
Mahesh Shetti, Wilson College 

USPH102, Unit 2.1 1 

“When you can measure what you are speaking about and express it in numbers, you know something 
about it; when you cannot...your knowledge is of a meager and unsatisfactory kind.” - Lord Kelvin 
(1889) 



 In ionisation, atoms may gain 

or loose electrons to form 

positively charged ions. 

 When high energy particle hits 

neutral atoms, it transfers 

some energy to remove 

electron from atom. 

 Typical ionisation energy of 

atom is in eV. 
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 How much a radiation 
travels through medium 
differs for ,  and  
radiations. 

 Alpha particles travel least 
while gamma radiations 
travel maximum. 
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 Light shining on some metals 
can make electrons eject off 
the surface 

 Only light with frequency 
greater than certain threshold 
will produce the current 

 Current begins almost 
instantaneously, even for light 
of very low intensity 

 Current is proportional to 
intensity of light 
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 When X rays or  rays are scattered from 
certain targets like graphite sheets, their 
wavelengths are changed. 

 The change in wavelength depends on the 
angle of scattering. 

 This can be explained well if we assume 
the scattering rays are inelastic collissions 
between photons and atoms. 

 The loss of energy depends on angle of 
scattering as given by mechanics. 

 Change in energy of photons imply change 
in wavelength of radiations. 
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 When high energy photons pass 
near high Z nuclei, they can 
spontaneously produce a pair of 
particle and anti-particle. 

 The minimum energy required 
by photon is twice rest mass 
energy (m0c2) of particle 
produced. 

 In case of electron rest mass is 
0.511MeV, hence for pair 
1.022MeV energy is required. 
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Matter-Radiation 
Interaction 

Photoelectric effect 
Compton scattering 
Pair-production 
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 In beta source, energies of electrons is 
not fixed. It has large range. 

 Beta-particle counting rate decreases 
rapidly at first, and then, as the 
absorber thickness increases, it 
decreases slowly. 

 Greater the areal density 
(electrons/cm2) of electrons in the 
absorber, more absorption of beta 
particles. 

 Absorption of beta particles do not 
depend much on the atomic number of 
the absorber. 
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Beta source Bi-210, 
1.17MeV and aluminium 
absorber 



 Alpha particles are least penetrating. 

 Even most energetic alpha particles travel only several centimetres in air. 

 An alpha-particle absorption curve is flat because alpha radiation is essentially mono-
energetic. 

 As it travels through a medium, energy of alpha particle is reduced due to loss in 
ionising atoms of the medium. 

 Number of alpha particles is not reduced until the approximate range is reached.  

 Near the range, there is a sharp decrease in the number of alphas that pass through 
the absorber. 
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 Alpha particles from a small 
source. 

 There are two lots of alpha 
particles: one with short 
range than the other. 
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Image source: https://spark.iop.org/alpha-particle-tracks-showing-their-short-range 



 https://www.youtube.com/watch?v=egKZ1vSckkk&fe
ature=youtu.be 
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https://www.youtube.com/watch?v=egKZ1vSckkk&feature=youtu.be
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 https://www.youtube.com/watch?v=uRN09fXA3Mw&f
eature=youtu.be 
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https://www.youtube.com/watch?v=uRN09fXA3Mw&feature=youtu.be
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 https://www.youtube.com/watch?v=zmcOxoXLius&fe
ature=youtu.be 
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https://www.youtube.com/watch?v=zmcOxoXLius&feature=youtu.be
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 Created by IOP, UK 
 For alpha particles: 

 https://www.youtube.com/watch?v=IU-p9xa8tYs 

 For beta particles: 

 https://www.youtube.com/watch?v=t9bKVL6hdRQ&feature=youtu.be 

 For gamma radiation: 

 https://www.youtube.com/watch?v=by0YehyKOUs&feature=emb_logo 
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https://www.youtube.com/watch?v=IU-p9xa8tYs
https://www.youtube.com/watch?v=IU-p9xa8tYs
https://www.youtube.com/watch?v=IU-p9xa8tYs
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Ionisation Chamber (continuous current output) 
Proportional Counter (pulse current output) 
GM Counter (pulse current output) 
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 Gas filled detectors have volume of gas between 
two electrodes with some applied voltage 
between them. 

 Ionizing radiation produces ion pairs in the gas. 

 Positive ions are attracted to cathode (-). 

 Electrons are attracted to anode (+). 

 In most detectors cathode is wall of container. 

 Anode is generally a wire inside the container. 

 Electrons produce the electric current/pulse. 
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Image source: https://www.nuclear-power.net/nuclear-engineering/ 



 When voltage is a few volts to 200V – all 

the ions produced by ionizing particle 

reach the electrodes. 

 Upto a few thousand volts, the number of 

ions produced by ionizing particle is 

amplified by secondary ionisation. In that 

region output current pulse is  

proportional to the energy of particle. 

 At very high voltage (750 – 1000V), every 

ion produced is separately counted as it 

produces avalanche of secondary ions. 
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Image source: https://www.nuclear-power.net/nuclear-
engineering/radiation-detection/ 



A type of gas filled detector 
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 At low applied voltages, there is some 
probability that the positive and negative 
charges collide and recombine. This neutralizes 
them. And current is not recorded. 

 At sufficiently higher voltage, the stronger 
electric field separates the charges more quickly 
and  avoids recombination.  

 This is onset of the ion-saturation region. The 
current no longer depends on applied voltage. 

 Ion chambers are operated in this region.  

 The current measured is equal to the rate of 
formation of charges in the gas by the incident 
radiation. 
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 Common type of portable survey meter used to monitor potential personnel exposure 
to gamma rays  are air-filled ion chambers operated in current mode. 

 A measurement of the ion current under proper conditions can give an accurate 
measure of gamma-ray exposure rate over a wide range of incident gamma-ray 
energies. 

 The magnitude of the current observed from a typical ion chamber for a modest 
gamma-ray exposure rate is quite small.  

 For example, at a gamma-ray exposure rate of 10−3 roentgen per hour (a small but 
significant level for personnel monitoring purposes), the expected ion current from a 
one-litre ion chamber at atmospheric pressure is about 0.1 pA. 

 These low currents require the use of sensitive electrometers for their accurate 
measurement. 
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Image source: https://www.tandfonline.com/doi/pdf/10.1080/00223131.2008.10875870 



(type of Gas-filled detector) 
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 When the strength of the field is above 
about 104 V/cm, an electron can gain 
enough energy between collisions to 
cause secondary ionization in the gas. 

 In a uniform electric field under these 
conditions, the number of electrons will 
grow exponentially as they are drawn in a 
direction opposite to that of the applied 
electric field. 

 The growth of the population of electrons is 
terminated only when they reach the 
anode. 

 The production of such a shower of 
electrons is called a Townsend avalanche 
and is triggered by a single free electron. 

Image source: https://en.wikipedia.org/wiki/Proportional_counter 
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 All proportional counters are constructed using a 
wire anode of small diameter placed inside a larger, typically 
cylindrical, cathode that also serves to enclose the gas.  

 The electric-field strength is nonuniform and reaches large 
values in the immediate vicinity of the wire surface.  

 Almost all of the volume of the gas is located outside this 
high-field region, and electrons formed at a random position 
in the gas by the incident radiation drift toward the wire 
without creating secondary ionization.  

 As they are drawn closer to the wire, they are subjected to 
the continually increasing electric field, and eventually its 
value becomes high enough to cause the initiation of a 
Townsend avalanche.  

 The avalanche then grows until all the electrons reach the 
wire surface. 



 The total number of electrons produced in the avalanche can easily reach 1,000 or more 
in less than a s time under the typical conditions present in a proportional counter. 

 Therefore, this additional charge normally contributes to the pulse that is observed 
from the interaction of a single incident quantum. 

 In a proportional counter, each original free electron, formed along the track of the 
particle, creates its own individual Townsend avalanche. 

 If incident charged particle creates many ion pairs, many avalanches are formed.  

 One of the design objectives is to keep each avalanche the same size so that the 
final total charge that is created remains proportional to the number of original ion 
pairs formed along the particle track. 

 There is a proportionality between the size of the output pulse and the amount of 
energy lost by the incident radiation in the gas. 
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 In order to sustain a Townsend avalanche, the 
negative charges formed in ionization must remain 
as free electrons.  

 Electrons do not readily attach to noble 
gas molecules, and argon is one of the common 
choices for the fill gas in proportional counters.  

 Oxygen readily attaches to electrons, so air cannot 
be used as a proportional fill gas under normal 
circumstances.  

 They are either sealed against air leakage or 
operated as continuous gas-flow detectors in 
which any air contamination is swept out of the 
detector by continuously flowing the fill gas 
through the active volume. 
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Image source: http://physicsopenlab.org/2017/07/23/x-
ray-proportional-counter-2/ 



 Nearly all avalanches are formed under identical electric-field conditions 
regardless of the position in the gas where the free electron was originally 
formed, the condition that their intensities be the same is met. 

 Furthermore, the high electric-field strength needed for avalanche formation 
can be obtained using applied voltages between the anode and cathode of no 
more than a few thousand volts.  

 Near the wire surface, the electric-field strength varies inversely with the 
distance from the wire centre, and so extremely high field values exist near the 
surface if the wire diameter is kept small.  

 The size of the output pulse increases with the voltage applied to the 
proportional tube, since each avalanche is more vigorous as the electric-field 
strength increases. 
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 For proportional counters of normal size, only heavy charged particles or other 
weakly penetrating radiations can be fully stopped in the gas.  

 Therefore, they can be used for energy measurements of alpha particles but 
not for longer-range beta particles or other fast electrons.  

 Low-energy electrons produced by X-ray interactions in the gas may also be 
fully stopped, and proportional counters find application as X-ray 
spectrometers as well.  

 Even though fast electrons do not deposit all of their energy, the gas-
multiplication process results in a pulse that is generally large enough to record, 
and therefore proportional counters can be used in simple counting systems for 
beta particles or gamma rays. 
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Image source: https://www.imagesco.com/geiger/digital-geiger-counter.html 
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 As any ionising particle passes through 
GM counter, the electrons produced in 
the gas are accelerated towards the 
anode. 

 The applied voltage is about 1000V. 

 Due to very high electric field near 
anode, the avalanche is produced. 

 Every avalanche gives rise to a pulse. 

 This pulse is independent of energy of 
particle and also independent of 
voltage. 

 Low ionising particles can be detected. 



 High Amplification: The avalanche can produce amplification factor upto 1010. 
 The pulse height is about 1.6V and is independent of the primary ionization and the 

energy of the detected photon. 
 It’s insensitive to small voltage fluctuations. 

 Simpler Electronics: Due to high amplification, the subsequent electronic amplification 
is usually not required. 
 G-M detectors can be used with simpler electronics packages. 
 The input sensitivity of a typical G-M survey instrument is 300-800 mV, while the input 

sensitivity of a typical proportional survey instrument is 2 mV. 
 Simplicity: 

 mainly used for portable instrumentation due to its sensitivity, simple counting 
circuit, and ability to detect low-level radiation.  

 more sensitive to low energy and low intensity radiations than are proportional or ion 
chamber detectors. 
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 No particle identification, no energy resolution: 
 Since the pulse height is independent of the type and energy of radiation, 

discrimination is not possible.  
 There is no information whatsoever on the nature of the ionization that caused the 

pulse.  
 G-M detectors can not discriminate against different types of radiation (α, β, γ), nor 

against various radiation energies. This is because the size of the avalanche is 
independent of the primary ionization which created it. 

 Dead Time:  
 Because of the large avalanche induced by any ionization, a Geiger counter takes a 

long time (about 1 ms) to recover between successive pulses.  
 Therefore, Geiger counters are not able to measure high radiation rates due to the 

“dead time” of the tube. 
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 Ion chamber has no gas amplification (only primary ions are 
detected), while in proportional counter and GM counter there is 
avalanche produced. 

 It cannot detect individual ionisation because amount of charge 
produced is less. It measures total dosage of ionising particles. 

 Since there is no gas amplification, more ions produced by ionising 
radiation will cause more current. Hence it provides excellent energy 
resolution. 

 The current output is independent of voltage, hence it can be used 
with low cost voltage sources. 
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 Proportional counter produces avalanche (gas amplification). Hence each ionising 
event can be measured as a pulse. Hence it is a counter. 

 Each pulse height is proportional to number of ions produced by each event. Hence 
energy of incident radiation can be measured. 

 They are capable of particle identification and energy measurement (spectroscopy).  

 It is possible to distinguish the larger pulses produced by alpha particles from the 
smaller pulses produced by beta particles or gamma rays. 

 Pulse height also depends on voltage, hence a good constant voltage supply is 
needed. 

 Quenching is needed to avoid the false trigger when positive ions hit the electrode to 
produce additional ionisation. 
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 When chamber gas (i.e. argon) is ionised by incoming radiation, electrons start moving 
to anode wire and positive argon ion moves towards the cathode wall. 

 Positive argon ions gain electrons from cathode wall. In this process, some some 
energy is given off, which causes additional ionization of the gas atoms. 

 These additional ions and electrons produce false series of pulses. 

 This is avoided by quenching process. Typically 10% methane is added in argon gas. 

 Methane has a weaker affinity for electrons than argon. 

 Argon ions collide with methane molecule to take electron from methane molecule. 

 The positive ions of methane now travel to cathode wall. 

 Methane ions are neutralized by gaining an electron at cathode.  

 Some energy is liberated in this process. But it dissociates the methane molecule than 
ionising it. 
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 It produces avalanche for each ion pair. 

 Each ion pair produces a pulse. Hence it is counter. 

 The pulse height is independent of voltage, hence low cost 
voltage source can be used. 

 Pulse height is independent of voltage, hence energy 
discrimination is not possible. 

 It cannot discriminate between , ,  or other ionising 
radiations. 

 It is easily portable and has simple electronics. 
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 Scintillation is a flash of 

light produced in a 

transparent material by the 

passage of a particle (an 

electron, an alpha particle, 

an ion, or a high-energy 

photon). 
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Scintillator: It generates photons in response to incident radiation. 



 Photodetector: A sensitive 
photodetector is one of these: 
 photo multiplier tube (PMT) 

(most commonly used) 

 charge-coupled device (CCD) 
camera  

 photodiode 
 It converts the light to an 

electrical signal and 
electronics to process this 
signal. 
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Image source: https://www.hamamatsu.com/jp/en/product/optical-
sensors/pmt/index.html 
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 Photocathode: Right after a thin entry 
window, is a photocathode. 

 Photocathode is made of material in 
which the valence electrons are weakly 
bound and have a high cross section for 
converting photons to electrons via the 
photoelectric effect. 

 For example, Cs3Sb (caesium-antimony) 
may be used.  

 As a result, the light created in the 
scintillator strikes the photocathode of 
a photomultiplier tube, releasing at 
most one photoelectron per photon. 

USPH102, Unit 2.1 45 

Image source: https://www.olympus-lifescience.com/en/microscope-
resource/primer/techniques/confocal/pmtintro/ 



 Dynodes. There is a series (“stages”) of 
dynodes made of material of relatively low 
work function. These electrodes are 
operated at ever increasing potential (e.g. 
~100-200 V between dynodes). 

 At the dynode the electrons are multiplied 
by secondary emission. 

 The next dynode has a higher voltage 
which makes the electrons released from 
the first to accelerate towards it.  

 At each dynode 3-4 electrons are released 
for every incident electron, and with 6 to 
14 dynodes the total gain ~104-107 when 
they reach the anode. 
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V 
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Image source: https://www.radiation-dosimetry.org/ 



Basic Principle: In super cooled vapour, ionising particles will allow seed for condensation 
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 When vapour is cooled below boiling point, it will condense only if some 
seed is available. 

 Typically dust in air provide that seed. 

 In the absence of dust, it will cool without condensation, it is called super 
cooled vapour. 

 When a charged particle moves through gas, it ionises gas atoms. 

 These ionised particles can provide seed for condensation of super 
cooled vapours. 

 Hence particle tracks can be seen as condensation takes along that line. 
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 Force on a moving charged particle in 
external magnetic field: 

 F = q (v x B) 

 Applying a uniform magnetic field 
across the cloud chamber curves 
positively and negatively charged 
particles in opposite directions. 

 These tracks have distinctive shapes.  

 alpha particle has a broad track and 
shows more evidence of deflection by 
collisions.  

 electron’s track is thinner and straight.  
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Image source: https://www.researchgate.net/figure/Trajectories-in-a-Cloud-Chamber 



Cloud Chamber Schematic 
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 Dry ice (frozen CO2) and methyl 
alcohol inside a sealed container 
produce the steep temperature 
gradient. 

 Sealed container is transparent 
so the particle trails can be 
viewed from outside. 

 To see the particle trails it is 
necessary to shut off the lights. 

 The chamber is illuminated from 
the side. 
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Image source: https://www.researchgate.net/figure/Wilson-Cloud-
Chamber_fig2_317060457 
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The completed vacuum tank for the 15-foot bubble 
chamber being constructed near the intersection of 
Wilson and McChesney roads on the NAL site.  
Fermilab 



 It consists of a sealed container filled with 
a liquid hydrogen. 

 Inside pressure is suddenly decreased, it 
decreases the boiling point of the 
liquefied gas, thus converting it into a 
superheated liquid.  

 When particles pass through this fluid 
they produce dense tracks of localized 
electron–ion pairs.  

 The energy delivered to the liquid during 
this process produces tiny bubbles along 
the particle’s track. 
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Image source: https://www.sciencephoto.com/media/106022/view/tracks-of-electrons-and-positrons 
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 In spark chamber, voltage is 
applied to a grid of electrical 
wires.  

 The ionized trails cause 
electrical sparks to jump from 
wire to wire, forming the 
display that indicates the 
presence of ionizing radiation.  

 The location of the sparks is 
generally stored for later 
analysis by computer. 
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Image source: http://scicalgas.com/specialty-gas/instrument-gases/spark-chamber/ 



 https://www.youtube.com/watch?v=nvvW9chTxH4 
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