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ABSTRACT 
 

 

Gamma ray spectroscopy is an analytical approach used to quantify the energy distribution of 

gamma rays emitted from radioactive sources. This technique can be used for various purposes 

such as research, health, radioisotope use and astrophysics etc. Radioactive sources emit gamma 

rays of different energies and intensities. In this work, gamma ray sources Cs137, Mn54, Na22 and 

Co60 are used for studying the interaction of the gamma radiations with the scintillation detector, 

Bismuth Germanate (BGO) and Sodium Iodide NaI(Tl)). Energy calibration, efficiency 

calculations and validation of energy calibrations is done for the experimentally measured data. 

To study the detector performance, a quantitative comparison between BGO and NaI(Tl) 

detector is established on the basis of energy resolution. 

 

Theoretically, the main purpose here is to obtain gamma ray spectra by means of a scintillation 

detector (BGO) by applying Monte Carlo simulation method using the MCNP5 code. The 

MCNP is a software package, used to simulate statistical processes which allows generating 

random numbers and the result is taken as an average of numbers observed. The MCNP5 

program in general, allows the simulation of the following physical processes: photo-electric 

effect, Compton Effect, electron positron pair generation and processes involving interaction of 

charged particles with matter. The gamma rays recorded by the detector are converted into 

electrical pulses and the gamma ray spectra are acquired. The distance between source and 

detector and thickness of the detector surface are taken as variable parameters during the 

acquisition of gamma ray spectra in simulation process.  

The efficiency for a specific geometry of BGO based gamma spectrometer is estimated 

experimentally and validated theoretically by comparing the results of the two approaches. 
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PREFACE 
 

 

This thesis is focused on the methodology involved in estimating the efficiency value for a 

specific geometry of gamma spectrometer (BGO) and to study the detector performance on the 

basis of energy resolution, a comparison is carried out between BGO and NaI(Tl) detectors. The 

results presented in this thesis concern the operational properties of BGO and NaI(Tl) detectors. 

 

The main objectives of this dissertation are to understand the: 

 

 Procedure involved in estimating the efficiency for BGO gamma ray spectrometer. 

 Comparison between detectors on the basis of energy resolution.  

 Spectrum analysis of various radioactive sources (Co60, Na22, Cs137, Ba133, Mn54).  

 Calibration process of scintillation spectrometer using known sources and use it to validate 

energy calibration. 

 Modelling of BGO Detector using MCNP simulation.  

 Relative comparison between simulation and experimental results. 

 

Chapter 1 gives a brief introduction about the concept of gamma rays and their interaction with 

matter. It also discusses about radiation spectroscopy with main focus on scintillation detectors 

used in gamma ray spectroscopy.  

 

Chapter 2 explains the methodology used in energy calibration and efficiency calculation. This 

chapter presents a comparison plot between BGO and NaI(Tl) detectors on the basis of their 

energy resolutions.  

 

Chapter 3 gives the MCNP features, a theoretical approach used in calculating the efficiency 

of BGO detector. The simulated spectrum of radioactive sources with their analysis has been 

included. In addition, the source code used to model the BGO detector is also presented.  

 

The results of experimental measurements and simulations along with the discussion are briefly 

summarized in chapter 4. 
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                                   CHAPTER 1               

 

         

    INTRODUCTION TO RADIATION SPECTROSCOPY 
 
 

 

This chapter discusses about the theory involved in the study of gamma ray interactions with 

matter. Section 1.1 introduces the concept of gamma rays and the sources of gamma-ray 

emission. Section 1.2 discusses about the three major types of gamma-ray interactions with 

matter. Section 1.3 gives the brief description of the detectors used in gamma ray spectroscopy. 

Section 1.4 discusses about the scintillator detector principles and the operational mechanism 

of the detector. Section 1.5 gives the review of various inorganic scintillators out of which BGO 

and NaI(Tl) is of much importance. 

 

 

1.1  Gamma rays (sources of gamma emission): 
 

Gamma rays, (or gamma radiations) are the high frequency electromagnetic radiations and 

consist of high energy photons. Gamma radiations are produced by the process of gamma decay 

of an atomic nucleus from a high unstable energy state to lower stable energy state.  

Gamma rays are emitted through various processes: 

 

1.1.1 Emission of gamma rays by excited nucleus 
 

Gamma radiation is emitted when a nucleus decays to lower lying nuclear levels. In the decay 

of the parent radionuclide, the excited nuclear states are created [1] .The decay scheme of Co60 

is shown in Fig 2.8. In Co60, a process of β- decay leads to the excited states in daughter nucleus 

and de-excitation leads to  ray photon. 

 

                                                 𝐶𝑜27
  60 → 𝑁𝑖28

60 ∗ + 𝛽− + 𝜈̅                                                     (1.1) 

 

1.1.2    Annihilation Reaction 
 

When the parent nucleus undergoes β+ decay, the positron emitted in the primary decay process 

combine with electron in the absorbing material resulting in annihilation. The original electron 

and positron disappear and are replaced by two oppositely directed electromagnetic photons of 

energy 0.511 MeV each known as annihilation radiation [10]. 

 



  
   

12 
 

1.1.3 Gamma emission following nuclear reactions 
 

In such a nuclear transformation, collision of a particle or a photon with a nucleus results in the 

formation of product radionuclide with an emission of particle or gamma ray photon [2]. 

 

𝛼 +  𝐵𝑒 → 𝐶∗ +6
12

4
9

2
                    4 𝑛0

1                                                   (1.2) 

                                                            

Here, in equation (1.2), product nucleus 12C formed is in the excited state, its decay gives rise 

to gamma ray photon of 4.44 MeV energy [1]. 

 

1.2 Gamma ray interactions with matter 
 

Gamma rays, unlike 𝛼 and β rays are uncharged radiations and therefore cannot produce 

electrical signal within the detector by the mechanism of ionization. Detection of gamma ray 

depends upon the processes by which it interacts with matter [4]. There are predominantly three 

major ways by which gamma rays transfer its energy to electrons in the material:                                            

(i) photoelectric absorption (ii) Compton scattering and (iii) pair production [2]. 

 
1.2.1 Photoelectric absorption 
  

In photoelectric absorption, gamma ray transfers its complete energy to electrons in the detector 

material and then photon disappears. In the process, photoelectron is ejected from bound shells 

of the atom, with kinetic energy Eo  given by,  

              

                                               Eo = E - Eb                                                                (1.3) 

 

Where, E b represents the binding energy of bounded photoelectron and E represents the energy 

of incident gamma ray. The probability of occurrence of photoelectric effect depends on the 

atomic number of absorbing material and energy of incident gamma ray. An approximation to 

describe the relation between probability of this effect over all gamma ray energies of interest 

is given by, 

                                    
𝑍𝑛

𝐸
3.5                                                          (1.4) 

 

Where, Z is the atomic number of detector material, value of n ranges from 4 to 5,  represents 

the probability of photoelectric absorption per atom over all ranges of E of interest and Z [7,9]. 
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1.2.2 Compton scattering 
 

In Compton scattering, gamma ray interacts with a free or a weakly bound electron and transfers 

a fraction of its energy to the recoil electron which scatters off in other direction [6]. The photon 

is scattered by an angle θ as represented in fig 1.1 [4]. 

The energy imparted to the recoil electron is given by, 

 

                                    Ee = E - E’                                                                                   (1.5) 

 

                  
 

 

                                Fig 1.1. Mechanism of Compton scattering. 

 

Where, Ee is the energy of recoil electron, E represents the energy of incident gamma ray, and 

E’ represents the energy of scattered gamma ray photon. The energy of the scattered photon in 

terms of its scattering angle and the energy of the original photon is given as [1]: 

  

                                 Esc =  
𝐸

1+
𝐸𝛾

𝑚𝑜  𝑐2  (1−cos 𝜃)
                          (1.6) 

 

The probability of occurrence of Compton scattering process ( C) is directly proportional to the 

atomic number Z of the absorbing material and varies inversely with the energy E of the incident 

photon. The expression given by [7] 

                                                 C   
 𝑍

𝐸
                                                                                      (1.7) 

 

 

1.2.3 Pair Production 
 

In pair production process, an electron and a positron is created due to strong field effects 

experienced by photon from the nucleus of absorbing material. The electron and positron are 
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created in pairs and total disappearance of gamma ray is observed. A schematic of pair 

production is shown in Fig. 1.2. [4] 

 

  
 

                                    Fig 1.2. Mechanism of pair production process. 

 

This process occurs only if the gamma ray enters the material with energy greater than twice the 

rest mass energy of the electron (1.022 MeV), which is required to create electron-positron pair. 

Any excess energy above 1.022 MeV is shared between electron-positron pair [1]. 

 

𝐸𝛾= 𝐸𝑒+ + 𝐸𝑒− + 1.022                                                        (1.8) 

  

The probability of pair production process ( pp) is predominant at high energy gamma rays and 

increases with the increase in atomic number, the approximation given as, [7,9] 

                                                       

                                               pp  (E-1.02)2 𝑍2                                                           (1.9) 

 

 

1.3  Gamma ray detectors 
 

The major concern in the detection of gamma rays depends upon the production of charged 

particles which can be collected to produce an electrical signal within a detector. The ways in 

which gamma rays transfer their energy to the electrons can be explained through the 

mechanisms as discussed in section 1.2. The electrons form the basis of a detector signal. The 

desirable features of materials suitable for constructing gamma ray detectors should be such that 

it has good efficiency, good energy resolution, short decay time, reasonable cost and size [8]. 

The two type of detectors are particularly used in gamma ray spectroscopy are:  

 

 Semiconductor detectors such as HPGe  

 Scintillation detectors – NaI(Tl) , BGO , LaBr3  
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There are circumstances where good energy resolution is not required and space restrictions 

prevent the use of semiconductor detectors.  In those cases, scintillation materials that have 

found particular application in gamma ray measurements are all inorganic crystals: Sodium 

Iodide (NaI), Cesium Iodide (CsI), Calcium Fluoride (CaF2), Bismuth Germanate (BGO) [4] 

etc. 

 

1.4 Scintillation detector 
 

A scintillator is a material that exhibits the property of radiance when excited by ionizing 

radiation. Luminescent materials, when struck by energetic particles ( rays), re-emit the energy 

which is absorbed in the form of light [12].The energy of incoming particles are converted into 

photons of much lower energy in the visible range that can be detected with photomultipliers 

(PMT) or photodiodes. The details of the different components of a typical scintillation detector 

are shown in Fig 1.3 [1]. 

 

                                       
 

                          Fig 1.3. Components of a scintillator detector.  

 

1.4.1 Operational mechanism in scintillator 
 

As the gamma ray passes through the scintillator medium, it undergoes interaction in the lattice 

through the processes discussed in section 1.2, which further creates energetic electrons. The 

atoms and molecules of the scintillator material get excited causing light to be emitted. This 
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light is further transmitted to the photomultiplier tube through optical coupling system where 

photons have a very high probability of undergoing photoelectric effect in the photocathode, 

thereby creating a weak current of photoelectrons. The detector gives signal in the form of 

current. The weak signal is further amplified using amplifier, where photoelectrons liberated are 

accelerated by a strong electric field towards the dynode, maintained at positive polarity relative 

to photocathode. The dynode ejects more electrons than incident ones, causing increase in 

electron flux. The process continues for the series of dynodes, resulting in signal amplification 

as shown in Fig 1.4. The current signal is analyzed by using an ADC (analog to digital converter) 

for each PMT. It converts the analog signal coming from the amplifier to equivalent digital form 

and assigns a digital number representing the amplitude of the signal. From ADC the signal 

goes to MCA or multichannel analyzer. A multichannel analyzer after sorting out the incoming 

pulse, keeps the count of the number at each height in a multichannel memory. The MCA is 

connected to a computer which shows the energy spectrum of the gamma rays. The spectrum 

can further be analyzed to find the energy resolution and efficiency for each energy peak in the 

spectrum. The conversion of signal to channel number is done by MCA. So the obtained 

spectrum shows counts vs channels. The spectrum is then calibrated by linear calibration to get 

the counts vs energy spectrum [5]. 

  

 
            Fig 1.4. Amplification of electrons in a scintillator detector by PMT.  

 

1.4.2 General considerations in gamma ray measurements 
 

Any detection system, can be defined in terms of four response characteristics:  

 

(i) Intrinsic efficiency: proportion of actually detected emissions that reach the detector.  

(ii)  Total efficiency: ratio of the detected emission to the source emission.  
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(iii)  Geometry: fraction of the total solid angle covered by the detector due to source emissions. 

(iv) Resolution: ability of a detector to differentiate between two gamma rays of close by 

energies.  

1.5 Review of scintillator detectors used in gamma ray measurements 
 

Scintillation and semiconductor detectors are the two types of solid state detectors, commonly 

used in gamma ray measurements. A number of materials are used for scintillation detection for 

example inorganic crystals, glass materials etc. BGO and NaI(Tl) are of prime concern in this 

thesis.  

 

1.5.1 BGO Detector  
 

BGO is an inorganic chemical compound of bismuth, germanium and oxygen, chemical formula 

given by Bi4(GeO4)3. The light output of BGO is low in comparison to NaI(Tl). The density of 

BGO is approximately 2.5 times that of NaI(Tl) which gives it a high stopping power and makes 

it ideal for active shielding systems [4]. It is characterized by short decay constant. A typical 

BGO detector is shown in figure 1.5. 

                                            Fig 1.5. BGO detector. 

 

 

 Scintillation mechanism in BGO  

 
BGO is used without activator. There is a large shift between the optical and emission spectra 

of Bi3+ states [4]. BGO crystal is transparent to its own emission and relatively little self-

absorption takes place. BGO is non-hygroscopic and inert and hence need not be encapsulated. 

Properties of a typical BGO detector are given in Table 1.1 [4,11]. 
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Properties of BGO 

Density 7.13 g/cc 

Light output relative to NaI(Tl) 12-14% 

Wavelength of Maximum 

emission 
480 nm 

Decay constant 0.3µs 

Hygroscopic No 

 

                                   Table 1.1. Properties of BGO detector.  

 

 

1.5.2 NaI(Tl) detector  

 
Thallium activated sodium iodide, the most commonly used scintillation material which 

produces better luminescence compared to other spectroscopic scintillators with good 

efficiency. NaI(TI) has a high gamma-ray absorption coefficient and provides the greatest light 

output of all of the inorganic scintillators, it also has the best energy resolution. It is hygroscopic 

and must be enclosed at all times. 

 

 Scintillation mechanism in NaI(Tl)  
 

The electronic orbitals of sodium and iodide atoms combine to form a valence band and a 

conduction band of molecular orbitals. The thallium impurity create electron orbitals between 

the conduction and valence band called activation centers. In the ground state, the conduction 

band and the excited energy levels of the activation centers are empty and the valence band and 

the ground state level of each activation center are filled with electrons. Thus, in the absence of 

radiation, there is no electron movement. Incoming gamma ray interacts with the crystal and 

creates many secondary electrons with high kinetic energy. These electrons cause ionization and 

excitation as they move, creating more electrons which causes excitation of electrons from 

valence to conduction band. The electrons that get into conduction band are free to move, but 

will not fall directly to valence band and so they occupy lowest energy levels available to them 

which are excited states of activator sites.  

In the same way, holes will allow electrons in the valence band to move and eventually will be 

filled by electrons from activation centers, leaving vacancies in the activation center ground 
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state level. Since the electron cannot undergo transition from excited state to ground state in 

activation center, so electron drops down and fills the hole with the excess energy released in 

the form of light. Properties of NaI(Tl) are listed in table 1.2. [4,11] 

                        

Properties of NaI 

Density 3.67 g/cc 

Wavelength of Maximum 

emission 
415 nm 

Activator  Thallium (Tl) 

Decay constant 0.2 µs 

Hygroscopic Yes 

 

                    Table 1.2. Properties of NaI(Tl) detector.  
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CHAPTER 2 

  

EXPERIMENTAL METHODOLOGY 

  

 
This chapter gives a broad description about the experimental setup and the methodology used 

to explain the measurements obtained. Section 2.1 presents the BGO based gamma ray 

spectrometer setup along with the components and operating parameters involved in the 

experiment. Section 2.2 discusses about the characteristics of sources used along with their 

decay scheme. Section 2.3 concerns with the method involved in energy calibration, along with 

the energy calibration plot and its validation using experimental measurement. Section 2.4 

explains the procedure involved in calculating efficiency for BGO detector. Section 2.5 deals 

with the effect of background radiations. Finally, comparison between BGO and NaI(Tl) 

detector is drawn on the basis on energy resolution, which is discussed in section 2.6.  

 

 
2.1 Instrumentation – BGO based gamma ray spectrometer 

 
A BGO based gamma ray spectrometry system as shown in fig 2.1 is used to carry out the energy 

and efficiency measurements in the present work.  

 

 
 

 Fig 2.1. A BGO based gamma ray spectrometer setup. 
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2.1.1. Components and operating parameter  
 

The spectrometer consists of a BGO detector, a spectroscopic amplifier, multichannel analyzer 

(MCA) and a gamma spectral analyzer. The detector bias was kept at 790 V. A positive unipolar 

output was taken from amplifier by keeping shaping time 1 s.  

The details about detector are as follows:  

 

 formula: Bi4Ge3O12  

 diameter – 12.7 cm  

 height – 10.2 cm  

 aluminum cap – 0.5 cm  

 opening window size – 3cm x 3 cm  

 

A typical block diagram of the BGO detector assembly is shown in fig 2.2, [3] 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                             Fig 2.2. Block diagram for BGO detector assembly. 
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2.2  Characteristics of sources used in the experiment  
 

2.2.1 Cesium-137   
 

 Principle decay mode: β decay 

 Energy (KeV): 662 

 Half-life (t1/2): 30 years 

 Gamma yield : 0.85 

 Fig 2.3 represents decay scheme of Cs137  [2,8] 

                                   Cs137 (30 years) 

 

                                                                                     β1 (93.5%) 

 

                                                                                                                         661.7 KeV 

                                                           β2 (6.5%) 

                                                

                                                                                                             
 

                                                                                                                             0 

                                                                                                Ba137  

                                              

                                                   Fig 2.3. Decay scheme of Cs137  

2.2.2 Manganese-54  
 

 Principle decay mode: Electron capture (EC) 

 Energy (KeV): 834 

 Half-life (t1/2): 0.855 years 

 Gamma yield : 0.997 

 Fig 2.4 represents decay scheme of Mn54  [8] 

 

                                  Mn54 (0.855 years)                                          

    EC (100%) 

                                                                                                           

                                                                                                          834.8 KeV 

 

 

                                                                                             γ 
 

 

                                                                                                           0 

                                                                                  Cr54  

                                     

                                         Fig 2.4. Decay scheme of Mn54  
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2.2.3 Sodium-22 
 

 Principle decay mode: β+ , Electron capture (EC) 

 Energy (KeV): 1274 

 Half-life (t1/2): 2.6 years 

 Gamma yield : 0.997 

 Fig 2.5 represents decay scheme of Na22 [2,8] 

 

                                           Na22 (2.6 years) 

 

                                                                                      EC (9.7%) 

                                                  β+ (90.2%)  

                                                                                                                  1274.5 KeV  

 

 

                                                                                                         γ 
 

 

                                                                                                                    0     

                                                                                                    Ne22 

                                          Fig 2.5. Decay scheme of Na22  

 

2.2.4 Cobalt-60  
 

 Principle decay mode: β- decay 

 Energy (KeV): 1173, 1332 

 Half-life (t1/2): 5.27 years 

 Gamma yield : 100 

 Fig 2.6 represents decay scheme of Co60 [2,8] 

 

                                   Co60 (5.27 years) 

                    

                                                                                      β- (99.88%) 

                                                                                                                    1173 KeV                                                              

                                                                β- (0.12%) 

 1 

 

                                                                                                                    1332 KeV 

                                                                                                           2 

                                  0 

                                                                                              Ni60 

   

                                                Fig 2.6. Decay scheme of Co60  
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2.3 Experimental procedure : 
 

Energy calibration, total efficiency calculation, background measurements and individual 

spectrum of sources are taken as per the procedure given the operational manual of BGO based 

gamma ray spectrometer [3], and will be discussed in the following sections. 

 

2.3.1 Energy calibration 
 

The purpose of energy calibration is to deduce a relationship between peak channel position in 

the spectrum and the corresponding gamma ray energy. Energy calibration can be accomplished 

by measuring the spectrum of gamma rays of known energy and comparing the measured peak 

channel position with energy. Irrespective of the source used, it is necessary to ensure that the 

calibration energy spans the entire range over which the spectrometer is to be used. The 

computer can then search for the peaks, measure the peak position to a fraction of a channel and 

a relationship between channel number and energy can be derived, in accordance with equation,  

 

                              E (𝐾𝑒𝑉) = A (𝐾𝑒𝑉) + B*C (Channels)                            (2.1) 

 

Where, A is the intercept, B (KeV/ch) is the gradient of the calibration line and C is the channel 

number.  

Energy calibration is often performed before acquisition of the spectrum as a part of the setting 

up procedure. By using standard radioactive sources with known gamma ray energies, it can be 

inferred that the detected gamma ray energies match with the correct channels in computer 

program. Gamma sources Am241 (59.54 KeV), Na22 (511 KeV and 1274 KeV) and Tl208(2614 

KeV) are used for energy calibration. The source is kept at a distance of 27.2 cm distance from 

the center of detector. Spectrum is acquired for 1000 sec. Peak channel positions versus energy 

of gamma rays are fitted for obtaining the energy calibration coefficients. A graph between peak 

channel positions and the corresponding energies is plotted using linear equation 2.1 and is 

shown in Fig 2.7 

 

                                          𝐸(𝐾𝑒𝑉) = 𝑎 + 𝑏𝑋                                                (2.2) 

 
Where, ‘a’ is the intercept, ‘X’ is channel number and ‘b” is slope.        

Table 2.1 lists the channel numbers corresponding to different gamma ray energies. 

 



  
   

26 
 

Sources used Channel number Energy ( KeV) 

Am241 16 60 

Na22 168 511 

Na22 428 1274 

Tl208 883 2614 

                                          Table 2.1. Energy Calibration Data. 

 
 

                                                       Fig 2.7. Energy calibration curve.  

 

The linear fit of energy and channel number data is performed and energy calibration coefficient 

is calculated which comes out to be 2.9443 KeV/channel. R2 represents the statistical measure 

of how well, the data points are well approximated on the regression line.  
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2.3.2 Validation of energy calibration using experimental measurement  
 

Energy calibration can be validated by keeping a known gamma ray source in front of detector 

setup. By using energy calibration coefficients, the gamma ray energy of known isotope can be 

determined by analyzing channel number and using equation 2.1, energy calibration can be 

validated. In this work, energy calibration is carried out using BGO as a gamma spectrometer 

and the energy calibration factor is found to be 2.944 KeV/Channel and the isotope used is Co-

57. Peak for this source came at 40 channel number and from the calibration factor, energy 

determined is 120 KeV. Thus, energy calibration is validated. 

 

 

2.4 Efficiency calculation 
 

The next step is to calculate the total efficiency of the detector which is required to relate the 

counts in the spectrum to the gamma ray emissions by the source [4]. The efficiency calculation 

is done for sources Cs137, Mn54, Na22. Spectral parameters such as peak position, FWHM for a 

standard source such as Cs137 is measured. The gamma ray source is kept at a distance of 27.2 

cm such that the center of source coincides with the center of detector and spectrum is acquired 

for specified time, t =1000 seconds. The ROI (region of interest) for the required energy is 

marked and the gross counts are noted down. After removing the source, background counts 

have been taken into consideration and net counts which is the subtraction of background counts 

from the gross counts are noted down.  

Count rate which is the division of net counts by counting time is calculated and hence, the 

efficiency is calculated by dividing the count rate by activity of the source. The calculated 

efficiency is divided by the yield or abundance of the gamma photons to get efficiency per single 

photon (cps/photon). The same procedure is repeated to calculate the efficiency values for the 

other sources [3]. Standard net counts in each ROI is corrected for background.  

 Net CPS in each ROI is calculated as given below 

 

                      𝑁𝑒𝑡 𝐶𝑃𝑆 𝑖𝑛 𝑅𝑂𝐼 =
𝑁𝑒𝑡 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑅𝑂𝐼−𝐵𝑘𝑔 𝑐𝑜𝑢𝑛𝑡𝑠 𝑖𝑛 𝑅𝑂𝐼

𝐶𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒(s)
                  (2.3) 

 

 

Then the efficiency factor,  for that energy ROI is calculated using the formula 

  

                                        

                                  Efficiency factor() =
Net CPS in ROI

Activity (Bq)
                                       (2.4) 
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Efficiency values for the other sources used as per given in the table 2.2: 

             

Radio-

nuclide 

Activity 

(Bq) 

(as on Jun, 

2016) 

 Energy 

(KeV) 
ROI (KeV) 

Gamma 

yield 

Net 

counts 
Net cps 

Measured 

Efficiency in 

cps/photon 

137Cs 6612 Bq 662 560-760 0.85 33983 56.63 1.03E-02 

54Mn 797 Bq 834 740-937 0.9997 27282 7.36 9.50E-03 

22Na 7015 Bq 1274 1130-1414 0.9994 40693 67.82 9.65E-03 

 

                   Table 2.2. List of various sources used for efficiency calculation. 

 

 

2.5 Background measurements 
 

To study the effect of shielding, background measurements are carried out inside a room which 

is made of Pre-war steel of dimensions - 200 cm × 200 cm × 190 cm and outside shield room. 

To suppress background contributions, the shield is with graded shielding arrangement (3mm 

Pb, 2mm Cd, 1mm Cu).  A picture of shield room is shown in fig 2.8. 

 

                                
 

                         Fig 2.8. Shield room.   
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Background radiations are reduced to 1/10th inside the  shield room and many of the peaks in 

the spectrum taken outside shield get vanished as compared to the one taken inside the shield. 

The recorded spectra of background inside and outside the shield room are shown in Fig 2.9. 

                                         

            
                          

 

Fig 2.9. The recorded background spectra. The solid black line is for background outside the 

shield room and the red dotted line is for background inside the shield room. 

 

 Most significant gamma rays in background are found to be [1,5,6] 

 K-40 : 1460 KeV 

 Ac-228 : 911 KeV and 968 KeV, 1460 KeV 

 Tl-208 : 1620 KeV , 2614 KeV [6] 

 

2.6 Energy resolution 

The ability of a detector to distinguish between radiations of similar energy is called energy 

resolution. The energy resolution is a dimensionless quantity and is expressed in fraction (or 

%). The smaller being the value of resolution, better will be the detection capability to resolve 

two radiation peaks whose energies lie close to each other. The resolution of a detector is defined 
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by ratio of FWHM / peak centroid. Where, FWHM is the full width at half maximum of 

corresponding peak [9].   

The table 2.3 and 2.4 represent the energy resolution of the BGO and NaI(Tl) detectors 

respectively along with the FWHM values. 

 

Sources Energy (KeV) FWHM (KeV) Resolution (%) 

Cs137 662 74.16 11.2 

Na22 1274 95.91 7.5 

Co60 1332 95.83 7.5 

K40 1460 100 6.6 

  

                 Table 2.3. Energy resolution of BGO Detector along with the FWHM values. 

 

 

Sources Gamma ray energy 

(exp.) 

FWHM (KeV) Resolution (%) 

Ba133 360.7 32.3 8.9 

Na22 510.8 43.5 8.5 

Na22 1280.1 71.5 5.6 

Cs137 661.6 49.4 7.5 

Co60 1168 67.2 5.7 

Co60 1330.4 72.5 5.4 

 

               Table 2.4. Energy resolution of NaI(Tl) Detector along with the FWHM values. 

 

Fig 2.10 depicts the comparison between energy resolution of BGO and NaI(Tl) detectors.  
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              Fig 2.10. Energy resolution comparison between BGO and NaI(Tl) detectors. 

 

 

2.6.1 Inference  
 

At lower energies, in case of Cs137 (662 KeV), the energy resolution of NaI(Tl) and BGO are 

7.5% and 11.2% respectively. This implies, NaI(Tl) performs better than BGO at low energy 

range. The energy resolution of both the detector improve significantly for high energy gamma 

rays and the difference between two detectors resolution becomes less significant. As in general, 

at the low energies, the resolution of NaI(Tl) is better than BGO [7]. This makes NaI(Tl) a better 

choice to detect gamma rays at low energies. BGO is fairly better choice for detecting high 

energy gamma rays as it has better efficiency and its energy resolution is slightly poor as 

compared to NaI(Tl). 
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CHAPTER 3 

 

SIMULATION- MONTE CARLO METHOD  
 

 

 

This chapter discusses about the methodology involved in theoretical calculations in the 

framework of Monte Carlo method (MCNP). Section 3.1 gives an introduction of numerical 

methods with main focus on Monte Carlo method. Section 3.2 discusses about the theoretical 

part associated with MCNP. Section 3.3 explains MCNP features which will further help in 

developing the source code to model the detector. Section 3.4 concerns with the programming 

to model the BGO detector. Section 3.5 deals with the importance of Gaussian energy 

parameters. Section 3.6 depicts the simulated spectrum of sources used in the experimental 

measurements. Effect of varying thickness of the detector, and source position from the detector 

on the total efficiency has been discussed in section 3.7 

 

 

 

3.1 Introduction  
 

Numerical models are used to check and verify the effect of gamma-ray interaction in the 

detectors. Simulation is the imitation of the operation of a real world process or system over 

time. Monte Carlo enables simulation of any process that is influenced by random factors and 

cannot be modelled using deterministic method [6]. MCNP is a theoretical approach used to 

simulate statistical processes such as the interaction of nuclear particles with matter.  

 

3.2 Theoretical background  
 

The Monte Carlo Neural Particle Code (MCNP), a software toolkit which is developed and 

maintained by Los Alamos National Laboratory, is the internationally recognized code for 

analyzing the transport of neutrons and gamma rays by the Monte Carlo method [1]. MCNP is 

a generic approach that can be used in various modes such as transport of electrons, neutrons 

and photon transport etc. Here we have used MCNP5, Monte Carlo Neutral Particle code. 

MCNP uses random number to track each particle and records the average behavior. Numbers 

between 0 and 1 are distributed uniformly and a random selection is made to determine the kind 

of interaction taking place, based on the probabilities governing the processes [4]. An input file 

is created by the user that is read by MCNP. Information regarding geometry specification, 
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material description, desired tally, and variance reduction techniques is contained in that file 

[5]. Ultimate aim of this simulation is to track each individual photon until one of the two cases 

occur:  

(i) The gamma photon deposits all its energy in the modelled detector by various process like 

photoelectric absorption, Compton scattering, pair production or other processes [8]. 

(ii) The gamma photon escapes from the modelled detector or the outer canning material around 

the detector surface. 

 

3.3 MCNP features 
 

3.3.1 MCNP input file 
 

The structure of input file in MCNP is shown in box 3.1. Input lines in MCNP are restricted to 

80 columns and command mnemonics begin in 1-5 columns. Comment line starts with c and 

line after $ sign, is ignored. A continuation line starts with a space followed by & symbol and 

is continued till the end of the card or alternatively, with 5 blank columns [1].  

 

 

 

 

 

 

 

 

 

 

                                         Box 3.1. Input structure of a file in MCNP. 

 

The blocks corresponding to cell card, surface card and data cards will be discussed further in 

the following sections. Units used by MCNP are: 

(i) Length in cm units 

(ii) Time in shakes (10-8 sec) 

(iii) Energy in MeV 

(iv)  Mass density in negative g/cc  

(v)  Cross sections in barns ( 10-24 cm2 ) 

 

3.3.2 Geometry specifications 
 

MCNP treats problem geometry of an arbitrary 3-dimensional figure of a material in terms of 

cells or volumes bounded by surfaces. The cells are defined by the intersections, unions, and 

            Title card [one line]  

Cell cards  

 [Blank line delimiter] 

Surface cards 

  [Blank line delimiter] 

Data cards 

  [Line terminator 
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complements of the regions [1]. Fig 3.1 shows, union operation- logical OR, which represents 

a region containing all area in region X and region Y. In the similar manner, Fig 3.2 shows, 

intersection operation- logical AND, which represents common region to both X and Y. 

 

                              

               

 

 

 

    

 

 

 

 

                      

 

MCNP treats geometrical cells in 3-D Cartesian coordinate system. All space consists of cells 

or continuous regions, restricted by a surface, multiple surfaces or by infinity. There can be no 

gaps in the geometry that is, each point must belong to a cell or lie on the surface of cell [1].  

 

3.3.3 Cell cards – block 1 
 

Cells are defined on cells cards which is uniquely specified by a cell number, material number, 

and material density followed by surfaces bounding the cell. To indicate void cell, the material 

number and density should be zero. 

 

3.3.4 Surface specifications – block 2 
 

After defining the cells, it is necessary to describe the bounding surface of the cells. Suppose, 

in a problem S(x, y, z) =0 is the equation of the surface. For example, a cylinder of radius R, 

parallel to X axis and passing through (0, 𝑦̅, 𝑧̅) is given as, 

  

  𝑆(𝑥, 𝑦, 𝑧) = (𝑦 − 𝑦̅)2 + (𝑧 − 𝑧̅)2 − 𝑅2                                                                        (3.1) 

                 

Here, mnemonic for the surface is C/X. E.g.  1 C/X  2  2  8   $  defines surface 1 as infinitely 

long cylinder, parallel to X axis passing through the point (y=2cm, z=2 cm) with radius 8 cm. 

Depending on whether or not points lie on the surface, every surface is preceded by a positive 

or negative sign. Any point with 𝑆(𝑥, 𝑦, z) > 0  is + ve and any point with 𝑆(𝑥, 𝑦, 𝑧) < 0 is −

ve. For ex. a region inside the surface is positive and outside is negative. Table 3.1 gives the 

representation of MCNP surface cards [1]. 

 

Fig 3.1. X:Y 

Y 

X 

Fig 3.2.  XY 
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Mnemonics Type Description  Equation 
 

Card entries 

P planar General 𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 − 𝐷 = 0 A B C D 

PX planar Normal to x 

axis 𝑥 − 𝐷 = 0 
D 

SO Spherical Centered at 

origin 𝑥2 + 𝑦2 + 𝑧2 − 𝑅2 = 0 
R 

S spherical General  
(x − x̅)2 + (y − y̅)2 + (z − z̅)2 − R2 = 0 𝑥̅, 𝑦̅, 𝑧̅,R 

C/X cylindrical Parallel to X 

axis (𝑦 − 𝑦 ̅)2 + (𝑧 − 𝑧̅ )2 – R2 = 0 𝑦̅,𝑧̅, R 

 

                          Table 3.1. Represents MCNP surface cards.  

 

Fig 3.3 represents a sample surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                     Fig 3.3. A sample surface. 

 

 

An example of cell card definition is  8  6  -7.86  -1  2  -3  #8  IMP: N=0 IMP: P=1 

 

Here, cell number is the first number defined on the cell card and is randomly chosen by the 

user. On the cell card,  second entry represents the unique material number say 6, of density 

7.86 g/cc. and -1 2 -3 indicate that all space within the cell 8 is below the surface 1, above 

surface 2 and are below surface 3. Cell 8 defines the void region and no surface belongs to this 

cell. The two IMP specifications are the cell importance parameters of this region to neutrons 

(N) and (P) [1]. In neutron transport problem, we give neutron unit importance and photons 0 

1 2 3 

4 

5 

6 
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weight. Here in this cell card, we are concerned with photon transport phenomenon so it has 

been given unit importance. 

 

3.3.4 Data specifications- block 3 
 

This input card block gives all data specifications such as type of particles, material 

specification, tally score where results are to be stored, variance reduction techniques, cross 

section libraries, nuclear data and reactions. It doesn’t provide any information regarding 

geometry of the surface. 

 

a) Nuclear data and reactions and material specification 
 

MCNP uses continuous energy nuclear and atomic data libraries based on evaluated nuclear 

data file (ENDF) system [10]. Each data file available to MCNP is listed on a directory XSDIR 

[2]. Specific data such as isotope composition are accessed through unique identifiers for each 

table, called ZAIDs, which contain A as mass number, atomic number Z, and library specifier 

ID [2]. For gamma ray transport, atomic number needs to be specified. For mixtures, 

composition should be specified by mass fraction, preceded by negative sign. For ex. 

M1 83000 -0.6710 $ element Bi with Z=83 and 0.671 mass fraction in BGO crystal. 

 

In this example, M1 represents material 1, say, bismuth with atomic number 83, followed by 

000 which are place holders, required to identify specific isotopes of the element, and 0.6710 is 

the mass fraction of Bi in BGO crystal. MCNP can account for coherent and incoherent 

scattering, photoelectric absorption with the possibility of fluorescent emission, and pair 

production [3]. 

 

b) Source specification  
 

Source description includes position, dimensions (radius) and energy of the radioactive source 

used in simulation. In source definition card (SDEF), MCNP allows user to specify variety of 

source conditions like direction, probability distributions. Analytic functions for fission and 

fusion energy spectra, Maxwellian, and Gaussian spectra are certain built-in functions available 

in MCNP.  
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c) Tallies and output 
 

There are various types of tallies permitted in MCNP, related to particle current, flux and energy 

deposition. The most frequently used tallies are current at a surface (F1), average flux at a 

surface (F2), flux at a point or ring (F5), and flux averaged over a cell (F4) [7]. Similar to flux 

tallies, a pulse height tally (F8 tally) provides the energy distribution of pulses created in a 

detector by radiation. Results are stored in the form of tallies. MCNP tallies are normalized as 

per starting particles. In this work, we are mostly interested in Peak Energy Deposition so we 

make use of F8 tally. Energy deposition starts from the source and ends when the photon is 

absorbed or photon is not detected if it escapes from the sample. Each tally result is printed with 

relative error. 

 

d) Error estimation in MCNP 
 

In MCNP, tally results are printed in the output file along with relative error (R) given as, R – 

1 /estimated mean. Relative error is estimated at the end of each history. The quality of tally is 

determined by the range of R. Table 3.2 gives the guidelines for interpreting the value of R [2]. 

 

Relative error Quality of tally 

0.5 to 1 Not meaningful 

0.2 to 0.5 Factor of a few 

0.1 to 0.2 questionable 

< 0.10 Generally reliable 

< 0.05 Reliable for point detectors 

                               

                                        Table 3.2. R value along with the quality of tally. 

 

The challenge in using MCNP is to minimize the computing expense required to obtain a tally 

estimate with acceptable relative error while performing 10 statistical checks. The 10 statistical 

checks are given as [1]: 

 

 Tally variance: Repeating the simulation process a number of times (N), for each simulation, 

the variation of the mean will be distributed normally about the true mean and have a variance. 

This variation or uncertainty we are trying to reduce in MCNP.  

 

 Relation between R and N: It follows that R decreases as N increases.  

 

 In MCNP, acceptable value of R must be less than 10% for meaningful results.  
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 Relative error follows inverse sqrt N, that is, 𝑅  1/√𝑁 where N is the number of particle 

histories.  

 Variance of variance (VOV) should be less than 0.1  

 

 Variance of variance decreases with N.  

 

 Variance of variance follows 1/N relation.  

 

 Figure of Merit (FOM) = 1/R2T where T is the time required for simulation and is 

proportional to N. N should be optimum for a specified error and least time.  

 FOM should not be monotonically increasing or decreasing.  

 

 Slope (Relation between R and N) should be greater than 3.  

 

3.4 Modelling of detector 

 
In the source code used to model the BGO detector, apart from the cell card definition, material 

description which has already been discussed in section 3.3, depending upon the source whether 

it is mono energetic or has multiple peaks we input the energies according to the yield 

percentages and then e8 tally is used for energy binning into different bins. In this work 500 

bins are created with 1.5 MeV being the maximum energy. Nps includes number of histories 

done per second, then we use the command ip in the output to open the MCNP console for 

plotting and we get to see the cross sections of the detector and its surroundings. Fig 3.4 

represents a typical cut away view of the modelled detector in the plane px=0 is shown below 

where the axis of the cylinder is along pz=0. 

 

                                     
 

                                            Fig 3.4. BGO modelled detector.  

Al canning 

Air Gap 

BGO crystal 
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We observe that the geometry of the modelled detector is in agreement with the experimental 

one. Effect of varying parameters such as changing source position, varying thickness of crystal 

have in determining the efficiency of the detector will be discussed in the later sections of this 

chapter.  

 

3.5  Importance of Gaussian Energy Broadening factors 
 

An ideally modelled detector will show only a single energy deposition at a particular channel 

and will not resemble the actual experimental spectrum, so in order to model the broadening of 

the peak due to detector characteristic, we make use of Gaussian Energy Broadening parameters 

(GEB factors). Parameters obtained using equation from experimental FWHM (Full Width Half 

Maximum) of the various photo peaks were used to ensure that both the spectrum match 

appropriately [7]. 

 

                            FWHM = a + b ∗ √E + CE2                                                                  (3.2) 

 

From the experiment, we note the FWHM values corresponding to their peak energy values of 

different radio nuclides. Using origin we make the best fit to account for this change. Table 3.3 

represents the FWHM values corresponding to energy values of different sources. 

                       

Energy (KeV) FWHM (KeV) 

279 66 

662 74 

1332 100 

                       

                         Table 3.3. FWHM values corresponding to gamma ray energy. 
 

Finally obtained values for the fitting parameters are: a= 0.04665, b=0.0276, c=0.064279. 

 

Fig 3.5 represents the spectrum comparison with and without Gaussian energy broadening 

parameters. 
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Fig 3.5. Spectrum Comparison with and without GEB parameters included. The orange and 

blue dotted lines represent simulation without and with GEB respectively. 

 

 

3.6  Simulated spectrum analysis of sources  
 

3.6.1 Cesium-137 (Cs137) 

 

The spectrum of Cs137 is simulated using MCNP 5 simulation, and the peak corresponds to 0.662 

MeV energy. The simulated spectrum matches closely with the experimental one. Fig 3.6 shows 

the simulated spectrum of Cs137. 
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 Fig 3.6. The simulated Cs137 spectrum in BGO detector. 

 

 
3.6.2 Barium-133 (Ba133) 
 

The spectrum of Ba133 is simulated. Ba133 emits gamma rays of 53.7, 79.59, 81.01, 276.29, 

302.71, 355.86, 383.87 keV energies [5]. The gamma yield of 81 KeV, 355.86 being 32% and 

62% shows predominance over other peaks. Since in MCNP, simulation is done for 81 KeV and 

356 KeV energies, the spectrum of which is shown in fig 3.7.    

         
 

                Fig 3.7. The simulated Ba133 spectrum in BGO detector.                       
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3.6.3 Manganese-54 (Mn54) 
 

The spectrum of Mn54 is simulated using MCNP 5 simulation, and the peak corresponds to 0.834 

MeV energy. The simulated spectrum matches closely with the experimental one. Fig 3.8 

depicts simulated spectrum of Mn54. 

        

 
 

                        Fig 3.8. The simulated Mn54 spectrum in BGO detector. 

 

3.6.4 Sodium-22 (Na22) 
 

The spectrum of Na22 is simulated using MCNP 5 simulation, and the peak corresponds to 0.511 

and 1.274 MeV energy. The source is kept at a distance of 27.2 cm from the surface of the 

detector. In experimental data with Na22, a sum peak at 1.785 MeV due to 0.511 MeV and 1.274 

MeV is observed. No such peak is observed in simulation. Fig 3.9 depicts simulated spectrum 

of Na22. 
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                            Fig 3.9. The simulated Na22 spectrum in BGO detector. 

 

3.7  Efficiency dependence 
 

Efficiency of a detector depends upon factors such as detector thickness, type, geometry and 

distance of source from the detector surface. Simulation results by varying the above parameters 

will be discussed in this section. 

 

3.7.1 Thickness of detector surface 
 

Taking intermediate thickness detector size in account, incident gamma ray can interact with 

matter through any of the processes as already discussed in section 1.2, depending on its energy. 

If the energy of incoming gamma ray is below 1.022 MeV, the resulting spectrum will be 

dominated by photoelectric absorption and Compton scattering. The narrow peak will be 

corresponding to photoelectric absorption known as full energy peak and continuum of energies 

ranging from zero to Compton edge corresponding to Compton scattering will be known as 

Compton continuum. There will be no contribution of Compton scattering to full energy peak. 

If the incident gamma ray energy is  1.022 MeV, there is a possibility that pair production may 

be significant inside the detector. If one of the annihilation photon (0.511 MeV) escapes the 

detector, then the events lead to single escape peak at 0.511 MeV below the photo peak. If both 

annihilation photons escape the detector, then a peak at 1.022 MeV below the photo peak will 

be observed as double escape peak [3]. 

The source used to carry out simulations for different thickness of crystal is Na24 and the 

simulated effect is as shown in the fig 3.10. 
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                                                                            DE                           SE                                photopeak

 
 

 

 

Fig 3.10. Effect of the detector thickness on the simulated spectrum. The dark blue dotted, red 

dotted and light blue dotted lines are for detector thickness of 0.4cm, 1cm and 4cm respectively. 

 

In fig 3.11 SE, refers to the single escape peak and DE refers to the double escape peak  

 

 

Inference  
 

In this, gamma ray source Na24, with gamma ray energy 2.754 MeV is used to study the effect 

of thickness. For a small detector size (0.4 cm thick), we observe that we have low intensity 

photo peaks and predominant single escape and double escape peaks. The single escape peak 

comes at [full energy peak-0.511 MeV = 2.754-0.511 = 2.243 MeV] and double escape peak at 

[full energy peak-1.022 MeV = 2.754-1.022 = 1.732 MeV]. On increasing the thickness of 

detector (1 cm thick), the height of the photo peak intensity has increased and single escape 

peak intensity is slightly reduced. As we go on to make the crystal thicker [4 cm], we see that 

photo peak intensity outweighs single and double escape peaks. Thus, the response function of 

the detector if thickness is varied, changes accordingly.  
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3.7.2 Effect of distance between source and detector   
 

a) BGO with source positioned at ( 0, 0, -1.15) 
 

The spectrum in fig 3.11 is simulated for Co-60 having gamma ray energies of 1172 KeV and 

1332 KeV. The source is positioned at 1.15 cm below the detector surface, (-) sign indicates 

below the detector surface with x and y coordinates being 0. 

 

 
                                         
Fig 3.11. Effect of distance between source and detector when the source is positioned at 1.15 

cm below the detector surface. 

 
b) BGO with source positioned at ( 0, 0, 11.2) 

 
The spectrum in fig 3.12 is simulated for Co-60 having gamma ray energies of 1172 KeV and 

1332 KeV. The source is positioned at 11.2 cm in front of the detector surface, (+) sign indicates 

above/front of the detector surface with x and y coordinates being 0. 
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Fig 3.12. Effect of distance between source and detector when the source is positioned at 11.2 

cm in front of the detector surface. 

                     
 

c) BGO with source positioned at ( 0,0,7.7) 
 

The spectrum in fig 3.13 is simulated for Co60 when the Source is positioned at 7.7 cm in front 

of the detector surface, (+) sign indicates above/front of the detector surface with x and y 

coordinates being 0.  

 
 

Fig 3.13. Effect of distance between source and detector when the source is positioned at 7.7 

cm in front of the detector surface.            
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CHAPTER 4 

 

RESULTS AND DISCUSSIONS 
 

 

 

The results of the experimental measurements and corresponding simulation data along 

with the conclusion are covered in this chapter.  

 

 

4.1 Total efficiency comparison between the simulated and the measured spectrum 

for Cs137 source 

 
Simulated efficiency curve is plotted with exponential fit in figure 4.1. Since, we have to take 

in consideration the contribution of source to the obtained spectrum, we must not take into 

account background radiations and minor peaks from initial spectrum obtained experimentally. 

The major gamma ray energy peak for Cs137 (0.662 MeV) is simulated, and a comparison 

between simulated and experimental efficiency value for cs137 is established. 

 

 
 

Fig 4.1. A comparison of simulated and experimentally measured spectra using Cs137. The red 

circles and blue dotes represent simulated and experimental measurement respectively. 
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4.2 Simulated efficiency curve of BGO detector for point source geometry 
 

The radioactive sources were modeled as a point-like sources placed along the detector axis at 

a particular distance. The photon energies simulated were those belonging to the radionuclides 

Mn54, Ba133, Cs137, Na22 that cover the energy range of interest for measurements. The 

simulation of the point-like sources is used to study the variation of peak efficiency of the 

detector, due to change of thickness and type of canning material around the detector surface.  

The fig 4.2 represents the simulated efficiency curve of BGO detector for point sources. 

   
 
Fig 4.2. Simulated efficiency curve of BGO detector for point source geometry. The plot 

represents the variation of simulated efficiency of the detector with the corresponding gamma 

ray energy of the sources used.  

 

4.3 For a Cs137 source (662 KeV photon), if the number of histories are 1000, the relative error 

is found to be 3% and after increasing the number of histories to (10)8 the relative error reduces 

to 0.09 %. Theoretically, the relative error is inversely proportional to √𝑛. Increasing number 

of histories reduce the error considerably, but computation time is more in such cases.  

 

4.4 The deviation of simulations from experimentally calculated total efficiency for sources       

       Cs137, Mn54, Na22 results, turns to be less than 10%, as represented in table 4.1. 
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Energy (KeV) 
Efficiency(cps/photon) 

Deviation (%) 

Simulated Measured 

662 1.10E-02 1.03E-02 6.80% 

834 1.04E-02 9.50E-03 9.74% 

1274 9.33E-03 9.65E-03 -3.32% 

 

    Table 4.1. The deviation of simulated and experimentally calculated total efficiency for    

                      BGO detector. 

4.5 As inferred from the graph 2.11, which shows the energy resolution comparison between 

BGO and NaI(Tl) detectors , NaI(Tl) is a better choice to detect gamma rays at low energies and 

BGO is fairly better choice for detecting high energy gamma rays although its energy resolution 

is slightly poor as compared to NaI(Tl). 

 

4.6 Conclusions 
 

 Energy calibration is carried out using BGO as a gamma spectrometer and the energy 

calibration factor is found to be 2.944 KeV/Channel. 

 The efficiency curve is established for radioactive sources kept at 27.2 cm distance from 

the BGO detector surface using experiment and simulation. The comparison between 

measured and simulated results is worked out. 

 The efficiency values for 662 KeV, 834 KeV , 1274 KeV photons, computed 

experimentally are compared with that of simulated values and the agreement is within 

±10% as represented in table 4.1 

 The energy resolution curve is established for BGO and NaI(Tl) detectors for radioactive 

sources and comparison is drawn between the two detectors. It is inferred that at high 

energies, BGO is a better choice to detect gamma rays.  

 

 Total efficiency of the detector is dependent on the gamma ray energy of the source, the 

geometrical arrangement of the source and detector and the solid angle covered at the 

detector surface by source emission, It is evident from the Figs 3.12, 3.13 and 3.14 that 

for Co60 as the source, the efficiency decreases with the increase in distance between 
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source and detector. As the distance increases from 7.7 cm to 11.2 cm with gamma 

emissions at normal incidence, the efficiency of the detector decreases from 0.0075 to 

0.016 counts/photon. For z = -1.15 cm, the source placed at 1.15 cm below the detector 

surface, changes the angle of incidence with respect to detector surface, and the 

efficiency gets accordingly modified. 


