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Abstract  

 

Geiger Muller counters have been a fundamental device in radiation detection for 

decades due to their simplicity and low cost.  Canberra Company has been designing 

and manufacturing Geiger Muller detectors in various designs for radiation 

monitoring and field characterization.  However, these devices have a draw back 

when it comes to radiation activity measurements due to the over response of the 

detector in low energy range i.e., 20 - 250 keV.  One of the widely used Geiger 

Muller counter in the industrial sector is the T2416A. This device is used not only 

as a survey meter in high intensity gamma radiation fields, but also as a detection 

device employed in different survey meters for calibration purposes.  Among such 

instruments one can cite the Inspector 1000 and the RadiaGem system.  The T2416A 

GM detector has an over response in the low energy region of about a factor of 6 to 

40 relative to 137Cs energy (i.e. 662 keV).  In an attempt to flatten this response, in 

this study, the counter has been redesigned to be an energy compensated Geiger 

Muller counter.  To achieve this goal, a special filtering material has been designed 

with a composition of different materials and in different thicknesses.  The work has 

been carried out by adopting an approach of simulating the response of the detector 

with different materials as well as measurements at different photon energies up to 

250 keV with and without filtering materials.  A series of experimental and 

simulation data has been analyzed and compared against each other.  
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Chapter 1: Introduction   

 

The discovery of the existence of radiation was a turning point in the history of humanity.  

Whether by accident or not, the honour of such a discovery is attributed to Wilhelm 

Roentgen in 1895.  Roentgen not only discovered radiation in the form of X-rays but also 

discovered a method of detecting radiation.  Many of the advantages we enjoy in life are 

associated with the discovery of radiation.  Some of the many beneficial applications that 

have evolved from the discovery of radiation are:  electricity production via nuclear power 

plants, medical diagnosing of diseases through various radiation-based imaging techniques, 

and the source of cure of some diseases through the use of high energy X-rays, gamma 

rays, electrons or particles beams in radiotherapy.  

Just as with any other invention or discovery, there are some disadvantages associated with 

the use of nuclear/radiation-based technologies. The greatest disadvantage is the fact that 

radiation cannot be sensed by our five senses hence raise the need to use a tool to detect 

radiation in order to control and monitor radiation which is known to damage biological 

materials and organisms.  Radiation can be a great source of threat to our health, life and 

the environment if not properly monitored and controlled.  This has led the nuclear industry 

to place a great emphasis on the development of radiation detectors that are able to detect 

different types of radiation and provide accurate and reliable information about the nature 

of existing radiation and its possible hazard.    

The oldest and yet most commonly used radiation detector today is the Geiger Muller (GM) 

counter.  Hans Geiger and Walther Muller invented GM detectors in 1908 [1].  Though 
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GM detectors are one of the oldest detectors, they are still widely spread and used in the 

nuclear industry and that is due to their simplicity and low cost [2].   A GM detector is 

mainly a cylindrical tube with an inner wall that acts as a cathode and a thin wire running 

along the axis of the tube that acts as an anode with a high potential difference between the 

two electrodes.   

The initial GM detector went through various stages of development and improvement.  

Some of the major improvements include the development that was introduced in 1937 by 

Adolf Trost, who addressed the problem with the re-triggered pulses following a Geiger 

discharge.  These re-triggered pulses are caused by electrons ejected from the cathode wall 

as a result of the interaction of the positive ions with the atoms of the cathode wall.  The 

proposed solution was the addition of a secondary element to the filling gas, known as the 

quenching gas.  The quenching gas suggested by Trost was ethanol [1]. The main purpose 

of the quenching gas is to neutralize the positive ions produced by the ionization particle 

through the transfer of electrons from the quenching gas to the positive ion. The positive 

ions of the quenching gas break apart once they collide with the wall of the detector without 

producing any electrons.  The quenching gas is eventually eliminated as a result of its 

breaking apart after every Geiger discharge, which puts a lifetime limitation on the GM 

tube.  The problem of lifetime limitation due to the type of quenching gas used was later 

addressed in 1938 by S. H. Liebson and H. Friedman, who suggested the use of an inorganic 

halogen quenching gas instead of an organic quenching gas.  The main advantage of using 

an inorganic halogen gas is its ability to recombine following its breaking apart [1].  The 

usage of such gases removes any limitation with regard to the lifetime of the GM tube.    
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GM detectors suffer from a problem related to their response function to gamma rays with 

various energies, especially in the low energy region of gamma radiation.  The response of 

the GM detector is basically energy dependent i.e. measured activity is dependent on the 

energy of the source.   Gamma rays with low energies produce higher counts than gamma 

rays with higher energies.  Some research has been conducted to address such a problem.  

Before commenting on some of the work completed on this issue, it is useful to reflect on 

the seriousness of this problem.  A GM detector is known as a counter, it counts single 

events, i.e. operation in pulse mode and acting as a counter.  GM detectors are unable to 

provide information related to the energy of the incident radiation.  A GM detector that is 

energy dependent may provide inaccurate counts of present radiation.  This problem puts 

the reliability of GM detector into question, especially when it is widely used in large 

radiation monitors for calibration purposes.  Therefore international regulatory 

organizations have placed strict rules regarding the production of GM detectors with an 

improved response that is somewhat independent of the incident gamma energies [17].   

In 1964, Danchenkot and Mitrofanov, studied the GM energy dependence issue.  They 

focused on the response of the GM detector for gamma rays with an energy range of 0.5 to 

1.4 MeV.  They found that the GM detector has a higher response to gamma rays with 

energies above 1 MeV relative to Cs-137.  In their analysis, they determined that gamma 

rays with energies higher than 1.022 MeV interact via pair production which has a 

probability of interaction that is mainly proportional to the atomic number to the power of 

2, Z2 [3].  To minimize the over response of the GM detector for this range they suggested 

the wall of the detector to be constructed from a material with a low Z value, such as 

beryllium [1].  
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On the other hand, Centronic, a leading manufacturer of radiation detectors, studied the 

over response of the GM detector to low energy gamma rays in reference to Cs-137.  In 

1986, they developed four types of GM detectors with an improved response function 

which was achieved by adding shielding material that were either made of copper, lead, tin 

or a combination of both of tin and lead.  For the four types of detectors, a two-component 

filter with a central gap was used [4]. The shielding material basically attenuate gamma 

rays with low energies hence, limiting their counts.    

There are few companies around the world that produce energy compensated GM 

detectors.  Canberra Co., which is an Areva company, has taken the initiative to produce 

an energy compensated GM detector out of the T2416A GM detector to meet the demand 

of the local and international market. Based on their request a collaboration project with 

University of Ontario Institute of Technology (UOIT) was initiated in early 2011 with the 

main objective of investigating the possibility of locally manufacturing an energy 

compensated GM detector based on their widely used T2416A GM detector that over 

responds to gamma rays with low energies; i.e. from around 20 keV to 250 keV.   

The main objective of this research is to investigate the impact of various design features 

in lowering the response of the T2416A GM detector to gamma rays with an energy range 

of 20 to 250 keV.  By lowering the response of T2416A, it would then be considered an 

energy compensated GM detector.  The following design features were selected for this 

research work;  

1) Different mechanism for wrapping the filtering material around the GM which include  

a) One-Piece Wrapping Model  
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b) Two-Piece Wrapping Model  

2) Determining the appropriate filtering material which includes: 

a) A Single filtering material  

b) A combination of filtering materials with different weight percentages  

To achieve the cited objectives, a combined methodology of simulation, using MNCNP/X, 

along with a series of experiments carried out at the Canberra site was adopted.  This 

research mainly depends on the simulation data obtained using MCNP/X. Results obtained 

from the simulation data have been compared to the available experimental data.  Based 

on the results obtained from the above investigations an energy compensated GM detector 

was developed.   

The thesis consists of four chapters, a conclusion, and future work, and concludes with a 

list of references and appendices.  Current chapter consists of the general background of 

the history of GM detectors and presents a literature review of some of the completed work 

on the improvements of GM detectors to date.  Chapter two provides a description of 

sources, interactions and detection of gamma rays with an emphasis on the GM detector.  

Chapter three covers the methodology used in this research to achieve the above listed 

objectives.   Details are provided about the MCNP/X code used to simulate the response of 

the GM detector to low energy gamma rays.  Chapter four presents the results obtained 

from the simulation work with a comparison against experimental results.  The impact of 

each of the parameters listed above on the response function of the GM detector is also 

discussed in this chapter. Based on the discussion related to the obtained results, 

conclusions have been drawn to summarise the impact of each of the design features in 
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lowering the response of the T2416A GM detectors to gamma rays with low energies.  The 

thesis concludes with a list of references and a brief description of suggested future work.  
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Chapter 2: Gamma-ray Interaction and Detection  

In this chapter, the nature of gamma rays is highlighted along with the various sources 

through which gamma rays are produced.  Once the sources of gamma rays are highlighted, 

then their mode of interactions is discussed.   There are three main modes of gamma 

interaction.  These modes of interactions are the foundation of the gamma ray detection.  

There are various types of detectors that are discussed in this chapter.  A great emphasis is 

put toward GM detectors and their operation, components and response to gamma rays.   

2.1 Photon Sources  

 

Gamma and X-rays are electromagnetic radiation that have a mass and a charge of zero.  

Due to their lack of charge and mass, gamma and X-rays have a very strong penetration 

power.  The main difference between gamma rays and X-rays is their source of origin.  

Gamma rays are emitted from the nuclei of the atom as a result of a rearrangement of 

protons/neutrons, whereas X-rays are emitted from the atom as a result of the 

rearrangement of orbital electrons.  There are several sources whereby a gamma ray may 

be obtained.  In this chapter, these sources are discussed in detail [2].  

2.1.1 Gamma ray following Beta Decay  

 

For an unstable atom that has a high neutron-to-proton ratio such as Po-210, stability is 

achieved though the transforms of a neutron to a proton and an electron [3].  The electron 

(beta particle) is ejected and hence this type of decay is known as beta decay.  The daughter 

of the decayed atom is left in an excited state therefore a gamma ray is emitted to de-excite 

the atom.  The energy of the emitted gamma ray is a characteristic of the daughter atom 

since it reflects the energy level structure of the daughter nucleus.  However, the gamma 
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ray appears with the half-life of the parent [2].  For instance Cs-137 decays through beta 

minus decay to Ba-137 which is in an excited state.  Ba-137 de-excites through emitting a 

gamma ray with energy equal to 662 keV.  The emitted gamma ray is emitted according to 

the Cs-137, the parent, half-life which is 30 years.  Figure 1 illustrates the decay scheme 

of Cs-137 described above.  

 

Figure 1: Decay Scheme for 137Cs [2] 

2.1.2 Annihilation Radiation  

 

Annihilation radiation is generally associated with the vanishing of a positron particle.  A 

positron is identical to an electron in all aspects except its charge, it is positively charged.  

A positron is produced through a beta positive decay whereby an atom with a low neutron-

to-proton ratio may decay through a positron emission [3].  Pair production interaction of 

a gamma ray with a high energy may also produce a positron.  In either case, due to the 
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nature of a positron, the positron is destined to vanish.  The emitted positron expends all of 

its kinetic energy through collisions in the matter causing numerous ionization and 

excitation [5].  At the end of the positron track, the positron combines with an electron in 

a process known as annihilation.  As a result of the annihilation process two gamma rays 

are emitted in opposite directions. Each gamma ray has an energy equivalent to the rest 

mass of the electron, 0.511 MeV.  Since the positron expends its energy in a very rapid 

way, the annihilation radiation emission is in virtual coincidence with the original beta 

positive decay or the pair production interaction [2].   

2.1.3 Gama ray following Nuclear Reactions  

 

A radioactive isotope with a low neutron-to-proton ratio tends to decay via alpha emission.  

Mixing such a radioactive isotope with an appropriate element, such as C-13 or Be-9, 

results in a nuclear reaction that produces an element in an excited state [2].   The excited 

product of this nuclear reaction de-excites itself through the emission of a gamma ray.  An 

example of such a reaction is the interaction of americium-241 with beryllium-9.  

Americium-241 is an alpha emitter.  The emitted alpha undergoes a nuclear reaction with 

beryllium-9 producing a neutron and a carbon-12 atom where the latter is in an excited 

state.  Carbon-12 de-excite through the release of a gamma ray [2].  

𝛼2
4 +  𝐵𝑒4

9  →  𝐶6
12 ∗ + 𝑛0

1  

The nuclear interaction of a thermal neutron through the absorption of typical nuclei may 

lead to the production of a gamma ray.  Such a nuclear reaction is known as an n-𝛾 reaction. 

There are various sources of neutrons that can be utilized to induce this reaction such as; 

nuclear reactors, accelerators or radioisotopes of neutron sources [2] [3].   
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2.1.4 Bremsstrahlung  

 

When a charged particle accelerates or decelerates, an electromagnetic radiation known as 

bremsstrahlung is produced.  The acceleration or deceleration is due to the interaction of 

the incoming charge particle with the electric field due to a similar or an opposite charge 

[2].  The intensity of the electromagnetic radiation produced is directly proportional to the 

square of the atomic number and inversely proportional to the square of the mass of the 

charged particle.   Electrons have an insignificant mass thousands times less than the mass 

of the proton; hence the amount of bremsstrahlung produced by protons is very 

insignificant in comparison to electrons [2].  The fraction of electrons energy that is 

converted into bremsstrahlung is also proportional to the energy of the electron.  Equation 

2.1 is used to calculate the fraction of the electron’s energy that is converted into 

bremsstrahlung.  

𝑓𝛽 = 3.5 × 10−4𝑍𝐸𝑚                                            2.1 

where 𝑓𝛽  represents the fraction of the incident beta energy converted into photon, 

𝐸𝑚 represents the maximum energy of the beta particle in MeV and Z is the atomic mass 

of the target material [3].   Figure 2 illustrates an incident electron passing though the 

electric field due to the nuclei and thus is accelerated and in the process a bremsstrahlung 

radiation is produced.  
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Figure 2: Bremsstrahlung Production 

 

An X-ray machine produces X-rays via this method.  Electrons are accelerated in an X-ray 

tube through the supply of a very high voltage.  The accelerated electrons are directed onto 

a metal target.  As a result of the interaction of the electrons with the target, electrons 

decelerate and slow down and as a result a spectrum of continuous bremsstrahlung 

radiations are produced.  Sharp peaks may exist in this continuous spectrum.  These sharp 

peaks are known as characteristic X-rays which is explained in detail in the following 

section.  A filtering material is added to eliminate or reduce undesired energies of the 

emitted X-rays.   

 2.1.5 Characteristic X-rays 

 

A characteristic X-ray is a fingerprint property for each atom; hence it is used in the X-ray 

fluorescence technique to perform elemental/chemical analysis [6]. A characteristic X-ray 

is emitted when the electrons in an atom make a transition from a high energy shell to a 

lower energy shell.    The transition of electrons is due to the creation of a vacancy in the 
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orbital shells of the atom.  A vacancy is created as a result of radioactive decay process or 

due to excitation by external radiation. Thus when an electron jumps from the L shell to 

the K shell, the characteristic X-ray that is emitted is known as 𝐾𝛼.  If the electron jumps 

from the M shell to the K shell, the characteristic X-ray that is emitted is known as  𝐾𝛽. 

Figure 3 illustrates a typical X-ray spectrum which consists of a continuous background of 

bremsstrahlung radiation with a  𝐾𝛼 and  𝐾𝛽 characteristic X-ray [2].  

The energy of the characteristic X-ray that is emitted is equivalent to the energy difference 

between the two orbital shells.  A characteristic X-ray would have maximum energy when 

the transition takes place from an unbound electron to the K shell [7] [6].  
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Figure 3: Typical X-ray Spectrum 

 

2.2 Gamma Interaction    

 

X- and Gamma rays are electromagnetic radiation that have a high frequency and high 

energy.  The mass and the charge of a gamma ray are zero.  Due to the nature of their 

charge, x and gamma rays do not interact with charged particles in an atom through an 

electrostatic force leading to the ionization or the excitation of atom, hence they are known 

as an indirect ionizing radiation [2].  However, they interact mainly through collisions with 

the electrons in the atom or by interacting with the electromagnetic field due to the presence 

of charges particles in the atom. 
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When an incident photon collides with an electron in the atom, the photon either transfers 

all or part of its energy to the electron.  If all of the photon’s energy is transferred then the 

process is knows as photoelectric effect.  However, if there is only a partial transfer of the 

incident photon’s energy, then the process is known as Compton scattering.  In either case, 

an electron is ejected, leading to the ionization of the medium.  If the incident photon has 

energy that is greater than 1,022 MeV then the possibility of colliding with an electron is 

very slim.  Such photons interact with the electric field of the nucleus and, as a result, the 

photon disappears and an electron and a positron are formed.  These three modes of 

interactions are explained in further detail in this chapter.  

Other than the energy of the photon, the Z value of the absorber atom has a great influence 

in determining which of the above three interactions take place. Figure 4 illustrates regions 

where each of the above mentioned modes of interactions are dominant with reference to 

the Z value of the target as a function of gamma energy.     



 
 

15 
 

 

Figure 4: Z/ E Influence on Gamma ray Mode of Interaction [2] 

 

Through observing Figure 4, it can be seen that the photoelectric effect is dominant when 

the photon’s energy is low, lower than 0.5 MeV and the Z value of the absorber is high.  

The Compton scattering, on the other hand, is dominant when the photon’s energy is 

between 0.5 and 1 MeV and the Z value is low.  The interaction of photons with the electric 

field due to the nucleus requires an energy that is higher than 1.022 MeV, which makes 

this type of interaction dominant when the photon’s energy and the Z value are high i.e. E> 

10 MeV and Z>40. 
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2.21 Photoelectric Absorption  

 

An incident photon interacts with the orbital electrons in the absorbing material atom.  This 

interaction takes place with one of the tightly bound electrons.  The photon transfers all of 

its energy to the electron and disappears.  If the energy of the incident photon is greater 

than the binding energy of the electron, then photoelectron is ejected with an energy 

equivalent to the difference between the incident photon and the binding energy of the 

electron. The energy of the ejected photoelectron can be determined by using Equation 2.2.  

 

𝐸𝑒− = ℎ𝜐 −  𝐸𝑏                                                     2.2 

where  𝐸𝑏  represents the binding energy of the electron and ℎ represents Planck’s constant 

and 𝜐 represents the wavelength of the photon [2].  The binding energy for electrons in the 

K shell for materials with a low Z are few keV in magnitude while materials with a high Z 

value are tens of keV in magnitude [7].  The ejected photoelectron is mostly from the K 

shell.  Once the photoelectron is ejected a vacancy is created in the K shell.  An electron 

from the outer shells fills this vacancy and in the process a characteristic X-ray is emitted 

or the atom captures an electron from the medium.  In most cases the emitted X-ray 

interacts through photoelectric absorption with an electron that is in a less tightly bound 

shell.  

The probability of photoelectric effect interaction mainly depends on the energy of the 

incident gamma, the atomic number of the target atom and the binding energy of the 

electron [2].  The higher the atomic number, the higher is the electron density and hence 

the higher the probability of photoelectric interaction.   On the other hand, the higher the 
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energy of the incident photon, the lower is the probability of photoelectric interaction [3].  

The greater the binding energy or the more tightly bound the electron; the higher is the 

probability of interaction.  Electrons on the K-shell are tightly bounded electrons, which is 

why 80% of the interactions involve K electrons [7].  The probability of interaction is 

determined using Equation 2.3. 

𝜏 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ×
𝑧𝑛

𝐸𝛾
3.5                                                   2.3 

The exponent n has a value between 4 and 5; hence the Z value plays a significant role in 

the probability of interaction which makes elements with high Z values, such as Pb-208 

and U-238, a great choice for shielding gamma rays [3].  Figure 5 shows the mechanism of 

interaction for photoelectric absorption. 

 

Figure 5: Photoelectric Effect  
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2.2.2 Compton Scattering  

 

In this mode of interaction, an incident photon collides with the absorbing material atom’s 

free electrons, whose binding energy is very small in comparison to the energy of the 

incident photon.    As a result of the interaction the photon scatters and a portion of its 

energy is transferred to the electron causing the electron to be ejected from the atom.  The 

photon deflects at an angle 𝜃 with an energy that is less than the energy of the incident 

photon as illustrated in Figure 6.   

 

 

Figure 6: Compton Scattering Interaction 
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The angle 𝜃  can have any value between 0°  and 180° .  The deflected photon have a 

minimum and a maximum energy when 𝜃 is 180° and 0°, respectively.  Equation 2.4 is 

used to calculate the energy of the ejected electron. 

𝐸𝑒 = ℎ𝜐 − ℎ𝑣 ′                                                   2.4 

ℎ𝜐  represents the energy of the incident photon and ℎ𝑣 ′   represents the energy of the 

deflected photon.   Since both of the energy and the momentum have to be conserved, then 

the energy of the deflected photon is calculated using the following equation [2]. 

ℎ𝑣 ′ =  
ℎ𝑣

1+ 
ℎ𝑣

𝑚0𝑐2 (1−𝑐𝑜𝑠𝜃)
                                               2.5 

where 𝑚0𝑐2 represents the rest mass energy of the electron (0.511 MeV) and 𝜃 is the angle 

of deflection of the photon.  

 

Figure 7: Electron Energy Distribution for 137Cs 
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Figure 7 shows the electron energy distribution for Cs-137 versus counts measured with a 

gamma ray NaI scintillator spectrometer. The Compton continuum represents the 

continuum of energies transferred to the electron due to the variation of scattering angles 

from 0° and180°.  The Compton edge shown in Figure 7 represents the maximum energy 

that can be transferred to the electron. In the case of a 662 keV Cesium source the Compton 

edge is around 470 keV; this value is calculated using Equation 2.6 [2].  

𝐸𝑒− = 𝐸 (

2𝐸

𝑚0𝑐2

1+
2𝐸

𝑚0𝑐2

)                                                   2.6 

The gap between the Compton edge and the photo peak is due to the difference between 

the value of the incident photon and the Compton edge value [2].    

 

The probability of Compton scattering interaction is dependent on the energy of the 

incident photon and on the electron density of the medium.  The electron density is 

proportional to Z/A which is almost constant for all materials, hence there is less 

dependency on the medium material.  Equation 2.7 is used to determine the probability of 

interaction for Compton scattering interactions [3].  

𝜏 =  
𝑍

𝐸
                                                         (2.7) 

where 𝜏  is the probability of interaction, Z is the atomic mass number of the absorbing 

material and E is the gamma ray energy.  
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2.2.3 Pair Production  

 

In contrast to the first two modes of gamma interaction, this mode does not involve 

collision with electrons.   An incident photon passes through the electric field near the 

nucleus and as a result the gamma disappears and an electron-positron pair is formed.   This 

materialization is only possible if the incident gamma ray has energy equal to twice the rest 

mass energy of an electron, 1.02 MeV.  If the gamma energy exceeds the threshold energy 

for this interaction, then the excess energy is shared between the positron and the electron.  

The above interaction can also take place when an energetic photon passes by an electron. 

However, the probability of this interaction is very low [3] [5].  

The electron and positron produced as a result of this interaction slows down rapidly in the 

absorbing material.  Once, the positron loses most of its kinetic energy it goes through 

annihilation process, in which a positron combines with an electron and as a result two 

gamma rays with energy of 0.511 keV each are emitted in opposite directions.  These two 

low-energy gamma rays either both escape the detector region, both deposit their energy in 

the detector or one escapes and one deposits its energy in the detector [2].  If the energy of 

both gamma rays is deposited in the detector, then the total energy deposited is equal to the 

energy of the incident gamma ray.  Whereas if any or both of gamma rays escape the 

detector region then the interaction contributes to the escape peak  below the full energy 

peak [2].  

Though the threshold of pair production interaction is 1.022 MeV, the probability of 

interaction is very low around 1.022 MeV and the probability slowly increases until the 

photon energy reaches 5 MeV.   For example a photon with energy of 1.5 and 2 MeV have 
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a 20% and 50% rate of pair production respectively when interacting with lead [7].  If the 

energy of the photon exceeds 5 MeV, the probability of interaction is proportional to the 

logarithm of the quantum energy.  Such an increase leads to an increase of the attenuation 

coefficient for high energy photons [3].  Figure 8 illustrates the mechanism of pair 

production interaction.  

 

Figure 8: Pair Production 

 

2.3 Gamma ray Attenuation  

 

As a beam of gamma ray traverse any medium, a gamma ray may interact with the atoms 

of the medium through absorption or scattering.  In either case, the photon will end up 
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being removed from the beam.  The probability of photon removal is known as the linear 

attenuation coefficient, 𝜇,  which is defined as: the probability per unit path length that the 

gamma-ray photon is removed from the beam [2].  Every method of gamma ray interaction 

has its own 𝜇 value.  The total linear attenuation coefficient can be calculated by adding 

the 𝜇 value for all possible interaction mechanism.  Equation 2.8 is used to calculate the 

total 𝜇 value.  

𝜇 =  𝜇𝑝ℎ𝑜𝑡𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 +  𝜎𝑐𝑜𝑚𝑝𝑡𝑜𝑛 + 𝜅𝑝𝑎𝑖𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛                     2.8 

𝜇 may also be calculated using the mean free path value, 𝜆.  The mean free path is defined 

as the average path travelled by the incident gamma in a medium without interaction.  

Equation 2.9 is used to calculate the 𝜇  from the mean free path value: 

𝜇 =  
1

𝜆
                                                          2.9 

Using the 𝜇 value, the number of transmitted gamma is calculated using Equation 2.10 

where I represents the number of transmitted gamma, 𝐼0 represents the initial number of 

gamma rays before entering the medium and t is the thickness of the medium.   

𝐼 =  𝐼0 𝑒−𝜇 𝑡                                                     2.10 

The linear attenuation coefficient values for the same material can vary, based on the 

density of the material.  To avoid such dependency, a mass attenuation coefficient is used 

instead with a value of linear attenuation coefficient divided by the density of the material.   
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Figure 9: Tin Mass Attenuation Coefficient [2] 

 

 

Figure 9 represents the mass attenuation coefficient for tin as a function of photon energy. 

The shape of the curve is dependent on the photon energy and the atomic number of the 

medium. All mass attenuation coefficient curves follow the same trend as the curve above.  

At low energy the mass attenuation coefficient or the probability of interaction is high and 

it smoothly decreases as energy increases.  This smooth decrease in mass attenuation is 

interrupted by peaks were the value of mass attenuation coefficient increases and then 

decreases again [7].  This increase is due to the absorption edge of various shells.  The 

absorption edge represents the minimum energy needed to eject an electron from a specific 
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shell.  For instance, the minimum energy needed to eject an electron from the K shell in Al 

and Cu atoms is 1.55 and 8.97 keV, respectively [7].  Further discussion on absorption 

edges is presented in the next chapter as this concept is strongly related to the fulfilment of 

the objectives for this thesis.  

2.4 Gamma Detectors 

 

There are many types of gamma detectors with various capabilities.  Some detectors 

function just as a counter, while others are able to function as spectrometers.  All gamma 

ray detectors function on the basis of ionization and/or excitation.  The incoming gamma 

ray ionizes the sensitive part of the detector and thus producing electrons and positive ions.  

The collection and the processing of these ejected electrons reveal the intensity and the 

energy of the incident gamma ray. In this section the three main types of gamma detectors 

are discussed in detail. 

2.4.1 Scintillation Detectors  

As the name implies, these detectors contain a scintillation material.  This scintillation 

material can be solid, liquid or gas and can be organic or inorganic [8].  In either case, the 

scintillation material emits light as a result of interaction with ionizing radiation.  The 

quantity of the emitted light is proportional to the energy of the ionizing radiation absorbed 

in the scintillator.  Some of the common inorganic scintillation materials are zinc sulfide 

(ZnS), lithium iodide (LiI), sodium iodide (NaI) and cesium iodide (CsI).  The latter two 

materials are the most commonly used [9].   A good scintillation material must be 

transparent, large in size “for better sensitivity”, able to produce a large light output that is 

proportional to the incident gamma energy [10].  
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Figure 10: Interactions in the Scintillation Material [8] 

 

Figure 10 shows the result of the interaction of the incident gamma ray with the scintillation 

material.  If the energy transferred to the electron is greater than the ionization energy then 

the electron jumps to the conduction band otherwise the electron, exists in an excited state. 

In either case a hole is created in the valence band.  If the crystal used is pure, then in the 

process of de-excitation, a photon is emitted with a very high energy which is not visible 

to the photomultiplier tube, PMT.  If some impurities, known as an activator, are added to 
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the crystal additional energy levels are added in the forbidden band.  The hole that was 

created in the valence band shifts to the new added energy levels [8] [10].  Thus in the 

process of de-excitation, a photon is released with an energy equal to the difference 

between the newly created energy levels and the conduction band. Since the created energy 

levels are closer to the conduction band, the emitted photon has less energy making it 

visible to the PMT [8].  

The scintillation light is emitted in all directions; hence a reflector is used to minimize the 

loss of light.  Magnesium Oxide, MgO, is commonly used as a reflector [9].  A photo 

multiplying tube, PMT, is used to convert the emitted light into an electrical signal that can 

be processed.    
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Figure 11: PMT Components [8] 

 

Figure 11 shows the component of a PMT and the operational mechanism. It can be seen 

that the emitted light is directed to a photocathode where the light will be converted through 

photoelectric effect into electrons with almost equal energy to the incident light.  These 

ejected electrons are too small in number and energy to be processed by electronics [8].  In 

the PMT, these electrons are multiplied in energy and numbers through an acceleration 

process between many dynodes due to a significant voltage drop between each dynode.   

The amount of electrons generated at the end of this multiplication process is proportional 

to the amount of energy deposited by the gamma ray. Therefore, scintillation detectors are 
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used in spectroscopy. The exact number of electrons generated is a function of the applied 

gain.  

2.4.2 Solid-State Detectors  

 

Unlike other types of detectors, solid-state detectors offer great energy resolution for 

gamma rays.  The detection mechanism is similar to that of scintillators, whereby an 

incident gamma ray will interact with the crystals of the detector causing an electron to be 

ejected.  The ejected electron jumps to the conduction band creating a hole in the valence 

band.  Due to the nature of the semiconducting material used, the electron and the hole 

created move around freely.  Due to the high electric field applied by the bias voltage, the 

electrons generated move toward the electrodes which then are converted by the 

preamplifier to a voltage pulse.  Both germanium and silicon possess ideal electronic 

properties that make them perfect candidates for semi-conductor detectors [9].     

Materials with a low band gap, which is the case with all semiconductors, tend to have a 

high probability of thermal excitation leading to the creation of an electron-hole pair [2].  

Hence, semi-conducting crystals, such as high purity germanium (HPGe) crystals, must be 

maintained at a very low temperature around 77 K.  Liquid nitrogen is generally used to 

cool HPGe crystals.  Figure 12 illustrates a UOIT high purity germanium (HPGe) detector 

connected to a nitrogen gas for cooling purposes.  
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Figure 12: UOIT High Energy Gamma Spectroscopy System 

 

2.4.3 Gas filled Detectors  

 

 The family of gas-filled detectors are the most commonly used detectors.  They simply 

consist of a metallic tube filled with a gas.  The inner wall of the tube is the cathode and 

the thin wire in the middle of the detector is the anode [10].  This family of detectors works 

on the principle that when ionizing radiation interacts inside the detector; along the track 

of the ionizing particle, electrons and positive ions are created.  Depending on the strength 

of the applied voltage, electrons and positive ions drift to their corresponding electrode.  

The collection of these charged particles leads to the formation of a pulse across the resistor 

[2].  This pulse is then registered by the electronic signal processing electronics as a count.  

Figure 13 illustrates a typical design of a GM detector.   
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Figure 13: Typical End Window Geiger Muller Detector [2] 

 

As indicated earlier, the variation of the voltage applied between the anode and cathode 

determines the characteristic of the detector.  If the applied voltage is very low, most if not 

all generated electrons and positive ions recombine.  If higher voltage is applied then all 

generated electrons and positive ions will be collected at the corresponding electrode.  The 

number of electrons collected is the actual number of electrons created and is proportional 

to the energy deposited by the ionizing particle.  This region of detection is known as the 

ionization chamber region.  If a higher voltage is applied, then the ejected photoelectrons 

are accelerated between collisions with the gas atoms and thus inducing further ionization 

of other gas molecules.  The total number of electrons collected is still proportional to the 

energy of the incident ionization radiation.  This region of detection is known as the 

proportional counter region.   A further increase in the voltage leads to greater electron 

multiplication.  The number of electrons collected is no longer proportional to the energy 

of the incident ionizing radiation.  This region of detection is known as the Geiger-Muller 
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counter region [10].  Any further increase in voltage will lead to the continuous discharge 

region. In this region, the voltage is so high to the point where one ionization process will 

produced a continuous electron multiplication leading to a continuous discharge of the gas 

[8].    

 

Figure 14: Gas Detector Output vs Applied Voltage [2] 

 

Figure 14 illustrates the various region of detection.  Each region of detection has its own 

application based on its properties.  Some detectors, based on their type, may function only 

as a counter while others are used to determine the intensity and the energy of the incident 
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particle.   A Detector resolution, efficiency and size, and the Z value of the material used, 

determine the appropriate use of each of these detectors in various scenarios [10].  

2.5 Geiger-Muller Detector  

 

The GM detector is one of the oldest detectors.  It was developed by Geiger and Muller in 

1928.  GM detectors are still used worldwide in a variety of applications.  The main reason 

for their continuous survival is attributed to their simplicity and low cost [2]. In this section 

of the report, a detailed analysis of the detector will be provided.  In-depth understanding 

of the properties and structure of the GM detector will assist in the development of an 

energy compensated GM detector, which is the main objective of this research.   

2.5.1 Townsend Avalanche  

 

As indicated earlier, a GM detector is based on the principle of gas ionization.  Incident 

radiation interacts with either the wall or the gas of a GM detector, leading to ionization of 

the gas molecules along the track of the charged particle produced.  All the electrons and 

positive ions that are generated will drift toward the appropriate electrode.  Gas 

multiplication takes place due to the high voltage applied within the tube.  In this process 

electrons gain significant kinetic energy from the electric field between collisions.  As the 

electron travels toward the anode it collides with orbital electrons of the neutral gas 

molecules.  In every collision, a significant amount of energy is transferred.  If the 

transferred energy is greater than the ionization energy of the gas molecules, then further 

ionizations takes place [2].  Each ejected electron is accelerated during a mean free path, 

due to the high voltage applied, and continues to induce further ionizations.  This 
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multiplication process is known as a Townsend Avalanche.  Equation 2.11 is used to 

estimate the total number of electrons produced at any point in the tube [2];   

𝑛(𝑥) = 𝑛0𝑒𝛼𝑥                                                     2.11 

The 𝛼 term in Equation 2.11 corresponds to the first Townsend coefficient for the gas 

which is defined as the number of ion pairs generated per unit length,  𝑛0 represents the 

initial number of electrons and x is distance travelled.  The number of electrons increases 

in an exponential form as they travel toward the anode.  

2.5.2 The Geiger Discharge  

 

The formation of one avalanche can lead to the formation of other avalanches elsewhere in 

the detector.  When an electron collides with orbital electrons along its path, the orbital 

electron is either ionized or excited, depending on the amount of energy transferred.  In the 

case where excitation takes place, the atom tends to de-excite and, in the process, release a 

photon.  This photon travels in the tube and is eventually absorbed through the 

photoelectric effect. As a result of the photoelectric effect an electron is ejected.  This 

ejected electron gains some kinetic energy as it drifts toward the anode wire inducing 

another avalanche [2].  

After a set value of electric field, every avalanche can induce another avalanche at a 

different part of the tube.   Within a very short time, many avalanches are formed at 

different positions along the tube as illustrated in Figure 15.  The total number of 

avalanches formed is always the same regardless of the energy of the incident ionizing 

radiation.  Hence, a GM detector can only function as a counter.  In an average size detector, 

it takes few microseconds for all of the charges to be collected [2].   
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Electrons are much smaller in size and mass than the positive ions formed hence, electrons 

travel faster than these positive ions which create a cloud of positive ions which reduce the 

strength of the electric field in the tube.  This reduction in the electric field minimizes the 

gas multiplication until a point where no further multiplication takes place.  This process 

is known as Geiger discharge termination.  This termination always takes place when a 

specific number of positive ions have been formed [2].  Thus the pulse formed due to 

collected electrons is always of the same size.   

 

Figure 15: Avalanche Formation [2] 

 

2.5.3 Fill Gas  

 

The most commonly used type of filling gas is an inert gas.  Inert gases have a low 

avalanche multiplication threshold.  Below this threshold, secondary ionization will not 

take place.  The density of the gas is a very important factor especially when x or gamma 

rays are to be detected.  The pressure of the gas is usually kept at atmospheric level [2].   

http://www.wiley.com/college/knoll/0470131489/ig/ch07/pages/c07f002_highres.htm
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2.5.4 Quenching  

 

Due to their size, positive ions generated through ionization tend to move slowly toward 

the cathode.  Once they reach the cathode, they interact with the atoms of the wall’s 

material.  As a result, these positive ions combine with the electrons from the wall material 

and become neutralized.  In this process, if sufficient energy is transferred by the positive 

ion, an electron is liberated. This liberated electron will drift toward the anode and can 

trigger an avalanche.  This process could be repeated many times leading to the formation 

of multiple pulses.  In order to eliminate this problem, two possible methods of quenching 

may be applied [2].   

2.5.4.1 Internal Quenching  

 

In this method of quenching, a quenching gas is added to the gas mixture.  The role of 

quenching is to eliminate the liberation of electrons from cathode due to the interaction 

with positive ions.  This is accomplished through neutralizing the positive ions of primary 

gas by the quenching gas.  The positive ions of the quenching gas drift toward the cathode 

and interact with it in an attempt to be neutralized.  If the positive ions of the quenching 

gas have excess energy, then this energy will not be used to liberate an electron from the 

cathode but will be used to disassociate the complex molecules [8] [2].  

The quenching gas is carefully selected to have a lower ionization potential so it is easily 

ionized as with the primary gas mix.  The quenching gas should also have a more complex 

molecular structure.  The typical percentage of quenching gas is around 5 to 10 %.   The 

most commonly used type of quenching gas are halogens such as bromine or chlorine [2].   
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2.5.4.2 External Quenching  

 

External quenching is the second method used to eliminate the production of secondary 

pulses due to the liberation of electrons in the process of neutralizing positive ions.  The 

liberated electron through the neutralizing process is only able to create an avalanche if the 

potential difference between the cathode and the anode is higher than the minimum 

required potential differences [2].   Therefore after the formation of each pulse, the applied 

voltage is reduced for a fixed time to ensure that any liberated electron during this time is 

not causing an avalanche.  The internal quenching method seems to be more commonly 

used than the external quenching method. 

2.5.5 Pulse Formation  

 

A GM detector functions in a pulse operation mode.  This mode of operation is able to 

provide information related to the amplitude i.e. the number of collected charges as well as 

the timing of each pulse event.  Other modes of operation, such as the current mode and 

the mean square voltage mode are unable to provide this information [2].    

 

 

Figure 16: GM Detector Circuit [2] 

 

http://www.wiley.com/college/knoll/0470131489/ig/ch04/pages/c04uf007_highres.htm
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The shape of the pulse formed is directly related to the characteristics of the circuit to which 

the detector is connected. The sketch in Figure 16 represents the general circuit connected 

to a GM detector.  The R in the sketch represents the resistance of the circuit, whereas the 

C represents the capacitance of the detector and the measuring circuit, and V (t) in the 

sketch represents the time-dependent voltage applied across the resistance.  The electrons 

collected at the anode flow into the capacitor.  The time period associated with the 

collection of all electrons is known as the collection time.  After all the electrons have been 

collected at the capacitance, the capacitor discharges all collected electrons through the 

resistor.  As a result, the voltage across the load resistance is restored to zero.  The size of 

each pulse is a reflection of the amount of charge collected at the anode. In the case of the 

GM detector, the total number of electrons collected is always the same hence all the pulses 

formed have the same height. The number of pulses formed is a reflection of the rate of 

radiation interaction within the detector [2].  

2.5.6 Dead Time and Recovery Time 

 

Due to their size, electrons are collected much faster at the anode wire and get processed.  

On the other hand, positive ions formed are much larger in size hence they drift very slowly 

to the cathode.  The collection of electrons gives rise to a pulse at the output of the 

electronics circuit. The process requires a minimum time during which the detector is 

unable to detect any other particles.  The detector during this time is considered dead.   The 

technical definition of a dead time is the time difference between a pulse and the time at 

which a second Geiger discharge can occur regardless of its size.  Figure 17 illustrates the 

dead time and the recovery time of a GM counter [2].   
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Figure 17: GM Detector Dead/ Recovery Time [2] 

 

The dead time varies depending on the size of the detector and the filling gas as well as the 

gas pressure inside the detector.  The average dead time of an average GM detector is in 

the range of 50 to 100𝜇𝑠.  After the dead time elapses the detector is able to generate a 

Geiger discharge however, the initial discharges after the dead time has elapsed are not a 

full discharge [2].  A full discharge only occurs when the detector is in the initial operating 

conditions.  The time difference between one full discharge and the second full discharge 

is known as the recovery time.  

2.5.7 Geiger Muller Response to Gamma rays  

 

A single ionization event inside the gas is sufficient to induce a Geiger discharge in a GM 

detector.  Therefore the efficiency of the GM detector generally depends on the incident 

radiation and its ability to induce ionization inside the gas.   Gamma rays have a very high 

penetrating power hence it has a very low detection efficiency.  Detection of Beta and alpha 

http://www.wiley.com/college/knoll/0470131489/ig/ch07/pages/c07f005_highres.htm
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particle is a result of the direct interaction of these particles with the gas atoms in the 

detector.  Gamma ray detection on the other hand is mainly a result of the interaction of 

the gamma particle with the cathode wall.  The gamma ray interacts with the detector wall’s 

atoms through one of the three common methods of interactions.   An electron is ejected 

as a result of the interaction.  If the ejected electron is able to enter the gas volume of the 

detector before the end of its track then the gamma will be detected.   As mentioned earlier 

the probability of gamma interaction is generally governed by the Z value of the material 

of interaction and the energy of the incident gamma.  The higher the Z value, the higher 

the probability of interaction.  Stainless steel which consists mainly of chromium iron is 

widely used as a cathode material for GM detectors.  Bismuth and lead are also used as a 

material for the cathode wall.  Also if the interaction of the incident gamma takes place 

further inside the wall, then the probability of the ejected electron to enter the gas volume 

is higher as illustrated in Figure 18.  Therefore the thickness of the wall of the detector is a 

crucial factor for the detection of gamma rays. The common thickness used is 2 mm.   
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Figure 18: Gamma ray Attenuating GM Detector Wall 

  

A GM detector response to gamma rays varies with the energy of the incident gamma ray.  

Gamma rays with energies less than 120 keV have a higher response than gamma rays with 

higher energies.  The over response is mainly due to the variation of cross-section with 

gamma energy. The cross-section is basically the probability of interaction of the incident 

particle with target atoms and it has the unit of per cm2.  Higher cross-section is simply 

higher probability of interaction hence higher counts.  Figure 19 shows the attenuation 

cross-section of iron as a function of gamma energy.  Most if not all elements have the 

same trend when it comes to the cross-section as a function of gamma energies.  
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Figure 19: Iron Mass Attenuation Coefficient  

 

Figure 19 shows the mass attenuation coefficient for iron which is the main component of 

the cathode wall of the T2416A.   For instance, the mass attenuation coefficient for photons 

with energy of 20 keV is 1000 times higher than the mass attenuation coefficient for gamma 

rays with energy of 200 keV.  This great difference in the cross-section is the main reason 

for the over response of the GM detector.  Further analysis of Figure 19 leads to the 

observation of a sudden decrease in the cross-section from high to low energy photons 

which is known as the absorption edge.    As the gamma ray energy decreases beyond the 

binding energy of the K, L or M shell electrons, the probability of interaction with electrons 

in this shell comes to an end thus the sudden decrease in the cross section.  The utilization 



 
 

43 
 

of this phenomenon is a key factor to the optimisation of the response function of the GM 

detector.  Next chapter contains a detail description of the methodology for optimizing the 

response of the GM detector.     
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Chapter 3: Methodology Description  

3.1. Response Function of GM Detector 

 

Before discussing the methodology applied to achieve an improved response from the 

T2416A GM detector, the nature of the over response of the detectors will be discussed in 

this chapter. To illustrate the problem, Figure 20 shows the general trend of the response 

of a GM detector to gamma rays with low energies.   

 

Figure 20: General Trend of GM Detector Response Function (courtesy Centronic) 
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From the graph, it can be concluded that the area of over response is between 30 and 200 

keV. An over response here is referred to the measured response at a specific energy 

divided by the response of the detector at a reference energy (i.e. dose rate measured/dose 

rate calculated at a fixed distance). For instance, at 30 keV, the GM detector demonstrates 

an over response by a factor of five and reaches maximum over response by a factor of 12 

at around 60 keV.  The response function of the GM detector smoothly decreases until it 

reaches a constant level of response for energies higher than 250 keV.  The transfer of a 

regular GM detector to an energy compensated GM detector requires lowering the over 

response to gamma rays with low energies.  This requires an understanding of the physical 

parameters involved in this over response, as well the gamma rays detection mechanism. 

As previously indicated, the thickness of the GM detector wall plays a very important role 

in the response function of the counter.  An incident gamma ray interacts with the atoms 

of the wall via one of the three common modes of interactions.  As a result of either of 

these modes of interactions, a photoelectron is ejected. The detector is able to sense the 

incident gamma if the ejected photoelectron is able to enter the sensitive volume of the 

detector, i.e. the gas region. The probability of the ejected photoelectron entering the gas 

region depends on the energy of the incident gamma ray, and partially on the material of 

which the wall of the detector is composed.  The incident gamma ray must have enough 

energy to almost penetrate the detector wall and interact further inside the wall so that the 

ejected photoelectron has enough energy to enter the gas volume before the end of its range.  

An area in the inner side of the wall is recognized as the sensitive part of the wall.   Any 

interaction of an incident gamma ray outside of this area will not be counted by the detector.  

The thickness of this area is determined by the range of the ejected photoelectron with the 
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maximum possible energy.  The maximum energy can be transferred to the photoelectron 

when the mode of interaction is the photoelectric effect with the highest possible energy.  

Details of the photoelectric effect interaction were described in chapter 2.   

The photoelectric effect for the most commonly used materials for a GM detector wall is 

dominant for gamma rays up to energies around 200 keV.   Therefore, the maximum energy 

that can be transferred to a photoelectron is when the incident gamma ray has energy around 

200 keV and the mode of interaction is the photoelectric effect.  The energy transferred to 

the photoelectron can be calculated according to equation 2.2.  

The binding energy of the K electron for iron, the main component of the detector wall, is 

around 7.12 keV. Hence the ejected electron has an energy that is approximately equal to 

192.88 keV.  Using Figure 21, the range of such an electron was determined to be 

around 0.5 𝜇𝑚.   The wall thickness of the T2416A detector is around 80 𝜇𝑚. Therefore 

only gamma rays with sufficient energies are able to penetrate to the sensitive part of the 

wall where a photoelectric effect may take place and produce a photoelectron. This 

photoelectron is able to enter the gas region and produce a count.  Increasing the size of 

the wall attenuates gamma rays with low energy, hence lowering their probability of 

reaching the sensitive part of the detector wall and producing a count.   

The main reason for the over response of the counter is the high probability of interaction 

of gamma rays with low energies (cross section of the gamma interaction with a specific 

material).  Thus, increasing the thickness of the wall tends to lower the probability of low 

energy gamma ray to reach the sensitive part of the detector wall and consequently reduces 

the counter over response.    
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Figure 21: Projected Range of Electrons in Iron [11] 

 

However, instead of increasing the thickness of the detector wall, it would be more efficient 

to cover the detector with another material that has a higher cross-section for gamma rays 

with low energies and minimum influence on high energy gamma ray interaction.  By doing 

so, the probability of the incident gamma ray with low energy to reach the sensitive part of 

the detector will be further decreased.  This probability can be even further decreased if the 

chosen material has an absorption edge within the desired range of energies.  The cross-

section of all elements smoothly increases from high to low gamma energies.  This increase 

is interrupted by sudden decrease of the cross-section, which is known as the absorption 

edge.  (The explanation of the absorption edge was discussed in section 2.5.7.)  The degree 
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of decrease due to an absorption edge varies according to the element and the type of edge 

itself; i.e. K, L, M…etc.  The energy at which the K, L or M absorption takes place varies 

from one element to another.  The K absorption edge leads to the highest amount of 

decrease in the cross-section.  For instance, the decrease in the lead cross-section, due to 

the K absorption edge, at 88 keV is a factor of 10.  Thus, the material(s) selected for the 

filtering purpose should have a K absorption edge in the range of 30 to 200 keV.  Wrapping 

the detector with such a material(s) will lower the response of the detector for gamma rays 

with low energies.   The thickness of the filtering material used was calculated using 

equation 2.10.  

Knowing the ratio, by which the response of the GM detector should be lowered, 

determines the appropriate thickness to be used. In this case, for 56 keV the ratio is a factor 

of 20 comparing to 220 keV. The appropriate thickness would depend on the components 

of the filtering material being used.  In addition, the task of lowering the response function 

of the T2416A GM detector can be achieved by applying the appropriate design features.  

As part of this work, two main design features have been investigated.  In the following 

sections, details associated with each investigation are discussed.   

3.2 Using a Different Wrapping Mechanism  

 

There are many creative ways of wrapping the T2416A GM detector with the appropriate 

filtering material.  In this investigation, and to simplify the design from a manufacturing 

perspective, only two methods have been considered. A brief explanation of each wrapping 

method is provided in the following sections. 
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3.2.1 Using a One-Piece Wrapping Model 

 

A piece of filtering material made from tin has been used to cover the entire detector. Due 

to the large cross-section in lower energy, it is expected to significantly lower the response 

of the T2416A. The response function of the T2416A with this method has been simulated 

in MCNP/X.  

3.2.2 Using a Two-Piece Wrapping Model  

 

In the second method, two pieces of a filtering material have been used to partially cover 

the detector wall.  Tin filtering material has been used to construct both pieces of the filter.  

The impact of this method on the response of the T2416A GM detectors has also been 

simulated in MCNP/X.  Figure 22 shows the second method for wrapping the detector.  An 

assumption was made, based on an ideal response function; i.e. the gap width has been 

chosen in order to minimize the over response.  
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Figure 22: Two-Piece Wrapping Model  

 

3.3 Using an Appropriate Filtering Material  

 

As discussed in the previous section, a potential filtering material should have: 

 A cross section higher than the material of the detector wall; i.e. Fe.   

 An absorption edge that falls within the range of 30 to 200 keV 

Few elements fit the set criteria, such as: tungsten, gold, platinum, tin and lead.  The latter 

two materials are the most commonly used for the purpose of gamma ray attenuation due 

to their well-known properties, availability and low cost.  
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3.3.1 Using Single Filtering Material 

 

As part of determining the appropriate filtering material to lower the response of the 

counter in specific regions of energy, two materials have been investigated: namely, lead 

and tin.  The impact of each in lowering the over response of the T2416A GM detector was 

determined.  For lead, both experiments and simulations have been performed.  However, 

only simulations were performed for tin.  

3.3.2. Using a Combination of Materials  

 

To lower the over response of the T2416A GM detector over a wider range of gamma ray 

energies, a filtering material composed of various combinations of both lead and tin was 

also investigated. The impact of these design features was investigated through the use of 

an MCNP/X simulation model built to determine the response function of the T2416A GM 

detector. 

As will be seen in chapter 4, different materials such as lead and tin do not significantly 

differ in their cross-section in the energy range of 50-250 keV. However, in the range of 

low energies, i.e. 20 to 50 keV, the difference in the cross-section is remarkable.  Thus two 

sets of simulations were performed. The first set was developed to validate the performed 

experiment conducted in the energy range of 50 to 250 keV.  The calculated number of 

counts from the simulation per source particle was normalized to the measured intensity of 

the source.  The dose rate was then calculated after extraction of the fluence at a specific 

distance.  Equation 3.1 was used to determine the dose-equivalent rate which is defined as 

the absorbed does per unit time.   

                                                    �̇� =  𝛷 ×   𝑐𝑓                                                3.5.1 
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�̇� is the ambient dose-equivalent rate in Sv/hr,  𝛷 is the flux in 
# 𝑜𝑓 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

𝑐𝑚2.𝑆𝑒𝑐
 and 𝑐𝑓 is the 

conversion factor in pSv.cm2. All obtained results are presented and discussed in chapter 

4, where the dose equivalent rate is plotted as a function of gamma ray energy. The second 

set of simulations was performed to examine the response function of the counter for 

energies lower than 50 keV. In this part, the GM, with and without filtering material, has 

been exposed to low energy gamma rays at a fixed distance, and the number of counts has 

been obtained. However, due to lack of intensity of the source in this region, the dose rate 

was not calculated. Instead, the number of counts per source particle was determined and 

plotted as a function of gamma ray energy.  It should be noted that the results obtained in 

this region are for quality analysis, in order to provide insight into the impact of different 

filtering materials, both homogenous and heterogeneous, and different thicknesses.  Results 

from these simulations are presented in Appendix E.    

3.4 MCNP/X Simulation  

 

Monte Carlo N-Particle (MCNP) is a modelling code that was developed by Los Alamos 

National Laboratory during the Manhattan project in the 1940s.  It is considered as one of 

the most powerful modelling codes for particle transport.  The MCNP modelling is based 

on tracking particle(s) from its birth to its death.  The latest version of MCNPX is capable 

of tracking 34 different particles such as alpha, beta, gamma, neutron, and positron.  It is 

also capable of tracking a combination of particles with a very wide range of energies.     

For instance, photons with energies between 1 keV and 100 GeV can be tracked using 

MCNPX.   
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MCNP has been used in many applications such as reactor designs, radiation detection, 

nuclear medicine, as well as for military applications.  Due to the various possible 

applications of MCNP, the US government has very strict regulations for accessing the 

code.  

3.4.1 MCNP Input File  

 

In order for MCNP to model any scenario, the user must provide the details of the scenario.  

The user must also provide what type of calculations or output MCNP should provide.  

There are three essential sections of the input file.  Each section deals with specific 

information related to the scenario problem being modeled. The details of each of these 

three sections are provided below.   

1. Cell Card  

In this section of the input file, the various regions and volumes in the scenario are defined 

along with their materials.  Cells are determined by intersections, unions and complements 

of surfaces.  Each cell is defined by four parameters.  The first parameter is the cell number.  

This number is selected by the user to define a specific cell.  The second parameter is the 

reference number of the material used to fill this cell.  In the case where the cell is void, a 

value of zero is given.  The density is the third parameter of the cell card.  A negative sign 

always precedes this value for a mass density of 
𝑔

𝑐𝑚3. If the cell is void, then this parameter 

remains blank.  The fourth parameter defines the boundaries of the cell through union or 

intersection operations of the defined surfaces.     
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2. Surface Card 

In this section of the input file, the user defines the reference position of the geometrical 

shape in the three-dimensional space.  There is a list of predefined surfaces that are used to 

create the desired geometry.  A used selected number is used to define the surface.  One of 

the predefined shapes is then used to determine the geometry of the shape.  For instance, a 

cylinder is defined by the letter C.  If the cylinder is on one of the x-axis, then the letter 

representing that axis will follow the letter C.  However, if the cylinder is parallel to the 

axes (x, y, z), then the letter C is followed by a forward slash and the letter representing the 

axis to which the cylinder is parallel.   The x, y and z coordinates, through which the 

cylinder’s axis pass, are then defined.  The coordinate of the axis, to which the cylinder is 

parallel, does not have to be indicated.  The radius of the cylinder is then defined by the 

user following the two coordinates.  For example, 1 C/Z  4 4 4 represents surface number 

one, which is a cylinder that is parallel to the z-axis, and  the axis of the cylinder passes 

through the points 4,4,0 and has a radius of 4.   The MCNP/X manual contains a table of 

all the available shapes that can be used, along with their respective representations.   

3. Data Card 

This section of the input file contains information specifying the material cross-section, 

source and tally information.   The material specification card lists the isotopes used in 

each material along with the cross-section for all cells containing such a material.  Each 

material has a reference number selected by the user.    
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The type of particles to be tracked has to be defined by the user in the mode card.  The 

default mode is neutron tracking.  As indicated earlier, a combination of tracking, such as 

n, p or n, p, e., can be used.     

MCNP/X allows the use of different types and shapes of radiation sources.  The user has 

to define the desired source and the desired shape of the source.  The user may also define 

the energy of the source, the position and the distribution of the source.  The user has then 

to determine the desired output of the simulation.  There are various predefined tallies, such 

as currents across a surface, a flux at a point and the track length estimates of cell flux.   A 

total of 22 tallies can be used in MCNP/X.  A user may use more than one tally.   The tally 

output is always normalized to be per source particle.   The output is verified by MCNP/X 

code to ensure the output passes a series of statistical verifications.   

3.4.2 Geometry Model of GM detector  

Table 1 lists the characteristics of the T2416A GM detector. These characteristics were 

used to build the MCNPX model that simulates the response function of the T2416A GM 

detector.  
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Table 1: T2416A Spicifications 

Characteristics    

Characteristics  

Values  

Sensitivity (Cs-137 cpm at 1mR/h ) 420 

Recommended voltage  575  

Plateau length  500-650  

Plateau Slope (%100 V max.) 8  

Dead time (𝜇𝑠) 45 

Background (cpm)  

 

12 max 

Resistor Ra (𝑀Ω) 4.7 

Cathode material  Cr/Fe 

Cathode wall  64-80 mg/cm2 

Max. Overall length (mm, in.) 5.1, 2.0 

Max. Overall Diameter (mm, in.) 10, 0.4 

 

3.4.3 MCNP/ MCNPX Visual Editor  

 

The visual editor is a component of MCNP that was developed to assist the user in creating 

the input file.  The visual editor was introduced in the 5th version of MCNP in 1997.   

Through the visual editor, the user is able to modify and establish many parameters of the 

input file in a user friendly medium.   The user is also able to view a three-dimensional 

view of the modeled geometry.  Figure 23 shows a three-dimensional view of one of the 

models of T2416A GM detector used in the simulation with the two pieces filtering 

material wrapping method.  The input file shown in Figure 23 is provided in Appendix A. 
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Figure 23: MCNPX Visual Editor  

 

 

3.5 Experimental Investigation  

 

A series of experimental investigations were carried out to validate the results obtained in 

the performed calculations with MCNP/X.  The experiments were conducted at the 

Canberra Co. site of the Dover facility, NJ, USA.  The purpose of these experiments was 

to determine the response of the GM detector, with and without shielding material, to 

gamma rays with various energies.   Knowing the exact over response of the detector from 

the experimental measurements provides a quantitative tool to approach the optimization 

process.   
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3.5.1 Experimental Setup description  

 

In this section, a detailed description of the experimental procedure is given. Eight T2416A 

GM detectors were used; i.e. four detectors covered with filtering materials, and four which 

were not.  A total of 14 experiments were conducted:  

1. Before being shipped to the Dover facility for experiment, all detectors passed the 

QA inspection (see Figure 25) in terms of operating voltage for an optimum range 

of their plateau, at the Canberra site in Concord. 

2. The appropriate filter was placed on the X-ray machine to provide the desired 

energies, starting from 56 to 222 keV provided by a standard X-ray machine.   

3. A certified detector (Centronic energy compensated GM counter) was used to 

determine the appropriate distance for a constant dose rate (see Table 2).  The 

values of the dose rate measured with such a GM tube were within 20% accuracy.  

4. Each of the eight used detectors, operated under an optimum of 575 V, was placed 

at the determined distance and exposed to various X-ray energies as shown in Table 

2 and as illustrated in Figure 24 and the dose rate corresponding to the measured 

counts was determined using equation 3.5.2.  

 

         𝐷2 =  
𝐷1×𝐶𝑅1 

𝐶𝑅2
                                                3.5.2                            

 

Where: CR1 and CR2 correspond to the count rate measured by the Centronic 

counter and T2416A, respectively. 
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Figure 24: Experimental Setup 

 

 

Table 2: Parameters of the experimental setup 

 

Energy KeV Distance cm Conversion Factor pSv. cm2 

56 64 508 

85 145 549 

129 130 787 

178 95 1079 

222 52 1317 
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Figure 25: Concord QA Inspection Facility 

 

3.5.2 Data Processing  

Data obtained from both simulations and experiments were processed using Origin-Pro 9.0 

software in different steps: 

 The dose rate has been measured with well calibrated equipment as mentioned in 

section 3.5.1 

  The flux of the incident photons has been extracted from the value of the measured 

dose rate using Equation 3.5.1. 

 Using the photon flux determined for each energy and distance, the total number of 

photons emitted per unit of time (emission rate in 4𝜋) from the source was then 

calculated. 

 The count rate per photon obtained from the MCNP simulation was then multiplied 

by the calculated emission rate, in the previous step, in order to obtain the total 

number of counts per second (normalization). 
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 The flux for a specific energy (at a specific distance, r) was then calculated by 

dividing the total number of counts per second by 4𝜋𝑟2  

 The dose rate per cm2 was calculated by multiplying the obtained flux in the 

previous step by the appropriate fluence to dose conversion factor. 

 Finally the total dose rate was obtained by multiplying the dose rate per cm2 by the 

area of the detector facing the source. 

Regarding the uncertainty, only statistical error has been considered as a square root of 

the measured counts and no systematical error was included.   
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Chapter 4: Results and Discussion  

 

A total of fourteen experiments were conducted, in addition to the extensive calculations 

to simulate the response function of the T2416A GM detector, using a wide range of low 

energy gamma rays and various modifications to the simulation, with various design 

features.  The T2416A GM detector was either with or without a filtering material. The 

main design features investigated were: the use of different wrapping mechanisms and the 

use of an appropriate filtering material.  In this chapter, the results are presented, analyzed 

and discussed.  The simulation data are presented first, and then compared to the 

experimental work.   

4.1. Response Function of the T2416A GM Detector  

 

In the following sections, results obtained from both experimental work and simulations 

are presented and the impact of each of the selected design features is discussed.  Results 

are presented in the following order:  

 Response function of a bare T2416A GM detector  

 Response function of T2416A using two different wrapping mechanisms  

o One-Piece wrapping model that covers the lateral surface of the 

detector 

o Two-Piece wrapping model that partially covers the lateral surface of 

the detector 

 Response function of the T2416A GM detector using a single filtering material 

with different thicknesses: 
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o Lead filtering material  

o Tin filtering material  

 Response function of T2416A using a combination of filtering material with 

different thicknesses:   

o  30% Pb and 70% Sn 

o 2% Pb and 98% Sn  

4.1.1 Simulation results For the Bare T2416A GM Detector  

 

In the MCNP/X code, a T2416A GM detector was modelled as per the specifications listed 

in Table 1. To simulate the response function of the T2416A detector to gamma rays with 

low energies, the T2416A detector was exposed to the same gamma ray energies used in 

the experiments, namely 56, 85, 129, 178 and 222 keV.  

The relative response of the T2416A GM detector to these fields of gamma rays has been 

plotted using the obtained dose-equivalent rate against the incident photon energy.  Figure 

26 represents the response function in terms of dose rate of the T2416A GM detector 

without any filtering material, i.e. a bare detector.    



 
 

64 
 

40 60 80 100 120 140 160 180 200 220 240

0.1

1

10

D
o

s
e

 r
a

te
, 
m

S
v
/h

E

, keV

Bare GM

 

Figure 26: Response Function of T2416A GM Detector Based on the Simulation Data 

 

As expected, the T2416A GM detector demonstrated an over response to gamma rays with 

low energies; i.e. lower than 200 keV.   At 56 keV, the over response is by a factor of 80 

compared to 222 keV.  At this energy, most of the gamma rays are able to penetrate deeply 

inside the detector wall and interact via a photoelectric effect.   The majority of the ejected 

photoelectrons are able to reach the sensitive part of the detector, i.e. the gas region.   

As the gamma ray energy increases beyond 56 keV, the probability of the dominant mode 

of interaction (photoelectric effect) drastically decreases since it is inversely proportional 

to the incident gamma ray energy to the power of 3.5 as per equation 2.3. As the probability 

of the photoelectric effect interaction decreases, the probability of Compton scattering 
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increases and dominates for gamma rays with energies greater than 0.5 MeV.  The 

probability of gamma rays interacting through Compton scattering is governed by Equation 

2.7.   

Unlike the photoelectric effect, Compton scattering has less dependency on both the Z 

value and the energy of the gamma ray.  Hence, the cross section flattens at energies higher 

than 0.5 MeV and so does the response of the GM detector.   Figure 19 illustrates the mass 

attenuation coefficient for iron, where the difference between 50 and 200 keV is by a factor 

of around 1000.  

In summary, the T2416A GM detector over responds to gamma rays with low energies. 

For 56 keV, this over response is 80 times higher than its value at 222 keV.   The over-

response gradually decreases until it reaches an approximately constant energy 

independent value for gamma rays, with energies starting from 222 keV.  

 

4.1.2 Experimental Results for Bare Detector  

 

To validate the above performed Monte Carlo calculations, a series of experimental 

investigations were conducted using the T2416A detector.  An X-ray machine was used to 

provide a field of gamma rays with the following energies: 56, 85, 129, 178 and 222 keV.  

An X-ray machine does not produce beams with a precise energy; rather it produces a beam 

with a Gaussian distribution of energies around the desired value.  In the first set of 

experiments, four T2416A GM detectors without any filtering material were exposed to a 

gamma ray field with the above listed energies.   The dose rate, measured with the T2416A 
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GM counters as a function of gamma ray energy, is plotted in Figure 27. The statistical 

error in the data is an average of four measurements. 
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Figure 27: Response Function of the T2416A GM Detector Based on the Experimental Data 

 

 

The general trend of the response function of the GM detector generated from the 

experimental work is in good agreement with the simulation results. Figure 28 compares 

the two sets of data.   
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Figure 28: Response Function of the T2416A GM Based on the Experimental and Simulation Data 

It is noticed that the over response of the GM detector is slightly higher in the experimental 

data for energies greater than 120 keV. This difference is attributed to several factors, such 

as: 

 Background contribution in the experiment which was not considered in the simulation. 

 In the simulation, mono-energetic gamma rays have been simulated while in the 

experiment, the X-ray machine offers an average energy (Gaussian distribution of 

energies) 

  The back scattering contribution of the walls, floor and ceiling of the facility was not 

considered in the simulation.  
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Both experimental and simulation data illustrate an over response of the T2416A GM 

detector to gamma rays with energies less than 200 keV.  At a later stage of this study, this 

over response was compensated through the use of an appropriate filtering material 

wrapped around the detector. In the following sections, two main methods of wrapping the 

filtering material around the detector are discussed.   

4.2 Impact of Wrapping Mechanism on the Response of GM Detector  

 

There are mainly two methods of wrapping the T2416A GM detector: either entire or 

partial covering of the lateral surface of the detector.  The first method is expected to 

considerably reduce the sensitivity of the counter as it will attenuate gamma rays with 

energies lower than 50 keV, thereby preventing them from registering counts.    This 

reduction in sensitivity is not as severe with the second method of wrapping.  An MCNP/X 

code was developed to investigate the impact of the two wrapping mechanisms.  

 

 

4.2.1 Using a One-Piece Wrapping Model    

 

In this model, an MCNP/X code was developed to investigate the use of the one-piece 

model of wrapping the filtering material. The material used for this investigation was pure 

tin with a thickness of 80 𝜇𝑚. The data, illustrating the response function of the T2416A 

GM detector to gamma rays with low energies, using this method in comparison to the 

response of the bare detector, is presented in Figure 29.   
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Figure 29: Impact of the One-Piece Wrapping Model Based on MCNPX Modelling 

 

Figure 29 shows that the response of the T2416A GM detector to gamma rays with low 

energies was moderately reduced when the detector wall was fully covered by the tin 

filtering material. For instance, the response of the T2416A GM detector, wrapped with 

lead, to gamma rays with energy of 56 keV was reduced by a factor of 16 relative to the 

response of the bare detector (see appendix E).  Hence, the impact of this wrapping 

mechanism for gamma rays with energies above 50 keV was positive. However, it has been 

determined that this method of wrapping would have a negative impact on the response of 

the T2416A GM detector to gamma rays with energies lower than 50 keV, as illustrated in 

Appendix E.   
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4.2.2 Using a Two-Piece Wrapping Model 

 

In this model, two pieces of tin filtering material were used. The main advantage of using 

this configuration is to allow the detector to detect gamma rays with energies lower than 

50 keV.   

The width of the gap between the two pieces of filtering material was chosen so that the 

response of the detector will be as flat as possible without negatively impacting the 

sensitivity of the counter.  Our extensive simulations have shown that having a gap with a 

width 15% of the total height of the GM detector provides an optimal response. Figure 30 

illustrates a 3D view of the T2416A GM detector with the two-piece wrapping model.  

 

 

Figure 30: 3D View of the Simulated T2416A Detector with the Two-Piece Wrapping Model  
 

 

Figure 31 presents the obtained results from the simulation. From this figure, one can see 

that the response function of the T2416A GM detector with the two-piece wrapping model 

has a similar response function to the one-piece model in the energy region higher than 50 

keV. However, as indicated earlier, the latter model over reduces the response function of 
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the GM detector to gamma rays with energies lower than 50 keV.  Therefore, the two-piece 

wrapping model has been selected for further investigation. 
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Figure 31: Impact of the Various Wrapping Models 

 

4.3. Response Function of GM Detector Using a Single Filtering Material 

 

Two filtering materials, namely lead and tin, have been selected for this investigation.  The 

impact of each of these two materials on lowering the response function of the T2416A 

GM detector has been determined and the obtained results are presented and discussed in 

the following sections.  
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4.3.1 Response Function of GM Detector Using Lead Filtering Material  

 

Lead is a heavy element with a Z value of 82 and with a high cross section for gamma rays 

with energies less than 200 keV.  Figure 32 compares the linear attenuation coefficient of 

lead and iron as a function of gamma energy.   
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Figure 32: Cross Section of Lead vs. Iron 

 

For gamma rays with low energies, Figure 32 shows that lead has a cross section much 

higher than iron, which is the main component of the T2416A detector wall.  This 

significant difference can greatly impact the response function of the T2416A GM detector.   

Lead also has a K absorption edge at 88 keV, which should also impact the response around 

this energy.       
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4.3.1.1 Monte Carlo Simulation for the Impact of Lead Filtering Material  

 

In order to determine the impact of the lead filtering material on the response function of 

the T2416A GM detector, an MCNP/X code was developed to model the response function 

of the counter when wrapped with different filtering materials. Figure 33 shows the data 

obtained from MCNP/X carried out with a pure lead filtering material and a bare counter.  
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Figure 33: Impact of Lead Filtering Material Based on the Simulation Data 

 

The response of the detector to gamma rays with an energy range from 56 to 130 keV has 

been significantly reduced.  For instance, at 56 keV, the response function has been reduced 

by a factor of about 16.  This reduction is due to the high absorption cross section of lead 

at this energy.  The high cross section ensures that the majority of the incident gamma rays 
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with this energy interact with the lead filter, and that the ejected photoelectrons that are 

produced will not be able to enter the gas volume.  It should be noticed that, for energies 

higher than 130 keV, the filtering material does not have a significant impact on the 

response of the detector due to the significant decrease in the cross section of the filtering 

material over this range of energies.  

It must be noted that, if the response of the detector was calculated for gamma rays with 

energies around the K absorption edge of lead, a very significant drop in the response would 

be observed at around 88 keV.    

In summary, the lead filtering material has a great impact on lowering the overall response 

of the T2416A GM detector to gamma rays with energies less than 200 keV. However, it 

has been determined that the response of the T2416A counter with the lead filtering 

material was significantly reduced for energies less than 50 keV (see Appendix E).    

In addition, as a part of investigating potential filtering materials, different filter thicknesses 

were investigated. For the initial simulation, the used thickness was  80 μm and, in an 

attempt to determine the impact of various thicknesses of the lead filtering material to the 

response of the detector, thicknesses of  30  and  130 μm  were also used.  Figure 34 

compares the data obtained for 30, 80 and 130 μm thicknesses.  
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Figure 34: Impact of Lead Filtering material with Different Thicknesses  

 

From Figure 34, it can be noticed that, as the thickness of lead is increased, its impact in 

lowering the over response is enhanced for gamma rays with an energy range of 56 to 222 

keV.  However, it was determined from the second set of simulations that increasing the 

thickness of the lead caused an over reduction in the response function of the detector to 

gamma rays with energies below 50 keV. This over reduction is undesirable, and hence it 

was determined that 80 m was the most ideal thickness.   

4.3.1.2 Experimental Results for the Impact of Lead Filtering Material  

 

A total of eight T2416A GM detectors were used in a series of experiments, four of which 

were wrapped with lead filtering material.    The following energies of gamma rays were 
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selected to irradiate each detector with: 56, 85, 129, 178 and 222 keV. The dose rate with 

and without filtering was measured as shown in Table 3 and illustrated in Figure 35.   

Table 3: Experimental Data with and without Lead Filtering Material  

 Dose Rate, mSv/h  

Energy,  (keV) Bare Statistical Error Covered with 
lead 

Statistical Error 

56 3.66 0.40 
 

0.30 0.03 
 

85 0.56 0.32 
 

0.18 0.11 
 

129 0.34 0.17 0.19 0.09 
 

178 0.22 0.05 
 

0.16 0.04 
 

222 0.18 0.01 0.15 0.01 
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Figure 35: Impact of Lead Filtering Material Based on the Experimental Data 

 

From Figure 35, it can be observed that the lead filtering material was able to reduce the 

over response of the detector to gamma rays with energies lower than 200 keV. For 

instance, at 56 keV, the response of the T2416A GM detector was lowered by a factor of 

12.   Lead filtering material has provided a relatively flat response curve for energies greater 

than 85 keV.   

To compare the experimental data with the simulation, the ratio of the obtained dose rate 

from both the covered and the bare counters has been calculated.   These ratios are shown 

in Figure 36.  
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Figure 36: Simulation vs Experimental Data 

 

There is a good agreement between the trend of the simulation and the experimental data.  

However, the experimental data are slightly higher than the simulation data for energies 

higher that 85 keV.  This difference is attributed to those parameters discussed in section 

4.1.2.  

4.3.2 GM Detector with Tin Filtering Material 

 

The second filtering material that has been investigated is tin, which has Z=50 and a cross 

section higher than iron for gamma rays with low energies.  Tin also has a K absorption 

edge that falls around 30 keV.  Thus, wrapping the T2416A GM detector with tin filtering 

material is expected to lower the response of the detector to gamma rays with energies less 
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than 200 keV with a greater impact around 30 keV.  Figure 37 compares the cross section 

of tin and iron. 
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Figure 37: Cross Section of Tin and Iron  

 

4.3.2.1 Monte Carlo Simulation for the Impact of Tin Filtering Material 

 

In order to determine the impact of tin filtering material in lowering the over response of 

the T2416A GM to gamma rays with energies less than 200 keV, an MCNP model was 

developed and the obtained results from the simulation are shown in Figure 38.  The curves 

compare the response function of the T2416A GM detector with and without tin filtering 

material.  



 
 

80 
 

40 60 80 100 120 140 160 180 200 220 240

0.01

0.1

1

 Covered with Sn

 Bare 
D

o
s
e
 R

a
te

, 
m

S
v
/h

r

E

, keV

 

Figure 38: Impact of Tin Filtering Material Based on Simulation  

 

Tin filtering material was able to reduce the over response of the detector to gamma rays 

with energies less than 200 keV.  For gamma rays with 56 keV, the over response was 

reduced by a factor of 16, compared to 222 keV.  This reduction is attributed to the high 

cross section of tin which is five times higher than that of iron at such a level of energy.   

Based on the obtained simulation data, tin filtering material has a great impact on lowering 

the over response of the detector to gamma rays with energies lower than 250 keV.  The 

response function of the T2416A GM detector has improved by a factor from one to two 

in the range from 56 to 222 keV.  Since tin has an absorption edge at 30 keV, its impact 

was not determined in this set of data.  However, in the second set of simulation data, where 
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the impact of the filtering material on the response function of the detector for gamma rays 

with energies less than 50 keV was determined, the impact of the K absorption edge of tin 

was clearly demonstrated.   

Further in the performed calculations, in order to investigate the influence of the thickness, 

the MCNP/X code was modified to simulate the response of the detector with a different 

thickness.  The initial simulation was performed with a thickness of 80 μm and again two 

other thicknesses of   30 & 130 μm  were selected.  Figure 39 compares the response 

function of the detector with the three thicknesses of tin filtering material.  
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Figure 39: Impact of Tin Filtering Material with Various Thicknesses 
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As has been seen with the lead filtering material, there is a proportional correlation between 

the thickness and the degree of lowering the response function of the detector.  Generally, 

the greater the thickness of the filtering material, the greater the impact it has on reducing 

the over response. Increasing the thickness of the tin filtering material seems to have a 

positive impact on the response of the detector for gamma rays with energies between 50 

and 180 keV; however, this has a negative impact on low energies (less than 50 keV) as 

illustrated in Appendix E. 

Once again, it was determined from the second set of simulations that, by increasing the 

thickness of the tin filtering material, the K absorption edge had greater impact.  

4.3.3 Impact of Tin & Lead Filtering Material 

Both lead and tin filtering material have a cross section that are higher than that of iron; 

hence both materials were able to reduce the over response of the GM detector to gamma 

rays with energies less than 250 keV.  In this section, the effectiveness of using a filtering 

material, composed of both tin and lead, in lowering the over response of the detector is 

compared.   
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Figure 40: Iron, Lead and Tin Cross Section 

 

Figure 40 shows the cross section for iron, lead and tin.  Over the entire energy range shown 

in Figure 40, iron has the lowest cross section, while lead has the highest.   Over the range 

of 30 to 90 keV, the lead’s cross section is very close to that of tin. However, outside this 

range, from both ends, the cross section of lead is higher than that of tin.  Figure 41 

compares the response function of the counter when individual lead and tin filters are used.  
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Figure 41: Impact of Tin/Lead Filtering Materials Based on Simulation Data 

 

Figure 41 shows the effectiveness of each of the filtering materials used in lowering the 

over response of the T2416A GM detector.  From 56 to 90 keV, lead has a mass attenuation 

coefficient that is slightly higher than tin. Hence, both materials have the same impact in 

lowering the over response of the detector at this range of energies.   However, for gamma 

rays with energies less than 30 keV, lead has a mass attenuation coefficient that is much 

higher than that of tin.  This difference in mass attenuation coefficient is reflected in the 

ability of lead to drastically lower the response function of the detector at this range of 

energies, as illustrated in Appendix E.   As the energy of the gamma ray increases beyond 
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90 keV, the ability of both filtering materials to impact the response of the counter is the 

same.  

 

In the next section, the impact of using a combined filtering material that consists of tin 

and lead is presented.   Similarly, an MCNP/X model has been developed to simulate the 

response function of the detector with a filtering material containing both tin and lead with 

various thicknesses and various weighting percentages.   

 

4.4 Impact of Using a Combination of Filtering Materials 

 

From the previous data for tin and lead filtering material as discussed in the preceding 

section, it was determined that lead had a great impact on lowering the response function 

of the detector to gamma rays with energies higher than 50 keV. However, lead has a 

negative impact on the response of the detector for gamma rays with energies less than 50 

keV.  An in-depth analysis of the cross section in the energy range lower than 50 keV 

reveals that the tin filtering material provides a better response function for the detector.   

Therefore, it was decided to use a filtering material that consists mainly of tin, with the 

addition of a small percentage of lead, to achieve a reasonable response function of the 

detector.   

 

4.4.1 GM Detector with 70% Tin and 30% Lead 

 

For this combination, the MCNP/X code has been updated to simulate the response 

function of the detector with a filtering material that contains 70% tin and 30% lead.   The 

obtained result from the simulation is illustrated in Figure 42.  
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Figure 42: Impact of using a 100% Tin Filtering Material VS. 70% Tin and 30% Lead 

 

Lowering the weight percentage of lead to 30% did not have much of an impact in lowering 

the response of the detector for gamma rays with energies greater than 50 keV.  However,  

based on the second set of simulations presented in Appendix E, it was determined that 

using an alloy consisting of lead and tin, with a weight concentration of 30% and 70% 

respectively, has a negative impact for gamma rays with energies lower than 50 keV.  Via 

the process of trial and error, it was decided to lower the weight percentage of lead in the 

alloy to 2%.    
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4.4.2 GM Detector with 98% Tin & 2% Lead Filtering Material 

 

An MCNP/X code was developed to simulate the response function of the T2416A GM 

detector with a filtering material containing a mixture of tin and lead.  A mixture of 98% 

tin and 2% lead has been used as a filtering material.  Due to the lower concentration of 

lead, the expected response function should be very similar to that with a tin filtering 

material. However, the impact will be more significant in the energy range lower than 50 

keV. The obtained data from the MCNP/X modeling is illustrated in Figure 40, where a 

comparison between the response obtained from a counter with a pure tin filter, and that 

from a counter with a filter composed of 98% tin and 2% lead, is presented. 
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Figure 40: Impact of 98% Tin and 2% Lead Filtering Material 

 

 

As predicted, the addition of the 2% lead did not have much impact on the response of the 

detector to gamma rays with energies greater than 50 keV.   However, from the MCNP 

calculations, presented in Appendix E, it was confirmed that having a 2% lead 

concentration mixed with 98% tin has a positive impact in bringing the response function 

of the GM detector to an acceptable level of flatness for gamma rays with energies less 

than 50 keV.  

Further adjustment of the MCNP/X code was performed to investigate the impact of 

various thicknesses on the response function of the detector while keeping the same 
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material combination of 2% lead and 98% tin. Three thicknesses have been used, 

namely 30 μm, 80 m and 130 μm. The obtained data are shown in Figure 43.  
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Figure 43: Impact of 98% Tin and 2% Lead Filter with Various Thicknesses Based on MCNPX Modelling 

 

Increasing the thickness of the filtering material to 130 𝜇𝑚 lowered the response function 

of the detector to gamma rays with energies from 50 to 180 keV. However, such an impact 

was not observed for higher energies.  As in previous cases, due to the higher cross section 

in the energy region lower than 50 keV, the impact on lowering the response function was 

significant. A separate investigation was conducted for such energies; the results showed 

an over reduction of the response which makes the detector almost insensitive to gamma 

rays with low energies. Consequently, it was decided to employ a thickness of 80 m that 
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offers a response of around 36 %−
+  for the energy region between 56 and 222 keV and 

25%−
+  for energies lower than 50 keV.    
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Conclusion  

 

In collaboration with UOIT and Canberra Co., a project was initiated in 2011 to transform 

a world-wide employed Geiger Muller detector to be an energy compensated GM detector.    

In this work, Monte Carlo models were built to simulate the response function of the 

T2416A GM counter in different configuration and geometries. The performed calculations 

with a MCNP/X model were validated through a series of experimental investigations using 

the T2416A GM detector from 56 to 222 keV.    

The investigation includes two main design features: the wrapping mechanism and the use 

of different filtering materials, namely, lead and tin, and a combination of both with 

different thickness and weight percentages.  

The first design feature to be investigated was the wrapping mechanism, of which mainly 

two were investigated, using a one-piece wrapping model that covers the lateral surface of 

the detector and a two-piece wrapping model that partially covers the lateral surface of the 

T2416A GM detector.  The T2416A GM detector with the latter method of wrapping seems 

to have a better response function than the one-piece wrapping model, especially for 

gamma rays with low energies.    

The second design feature that was examined is the use of an appropriate filtering material. 

Two types of filtering materials were used: a single and a combination of filtering 

materials. 
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For the single filtering material, both lead and tin were investigated with regard to their 

ability to provide the T2416A GM detector with a reasonable response function.  It has 

been observed that tin filtering material is more effective in lowering the over response of 

the detector to gamma rays over a wider range of energies.  The most appropriate thickness 

of tin filtering material was 80 𝜇𝑚.   Lead was also able to reduce the response of the 

detector, but only over a specific range of gamma energies; i.e. greater than 50 keV.   

In the second part of investigating into the use of an appropriate filtering material, a 

combination of lead and tin were used in various weight percentages and thicknesses.  

Wrapping the detector with a 98% tin and 2% lead with a thickness of 80 μm  produced 

the optimal response function for gamma rays with a wide range of energies.   

Finally,   80 μm thick filtering material, consisting of 98% tin and 2% lead, wrapped using 

the two-piece model has been adopted for further development of the counter.   
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Future work 

Future work to further investigate the impact of the filtering materials on the response 

function of the T2416A GM detector as well as investigations on the polar response of the 

detector (angular dependence) should be conducted.  Additional investigation can be done 

to determine the impact of other wrapping mechanisms such as a multi-gap system or the 

use of spiral strips. Illustrations of some alternative wrapping mechanisms are provided in 

Appendix D.   Performing further experimental work to validate more of the simulation 

results would be a great asset to this work.  
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Appendices  

Appendix A: MCNP/X Code  

c ESNS-11-001  Geiger counter: spectral gamma sensitivity. 

c Data: January 19, 2011                                                         

c Geometry: Cylinder from Fe-Cr and gas inside.                                  

c  Geiger detector from Canberra: Model 2416.                           

c Task: Detector sensitivity: counts vs. gamma energy.                           

c                                                                                

c ------------------------------------------------------------                   

c cell cards                                                                     

    1    11 -0.0058 -1  $ gas 

    2    22    -7.6 1 -2  $ Fe-Cr camera 

   =================================== 

   ====== Removed Intentionally ========= 

  =================================== 

    6     0         6 -7  

    7     0         7  $ outside of my interest 

 

c ------------------------------------------------------------                   

c surface cards                                                                  

    1       rcc 0 0 -1.5 0 0 3 0.448579  

    2       rcc 0 0 -1.5 0 0 3 0.457  

   =================================== 

   ====== Removed Intentionally ========= 

  =================================== 

    6       rcc 0 0 -1.5 0 0 3 0.47  

    7       rpp -0.5 0.5 -3 0.5 -1.6 1.6  



 
 

98 
 

 

c Mode                                                                           

mode  p e 

c material card                                                                  

   =================================== 

   ====== Removed Intentionally ========= 

  =================================== 

      24000.             -0.3  

m33   50000.              0.7  $ Pb 

      82000.              0.3  

imp:p   1 5r         0             $ 1, 7 

imp:e   1 5r         0             $ 1, 7                                                                      

c source card                                                                    

sdef  PAR= 2 ERG= 0.029 POS= 0 -3 0 X=D1 Y=-3 Z=D2 $                             

   =================================== 

   ====== Removed Intentionally ========= 

  =================================== 

sp2  0 1                                                                         

f111:e 1.1                                                                       

c111 0 1                                                                         

e111 0 1e-10 1e-9 1e-8 1e-7 1e-6 1e-5 1e-4 1e-3 1e-2 .1 1 10                     

c                                                                                

   =================================== 

   ====== Removed Intentionally ========= 

   =================================== 

stop NPS 2e+9 CTME 7 $ F111 0.0                                                  

c --------   END of PROGRAM   -----------------------                  

c ------------------------------------------------------------                   
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Appendix B: Experimental Data 

Bare detector  

Enegy kev/ 
Tube # 

Tube 1 
(mSv/hr) 

Tube 2 
(mSv/hr) 

Tube 3 
(mSv/hr) 

Tube 4 
(mSv/hr) 

Average 
(mSv/hr) 

56 3.57 3.67 3.66 3.76 3.6 

85 0.55 0.58 0.57 0.57 0.56 

129 0.35 0.36 0.29 0.36 0.34 

178 0.21 0.22 0.22 0.22 0.22 

222 0.18 0.18 0.18 0.18 0.18 

 

Detector wrapped with lead filtering material 

Enegy kev/ 
Tube # 

Tube 1 
(mSv/hr) 

Tube 2 
(mSv/hr) 

Tube 3 
(mSv/hr) 

Tube 4 
(mSv/hr) 

Average 
(mSv/hr) 

56   0.3 0.31 0.30 0.30 

85 0.20 0.18 0.18 0.181 0.18 

129 0.21 0.18 0.17 0.193 0.19 

178 0.16 0.16 0.15 0.16 0.16 

222 0.15 0.14 0.15 0.15 0.15 
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Appendix C:  T2416A Spec. Sheet (Courtesy Canberra Co.) 
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Appendix D:  Alternative Wrapping Mechanism  

 

The following alternative of wrapping mechanism has the entire lateral surface covered 

with equal size holes in different areas.  The total area of these holes equals to the gap 

width in the two-piece model wrapping mechanism.  
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Appendix E:  Second Set of Simulation Data for Energies lower than 50keV 
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Impact of different thicknesses of lead in the response function of the T2416A GM detector 
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 Impact of wrapping mechanism on the response function of the T2416A GM detector 



 
 

108 
 

 

20 25 30 35 40 45 50

0.000

0.001

0.002

C
o

u
n
t 

R
a

te
 (

c
p

s
)

Energy (keV)

 2% Pb 130 

 2% Pb 80 

 

Impact of different thicknesses of 98% tin and 2% lead in the response function of the T2416A GM detector 
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