
Lecture Notes 
(Radioactivity) 

 
Radioactivity: 
 
-  one of the first and most important clues to an understanding of 
 the nucleus occurred with the discovery of the phenomenon 
 later known as radioactivity in early 1896 by the French 
 physicist Henri Becquerel 
 
-  it was another one of those “accidents” that illustrate how the 
 trained and prepared mind is able to respond to an 
 unexpected observation 

 
 
-  Becquerel discovered that uranium salt crystals emit an invisible 
 radiation that can darken a photographic plate even if the 
 plate is covered to exclude light 
 
-  the radiation emitted by the crystals did not require external 
 stimulation; this spontaneous emission of radiation was 
 called radioactivity 
 
-  further experiments showed that there were other radioactive 
 substances other than uranium; the most significant of these 
 experiments were conducted by Marie and Pierre Curie 
 



-  one of the first results of the Curies' work was the discovery that 
 thorium was radioactive; this was important because it 
 showed that radioactivity was not confined to only uranium 
 
-  the Curies worked many years on finding and purifying other 
 radioactive elements; they discovered polonium and radium; 
 the activity of radium, it turns out, is a million times greater 
 than that of uranium 
 

 



 
 
Types of Radiation: 
 
-  there are three type of radiation that can be radiated by a 
 radioactive substance: 

1) alpha (α) particles - these are helium nuclei 4
2He 

2) beta (β) particles - these are electron (e-) or positrons (e+) 
3) gamma (γ) particles - these are high energy photons 

 
-  radiation can ionize molecules, including those in your body 
 

 
 
-  the health effects of ionizing radiation will be discussed later in 
 the lecture 
 



 
Penetrating Power: 
 
-  the three types of radioactive decay have different levels of 
 penetrating power 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Isotopes: 
 
-  all elements have nuclei that have differing masses; these 
 different nuclei are called isotopes of the particular element 
 
-  isotopes have the same number of protons but different numbers 
 of neutrons 
 
-  isotopes show different nuclear properties, but they all have the 
 same chemical properties 
 
-  the most well know isotopes are those of hydrogen 
 

 

Alpha radiation consists of helium nuclei 
and is readily stopped by a sheet of 
paper. Beta radiation, consisting of 
electrons, is halted by an aluminum 
plate. Gamma radiation is eventually 
absorbed as it penetrates a dense 
material. 



 
-  hydrogen has only one proton; deuterium has one proton and one 
 neutron, and tritium has one proton and two neutrons 
 
-  the isotopes of other elements do not have unique names like 
 those of hydrogen; rather they use the following format 
 

 XA
Z ; where A is the mass number, Z is the atomic 

number and X is the symbol of the parent element 
 
-  the mass number, A, is the sum of protons plus neutrons; this is 
 also referred to as the nucleon number 
 
-  the atomic number, Z, is the number of protons; this determines 
 what type of element you have 
 
The Decay Process: 
 
-  radioactive nuclei spontaneously decay via alpha, beta, and 
 gamma decay 
 
-  we can describe nuclear decay by use of chemical equations; the 
 branch of chemistry dealing with decaying nuclei is called 
 nuclear chemistry 
 
-  there are five different types of radioactive decay 
 

1) Alpha Decay: 
 

 -  if a nucleus emits an alpha particle, it loses two neutrons  
  and two protons; therefore Z decreases by two and A  
  decreases by 4 
 
 -  the decay process for alpha particles is: 
 

4 4
2 2X Y HeA A

Z Z

   

 



 -  where X is called the parent nucleus and Y is called the  
  daughter nucleus, for example: 
 

238 234 4
92 90 2U Th He   

 
226 222 4

88 86 2Ra Rn He   

 
 -  when one element changes into another, as happens in  
  alpha decay, the process is called spontaneous decay or  
  transmutation 
 
 -  as a general rule, (1) the sum of the mass numbers A must  
  be the same on both sides of the equation and (2) the  
  sum of the atomic numbers Z must be the same on both  
  sides of the equation 
 
 -  in order for alpha decay to occur, the mass of the parent  
  must be greater than the combined mass of the daughter 
  plus the alpha particle 
 
 -  the excess mass is converted into energy of other forms and 
  appears in the form of kinetic energy in the daughter  
  nucleus and the alpha particle 
 
 -  most of the kinetic energy is carried away by the alpha  
  particle because it is much less massive than the   
  daughter nucleus 
 
 -  alpha decay is not very penetrating because the He atoms  
  capture electrons before traveling very far; however it is 
  very damaging because the alpha particles can knock  
  atoms off of molecules 
 
 -  alpha decay is the most common in elements with an   
  atomic number greater than 83 
 
 



2) Beta Negative Decay: 
 
 -  when a radioactive nucleus undergoes beta negative decay,  
  the atomic number increases by one through the   
  addition of one proton 
 
 - at the same time, one neutron is lost so the mass of the  
  daughter isotope is the same as the parent isotope 
 
 - beta negative decay is more penetrating than alpha decay  
  because the particles are smaller; beta electrons can  
  penetrate through about one cm of flesh before they are  
  brought to a halt because of electrostatic forces 
 
 - beta negative decay is most common in elements with a  
  high neutron to proton ratio 
 
 -  the beta negative decay process is: 
 

-
1X Y eA A

Z Z   

 
 -  note that the nucleon number and total charge are both  
  conserved in these decays; for example: 
 

-14 14
76C N e   

 
 -  the emissions of an electron from the nucleus is surprising,  
  because we know that the nucleus is composed only of  
  protons and neutrons 
 
 -  this can be explained by noting that the emitted electron is  
  created in the nucleus by a process in which a neutron  
  is transformed into a proton:  
 

-1 1
0 1n p e   

 



 -  in beta negative decay we expect the electron to carry away 
  most of the kinetic energy as opposed to the daughter  
  nucleus; but experiments showed that some of the   
  energy was missing 
 
 -  it turns out that a third particle was being released during  
  beta decay; it is called the neutrino, named by Enrico  
  Fermi and proposed by Wolfgang Pauli 
 
 -  the neutrino is given the symbol ν , and the antineutrino is  
  given the symbol ν  
 
 -  the neutrino has the following properties: 

1) zero electric charge 
2) a mass much smaller than the electron, but not zero 
3) very weak interaction with matter (very hard to detect) 

 
 -  in beta negative decay, an electron and an antineutrino are  
  emitted; for example 
 

14 14 -
76C N e ν    

 
3) Beta Positive Decay: 

 
- in this reaction a positron is emitted; a positron is exactly 
 like an electron in mass and charge force except with a 
 positive charge 
 
- a positron is formed when a proton breaks into a neutron 
 with mass and no charge and a positron with no mass 
 and the positive charge 
 
- positron emission is most common in lighter elements with 
 a low neutron to proton ratio 
 
- in beta positive decay a positron and neutrino are emitted 
 



+
1X Y e νA A

Z Z    

  
12 12
7 6N C e ν    

 
4) Gamma Decay: 

 
 -  many times a nucleus that undergoes radioactive decay is  
  left in an excited state; the nucleus can then undergo a  
  second decay 
 
 -  it can emit one or more high-energy photons; the process is 
  very similar to the emission of light by an atom 
 
 -  the protons and neutrons in the nucleus will release energy  
  as they move from a higher energy level to a lower one 
 
 -  the photons emitted in this de-excitation process are called  
  gamma rays; they have much more energy relative to  
  the energy of visible light 
 
 -  gamma decay can result from a collision with another  
  particle, but it is more common to see gamma decay  
  after an alpha or beta decay 
 

X* X γ A A
Z Z  

 
 -  in the example below, we have a beta decay that leaves an  
  excited carbon atom which undergoes gamma decay;   
  the excited atom is represented by an asterisk 
 

12 12 -
5 6B C* e ν    

 
12 12

6 6C* C γ   

 
 -  note that gamma decay does not result in any change to the  
  Z or A values 



 
 -  gamma radiation is the most penetrating of all; these   
  photons can pass through the body and cause damage  
  by ionizing all the molecules in their way 
 

5) Electron Capture: 
 
-  in this reaction a nucleus captures one of its own atom's 
 inner shell electrons which reduces the atomic number 
 by one 
 
-  this captured electron joins with a proton in the nucleus to 
 form a neutron 
 
-  electron capture is common in larger elements with a low 
 neutron to proton ratio 
 

0
1 1X e YA A

Z Z    

 

 
 
Biological Effects of Radiation: 
 
-  heavy and expensive shielding is sometimes needed in the study 
 or use of radiations in accelerator and nuclear reactors, to 
 protect people from the harmful effects of the rays 
 
-  the rays ionize and, consequently, break down molecules in 
 living cells, causing radiation “burns,” fatal injuries to cells, 



 damage that can lead to the growth of cancer cells, and 
 dangerous mutations in the structure of the DNA molecules 

 
 

-  in some cases, these radiation shields are as much as 3 m thick, 
 but they are effective, protecting workers at reactor stations 
 and accelerator research facilities 
 
-  there are two categories of radiation damage: 

1) Somatic - damage to non-reproductive cells 
2) Genetic - damage to reproductive cells 

 
-  damage to the genes in reproduction can lead to defective 
 offspring 
 
- the average annual dose of radiation is about 360 mrem; 200 
 mrem of which comes from radon (a chemically inert, but 
 radioactive noble gas) 
 
-  a rem (roentgen equivalent in man) is a unit of biological 
 damage caused by radiation 
 
-  the upper limit of radiation dose recommended by the US 
 government is 0.5 rem/yr 
 
-  an acute whole body dose of 400-500 rem results in a mortality 
 rate of about 50% 



 
 
-  as you can see in the pie-chart above, most of the radiation you 
 receive comes from natural background radiation 
 
-  natural background radiation comes from 1) cosmic rays, 2) solar 
 radiation, 3) terrestrial sources, and 4) radon 
 
 1) Cosmic rays - the Earth, and all living things on it, are 
 constantly bombarded by radiation from outside our solar 
 system; this cosmic radiation consists of positively-charged 
 ions from protons to iron nuclei; this radiation interacts in the 
 atmosphere to create secondary radiation that rains down; the 
 cosmic-radiation dose rate on airplanes is so high that, airline 
 workers receive more dose on average than any other worker, 
 including those in nuclear power plants 
 
 2) Solar rays - while most of the Sun's output consists of light 
 (solar radiation), particle radiation is also produced and 
 varies with the solar cycle; these particles are mostly protons 



 with relatively low energies; the ionizing component of solar 
 radiation is negligible relative to other forms of radiation on 
 Earth's surface 
 
 3) Terrestrial radiation - most materials on Earth contain 
 some radioactive atoms, even if in small quantities; most of 
 the terrestrial non-radon-dose one receives from these 
 sources is from gamma-ray emitters in the walls and floors 
 when inside a house, or rocks and soil when outside 
 
 4) Radon - radon-222 is produced by the decay of radium-
 226 which is present wherever uranium is found; since radon 
 is a gas, it seeps out of uranium-containing soils found across 
 most of the world and may accumulate in well-sealed homes; 
 it is often the single largest contributor to an individual's 
 background radiation dose and is certainly the most variable 
 from location to location; radon gas could be the second 
 largest cause of lung cancer in America, after smoking 
 

 



-  some human-made radiation sources affect the body through 
 direct radiation, while others take the form of radioactive 
 contamination and irradiate the body from within 
 
-  medical procedures, such as diagnostic X-rays, nuclear medicine, 
 and radiation therapy are by far the most significant source of 
 human-made radiation exposure to the general public 
 
-   the public also is exposed to radiation from consumer products, 
 such as tobacco (polonium-210), building materials, 
 combustible fuels (gas, coal, etc.), ophthalmic glass, 
 televisions, luminous watches and dials (tritium), airport X-
 ray systems, smoke detectors (americium), road construction 
 materials, electron tubes, fluorescent lamp starters, and 
 lantern mantles (thorium) 
 

 
 
Commercial Uses Of Radiation: 
 
-  objects for medical and industrial use are commonly sterilized by 
 exposing them to radiation; most bacteria, worms, and insects 
 are readily destroyed by exposure to gamma radiation from 
 radioactive cobalt 
 



-  another form of sterilization occurs with the use of ingestion of 
 radioactive nuclei by parasites in the use of radioactive 
 tracers 
 
-  this method is very effective in destroying Trichinella worms in 
 pork, salmonella bacteria in chickens, insect eggs in wheat, 
 and surface bacteria on fruit and vegetables 
 
-  this process is also used to sterilize medical equipment while still 
 in its protective covering 
 
Half-Life: 
 
-  the half-life of a quantity subject to exponential decay is the time 
 required for the quantity to decay to half of its initial value 
 

-  it can be shown that, for exponential decay, the half-life t1 / 2 
 obeys this relation: 

 
1

2

ln 2

λ
t   

 - where 

 ln(2) is the natural logarithm of 2, and 

 λ is the decay constant, a positive constant used to 
describe the rate of exponential decay 

 the unit of λ is s-1 



 

 

-  the table at right shows the reduction of the 
 quantity in terms of the number of half-lives 
 elapsed 

 
 
-  the following equation represents the 
 relationship between the number of nuclei 
 remaining, N, the number of nuclei initially 
 present, N0, the rate of decay, λ, and the 
 amount of time, t 
 
 

0

ln λtN
N

   

 
 
 

Number of 
half‐lives 
elapsed 

Fraction
remaining

As
power
of 2 

0  1/1 1 / 20

1  1/2 1 / 21

2  1/4 1 / 22

3  1/8 1 / 23

4  1/16 1 / 24

5  1/32 1 / 25

6  1/64 1 / 26

7  1/128 1 / 27

...  ...

N  1 / 2N 1 / 2N



Radioactive Clocks: 
 
-  by using these equations, it is possible to calculate how much of 
 a nuclear substance will be left after a certain time and how 
 much of a substance originally existed 
 
-  knowing the half-life of a particular isotope and the products 
 into which it decays, we can determine the relative amount of 
 parent and daughter atoms and calculate how long the isotope 
 has been decaying;  in effect, we have a radioactive "clock" 
 for dating events in the past 
 
-  living organisms contain carbon, which has two isotopes of 
 interest, the stable isotope 12

6C  and the radioactive isotope 

 14
6C , which has a half-life of 5700 years 

 

 
 
-  cosmic rays bombarding our atmosphere continually produce 
 14

6C  to replace those that decay; because of this replacement, 

 the ratio of 12
6C  to 14

6C  in the atmosphere is relatively 

 constant 
 



-  while the plant or animal is living, it continually exchanges 
 carbon with its environment and therefore maintains the same 
 ratio of the two isotopes in the tissues that exists in the 
 atmosphere 
 
-  as soon as it dies, however, the exchange ceases and the amount 
 of 14

6C  decreases due to the radioactive decay 

 
-  by examining the ratio of the amount of 14

6C  to that of 12
6C  in 

 the plant or animal, we can learn how long ago death 
 occurred 

 

 


