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Decay modes
1) Decays with emission of nucleons (, p, fission, ..)

2) Different modes of beta decay (-, +, , 0,..)

3) Transitions between states of the same nucleus
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Main message: Many strange decay modes exist.

Also many strange productions modes exists, when e.g. 
high energy cosmic rays interact with matter spallation 
reactions occur.
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Decay constant, 

 
N

dt
dN 

Definition of Exponential decay 
When the decrease is proportional to its value

Time

N

 teNtN  0)(
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115In rare ‐ decay half life 

The lowest ˉ decay energyQ known to man

115Sn

1/2ˉ

115In 3/2+

1/2+

0.047%
5%

T½= 4.5 h

9/2+

T½= 4.41014 y

 95%

100%

0
497.4 

336.2

0

Rare ‐decay

Normal ‐ decay

Q ~ 499 keV



155(24) eV
(187Re 2.47 keV), (3H 18.6 keV)
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10987654321  
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How to measure long half-lives?

N
A


dt
dNA 

Determine the number of atoms using 

1) Mass spectrometry

or

2)  Knowledge about isotopic composition 
(perhaps natural)
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Serial decay

)(stableCBA 

t
AABB

B AeNN
dt

dN   0

A:    Like before

B:
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Chain of “D” decays

)(........ 14321 stableDAAAAA D  

Recursive problem:
t

jjjj
j jeNN

dt
dN

1
0)1(1


 

General solution: “Bateman’s equations”
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Important to master for radiochemists!!!
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Serial decay

)(0 tt
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More complex if N0B or A0B is not negligible, 
but in principle add the term              or  t

B
BeN 

0
t

B
BeA 

0
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Serial decay

Can look quite differently
Decay starting at Po-218
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Equilibrium

• 3 cases
• Secular equilibrium
• Transient equilibrium
• No equilibrium
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Uranium-238 decay chain
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Secular equilibrium

• Mother half-life >> daughter
• The apparent half-life of the daughter = the half-life of 

the mother
• Total activity is doubled

=> Use correct half-life when calculating activity!!!
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Decay starting at Ra-226
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Common case of secular equilibrium

• 90Sr             90Y 90Zr (stable)
28.8 years 2.7 days
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Starting with 
radon-222

Half-life 3.8 
days

Decay starting at Rn-222
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Decay starting at Po-218
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Decay starting at Po-218
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Transient equilibrium

• Mother half-life > daughter half-life (ratio between 1 
and 10000 or so)

• The apparent half-life of the daughter = the half-life 
of the mother

• Total activity is NOT EXACTLY doubled. Equilibrium 
factor: 

AB

B



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No equilibrium

• Mother half-life < daughter half-life 
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icalbioeradioactiveffective log 
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I (140 keV) = 89,6%
In equilibrium

28
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Mo-99 and Tc-99m

29

Ratio = 1.1
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T1/2
99Mo = 67 hours

T1/2
99Tcm = 6 hours

Technetium generator. Normally transient equilibrium will 
be established unless the technetium is “milked”- in this plot 
every 24 h.
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Measurement of Ra-226 using gamma-ray 
spectrometry

“Good” gamma-ray emitters

E.g.: 295, 352, 609 and 1764 keV
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Decay starting at Ra-226
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Decay starting at Ra-226
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Decay starting at Ra-226
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• Soil contains many natural radionuclides and results in a complex 
gamma-ray spectrum.

• Other methods are better than Gamma-ray spectrometry (GS) for 
determining U and Ra but GS is often used due to simple procedure and 
low cost.

• Difficult to use the 186.2 keV line from Ra-226 due to interference from 
U-235 (185.7 keV) – in a typical soil sample the two peak areas are 
fairly equal*.

• Difficult to detect 144 keV line and 163 keV lines from U-235 (lower 
emission probability).

• Need to use the 295, 352, 609 and/or 1764 keV lines (and more if 
detected) from Pb-214 and Bi-214.

*If the U-238 and Ra-226 activities are equal and there is a natural isotopic 
abundance of U, the ratio of peak counts (Ra226/U235) will be 1.27.

Quantification of Ra-226 and U-235 in a soil sample
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• Difficult to use the 186.2 keV line from Ra-226 due to interference from 
U-235 (185.7 keV)

• Difficult to detect 144 keV line and 163 keV lines from U-235.

• Need to use the 295, 352, 609 and/or 1764 keV lines (and more if 
detected) from Pb-214 and Bi-214.

1) Fill a radon-tight container to the rim with your sample (e.g. dried soil)

2) Make sure equilibrium is established: Keep the sample in a sealed 
radon-tight container for about 2 weeks (or so). – if you have time you 
can always measure the increase of activity from radon-daughters 
during this time

3) Calculate the Ra-226 activity based on the 295, 352, 609 and/or 1764 
keV lines

4) Calculate the number of counts in the 186.2 keV peak based on the Ra-
226 activity – subtract these counts from the total 186 keV peak area in 
order to obtain the counts for the 185.7 keV peak.

5) A good final check is to look at the ratio between U-238 and U-235 
ti it   t t l i t i  b d

Quantification of Ra-226 and U-235 in a soil sample
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Muon activation in germanium
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