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CHAPTER 1: INTRODUCTION 

1.1.  General introduction 

The prime objective of international nuclear security program is to detect 

and interdict the potential illegal transfer and smuggling of nuclear or other 

radioactive materials that could be used in malicious acts. In company with laws 

and regulations, the development of effective methods for detection of 

radionuclides plays an important role in the first-line defense at border crossing 

and at actual or suspect nuclear sites. 

For detection of fissile materials, there are two basic methods: “passive” 

detection of emitted radiation by materials itself, or several of “active” detection 

involving either radiographic imaging, or induced gammas when irradiating 

neutrons, high-energy photons to fissile materials. Each technique will have 

different advantages and its drawbacks, therefore no single method can work 

individually in the context of nuclear materials control at Port-of-Entry. 

If the detector is “eyes and ears” of the radioisotope identification process, 

then algorithms are the “brain” to treat the information and produce the accuracy. 

There are many identification algorithms for low-resolution detectors like 

NaI(Tl) with different accuracy and processing capability. Consequently, 

assessing the performance of radioisotope identification algorithms for NaI(Tl) 

detector and finding improvements are important works. 

The main objective of this research is to develop the methodology for 

determining the radio-isotope signatures and estimating its confidential level 

from gamma–ray spectrum by using of identification algorithm. The proposed 

method has been verified by experiments using the poorly resolved gamma-ray 

signals from various scenarios including single source, mixing of natural and 

enriched uranium with five of the most common industrial radioactive sources 

(57Co, 60Co, 133Ba, 137Cs, and  241Am). 
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1.2.  Problem statement  

There are two central concepts of gamma-ray detector sensitivity [1]: 

detection efficiency and spectral resolution. The first element, efficiency, refers 

to the processing time and the fraction between the number of counts recorded 

by the detector and the actual number of gamma interaction with the detector. 

The second, spectral resolution, represents the sharpness of gamma-ray 

spectrum. At the seaport control, passive detection using NaI(Tl) detector for the 

analysis of gamma ray signal is the preferred technique for the investigation 

purposes because of its safety and simplicity. Nonetheless, the usage of  NaI(Tl) 

detector for Nuclear materials can probably be evaded by high-density shielding 

materials and/or masked radio-isotope, like I-131, Cs-137; and this type of low 

resolution detector can cause difficult in the identification of radio-isotope 

because either the peaks from different gamma-ray energies may blur together 

or make inaccuracy of peaks information from high Compton effects of masked 

radio-isotope. 

In most cases in the screening of the containers for nuclear security 

mission at seaport, the signals from nuclear materials are normally poor and 

weak, or its equivalent to a signal-to-noise ratio (SNR) of gamma–ray spectrum 

is low, because of several reasons (i) nuclear materials emit low energy gamma 

– ray, it is easy to attenuated (ii) the high variance of background at the field and 

(iii) by the shielding effects from the container, the cargos are near-by the source. 

Peak detection algorithms is the popular method to analyze the gamma-

ray spectrum when the signal-to-noise ratio is large and high-resolution detectors 

are available. In non-ideal conditions, like detection of nuclear material at the 

port, and/or under shielding conditions, the observed peaks from spectrum may 

not be obvious. Moreover, peak detection algorithms are highly sensitive to 

noise, so it is dominant to use in the laboratory rather than in the field 

measurements. Peak detection algorithms in Matlab-based can be found in [7].  
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There are several variations of linear regression methods ([5],[6],[8]) but 

all rely on the template library of reference gamma-ray spectrum from group of 

radio-nuclides composition and attempt to solve the identification problem by 

matching the relationship between the observed spectrum Y and the template 

library X via a mathematical model with parameter vector β, i.e., Y=f(X, β). The 

limitation of these methods is that, the reference library must contain a large 

number of different combination of expected isotopes, with variations of 

shielding and attenuating geometries conditions [3].    

1.3.  Motivation this work 

In a global effort to ban and eliminate Nuclear Weapon, the investigation 

of using of Nuclear Materials, especially Special Nuclear Material (SNM, 

Plutonium and certain types of uranium) for non-peaceful purpose plays an 

important role. Nuclear Weapon contain SNM, which produce suspect signatures 

of radiation and a noticeable image on radiograph, which can be used to identify 

the presence of nuclear materials. 

While a number of active detection methods have been proposed which 

can detect quite small amounts of nuclear material, they are ultimately deemed 

unsafe because of potentially lethal dose and complexity in manufacturing, it led 

passive sensing to the primary selected method. 

Nuclear Materials emit gamma-ray and/or neutron which allowing the 

possibility for using of the passive detection. The passive neutron detection can 

only generates alarm of Nuclear Materials presence without the additional 

information of radio-isotope characteristics. The passive gamma ray method can 

identify which types of isotopes that generates alarm and its quantity within a 

detectable range of the detection system. 

In the scene of seaport, the signal from Nuclear Materials to the detection 

system will be weak and poorly cause of a distance between truck and detector, 

shielding effects by intervene materials between the source and detector, 

atmosphere and the truck itself, so that the current techniques such as peak 
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finding technique becomes more difficult task to evaluate the isotopes when the 

signals which are poorly resolved, in this case, there are some novel algorithms 

which are rely on linear regression technique and spectrum baseline 

determination will be considered. Moreover, the characteristics of expensive and 

heavy of the high resolution detectors like high-purity germanium (HPGe) are 

leaved the scintillation detectors like sodium iodine (NaI) became preference and 

popular in the seaports control. Therefore, the performance of identification 

algorithms in accordance with extracted gamma ray spectrum from scintillation 

detector is leading to an important activity and has not been sufficiently explored 

yet. 

1.4. Objectives 

The objectives of this research are following: 

Develop software for the Screening of Nuclear and Radioactive Materials 

of Nuclear Security concern from a poorly resolved gamma–ray spectrum. 

Evaluate the effects of shielding and distance in screening model for the 

control of nuclear materials. 

1.5.  Scope of Study  

This research is limit by following scope: 

- Study linear regression techniques such as peak finding, LASSO, etc. 

- Use Matlab code for programming. 

- Screening algorithms focus on reference library of nuclear materials. 

- Verify the results using radio-isotopes which are locally available. 

1.6. Benefit of this research 

This research aims to develop the model of screening radioisotope by 

linear regression technique for nuclear security mission, when the template 

library spectra of nuclear materials compositions are not available. The outcome 

of the study are including: 

• The applied algorithm for screening radioisotopes in a nuclear security 

mission, when the template library spectra of nuclear materials 

compositions are not available.  
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• The software used for screening radioisotopes in a nuclear security 

mission. 

1.7. Overview of the main section  

The remainder of this thesis is organized as follows. In Chapter 2, a 

significant published results in nuclear material detection were reviewed. The 

chapter started with physics concepts of the obtained spectra nature including 

detection of photoelectric effect, Compton effect in observed gamma-ray 

spectra, and detector characteristics. After that some masking scenarios of 

nuclear material with other interference radioactive source and the procedure of 

screening radioactive materials were reviewed.  Finally, several current detection 

techniques have considered like Peak detection, Library Gamma-M method, 

LibCorNID were introduced.  Most of my work was started in Chapter 3, a 

method for identification of nuclear materials was proposed and developed. The 

proposed method have been tested in Chapter 4 with varieties of experiments. 

Chapter 5 provides summaries and conclusions and future work studies. The 

obtained data and developed MATLAB code was published in Appendix 1 and 

Appendix 2, respectively. Finally, all the reference sources are listed.  
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CHAPTER 2: THEORY AND LITERATURE REVIEW 

2.1. Physics theory 

2.1.1. Interaction between gamma – ray radiation and detector 

There are several of possible interaction mechanisms between gamma-

ray and matter, but only three mechanisms are considered as major types in 

radiation detection and measurements, including: (i) photoelectric effect, (ii) 

Compton scattering, and (iii) pair production.  

Photoelectric effect: The effect in which a gamma photon interacts with 

and transfers its energy to an atomic electron, causing the ejection of that electron 

from the atom. The kinetic energy of the resulting photoelectron is equal to the 

energy of the incident gamma photon minus the energy that originally bound the 

electron to the atom (binding energy). The photoelectric effect is the dominant 

energy transfer mechanism for X-ray and gamma ray photons with energies 

below 100 keV but it is much less important at higher energies. 

Compton scattering: This is an interaction in which an incident gamma 

photon loses enough energy to an atomic electron to cause its ejection, with the 

remainder of the original photon's energy emitted as a new, lower energy gamma 

photon whose emission direction is different from that of the incident gamma 

photon. The probability of Compton scattering decreases with the increasing of 

photon energy. Compton scattering is thought to be the principal absorption 

mechanism for gamma rays in the intermediate energy range 100 keV to 10 

MeV. Compton scattering is relatively independent of the atomic number of the 

absorbing material, which is why very dense materials like lead are only 

modestly better shields, on a per weight basis, than are less dense materials. 

Pair production: This becomes possible with gamma energies exceeding 

1.022 MeV, and becomes important as an absorption mechanism at energies over 

5 MeV. By interaction with the electric field of a nucleus, the energy of the 

incident photon is converted into the mass of an electron-positron pair. Any 
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gamma energy in excess of the equivalent rest mass of the two particles (totaling 

at least 1.022 MeV) appears as the kinetic energy of the pair and in the recoil of 

the emitting nucleus. At the end of the positron's range, it combines with a free 

electron, and the two annihilate, and the entire mass of these two is then 

converted into two gamma photons of at least 0.511 MeV energy each (or higher 

according to the kinetic energy of the annihilated particles). 

 

 

 

FIGURE 1. Three major types of gamma-ray interaction (from the 

Glenn F.Knoll. Radiation Detection and Measurement – [10]) 

 

2.1.2. Scintillation detector characteristic 

Thallium doped Sodium Iodide NaI(Tl) is the most widely used 

scintillation material. NaI(Tl)is used traditionally in nuclear medicine, 

environmental measurements, geophysics, medium-energy physics, etc. The fact 

of its great light output among scintillators, convenient emission range, the 

possibility of large-size crystals production, and their low prices compared to 

other scintillation materials compensate to a great extent for the main Nal(TI) 

disadvantage. Which is namely the hygroscopicity, on account of which 

NaI(Tl)can be used only in hermetically sealed assemblies. Varying of crystal 

growth conditions, dopant concentration, raw material quality, etc. makes it 
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possible to improve specific parameters, e.g., to enhance the radiation resistance, 

to increase the transparency, and to reduce the afterglow. For specific 

applications, low-background crystals can be grown. NaI(Tl)crystals with 

increased dopant concentration are used to manufacture X-ray detectors of high 

spectrometric quality. 

 

 

 

FIGURE 2.  Comparison of background detector response functions 

from PVT, NaI, and HPGE detector of various sizes [Runkle, R.C.,L. E Smith, 

et al. (2009). The photon haystack and emerging radiation detection 

technology. Journal of Applied Physics 106(4)] 

 

NaI(Tl)is produced in two forms: single - crystals and poly-crystals. The 

optical and scintillating characteristics of the material are the same in both states. 

In some cases of application, however, the use of the polycrystalline material 

allows coping with a number of additional problems. First, a press forging makes 

it possible to obtain crystals with linear dimensions exceeding significantly than 

those of grown single crystals. Second, the poly-crystals are ruggedized, which 

is important in some cases. Moreover, NaI(Tl) poly-crystals do not possess the 
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perfect cleavage, so the probability of their destruction in the course of the use 

is reduced. The use of extrusion in converting NaI(Tl) into the polycrystalline 

state makes it also possible to obtain complex-shaped parts without additional 

expensive machining. 

2.1.3. Masking scenario of Nuclear with other radioactive materials 

Countering the illicit trafficking at the border control points is one of the 

prime purposes of global nuclear security program. When the cargo container 

trigger an alarm to the primary detection - radiation portal monitor, then will be 

checked at the secondary inspection by spectroscopic portal monitor and 

handheld equipment. 

The philosophy of masking scenario is to make confusing of the detection 

system by using of the declared radioactive materials such as 

radiopharmaceuticals or industrial used, to hide the signal from illegal shipments 

of nuclear and other radioactive materials. There is a study showed that four 

different features in a gamma-ray spectrum that can be used for masking 

scenario, including: (i) Backscatter peak, (ii) Compton scattering continuum, (iii) 

Compton edge, and (iv) full energy peak [13]. 

 

FIGURE 3. CZT measured gamma-ray spectrum of Cs-137 showing 

four regions of the spectra which can potentially be used for masking scenario 

[13]. 
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 Masking based on the backscatter peak: An emitted energy of 

Compton backscatter peak caused by the interaction by Compton scattering 

between the material surrounding the detector and the original emitted from the 

source is given by the equation 1:  

 

In which: Eγ is a gamma-ray energy that emitted from the radiation source 

IN keV, Eγ’ is an energy of backscatter peak in keV.  

The main emission energy of U235 is 186 keV with the abundance of 57.2 

% which is the result of backscatter peak of energy of Eγ = 684 keV, that near 

the emitted gamma-ray energy of Cesium source - Cs137. This phenomenon 

raised an issue that the detection system will be confused for determining the 

energy peak of 186 keV whether resulted from U235 or backscatter peak from 

Cs137. The phenomenon can be accomplished by means of peak – ratio approach, 

further discussed in part 3.6, Chapter 3. 

Masking based on the Compton scattering continuum and Compton 

edge: the philosophy behind is that the full peak energy of nuclear or other 

radioactive materials will be interfered by high continuum under the peak. 

Several algorithms such as Library Gamma – M, LibCoNid… are determine the 

peak by estimating the ratio between the full peak area and continuum under the 

peak that need to higher than certain level, so if the continuum under the peak is 

too high, the full energy peak has not be taken into account. This problem can be 

solved by changing the criterial for peak determining by comparing with the 

background continuum at the same channels, further discussion in Chapter 3. 

Masking based on the full peak energy: in case U235, the main emission 

energy is the same with Radium -226. There are several technique to differentiate 
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between these radioisotope such as X-Ray florescence or X-Ray Imaging, but 

out of the scope of this study. 

2.1.4. Screening method at border control procedure 

Standard operating for screening method using passive detection for 

nuclear and radioactive materials can be categorized into three processes as 

follows: 

 (i) – Primary detection: the first process to detect the presence of gamma 

and/or neutron radiation that emitted from radioactive materials by means of 

Radiation Portal monitor. The operator has legal authorize to search people and 

vehicle, check manifest to verify the alarm and perform further inspection as 

necessary. 

 (ii) –   Secondary inspection: locate and identify the source of radiation to 

assess the level of threat according to verified alarm event whether innocent or 

non-innocent. 

 (iii) – Expert support: high level analysis by the senior expert team and 

handheld equipment to confirm illicit trafficking case and declared threat.  

 There are normally three types of alarm that can be defined in screening 

method for nuclear and radioactive material, including: (i) False alarm that 

results from a statistical count rate variation of the back ground and/or the change 

in the actual ambient background count rate, (ii) Innocent alarm which is a valid 

alarm due to the presence of  naturally occurring radioactive materials -  NORM 

or technologically enhanced naturally occurring radioactive materials - 

TENORM or legal medical or industrial radionuclides, and (iii) Real alarm 

results from the presence of illegally transported radioactive materials.  
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FIGURE 4. Example of Standard operating Procedure (SOP) [14] 

 

Algorithm’s performance can be expressed in various ways, but most 

simply how far the algorithm can detects all isotopes that are present in the set 

up experiment and does not detect any isotope that not in the source. To evaluate 

the performance of difference method, there are two terms of detection ability 

can be used, which are detection rate (DR) and false alarm rate (FA). The 

detection rate is defined as the percentage of the scenarios that all of the 

constituent radioisotopes have successfully been identified by the proposed 

method, i.e. when the corresponding peaks on the spectrum are higher than the 

peak threshold. The false alarm rate is defined as the percentage of the scenarios 
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that at least one radioisotope has been identified even if it was not actually 

present in the experiment. 

The alarm setting is defined as the peak threshold amplitude, that must be 

considered the statistical fluctuations either radiation source count rate or 

radiation background count rate and depending on the scan time and many other 

parameters. The alarm setting is inversely proportional with the false alarm rate 

but also affected to the detection rate especially in case of poorly resolved signal, 

for instance, if the peak threshold too low, the false alarm will be increased, if 

the peak threshold too high, the false alarm rate and the detection rate will be 

decreased. 

The radiation alarm level of screening instruments should be set up so the 

false alarm rate is minimized as low as possible in considering to the detection 

rate, in this study, the alarm setting will be changed for estimating the algorithm 

performance. 

2.2. Peak identification algorithm review 

Most current Radio-isotope identification algorithms (RIID) for NaI(Tl) 

detector can be categorized into few distinct approaches including expert 

interactive, simple library comparisons, region of interest (ROI) method, peak 

finding and characterization, and template matching [2]. Library comparisons, 

ROI method and template matching are difficult due to the large size of the 

template spectrum library. In these cases, the library is reference source which 

used to determine the degree of similarity between some measured 

characteristics of the spectrum and reference radio-isotope information; Peak 

finding and characterization is a more popular method, that mainly relies on 4 

steps: (i) differentiate to find the local extreme (ii) assess and identify the peaks 

(iii) fit the detected peak to a Gaussian function and determine the peak 

characteristics and (iv) compare to the library of radionuclides physical 

characteristics. Nevertheless, study shows that current RIID algorithms for 

NaI(Tl) detector is considerably worse than desired [2]. 
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Detection algorithms like energy window technique are commonly used 

for the large size plastic scintillation detector at seaport. This technique only 

generates alarm in case of observed spectrum is different from background, but 

without providing additional information which radionuclides are presence. 

Detection algorithms can be formulated as the simplified version of 

identification algorithms, algorithms which can figure out the characteristics of 

suspected or hidden radionuclides. 

Identification algorithms, in most cases, can be categorized into 3 types: 

(i) Classification – processing the spectrum into several classes, such as 

background, NORM, and SNM as opposed to an estimation of source strength 

and exact composition (ii) Estimation – determine the relationship between the 

observed data (Y) and the reference library (X) and (iii) Hybrid approach – 

combination of Classification and Estimation [3].  

In Identification – Estimation algorithms, there are several available 

methods to perform, for instance: peak of interest method focus on sub-group of 

concerned radionuclides, like SNM, in observed spectrum; full spectrum method 

identify all the isotopes present in the spectrum when the signal in excess of 

background signal. In the context of Nuclear Security Mission in border control, 

the Hybrid approach which generates an alarm for either Industrial or Medical 

uses group or SNM and its quantities, is more preferred. 

2.2.1. Peak detection method 

Peak detection method using local maxima detection algorithm developed 

by T. O'Haver is one of the effective command-line function to locate and 

measure the positive peaks in a noisy data sets. It detects peaks by looking for 

downward zero-crossings in the smoothed first derivative that exceed slope 

threshold and peak amplitudes that exceed amplitude threshold, and determines 

the position, height, and approximate width of each peak by least-squares curve-

fitting the top part of the peak. Returns a list (in matrix P) containing the peak 
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number and the estimated position, height, width, and area of each peak. This 

algorithm can find and measure over 1000 peaks per second in very large signals.  

The data are passed to the findpeaksG function in the vectors x and y (x 

= independent variable, y = dependent variable). The other parameters are user-

adjustable as follows: 

SlopeThreshold - Slope of the smoothed first-derivative that is taken to 

indicate a peak. This discriminates on the basis of peak width. Larger values of 

this parameter will neglect broad features of the signal. A reasonable initial value 

for Gaussian peaks is 0.7*WidthPoints^-2, where WidthPoints is the number of 

data points in the half-width of the peak. 

AmpThreshold - Discriminates on the basis of peak height. Any peaks 

with height less than this value are ignored. This is one of the drawback of this 

algorithm, when the optimum threshold is very difficult to determine, even it is 

not work in case of masking scenario where the signal from Nuclear materials 

were the peak to total ratio is small. 

SmoothWidth - Width of the smooth function that is applied to data 

before the slope is measured. Larger values of SmoothWidth will neglect small, 

sharp features. A reasonable value is typically about equal to 1/2 of the number 

of data points in the half-width of the peaks.  

FitWidth - The number of points around the "top part" of the 

(unsmoothed) peak that are taken to estimate the peak heights, positions, and 

widths. A reasonable value is typically about equal to 1/2 of the number of data 

points in the half-width of the peaks. The minimum value is 3. 

Smoothtype: determines the smoothing algorithm, if smoothtype=1, 

rectangular (sliding-average or boxcar), if smoothtype=2, triangular (2 passes of 

sliding-average) if smoothtype=3, pseudo-Gaussian (3 passes of sliding-

average). Basically, higher values iyield greater reduction in high-frequency 

noise, at the expense of slower execution. 
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2.2.2. Library (Gamma-M) Peak Locate  

The Library (Gamma-M) Peak Locate is one of the algorithms that used 

in Genie 2000 software which is best suited for NaI(Tl) analysis with only 

specific nuclides are of interest. The algorithm includes several steps of 

determining the background continuum by means of erosion technique and 

determining the presented radionuclide is obtained spectrum.  

The Library (Gamma-M) Peak Locate algorithm is consist of four main 

steps, including: (i) Peak erosion step to estimate a continuum area of the 

background of the spectrum by divided into energy bins depending on low or 

high channel, then grouped bins and modified eight times, finally reconstruct the 

continuum background and subtracted from original spectrum, (ii) Peak fitting 

step using of least square fit for Gaussian function, (iii) Unknown peak locate 

output is a quantity that is proportional to the ratio of peak area and detection 

limit as a results of averaging of the data over a region that is proportional to the 

detector resolution, and (iv) Peak rejection criterial compare the valid peak from 

the spectrum with the library location with tolerances for variations in the 

calibrations [16]. 
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FIGURE 5. Library (Gamma-M) Peak Locate algorithm user interface 

 

The Library (Gamma-M) Peak Locate algorithm may be challenged in 

case of the measured signal is poorly resolved and if the Compton part under the 

interested peak is high.   

2.2.3. Library correlation nuclide identification algorithm 

Library correlation nuclide identification algorithm (LibCorNID) is the 

method that developed by William R. Russ that used in identiFINDER R400 

radiation detector [15]. The algorithm including several key steps,  as following: 

(i) using of peak erosion technique after background compensation for 

estimating the continuum baseline to isolate the valid peak from the original 

spectrum, (ii) performing nuclide filtering for interested peas which are 

constructed in accordance with energy, branching ratio, shape of peak and 

efficiency calibrations and reconstruct spectra as the data set of candidate nuclide 

peak spectra, (iii) applying tolerance for calibrations errors to fit constructed 

spectra to the isolated measured peak data, and (iv) Matching by normalized 
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correlation coefficient with a threshold for the reference shape library and the 

corrected measured shape. The block diagram of LibCorNID algorithm are 

showed in figure 6. 

 

 

FIGURE 6. Block diagram of LibCorNID algorithm [15] 

 

The performance of LibCorNID algorithm may decrease when the 

measured signal is poorly resolved and in case of Compton part under the 

interested peak is high.   

2.3. Wavelet transform approach for poorly resolved signal  

Wavelet methods are the most popular used approach for noise removal 

from poorly resolved signal. The application areas  of wavelet transform  are  

speed signal, biomedical  signal  analysis,  producing  and  analyzing  irregular  

signals  or  images,  wavelet  modulation  in  communication channels,  in  video  

coding  and  forecasting  etc.  

There are many types of noise in the signal from various source, such as 

from the detection system, measurement…etc. But all the noise source have the 

same characteristic of high frequency, so if the original signal can break into high 



 

19 

 

19 

and low frequency domain then eliminate the high frequency part, equivalent to 

the noise were removed.  

 There are two popular wavelet transform approaches that applying for de-

noised signal, including: (i) Continuous wavelet transform (CWT) used to break 

a continuous time function into time and frequency domain by contraction and 

dilatation of the wavelet functions, and (ii) Discrete wavelet transform (DWT) 

performed a filter banks with difference bandwidth for signal decomposition and 

reconstruction of the signal after thresholding [20]. In this study the DWT was 

employed for transformation and decomposition of radionuclide spectra in 

application of time series analysis. Figure 6 shows the two-level multi-resolution 

analysis.  

In the first step of DWT - decomposition, the original signal was down-

sampled by 2 through high pass filter H_filter and low pass filter L_filter, and 

the results is two new coefficient named as Signal_L1 and Wn, in which 

Signal_L1 is approximation coefficient as a result of original signal passed 

through low pass filter, Wn is the detail coefficient as a result of original signal 

passed through high pass filter. The algorithm decomposed Signal_L1 into 

Signal_L2 and Wn-1. In the second step, reconstruction, wavelet thresholding is 

applied to the approximation coefficient (Signal_L2, Signal_1’) and detail 

coefficients (Wn, Wn-1) to up-sampling by 2 and again recombined for 

reconstructing the noise free signal Signal’ as show in figure 7. 
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FIGURE 7.  Two level of wavelet decomposition and reconstruction tree 

 

2.4. Theoretical background 

Detection efficiency: The number of received counts (background 

subtracted), denote as C, can be defined as follows [9]: 

 

C = (A.f).(G. ε).S         (2) 

 

where: 

 A: Activity of the source (Bq), 

 f: Branching ratio, 

 G: Counting geometry, 

 ε: Intrinsic efficiency of detector, and 

 S: Shielding factor. 

 In the context of field measurement and estimation of radioactive sources, 

the number of counts in each channels, C, is the values that can obtain from 
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system; activity of the source, A, is the parameter that we need to find out. From 

the equation (5), the relationship between S and A are influenced by a several 

number of factors in the measurement – they are needed to evaluate by 

parameters or variances in calculation model.  

 The branching ratio is a term that used to characterize the probability of 

different decay modes, and in gamma-ray spectrum analysis, this parameter is 

used to estimate the amount of distribution of source to the spectrum in certain 

channels because each of radio-isotopes emitted different characteristic gamma-

ray energies in accordance with branching ratio values.  

 The efficiency of a detector is a measure of how many pulses occur for a 

given of gamma-ray. There are many kinds of detection efficiency are in common 

use for gamma-ray detector [10] (i) absolute efficiency referred to the fraction 

between a number of pulses recorded and number of radiation emitted by source 

in all directions, which depends on either a detector response function and a 

counting geometry - a relative position of the source and detector; (ii) intrinsic 

efficiency presented the ratio of a number of pulse recorded and number of 

radiation striking the detector, consequently depends only on detector properties 

(iii) Relative efficiency is the efficiency of one detector to another and (iv) full-

energy peak efficiency for producing full-energy peaks pulse rather than a pulse 

of any size for the gamma-ray. The absolute and intrinsic efficiencies have 

simply relationship is given as following equation [10]: 

 

𝜺𝒂𝒃𝒔 = 𝜺𝒊𝒏𝒕. 𝑮 =  𝜺𝒊𝒏𝒕. (Ω/𝟒𝝅)    (3) 

 

In which, G is the counting geometry, Ω is the solid angle of the detector 

has subtended by the detector at the source position (in steradians). For the 

common case of a point source located along the axis of a right circular 

cylindrical detector, denoted d as source-detector distance, a as detector radius, 

Ω is shown as the sketch and given by equation as following [10]: 
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Ω = 𝟐𝛑(𝟏 −
𝒅

√𝒅𝟐 + 𝒂𝟐
)  (4)  

 

 

For d >>a, the solid angle reduces to [10]: 

 

Ω ≅  
𝝅𝒂𝟐

𝒅𝟐
      (5) 

 

From (6) and (8), the geometry parameter, G, can be expressed by: 

 

G =  
𝝅𝒂𝟐

𝟒𝝅𝒅𝟐
=

𝑨𝒅

𝟒𝝅𝒅𝟐
    (6) 

 

Where Ad is the detector sensitivity surface area. 

 Signal-to-Noise ratio, generally represented by SNR or S/N is widely used 

for characterizing the response function of the detector. SNR is defined as the 

ratio between desired signal (useful information) and the level of background 

(noise). In decibels, the SNR is given by: 

 

𝐒𝐍𝐑 = 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎 (
signal

background
)     (7) 

 

2.5. Liner regression  

Gamma-ray emission of radioactive materials is a randomly process, and 

can be formulated using Poisson distribution. There are several studies on 

gamma emission modeling by linear equation [3-6].  

The linear equation for gamma-ray emission can be written as: 

𝒀 = 𝑿. β* + 𝑽            (8) 
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Where: 

 

𝒀 = (

𝒚𝟏

⋮
𝒚𝒏

); 𝑿 = [X𝟏, X𝟐, … , X𝒑] =  [

𝒙𝟏𝟏 … 𝒙𝟏𝒑

⋮ ⋱ ⋮
𝒙𝒏𝟏 … 𝒙𝒏𝒑

] ;  β*= (

β
𝟏

⋮
β

𝒑

);  𝑽 = (

𝒗𝟏

⋮
𝒗𝒏

) 

 

In principle, an observed vector, Y, is the number of counts in a 

spectrometer with n energy channels, which is given by Y = (y1, y2,…, yn)T, 

where the superscript T denotes the transpose of the vector, and the yi’s are the 

counts in each channel.  

A reference library matrix, X, is the template spectra or a list of measured 

spectra from combination of expected isotope. X is the matrix of (n x p), in which 

n is the energy channels, p is the total number of interested radionuclides 

(background is considered as a radionuclide). This modeling has two drawbacks: 

(i) it cannot be used if the template spectra are not available and (ii) it requires 

large number of template spectrum library with different combinations of 

isotopes. 

β* is the contribution vector of p radioisotopes to the spectrum. Because 

the actual counts from the source are random and follow a Poisson distribution, 

which are different from observed mean counts in the system, therefore vector V 

is considered as the random noise in each channel.  

Linear regression technique assuming that the reference library X is 

measured without error, the vector of noise V has zero mean and close to 

Gaussian distribution, one can solve the linear equation (8) to estimate the 

component β* . Zero βj is equivalent to the absence of radioisotope jth. 

Most of radionuclides have more than one gamma-ray characteristic peak. 

If the jth isotope has m characteristic peaks, the reference library can be expressed 

as linear combination of the m sub-spectra. Then the reference library matrix X  

now will has the following form: 
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𝑿 = [X𝟏, X𝟐, …   X𝒋   … , X𝒑];  X𝒋 = [

𝒙𝟏𝟏 𝒙𝟏𝟐 … 𝒙𝟏𝒎

𝒙𝟐𝟏 𝒙𝟐𝟐 … 𝒙𝟐𝒎

⋮ ⋮ ⋱ ⋮
𝒙𝒏𝟏 𝒙𝒏𝟐 … 𝒙𝒏𝒎

]          (9) 

 

Each column of Xj gives the mean gamma-ray counts per time unit and 

per unit of source material in n channel. 

Effect of shielding thickness 

Define t as the mass thickness of shielding material, μi is the attenuation 

coefficient of the ith energy level of isotope jth. Isotope jth has m characteristic 

gamma-ray peaks. For a known shielding material and mass thickness t, the 

matrix of attenuation is defined as follows [5]: 

 

𝑺 = [

𝑺𝟏 𝟎 … 𝟎
𝟎 𝑺𝟐 … 𝟎
⋮ ⋮ ⋱ ⋮
𝟎 𝟎 … 𝑺𝒑

] ;  𝑺𝒋  = [

𝒆−μ1t 𝟎 … 𝟎
𝟎 𝒆−μ2t … 𝟎
⋮ ⋮ ⋱ ⋮
𝟎 𝟎 … 𝒆−μ𝑚t

]        (10)   

 

If each isotope has m characteristic peaks, thus the contribution vector β* 

becomes: 

 

β*=

(

 

β
𝟏

β
𝟐

⋮
β

𝒑)

 ;  β
𝒋
=

(

 
 

β
𝒋𝟏

β
𝒋𝟐

⋮
β

𝒋𝒎)

 
 

;     (11) 

 

Contribution vector under shielding condition, denoted as Bp, can be 

expressed by: 

𝑩𝒑 = (

B𝟏

B𝟐

⋮
B𝒑

) = S. β*  ;  B𝒋 = (

B𝒋𝟏

B𝒋𝟐

⋮
B𝒋𝒎

) = 𝑺𝒋 . β𝒋
    (12) 
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The linear equation (6) becomes: 

    

𝒀 = ∑𝑿𝒋

𝒑

𝒋=𝟏

𝑩𝒋 +  𝑽      (13) 

 

The shielding effects in the measurement can be estimated only when the 

information of the shielding materials and their thickness are available.  
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CHAPTER 3: APPLIED PEAK DETECTION ALGORITHM AND 

SOFTWARE 

 

 This chapter introduces to the proposed method that using for 

identification of radioactive materials for a given spectrum. For assumption of 

the measured spectrum is poorly resolved, low SNR, the proposed method will 

have ability to remove the noise, extract the useful and valid information and 

available to identify which radioisotope that present in the measured spectrum. 

The proposed method are programmed in Matlab, the script of the program can 

be found in Appendix 2. 

 

 

 

FIGURE 8. Block diagram for proposed peak detection algorithm 

 

 The input for the proposed method are the measured spectrum, which may 

be poorly resolved and is taken under specific condition (scan time and distance), 

and the background spectrum which is taken in an absence of radiation source. 

After applying the Identification Algorithm, the output is a Radioisotope 

Identification results.  

 The proposed method includes five steps: noise reduction, background 

subtraction from the signal, determination of the baseline spectrum for isolate 
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the valid peaks, application of peak search algorithm to identify the valid peaks 

from the signal, and application of the linear regression model for matching 

between the reference library and the recognized peak to verify whether the 

interested radionuclide that presence in the measured spectrum or not. Figure 8 

shows the block diagram for the proposed method. 

3.1. Noise Reduction 

Most of the high-frequency components in the spectrum are noise, hence 

the spectrum can be decomposed by wavelet transform into high- and low-

frequency components in order to remove the high-frequency component [17]. 

In this study, the discrete-wavelet transform (DWT) based algorithm is used for 

spectrum de-noising.  

 

 

FIGURE 9. Spectra of a natural Uranium and Cs-137 mixed source in 

accordance with each identification step: (a) measured spectrum under low-

SNR condition (from a distance of 5cm, and 2s scan time), (b) de-noised 

spectrum after 3 levels of wavelet decomposition, (c) smoothed spectrum and 

the determined baseline, and (d) subtracted baseline spectrum 
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Figure 9(b) shows the result of noise reduction by 3-level DWT. At each 

level of decomposition, the signal is passed through the half-band high- and 

low- pass filters and subsampled by 2, giving the detail and approximation 

coefficients respectively. The approximation coefficients are then used as an 

input for the next level decomposition.  

To de-noise the signal, the detail coefficients are set to ‘zero’ after 

applying the wavelet transform. Then the inverse wavelet transform is 

performed to recover the original signal which is free from noise components 

[17].  

 

3.2. Background subtraction 

The algorithm performs the subtraction of background at each channel of 

the measured spectrum. Due to the fluctuation of the background and the 

radiation sources itself, in case that the number of counts of the background in 

one channel is higher than the number of counts in the measured spectrum, the 

result of subtraction is set to zero. 

3.3. Baseline Estimation 

Figure 9(c) shows the baseline continuum estimation of the de-noised 

spectrum. The general concept underlying this method has already been 

described by Nikolaos Kourkoumelis [17]. The spectrum baseline determination 

algorithm proposed in this study is in essence analogous but has different 

processing and implementation. The proposed method consists of three steps, as 

following: 

+ Firstly, the de-noised spectrum is smoothed by Pseudo-Gaussian 

smooth method to remove the rough part of the signal.  

+ Secondly, the minimal point set of the spectrum is constructed with a 

valley check method by skipping the first minimal points in the first few channels 

[18].  

+ Finally, the spectrum continuum baseline is constructed under two 

conditions: (i) for the channels that are located inside the minimal point set, the 
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baseline is drawn by linear interpolation between the two adjacent minimal 

points, (ii) for the channels that are located outside the minimal point set, the 

baseline is equal to the number of counts on the smoothed spectrum.  

3.4. Peak search  

This research use the local maxima detection method developed by T. 

O'Haver [7]. In the context of radioactive material detection at border control, 

especially in the case of nuclear material masking scenario, the local maxima 

detection method may have a drawback when identifying the low energy peak 

of nuclear material that lays on the high Compton continuum part. The peak 

height threshold applied in this study is three to ten sigma or square root of the 

background counts at the same channel. In this study, the peak search algorithm 

by local maxima method was performed after the spectrum baseline estimation 

and thresholding.  

Figure 10 shows the comparison between peak threshold algorithms by 

applying the number of sigma with two difference methods: the spectrum 

background and the net counts under the peak which is determined by spectrum 

baseline algorithm. In case that the signal is poorly resolved and low, the 

detection rate of the proposed identification method can improve by applying 

the peak thresholding using of spectrum background method.  

3.5. Linear Regression Equation 

Gamma-ray emission modeling 

Without shielding effect 

Given a spectrometer with n = 1024 energy channels, the observed counts 

in each of energy bins is Y = (y1, y2, …, yn)T. Denoted p, G, ε is the number of 

radio-isotopes that need to be estimated activity whether they are presence in the 

observed spectrum, the counting geometry of the measurement, and the detection 

efficiency, respectively.  
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FIGURE 10. Example of peak thresholding by background and spectrum 

baseline method for natural Uranium spectrum 

 

An operation library matrix F = (F1, F2, … , Fp); Fj = (f1-j, f2-j, …, fn-j)T, 

j=( 1, 2, …, p) represents the value of branching ratio of characteristic gamma-

ray energy of interested isotope jth in n channel, fn-j here means component of nth 

channel for jth isotope. Matrix Fj played a role of establishing interested library 

of isotopes those that need to be determined in detection, such as SNM and some 

mixing radioactive sources. Matrix Fj can be developed based on the 

characteristic gamma-ray energy and branching ratio of the isotope, for example, 

Co-57 has two characteristic gamma-ray energy of 122 keV and 136 keV with 

the branching ratios are 85.6 and 10.7 respectively, so the vector  FCo-57 is given 

by equation (14). 
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𝐅𝐂𝐨−𝟓𝟕 =

(

 
 
 
 
 
 
 
 
 
 

𝐟𝟏𝟏−𝟏

𝐟𝟐𝟏−𝟏

⋮
𝐟𝟏𝟐𝟏−𝟏

𝒇𝟏𝟐𝟐−𝟏

𝒇𝟏𝟐𝟑−𝟏

⋮
𝒇𝟏𝟑𝟓−𝟏

𝒇𝟏𝟑𝟔−𝟏

𝒇𝟏𝟑𝟕−𝟏

⋮
𝒇𝟏𝟎𝟐𝟒−𝟏)

 
 
 
 
 
 
 
 
 
 

=

(

 
 
 
 
 
 
 
 
 

0
0
⋮
0

85.6
0
⋮
0

10.7
0
⋮
0 )

 
 
 
 
 
 
 
 
 

                (14)  

        

The operation library matrix F of group of the radioisotopes that used in 

this study can be found in Appendix 1. 

Vector Z =  (z1, z2, … , zn)T is the background vector, and the zi’s is the 

counts of background in each channel. 

A vector of contribution A = (A1, A2, …, Ap)
T, where Aj’s is the activity of 

radioisotopes in expected library. 

A noise vector V =  (v1, v2, … , vn)T, which has several properties (i) zero 

mean, (ii) Gaussian distribution and (iii) each component is independent. 

The linear equation for gamma-ray emission can be expressed as: 

 

𝒀 = (𝑮.ε). 𝑭. 𝑨 + 𝒁 + 𝑽        (15) 

 

where:  

 

𝒀 = (

𝒚𝟏

𝒚𝟐

⋮
𝒚𝒏

); 𝑭 =

[
 
 
 
𝒇𝟏𝟏 𝒇𝟏𝟐 ⋯ 𝒇𝟏𝒑

𝒇𝟐𝟏 𝒇𝟐𝟐 ⋯ 𝒇𝟐𝒑

⋮ ⋱ ⋱ ⋮
𝒇𝒏𝟏 𝒇𝒏𝟐 ⋯ 𝒇𝒏𝒑]

 
 
 

; 𝑨 = (

A𝟏

A𝟐

⋮
A𝒑

);  
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   𝒁 =

(

 

𝒁𝟏𝒃𝒈

𝒁𝟐𝒃𝒈

⋮
𝒁𝒏𝒃𝒈)

 ; 𝑽 = (

𝒗𝟏

𝒗𝟐

⋮
𝒗𝒏

) 

 

For given type of detector, the counting geometry can be considered as 

parameter, which is only depended on the distance between detector and 

unknown radiation sources. In case of screening for a x b x c, d (m) containers 

at seaport, a, b, c and d is the length, height, width and thickness layer of the 

container, respectively. The size of the container shows as the sketch below.   

 

 

 

 

 

 

 

Assuming that an inspector follows screening procedure such as (i) go a 

long with the length of container and (ii) stop at the highest received signal 

position, therefor the boundaries limitation for the source location inside the 

container is from 0 (m) to c (m) in height and from d (m) to b (m) in width. 

Shielding effect 

 There are two difference approaches to model the shielding effect, as 

follow: 

Approach 1: 

Defined a shielding matrix S has p components, it represented to the 

attenuation of p isotopes under shielding conditions and the last component 

showed that background counts could not be affected by shielding. The shielding 

matrix S can be expressed by: 

b  
m 

a 
m 

d m  
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𝑺 = [

𝑺𝟏 𝟎 … 𝟎
𝟎 𝑺𝟐 … 𝟎
⋮ ⋮ ⋱ ⋮
𝟎 𝟎 … 𝑺𝒑

] ;  𝑺𝒋  = [

𝒆−μ1𝑗t 𝟎 … 𝟎
𝟎 𝒆−μ2𝑗t … 𝟎
⋮ ⋮ ⋱ ⋮
𝟎 𝟎 … 𝒆−μ𝑛𝑗t

]        (16)   

 

 Denoted F* is the operation library under shielding conditions, matrix F* 

needs take into account the exponential attenuation for all the characteristic 

gamma-ray energies of the radioisotopes, thus matrix F* will be expressed as 

following form:  

 

F* = [𝑭𝟏
∗ , 𝑭𝟐

∗ , … , 𝑭𝒑
∗  ] =

[
 
 
 
 
𝒇𝟏𝟏. 𝒆

−μ11t ⋯ 𝒇𝟏𝒑. 𝒆
−μ1𝑝t

𝒇𝟐𝟏. 𝒆
−μ21t ⋯ 𝒇𝟐𝒑. 𝒆

−μ2𝑝t

⋮ ⋱ ⋯
𝒇𝒏𝟏. 𝒆

−μ𝑛1t ⋯ 𝒇𝒏𝒑. 𝒆
−μ𝑛𝑝t

]
 
 
 
 

        (17)       

 

 Matrix F* can be also calculated from operation library F and shielding 

matrix S as following: 

 

𝑭𝒋
∗ = 𝑺𝒋. 𝑭𝒋                     (18) 

 

=>  F*= [(𝑺. 𝑭)𝑻]𝑻           (19) 

 

The linear equation for gamma-ray emission (16) becomes: 

 

𝒀 = ((𝑮.ε). [(𝑺. 𝑭)𝑻]𝑻). 𝑨 + 𝑽        (20) 

 

Approach 2:  

Because the attenuation of gamma-ray both depended on energy levels 

and shielding characteristic (shielding material and thickness). Therefore, the 

shielding matrix S can be defined as follows: 
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𝑺 =  [

𝒆−μ11t ⋯ 𝒆−μ1𝑝t

𝒆−μ21t ⋯ 𝒆−μ2𝑝t

⋮ ⋱ ⋯
𝒆−μ𝑛1t ⋯ 𝒆−μ𝑛𝑝t

]      (21) 

 

 Consequently, the operation matrix under shielding conditions X* will 

have following form: 

 

F* = [𝑭𝟏
∗ , 𝑭𝟐

∗ , … , 𝑭𝒑
∗ ] =

[
 
 
 
 
𝒇𝟏𝟏. 𝒆

−μ11t ⋯ 𝒇𝟏𝒑. 𝒆
−μ1𝑝t

𝒇𝟐𝟏. 𝒆
−μ21t ⋯ 𝒇𝟐𝒑. 𝒆

−μ2𝑝t

⋮ ⋱ ⋯
𝒇𝒏𝟏. 𝒆

−μ𝑛1t ⋯ 𝒇𝒏𝒑. 𝒆
−μ𝑛𝑝t

]
 
 
 
 

=  𝑭°𝑺     (22) 

 

Where ° is the Hadamard product. 

3.6. Peak ratio comparison  

 

 

FIGURE 11. Full peak and backscatter peak of Cesium – 137 spectrum 
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For the scenario of masking nuclear material by backscatter peak as 

mentioned in part 2.1.3, chapter 2, the problem is that the false alarm for energy 

peak of 186 keV of Uranium – 235 will be increased due to the backscatter peak 

from Cesium – 137 radiation source or the real alarm can dissemble.  

To overcome this matter, the ratio comparison of a full peak energy of 

662 keV from Cesium – 137 and the backscatter peak can be used. Denoted PT 

and PB is the net counts under the full energy peak and the backscatter peak of 

Cesium – 137, respectively. Depending on radiation source’s activity and 

counting geometry, the full energy peak and the backscatter peak will be changed 

but proportional. To determine the optimum ratio of PB/ PT for reduce the false 

alarm rate, several spectrum of Cesium – 137 was collected and tested. 
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CHAPTER 4: EQUIPMENT, MATERIALS AND  

EXPERIMENT SET UP 

 

This chapter describes the equipment and materials that are used for estimating 

the performance of the proposed method.  

 

4.1.  Equipment and Materials 

 Detector: The 3 inches x 3 inches NaI(Tl) detector by BICRON shows in 

figure 12 is used for the measurement of gamma-ray spectra. The energy range 

and resolution of the detector are 10 to 30000 keV and 6.5% FWHM at 662 keV 

respectively. It has a proven record of long term reliability and stability [19].  

 

 

FIGURE 12. The BICRON 3” x 3” NaI(Tl) detector  

 

The 3” x 3” NaI(Tl) crystal is covered by aluminum housing and 

connected to photomultiplier tube, an internal magnetic/light shield, a high-

voltage power supply, a preamplifier, an amplifier, a multichannel analyzer 

(MCA), and computer. Figure 13 shows the experiment set up diagram. 

Nuclear material sources 

This study used two types of nuclear material sources as following: 
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- 8.4 grams of natural Uranium (NU) formed in metal sheet by a size of 

50 mm x 50 mm, in thickness of 0.175 mm, 0.71% U-235; 

- Fresh TRIGA Mark III fuel of TRR/M-1 Thai research reactor: 20% U-

235 enriched, diameter 3.63 cm (1.43 inches), length 55.88 cm (22 inches).  

 

 

 

 

 

  

 

  

FIGURE 13. The diagram of detection system for NaI(Tl) detector 

 

 Radioactive mixing sources: The test mixing sources used to evaluate the 

performance of the proposed method consisted of five common industrial 

radioisotopes as showed in table 1, including: Co-57, Co-60, Ba-133, Cs-137, 

and Am-241. The activity and the characteristic peaks of these source showed in 

Table 1. 

 

TABLE 1. The test mixing sources for the experiments 

No. Source’s 
name 

Activity 

(μCi) 

Date Half-life 

(years) 

Energy  

(keV) 

Branching 
ratio (%) 

1 Cobalt–57  10.93 15/04/2015 0.74 122.06 85.60 

2 Cobalt–60 10.32 15/04/2015 5.272 1173.22 

1332.49 

99.85 

99.98 

3 Barium–133 10.86 15/04/2015 10.5 356.01 62.05 

4 Cesium–137 10.28 15/04/2015 30.17 661.65 85.10 

5 Americium–
241 

1.132 1/11/1987 432 59.54 35.90 

       RC 

Detector 

 

Sourc

e 
HV 

Supply 

Amplifier MCA 

Computer 

PM 
Pre- Amp. 
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4.2. Experiments set-up  

The detector was installed in a fixed location and various sets of 

radioisotopes were placed in front of the detector at various distances (5, 10, 15, 

20, 35 and 60 cm). The scan times used for each location were varied (2, 5, 10, 

20 and 30 seconds).   

 

 

 

 

 

 

 

FIGURE 14. The diagram of experiment set-up for NaI(Tl) detector 

 

Totally 480 spectrum were collected for testing the performance of the proposed 

method.  

 

 

 

 

 

 

 

 

 

 

 

 

NaI(Tl) 

detector 

5 cm 10 cm 15 cm 20 cm 35 cm 60 cm 

Radionuclide 
Natural Uranium 
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TABLE 2. The radioisotope set up the experiments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

The diagram of setting for the experiment was showed in figure 14 and table 2.  

 

Radioisotopes 
set up 

Name of Radioisotope Number of 
Spectrum 

Single Source Natural Uranium 1 - 30 

Cobalt–57  31 - 60 

Cobalt–60 61 - 90 

Barium–133 91 - 120 

Cesium–137 121 - 150 

Americium–241 151 - 180 

Mixing source Natural Uranium + Cobalt–57 181 - 210 

Natural Uranium + Cobalt–60 211 - 240 

Natural Uranium + Barium–133 241 - 270 

Natural Uranium + Cesium–137 271 - 300 

Natural Uranium + Americium–241 301 - 330 

Fresh Fuel + Cobalt–57 331 - 360 

Fresh Fuel + Cobalt–60 361 - 390 

Fresh Fuel + Barium–133 391 - 420 

Fresh Fuel + Cesium–137 421 - 450 

Fresh Fuel + Americium–241 451 - 480 

Shielding  Cesium–137 481 - 483 

Cesium–137 + 1mm Al 484 - 486 

Cesium–137 + 2 mm Al 487 - 489 

Cesium–137 + 3 mm Al 490 - 492 

Cesium–137 + 5 mm Al 493 - 495 
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FIGURE 15. The experiments with natural Uranium in the Laboratory 

 

 

FIGURE 16. The experiments with fresh TRIGA Mark III fuel of a TRR-1/M1 

Thai Research Reactor at TINT 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

 For estimating the performance of the proposed method, 495 measured 

spectrum from chapter 4 are used as input for the Matlab – based program. This 

study used the available commercial algorithm, Library (Gamma – M) 

(introduced in part 2.2, chapter 2) to compare the performance’s results. 

5.1.  Results and discussion 

In this study, there are two concepts for evaluating of the proposed 

method’s performance: detection rate (DR) and false alarm rate (FA).  The 

detection rate is defined as the percentage of the scenarios that all of the 

constituent radioisotopes have successfully been identified by the proposed 

method, i.e. when the corresponding peaks on the spectrum are higher than the 

peak threshold. The false alarm rate is defined as the percentage of the scenarios 

that at least one radioisotope has been identified even if it was not actually 

present in the experiment. 

Experiments with natural Uranium 

Table 3 shows detection rate and false alarm rate for the proposed method, 

and comparison with the Library (Gamma – M) method available in the Genie 

2000 Spectroscopy Software [16]. At 3 sigma, the detection rate has been 

improved from 65.04 % to 99.19 % but the false alarm rate has been increased 

from 15.45 % to 28.46 % for the single source scenario. For the mixing source 

scenario, the detection rate has been improved from 48.78 % to 81.12 % however 

the false alarm rate has raised from 15.45 % to 20.28 %.   

The results for 5 and 10 sigma are also present in Table 3. Although the 

detection rate of the proposed method has reduced when the number of sigma 

changed from 3 to 5 and 10, but the detection rate still higher than the Library 

(Gamma – M) method. At 10 sigma of the proposed method in comparison to 3 

sigma of Library (Gamma – M) method, the detection rate has been improved 
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from 65.04 % to 83.74 % and the false alarm rate has been reduced from 15.45 

% to 11.38 % for the single source scenario. For the mixing source scenario, the 

detection rate has been improved from 48.78 % to 75.44 % and the false alarm 

rate has decreased from 15.45 % to 12.11 %.   

The results showed that by using of background peak thresholding 

technique (mentioned in part 3.4, Chapter 3), the detection rate of proposed 

method has increased because of the algorithm take into account all the low and 

poorly signals in the spectrum. However, the false alarm rate has increased due 

to the algorithm could not differentiate between the low peak came from the 

background fluctuation or real signal from radioactive sources.  

 

TABLE 3. Detection rate and false alarm rate for the radioisotope 

identification of the poorly resolved gamma-ray spectrum of natural uranium 

 

 Peak Height Threshold 

3 sigma 5 sigma 10 sigma 

DR(%) FA(%) DR(%) FA(%) DR(%) FA(%) 

Single 

Source 

Proposed 

method 

99.19 28.46 92.68 20.33 83.74 11.38 

Library 

(Gamma-M) 

65.04 15.45     

Mixing 

Source 

Proposed 

method 

81.12 20.28   75.44 12.11 

Library 

(Gamma-M) 

48.78 15.45     

 

 

At three sigma peak thresholding level, in comparison between single 

source and mixing source scenario, the detection performance has more 

challenged because of the identification algorithm need to recognize all the 
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source that present in the spectrum instead of single characteristic peak, the 

detection rate of proposed method and Library (Gamm – M) method has dropped 

in comparison between single source and mixing source scenario. Because 

criterial for determination peak of Library (Gamm – M) method has peak fitting 

step using Gaussian model, the false alarm rates are the same between two 

scenarios for Library (Gamm – M) method but it has changed for the proposed 

method. 

 Experiment with fresh fuel 

 

TABLE 4. Detection rate and false alarm rate for the radioisotope 

identification of the poorly resolved gamma-ray spectrum of fresh fuel 

  

 Peak Height Threshold  

3 sigma 5 sigma 10 sigma  

DR(%) FA(%) DR(%) FA(%) DR(%) FA(%)  

Mixing 

Source 

Proposed 

method 

71.16 30.24 67.15 24.92 59.83 17.22  

Library 

(Gamma-

M) 

27.64 18.33      

 

 

The tendency of performance’s results is the same between the mixing 

source experiment with the fresh fuel and the natural uranium. At 3 sigma, the 

detection rate has been improved from 27.64 % to 71.16 % but the false alarm 

rate has been increased from 18.33 % to 30.24 %.  
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FIGURE 17. Spectrum of mixing fresh fuel and Cs-137 at distance of 

15 cm, 30 seconds scan time 

 

 

FIGURE 18. Spectrum of mixing natural uranium (8 gram) and Cs-137 

at distance of 15 cm, 30 seconds scan time 
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From 3 sigma to 10 sigma of peak threshold setting, the detection rate and 

the false alarm rate have decreased. At 10 sigma of the proposed method in 

comparison to 3 sigma of Library (Gamma – M) method, the detection rate has 

been improved from 27.64 % to 59.83 % and the false alarm rate has been 

reduced from 18.33 % to 17.22 %. Table 4 shows the results of experiments with 

the fresh fuel.  

The detection rate of the proposed method for the experiments of mixing 

fresh fuel has lower than the mixing natural uranium experiments because of the 

signal from the natural uranium is comparable with the signal of industrial 

mixing source but the signal from the fresh fuel is too high.  

Two factors of high background environment and difference source 

strength can be used for explaining the high false alarm rate between single 

sources and mixing sources scenario. The nuclear material’s source strength 

difference mixing with Cs-137 source at the same distance and scan time 

expressed in figure 17 and figure 18. 

 

 Peak ratio comparison technique for false alarm reduction: 

 

TABLE 5. False alarm rate from Cs-137 spectrum with difference backscatter 

peak to full peak ratio 

Peak ratio False alarm rate 

0 64 %  

0.010 40% 

0.020 12 % 

 

By applying the peak ratio comparison technique, the false alarm rate of 

simulated masking scenario by backscatter peak from Cs-137 source has reduced 

from 64% to 40% when PB/ PT = 0.01 and 64% to 12% when PB/ PT = 0.02. 
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The false alarm has decreased by applying peak ratio comparison 

technique because of the contribution from backscatter peak of Cs- 137 was 

estimated and removed. The optimum ratio is changed depending on several 

conditions of conducting experiment, such as detector resolution, experiments 

set up and the detection criterial.  

The preliminary results show that the peak ratio comparison technique is 

remarkable reduce the false alarm rate in the scenario of differentiate between 

backscatter peak and the signal from U-235 in Cs-137 spectrum analysis.  

5.2.  Conclusions and suggestion for future work 

  This study proposes a novel method to identify the signal of one or several 

radioisotopes from a poorly resolved gamma-ray spectrum. In this method, the 

noise component in the raw spectrum is reduced by the wavelet decomposition 

approach, and the removal of the continuum background is performed using the 

proposed baseline determination algorithm. Finally, the identification of 

radioisotope is completed using the matrix linear regression method.  

The proposed method has been verified by experiments using the poorly 

resolved gamma-ray signals from various scenarios including single source, 

mixing of natural uranium, enriched uranium with five of the most common 

industrial radioactive sources (57Co, 60Co, 133Ba, 137Cs, and  241Am). The results 

of the experiments showed that the proposed method has increase the detection 

rate and its drawback with the false alarm rate. 

  The developed Matlab program using of linear regression in this study 

was developed by single characteristic gamma-ray energy, if considering that 

one radioisotope has several characteristic peaks, the program need to be more 

completed. 

 This study using the radioactive sources that available at the Department 

of Nuclear Engineering Laboratory. The nuclear materials used are natural 

uranium and fresh fuel. Because of small amount of natural uranium, the signal 

is quietly low, almost cannot detect at distance of 20 cm from the detector. For 
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the experiments with the fresh fuel at TINT, the strong signal from the fresh fuel 

made the experiments set up are not the same as expected.  

 The proposed method can be used at the secondary inspection at the 

border control site when the operating procedure are focusing on group of 

radioisotopes, such as SNM, industrial radiation group…etc. The shielding from 

the container, the detector resolution and sensitivity, background conditions are 

the main factors need to be considered. 

 The future work are on-going to reduce the false alarm rate of the 

algorithm by applying Gaussian fitting function and to test the performance 

under the gain shift and shielding conditions. 
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APPENDIX 1. REFERENCE LIBRARY MATRIX Xn 
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APPENDIX 2: MATLAB CODE 

function P = Peakdetection(y,bg,xn) 

% Function to determine the base line of gamma-ray spectrum, x is channel 

% number, y is the number of measured counts. 

  

% P=[num2cell(En) num2cell(BR) cellstr(Name) cellstr(Type)]; cmt for 

% Library 

  

% Step 1: Noise Reduction of the original spectrum by DWT 3 time. 

y_bg = zeros(size(y)); 

y_bg1 = zeros(size(y)); 

y_bl = zeros(size(y)); 

y_bl0 = zeros(size(y)); 

y_bl1 = zeros(size(y)); 

k = y(1); 

test = zeros(size(y)); 

  

for i = 1:1024 

    y_bg(i) = y(i) - bg(i)*k/300; % suctract the backgound 

    if y_bg(i) <0  

        y_bg(i) = 0; 

    end 

end 

  

[Lo_D,Hi_D] = wfilters('db1','d'); 

[A1,D1] = dwt (y_bg,Lo_D,Hi_D); 

[A2,D2] = dwt (A1,Lo_D,Hi_D); 

[A3,D3] = dwt (A2,Lo_D,Hi_D); 

X1 = idwt(A3,zeros(size(A3)),'db1'); 

X2 = idwt(X1,zeros(size(X1)),'db1'); 
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X3 = idwt(X2,zeros(size(X2)),'db1'); 

  

%[A4,D4] = dwt (A3,Lo_D,Hi_D); 

%[A5,D5] = dwt (A4,Lo_D,Hi_D); 

%X1 = idwt(A5,zeros(size(A5)),'db1'); 

%X2 = idwt(A4,zeros(size(A4)),'db1'); 

  

% Step 2: Smooth DWT by using of P-G smooth function 

ys = smoothPG(X3); 

d = deriv(ys); 

vectorlength = length(y); 

point = 1; 

point1 = 1; 

P=[0 0 0]; 

P1=[0 0 0]; 

A = zeros(6,1); 

x = 1:1024; 

xk = zeros(size(x)); 

yk = zeros(size(y)); 

xkin = zeros(size(x)); 

baseline = zeros(size(y)); 

point_index = 0; 

shift = zeros(size(y)); 

  

for i = 3 : round(vectorlength-1) 

    %if sign(d(i-1))*sign(d(i))<0 % detect the extreme values(maxima and minima), 

eliminate the zero point 

        if sign(d(i-1))<sign(d(i)) % detect the minima points 

            %if ys(i) < 3*sqrt(bg(i)*k/300) 

            %if d(i-2) + d(i-1) + d(i)+ d(i+1) <0 % check the trend of spectrum, or 

decrease the sensitivity of algorithm 

            xk(i) = x(i);  
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            yk(i)=ys(i); % mark the channel and count of minima. 

            xkin(i) = 1; % to find the index of minima in the next step. 

            baseline(i) = ys(i); 

            P(point,:) = [point xk(i) yk(i)]; 

            point = point+1; % Move on to next point 

            %end 

        end 

    %end 

end 

  

for j = 1 : vectorlength - 1 

    point_index = point_index + xkin(j); % find total minima point 

end 

  

for j = 1:point_index-1 

       for i = 1 : vectorlength 

            if P(j,2) < x(i) 

                if x(i) < P(j+1,2) 

            shift(i) = (P(j+1,3)-P(j,3))/(P(j+1,2)-P(j,2)); 

            baseline(i)= P(j,3)+ (x(i) - P(j,2))*shift(i); 

                 if baseline(i)>ys(i) 

                 baseline(i) = ys(i); 

                 end 

                end 

            end 

        end 

end 

  

for i = 1:P(1,2), 

    baseline(i) = ys(i); 

end 
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for i = P(end,2):vectorlength 

   baseline(i) = ys(i); 

end   

m = baseline; 

%plot(x,y,'green',x,ys,'blue',x,baseline,'red'); 

subplot(3,1,1); 

plot(x,ys,'blue',x,baseline,'red') 

  

% subtract the found baseline 

for i = 1:1024 

    y_bg1(i) = 3*sqrt(k*bg(i)/300);   % 3 sigma 

    y_bl(i) = ys(i) - baseline(i);  

end 

subplot(3,1,2); 

plot(x,y_bl,'blue',x,y_bg1,'red') 

  

% determine the peak 

for i = 1:1024 

    y_bl0(i) = y_bl(i) - y_bg1(i); % subtract also the 3 sigma - as 13/7/2015 

    if y_bl0(i) < 0 

        y_bl0(i) = 0; 

    end 

end 

  

for i = 4:1020 

    %if y_bl(i) > 3*sqrt(k*bg(i)/300 

        %if sign(d(i-1))>sign(d(i)) 

        %if y_bl0(i)>y_bl0(i-1) 

            %if or(y_bl0(i)>y_bl0(i+1),y_bl0(i)==y_bl0(i+1)) 

            %if y_bl0(i)>y_bl0(i+1) 

            if and(2*y_bl0(i)>y_bl0(i+1)+ y_bl0(i+2),2*y_bl0(i)>y_bl0(i-2)+y_bl0(i-1))  

% find local maxima point 
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             P1(point1,:) = [point1 x(i) y_bl(i)]; 

             point1 = point1+1; % Move on to next point  

            end 

        %end 

    %end 

end 

  

% convert the spectrum vector to the idea case 

for i = 1:1024 

     for j = 1:point1-1 

         if i == P1(j,2) 

            y_bl1(i) = P1(j,3); 

         end 

     end 

end 

  

subplot(3,1,3); 

plot(x,y_bl1) 

test = y_bl1; 

A = xn\y_bl1; 

  

if A(1) > 0  

   fprintf('   Am-241  INDUSTRIAL') 

end 

  

if A(2) > 0  

   fprintf('   U-235  NM') 

end 

  

if A(3) > 0  

   fprintf('  Cs-137  MEDICAL') 

end 
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if A(4) > 0  

   fprintf('   Co-57  INDUSTRIAL') 

end 

  

if A(5) > 0  

   fprintf('   Co-60  MEDICAL') 

end 

  

if A(6) > 0  

   fprintf('    Ba-133  IND') 

end 

  

end 

  

function d=deriv(a) 

% First derivative of vector using 2-point central difference. 

n=length(a); 

d(1)=a(2)-a(1); 

d(n)=a(n)-a(n-1); 

for j = 2:n-1 

    d(j)=(a(j+1)-a(j-1)) ./ 2; 

end 

end 

  

function ysmt = smoothPG(b) 

% Smooth the spectrum by Pseudo-Gaussian smooth function 

n=length(b); 

for j = 1:6 

    ysmt(j) = b(j); 

end 

for j= n-6:n 
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    ysmt(j) = b(j); 

end 

for j = 7 : n-7 

    ysmt(j)= (b(j-3)+3*b(j-2)+6*b(j-1)+7*b(j)+6*b(j+1)+3*b(j+2)+b(j+3))/27; 

end 

end 
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