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Radioactive Decay

Decay (disintegration) is the process by which a 
radionuclide changes its number of neutrons and protons 
from an unstable combination to a more stable 
combination. Some people prefer to use the term 
transformation rather than decay. 

E l i l d b t d it d l tExamples include beta decay, positron decay, electron 
capture and alpha decay. 

In radioactive decay, mass is always lost. This mass is 
converted to energy and released. The released energy is 
carried off by any charged particles and/or photons that are 
emitted (i.e., radiation).
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Activity (A)

Activity is a quantity given the symbol A. It is the decay rate 
of a specified radionuclide in a sample, i.e., the number of 
decays per unit time of that radionuclide. 

The International Commission on Radiation Units and 
Measurements (ICRU) definition (ICRU Report 60) follows:

"The activity, A, of an amount of radioactive nuclide in a 
particular energy state at a given time is the quotient of dN 
by dt, where dN is the expectation value of the number of 
spontaneous nuclear transformations from that energy 
state in the time interval dt.“
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Activity (A)

The term “spontaneous” indicates that the transformations 
are an inherent characteristic of the material and are not 
induced by external forces (such as neutron 
bombardment). 

Because decay is a random process, it is impossible to say 
i l h t th ti it f l i ill b Wprecisely what the activity of a sample is, or will be. We can 

only specify what the activity was. As such, the ICRU 
employs the term "expectation value", i.e. the activity is the 
decay rate we expect to have.
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Units of Activity
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Units of Activity - the curie (Ci)

Originally, the curie was defined by the International 
Radiological Congress in 1910 as the quantity of radium 
emanation (radon gas) in equilibrium with one gram of 
radium. Radium itself was quantified by weighing.

Later , the curie was defined as the activity of one gram of 
R 226pure Ra-226. 

Today, the curie (Ci) is defined as 3.7 x 1010 dps. 

According to Ernest Rutherford, the unit was named in 
honor of both Pierre Curie (the latter had been run over by 
a coach) and Marie.
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Units of Activity - the curie (Ci)

Multiples of the curie

1 curie (Ci)  =  3.7  x  1010 dps   (2.22  x  1012 dpm)

1 millicurie (mCi) =  3.7  x  107 dps   (2.22  x  109 dpm)

1 i i ( Ci) 3 7 104 d (2 22 106 d )1 microcurie (uCi) =  3.7  x  104 dps   (2.22  x  106 dpm)

1 nanocurie (nCi)  =  3.7  x  101 dps   (2.22  x  103 dpm)

1 picocurie (pCi) =  3.7  x  10-2 dps   (2.22 dpm)
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Units of Activity - the becquerel (Bq)

The becquerel (Bq), named after Henri Becquerel who 
discovered radioactivity, is the basic unit of activity in the 
Systeme International (the SI system). 

Multiples of the becquerel

1 becquerel (Bq) =     1  dpsq ( q) p

1 kilobecquerel (kBq) =    103 dps

1 megabecquerel (MBq) =    106 dps

1 gigabecquerel (GBq) =    109 dps

1 terabecquerel (TBq) =   1012 dps
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Units of Activity

In real scientific literature, the units of activity would never 
be expressed as dps or dpm .  This is an admission that 
this handout is not real scientific literature.

The “s”, as in “dps”, is a true unit. The second is a specific 
amount of time used as a standard of measure. 

However, the “d” in “dps” is not a unit. A disintegration is an 
event, or a thing. It is not a specific amount of anything.

The scientific literature would employ “s-1” instead of “dps.”

s-1 means per second
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Decay Constant
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Decay Constant (8)

The decay constant, symbolized by the Greek letter 
lambda, can be described (not quite correctly) as the 
fraction of the atoms (or activity) of a radionuclide that is 
expected to decay per unit time. 

e.g., a decay constant of 0.25 s-1 implies that 25% of the 
radionuclide's atoms (or activity) decay per secondradionuclide s atoms (or activity) decay per second.  

It can also be thought of as the proportionality constant 
between the number of atoms of a radionuclide and the 
activity:
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Decay Constant (8)

Unfortunately, decay constants aren't found by looking 
them up in a table or list.  They must be calculated using 
the following equation:

where T is the half-life of the radionuclide

Each radionuclide has its own unique decay constant.
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Decay Constant (8) - examples

a. Calculate the decay constant of I-131 in days-1:

Since the half-life of iodine-131 is 8.04 days

This implies (incorrectly) that 8.62% of the activity decays 
per day. 
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Decay Constant (8) - examples

b.  Calculate the decay constant of I-131 in hr-1:

This implies (incorrectly) that 0 359% decays per hourThis implies (incorrectly) that 0.359% decays per hour.

c.  Calculate the decay constant of I-131 in y-1:

This implies (incorrectly) that 3150% decays per year. 14



Decay Constant (8)

These three decay constants are all correct.

What is incorrect is the idea that the decay constant is the 
fraction of the atoms or activity of a nuclide that decays per 
unit time.

More correctly the decay constant is the instantaneousMore correctly, the decay constant is the instantaneous 
decay fraction – the fraction of the activity that decays in an 
infinitesimally small amount of time.

15



The Decay Constant  is Immutable (almost)

In general, the decay constant (or half-life) of a radionuclide  
is not affected by time, space, pressure, temperature, 
electromagnetic fields, etc. 

However, there are exceptions: the chemical form of the 
sample can affect the decay constant of radionuclides that 
undergo electron capture and/or internal conversionundergo electron capture and/or internal conversion. 

This happens because the chemical bonds formed by an 
atom affect the availability of the electrons for 
capture/conversion. For example, the decay constant of 
Be-7 shows a 0.1% difference between beryllium metal and 
BeF2. Tc-99m, which undergoes internal conversion in 
nearly 100% of its decays (transitions), shows a 0.3% 
difference in decay constants between KTcO4 and Tc2S7. 16



The Mean Life

The mean (average) life of a radionuclide is calculated as 
follows:

J is the mean (average) life of the radionuclide (e g hr)J is the mean (average) life of the radionuclide (e.g., hr)

8Is the decay constant of the radionuclide (e.g., hr-1)

T is the half life of the radionuclide (e.g., hr)
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Decay Equation

18



The Decay Equation

The following equation calculates the activity (A) for a 
specified number of atoms of a radionuclide (N)

A   =   8 N

The number of decays per unit time equals the fraction of 
the atoms decaying per unit time multiplied by the numberthe atoms decaying per unit time multiplied by the number 
of atoms. 

Unfortunately, this equation is rarely of practical value 
because the number of atoms is continually decreasing.
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The Decay Equation

However, the next equations are useful because they tell 
us the number of atoms or activity of the radionuclide as a 
function of time:

Nt is the number of atoms of a radionuclide at time t
N0 is the number of atoms of a radionuclide at time zero

At is the activity of a radionuclide at time t
A0 is the activity of a radionuclide at time zero

e is the base of the natural log system,  e = 2.718281828
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The Decay Equation - example

Calculate the activity of a 100 Ci I-131 source after it has 
decayed for 1.5 days. 

Before using an equation, it’s a good idea to make a 
guesstimate as to the answer.

1 5 days is about one fifth of iodine's 8 day half life If 81.5 days is about one-fifth of iodine s 8 day half-life. If 8 
days reduces the activity to 50 percent of what it was, 1.5 
days should only reduce it to ninety percent or so of its 
original activity. Therefore, our best guess is that the 
activity of the iodine will be about 90 Ci. 

Now we are ready to use the decay equation.
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The Decay Equation - example

Since this answer is right in line with our estimate, we 
probably did the calculation correctly. 

22



The Meaning of e-8t

The term e-8t  is the fraction that remains.

As such, the equation  A = A0 e-8t  means that the activity 
that you have is the activity you started with times the 
fraction that remains!

Si il l th ti N N 8t th t th bSimilarly, the equation  N = N0 e-8t  means that the number 
of atoms of a radionuclide that you have is the number you 
started with times the fraction that remains!
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Back Calculating Activities

In some situations, it is necessary to back calculate the 
activity of a source to some earlier date:

At is the activity at some earlier specified time t  

A0 is the activity at time zero

Note, At  is greater than A0
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Calculating the Decay Time

Should it be necessary to calculate how much time (t) is 
required for a radionuclide to decay from an initial activity 
(A0) to a specified final activity (At), the following equation 
can be used:

For what it is worth, the value At/A0 is the fraction of the 
original activity remaining.
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Calculating the Decay Time

The number of half lives required to reduce its original 
activity (A0) to a desired value (At) is calculated as follows:

A h it t kAs such it takes:  

3.32 half lives for the activity to decay to 10% of its 
original activity

6.65 half lives for the activity to decay to 1% of its 
original activity

9.97 half lives for the activity to decay to 0.1% of its 
original activity
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Graphing Activity as 
a Function of Timea Function of Time
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Problem with a Linear Plot

The problem with a linear plot is that a curved line can be 
hard to draw (as if anyone actually does that).

It is hard to interpolate between data points.

It is hard to extrapolate beyond data points.p y p
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A semilog plot such as the one on the following slide will 
solve all our problems!

On the semilog plot, time is indicated with a linear scale 
while activity (or number of atoms) is indicated with a 
logarithmic scale.

Semilog Plot

g
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The specific activity of a radionuclide is its activity per unit 
mass (of the pure material). The "old" and SI units are Ci/g 
and Bq/kg respectively. 

As might be expected from the original definition of the 
curie, the specific activity of Ra-226 is close to 1 Ci/g.  
Saying that something has a high specific activity is the

Specific Activity

Saying that something has a high specific activity is the 
same as saying that it has a short half-life. 

To calculate the specific activity (SpA) in Bq/g, we use the 
following formula:

SpA  =  Ng 8

Ng  is the number of atoms of the nuclide in one gram of 
pure material and 8 is the decay constant in units of s-1
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Example: calculate the specific activity of U-235.  

First, calculate the number of U-235 atoms (Ng) in one gram

Since there are 235 grams of U-235 per mole, in one gram 
there will be 1/235 moles, i.e, 4.255 x 10-3 moles. 

Specific Activity – example calculation

Since there are 6.023 x 1023 atoms per mole (Avagadro's 
number), there are the following number of atoms of U-235 
in one gram of U-235:

Ng =  4.255 x 10-3 moles/gram   x   6.023  x 1023 atoms/mole

=  2.563 x 1021 atoms/gram
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Next,  calculate the decay constant (λ) for U-235, the half-life 
(T) of which is 7.04 x 108 a (years). 

Because we want to calculate an activity in dps, the half-life 
of U-235 should be expressed in seconds.

λ = 0 693/T

Specific Activity – example calculation

λ =  0.693/T

= 0.693/(7.04 x 108 a x 365.25 d/a  x  24 h/d x 3600 s/h)

= 0.693/2.222 x 1016 s

= 3.119 x 10-17 s-1

36



Finally, multiply λ times Ng to calculate the specific activity.

SpA =  Ng λ

=  2.563 x 1021 atoms/g   x   3.119 x 10-17 s-1

= 7 995 x 104 s-1 g-1 (dps per gram)

Specific Activity – example calculation

=  7.995 x 104 s 1 g 1 (dps per gram)

=  7.995 x 104 Bq g-1 (Bq per gram)

=  2.16 x 10-6 Ci g-1 (Ci per gram)
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Air Kerma Strength

Air kerma strength is the quantity used to describe the 
strength of brachytherapy sources.  It can be thought of as 
a substitute for activity. More specifically, it is the air kerma 
rate at some specified distance from the source.  The 
equation for the air kerma strength is:

Sk = K l2

38

Sk   K l

SK is the air kerma strength (e.g., uGy m2/h)
K is the air kerma rate in free space (e.g., uGy/h)
l is the reference distance (m)

The units of air kerma strength are often given the symbol 
U  where 1 U  = 1 uGy m2/h



Air Kerma Strength

Air kerma strength is an empirical measured quantity 
rather than a calculated one. 

It is inappropriate to calculate the air kerma rate of a 
brachytherapy source based on its activity  (e.g., mCi).  

Similarly it is inappropriate to calculate the activity of the

39

Similarly, it is inappropriate to calculate the activity of the 
source based on its air kerma strength.



Air Kerma Strength

Despite the previous comments, conversion factors from 
“apparent” activity to air kerma strength are required in the 
real world. The following are from Med Phys 18 (3): 439-
448.

Au-198 seeds     1 mCi  ≈  2.06 U

40

Pd-103 seeds 1 mCi  ≈  1.29 U

I-125 seeds 1 mCi  ≈  1.27 U

See Code of practice for brachytherapy physics: Report of 
the AAPM Radiation Therapy Committee Task Group No. 
56 (Medical Physics 24 (10); 1557-1598,Oct. 1997).



Appendix A

8tThe Meaning of (1 – e-8t)
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The Meaning of (1 - e-8t)

The term (1 - e-8t ) is the fraction that decayed.

If  e-8t  = 0.25,  then 25% of the original number of atoms  
remain.

And (1 – 0.25)  means that 0.75 or 75% of the original ( ) g
number of atoms have decayed over the time period t.

The number of decays of a radionuclide during time t is:

Nd =   N0 (1 - e-8t )

Nd is the number of decays during time t
N0 is the number of atoms of the radionuclide at t = 0
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The Meaning of (1 - e-8t)

When a radioactive sample is counted with a detector, the 
number of counts is:

C   =   N0 E (1 - e-8t )

C is the number of counts

N0 is the number of atoms of the radionuclide at the 
start of the count (t = 0)

E is the detector efficiency (counts/decay)

43



The Meaning of (1 - e-8t)

Rewriting the previous equation gives:

Multiply both sides by 8 gives:

Hence:
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Appendix B

Some Obsolete Units of Activity
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Some Obsolete Units of Activity

While the following units are no longer used, they can still 
be encountered in early literature and/or on old radioactive 
sources.

1. Rutherford   

The Rutherford (rd) was defined in 1930 by the 
International Radium Standard Commission as 106 dps. 
Such a unit was needed because the Commission objected 
to using the curie to describe the activities of radionuclides 
outside the radium family (radium or its daughters).
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Some Obsolete Units of Activity

2. Strength  

The strength was a poorly defined unit primarily employed 
between 1904 and 1920. It was related to the intensity of 
the gamma rays emitted by uranium. If a radium source 
was said to have a strength of 500,000, it meant that it had g , ,
a gamma intensity 500,000 times greater than an identical 
mass of uranium. The terms intensity and activity were 
sometimes used to mean the same thing.
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Some Obsolete Units of Activity

3.  Uranie

The uranie was defined in 1905 by  W. D. Butcher, a 
president of the Rontgen Society, as the quantity of 
radiation emitted by one gram of uranium. One gram of 
radium was equal to one million uranies. q
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Some Obsolete Units of Activity

4.  Mache  

This unit was defined in 1904 and used exclusively for 
radon. In general, it was used to express the activity of 
radon in one liter of water (occasionally air). One mache
was equal to 364 pCi. If it wasn't stated, it could usually be 
inferred that the activity was per literinferred that the activity was per liter. 

The Mache Unit was applied in different ways and it is 
difficult to equate it to a radium activity. However, as a 
rough approximation, a 2700 Mache Units usually indicated 
a radium-226 activity of at least 1 uCi.
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Some Obsolete Units of Activity

5. Eman

One eman was equal to 100 pCi of radon. In other 
respects, the eman was similar to the mache unit.
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Some Obsolete Units of Activity

6.  Special Curie Unit for Natural Uranium  

Natural uranium, whether in ore, or in chemically purified 
form, is a mix of three isotopes: U-234, U-235 and U-238. 
In one gram of pure natural uranium, these isotopes will 
have the following activities: 7.36 x 105 dpm U-234; 3.42 x 
104 dpm U 235; and 7 36 x 105 dpm U 238104 dpm U-235; and 7.36 x 105 dpm U-238. 

Originally, limits on natural uranium concentrations in air, 
water etc. were expressed in milligrams. By mass, natural 
uranium is almost entirely U-238. Later, when it became 
common to express those same limits in units of activity, it 
had to be clarified whether the limit expressed the total 
activity (summed activities of U-234, U-235 and U-238) or 
just the activity of the U-238. 

51



Some Obsolete Units of Activity

6.  Special Unit for Natural Uranium  - continued

To reduce the confusion, the ICRP (1955) stated " the curie 
of natural uranium is considered to correspond to 3.7 x 1010

dis/sec from U-238, 3.7 x 1010 dis/sec from U-234 and 9 x 
108 dis/sec from U-235". Later, the value for U-235 was 
corrected to 1.7 x 109 dis/sec. In other words, the curie for 
natural uranium was 7.57 x 1010 dps (4.542 x 1012 dpm). 
Therefore, the activity of one gram of pure uranium would 
be 3.3 x 10-7 curies. 

52



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


