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Abstract 
Shakeel ur Rehman, PhD, Department of Physics & Applied Mathematics, 

PIEAS, July 2010. “Study of gamma-ray detector efficiencies and integral parameters 

using stochastic simulations and analytical techniques”; Supervisor: Dr. Nasir M. 

Mirza; Co-Supervisor: Dr. Sikander M. Mirza; Department of Physics & Applied 

Mathematics, PIEAS, Nilore 45650, Islamabad. 

In this work a novel primary-interaction based methodology has been developed for 

Monte Carlo based calculations of the detector efficiency which accelerate the computations 

and yields converged results with much shorter computer time. The proposed methodology 

has been first implemented in a MATLAB based computer program PIMC and later 

implemented in the state-of-the-art GEANT4 Monte Carlo simulation toolkit. The 

methodology has been used for point isotropic sources and thin disk sources at axial locations 

as well as off-axial locations with respect to the detector axis, excellent agreement has been 

found between the predictions of the PIMC code with the corresponding results obtained by 

using hybrid Monte Carlo as well as by analytical techniques and experimental 

measurements over a wide range of γ-ray energy values. Using the PIMC program, the 

energy dependent detector efficiency has been found to approach an asymptotic profile by 

increasing either thickness or diameter of scintillator while keeping the other fixed. The 

variation of energy dependent total efficiency of a 3" × 3" NaI(Tl) scintillator with axial 

distance has been studied using the PIMC code. About two orders of magnitude change in 

detector efficiency has been observed for zero to 50 cm variation in the axial distance. For 

small values of axial separation, a similar large variation has also been observed in total 
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efficiency for 137Cs as well as for 60Co sources by increasing the axial-off set from zero to 50 

cm. 

The results for disk sources show a gradual decreasing trend in the total efficiency as 

disk source radius increases. For coaxial thin disk sources, the total detection efficiency has 

been found to approach a corresponding maximum value as length is increased in 1–20 cm 

range for various values of radii of disk sources and γ-ray energy while keeping the diameter 

of the detector fixed at 3” (7.62 cm). A similar behavior is observed when the radius of the 

detector is increased from 1–20 cm while keeping the length of detector fixed at 3” (7.62 

cm), for various values of radii of disk sources and γ-ray energy.  

Then Monte Carlo simulations were carried out for the determination of photo peak-

to-total ratio using the GEANT4 based detector model for various gamma ray energies and 

detector materials. The effect of variation of length and radius of the detector, while keeping 

the other fixed, was studied for various gamma ray energies. Mathematical curves for peak-

to-total ratio were derived for various detector materials.  
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Chapter 1  

Introduction 
Currently, various radiation monitors are used for a large variety of purposes, ranging from 

patient dose measurements, low level environmental monitoring, to radioactive waste 

management. They form the backbone of health and radiation physics related issues in 

nuclear industry. During past two decades, more than threefold increase has been observed, 

in terms of the journal articles published annually indicating fast growing use of radiation 

detector s world-wide. Typically, radiation detectors are used not only for isotope 

identification but also for the quantification of radioisotopes involved. Along with the variety 

of their uses, the diversity of their design necessitates accurate and reliable methods for their 

efficiency calibration. 

In this work, a detailed computational methodology has been developed for 

determination of detector efficiency. The radiation transport problem from source-to-detector 

has been modeled using Boltzmann transport equation. Dominant modes of interaction of the 

radiation quanta with detector material including photo-electric effect, Compton scattering 

and pair production have been included in this model. The simulations have been carried out 

using state-of-the-art software GEANT4 which is widely recognized as the de-facto standard 

world over. It simulates radiation transport using stochastic techniques, which allows one to 

model literally limit-less variety of source and detector geometries and configurations along 

with user defined range of energy/ spectra of radiations starting with eV up to GeV.  Both 

primary as well as secondary radiation tracking has been carried out in these simulations. 
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While detailed simulations yield precise data regarding detector efficiency, they entail 

extensive computational effort. An improved methodology has been proposed in this work. 

This methodology has been incorporated independently as well as in GEANT4 based 

simulations which pace up simulations by orders of magnitude while retaining data precision. 

1.1 Objectives  

This work is aimed at developing a theoretical technique for determination of gamma ray 

detector efficiency for various geometries, detector materials and configurations primarily 

using stochastic simulation technique. In this work a methodology, based on primary 

interaction model has been developed for determination of gamma ray detector efficiency. 

The methodology is implemented in a MATLAB based computer program. The predictions 

of these simulations have been compared with the results obtained from the state-of-the-art 

general purpose Monte Carlo code for radiation transport GEANT4 and with the available 

data in literature. The expression has been developed to calculate full energy peak efficiency 

from the knowledge of total efficiency using the peak-to-total ratios. The peak-to-total ratios 

for various detector dimensions and materials were calculated using GEANT4. 

1.2 Thesis Organization 

This thesis consists of six chapters. The first chapter briefly introduces the work done in this 

thesis and the objectives of this study. The second chapter thoroughly reviews the 

experimental and theoretical efforts carried out throughout the world in this area.  

Chapter 3 describes the Monte Carlo techniques for gamma ray detector efficiency 

calculation. It also describes the primary interaction based methodology in Monte Carlo 



 3

simulation developed in this work. An introduction of the softwares MATLAB and GEANT4 

is also given in the chapter 

Chapter 4 describes the Moen’s principle of efficiency transfer and briefly reviews 

the literature regarding the application of the principle for efficiency calibration. Then the 

chapter describes the work carried out in this study for measurement of full energy peak 

efficiency of gamma ray detectors of various dimension and materials. 

Chapter 5 describes combined results of all the studies. A detailed discussion of the 

results is also included in the chapter. The results are compared where possible with the 

values of already published literature. 

Chapter 6 includes the conclusions and future recommendations for further research 

in the same area. 

 



 4

Chapter 2  

Background and Literature Review 
 

The gamma rays have special significance due to their high penetration power and high 

energy. They are being used for the benefit and betterment of human beings.  The 

applications of gamma rays include therapeutic application which include treatment of 

cancerous organ by irradiation of gamma rays [1], irradiation of food items, spices etc. to 

destroy microorganisms, bacteria, viruses, or insects [2], sterilization of medical and surgical  

equipment[3], for diagnosis purposes in nuclear medicine, three dimensional medical 

imaging. The gamma rays also act as tracer for radioactive uranium and thorium in the earth 

crust and underneath and thus help exploring the underground uranium mines [4]. The 

gamma rays have discrete energy spectra and are specific to radionuclide, therefore gamma 

spectroscopy of soil or radioactive waste samples qualitatively and quantitatively reveal the 

information of radionuclide present in the samples. The gamma rays are a great tool to detect 

possible illicit trafficking of radioactive material across international borders and possible 

nuclear threat [5].  

Despite the useful applications, the gamma rays pose radiation exposure risk to 

human beings especially in the areas where the gamma ray flux is high such as nuclear power 

plants, gamma irradiation facilities, radiation therapy facilities etc. At such places where the 

risk of unwanted gamma exposure is present, shielding is necessary to spare the 

professionals, workers, general public and certain radiation sensitive equipment. The purpose 

of shielding is to reduce the gamma dose to within permissible limits. 
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The detection and quantification of gamma rays are the essential aspects in the 

gamma rays fields. Both of the aspects are served by the use of gamma ray detectors. 

Therefore gamma ray detectors have found their place in many areas of science and 

technology, be it use of gamma rays for benefit of mankind or shielding of the gamma rays. 

There are various gamma ray detectors including NaI(Tl), CsI, HPGe etc. but the 

main purpose of all is to measure the intensity and energy of the gamma rays where ever the 

detectors are placed. Based on the knowledge of energy of the gamma rays identification of 

the radionuclide is made and from the knowledge of intensity of gamma rays the 

quantification of radioactivity or radionuclide is made. Collectively this is known as gamma 

spectroscopy. An X-ray or gamma-ray, photon is uncharged and creates no direct ionization 

or excitation of the material through which it passes. The detection of gamma rays therefore 

depends on the interactions that transfers all or part of the photon energy to an electron in the 

absorbing material [6]. 

The gamma ray detectors can be broadly divided into two categories;                  (i) 

scintillators and (ii) semiconductors. In scintillator based detectors, the gamma-rays interact 

with scintillator material and produce primary electrons; these raise the secondary electrons 

to the conduction band thereby creating electron-holes in the scintillator. In some cases, the 

energy given to the electron may not be quite sufficient to raise it to the conduction band. 

Then, the electron-hole pair attracts each other electrostatically and behaves like an entity 

called an exciton.  Considering  the  band  structure  model,  this  represents  elevation  of the   
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electron to a continuous extra band just below the conduction band (Figure 2.1). The 

electrons will emit electromagnetic radiations if they are allowed to de-excite by transition to 

the valence band. The photocathode collects the electromagnetic radiations and 

photoelectrons are released. The generated photoelectrons are accelerated and multiplied in 

photomultiplier to provide the electrical signal of the detector. Following are the desirable 

properties which the scintillation material preferably has for the detection of gamma ray and 

its spectrometry: 

• reasonably large number of electron–hole pairs produced per unit energy of gamma-

ray; 

• stopping power of the material for gamma rays should be high (high atomic number 

and density); 

• linear energy response is preferable for spectrometry; 

• the self-absorption in the scintillator must be negligible; 

• to allow high count rates the time for decay of the excited state must be short; 

• availability of the material in optical quality and reasonable amounts should beeasy 

and cost effective; 

• for efficient coupling of the scintillator material to photomultiplier the refractive 

index of the scintillator must be near to that of glass. 
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Figure 2.1: Band gap structure in scintillators highlighting the transition of electron from 

valence to conduction band and de-excitation via activation sites. [7] 
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Inorganic crystals have found particular application for gamma-ray measurements: examples 

are sodium iodide (NaI), caesium iodide (CsI), bismuth germanate (BGO), calcium fluoride 

(CaF2), and, recently, lanthanum halides. Of these, the sodium iodide is the most important 

one and the lanthanum halides are the materials rapidly becoming prominent [7].  

The band gap of sodium iodide is large and the photons emitted when the electrons in 

the conduction band de-excite to valence band are predominantly outside the visible 

spectrum. The detection of these photons by photocathode is less efficient. This problem is 

further aggravated by the self-absorption of photons in scintillator. Both the problems are 

tackled by adding very small amount of impurity known as activator. The typical activators 

for NaI and CsI are thallium and sodium or thallium respectively. In short these are written as 

NaI(Tl), CsI(Tl) and CsI(Na). This leads to introduction of extra energy levels within the 

forbidden band (see Figure 2.1). The excited states of these activator sites are somewhat 

below the conduction band and the ground states are just above the valence band. When an 

electron is elevated to conduction band and a hole is created in valence band. The Electrons 

in the conduction band and within the exciton band are more probable to be captured by the 

excited activator states and the hole may migrate to a ground state of an activator site. When 

these electrons and holes recombine, the emitted photon has a lower energy and a longer 

wavelength and in most cases is shifted towards the visible part of spectrum. As the energy 

of the emitted photons is no longer matched with the band gap of the scintillator, the self-

absorption is minimized [7].  The scintillation gamma ray detectors have generally high light 

output yield and their detection efficiency is higher than the semiconductor gamma ray 

detectors. But their resolution is poorer than the semiconductor gamma ray detectors 
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In the semiconductor detectors interaction of a gamma-rays produce primary 

electrons with considerably higher energies than thermal electrons. These primary electrons 

raise electrons from deep levels well below the valence band to higher energy levels which 

are well above the bottom of the conduction band. The deep located holes and the excited 

electrons will tend to redistribute the energy in such a manner that the holes will reach the 

top of the valence band and the electrons will come near the bottom of the conduction band 

(indicated on the right hand side of Figure 2.2). In this process, additional excitation can also 

occur, generating a cascade of electrons and holes for every primary electron interaction. In 

the absence of an applied electric field, the excited electrons will eventually de-excite and 

will recombine with holes in the valence band, restoring the electron-hole population to that 

predictable from thermal agitation alone. However, if an electric field is present, then 

electrons and holes will drift up and down the field gradient respectively. 

To summarize the previous sections, the ideal semiconductor detector material has 

following desirable features: 

• must have high atomic number thereby increasing its absorption-coefficient; 

• the electron-hole production per unit of photon energy be as high as possible;  

• the mobility of electrons and holes must be high;  

• be obtainable in highest purity as a single crystals;  

• be available in reasonable quantities at rational cost. 

Considering all these the most feasible materials for semiconductor detectors are 

silicon and germanium [7].  
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Silicon based detectors are commonly used for X-ray spectrometry. But, in general, 

for gamma ray spectrometry the Germanium based detectors are used. Its higher atomic 

number compared to silicon, makes it feasible to use it for the spectrometry of higher energy 

gamma rays. Over the recent past, the technology for the production of high purity 

germanium, having appropriate amount of crystal perfection, has improved significantly [7].  

2.1 Literature Review 

The elemental analysis & quantification; and gamma ray dose measurement is carried out 

through gamma spectroscopy using gamma ray detectors. In gamma spectroscopy precise 

values of detector efficiency are required and as a standard practice, experimental values of 

detector efficiency are measured using various calibration sources.  This technique works 

well for mono-energetic gamma-ray sources. However, it is difficult to span any arbitrary 

desired energy range with such sources adequately. Therefore, typically, suitable 

interpolation procedure is required for estimation of total efficiency at the desired values of 

energy [8]. In the absence of a theoretical or well-founded empirical formula, the limited 

number of calibration points, along with the corresponding experimental uncertainties, tends 

to make interpolation strategies prone to oscillation tendencies and sensitive to experimental 

and calibration errors [9]. In the past, efforts have been made for theoretical determination of 

the values of gamma ray detector efficiency for a variety of situations. These efforts can be 

divided into three broad categories: analytical methods, stochastic simulation methods, and 

hybrid techniques.   
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Figure 2.2: Electronic band-structure in insulators, conductors and semiconductors [7] 
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The analytical techniques can further be divided into two sub categories; semi 

empirical methods and direct methods. In some of the semi empirical techniques, the photo 

peak efficiency is obtained from point source measurements and computational calculations 

by means of empirical formulae [10]; it includes some estimates and simplifications so the 

application is limited to certain source and detector geometries. In some other semi-empirical 

technique, a “characteristics” and a “correcting” pair of curves are used [9]. The parameters 

of both curves are determined by least square methods, based on the experimental 

measurements. The characteristic curves generally have small numbers of parameters 

requiring only few points for calibration. The correction curve is constructed using the 

residuals. This semi empirical approach is robust and precise and is recommended by ANSI 

(1991) [11] and IEC (1995) [12]. In this regard Švec [9] has proposed a semi empirical 

method which is in fact an extension of procedure originated by Mowatt  [13], later used by 

Debertin et al. [14], Hirschfeld et al. [15], Debertin and Helmer  [16] for efficiency curves of 

a germanium detector. 

Mowatt [13] had developed a semi empirical expression for Ge(Li) detector 

efficiency curve in the gamma ray energy range of 50 – 1400 keV. Wang et al. [17, 18] have 

developed a program for calculation of effective solid angles and then using semi-empirical 

approach incorporating Moen’s (1981) principle [19] for measurement of photo peak 

efficiency of a high purity germanium detectors for various gamma ray sources. Vidmar et al. 

[20] have also based their semi empirical model on Moen’s principle [19] for development of 

a formula for full energy peak efficicney of exended sources in the gamma ray energy range 

of 4 keV to 3 MeV. The formula takes self-absorption within the source into account. 
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Similarly other authors have used the semi-empirical method and have contributed 

towards gamma ray detector efficiency calculations [16, 19,  21, 22, 23]. Clearly the semi-

empirical approaches require experimentally measured values and therefore are dependent 

upon and limited by the accuracy of the experimental methods and the calibration energy 

range. They cannot be easily applied to various detector types and dimensions over a wide 

range of gamma ray energies, for which the availability of calibration sources is difficult. 

The direct analytical methods represent standard techniques and if applied correctly 

give accurate and precise results. The other methods and techniques of efficiency calibration 

are benchmarked against direct analytical methods.  In direct analytical method, the source, 

detector and source-detector geometry are expressed using analytical mathematical 

expressions. Selim and Abbas [24, 25] have used direct analytical approach using elaborate 

mathematical expressions to find the total detection efficiency of the cylindrical NaI(Tl) 

scintillation detectors for point sources. The authors have also proposed direct analytical 

expressions for total detection efficiency of cylindrical NaI(Tl) scintillation detectors for 

circular disk sources [26, 27]. The application of direct analytical methods to slightly 

different source-detector geometry or different source shape than the standard one, makes the 

problem challenging and requires rigorous and lengthy mathematical manipulations. 

The stochastic simulation techniques offer alternate method to calculate efficiency of 

gamma ray detectors in complex geometries [28, 29]. In stochastic simulation also known as 

Monte Carlo simulation method, the history of each individual photon, which consists of 

birth in the source region,  interaction with materials in all regions, and production as well as 

transport of the secondary  electrons, is simulated in an analog step-by-step process until the 
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photon escapes from or is  absorbed by the detector active zone. The disadvantage with 

Monte Carlo method is that they are computationally very time consuming. 

Grosswendt and Waibel [30] also calculated intrinsic gamma ray efficiency of 

NaI(Tl) scintillator using Monte Carlo. Zikovsky and Chah [8] have developed a computer 

program which is based on the interactions of gamma rays in the detector and sample for 

calculation of counting efficiencies of Ge(Li) detector.  

Jehouani et al. [31] studied the effect of detector radius and source to detector radius 

on the gamma detection efficiency of the NaI(Tl) scintillator using Monte Carlo techniques. 

In the past, some authors have also used stochastic simulations for the efficiency calibration 

of gamma ray detectors. Some of the work includes Miller and Snow [32] who used Monte 

Carlo methods for estimation of energy loss spectra of scintillation detectors. Zerby and 

Moran [33] used Monte Carlo calculation for pulse height response of NaI(Tl) scintillation 

detector for gamma ray energy range of 0.32 MeV to 7.48 MeV. Wainio and Knoll [34] have 

written a Monte Carlo program to calculate characteristics of the response of fully depleted 

silicon and germanium detectors for gamma ray energies less than 2 MeV.  

Nakamura [35] estimated total efficiency fo NaI(Tl) detectors for axially aligned 

thick disk sources of relatively low gamma ray energies using Monte Carlo method, later his 

work was extended to include higher gamma ray energies by Belluscio et al. [36]. Beam et al. 

[37] used a Monte Carlo program for the calculation of total intrinsic efficiency and peak to 

total ratio of bare cylindrical NaI(Tl) detectors for gamma ray energies less than 1 MeV. A 

lot of work has been done to develop general purpose Monte Carlo simulation codes and 

currently, many such sophisticated codes are available. These include EGSnrc [38], MCNP 

[39], GEANT4 [40], and PENELOPE [41]. The general purpose codes require detailed 
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knowledge of the code itself in order to use it for a specific application. Also, they are 

sometimes tested only on a specific platform which tends to limit their applicability to 

practical cases.  

The hybrid techniques combine any two of the analytical, experimental and Monte 

Carlo methods. The hybrid techniques claim to have improved computational efficiency 

compared with pure stochastic simulations. Relatively few authors have carried out gamma 

ray detector efficiency calibration using hybrid techniques. In the recent past Jiang et al. [42] 

has proposed a hybrid method using the Moens concept of effective solid angle for 

calculating absolute peak efficiency of germanium detectors for extended sources. The 

effective solid angle is evaluated using Monte Carlo integration instead of conventional 

numerical integration.  

Recently, Ozben and Emirhan [43] developed a hybrid method for determining the 

efficiency calibration curve of HPGe detectors between 26 keV and 1770 keV. A simple 

simulation based on attenuation of gamma-rays in pure germanium was used together with 

efficiency calibrations performed for three detector–source distances: 5, 12 and 30 cm. The 

simple simulation model required an energy dependent term with three parameters and these 

parameters were determined from the fit of the simulated data to the measured efficiency of 

the detector, Yalcin et al. [44] have proposed a hybrid Monte Carlo technique which is based 

on analytical geometry details in conjunction with Monte Carlo procedure in order to 

improve computational efficiency. However, the extension of this technique to a variety of 

practical cases remains difficult since it requires elaborate analytical calculations for new 

geometries.  
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Most of the research carried out for calculation of gamma ray detector efficiency 

belongs to NaI(Tl) scintillation detectors and Germanium detectors. Also the individual 

research efforts are limited to certain geometry, source and detector type and very few 

authors have proposed general models and methods for efficiency calibration of wide variety 

of detectors or source-detector geometries. 

2.2 Need for some new method/model 

In view of the above mentioned limitations, a methodology for detector’s efficiency 

calibration, which can be applied to a various gamma ray detectors having different 

dimension, shapes, and materials; in a variety of source-detector geometries for reasonable 

gamma ray energy range, is highly desirable. In the present study a primary-interaction based 

Monte Carlo method, for total detection efficiency, along with peak-to-total ratio curves, for 

full energy peak efficiency, are used to carry out the efficiency calibration for gamma ray 

detectors. This methodology has been implemented in a MATLAB based computer program 

and later the results are reproduced by the state-of-the-art simulation code GEANT4. The 

peak-to-total ratio curves are generated for various detectors of various dimensions and 

materials through specifically designed application in GEANT4. The proposed method offers 

easy extendibility and requires no experimental measurements.  
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Chapter 3  

Monte Carlo Techniques 
 

There are various methods available for gamma ray detector efficiency calibration as 

mentioned earlier. The stochastic simulation technique or Mote Carlo simulation technique is 

one of them. There are state-of-the-art general purpose softwares available for Monte Carlo 

simulations, the examples include EGSnrc [1], MCNP [2], PENELOPE [3] and the GEANT4 

[4]. These softwares can be used detector efficiency calibration. Alternatively a problem 

specific computer code, written in any of the available programming languages, 

incorporating Monte Carlo method can be used. Before discussing the details of Monte Carlo 

methods for gamma ray detector efficiency calibration, general Monte Carlo method is 

discussed below. 

3.1 Essentials of Monte Carlo Simulation 

The Monte Carlo method can be used to solve a wide range of physical and mathematical 

problems. Its utility has increased with the general availability of fast computing machines, 

and new applications are continually forthcoming. However, the basic concepts of Monte 

Carlo are both simple and straightforward [5]. The Monte Carlo method is a technique of 

numerical analysis that is based on the use of sequences of random numbers to obtain sample 

values for the problem variables [5]. The calculational process used in Monte Carlo is an 

artificial construct, usually a computer program that is mathematically equivalent to the 

problem being analyzed. Sample values for the problem variables are obtained by randomly 
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selecting numbers from appropriate ranges for the variables in the problem using probability 

distributions for such variables. The desired solution can be obtained, along with estimates of 

uncertainties in the solution, by analyzing the results from the sample values. The sample 

evaluation in a Monte Carlo calculation is somewhat equivalent to conducting an experiment. 

Both experiment as well as Monte Carlo calculation will yield a result that is possible, or 

representative, outcome of the process being modeled, and both contain uncertainties that can 

often be reduced by repeated measurements and quantified by the use of statistical analysis. 

The use of random processes to solve mathematical problems has been known in one form or 

another for some time. For example, in the 18th century, the well-known naturalist and 

mathematician Buffon developed an experimental method of obtaining the ratio of the 

diameter to the circumference of a circle which is the reciprocal of π [6]. This experiment 

attained a modicum of notoriety, as reported in 1873 by Hall [7].  

Significant uses of random sampling techniques occurred early in the twentieth 

century. Kelvin applied what today would be called the Monte Carlo technique to the 

Boltzmann equation [8]. The statistician Student used the technique of random sampling to 

assist him in the determination of the correlation coefficient [9].  Student also used sampling 

methods in studies of the t-distribution. However, the practical use of calculations involving 

random variables, and the coining of the name "Monte Carlo," was begun at Los Alamos 

during the Manhattan Project of World War II by Neumann and Ulam. The Los Alamos 

researchers introduced the use of variance reduction, particularly the techniques known as 

Russian roulette and splitting [10] to increase the efficiency with which random variables can 

be evaluated and solutions obtained. The original Monte Carlo calculations performed at Los 

Alamos were executed using slide rules and mechanical calculators, with the "random" 
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numbers being obtained by several different methods. Availability and improvement of 

computers following World War II greatly extended the use of the Manhattan Project Monte 

Carlo technique. The first set of random numbers [11] and the first lengthy monograph on 

Monte Carlo methods [12] were published in the mid-1950s. Since that time the Monte Carlo 

method has been extended to numerous areas of science and technology and has been used as 

an analysis or engineering design tool in many fields of research. Today it is a standard 

mathematical tool applied to complex problems not tractable by other methods and is the 

method of choice in certain applications. 

3.1.1  The Evaluation of Random Processes  

As mentioned above, the Monte Carlo technique consists of mathematical procedures that 

evaluate random variables using random numbers. Typically these random variables are part 

of a series of parameters that must be evaluated to obtain the solution to a problem. That is, 

the solution requires evaluation of a random, or stochastic, process by which the random 

variables in the problem take on specific values. A random variable is a measurable quantity 

associated with a random experiment. A random variable can be discrete, such as the point 

resulting from the throw of a pair of dice, or continuous, such as the final position of a 

pointer on a spinning wheel. The overriding characteristic of a random variable is that it 

cannot be predicted deterministically and acquires a value only after a procedure is 

conducted to select a value, or sample, from the range, or sample space, available to the 

variable. In order to obtain practical solutions to problems involving random variables a 

sequence of evaluations of the random variables must be made. Repeated estimates of a 

random variable can provide information about the variable that cannot be determined in a 

single estimate. For example, a single throw of a dice provides little information about the 
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numbers on the faces of the dice. From a single throw one could not determine whether the 

dice was "fair" or not. To determine these numerous samples or throws of the dice will be 

required along with careful evaluation of the data to provide confidence in the result. 

 The postulated sequence of integers required to simulate the stochastic process could 

be obtained in a number of ways, such as flipping a coin to form a sequence, or "string," of 

binary digits, or picking numbers from a telephone directory. Both of these methods have 

been used successfully to evaluate random variables. However, modern digital computers 

provide a more convenient method of obtaining a string of randomly distributed numbers. A 

random number is a numerical quantity that is selected from a uniform distribution of 

numbers between some limits. The boundaries of this interval are not important since any 

interval can be obtained from another by a simple coordinate transformation. However, most 

random number generators use the interval from zero to one, usually exclusive of one or both 

end points.  

The random number generators are mathematical algorithms that produce "random" 

numbers from simple calculations typically involving the use of low order bits in digital 

computer words. The number strings produced by such mathematical algorithms are called 

pseudorandom because the string of numbers they produce can be reproduced at will. 

However, the sequence of a good quality random number generator will exhibit a reasonable 

degree of randomness. Randomness in this application means that sequential numbers are 

uncorrelated and, in the limit as many numbers are selected, the density of numbers is 

uniformly distributed over some interval.  
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3.2 Gamma ray detector efficiency by Monte Carlo Method 

The Monte Carlo method has been used by many authors for calculation of gamma ray 

detector  efficiency. The  general approach of  the method  for gamma  ray  detector  

efficiency  

calibration consists of generation of source gamma rays photons according to the provided 

source specifications randomly. Then each gamma ray photon is tracked into the detector 

active volume and each path length is checked against possible interaction within the detector 

with the detector material by random sampling. This tracking is done until the gamma ray 

photon has deposited all the energy in the detector active volume or it escapes the detector 

active volume [13]. On each path length whenever an interaction takes place and gamma ray 

photon deposits the energy that is recorded. In the end the history of the photon is terminated 

when the gamma ray photon energy has decreased below the threshold energy i.e. it has 

deposited nearly all of its energy or the photon leaves the detector’s active volume. In this 

way the histories of large number of photons are tracked and the photons that have deposited 

their full energy or part of it are counted and compared with total number of photons emitted 

by the source during the time of simulation for the calculation of full energy peak efficiency 

and total detection efficiency of the gamma ray detectors. 

As mentioned earlier, the Monte Carlo methodology can be implemented either in the 

general purpose Monte Carlo codes which are available or the method can be incorporated in 

a computer code in any of the available programming languages. Before discussing the 

primary interaction Monte Carlo method for gamma ray detector efficiency calibration, an 

introduction of the softwares used in this study is presented.  

In this work two softwares were used  



 28

a) MATLAB which is mathematical software with variety of features.  

b) GEANT4 - a state-of-the-art general purpose Monte Carlo code for radiation 

transport. 

3.3 MATLAB 

MATLAB is a language for technical computing with high performance. It incorporates 

programming, computation and visualization in an easy and friendly environment where 

problems and solutions can be expressed in accustomed mathematical representation. 

Normally the MATLAB can be used for [14] 

• Maths and computation 

• Development of algorithms 

• Acquisition of Data  

• Simulation, modeling, and prototyping 

• Exploration, and visualization of data with analysis,  

• Scientific & engineering graphics 

• Development of applications which includes GUI (graphical user interface) building 

MATLAB is an interactive system whose basic data element is an array without the 

requirement of dimensions. The MATLAB can solve many technical computational 

problems, especially those involving vector and matrix formulations, in a fraction of the time 

it would take to write a code in a scalar programming language such as FORTRAN or C.  

The name MATLAB is an acronym for MATrix LABoratory. it was formerly written 

to offer easy access to matrix software developed by the EISPACK and LINPACK projects. 

Currently, the LAPACK and BLAS libraries are incorporated by MATLAB engines, 

embedding the high-tech in matrix computation software.  



 29

MATLAB has progressed over a period of several years with contributions from 

various users. It is the standard instructional tool in the university environments for 

preliminary and progressive courses in science, mathematics, and engineering. In industry, it 

is the tool of choice for highly creative research and development.  

MATLAB has a family of add-ons known as toolboxes which provide solutions for 

particular applications. The toolboxes in MATLAB permit learning as well as applying 

specialized technology. There are ample collections of MATLAB functions (M-files) for 

solution of specific classes of problems. Toolboxes are available in the areas of simulation, 

neural networks, control systems, signal processing, wavelets, fuzzy logic, etc. [14]. 

3.3.1 The MATLAB System 

The MATLAB system comprises of the following main parts: 

3.3.2 Development Environment and Desktop Tools 

This is the set of tools and facilities that help one use MATLAB functions and files. Most of 

these are GUIs. It contains the MATLAB desktop and Command Window, an editor and 

debugger, a code analyzer, a command history manager and other reports, and browsers for 

viewing files, the workspace, the search path, and help. 

3.3.3 The MATLAB Mathematical Function Library 

The library has a huge collection of computational algorithms extending from advanced 

functions like matrix inverse, matrix eigenvalues, Bessel functions, and fast Fourier 

transforms to basic functions, like sum, sine, cosine, and complex arithmetic.  
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3.3.4 The MATLAB Language 

This is a high-level matrix language with control flow statements, functions, data structures, 

input/output, and object-oriented programming structures. It permits both “programming in 

the large” to produce complex and large application codes and “programming in the small” to 

swiftly create quick and throw-away programs. 

3.3.5 MATLAB Graphics 

Facilities for presenting vectors and matrices as graphs in MATLAB are extensive, as well as 

printing and marking these graphs. It includes sophisticated functions for two-dimensional 

and three-dimensional data visualization, image processing, animation, and presentation 

graphics. It also contains low-level functions that allow you to fully customize the 

appearance of graphics as well as to build complete graphical user interfaces on your 

MATLAB applications. 

3.3.6 MATLAB External Interfaces 

This is a library that permits you to develop programs in C and FORTRAN that interact with 

MATLAB. It consists of facilities for calling routines from MATLAB (dynamic linking), 

calling MATLAB as a computational engine, and for reading and writing MAT-files [14] 

3.4 GEANT4 

3.4.1  GEANT4 Scope of Application 

Geant4 is a free software toolkit for the simulation of tracking particles in matter. It is used in 

many experiments and projects in a range of application areas, including high energy 
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physics, astrophysics and space science, medical physics and radiation protection [15]. The 

GEANT4 is a standard worldwide in simulation of charged particle transport. The GEANT4  

reference  paper  published  in Nuclear Instruments  and  Methods A in 2003 [4] has become 

the most cited publication in the whole Nuclear Science and Technology category of 

Thomson-Reuter’s Journal Citation Reports. It is currently the second most cited article 

among the publications authored by two major research institutes, CERN (European Council 

for Nuclear Research)  and INFN (Italy’s National Institute for Nuclear Physics) [16]. 

GEANT4 is a widely used framework to reliably track the particles as they move around in a 

given geometry. All known processes are simulated with the help of various built-in 

functions in the toolkit:  

• the system’s geometry,  

• the various materials involved,  

• dominant particle species,  

• primary events generation, 

•  the trajectory of particles through matter, 

• the tracking of particles through electric and magnetic fields,  

• the physics of particle interactions,  

• the detector’s sensitive components and their response,  

• the event data generation,  

• events and tracks logs,  

• the visualization of the particle trajectories and various parts of detector geometry, 

and  

• the post-processing of simulation data at different levels of simulation.  
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Users have the flexibility to construct their own stand-alone applications or built 

applications on other object-oriented (OOP) framework. In both the GEANT4 will support 

them from the initial problem definition to the final report writing. For this the toolkit 

includes:  

• user interfaces,  

• built-in steering routines, and  

• command interpreters which operate at every level of the simulation.  

To handle the interactions of particles with matter across a very wide energy range 

there is an abundant set of physics models at the heart of GEANT4. The GEANT4 

incorporates a large part of all that is known about particle interactions; in this regard data 

and expertise have been drawn from many sources around the world.  

GEANT4 is based on C++ and pivoted around object-oriented technology and 

advanced software-engineering techniques to achieve transparency. For example, the way in 

which cross sections are used or accessed is separated from the way in which they are input 

or computed. Both of these features can be overloaded by the user. Likewise, the simulation 

of the final state can be divided into complementary or alternative models, according to the 

material, the particle type, and the energy range. For building a specific application the user 

can select from various available alternatives and implements the code in user action classes 

of the toolkit. Adding a new or variant physics model used to be a very difficult task in the 

Geant3 simulation code; the difficulty was due to the interdependency of the procedure-based 

code,  complexity  and   increased  size.  However,  the   object-oriented   technology  helps  
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manage complexity  and  limit  interdependencies  by  defining  a common organizational 

principles and  uniform interface  for all physics models. Which can be more easily 

recognized and understood within this framework, and as a consequence little or no 

modification to the existing code is required for the insertion of new models [4]. 

3.4.2 History of GEANT4 

In 1993 two independent studies were performed at CERN and KEK regarding the 

improvement in the Geant3 code. Both groups aimed at the investigation of improving the 

existing Geant3 FORTRAN based program utilizing modern computing paradigms. In the 

fall of 1994 the activities of the two groups were merged and a formal proposal was 

submitted to CERN's Detector Research and Development Committee for construction of an 

entirely new program incorporating the object-oriented technology. The initiative 

transformed into a worldwide  collaboration of software engineers and physicist 

programmers from numerous universities and institutes in Canada, Japan, Europe and the 

United States etc. The objective was to develop a code for particles tracking in a geometry 

with the scope and extendibility necessary to meet the requirements of a next generation of 

particle physics experiments. The initial goal had to be broadened in view of the fact that the 

code would also benefit the diverse communities of space, accelerator, nuclear and medical 

physics [4].  
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Figure 3.1: GEANT4 class categories [4]. 
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3.4.3 GEANT4 Functionality 

The figure 3.1 shows the GEANT4 class categories. The foundation of the toolkit is provided 

by the categories at the bottom of the diagram. These are used by virtually all higher 

categories. 

The global category covers the random number handling, constants, all sorts of 

numerics and system of units.  

The facilities necessary to describe the materials and physical properties of particles 

for the simulation of interactions of particle with matter are implemented in the two 

categories: materials & particles.  

The description of geometrical structure and efficient propagation of particles through 

it are implemented by geometry module, it offers the ability to describe a geometrical 

structure and propagate particles efficiently through it. The categories above these  are 

required for tracking of the particles and the physical processes involved. 

The classes for steps and tracks are contained in track category, used by the processes 

category. Models of physical interactions which include hadronic interactions, 

electromagnetic interactions of ions, photons, leptons and hadrons are implemented in this 

category.  

The tracking category invokes all the processes and manages their contribution to the 

evolution of a track's state. It also provides information for hits and digitization in sensitive 

volumes.  

Events in terms of their tracks are covered by the event category and the collections 

of the events with a common beam and detector implementation are managed by run 

category.  
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A readout category handles the pile-up of tracking. Finally visualization, persistency 

and user interface tasks use all of these categories and connect to facilities outside the toolkit 

[4].  

3.4.4 GEANT4 detector simulation 

GEANT4 is based on C++. When a C++ program is run, the first statement executed will be 

at the beginning of function called main( ). The program may consist of many functions, 

classes, and other program elements, but on startup control always goes to main( ). In most 

C++ programs main( ) calls member functions in various objects to carry out the program’s 

real work. The main() function may also contain calls to other standalone functions [17].  

The main( )  function vary according to the requirements of a given simulation problem and 

so must be provided by the user. The GEANT4 does not supply a main( ) function. 

The main( ) function is employed by two toolkit classes, G4RunManager and 

G4UImanager, and three classes, DetectorConstruction, PhysicsList and 

PrimaryGeneratorAction, which are derived from toolkit classes. These three classes are 

mandatory classes and must be defined by user[18]. 

The first thing main( ) must do is construct an instance of the G4RunManager class. 

This is the only manager class in the GEANT4 kernel which should be explicitly constructed 

in the user's main( ). It controls the flow of the program and manages the event loops within a 

run. When G4RunManager is created, the other major manager classes are also created. They 

are deleted automatically when G4RunManager is deleted. The run manager is also 

responsible for managing initialization procedures, including methods in the user 

initialization classes [18]. Through these the run manager must be given all the information 

necessary to build and run the simulation, including  
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1.   how the detector should be constructed through DetectorConstruction class 

2. all the particles and all the physics processes to be simulated through PhysicsList 

class 

3. how the primary particle(s) in an event should be produced  through 

PrimaryGeneratorAction class and 

4. any additional requirements of the simulation. 

The class DetectorConstruction is an example of a user initialization class which is 

derived from G4VUserDetectorConstruction. This is where the user describes the entire 

detector setup, including  

• its geometry, 

• the materials used in its construction, 

• a definition of its sensitive regions and 

• the readout schemes of the sensitive regions. 

Similarly PhysicsList is derived from G4VUserPhysicsList and requires the user to 

define 

• the particles to be used in the simulation, 

• the range cuts for these particles and 

• all the physics processes to be simulated. 

 

PrimaryGeneratorAction is an example of a user action class which is derived from 

G4VUserPrimaryGeneratorAction. In this class the user must describe the initial state of the 

primary event. This class has a public virtual method named generatePrimaries() which will 

be invoked at the beginning of each event.  
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The final run manager method in main( ) is runManager->beamOn (n); which begins 

a run of (n) sequentially processed events. The beamOn() method may be invoked any 

number of times within main( ) with each invocation representing a separate run. Once a run 

has begun neither the detector setup nor the physics processes may be changed.  

Besides, GEANT4 provides five optional user classes: 

• G4UserRunAction 

• G4UserEventAction 

• G4UserStackingAction 

• G4UserTrackingAction 

• G4UserSteppingAction 

There are several virtual methods in each of these classes which allow the 

specification of additional procedures at all levels of the simulation application. These 

methods can be used to get desired information at all levels of simulation. In the case of 

simulation of gamma detectors, we have used the SteppingAction, EventAction and 

RunAction for getting the information of gamma ray interaction in the detector active volume 

and the energy deposited in each step, accumulated energy deposit in each event and update 

the numbers of detected photons, i.e. full energy counts and total counts, respectively. A 

simplified flowchart for the simulation run is shown in Fig. 3.2 
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Figure 3.2: Simplified flowchart for GEANT4 detector simulation. 
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3.5 Primary Interaction Monte Carlo Simulation Method 

In this work a new Monte Carlo method based on the primary interaction of the gamma ray 

in the detector has been developed for calculation of total efficiency of the gamma ray 

detectors. Point isotropic and thin circular disk gamma ray sources were considered and are 

dealt separately. 

3.5.1 Gamma ray detector efficiency for point isotropic sources 

A cylindrical shaped detector is considered along with a point isotropic source as shown in 

Fig. 3.3  The front face of detector is at distance ‘D’ from the origin along z-axis in the axial 

direction. The detector has radius ‘R’ and length ‘L’ while the source is located at point Q 

having coordinates (xs, ys, zs). It is clear from Fig. 3.3 that path of photons, emitted only 

within the range of angle: min max[ , ]φ φ φ∈  and min max[ , ]θ θ θ∈ ,  needs to be tested for 

intersection with detector surface. It may be noted that both axially-located as well as off-

axial positioned point sources are treated in this approach. In these simulations, scattering of 

photons from surroundings to the detector has been neglected. Also, attenuation of incident 

photon in the detector ‘window’ is ignored since it has negligible effect on the total 

efficiency for the energy range considered here. 

3.5.2 Mathematical foundation for point isotropic source geometry  

In these simulations photons emitted by the point isotropic source have energy ‘E’ and carry 

random direction (θ , φ ) which is biased towards detector. The polar angle ‘θ’ has random 

cosine-sampling in the range ],[ maxmin θθ with ‘n’ as random number in [0, 1] range: 

1
min maxcos {(1 )cos( ) cos( )}n nθ θ θ−= − +                    (3.1) 
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the range of polar angle ‘θ’ is found by using (reference to Fig. 3.3): 
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where, 22
ss yx +=ρ   is the radial distance of source point from the origin. The 

azimuthal angle has uniform random sampling from min max[ , ]φ φ  range with ‘n’ as random 

number in the range [0, 1]: 

min max{(1 ) }n nφ φ φ= − +                      (3.4) 

where, min max[ , ]φ φ  are found by using the following set of equations: 
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Now, we track the photon and compute its point of intersection (x, y, z) with Dz =  

plane which contains the detector upper flat surface. If Ryx <+ 22 , it implies that photon 

has entered the detector from upper flat surface, otherwise it has passed through the side 

curved surface (see points P1 and P2 in Fig. 3.3). The coordinates of point, where photon 

crosses the detector surface, are given by (xd, yd, zd). At this stage, the free-flight  distance 

(path length) ‘ξ’ covered by the photon is computed using: 
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1 ln( )nξ
μ

= −                        (3.7) 

where ‘μ’ is the attenuation coefficient of material of the detector at the energy ‘E’ 

and ‘n’ is random number in [0, 1] range. Then, the coordinates (xp, yp, zp) of the primary 

interaction point are computed using: 

  

cos( )sin( )

sin( )sin( )

cos( )

p d

p d

p d

x x

y y

z z

ξ φ θ

ξ φ θ

ξ θ

= +

= +

= +

                    (3.8) 

The primary interaction point is inside the detector if Ryx pp ≤+ 22  and 

)( LDzD p +≤≤ ; and in this case, the photon ‘score’ is incremented by one. This procedure 

is repeated for ‘N’ number of photon histories as shown in Fig. 3.4.  The total efficiency 

)(Etotε  of detector is found by using: 

N
scoreFFEtot φθε =)(                       (3.9)

  where,  

2
)cos()cos( maxmin θθ

θ
−

=F                  (3.10) 

and, 

max min( ) / 2 ;
1;

if R
F

otherwiseφ

φ φ π ρ− >⎧
= ⎨

⎩
                (3.11) 

The values of incoherent total linear attenuation coefficient at various values of γ-ray 

energies for gamma ray detector material were obtained using the XCOM software [19]. A 

list of the values of attenuation coefficients for photons obtained from XCOM for various 

detector materials is provided and given in the Appendix-I. It is clear from this  
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Figure 3.3: Details of geometry of cylindrical gamma-ray detector and the point isotropic source 

at off-axial position. 
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Figure 3.4: Flowchart of the primary interaction Monte Carlo algorithm. 
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table that the values of mean free paths are much smaller than the detector dimensions over 

the gamma ray energy range of interest. 

3.5.3 Gamma ray detector efficiency for thin circular disk sources 

In this case also a cylindrical gamma ray detector of radius ‘R’ and length ‘L’ along with a 

circular thin disk source of radius ‘ω’ has been modeled (shown in Fig. 3.5). The disk source 

is located at distance ‘ρ’ from origin in z = 0 plane. The center of front-face of detector is at 

distance ‘D’ from origin with its axis parallel to the z-axis. As shown in Fig. 3.5, for a 

randomly selected source point Q(xs, ys, zs) on the disk source, the dynamically adjusted 

biasing limits both polar and azimuthal angles are:  [ ]min max,θ θ θ∈ , [ ]min max,ϕ ϕ ϕ∈ . 

Clearly, when ρ = 0, the coaxial geometry is obtained. These studies are also based on 

assuming no-scattering from surroundings. Furthermore, the attenuation of incident photons 

in the entrance ‘window’ is also neglected. 

3.5.4 Mathematical foundation for disk source geometry 

The first step in the simulation is random selection of the coordinates of the source point          

( , , )s s sQ x y z  on the disk. This is carried out by random sampling of disk polar coordinates 

( , )rs sθ  using the following relations: 

 
sr nω=  (3.12) 

 2s nθ π=  (3.13) 

where, ’n’ is random number such that [ ]0,1n ∈ . For the disk source located at ‘ρ’ 

off- 
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axial distance, the coordinates of random source point are: 

 coss s sx rρ θ= +  (3.14) 

 sins s sy r θ=  (3.15) 

 0sz =  (3.16) 

Now, a γ-ray photon is emitted in random direction ( , )θ ϕ , having energy ‘E’. The 

cosine-sampling has been used for polar angle [ ]min max,θ θ θ∈  and uniform sampling for the 

azimuthal angle [ ]min max,ϕ ϕ ϕ∈  range: 

 1
min maxcos [(1 )cos cos ]n nθ θ θ−= − +  (3.17) 

 min max[(1 ) ]n nϕ ϕ ϕ= − +  (3.18) 

 

where [ ]0,1n ∈  is random number and, as shown in Fig. 3.5, the limits of polar and 

azimuthal angles are: 
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and, 
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Figure 3.5: Details of the geometry of cylindrical gamma-ray detector and the disk source at off-

axial location. 
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This photon can now enter detector either through side curved face or top-flat face. 

To find the intersection point P(xp, yp, zp) of photon path with side curved face, we consider 

straight line from Q(xs, ys, zs) to P(xp, yp, zp):  

 sin cos

sin sin

cos

p s

p s

p s

x x

y y

z z

λ θ ϕ

λ θ ϕ

λ θ

= +

= +

= +

 (3.23) 

Where ‘λ’ is distance between ‘P’ and ‘Q’ points. This system of equations is 

subjected to the condition for cylindrical detector’s curved face: 

 2 2 2
p px y R+ =  (3.24) 

and this quadratic equation yields two possible values of λ: λ1, λ2 as roots. If both λ1 and λ2 

are such that the corresponding values of pz  satisfy ( )pD z D L≤ ≤ + condition and 

intersection with the top flat surface of detector has been ruled out, then point of intersection 

with side curved face of detector is found by using: 

 ( )1 2min ,λ λ λ=  (3.25) 

For intersection of the incident photon path with the top flat face of detector, the 

following relation is satisfied: 

 ( )
cos

sD z
λ

θ
−

=  (3.26) 
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therefore, the set of Eqs. 3.23  becomes: 

 

 ( )
( )

tan cos

tan sin
p s s

p s s

x x D z

y y D z

θ ϕ

θ ϕ

= + −

= + −
 (3.27) 

Clearly, if  2 2
p px y R+ ≤  is satisfied, then photon enters detector through top flat face 

at ( ), ,p p pP x y z  with ,p px y values given by Eqs. 16. 

After determination of the coordinates of point ( ), ,p p pP x y z of entry of photon into 

the detector, the free-flight distance ‘ξ’ traveled by the photon before interaction is found 

using: 

 1 ln nξ
μ

= −  (3.28) 

where, as for the case of point gamma rays the ‘μ’ is the linear attenuation coefficient 

of detector material at energy ‘E’ and ‘n’ is random number in [0, 1] range. Then, the 

coordinates of the primary interaction point ( ), ,p p pT x y z  are computed using: 

 sin cos

sin sin

cos

d p

d p

d p

x x

y y

z z

ξ θ ϕ

ξ θ ϕ

ξ θ

= +

= +

= +

 (3.29) 

The point ( ), ,d d dT x y z  is inside the detector if 2 2
d dx y R+ ≤  and ( )dD z D L≤ ≤ + . 

For this condition, the photon counting ‘score’ is incremented by F Fθ ϕ . 

 score score F Fθ ϕ= +  (3.30) 

 



 50

where, Fθ  and Fϕ  are polar and azimuthal biasing factors respectively and have 

values: 

 [ ]min maxcos cos / 2Fθ θ θ= −  (3.31) 

 [ ]max min / 2Fϕ ϕ ϕ π= −  (3.32) 

This increment in score is changed from the case of point isotropic gamma source. 

The reason is that in the circular disk source of gamma rays the dynamic biasing factors are 

changing with the point of origin of each photon. Therefore, these have to be incorporated 

with each run. This procedure, of starting a photon history from a random point on disk 

source till its primary interaction is repeated for ‘N’ number of photons where ‘N’ is 104. 

Details of primary interaction Monte Carlo algorithm are almost same as given in Fig. 3.4 

except for the sampling of the photons of disk source. 

The total efficiency ( )tot Eε of gamma ray detector is found by using: 

 ( ) /tot E score Nε =  (3.33) 

As in the point gamma ray source simulations, the data for incoherent total linear 

attenuation coefficient ‘μ’ at various values of γ-ray energies for the detector material were 

obtained using the XCOM software [19]. 
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Chapter 4  

Integral Parameter Measurement 

 

4.1 Peak-to-total ratio for detector efficiency measurement 

The use of gamma ray detectors in the spectroscopy to perform quantitative analyses, such as 

activity determination or nuclide identification, has become common. In order to do this, one 

needs to know the absolute full energy peak efficiency of the gamma detector at the specific 

gamma ray energy of the interest. It is important to note that the absolute full energy peak 

efficiency of a detector is highly dependent upon the initial gamma ray energy and the unique 

counting conditions. The full energy peak efficiency of the detector can be found 

experimentally. Experimental configurations are designed to match the configuration for the 

measurement of the unknown samples. In some cases, extensive efforts are required to 

generate a calibration sample to match the geometry of the unknown samples [1]. In cases 

where the experimental calibrations are laborious, it is desired to have some theoretical 

means of calculating the efficiency curves for specific sample geometries with minimal or no 

experimental requirements.  

Many researchers have devoted their research for determination of full energy peak 

efficiency with the empirical or computational methods. Monte Carlo simulations and 

analytical techniques are also frequently used for estimation of the full energy peak 

efficiency. The former is useful method for evaluation of the efficiency but its computation 

time is long, whereas the latter is difficult to apply for directly calculating the efficiency [2]. 
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Traditionally the full energy peak efficiency has been experimentally calculated by the so 

called relative method. In the relative method a calibrated sample is first prepared that 

exactly matches the unknown sample, which has to be measured, in all the important 

characteristics, such as its size, chemical composition and density [3]. The calibrated sample, 

called the standard or reference consists of known activities of the radio-nuclides present in 

the sample under investigation. The activities of the radio-nuclides in the measured sample 

are then obtained from the known activities of the standard and the ratio of the count rates in 

the corresponding full energy peak spectra of the standard and sample. The preparation of the 

standard is, however, costly and time consuming especially if the samples of widely varying 

characteristics have to be measured [3]. 

An alternate possibility of computing the efficiencies was needed and it was provided 

by what is known as efficiency transfer method. Moens et al. in 1981 [4] introduced this new 

technique for calculation of the full-energy peak efficiency of cylindrical gamma-detectors. 

Various source geometries were considered. The method developed by Moens and his co-

workers is qualified as a semi-empirical, though the experimental work involved in it is 

simple and of common practice in most nuclear laboratories. Moens in his work proposed the 

invariability of the peak-to-total ratio. According to Moens et al. 1981 [4] for a given gamma 

ray energy the ratio of the virtual full energy peak efficiency to the virtual total efficiency, 

known as peak-to-total ratio, is independent of the source position, size and composition and 

is an intrinsic property of the detector. The term virtual refers to the efficiencies  which are 

defined in the usual manner, except that no scattering of the gamma ray on the inactive parts 

of the setup is taken into account. Recently Vidmar and Likar (2004) [5] have demonstrated 

the assumption of invariability of peak-to-total ratio for coaxial detectors. They showed that 
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for coaxial detectors the peak-to-total ratio does not depend upon source position and this 

invariability is sufficiently accurate thus making it applicable to determination of the full 

energy peak efficiencies in environmental measurements through efficiency transfer method.  

The Moens assumption [4] serves to be the basis of the efficiency transfer method. 

According to efficiency transfer technique the full energy peak efficiency of an extended 

source is obtained from the measured full energy peak efficiency of a point source and 

computed virtual total efficiencies of the point and the extended source [5]. Ever since its 

introduction by Moens et al. 1981, the efficiency transfer method has been a popular method 

for calculating the full energy peak efficiency of a sample of interest on the basis of an 

experimentally determined efficiency ratio of full energy peak efficiency and total efficiency 

for calibrated sample. The procedure is preferred since it saves time and resources. The great 

advantage of the method, as pointed and verified by its founder, is that in the calculated ratio 

many inaccuracies in the detector model can be expected to cancel out to a large degree, 

making it possible to work directly with non-optimized detector model incorporating the data 

supplied by the manufacturer [6]. 

Many researchers have used the efficiency transfer method for the measurement of 

full energy peak efficiency of the gamma detector. Tamaki et al. 1999 [2] have developed an 

empirical relation for evaluation of the peak-to-total ratio of germanium detector using their 

empirical equation, it is possible to calculate the peak-to-total ratio for germanium detectors 

of volume of up to 200 cm3 and in the energy range of 0.3 to 3.0 MeV accurately to within 

several percent of uncertainty. Earlier before Tamaki’s empirical relation Cesana and Terrani 

(1989) [7] had proposed a relatively simpler method for determination of peak-to-total ratio 

of gamma detectors, it is possible to calculate the peak-to-total raio of germanium detectors 
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of volume up to 100 cm3, but had large deviations from the experimental values for larger 

germanium detectors. 

Vidmar (2005) [3] has written a efficiency transfer code in FORTRAN-77 based on 

the Monte Carlo integration for efficiency computation of cylindrical samples placed 

coaxially with the detector symmetry axis of HPGe detector. In 2006 Liu Liye et al. [8] used 

the Monte Carlo efficiency transfer method to calculate the full energy peak efficiency of 

three types of germanium detectors, i.e. N-type, P-type and broad energy germanium detector 

(BEGe).  The authors have used two general purpose Monte Carlo codes namely MCNP and 

EGS4. The results of their study are accurate within ±5 % with the point source experimental 

results. In their study they have compared the Monte Carlo efficiency transfer method with 

the direct Monte Carlo method for measuring the full energy peak efficiency.  They have 

suggested that due to discrepancies found in the values of full energy peak efficiencies 

calculated by direct Monte Carlo method, the Monte Carlo efficiency transfer method is an 

effective method for the full energy peak efficiency calibration of the HPGe detectors in 

routine measurement. The authors conclude that in Monte Carlo efficiency transfer method 

special attention should be paid to the source points nearer to the detector than the reference 

source position and to the sources at larger radial distance off detector axis for low energy 

gamma rays. 

Vidmar and Gasparro (2009) [9] have studies the effect of failing to properly model 

the rounding of the crystal edges of coaxial and planar HPGe detectors, in the application of 

efficiency transfer method for measurement of environmental samples. They have showed 

that the discrepancy introduced due to rounding of the crystal edges is unimportant for 

energies greater than 200 keV. However, for lower energies, particularly for P-type HPGe 
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detectors which have a thick dead layer, proper modeling of the crystal’s round edges is 

desirable if the sample to be measured and reference geometries are not similar.  

In 2000 Piton et al. has developed the code ETNA (Efficiency Transfer for Nuclide 

Activity) [10]. The code is basically used for computing the efficiency of high purity 

germanium detectors using efficiency transfer. The validity of the code and the accuracy of 

the results have been verified and checked by the author [10]. The ETNA is capable of 

providing efficiency values with discrepancy of 1-2 % for point sources and up to 5 % for 

volume sources with experimental values [11]. Recently Radu et al. (2009) [11] have 

examined the applicability of the efficiency transfer method using ETNA software for the 

computation of efficiency in various measurement geometries on the basis of the measured 

efficiency for reference point source geometry. 

In an effort to compare the various softwares available for efficiency determination 

using efficiency transfer method Vidmar et al. (2010) [6] have carried out a study. In their 

study they have compared four general purpose Monte Carlo codes (GEANT3, PENELOPE, 

MCNP and EGS4) and five dedicated packages for efficiency determination in gamma 

spectrometry (ANGLE, DETEFF, GESPECOR, ETNA and EFFTRAN). They have 

concluded that the results obtained by these computer programs are comparable and did not 

have significant deviations from each other’s results. 

While most of the work regarding efficiency transfer method has been done to find 

the full energy peak efficiency of gamma detector using efficiency transfer, some authors 

have worked on the reciprocal of the peak-to-total ratio which is also called total to peak ratio 

[12, 13]. They have used the total to peak ratio for determination of total detection efficiency 
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of the germanium gamma detectors from the knowledge of experimentally determined full 

energy peak efficiency.  

The research that has already been done in the field is limited to particular type of 

gamma detector and most of the work is done regarding germanium detectors and very small 

or no study has been done incorporating more than one kind of gamma detectors. The 

research on the determination of peak-to-total ratio of other gamma detectors including 

sodium iodide is rare and limited experimental results can be found in some earlier literature 

on gamma spectroscopy for example R. L. Heath, Scintillation Spectrometry: Gamma ray 

catalogue USAEC Report [14]. Besides, the application of the efficiency transfer method, as 

demonstrated by authors mentioned earlier, all require experimental measurements to 

determine/ calculate full energy peak efficiency of the sample of interest.                 

In the present study effort has been made to derive empirical equation for peak-to-

total ratio of three types of gamma detectors, i.e. germanium, sodium iodide and BGO in 

terms of the gamma energy and dimensions of the detector. As no prior study has been done 

in this regard, therefore, simple cylindrical detector model has been considered as a startup. 

After development of the empirical equations for the peak-to-total ratio, the idea is to 

incorporate the empirical equation with our newly developed primary interaction based 

Monte Carlo code. The integration will enable the user to get the total detection efficiency as 

well as full energy peak efficiency for the detector of interest without the need of any kind of 

experimental measurements. This study provides foundation for later development in this 

area. 
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4.2 GEANT4 for Calculation of Peak-to-total Ratio 

In this work we have developed a code in the GEANT4 general purpose Monte Carlo code 

for calculation of peak-to-total ratio of various gamma detectors. To check the validity of the  

approach and the code the photo peak efficiency of a very thin germanium detector whose 

results are already published in literature were reproduced. The details of the germanium 

detector model are given below. 

4.2.1  Small High Purity Germanium Detector used in Nuclear 

Power Plants  

In nuclear power plants corrosion and activation products entail radioactive contamination. 

Consequently the average dose received by workers carrying out routine repair and 

maintenance tasks in nuclear power plants is increased. Therefore quantification of the 

contamination is essential for the safety of workers. This is carried out by direct on-site 

measurements using portable radiation detectors rather than taking physical samples and 

analyzing them in laboratory.  The portable detector generally consists of a high purity 

germanium semiconductor detector, which is placed in heavy lead shield, with suitable 

electronics capable of handling high counting rates. Because the required measurements are 

performed in plant locations where the access is difficult and dose rates are high, the 

calibration  of  detector  is  a  problem  in  the  analysis  of  such direct measurements. The  
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experimental setup of such a source for calibration of detector is very complicated and 

expensive. As a result, for the detector efficiency calibration various computer simulation 

techniques are used including Monte Carlo simulation [15]. The detector efficiency is also 

required for the calculation of absolute strength of radioactive source [16]. 

Ródenas et al. (2000) [15] have performed a Monte Carlo simulation study of a small 

HPGe detector using the MCNP code. They have compared the results of their simulations 

with experimental measurements. We have done similar simulation study for same 

experimental setup using GEANT4.9.2 code, in this text referred to as GEANT4, and 

compared the results of our simulations with that of MCNP and experiment. The dependence 

of source-to-detector distance as well as energy of the gamma ray on the efficiency of small 

sized, lead shielded HPGe detectors, generally used as radiation monitors in nuclear power 

plants, has been studied. Point and disk sources have been considered. A comparison of 

available data in the literature and the predictions of the GEANT4 simulations have been 

presented. The comparison of the simulation results using various physics models available 

in GEANT4, namely, the standard physics model and two low energy physics models 

LIVERMORE and PENELOPE, have also been included. 

4.2.2  GEANT4 Model and Simulations 

A radiation monitor used in nuclear power plants having a heavily shielded small sized high 

purity germanium detector has been modeled in this work [15, 17, 18].  The  detector  is  a  
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tablet shaped high purity germanium crystal with a thickness of 10 mm and is placed in the 

heavy lead shielding. The shield has a hole which acts as a collimator and allows only a 

narrow beam of gamma-rays to reach the detector. The detector with shield geometry and the  

physical location of gamma ray source are shown in Fig. 4.1. The representative classes of 

the model viz. DetectorConstruction, PhysicsList, RunAction, SteppingAction classes are 

given in Appendix-II. Point isotropic and uniform planar disk sources of gamma-ray have 

been considered in these simulations.  

The GEANT4 simulations are based on a repeated sequence of events that is initiated 

with generation of a γ-ray photon within the source. The gamma ray transport is tracked in 

various regions of geometry. If the energy of the photon becomes lower than a specified cut-

off value or it leaves the volume of interest the tracking is stopped and a new γ-ray photon 

from the source is generated. To reduce the statistical fluctuations in the parameters of 

interest below the prescribed limits, the whole process, also called sampling, is repeated for 

large enough number of times. In these simulations, for each data point sampling of over one 

million (106) photons has been carried out. Source biasing technique has been used to 

improve the efficiency of simulations. 

First, a point isotropic γ-ray source was considered. The source was placed at a 

distance of 1 meter from the detector and the diameter of collimator was set to 10 mm. Photo 

peak efficiency values of the detector for gamma ray energies ranging from 0.662 to 1.332 
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Figure 4.1: A 3-D view of the heavily shielded high purity germanium detector modeled in 

GEANT4. 
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 MeV were calculated. Subsequently the point isotropic source was replaced by a planar disk 

source of 5 cm diameter. The source to detector distance and diameter of the collimator was 

kept the same. The photo peak efficiency values for the same range of γ-ray energies were 

calculated. After that all the parameters were kept the same except for the diameter of the 

collimator which was set to 20 mm and the simulations for the point isotropic and planar disk 

source were repeated. The values of our simulations were compared with already published 

results for the same detector and geometry. 

After the validity of the GEANT4 detector model, the simulations for point isotropic 

and planar disk gamma ray sources were extended for the range of gamma energies using 

various physics models available in GEANT4 namely PENELOPE and LIVERMORE which 

are low energy physics models and Standard physics model. The results of the different 

physics models were compared.  

To study the dependence of efficiency of the detector on the radial position of the 

gamma ray source, the radial distance of the gamma ray source, both point isotropic as well 

as planar disk, was varied from 0 to 10 cm. Also the diameter of the disk source was varied 

from 0.0002 cm to 20 cm and its effect on the efficiency of the detector was studied. 

4.3 Estimation of Peak-to-total ratio using GEANT4  

The GEANT4 gamma detector model described above was modified to calculate the peak-to-

total ratio and save the value with detector parameters and value of gamma ray energy in a 

data file. The GEANT4 detector model was made flexible and provision for the change of 

detector material and detector dimensions i.e. length and radius at run time along with source 

to detector distance was made available. For particular detector material a series of 

measurements for various detector dimensions and gamma ray energies were performed in a 
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single run using a self-written macro file. The results of all the measurements were stored in 

a data file. The data file contains all the information relevant to the measurements e.g. 

detector material, its dimensions, source to detector distance, energy of the incident photons 

and the peak-to-total ratio. For each measurement over one million photon histories were 

traced and recorded.  Source biasing technique has been used to improve the efficiency of 

simulation. Each measurement was repeated thrice to reduce the statistical uncertainty. 
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Chapter 5  

Results and Discussions 
 

In this chapter the combined results of Monte Carlo simulations are presented. First the 

results of primary interaction Monte Carlo simulations for point isotropic and planar disk 

sources are presented and discussed. The results are validated by comparison with the data 

available in the literature and then the effect of various parameters which include position of 

source relative to detector, radius of the detector and length of the detector are studied. 

Afterwards the results of small high purity germanium detector, modeled in GEANT4 are 

presented and finally the results of peak-to-total ratios of various detectors for various 

dimensions using GEANT4 are presented.  

5.1 Results of Primary interaction Monte Carlo model 

5.1.1 Results of point isotropic gamma ray source 

The primary-interaction based Monte Carlo program (PIMC) has been described earlier. The 

program has fast convergence rate and compared with other standard as well as hybrid Monte 

Carlo programs which require tracking of 106 photon histories, PIMC program yields 

converged results typically in 104 histories with standard deviation below 0.4 percent.  

The predictions of PIMC code have been compared with various cases reported in 

literature. For a 3"x3" NaI(Tl) detector with point isotropic γ-ray source located at D=0.001 

cm, D=0.5 cm and D=10 cm , the PIMC computed values of the total detection efficiency 

have been compared with the corresponding results found by [1, 2, 3] and by [4, 5, 6, 7].  
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The corresponding results show excellent agreement between the prediction of PIMC 

code, and the corresponding published results as depicted in Fig. 5.1. Numerical values for 

the three cases at discrete values of energy are given in Table. 5.1. Again, it is noted that 

there is excellent agreement between PIMC calculated values and the corresponding values 

found by other researchers. 

The primary-interaction based Monte Carlo approach has been used for calculating 

the energy dependent variation of the total efficiency of 3"x 3" cylindrical NaI(Tl) scintillator 

for various values of axial distances ‘D’ and the corresponding results have been shown in 

Fig. 5.2. Many orders of magnitude change in the total efficiency is observed for variation of 

‘D’ in                   [0 cm, 50 cm] range. This change may be attributed to change in solid 

angle and as well as change in number of interactions possible due to oblique to nearly 

normal incidence of photons. 

The PIMC code has also been used for calculation of total efficiency values for 

sources located at off-axial locations at distance ‘ρ’ from the origin in the perpendicular 

direction to detector axis. These results have been compared with the calculations of Selim 

and Abbas (1996)[8] and Beam et al. (1978)[9] for Eγ=0.662 MeV and are given in Table 

5.2. It is clear from these data that PIMC results are in good agreement with the 

corresponding results found by direct calculations as well as with theoretical and 

experimental methods. 

The variation of total efficiency of cylindrical scintillation detector for 137Cs and 60Co 

with axial off-set distance ‘ρ’ for various values of ‘D’ is shown in Fig. 5.3. It is observed 

that the value of total efficiency decreases by increasing the value of ‘ρ’ as well as ‘D’, 

which is essentially due to reduction in source-to-detector solid angle. Also, for the same
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Table 5.1: Values of total efficiency of 3"x3" cylindrical NaI(Tl) detector at various γ-ray energies at indicated values of axial distances D. 

Energy (keV)  Total efficiency 

D=0.001 cm  Present Work Yalcin et al 
(2007) 

Nakamura     
(1972) 

Miller and Snow 
(1961) 

Vegors et al 
(1958) - 

661  0.3737 0.3646 0.367 0.370 0.362 - 
1332  0.2974 0.2930 0.296 0.302 0.293 - 
2620  0.2495 0.2476 0.249 0.250 0.248 - 

D=0.5 cm  Present Work Yalcin et al 
(2007) 

Cesana and 
Terrani (1977) 

[39] 

Heath 
(1964) - - 

80  0.4330 0.4333 0.435 0.435 - - 
212  0.4078 0.4013 0.404 0.403 - - 
110  0.2313 0.2281 0.229 0.228 - - 

D=10 cm  Present Work Yalcin et al 
(2007) 

Cesana and 
Terrani (1964) 

Heath 
(1964) 

Belluscio et al 
(1974) 

Nakamura
(1972) 

320  0.0255 0.0249 0.0251 0.0247 0.0250 - 
662  0.0207 0.0202 0.0201 0.0198 0.0190 0.0183 
1332  0.0169 0.0164 0.0165 0.0162 0.0164 0.0168 
2620  0.0142 0.0140 - - - 0.0132 
2750  0.0140 0.0139 - - 0.0141 - 
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Figure 5.1: Comparison of the total γ-ray detection efficiency for a 3 in x 3 in NaI(Tl) detector with 

corresponding hybrid Monte Carlo, direct and experimental results for various values of axial source-to-

detector distances (a) D=0.001 cm 
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Table 5.2:  Comparison of PIMC calculated values of total efficiency for Eγ=0.662 MeV at 

various indicated distances with the corresponding values obtained by using direct, theoretical and 

experimental methods. 

  
410(totε )  Normalized Values 

    Beam et al. (1978) 

ρ (cm) D (cm) 
Present 
work 

Selim & 
Abbas 
(1996) 

 
Present 
work 

Selim & 
Abbas 
(1996) 

 
Experiment 

 
Theory 

0.0 45.0 5.6125 5.5500  1.0 1.0 1.0 1.0 

22.5 39.0 6.0561 6.3089  1.079 1.1367 1.136 1.057 

31.8 31.8 6.3084 6.6282  1.124 1.1947 1.201 1.123 

39.0 22.5 6.5261 6.8356  1.163 1.2316 1.276 1.172 

45.0 0.0 6.7231 7.3519  1.198 1.3247 1.320 1.220 

0.0 15.0 4.3165 4.2790  1.0 1.0 1.0 1.0 

7.5 13.0 4.5530 4.6980  1.055 1.0979 1.051 1.034 

10.6 10.6 4.8605 4.9972  1.126 1.1679 1.151 1.099 

13.0 7.5 5.2049 5.3233  1.206 1.2441 1.244 1.215 

15.0 0.0 5.9802 5.9325  1.386 1.3864 1.557 1.414 
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Figure 5.2: Variation of the total detection efficiency for a 3 in x 3 in NaI(Tl) detector with γ-ray 

energy for various values of axial source-to-detector distances D. 
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Figure 5.3: Variation of the total detection efficiency for a 3”x3” in NaI(Tl) detector with axial off-set 

distance ‘ρ’ for various values of axial source-to-detector distances ‘D’  (a) for 60Co and  (b) 137Cs sources. 
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Figure 5.4: Variation of total detection efficiency for a cylindrical NaI(Tl) detector, having 3 inch 

diameter, with γ -ray energy for indicated values of detector length ‘L’. 
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location, the 137Cs source is found to have a higher value of total efficiency as compared with 

the 60Co source which is in accordance with the expected behavior since 137Cs has lower 

value of photon energy and the corresponding value of total attenuation coefficient (µ) for 

NaI(Tl) is higher, which leads to a higher value of corresponding total efficiency. 

The primary-interaction Monte Carlo based program PIMC has been used for study of 

the variation of total efficiency of cylindrical scintillation detector of various dimensions. In 

this study, the source has been placed at 5 cm axial location and energy dependent total 

efficiency values have been calculated for a range of values of detector length and radius. 

The variation of the energy dependent total efficiency for a 3" dia NaI(Tl) detector with 

length in 1 - 10 cm range are shown in Fig. 5.4. It is observed that total efficiency is 

independent of detector length in the low-range of photon energies. This is due to the fact 

that these gamma rays have correspondingly large value of total attenuation coefficient (µ) 

for NaI(Tl) and therefore, even small thickness is sufficient to absorb all of incident photons. 

However, for higher values of photon energies, the corresponding value of total attenuation 

coefficient becomes smaller and as a result there is considerable transmission through 

relatively thin detectors which leads to smaller values of total efficiencies. This fact can 

clearly be seen in the 5 MeV energy range where a detector of 1 inch length has the smallest 

total efficiency while detector with 10 inch length has highest value. It is also noticeable that 

in the high energy range, the values of total efficiency tend to saturate to a maximum value as 

detector thickness is increased. 

The dependence of total efficiency on detector diameter has also been studied using 

PIMC program. The source has been considered at 5 cm axial distance from the front face of 

a 3" thick cylindrical NaI(Tl) detector. The detector radius has been increased from one inch 
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to 10 inches and in each case energy dependent total efficiency profile has been calculated 

using PIMC code. These results are shown in Fig. 5.5. As the detector radius is increased, 

solid angle between source and detector increases which leads to increase in the number of 

intercepted photons. As a consequence, total efficiency should increase by increasing 

detector radius. The calculated values of PIMC code are consistent with this expected 

behavior. For a 10 inch detector radius, the maximum total detector efficiency is found to 

approach 0.4. It is also observed that the incremental rise in the values of total efficiency for 

the same step increase in detector radius becomes smaller as detector radius increases which 

indicates that for detectors having very large radii, total efficiency is expected to approach 

certain maximum value. 

5.1.2 Results of circular disk gamma ray source 

The total detection efficiency of cylindrical NaI(Tl) detectors for both axially as well as off-

axially located thin disk γ-ray sources were determined using PIMC code. Fast convergence 

was achieved, as was for point isotropic source, by utilizing dynamic biasing technique 

yielding a fraction of a percent standard deviation for typical values of total efficiency in 

about 104 histories which is many orders of magnitude smaller than the number of histories 

generally required by standard Monte Carlo techniques.  

For 0.5 MeV γ-rays, the variation of the total detection efficiency of a 3”x 3”(7.62 cm 

x 7.62 cm) NaI(Tl) detector with the radius of coaxially placed circular disk source in 0–7 cm 

range, has been studied for various source-to-detector distances ‘D’ ranging from 0–50 cm 

range. For this purpose the PIMC predicted values have been compared with the 

corresponding results obtained by  direct analytical calculations [10,11] and  shown  in  Fig.  
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Figure 5.5: Variation of the total detection efficiency for a cylindrical NaI(Tl) detector with radius of the 

detector, having 3 inch length, with γ-ray energy for indicated values of detector radius. 
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 5.6. It is clear  from   this   figure   that   predictions  of    PIMC   program  are  in  good  

agreement  with the values obtained by direct analytical technique. 

The PIMC program has been used for the analysis of the energy dependence of the 

total efficiency for various values of radii of circular thin disk sources ranging from 0–2 cm. 

As shown in Fig. 5.7, the PIMC predicted variation of the total detection efficiency ‘εtot’ with 

Eγ ∈ [0.1, 20]  MeV range and the corresponding results obtained by direct analytical 

calculations have good agreement. The total efficiency of NaI(Tl) detectors for off-axially 

located thin disk sources has also been studied by using the primary-interaction Monte Carlo 

approach. This is indicative of the fact that the proposed approach is flexible and can be 

extended easily for other geometries while remaining computationally efficient. The 

variation of total efficiency for a 3”x 3” (7.62 cm x 7.62 cm) NaI(Tl) detector with disk 

sources of different radii in 0–7 cm range for     D = 1 cm, ρ = 1 cm and Eγ in the range 0.05–

20 MeV has been studied using the PIMC program and the corresponding results are shown 

in Fig. 5.8. The values of total efficiency have increasing trend with decreasing radius of the 

disk source. It can be seen in Fig. 5.8 that as γ-ray energy increases the total efficiency 

decreases and for same γ-ray energy the total efficiency reduces with increasing radius of the 

disk source. The behavior is consistent with the expected trend. As the γ-ray energy 

increases, the value of linear attenuation coefficient decreases thereby reducing total 

efficiency. Similarly for fixed γ-ray energy, with the increase of the radius of the disk source 

the points near the outer periphery that are away from the detector will have smaller 

subtended solid angle and therefore, will have smaller contribution to the total efficiency 

which in turn will tend to reduce the total efficiency.   
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Figure 5.6: Comparison of the disk source radius dependent total detection efficiency for a 3”x3” NaI(Tl) 

detector for 0.5 MeV γ-rays with corresponding results using direct method for various indicated values 

of axial source-to-detector distances.



 80

 

Figure 5.7: Variation of the total detection efficiency for a 3”x3” NaI(Tl) detector with γ-ray energy for 

various indicated values of radii of disk sources. 
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Figure 5.8: Variation of the total detection efficiency for a 3”x3” NaI(Tl) detector with radius of 

disk source for indicated values of γ-ray energy. 
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Tables 5.3–5.5 give numerical values of total efficiency for a 3”x3” (7.62 cm x 7.62 

cm) NaI(Tl) detector for off-axial disk sources of different radii, ranging from 0 - 7 cm, with 

ρ = 1, 5, 10 cm and γ-ray energy range of 0.05–20 MeV. Typically, the values of total 

efficiency is found to have an inverse relation with radius of disk source, the increase in 

radius of the disk source causes the efficiency to decrease which is an expected behavior. As 

explained above, the points near the outer periphery of thin disk source having larger 

distance from detector have smaller values of subtended solid angles and as a result have 

smaller contribution toward total efficiency. The same decreasing behavior is seen in the 

values of total efficiency as off-axial distance is increased which is again, consistent with the 

expected variation, due to reduction of solid angle. 

These tables also show a decreasing trend followed by a rising trend in the values of 

‘εtot’ as energy of incident γ-rays is increased. This behavior matches with the corresponding 

variation of the total attenuation coefficient ‘μ’ with energy. Since the detector efficiency is 

directly related with the energy dependent attenuation properties of NaI(Tl) crystal, therefore, 

the observed variation of ‘εtot’ is consistent with expected behavior. 

Lastly the PIMC program has been used for the study of dependence of ‘εtot’ on the 

dimensions of cylindrical NaI(Tl) detector for various thin circular disk sources of different 

radii. Figs. 5.9 & 5.10 show the corresponding dependence on the detector length and radius 

respectively. Fig. 5.9 shows detector total efficiency approaching maximum limiting values 

as detector length is increased in 1–20 cm range. This is due to the fact that a dominant 

fraction of incident photons have primary interaction within a few mean free paths from the 

entry point and only a small fraction penetrates to larger depth of detector. Therefore, the 

incremental gain in total efficiency with detector length decreases with increasing values of 
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Table 5.3: Values of total efficiency of 3”x3” cylindrical NaI(Tl) detector at ρ = 1 cm for various γ-ray energies at indicated values of 

circular thin disk source radii ω. 

 

  Eγ (MeV) 
ω (cm)  0.05 0.1 0.5 1 2 5 10 20 

0  0.36576 0.36139 0.23322 0.18340 0.14619 0.12999 0.13456 0.15195 
1  0.36240 0.35793 0.23049 0.17985 0.14547 0.12703 0.13363 0.14992 
2  0.34867 0.34285 0.21934 0.17127 0.13799 0.12135 0.12782 0.14130 
3  0.31985 0.31038 0.20274 0.15816 0.12745 0.11259 0.11710 0.13079 
4  0.27229 0.26774 0.17511 0.14108 0.11337 0.09986 0.10601 0.11599 
5  0.22588 0.22221 0.15141 0.12251 0.09960 0.08826 0.09278 0.10242 
6  0.18915 0.18643 0.12958 0.10485 0.08675 0.07651 0.08097 0.08816 
7  0.16160 0.15916 0.11331 0.09284 0.07605 0.06589 0.06954 0.07794 
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Table 5.4: Values of total efficiency of 3”x3” cylindrical NaI(Tl) detector at ρ = 5 cm for various γ-ray energies at indicated values of 

circular thin disk source radii ω. 

 

  Eγ (MeV) 

ω (cm)  0.05 0.1 0.5 1 2 5 10 20 

0  0.069298 0.068196 0.049750 0.040099 0.034098 0.029929 0.031769 0.034862 
1  0.069636 0.068890 0.049717 0.040939 0.033522 0.029263 0.031371 0.034672 
2  0.067953 0.067294 0.048696 0.039812 0.033113 0.029002 0.030678 0.033322 
3  0.066728 0.065967 0.047089 0.038447 0.030911 0.027975 0.029612 0.032795 
4  0.065073 0.064165 0.046534 0.037399 0.030765 0.028096 0.028794 0.031806 
5  0.064579 0.063213 0.044384 0.035794 0.029931 0.027252 0.027552 0.030704 
6  0.062326 0.061457 0.043237 0.035195 0.028972 0.026088 0.026824 0.029899 
7  0.059280 0.057907 0.042337 0.033620 0.027825 0.024764 0.025782 0.028718 
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Table 5.5: Values of total efficiency of 3”x3” cylindrical NaI(Tl) detector at ρ = 10 cm for various γ-ray energies at indicated values of 

circular thin disk source radii ω. 

 

  Eγ (MeV) 
ω(cm)  0.05 0.1 0.5 1 2 5 10 20 

0  0.023466 0.023370 0.016592 0.013852 0.011664 0.010189 0.010434 0.012088 
1  0.022929 0.022802 0.016955 0.013697 0.011102 0.010333 0.010463 0.011729 
2  0.023606 0.022657 0.017076 0.013987 0.011115 0.010030 0.010931 0.011836 
3  0.023357 0.022921 0.016831 0.013428 0.011356 0.010111 0.010633 0.011680 
4  0.023277 0.022854 0.016704 0.013853 0.011166 0.010352 0.010611 0.011578 
5  0.022751 0.022807 0.016568 0.013279 0.011422 0.010288 0.010540 0.011385 
6  0.022731 0.023345 0.016610 0.013379 0.011197 0.009882 0.010446 0.011773 
7  0.022426 0.022273 0.016541 0.013127 0.010760 0.010008 0.010457 0.011033 
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Figure 5.9: Variation of the total detection efficiency for a cylindrical NaI(Tl) detector, having 3” (7.62 

cm) diameter, with radius of disk source for indicated values of detector length ‘L’. 
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Figure 5.10: Variation of the total detection efficiency for a cylindrical NaI(Tl) detector, having 3” (7.62 

cm) length, with radius of disk source for indicated values of detector radii. 
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detector length ‘L’ and as a result, total efficiency approaches corresponding maximum 

value.  

A similar approach toward maximum values of ‘εtot’ is found as detector radius is 

increased in  1–20 cm range. This behavior has been observed for various thin disk sources 

with radii in 0–7 cm range and the corresponding results are shown in Fig. 5.10. This is 

consistent with the expected approach to maximum value of ‘ ’ with increase in solid 

angle caused by increase in detector radius.  

5.2 GEANT4 Simulation of small size HPGe detector 

The simulations for point source were performed first. The standard physics model was 

employed. Various gamma rays energies ranging from 0.662 – 1.332 MeV were considered. 

The collimator diameter was chosen to be 10 mm. The values of Photo Peak efficiency were 

calculated and compared with the published results of MCNP code [12]. The results of 

GEANT4 were found to be in good agreement with the published results (Table 5.6). 

Next the simulations were repeated with all the parameters kept the same except for 

the diameter of collimator which was chosen to be 20 mm. The values for Photo peak 

efficiency were calculated and compared with the published results of same experimental 

setup using MCNP code. A good agreement between the values was found (Table 5.6). 

A 5 cm diameter planar disk source was selected next. The center of the disk source 

was aligned with detector’s central axis. The distance between the source and the detector 

was set to 1 meter. The collimator’s diameter was again chosen to be 10 mm. The values for 

photo peak efficiency were predicted for gamma ray energies ranging 0.662 to 1.332 MeV 

(Table 5.7). Again the agreement between the predicted values of GEANT4 and the MCNP 

for same detector geometry was good [13]. The simulations were repeated for 20 mm 
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collimator’s diameter while keeping all other parameters same. The values of photo peak 

efficiencies were predicted and compared with the published results of MCNP. The values of 

GEANT4 and MCNP were found to be closely matched (Table 5.7). 

As discussed in the previous chapters the GEANT4 has three different physics models 

available. These models can be used in simulations by choice. In this study a comparison of 

the available physics models has been performed. For this purpose, all of the simulations for 

point source as well as for disk-source were repeated using Standard, Penelope and 

Livermore physics models. Predictions for photo peak efficiency were calculated and a 

comparison of different physics models’ result was made. Table 5.8 & 5.9 contain the 

comparison. It can be readily seen from the tables that values of efficiency using different 

physics models are very similar to each other and there is negligible difference between 

them. Even in some cases the values using Livermore and Penelope models are exactly 

matched. The reason for this is that the Livermore and Penelope are low energy physics 

models provided in  GEANT4 and they are primarily designed for the simulation of low 

energy ( < 100 keV) gamma rays. For higher energy γ- or x-rays these models must have 

negligible difference and approach the results of standard physics model. 

After the validity of the GEANT4 detector model, the dependence of photo peak 

efficiency of the detector on relative position of gamma ray source was analyzed. Two 

simulations were carried out for the purpose, one for point isotropic gamma ray source and 

other for planar disk gamma ray source. The detector-source axial distance was set to 1 meter 

in both simulations. The radial distance was varied from 0 - 10 cm and photo peak 

efficiencies for a range of gamma ray energies were calculated. The results for point isotropic 

and disk sources are graphically represented in Figures. 5.11 & 5.12. 
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Table 5.6: Photo peak efficiency values of HPGe detector for a point isotropic  γ -ray source with 

collimator diameters of 10 and 20 mm. 

γ-ray Energy 

(MeV) 

GEANT4 (this work)  Ródenas et al., (2000) 

Value Relative error  MCNP Experiment 

Collimator diameter: 10 mm 

0.662 2.68×10-7 1.21×10-8  2.76×10-7 1.99×10-7 

0.834 1.93×10-7 3.83×10-9  1.98×10-7 1.53×10-7 

1.173 1.17×10-7 5.23×10-9  1.30×10-7 1.23×10-7 

1.332 9.50×10-8 5.58×10-9  1.11×10-7 1.06×10-7 

Collimator diameter: 20 mm 

0.662 1.04×10-6 1.43×10-8  9.70×10-7 8.53×10-7 

0.834 7.14×10-7 2.24×10-9  7.27×10-7 6.13×10-7 

1.173 4.33×10-7 5.25×10-9  4.58×10-7 4.17×10-7 

1.332 3.69×10-7 3.57×10-9  4.01×10-7 3.57×10-7 
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Table 5.7:  Photo peak efficiency values of  HPGe detector for a planar disk  γ -ray source of 5 

cm diameter with collimator diameters of 10 and 20 mm. 

γ-ray Energy 

(MeV) 

GEANT4 (this work) Ródenas et al., (2000) 

Value Relative error MCNP Experiment 

Collimator diameter: 10 mm 

0.662 2.28×10-7 2.31×10-8 2.35×10-7 1.99×10-7 

0.834 1.90×10-7 1.85×10-8 1.63×10-7 1.53×10-7 

1.173 1.10×10-7 2.14×10-8 1.11×10-7 1.23×10-7 

1.332 8.18×10-8 1.90×10-9 8.67×10-8 1.06×10-7 

Collimator diameter: 20 mm 

0.662 9.63×10-7 1.87×10-8 9.92×10-7 8.53×10-7 

0.834 6.94×10-7 2.99×10-8 6.83×10-7 6.13×10-7 

1.173 4.37×10-7 2.23×10-8 4.41×10-7 4.17×10-7 

1.332 3.48×10-7 2.03×10-8 3.86×10-7 3.56×10-7 
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Table 5.8: Photo peak efficiency of different physics models available in GEANT4 for point 

isotropic γ-rays source. 

γ-ray 
Energy 
(MeV) 

10 mm Collimator Diameter  20 mm Collimator Diameter 

Standard Penelope Livermore  Standard Penelope Livermore 

0.662 2.68×10-7 2.67×10-7 2.68×10-7  1.04×10-6 1.02×10-6 1.02×10-6 

0.834 1.93×10-7 1.93×10-7 1.93×10-7  7.14×10-7 7.04×10-7 7.04×10-7 

1.173 1.17×10-7 1.15×10-7 1.17×10-7  4.33×10-7 4.38×10-7 4.38×10-7 

1.332 9.50×10-8 1.01×10-7 9.50×10-8  3.69×10-7 3.65×10-7 3.65×10-7 

 

 

 

 

Table 5.9:  Photo peak efficiency of different physics models available in GEANT4 for a 5 cm 

diameter planar disk source. 

γ-ray 
Energy 
(MeV) 

10 mm Collimator Diameter  20 mm Collimator Diameter 
Standard Penelope Livermore  Standard Penelope Livermore 

0.662 2.28×10-7 2.28×10-7 2.28×10-7  9.63×10-7 9.63×10-7 9.63×10-7 

0.834 1.90×10-7 1.90×10-7 1.90×10-7  6.94×10-7 6.96×10-7 6.96×10-7 

1.173 1.10×10-7 1.10×10-7 1.10×10-7  4.37×10-7 4.29×10-7 4.29×10-7 

1.332 8.18×10-8 8.18×10-8 8.18×10-8  3.48×10-7 3.42×10-7 3.42×10-7 
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It is clear from Fig. 5.11 that for radial displacement reaching 10 mm, the decrease in 

photo peak efficiency is slow and beyond that the efficiency decreases sharply with radial 

distance. For various gamma ray energies the behavior is similar but for lower gamma ray 

energies it is more visible than higher gamma energies. This trend can be explained with the 

help of Fig. 5.14. In that figure, a point isotropic gamma source is shown at three different 

positions A, B and C in simplified 2-D detector geometry. It can readily be seen that as the 

source is moved radially outwards, the detector’s surface area visible tosource reduces, which 

means that the number of un-scattered gamma rays reaching the detector also reduces. This is 

reflected as a decrease in the values of peak efficiency. From Fig. 5.14 it is clear that the 

reduction in the number of gamma rays reaching the detector without scattering would be 

small for the displacement of the source around point A within the collimator area (dotted 

line) and therefore, the decrease in  values of photo peak efficiency with displacement of up 

to 10 mm will also be small. This can be observed in Fig. 5.11. 

Fig. 5.12 shows the variation of photo peak efficiency values with radial displacement 

of a 5 cm diameter planar disk source. The behavior is similar to point isotropic source (Fig. 

5.11) with the difference that the fluctuation in values of photo peak efficiency remains small 

up to 20 mm radial displacement and beyond 20 mm displacement the efficiency decreases 

rapidly with radial distance. This is easily explained if the planar disk source is considered to 

be a collection  of  large  numbers  of  point  isotropic  sources  placed  on  the  surface  of  

the  disk.  In Fig. 5.14 if a large number of point sources are imagined uniformly distributed 

on both sides of point A reaching up to point B and are acting as a disk source. Then as 

discussed above the region around point  A  will be dominantly contributing to the  photo  
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Figure 5.11: Variation of photo peak efficiency of small high purity Ge detector with radial 

displacement of point isotropic γ-ray source. 
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Figure 5.12: Variation of photo peak efficiency of small high purity Ge detector with radial 

displacement of planar disk γ-ray source of  5 cm diameter. 
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Figure 5.13: Variation of photo peak efficiency of HPGe detector with radius of a planer disk γ-ray source 

placed concentric with and perpendicular to the detector axis. 
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Figure 5.14: Variation of effective solid angle subtended by detector on a point source with radial 

position of the gamma ray source. 
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peak efficiency values.  As the collection of sources is moved radially outwards, the point A 

and its surrounding points will move upward and the sources around point B will move 

towards point C and so on. Now the central region which is now around point B, will be 

contributing less, the upper region near point C will contribute the least and lower points 

which are now moved to region around point A, will contribute the most. Therefore the net 

effect of moving the collection of sources upwards will be smaller compared with a single 

point source. In this case the lower region sources, that were contributing less before 

displacement will be contributing more after displacement. This is can be seen in initial part 

of Fig. 5.12, where the fluctuations in the values of photo peak efficiency are small up to 20 

mm displacement. Further displacement of the disk source results in the gradual decrease in 

the photo peak efficiency. 

The photo peak efficiency dependence on the radius of planar disk source is 

represented in Fig. 5.13. Here too, the dependence of efficiency is inverse and the efficiency 

decreases with increasing radius of the disk source. The behavior can be explained by 

considering the disk source to be collection of large number of point isotropic sources as was 

done previously. As discussed above with reference to Fig. 5.14, the contribution of the 

central region, around point A, in photo peak efficiency is greatest and the contribution 

reduces with radial displacement. It is negligibly small for the points lying around in the 

vicinity of point C or in access (Fig. 5.14). Therefore, as the radius of the disk source is 

increased beyond a limit where the contribution in the photo peak efficiency values is 

negligible, the photo peak efficiency values decreases.  
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5.3 Measurement of Peak-to-total Ratio using GEANT4 

The GEANT4 code was used to measure the peak-to-total ratio of various gamma detectors. 

The already developed GEANT4 model for small high purity germanium detector was 

modified to calculate the peak-to-total ratio for each geometry and range of gamma ray 

energies.  The model was modified for varying the detector radius and length at run time. 

Simple cylindrical detector model was considered for study of the radius and length 

variation. The code was run for three different gamma detector materials; Sodium iodide 

(NaI), high purity germanium (Ge) and bismuth germinate (BGO).  

Figs. 5.15- 5.17 show the result of radius variation on the values of peak-to-total ratio 

for NaI, Ge and BGO detectors respectively. In all the cases the length of the detector was 

kept constant at 5 cm and the radius of the detector was varied in 1.0 - 10 cm range. The 

peak-to-total ratio was measured at each value of radius for gamma ray energies ranging 

from 50 keV to 7 MeV. Each calculation was repeated thrice to reduce the statistical 

uncertainty. The error bars have been shown in the Figures but the error bars are so small that 

they are completely confined within the symbols used to show data.  

All the three figures show similar trends. For lower energies the variation in the peak-

to-total ratio with radius is negligible. Also the difference between the values of peak-to-total 

ratio at particular radius decreases as the energy of the gamma ray is increased. The variation 

of peak-to-total ratio for all the energies is similar. The values increase with increase in 

radius and then saturate. The initial increase in the peak-to-total ratio with radius is because 

of the reason that as the radius increases, two things occur, first the probability of gamma 

photons entering the detector increases and second the probability that a photon that has  
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Figure 5.15: Effect of radius variation on peak-to-total ratio of sodium iodide detector of 5 cm length. 
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Figure 5.16: Effect of radius variation on peak-to-total ratio of germanium detector of 5 cm length. 
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Figure 5.17: Effect of radius variation on peak-to-total ratio of BGO detector of 5 cm length. 
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undergone a scattering interaction within the detector active volume will have second 

interaction within the detector active volume and may deposit full energy in the detector. 

Both the phenomena tend to increase the deposit count of full energy photons thereby 

increasing the peak-to-total ratio. This increase is followed up to a radius value at which the 

probability of the photo electric effect or the full energy deposition reaches its maximum at 

that particular energy, this is the value of the radius at which the peak-to-total ratio value 

attains the saturation value. Because each gamma photon of particular energy has a particular 

penetration depth, therefore increasing the radius beyond that value does not affect the peak-

to-total ratio. This value of radius is dependent on the detector material as well as gamma ray 

energy. 

The higher the gamma ray energy the lower will be the probability for the photo 

electric interaction and greater will be the radius value required to attain the saturation. That 

is why that the knee is not visible for the lowest energies because at such low gamma ray 

energies each photon has very small penetration length and every photon is likely to undergo 

photo-electric absorption and therefore the peak-to-total ratio value saturates from start. For 

higher energies the knee tends to move towards higher radius value with energy of the 

gamma ray. For the highest energy considered, i.e. 7 MeV, the peak-to-total values can be 

seen increasing and the knee is not visible as it is well above  the range of radius values 

considered in this study.  

Although the behavior is similar for different detector materials considered, the 

values of peak-to-total ratio for particular detector radius and gamma ray energy are 

different; these are shown in table 5.9. The reason for the difference is the gamma ray 
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photon’s interaction cross-sections in the different materials. The data can be well 

approximated by following mathematical function  

1 2
2

0

2
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P
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−⎜ ⎟= + ⎜ ⎟
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                 (5.1) 

Where P2T is peak-to-total ratio, R is the radius of the detector and A1, A2, R0 and P 

are fit parameters and depend upon the gamma ray energy, photon interaction cross sections 

and material of the detector. The values of these parameters for various gamma ray energies 

and various detector materials are given in Table 5.10  

Next the effect of length of the detector was studies by increasing the length of the 

detector from 1.0 cm to 15.0 cm while keeping the radius of the detector fixed at 3.0 cm 

value. The same three detector materials were considered, viz. sodium iodide, high purity 

germanium, BGO. Figs. 5.18 – 5.20 show the results. The behavior of peak-to-total values 

with variation of detector length is similar to the trend of radius variation. For lowest 

energies the ratio remains almost the same whereas with the increase of gamma energy the 

ratio starts with a minimum value and increases with increasing detector length and then 

attains a nearly constant value (saturation value). The minimum starting value and the 

saturation value decreases with increasing gamma energy because of the fact that interaction 

probability through photo electric mode decreases with increasing gamma energy. Also the 

value of detector length at which the peak-to-total ratio reaches saturation is increasing with 

increasing gamma energy. The data can be approximated by a mathematical function of 

similar to eq. 5.1 with the only change that R; radius of the detector will be replaced by L; 

length of the detector and R0 by L0 respectively. The corresponding values of fit parameters  
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Table 5.10: Values of fit parameters for various energies of gamma rays and detector materials. 

γ-ray Energy 
(MeV) 

A1 A2 R0 P 

Sodium iodide (NaI) 
0.05 0.99703 1.12444 17.6348 41.90412 
0.1 0.99059 -5.46899 20.1293 36.67491 
0.3 0.64984 0.85437 2.19622 2.8707 
0.5 0.31557 0.67815 2.22974 1.68455 
0.7 0.13009 0.58056 2.05303 1.24607 
1.0 0.07668 0.47188 2.40929 1.32744 
2.0 -0.03308 0.33893 2.60027 1.06198 
3.0 -0.03984 0.25637 3.09832 1.07449 
5.0 -0.02034 0.16393 4.47207 1.26452 
7.0 -0.00618 0.11238 5.70115 1.60794 

Germanium (Ge) 
0.05 0.99362 1.00773 24.23361 6.88328 
0.1 0.9517 0.96645 1.14398 20.28353 
0.3 0.33806 0.65381 2.2393 2.60628 
0.5 0.14228 0.49706 2.46136 1.98182 
0.7 0.05973 0.43392 2.50648 1.57146 
1.0 0.04538 0.36598 2.84341 1.68231 
2.0 8.57E-04 0.28667 3.39725 1.40844 
3.0 -0.00961 0.23126 3.81926 1.36678 
5.0 -0.00915 0.15437 4.61489 1.45437 
7.0 -0.0057 0.10975 5.31276 1.64201 

Bismuth Germanate (BGO) 
0.05 0.99533 0.99803 20.30081 6.49647 
0.1 0.99345 0.99328 6.62431 508.3567 
0.3 0.94505 0.97346 2.63232 31.48081 
0.5 0.7729 0.92248 2.03906 4.07848 
0.7 0.55216 0.88067 1.72601 1.96988 
1.0 0.45724 0.8027 2.36266 2.28369 
2.0 0.13506 0.68024 2.16174 1.34274 
3.0 0.03168 0.59925 2.24819 1.28806 
5.0 0.00533 0.48796 2.68804 1.61088 
7.0 -0.01737 0.44695 3.11046 1.63521 
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Table 5.11: Values of fit parameters for various gamma ray energies and detector material 

γ-ray 
Energy (MeV) 

A1 A2 L0 P 

Sodium iodide (NaI) 
0.05 0.99703 1.12444 17.6348 41.90412 
0.1 0.99059 -5.46899 20.12932 36.67491 
0.3 0.64984 0.85437 2.19622 2.8707 
0.5 0.31557 0.67815 2.22974 1.68455 
0.7 0.13009 0.58056 2.05303 1.24607 
1.0 0.07668 0.47188 2.40929 1.32744 
2.0 -0.03308 0.33893 2.60027 1.06198 
3.0 -0.03984 0.25637 3.09832 1.07449 
5.0 -0.02034 0.16393 4.47207 1.26452 
7.0 -0.00618 0.11238 5.70115 1.60794 

Germanium (Ge) 
0.05 0.99362 1.00773 24.23361 6.88328 
0.1 0.9517 0.96645 1.14398 20.28353 
0.3 0.33806 0.65381 2.2393 2.60628 
0.5 0.14228 0.49706 2.46136 1.98182 
0.7 0.05973 0.43392 2.50648 1.57146 
1.0 0.04538 0.36598 2.84341 1.68231 
2.0 8.57E-04 0.28667 3.39725 1.40844 
3.0 -0.00961 0.23126 3.81926 1.36678 
5.0 -0.00915 0.15437 4.61489 1.45437 
7.0 -0.0057 0.10975 5.31276 1.64201 

Bismuth Germanate (BGO) 
0.05 0.99533 0.99803 20.30081 6.49647 
0.1 0.99345 0.99328 6.62431 508.3567 
0.3 0.94505 0.97346 2.63232 31.48081 
0.5 0.7729 0.92248 2.03906 4.07848 
0.7 0.55216 0.88067 1.72601 1.96988 
1.0 0.45724 0.8027 2.36266 2.28369 
2.0 0.13506 0.68024 2.16174 1.34274 
3.0 0.03168 0.59925 2.24819 1.28806 
5.0 0.00533 0.48796 2.68804 1.61088 
7.0 -0.01737 0.44695 3.11046 1.63521 
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Table 5.12: Comparison of peak-to-total ratio values for various detectors. 

Detector Radius 

(cm) 

Detector Material 

NaI Ge BGO 

                                  Energy 0.5 MeV 

1 0.4295±0.0098 0.2134±0.0040 0.8293±0.0031 

3 0.6036±0.0023 0.4235±0.0013 0.9171±0.0009 

5 0.6628±0.0006 0.5106±0.0007 0.9373±0.0006 

7 0.6927±0.0008 0.5518±0.0014 0.9470±0.0006 

10 0.7159±0.0002 0.5866±0.0013 0.9535±0.0002 

                                  Energy 1.0 MeV 

1 0.1966±0.0099 0.1032±0.0004 0.5695±0.0071 

3 0.3620±0.0045 0.2718±0.0036 0.7460±0.0014 

5 0.4310±0.0016 0.3569±0.0009 0.7935±0.0001 

7 0.4676±0.0019 0.3992±0.0007 0.8149±0.0012 

10 0.4952±0.0013 0.4339±0.0008 0.8315±0.0007 

                                  Energy 5 MeV 

1 0.0240±0.0064 0.0160±0.0035 0.1484±0.0045 

3 0.0774±0.0036 0.0783±0.0007 0.3556±0.0040 

5 0.1162±0.0005 0.1205±0.0018 0.4346±0.0009 

7 0.1422±0.0016 0.1487±0.0012 0.4748±0.0020 

10 0.1671±0.0014 0.1742±0.0006 0.507±0.0006 
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Figure 5.18: Effect of detector length variation on the peak-to-total ratio of sodium iodide 

detector. 
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Figure 5.19: Effect of variation of detector length on peak-to-total ratio of high purity 

germanium detector. 
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Figure 5.20: Effect of detector length variation on peak-to-total ratio of BGO detector. 
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will also change. The values of these parameters for various gamma ray energies and various 

detector materials are given in Table 5.11 

It is clear from the results that although the trend of peak-to-total ratio for variation  

of length and radius of the detector is similar but they are different quantitatively. If we 

consider point isotropic source and the source is placed at a certain distance from the face of 

the detector then most of the photons entering the detector will be traveling along the length 

of the detector and a fraction of those will be moving at some angle with the detector axis. 

Only that fraction of photons will see the variation in radius and thus the ratio will slowly 

change with radius and reach to saturation point. But if the length of the detector is varied the 

majority of the photons entering the detector will observe the increase and therefore the 

probability of photons full energy deposition will be affected with length more sharply than 

with the radius. The same is reflected in the figures. The Fig. 5.18- 5.20 show rather steep 

increase in the peak-to-total ratio with increasing length and it attain saturation value. 
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Chapter 6  

Summary, Conclusions and Recommendations for Future 
work 

This work consists of three essential parts. In the first part, the state-of-the-art GEANT4 

program based simulations of γ-ray transport from source-to-detector have been studied and 

corresponding estimation of detector efficiency have been carried out. In the second part, a 

novel primary-interaction based methodology has been developed for Monte Carlo based 

calculations of the detector efficiency which accelerate the computations and yields 

converged results with much shorter computer time. The proposed methodology has been 

first implemented in a MATLAB based computer program and later implemented in the 

GEANT4 program. 

In the third part of this work, the primary interaction based GEANT4 program has 

been used for determination of photo peak-to-total ratios for wide variety of source-to-

detector geometries, energy ranges and source types. 

6.1 Primary Interaction Monte Carlo Simulation 

i) The proposed primary-interaction Monte Carlo methodology has been found to yield 

comparable results to those found by the direct, hybrid Monte Carlo, standard Monte 

Carlo as well as by experimental methods.  

ii) The predictions of PIMC program and the results of direct analytical calculations 

have been found in excellent agreement for axially located thin disk source for 

various values of source-to-detector distances in 0–20 cm range as well as for various 

radii of disk source in 0–2 cm range. 
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iii)  The methodology has been implemented in a MATLAB based computer program 

PIMC.  

iv) It converges quickly, reducing standard deviations to less than about 0.4% in only 104 

histories in contrast with 106 required by hybrid Monte Carlo and conventional Monte 

Carlo method. High computational efficiency of PIMC code stems from the usage of 

biasing in these Monte Carlo simulations along with primary interaction based 

scoring technique.  

v) The proposed methodology is flexible and has been extended from axially- to non-

axially located point isotropic as well as thin disk sources  where, again, the 

predictions of PIMC code have been found in good agreement with direct, theoretical 

as well as experimental methods. This indicates capability of the proposed 

methodology for handling complex geometries with relative ease.  

vi) This methodology has been used for the study of the dependence of total efficiency 

on thickness and radius of the detector as well as on radius of the disk source for 

photon energy in 0.05-20 MeV range. The PIMC results have been found consistent 

with the expected behavior for these cases. 

6.2 GEANT4 Simulation of high purity germanium detector 

Following conclusions may be drawn from the GEANT4 simulations of small HPGe 

detectors. 

i) The GEANT4 based methodology yields photo peak efficiency values which are in 

excellent agreement with the corresponding experimental results for both point as 

well as disk sources. 
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ii) The GEANT4 predictions are in agreement with the results obtained by using MCNP 

simulations. 

iii) Both Livermore and Penelope physics models available GEANT4 have been found to 

yield consistent results for photo peak efficiency values and up to 2% differences 

have been found with the standard physics model particularly for larger collimator 

diameter and higher gamma ray energies. 

iv) For point isotropic as well as planar disk sources, the values of photo peak efficiency 

simulated by GEANT4 show decreasing behavior with increasing radial displacement 

of the source, consistent with the expectation. 

v) The GEANT4 simulations show a decreasing trend in efficiency of the detector with 

increase in the radius of disk source, again consistent with the expected behavior. 

6.3 General Conclusions 

The primary interaction model along with the peak-to-total curves generated using GEANT4 

Monte Carlo code can be used for gamma ray detector efficiency calibration without the need 

of any experimental work. The total efficiency values from the PIMC can be used to find the 

full energy peak efficiency of the detector with the help of peak-to-total ratio curves. 

6.4 Recommendations for future work 

i) In this study we have considered bare cylindrical detectors with no casing. The dead 

layer of the detector has also been ignored. The effect of detector casing and the dead 

layer is significant in low gamma ray region (<200 keV) but becomes negligibly 

small for higher gamma rays energies. In the future studies the detector dead layer 

and casing may be considered in the primary interaction model. 
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ii) Further, detector geometry other than cylindrical may also be considered. 

iii) In this study point isotropic and thin disk sources are considered. Thick sources of 

various shapes may be simulated in future studies. 

iv) The effect of collimator, its diameter; and detector shielding (for various shielding 

materials of varying thicknesses) may be studied on the total efficiency measurement 

using PIMC and peak-to-total ratio. 

v) One of the studies may be to determine the total efficiency and peak-to-total ratio of 

source within the detector sensitive volume.  

vi) Calculation of Peak-to-Compton ratios for various detectors using Monte Carlo 

simulations may be carried out. 

vii) The study of Cadmium Zinc Telluride (CZT) detectors using primary interaction 

Monte Carlo method may be performed. 
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Appendix-I 
Table A-1: XCOM Photon cross-section data of Sodium Iodide (NaI). 

Photon 
Energy (MeV) 

Compto
n Scattering 

Photoele
ctric 
Absorption 

Pair 
Production 

Total         
Cross-section 

1.00E-03 5.92E-03 7.79E+03 0.00E+00 7.79E+03 
1.04E-03 6.24E-03 7.24E+03 0.00E+00 7.24E+03 
1.07E-03 6.59E-03 6.74E+03 0.00E+00 6.74E+03 
1.07E-03 6.59E-03 6.74E+03 0.00E+00 6.74E+03 
1.07E-03 6.59E-03 7.02E+03 0.00E+00 7.02E+03 
1.07E-03 6.59E-03 7.93E+03 0.00E+00 7.93E+03 
1.07E-03 6.59E-03 7.02E+03 0.00E+00 7.02E+03 
1.07E-03 6.59E-03 7.02E+03 0.00E+00 7.02E+03 
1.07E-03 6.59E-03 7.92E+03 0.00E+00 7.92E+03 
1.50E-03 1.07E-02 3.80E+03 0.00E+00 3.80E+03 
2.00E-03 1.54E-02 1.92E+03 0.00E+00 1.92E+03 
3.00E-03 2.46E-02 7.00E+02 0.00E+00 7.00E+02 
4.00E-03 3.29E-02 3.35E+02 0.00E+00 3.35E+02 
4.56E-03 3.71E-02 2.39E+02 0.00E+00 2.39E+02 
4.56E-03 3.71E-02 2.39E+02 0.00E+00 2.39E+02 
4.56E-03 3.71E-02 6.59E+02 0.00E+00 6.59E+02 
4.70E-03 3.82E-02 6.17E+02 0.00E+00 6.17E+02 
4.85E-03 3.92E-02 5.77E+02 0.00E+00 5.77E+02 
4.85E-03 3.92E-02 5.77E+02 0.00E+00 5.77E+02 
4.85E-03 3.92E-02 7.72E+02 0.00E+00 7.72E+02 
5.00E-03 4.03E-02 7.28E+02 0.00E+00 7.28E+02 
5.19E-03 4.16E-02 6.61E+02 0.00E+00 6.61E+02 
5.19E-03 4.16E-02 6.61E+02 0.00E+00 6.61E+02 
5.19E-03 4.16E-02 7.60E+02 0.00E+00 7.60E+02 
6.00E-03 4.68E-02 5.30E+02 0.00E+00 5.30E+02 
8.00E-03 5.80E-02 2.49E+02 0.00E+00 2.49E+02 
1.00E-02 6.73E-02 1.38E+02 0.00E+00 1.38E+02 
1.50E-02 8.41E-02 4.57E+01 0.00E+00 4.58E+01 
2.00E-02 9.46E-02 2.06E+01 0.00E+00 2.07E+01 
3.00E-02 1.07E-01 6.61E+00 0.00E+00 6.71E+00 
3.32E-02 1.09E-01 4.97E+00 0.00E+00 5.08E+00 
3.32E-02 1.09E-01 4.97E+00 0.00E+00 5.08E+00 
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3.32E-02 1.09E-01 2.98E+01 0.00E+00 2.99E+01 
4.00E-02 1.13E-01 1.82E+01 0.00E+00 1.83E+01 
5.00E-02 1.16E-01 1.01E+01 0.00E+00 1.02E+01 
6.00E-02 1.17E-01 6.11E+00 0.00E+00 6.23E+00 
8.00E-02 1.16E-01 2.75E+00 0.00E+00 2.86E+00 
1.00E-01 1.14E-01 1.46E+00 0.00E+00 1.58E+00 
1.50E-01 1.07E-01 4.59E-01 0.00E+00 5.66E-01 
2.00E-01 1.00E-01 2.02E-01 0.00E+00 3.02E-01 
3.00E-01 8.86E-02 6.48E-02 0.00E+00 1.53E-01 
4.00E-01 8.01E-02 2.99E-02 0.00E+00 1.10E-01 
5.00E-01 7.35E-02 1.68E-02 0.00E+00 9.04E-02 
6.00E-01 6.82E-02 1.08E-02 0.00E+00 7.90E-02 
8.00E-01 6.01E-02 5.59E-03 0.00E+00 6.57E-02 
1.00E+00 5.41E-02 3.49E-03 0.00E+00 5.76E-02 
1.02E+00 5.36E-02 3.32E-03 0.00E+00 5.69E-02 
1.25E+00 4.85E-02 2.24E-03 1.63E-04 5.09E-02 
1.50E+00 4.41E-02 1.60E-03 7.59E-04 4.64E-02 
2.00E+00 3.76E-02 9.76E-04 2.57E-03 4.12E-02 
2.04E+00 3.72E-02 9.42E-04 2.75E-03 4.09E-02 
3.00E+00 2.96E-02 5.18E-04 6.52E-03 3.67E-02 
4.00E+00 2.47E-02 3.43E-04 1.00E-02 3.51E-02 
5.00E+00 2.14E-02 2.53E-04 1.30E-02 3.47E-02 
6.00E+00 1.89E-02 2.00E-04 1.56E-02 3.48E-02 
7.00E+00 1.70E-02 1.65E-04 1.80E-02 3.53E-02 
8.00E+00 1.54E-02 1.40E-04 2.00E-02 3.58E-02 
9.00E+00 1.42E-02 1.21E-04 2.19E-02 3.65E-02 
1.00E+01 1.32E-02 1.07E-04 2.37E-02 3.72E-02 
 
Table A-2: XCOM Photon cross-section data of Germanium (Ge). 

Photon Energy 
(MeV) 

Compton 
Scattering 

Photoelectric 
Absorption 

Pair Production 
Total            
Cross-section 

1.00E-03 6.19E-03 1.89E+03 0.00E+00 1.89E+03 
1.10E-03 7.23E-03 1.50E+03 0.00E+00 1.50E+03 
1.22E-03 8.43E-03 1.19E+03 0.00E+00 1.19E+03 
1.22E-03 8.43E-03 4.36E+03 0.00E+00 4.36E+03 
1.23E-03 8.59E-03 4.65E+03 0.00E+00 4.65E+03 
1.25E-03 8.76E-03 4.97E+03 0.00E+00 4.97E+03 
1.25E-03 8.76E-03 6.65E+03 0.00E+00 6.65E+03 
1.33E-03 9.62E-03 6.07E+03 0.00E+00 6.07E+03 
1.41E-03 1.05E-02 5.55E+03 0.00E+00 5.55E+03 
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1.41E-03 1.05E-02 6.28E+03 0.00E+00 6.28E+03 
1.50E-03 1.15E-02 5.47E+03 0.00E+00 5.47E+03 
2.00E-03 1.67E-02 2.71E+03 0.00E+00 2.71E+03 
3.00E-03 2.60E-02 9.57E+02 0.00E+00 9.57E+02 
4.00E-03 3.42E-02 4.46E+02 0.00E+00 4.46E+02 
5.00E-03 4.17E-02 2.44E+02 0.00E+00 2.44E+02 
6.00E-03 4.86E-02 1.48E+02 0.00E+00 1.48E+02 
8.00E-03 6.08E-02 6.67E+01 0.00E+00 6.68E+01 
1.00E-02 7.12E-02 3.57E+01 0.00E+00 3.58E+01 
1.11E-02 7.61E-02 2.66E+01 0.00E+00 2.67E+01 
1.11E-02 7.61E-02 1.97E+02 0.00E+00 1.97E+02 
1.50E-02 9.05E-02 9.04E+01 0.00E+00 9.05E+01 
2.00E-02 1.03E-01 4.14E+01 0.00E+00 4.15E+01 
3.00E-02 1.16E-01 1.34E+01 0.00E+00 1.35E+01 
4.00E-02 1.22E-01 5.84E+00 0.00E+00 5.97E+00 
5.00E-02 1.25E-01 3.04E+00 0.00E+00 3.17E+00 
6.00E-02 1.25E-01 1.77E+00 0.00E+00 1.90E+00 
8.00E-02 1.24E-01 7.52E-01 0.00E+00 8.75E-01 
1.00E-01 1.21E-01 3.84E-01 0.00E+00 5.05E-01 
1.50E-01 1.13E-01 1.12E-01 0.00E+00 2.25E-01 
2.00E-01 1.05E-01 4.73E-02 0.00E+00 1.52E-01 
3.00E-01 9.23E-02 1.44E-02 0.00E+00 1.07E-01 
4.00E-01 8.32E-02 6.41E-03 0.00E+00 8.96E-02 
5.00E-01 7.62E-02 3.54E-03 0.00E+00 7.97E-02 
6.00E-01 7.06E-02 2.24E-03 0.00E+00 7.29E-02 
8.00E-01 6.22E-02 1.14E-03 0.00E+00 6.33E-02 
1.00E+00 5.60E-02 7.12E-04 0.00E+00 5.67E-02 
1.02E+00 5.54E-02 6.77E-04 0.00E+00 5.60E-02 
1.25E+00 5.01E-02 4.57E-04 8.90E-05 5.06E-02 
1.50E+00 4.55E-02 3.29E-04 4.41E-04 4.63E-02 
2.00E+00 3.89E-02 2.02E-04 1.63E-03 4.07E-02 
2.04E+00 3.84E-02 1.95E-04 1.75E-03 4.03E-02 
3.00E+00 3.06E-02 1.09E-04 4.46E-03 3.52E-02 
4.00E+00 2.55E-02 7.31E-05 7.07E-03 3.27E-02 
5.00E+00 2.20E-02 5.45E-05 9.37E-03 3.16E-02 
6.00E+00 1.95E-02 4.33E-05 1.14E-02 3.11E-02 
7.00E+00 1.75E-02 3.59E-05 1.32E-02 3.09E-02 
8.00E+00 1.59E-02 3.06E-05 1.48E-02 3.10E-02 
9.00E+00 1.47E-02 2.66E-05 1.63E-02 3.13E-02 
1.00E+01 1.36E-02 2.35E-05 1.76E-02 3.16E-02 



 

121

 
Table A-3: XCOM Photon cross-section data of Bismuth Germanate (BGO). 

Photon Energy 
(MeV) 

Compton 
Scattering 

Photoelectric 
Absorption 

Pair 
Production 

Total            
Cross-section 

1.00E-03 4.74E-03 4.68E+03 0.00E+00 4.68E+03 
1.10E-03 5.57E-03 3.81E+03 0.00E+00 3.81E+03 
1.22E-03 6.54E-03 3.11E+03 0.00E+00 3.11E+03 
1.22E-03 6.54E-03 3.66E+03 0.00E+00 3.66E+03 
1.23E-03 6.67E-03 3.64E+03 0.00E+00 3.64E+03 
1.25E-03 6.81E-03 3.62E+03 0.00E+00 3.62E+03 
1.25E-03 6.81E-03 3.92E+03 0.00E+00 3.92E+03 
1.33E-03 7.53E-03 3.48E+03 0.00E+00 3.48E+03 
1.41E-03 8.30E-03 3.10E+03 0.00E+00 3.10E+03 
1.41E-03 8.30E-03 3.23E+03 0.00E+00 3.23E+03 
1.50E-03 9.08E-03 2.84E+03 0.00E+00 2.84E+03 
2.00E-03 1.37E-02 1.48E+03 0.00E+00 1.48E+03 
2.58E-03 1.90E-02 8.09E+02 0.00E+00 8.09E+02 
2.58E-03 1.90E-02 1.49E+03 0.00E+00 1.49E+03 
2.63E-03 1.95E-02 1.50E+03 0.00E+00 1.50E+03 
2.69E-03 2.00E-02 1.51E+03 0.00E+00 1.51E+03 
2.69E-03 2.00E-02 1.99E+03 0.00E+00 1.99E+03 
3.00E-03 2.27E-02 1.57E+03 0.00E+00 1.57E+03 
3.18E-03 2.42E-02 1.36E+03 0.00E+00 1.36E+03 
3.18E-03 2.42E-02 1.54E+03 0.00E+00 1.54E+03 
3.43E-03 2.63E-02 1.28E+03 0.00E+00 1.28E+03 
3.70E-03 2.84E-02 1.06E+03 0.00E+00 1.06E+03 
3.70E-03 2.84E-02 1.11E+03 0.00E+00 1.11E+03 
3.85E-03 2.95E-02 1.01E+03 0.00E+00 1.01E+03 
4.00E-03 3.08E-02 9.20E+02 0.00E+00 9.20E+02 
4.00E-03 3.08E-02 9.56E+02 0.00E+00 9.56E+02 
4.00E-03 3.08E-02 9.56E+02 0.00E+00 9.56E+02 
5.00E-03 3.78E-02 5.53E+02 0.00E+00 5.53E+02 
6.00E-03 4.40E-02 3.51E+02 0.00E+00 3.51E+02 
8.00E-03 5.45E-02 1.69E+02 0.00E+00 1.69E+02 
1.00E-02 6.29E-02 9.49E+01 0.00E+00 9.50E+01 
1.11E-02 6.69E-02 7.22E+01 0.00E+00 7.23E+01 
1.11E-02 6.69E-02 1.02E+02 0.00E+00 1.02E+02 
1.22E-02 7.04E-02 7.98E+01 0.00E+00 7.99E+01 
1.34E-02 7.39E-02 6.24E+01 0.00E+00 6.25E+01 
1.34E-02 7.39E-02 1.24E+02 0.00E+00 1.24E+02 



 

122

1.50E-02 7.81E-02 9.16E+01 0.00E+00 9.16E+01 
1.57E-02 7.97E-02 8.09E+01 0.00E+00 8.10E+01 
1.57E-02 7.97E-02 1.07E+02 0.00E+00 1.07E+02 
1.61E-02 8.05E-02 1.02E+02 0.00E+00 1.02E+02 
1.64E-02 8.12E-02 9.66E+01 0.00E+00 9.67E+01 
1.64E-02 8.12E-02 1.10E+02 0.00E+00 1.10E+02 
2.00E-02 8.80E-02 6.58E+01 0.00E+00 6.58E+01 
3.00E-02 1.00E-01 2.25E+01 0.00E+00 2.26E+01 
4.00E-02 1.07E-01 1.04E+01 0.00E+00 1.05E+01 
5.00E-02 1.10E-01 5.65E+00 0.00E+00 5.76E+00 
6.00E-02 1.12E-01 3.42E+00 0.00E+00 3.53E+00 
8.00E-02 1.12E-01 1.55E+00 0.00E+00 1.66E+00 
9.05E-02 1.11E-01 1.10E+00 0.00E+00 1.21E+00 
9.05E-02 1.11E-01 1.10E+00 0.00E+00 1.21E+00 
9.05E-02 1.11E-01 4.80E+00 0.00E+00 4.91E+00 
1.00E-01 1.10E-01 3.70E+00 0.00E+00 3.81E+00 
1.50E-01 1.04E-01 1.28E+00 0.00E+00 1.39E+00 
2.00E-01 9.74E-02 5.98E-01 0.00E+00 6.96E-01 
3.00E-01 8.66E-02 2.07E-01 0.00E+00 2.94E-01 
4.00E-01 7.84E-02 1.00E-01 0.00E+00 1.79E-01 
5.00E-01 7.21E-02 5.85E-02 0.00E+00 1.31E-01 
6.00E-01 6.69E-02 3.83E-02 0.00E+00 1.05E-01 
8.00E-01 5.91E-02 2.04E-02 0.00E+00 7.94E-02 
1.00E+00 5.32E-02 1.28E-02 0.00E+00 6.61E-02 
1.02E+00 5.27E-02 1.23E-02 0.00E+00 6.50E-02 
1.25E+00 4.77E-02 8.29E-03 2.78E-04 5.62E-02 
1.50E+00 4.34E-02 5.91E-03 1.34E-03 5.06E-02 
2.00E+00 3.71E-02 3.57E-03 4.10E-03 4.47E-02 
2.04E+00 3.66E-02 3.44E-03 4.34E-03 4.44E-02 
3.00E+00 2.92E-02 1.87E-03 9.12E-03 4.02E-02 
4.00E+00 2.43E-02 1.22E-03 1.32E-02 3.88E-02 
5.00E+00 2.10E-02 8.96E-04 1.67E-02 3.87E-02 
6.00E+00 1.86E-02 7.02E-04 1.97E-02 3.91E-02 
7.00E+00 1.67E-02 5.75E-04 2.23E-02 3.98E-02 
8.00E+00 1.52E-02 4.86E-04 2.47E-02 4.06E-02 
9.00E+00 1.40E-02 4.20E-04 2.68E-02 4.15E-02 
1.00E+01 1.30E-02 3.69E-04 2.88E-02 4.24E-02 
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Appendix-II 
GEANT4 High Purity Germanium Model Classes 

DetectorConstruction  

#include "G4PhysicalConstants.hh" 
#include "DetectorConstruction.hh" 
#include "DetectorMessenger.hh" 
#include "G4NistManager.hh" 
#include "G4Material.hh" 
#include "G4Box.hh" 
#include "G4Tubs.hh" 
#include "G4Polycone.hh" 
#include "G4LogicalVolume.hh" 
#include "G4PVPlacement.hh" 
#include "G4SubtractionSolid.hh" 
#include "G4SDManager.hh" 
#include "SensitiveDetector.hh" 
#include "G4GeometryManager.hh" 
#include "G4PhysicalVolumeStore.hh" 
#include "G4LogicalVolumeStore.hh" 
#include "G4SolidStore.hh" 
#include "G4RotationMatrix.hh" 
#include "G4UnitsTable.hh" 
// includes for detector visualization 
#include "G4VisAttributes.hh" 
#include "G4Colour.hh" 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
DetectorConstruction::DetectorConstruction() 
:PhysicalWorld(0),LogicalWorld(0),PhysicalAbsorber(0),LogicalAbsorber(0),Absorb

erMaterial(0),DefaultMaterial(0), LogicalShld(0), PhysicalShld(0), 
ShldMaterial(0)//,detparam(0) 

{ 
  WorldXYZ     = 1.5*m; 
  detRadius    = 15.0*mm;//Radius of the cylindrical detector crystal 
  detHalfThick = 5.0*mm;//Half thickness of the cylindrical detector crystal  
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  detposition  = -138.4*cm;// detector assembley center position w.r.t. center of the 
world 

  
  DefineMaterials(); 
  SetWorldMaterial("Galactic");   
  SetShldMaterial("Lead"); 
  SetAbsorberMaterial("Germanium"); 
    
  detectorMessenger = new DetectorMessenger(this);  
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
DetectorConstruction::~DetectorConstruction() 
{ delete detectorMessenger;} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
G4VPhysicalVolume* DetectorConstruction::Construct() 
{ 
  return ConstructVolumes(); 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void DetectorConstruction::DefineMaterials() 
{ 
   // define Elements 
  G4double z,a; 
   
  G4Element* H  = new G4Element("Hydrogen" ,"H" , z= 1., a=   1.01*g/mole); 
  G4Element* N  = new G4Element("Nitrogen" ,"N" , z= 7., a=  14.01*g/mole); 
  G4Element* O  = new G4Element("Oxygen"   ,"O" , z= 8., a=  16.00*g/mole); 
  G4Element* Na = new G4Element("Sodium"   ,"Na", z=11., a=  22.99*g/mole); 
  G4Element* Ge = new G4Element("Germanium","Ge", z=32., a=  72.59*g/mole); 
  G4Element* I  = new G4Element("Iodine"   ,"I" , z=53., a= 126.90*g/mole); 
  G4Element* Bi = new G4Element("Bismuth"  ,"Bi", z=83., a= 208.98*g/mole); 
    // define materials 
  G4double density; 
  G4int ncomponents, natoms; 
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  G4double fractionmass;   
     
  G4Material* Air =  
  new G4Material("Air", density= 1.290*mg/cm3, ncomponents=2); 
  Air->AddElement(N, fractionmass=70.*perCent); 
  Air->AddElement(O, fractionmass=30.*perCent); 
 
  G4Material* H2l =  
  new G4Material("H2liquid", density= 70.8*mg/cm3, ncomponents=1); 
  H2l->AddElement(H, fractionmass=1.); 
 
  G4Material* H2O =  
  new G4Material("Water", density= 1.000*g/cm3, ncomponents=2); 
  H2O->AddElement(H, natoms=2); 
  H2O->AddElement(O, natoms=1); 
  H2O->SetChemicalFormula("H_2O"); 
  H2O->GetIonisation()->SetMeanExcitationEnergy(75.0*eV); 
 
  new G4Material("liquidArgon", z=18., a= 39.95*g/mole, density= 1.390*g/cm3); 
   
  new G4Material("Carbon"     , z=6.,  a= 12.01*g/mole, density= 2.267*g/cm3); 
 
  new G4Material("Aluminium"  , z=13., a= 26.98*g/mole, density= 2.700*g/cm3); 
 
  new G4Material("Silicon"    , z=14., a= 28.09*g/mole, density= 2.330*g/cm3); 
 
  new G4Material("Germanium"  , z=32., a= 72.61*g/mole, density= 5.323*g/cm3); 
   
  new G4Material("Galactic"  , z=1., a= 1.008*g/mole, 

density=universe_mean_density,kStateGas,2.73*kelvin,3.e-18*pascal); 
   
  G4Material* NaI =  
  new G4Material("NaI", density= 3.67*g/cm3, ncomponents=2); 
  NaI->AddElement(Na, natoms=1); 
  NaI->AddElement(I , natoms=1); 
  NaI->GetIonisation()->SetMeanExcitationEnergy(452*eV); 
   
  G4Material* Iod =  
  new G4Material("Iodine", density= 4.93*g/cm3, ncomponents=1); 
  Iod->AddElement(I , natoms=1); 
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  G4Material* BGO =  
  new G4Material("BGO", density= 7.10*g/cm3, ncomponents=3); 
  BGO->AddElement(O , natoms=12); 
  BGO->AddElement(Ge, natoms= 3); 
  BGO->AddElement(Bi, natoms= 4);   
 
  new G4Material("Iron"       , z=26., a= 55.85*g/mole, density= 7.870*g/cm3); 
 
  new G4Material("Tungsten"   , z=74., a=183.85*g/mole, density= 19.30*g/cm3); 
 
  new G4Material("Lead"       , z=82., a=207.19*g/mole, density= 11.35*g/cm3); 
 
  new G4Material("Uranium"    , z=92., a=238.03*g/mole, density= 18.95*g/cm3); 
 
  G4cout << *(G4Material::GetMaterialTable()) << G4endl; 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
G4VPhysicalVolume* DetectorConstruction::ConstructVolumes() 
{ 
  // Cleanup old geometry 
  G4GeometryManager::GetInstance()->OpenGeometry(); 
  G4PhysicalVolumeStore::GetInstance()->Clean(); 
  G4LogicalVolumeStore::GetInstance()->Clean(); 
  G4SolidStore::GetInstance()->Clean(); 
     
  SolidWorld =   new G4Box("World",WorldXYZ,WorldXYZ,WorldXYZ); 
  LogicalWorld = new 

G4LogicalVolume(SolidWorld,DefaultMaterial,"World",0,0,0); 
  PhysicalWorld = new 

G4PVPlacement(0,G4ThreeVector(),LogicalWorld,"World",0,false,0);  
 
   //Introduction of Detector assemblycasing (Dummy volume for attaching shld and 

absorber together) 
  rotate= new G4RotationMatrix; 
   rotate->rotateX(0*deg); 
  G4Tubs* Mother = new G4Tubs("mother",0., 200.*mm,116.*mm,0.,2.*pi); 
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  G4LogicalVolume* LogMother = new G4LogicalVolume(Mother, 
DefaultMaterial,"mother"); 

  G4PVPlacement *  PhyMother = new G4PVPlacement(rotate, 
G4ThreeVector(0.,0.,detposition),  

      LogMother,"mother", 
      LogicalWorld, 
      false, 0, true); 
   
G4double zPlane[8] ={0*mm, 40*mm, 40*mm, 72*mm, 72*mm, 122*mm, 122*mm, 

132*mm}; 
G4double rInner[8]={40*mm, 40*mm, 5*mm,5*mm, 25*mm, 25*mm,5*mm, 

5*mm};  G4double rOuter[8]={127*mm,1 27*mm, 127*mm, 127*mm, 127*mm, 127*mm, 
127*mm, 127*mm}; 

SolidShld   = new G4Polycone("Shld",0.,2.*pi,8,zPlane,rInner,rOuter); 
LogicalShld = new G4LogicalVolume(     SolidShld,  
      ShldMaterial, 
      ShldMaterial->GetName()); 
   
PhysicalShld     = new G4PVPlacement(0, G4ThreeVector(0.,0.,-116.*mm), 
          LogicalShld,  
          ShldMaterial->GetName(), 
          LogMother, 
          false, 0); 
  
SolidAbsorber    = new G4Tubs("Absorber",0.,detRadius,detHalfThick,0.,2.*pi); 
LogicalAbsorber  = new G4LogicalVolume( SolidAbsorber, //its shape 
                                 AbsorberMaterial, //its material 
                                 AbsorberMaterial->GetName());//its 

name  PhysicalAbsorber = new G4PVPlacement( 0, //no rotation 
           G4ThreeVector(0., 0., 116.*mm), 
                               LogicalAbsorber, //its logical volume  
                               AbsorberMaterial->GetName(), //its 

name 
                               LogMother, //its mother  volume 
                               false,  //no boolean operation 
                               0); 
 
   
 
PrintParameters(); 
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G4VisAttributes * LogWorVisAtt=new G4VisAttributes(G4Colour(0.,1.,1.)); 
LogWorVisAtt->SetForceAuxEdgeVisible(true); 
LogicalWorld->SetVisAttributes(LogWorVisAtt); 
G4VisAttributes * LogShldVisAtt=new G4VisAttributes(G4Colour(1.,1.,0.)); 
LogShldVisAtt->SetForceWireframe(true); 
LogShldVisAtt->SetForceAuxEdgeVisible(true); 
LogicalShld->SetVisAttributes(LogShldVisAtt); 
G4VisAttributes * LogAbsVisAtt=new G4VisAttributes(G4Colour(1.,1.,1.)); 
LogAbsVisAtt->SetForceAuxEdgeVisible(true); 
LogicalAbsorber->SetVisAttributes(LogAbsVisAtt);   
   
 return PhysicalWorld; 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void DetectorConstruction::PrintParameters() 
{ 
G4cout << "\n The World Box is 10x10x10 cm^3 of " << DefaultMaterial-

>GetName() << G4endl; 
  G4cout << "\n The Absorber is " << AbsorberMaterial->GetName() << G4endl; 
  G4cout << "\n The Shld is " << ShldMaterial->GetName() << G4endl; 
  G4cout<<"\n The DETDIST is:  "<< detdist/cm << G4endl;  
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void DetectorConstruction::SetWorldMaterial(const G4String& material) 
{ 
  // search the material by its name 
 G4Material* ptrMaterial = G4NistManager::Instance()-

>FindOrBuildMaterial(material); 
 if (ptrMaterial) { 
  DefaultMaterial = ptrMaterial; 
 
 } else { 
  G4cout << "\n--> warning from 

DetectorConstruction::SetWorldMaterial : " 
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    << material << " not found" << G4endl;   
 }   
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
 
 
 
void DetectorConstruction::SetShldMaterial(const G4String& material) 
{ 
  // search the material by its name 
 G4Material* ptrMaterial = G4NistManager::Instance()-

>FindOrBuildMaterial(material); 
 if (ptrMaterial) { 
   ShldMaterial = ptrMaterial; 
 
 } else { 
  G4cout << "\n--> warning from 

DetectorConstruction::SetShldMaterial : " 
    << material << " not found" << G4endl;   
 }    
} 
 
void DetectorConstruction::SetAbsorberMaterial(const G4String& material) 
{ 
  // search the material by its name 
 G4Material* ptrMaterial = G4NistManager::Instance()-

>FindOrBuildMaterial(material); 
 if (ptrMaterial) { 
   AbsorberMaterial = ptrMaterial; 
   UpdateGeometry(); 
 } else { 
  G4cout << "\n--> warning from 

DetectorConstruction::SetAbsorberMaterial : " 
    << material << " not found" << G4endl;   
 }  
} 
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//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....
. 

 
void DetectorConstruction::SetDetectorPosition(G4double val) 
{ 
 detposition = val; 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
#include "G4RunManager.hh" 
 
void DetectorConstruction::UpdateGeometry() 
{ 
  G4RunManager::GetRunManager()->DefineWorldVolume(ConstructVolumes()); 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 

PhysicsList 

#include "PhysicsList.hh" 
#include "PhysicsListMessenger.hh" 
#include "PhysListEmStandard.hh" 
#include "PhysListEmLivermore.hh" 
#include "PhysListEmPenelope.hh" 
#include "G4LossTableManager.hh" 
#include "G4UnitsTable.hh" 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
PhysicsList::PhysicsList()  
: G4VModularPhysicsList() 
{ 
  G4LossTableManager::Instance(); 
   
  currentDefaultCut    = 0.000001*mm; 
  cutForGamma          = currentDefaultCut; 
  cutForElectron       = currentDefaultCut; 
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  cutForPositron       = currentDefaultCut; 
 
  pMessenger   = new PhysicsListMessenger(this); 
 
  SetVerboseLevel(1); 
 
  // EM physics 
  emName = G4String("Standard"); 
  emPhysicsList = new PhysListEmStandard(emName); 
 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
PhysicsList::~PhysicsList() 
{ 
  delete pMessenger; 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
// Bosons 
#include "G4ChargedGeantino.hh" 
#include "G4Geantino.hh" 
#include "G4Gamma.hh" 
#include "G4OpticalPhoton.hh" 
 
// leptons 
#include "G4MuonPlus.hh" 
#include "G4MuonMinus.hh" 
#include "G4NeutrinoMu.hh" 
#include "G4AntiNeutrinoMu.hh" 
#include "G4Electron.hh" 
#include "G4Positron.hh" 
#include "G4NeutrinoE.hh" 
#include "G4AntiNeutrinoE.hh" 
 
// Mesons 
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#include "G4PionPlus.hh" 
#include "G4PionMinus.hh" 
#include "G4PionZero.hh" 
#include "G4Eta.hh" 
#include "G4EtaPrime.hh" 
#include "G4KaonPlus.hh" 
#include "G4KaonMinus.hh" 
#include "G4KaonZero.hh" 
#include "G4AntiKaonZero.hh" 
#include "G4KaonZeroLong.hh" 
#include "G4KaonZeroShort.hh" 
 
// Baryons 
#include "G4Proton.hh" 
#include "G4AntiProton.hh" 
#include "G4Neutron.hh" 
#include "G4AntiNeutron.hh" 
 
// Nuclei 
#include "G4Deuteron.hh" 
#include "G4Triton.hh" 
#include "G4Alpha.hh" 
#include "G4GenericIon.hh" 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void PhysicsList::ConstructParticle() 
{ 
// pseudo-particles 
  G4Geantino::GeantinoDefinition(); 
  G4ChargedGeantino::ChargedGeantinoDefinition(); 
   
// gamma 
  G4Gamma::GammaDefinition(); 
   
// optical photon 
  G4OpticalPhoton::OpticalPhotonDefinition(); 
 
// leptons 
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  G4Electron::ElectronDefinition(); 
  G4Positron::PositronDefinition(); 
  G4MuonPlus::MuonPlusDefinition(); 
  G4MuonMinus::MuonMinusDefinition(); 
 
  G4NeutrinoE::NeutrinoEDefinition(); 
  G4AntiNeutrinoE::AntiNeutrinoEDefinition(); 
  G4NeutrinoMu::NeutrinoMuDefinition(); 
  G4AntiNeutrinoMu::AntiNeutrinoMuDefinition();   
 
// mesons 
  G4PionPlus::PionPlusDefinition(); 
  G4PionMinus::PionMinusDefinition(); 
  G4PionZero::PionZeroDefinition(); 
  G4Eta::EtaDefinition(); 
  G4EtaPrime::EtaPrimeDefinition(); 
  G4KaonPlus::KaonPlusDefinition(); 
  G4KaonMinus::KaonMinusDefinition(); 
  G4KaonZero::KaonZeroDefinition(); 
  G4AntiKaonZero::AntiKaonZeroDefinition(); 
  G4KaonZeroLong::KaonZeroLongDefinition(); 
  G4KaonZeroShort::KaonZeroShortDefinition(); 
 
// barions 
  G4Proton::ProtonDefinition(); 
  G4AntiProton::AntiProtonDefinition(); 
  G4Neutron::NeutronDefinition(); 
  G4AntiNeutron::AntiNeutronDefinition(); 
 
// ions 
  G4Deuteron::DeuteronDefinition(); 
  G4Triton::TritonDefinition(); 
  G4Alpha::AlphaDefinition(); 
  G4GenericIon::GenericIonDefinition(); 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
#include "G4EmProcessOptions.hh" 
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void PhysicsList::ConstructProcess() 
{ 
  // Transportation 
  // 
  AddTransportation(); 
 
  // Electromagnetic physics list 
  // 
  emPhysicsList->ConstructProcess(); 
   
  // Em options 
  // 
  G4EmProcessOptions emOptions; 
  emOptions.SetStepFunction(1., 1*mm);   
  emOptions.SetIntegral(false); 
  emOptions.SetLossFluctuations(false);     
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void PhysicsList::AddPhysicsList(const G4String& name) 
{ 
  if (verboseLevel>0) { 
    G4cout << "PhysicsList::AddPhysicsList: <" << name << ">" << G4endl; 
  } 
   
  if (name == emName) return; 
 
  if (name == "Standard") { 
 
    emName = name; 
    delete emPhysicsList; 
    emPhysicsList = new PhysListEmStandard(name); 
       
  } else if (name == "Livermore") { 
    emName = name; 
    delete emPhysicsList; 
    emPhysicsList = new PhysListEmLivermore(name); 
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  } else if (name == "Penelope") { 
    emName = name; 
    delete emPhysicsList; 
    emPhysicsList = new PhysListEmPenelope(name); 
  
 
 
            
  } else { 
    G4cout << "PhysicsList::AddPhysicsList: <" << name << ">" 
           << " is not defined"    << G4endl; 
  } 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
#include "G4Gamma.hh" 
#include "G4Electron.hh" 
#include "G4Positron.hh" 
 
void PhysicsList::SetCuts() 
{     
  // set cut values for gamma at first and for e- second and next for e+, 
  // because some processes for e+/e- need cut values for gamma 
  SetCutValue(cutForGamma, "gamma"); 
  SetCutValue(cutForElectron, "e-"); 
  SetCutValue(cutForPositron, "e+"); 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void PhysicsList::SetCutForGamma(G4double cut) 
{ 
  cutForGamma = cut; 
  SetParticleCuts(cutForGamma, G4Gamma::Gamma()); 
} 
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//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....
. 

 
void PhysicsList::SetCutForElectron(G4double cut) 
{ 
  cutForElectron = cut; 
  SetParticleCuts(cutForElectron, G4Electron::Electron()); 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void PhysicsList::SetCutForPositron(G4double cut) 
{ 
  cutForPositron = cut; 
  SetParticleCuts(cutForPositron, G4Positron::Positron()); 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 

RunAction 

#include <iostream> 
using std::scientific; 
using std::fixed; 
#include "RunAction.hh" 
#include "DetectorConstruction.hh" 
#include "PrimaryGeneratorAction.hh" 
#include "PhysicsList.hh" 
#include "EventAction.hh" 
#include "G4Run.hh" 
#include "G4RunManager.hh" 
#include "G4UnitsTable.hh" 
#include "G4EmCalculator.hh" 
#include "G4Gamma.hh" 
#include "G4UIcommand.hh" 
#include "G4ParticleGun.hh" 
#include "Randomize.hh" 
#include <iomanip> 
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//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....
. 

 
RunAction::RunAction(DetectorConstruction* det, PrimaryGeneratorAction* prim, 

PhysicsList* phyl) 
  : detector(det), primary(prim), phylist(phyl), ProcCounter(0) 
{  
        G4String Filename = "Disk_Source_Radius_0_10CM_Single 

Energy_662keV.txt"; 
 outfile.open(Filename); 
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
RunAction::~RunAction() 
{ 
 outfile.close();  
} 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void RunAction::BeginOfRunAction(const G4Run* aRun) 
{   
  G4cout << "### Run " << aRun->GetRunID() << " start." << G4endl; 
  G4String RunIDst = G4UIcommand::ConvertToString(aRun->GetRunID()); 
 
  // save Rndm status 
  G4RunManager::GetRunManager()->SetRandomNumberStore(false); 
  CLHEP::HepRandom::showEngineStatus(); 
 if (aRun->GetRunID()==0) outfile <<"S to D dist (m)"<< "\tEnergy (MeV) "<< 

"\t\tPhoto Effic(99%E)"<<"\t PhotoPeakEffic(90%E) "<<"\t TotalEffic "<<G4endl; 
 
   Photon = Total= 0; 
   material = detector->GetAbsorberMaterial(); 
  G4String phyLname = phylist->GetPhysicsListName(); 
  
} 
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//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....
. 

 
void RunAction::FullEnergyCounts() 
{ 
 Photon ++; 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
void RunAction::TotalCounts(G4double ed) 
{ 
 Total ++; 
} 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void RunAction::EndOfRunAction(const G4Run* aRun) 
{ 
    G4cout << "\n Full Energy Counts = " << Photon <<G4endl; 
    G4cout << "\n Total Counts = " << Total <<G4endl; 
 
// Source to Detector face distance 
   G4ThreeVector srczdist = primary->GetParticleGun()->GetCurrentSource()-

>GetPosDist()->GetCentreCoords(); 
   G4double raddist= srczdist[1]; 
   G4double srcdist = srczdist[2]-detdist;  
   G4cout<<"\n The Source to Detector distance is (meters):  "<< srcdist/m<< G4endl;  
 
//The source particle's minimum and maximum theta 
  G4double mintheta = primary->GetParticleGun()->GetCurrentSource()-

>GetAngDist()->GetMinTheta(); 
  G4double maxtheta = primary->GetParticleGun()->GetCurrentSource()-

>GetAngDist()->GetMaxTheta(); 
 
//Solid Angle subtended by source on detector 
 G4double SolAng = 0.5*(cos(mintheta)- cos(maxtheta)); 
//Efficiency Calculations 
G4double PhotonEffic = SolAng*Photon/NbOfEvents; 
 
G4double TotalEffic = SolAng*Total/NbOfEvents; 
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"\n====================================================="<<G4e

ndl; 
  G4cout << "   PHOTOPEAK Efficiency of Det = " << PhotonEffic<< G4endl; 
  G4cout << "   TOTAL Efficiency of Det = "  << TotalEffic<< G4endl; 
  G4cout << 

"=========================================================="<<G4end
l; 

   
  outfile <<srcdist/m<<"\t\t"<<energy/MeV <<"\t\t " << "\t\t 

"<<PhotopeakEfficiency0<< "\t\t "<<PhotonEffic << "\t "<<TotalEffic 
<<"\t"<<raddist<<G4endl; 

   
  //restore default format   
  G4cout.precision(prec);          
  // delete and remove all contents in ProcCounter  
  while (ProcCounter->size()>0){ 
    OneProcessCount* aProcCount=ProcCounter->back(); 
    ProcCounter->pop_back(); 
    delete aProcCount; 
  } 
  delete ProcCounter; 
} 

SteppingAction 

#include "G4SteppingManager.hh" 
#include "DetectorConstruction.hh" 
#include "SteppingAction.hh" 
#include "RunAction.hh" 
#include "EventAction.hh" 
#include "G4RunManager.hh" 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
SteppingAction::SteppingAction(DetectorConstruction* det, RunAction* 

RuAct,EventAction* evt) 
:runAction(RuAct), detector(det),evtAct(evt) 
{ } 
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//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
SteppingAction::~SteppingAction() 
{ } 
 
//....oooOO0OOooo........oooOO0OOooo........oooOO0OOooo........oooOO0OOooo.....

. 
 
void SteppingAction::UserSteppingAction(const G4Step* aStep) 
{ 
  const G4Track* aTrack = aStep->GetTrack(); 
  const G4VPhysicalVolume* logvol = aStep->GetPreStepPoint()-

>GetTouchableHandle() 
->GetVolume(); 
 if (logvol==detector->GetphysiAbsorber()){ 
 G4double EdepStep = aStep->GetTotalEnergyDeposit(); 
        if (EdepStep > 0.)  
 evtAct -> AddEdeposit(EdepStep); 
  
 } 
} 
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