
Lecture 1:
Nuclear processes and
radioac2ve sources

Chapter 1 except 1.11.2, 1.11.3
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Radiation
Particles (corpuscular)
Electromagnetic waves

Particles are created via either 
radioactive decay or nuclear 
reactions
The same applies to gamma rays

Emitted radiation tells  us about:

Nuclear processes, i.e. decay 
modes
Some nuclei with special decay 
mode are used for calibration 
purposes 

2

Radiation is the emission or transmission of energy 
in the form of waves or particles through space or 
a material medium (detector).
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In this lecture we will go through 
nuclear decay processes and 
corresponding radiation sources 
for the purpose of calibration. 



Calibration:

We need to calibrate our detectors. 
Charged particle detectors —> alpha (emitting) sources
Gamma-ray detectors—>  Gamma (emitting)  sources
Neutron detectors—> Neutron (emitting) sources
(Internal conversion) Electron detectors —> Internal 
conversion (electron) (emitting) sources  
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Calibration sources should provide discrete energy, no continuous. 



60Co source (gamma source) 
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Today:

o Electrons
 Beta electrons
 Internal conversion electrons
 Auger electrons
o Photons
 X-rays
 gamma rays
 Annihilation radiation
o Alpha particles
o Neutrons
 Spontaneous fission
 (𝜶,n) sources
  (𝜶,n) via accelerators 
  (𝜸,n) Photoneutron sources
 Radioactive decay
 



1. Beta (𝛃) electrons:

(b) 𝛃+ decay, e+ (positron)(a) 𝛃- decay, e- (electron) 
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1. Beta (𝛃) 
electrons:

(b) 𝛃+ decay, e+

(positron)(a) 𝛃- decay, e- (electron) 

Electrons from beta 
decay are not mono 
energetic but 
continuous. They are , 
therefore, not used for 
calibration. BUT…

11



When the beta decay does not occur to the ground state of the daughter nucleus but to an excited 
state of it, the daughter nucleus then emits gamma rays (i.e. gamma decays) to go back to its ground 
state.
These gamma rays are used to calibrate gamma-ray detectors and the mother nucleus which beta 
decays into the daughter nucleus now is called “gamma source” even if it decays via beta-decay 
process. 
Sealing can be done thick enough to stop electrons to allow emission of gamma photons only. 
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Electron Capture (EC)

It is an equivalent process to 𝛃+ decay but in EC an electron is captured from the
atomic orbitals.

Again, proton is transformed into a neutron as in 𝛃+ decay

EC𝛃+ decay
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Only emitted particle EC is neutrino. The neutrino from EC is extremely difficult to detect directly. Therefore, electron 
capture is usually identified indirectly through the emitted X-rays or Auger electrons. 



Figure: http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/radact2.html

2. Internal conversion electrons
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IC happens when 𝛾 decay is hindered: 𝛾-decay takes long time (isomer) or energy is small or  is not allowed 
at all. (𝛾-decay  is forbidden for 0+➝0+)
Nucleus gives its energy to an inner shell electron instead of a gamma ray. 



Figure: http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/radact2.html

2. Internal conversion electrons
IC happens when 𝛾 decay is hindered: 𝛾-decay takes long time (isomer) or energy is small or  is not allowed 
at all. (𝛾-decay  is forbidden for 0+➝0+)
Nucleus gives its energy to an inner shell electron instead of a gamma ray. 

Electrons from internal conversion are
mono energetic.
Good sources for calibration of
electron detectors.
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3. Auger electrons

Auger electrons are emitted when the excitation energy in the “electronic shells” is transferred to the
electrons instead of characteristics X-rays.

The filling of this vacancy produces a cascade of inner-shell electron transitions with the emission of
numerous Auger electrons from the single atom.

Auger electron can happen after Electron Capture (EC)

Auger electrons are monoenergetic
too like internal conversion
electrons but the energy range is
limited by a few keV.
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Today:

o Electrons
 Beta electrons
 Internal conversion electrons
 Auger electrons
o Photons
 X-rays
 gamma rays
 Annihilation radiation
o Alpha particles
o Neutrons
 Spontaneous fission
 (𝜶,n) sources
  (𝜶,n) via accelerators 
  (𝜸,n) Photoneutron sources
 Radioactive decay
 



1. X rays :Low-energy photons
Characteristic X-rays are produced when an inner-shell vacancy is 
filled by an outer-shell electron. The photon energy equals the 
difference in the binding energies of the two shells.

Each element has its own characteristic sets of X-rays
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Photon energy = binding-energy difference

Higher Z → larger electron binding energies → higher-energy X-rays

L𝛃
N

Cu- Copper (Z=29)

Ag – Silver (Z=47)

Pb, led (Z=82)



2. 𝛾 rays :High-energy photons

Gamma rays are high-energy photons emitted by an excited atomic nucleus as it decays to a lower energy state.
Nucleus can be left an excited state after a decay, such as beta, EC, alpha (or after a nuclear reaction) 

gamma-ray calibra8on sources for gamma-ray detectors: 

Remember that γ rays in nuclear 
physics typically range from a few 
tens of keV to several MeV.

Much higher in HEP!!
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Neutrons and protons sit on orbits like 
electrons in atom: Shell Model
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Unlike characteristic X-rays, whose energies are 
determined by electron-shell transitions, gamma-ray 
energies are determined by nuclear energy levels.



It is a gamma radiation. 
Occurs when a positron collides to electron and both particles cancel out, disappear, and two 
gamma rays at an energy of 0.511 MeV (=511 keV) are emitted.
Momentum conservation requires the two photons to be emitted in opposite direction. 

3. Annihilation radiation
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Source of annihilation is related to “positron’s existence in medium”:
𝛃+ decay where a proton is converted into neutron and a positron is created. 22Na is a good annihilation 
source and of course it is, at the same time, a gamma source.
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Today:

o Electrons
 Beta electrons
 Internal conversion electrons
 Auger electrons
o Photons
 X-rays
 gamma rays
 Annihilation radiation
o Alpha particles
o Neutrons
 Spontaneous fission
 (𝜶,n) sources
  (𝜶,n) via accelerators 
  (𝜸,n) Photoneutron sources
o Radioactive decay
 



𝛼 particles are bound systems (nucleus) consisting of 2 protons and 2 neutrons.
they are emitted by very heavy nuclei which are unstable against 𝛼 decay.
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𝛼 particles: 4He (Z=,N=2)



𝛼-decay
𝛼 decay occurs via quantum tunneling, i.e. barrier mechanism (physics textbooks  or 
FYS3500 course in spring )

238Pu ➝ 234U + 𝛂
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Monoenergetic. 
Good for calibration



𝛼-decay probability is proportional to decreasing decay time
𝛼-decay time is strongly correlated with 𝛼 energy.

𝛼-decay

Table shows alpha sources to 
calibrate charged particle 
detectors.
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Note that energy of alphas 
emi>ed from these 
sources are ~ 5 MeV



Today:

o Electrons
 Beta electrons
 Internal conversion electrons
 Auger electrons
o Photons
 X-rays
 gamma rays
 Annihilation radiation
o Alpha particles
o Neutrons
 Spontaneous fission
 (𝜶,n) sources
  (𝜶,n) via accelerators 
  (𝜸,n) Photoneutron sources
 Radioactive decay
 



1-Spontaneous fission
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A: Atomic mass number
Z: Atomic number 

Winner in 
heavy 
elements!!

∝ Z2

∝ A

o heavy nucleus splits
o several neutrons emitted
o caused by Coulomb vs nuclear-force 

competition
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140Xe

108Ru

4n
252Cf

o heavy nucleus splits
o several neutrons emitted
o caused by Coulomb vs nuclear-force 

competition
o useful neutron source (Cf-252, Z=98)
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o heavy nucleus splits
o several neutrons emitted
o caused by Coulomb vs nuclear-force 

competition
o useful neutron source (Cf-252, Z=98)
o Emitted neutrons are fast neutrons
o Continuous, not monoenergetic. 
o Thickness of the container

neutron energy distr.

 T: constant = 1.3 MeV for 252Cf
E: energy of neutron in MeV

Figure: from Knoll

Figure: from Leo



2- neutrons from (𝛼,n) sources via 𝛼 emitters   

(𝛼,n) sources are generally made by mixing the
target material with a suitably strong 𝛼 emitter.
intimate contact: Powdered 9Be metal & an 
oxide of the alpha emitter

9Be210Po

𝛂𝛂

𝛂
𝛂

(𝛼,n) sources are created via nuclear reactions.

Be is the most 
common target 
material to create 
free neutrons

A typical Be(𝛂,n) source
Figure: from Knoll

Am/Be Sources
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Figures:from Knoll

𝛂-emitter/Be
source

Pu/Be source

Neutrons are not monoenergetic 
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smearing of the alpha particle spectrum due to energy loss



3- neutrons from (𝛼,n) sources via accelerators

𝛂 9Be

Neutrons can be created directly from accelerating 𝛂 particle on to a
9Be target via accelerators.

Cyclotron Our Cyclotron at OCL
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4- neutrons from (𝛄,n) (photoneutron) sources:

Gamma-ray emitters can also be used to produce neutrons when combined 

with an appropriate target material. 
Neutrons created via 
gamma emitters are 
called photoneutrons.

9Be/
D24Na

𝛄𝛄

𝛄
𝛄

Photoneutron source
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Advantage: 
Photoneutrons are monoenergetic. 

a
b

c

a
bc
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Summary

Electrons:
Beta decay, electron capture,
internal conversion, auger
electrons

Heavy Charged particles:
Alpha : Alpha decay
Fission fragments: Spontaneous fission
Nuclei in general : Nuclear reactions

Electromagnetic radiation: Photons
Gamma rays : keV-MeV high-energy photons
X-rays: eV -keV low-energy photons
Annihilation radiation: 511 keV

Bremsstrahlung:

Neutrons:
Spontaneous fission
(𝛼,n) reacJons
(𝛄,n) reacJons
n-induced fission (fission reactors)
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Book of W.R. Leo
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Today:

o Electrons
 Beta electrons
 Internal conversion electrons
 Auger electrons
o Photons
 X-rays
 gamma rays
 Annihilation radiation
o Alpha particles
o Neutrons
 Spontaneous fission
 (𝜶,n) sources
  (𝜶,n) via accelerators 
  (𝜸,n) Photoneutron sources
 Radioactive decay
 



Radioactive decay

Naturally occurring radioactive nuclei undergo a combination of 
α, β, E capture, and γ decays. These are spontaneous decays.

Reminder: For a spontaneous decay to occur, Q-value should be 
larger than zero: 

Q-value: total energy released in a given nuclear 
decay or a reaction
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Radioactivity was discovered in 1896 by 
Henri Becquerel. 
Decay rate of a pure radioactive substance 
decreases with time according to an 
exponential decay.
Decay is a statistical process
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to know when a nucleus will decay into another nucleus is impossible, but is possible to 
predict the probability of nuclear decay in a unit of time and consequently the mean 
number of decayed nuclei per second

Radioactivity was discovered in 1896 by 
Henri Becquerel. 
Decay rate of a pure radioactive substance 
decreases with time according to an 
exponential decay.
Decay is a statistical process
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If N radioactive nuclei present at time t and no new nuclei are introduced 
in the sample, then the number of dN decaying in a time dt is proportional 
to N

𝛌 is the proportionality constant.



ln N ln N0

ln N

N0=N(t=0)

Where
N0: Number of unstable nuclei at t=0
N(t):Number of unstable nuclei remaining at time t
𝜆: decay constant

∫ ∫
t

0

N

N0

dtdN = -𝜆N

dtdN = -𝜆
N

N
N0

ln = -𝜆t

Exponential decay law
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𝑡 ⁄" # =
0.693
𝜆

N(t) 
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T1/2=t1/2 :decay half life



Half-life

shorter lifetime ~ higher decay 
constant (probability )

t1/2=0.693𝝉

The half-life is defined as the time elapsed when the 
intensity of the radiation is reduced to one half of its 
original value.

Decay constant

Mean lifetime
Decay constant

N(t1/2)=N0 /2=N0 e-𝜆t1/2

1/2= e-𝜆t1/2

ln1-ln 2= -𝜆t1/2

ln 2= 𝜆t1/2

𝑡 ⁄" # =
𝑙𝑛2
𝜆

𝑡 ⁄" # =
0.693
𝜆
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Mean lifetime is the average time the particle will exist 
without decaying or atomic nucleus in a sample will exist 
without transforming to another one. (Calculated 
statistically)



Activity

Number of decays per unit time is called Activity.

1 Becquerel (Bq) = 1 disintegration/s 

1 Curie (Ci) = 3.7 x 1010 disintegrations/s (dps) (activity of 1g 226Ra)

Units of Ac?vity

𝛥NA =
𝛥t A = -𝜆N A(t) =A0e-𝜆t
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What are we detecting from a sample in the lab?

A
ct

iv
ity

   
   

   
   

   
   

   
   

   
   

  A0
A0=A0e-𝛌t

A0/2

A0/4
A0/8A0/16

Decay law in this form is rather limited 
for us since N is number of undecayed 
nuclei in a sample, thus very difficult 
quantity to measure.  

It is easier to to count the number of 
decays (by observing the emiNed 
radiaOon) that occur between the Omes t1

and t2

49

We will do this counting experiment soon 
(Exp 1: Geiger-Muller experiment) 



Fluctuations in Radioactive Decay

Consider now the number of decays undergone by a radioactive source in a period of time Δt which is short 

compared to the half-life of the source. The activity of the source may then be considered as constant. 

If  we repeat the measurement of the number of decays (n) in the interval Δt, fluctuations will be observed for 
these several sets of measurements.

Fluctuations are statistical nature of the decay process; 

From the radioactive decay law, it can be shown that the probability of observing n counts in a period Δt is given 

by a Poisson distribution:

m: average number of counts in a Δt time 

Standard deviation of the Poisson distribution50



Example: 

Fluctuations in Radioactive Decay
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When does internal conversion happen?
Are beta electrons suitable for calibrating electron detectors? Why?
Give an example of a process to create fast positrons and a good positron emitter
source.
Can you give examples of good gamma-ray calibration sources?
What are sources of charged particles? Give examples.
What is a half-life in a given radioactive decay? Why is it important?
If we observe a radioactive source for a period of 10 seconds, during which 1000
counts are accumulated by the detector, what is the count rate per second and error
from this measurement?

Questions after this lecture: 


