(Iron) come from ? 

Ans: Supernovae, explosions of stars at the ends of their 
lives. “We are the ashes of dead stars” 



Backup Slides 



Units of radioactive dose are quite tricky 

Not in PFFP, first need to define the rad or Sievert. 

1 Gray= 1 joule/kg = 100 rad = 6.24 x 1012MeV/kg of deposited energy 

Note this is amount of energy deposited per unit 
mass. 

1 Sievert = 100 rem (Roentgen Equivalent in 
Man) 

(To add to the confusion Sieverts have become 
popular are often used in place of rems or rads) 

Current definition: Dose in Sieverts = Dose in Grays x  radiation weighting factor 

w= 1 for photons, 5 sub-keV 
neutrons, 20 alpha particles etc… 


