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THE RADIOACTIVE DECAY LAW

 Radioactive decay is the process in which an unstable atomic nucleus loses energy by
emitting ionizing particles and radiation.

 This decay, or loss of energy, results in an atom of one type, called the parent nuclide
transforming to an atom of a different type, called the daughter nuclide.

 For example: a carbon-14 atom (the "parent") emits radiation and transforms to a
nitrogen-14 atom (the "daughter").

 This is a random process on the atomic level, in that it is impossible to predict when a
given atom will decay, but given a large number of similar atoms the decay rate, on
average, is predictable.

Let us say that in the sample of radioactive material there are N nuclei which have not
decayed at a certain time, t. So what happens in the next brief period of time? Some nuclei

ill d f B h ?
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will decay for sure. But how many?
 the number which will decay will depend on overall number of nuclei, N, and also on the

length of the brief period of time. In other words the more nuclei there are the more will
decay and the longer the time period the more nuclei will decay. Let us denote the
number which will have decayed as dN and the small time interval as dt.

 So the number of radioactive nuclei which will decay during the time interval from t 
to t+dt must be proportional to N and to dt. In symbols therefore:

the minus sign indicating that N is decreasing.

 Turning the proportionality in this equation into an equality we can write:Turning the proportionality in this equation into an equality we can write:

where the constant of proportionality, λ, is called the Decay Constant.
•Dividing across by N we can rewrite this equation as:

So this equation describes the situation for any brief time interval, dt. To find out what

Dr. Hazem Falah Sakeek                                                   www.physicsacademy.org 4

So this equation describes the situation for any brief time interval, dt. To find out what
happens for all periods of time we simply add up what happens in each brief time
interval. In other words we integrate the above equation.

Expressing this more formally we can say that for the period of time from t = 0 to any
later time t, the number of radioactive nuclei will decrease from N0 to Nt, so that:
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This final expression is known as
the Radioactive Decay Law. It tells
us that the number of radioactive
nuclei will decrease in an
exponential fashion with time with
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exponential fashion with time with
the rate of decrease being
controlled by the Decay Constant.

The Law is shown in graphical form
in the figure below:

The graph plots the number of radioactive nuclei at any time, Nt, against time, t. We can
see that the number of radioactive nuclei decreases from N0 that is the number at t = 0 in
a rapid fashion initially and then more slowly in the classic exponential manner.
The influence of the Decay Constant can be seen in the following figure:

•All three curves here are exponential in
nature only the Decay Constant is differentnature, only the Decay Constant is different.

•Notice that when the Decay Constant has a
low value the curve decreases relatively
slowly and when the Decay Constant is large
the curve decreases very quickly.

•The Decay Constant is characteristic of
individual radionuclides. Some like uranium-
238 have a small value and the material
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238 have a small value and the material
therefore decays quite slowly over a long
period of time. Other nuclei such as
technetium-99m have a relatively large
Decay Constant and they decay far more
quickly.
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 in the form

•It is also possible to consider the Radioactive Decay Law from another
perspective by plotting the logarithm of Nt against time. In other words from
our analysis above by plotting the expression:

 in the form

 Notice that this expression is simply
an equation of the form y = mx + c
where m = -λ and c = ln N0.

 As a result it is the equation of a
straight line of slope - λ as shown in
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the figure. Such a plot is sometimes
useful when we wish to consider a
situation without the complication of
the direct exponential behavior.

HALF-LIFE

•Most of us have not been taught to think instinctively in terms of logarithmic or
exponential terms even though many natural phenomena display exponential
behaviors.

For this reason an indicator is usually derived from the law which helps us think more•For this reason an indicator is usually derived from the law which helps us think more
clearly about what is going on.

•This indicator is called the Half Life and it
expresses the length of time it takes for the
radioactivity of a radioisotope to decrease by
a factor of two.

•From a graphical point of view we can say
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that when:

 the time taken is the Half Life:
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 Note that the half-life does not
express how long a material will
remain radioactive but simply the
length of time for its radioactivity
to halve.

Radioisotope Half Life (approx.)

81mKr 13 seconds 

 Examples of the half lives of some
radioisotopes are given in the
following table.

 Notice that some of these have a
relatively short half life. These
tend to be the ones used for
medical diagnostic purposes

99mTc 6 hours 

131I 8 days 

51Cr 1 month 

137Cs 30 years 

241Am 462 years 

226 1620
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medical diagnostic purposes
because they do not remain
radioactive for very long following
administration to a patient and
hence result in a relatively low
radiation dose.

226Ra 1620 years 

238U 4.51 x 109 years

RELATIONSHIP BETWEEN DECAY CONSTANT AND HALF LIFE

On the basis of the above you should be able to appreciate that there is a relationship
between the Decay Constant and the Half Life.

For example when the Decay Constant is small the Half Life should be long and
correspondingly when the Decay Constant is large the Half Life should be short. But
what exactly is the nature of this relationship?

We can easily answer this question by using the definition of Half Life and applying it to 
the Radioactive Decay Law.

Once again the law tells us that at any time, t:
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and the definition of Half Life tells us that:

when
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 We can therefore re-write the Radioactive Decay Law by substituting for Nt and t as 
follows:

 Therefore

and
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and

These last two equations express the relationship between the Decay Constant and the
Half Life. They are very useful as you will see when solving numerical questions relating
to radioactivity.

UNITS OF RADIOACTIVITY

 The SI unit of radioactive decay is the becquerel (Bq).

 One Bq is defined as one transformation (or decay) per second.

 Since any reasonably-sized sample of radioactive material contains many atoms, a
Bq is a tiny measure of activity; amounts on the order of TBq (terabecquerel) or GBq
(gigabecquerel) are commonly used.

 Another unit of radioactivity is the curie,

 Ci, which was originally defined as the activity of one gram of pure radium, isotope
Ra-226. At present it is equal, by definition, to the activity of any radionuclide
decaying with a disintegration rate of 3.7 × 1010 Bq.
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For medical diagnostic work the millicurie (mCi) and the microcurie (µCi) are therefore
more frequently used.
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 The unit of activity, R, is the Curie, Ci
10 1 Ci = 3.7 x 1010 decays/second

 The SI unit of activity is the Becquerel, Bq

 1 Bq = 1 decay / second

 Therefore, 1 Ci = 3.7 x 1010 Bq

Th  t l  d it  f ti it   th  
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 The most commonly used units of activity are the 
mCi and the µCi

EXAMPLE 1

The half-life of 99mTc is 6 hours. After how much time will 1/16th of the
radioisotope remain?

Solution:Solution:
(a) Starting with the relationship we established earlier between the Decay Constant 

and the Half Life we can calculate the Decay Constant as follows:

Now applying the Radioactive Decay Law,
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The question tells us that N0 has reduced to 1/16th of its value, that is:

Therefore

which we need to solve for t. One way of doing this is as follows:
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So it will take 24 hours until 1/16th of the radioactivity remains.

EXAMPLE 2

Find the radioactivity of a 1 g sample of 226Ra given that t1/2: 1620 years and
Avogadro's Number: 6.023 x 1023.

Solution:Solution:
We can start the answer like we did with Example 1 by calculating the Decay Constant 
from the Half Life using the following equation:
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Note that the length of a year used in converting from 'per year' to 'per second' above is 
365.25 days to account for leap years. In addition the reason for converting to units of 
'per second' is because the unit of radioactivity is expressed as the number of nuclei 
decaying per second.
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Secondly we can calculate that 1 g of 226Ra contains:

Thirdly we need to express the Radioactive Decay Law in terms of the number of nuclei 
decaying per unit time. We can do this by differentiating the equation as follows:
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The reason for expressing the result above in absolute terms is to remove the minus
sign in that we already know that the number is decreasing.

We can now enter the data we derived above for λ and N:

S  h  di i i  f  1  l  f di 226 i  i l  1 Ci
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So the radioactivity of our 1 g sample of radium-226 is approximately 1 Ci.

This is not a surprising answer since the definition of the curie was originally conceived 
as the radioactivity of 1 g of radium-226!
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EXAMPLE 3

What is the minimum mass of 99mTc that can have a radioactivity of 1 MBq? 
Assume the half-life is 6 hours and that Avogadro's Number is 6.023 x 1023.

Solution:Solution:
Starting again with the relationship between the Decay Constant and the Half Life:

Secondly the question tells us that the radioactivity is 1 MBq. Therefore since 
1 MBq = 1 x 106 decays per second,
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Finally the mass of these nuclei can be calculated as follows:

In other words a mass of just over five picograms of 99mTc can emit one million
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gamma-rays per second.

The result reinforces an important point that you will learn about radiation protection
which is that you should treat radioactive materials just like you would handle
pathogenic bacteria!


