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Introduction 

Significant advances in numerical simulation methods fundamentally determine the study 

of phenomena that can be examined empirically with great difficulty and the design and 

optimization of complex experimental equipment. This advancement reached by the 

major effort to refine the parameters of basic nuclear and atomic physical processes (e.g. 

cross section, fluorescence yield, probability of atomic transitions), the development of 

the theoretical background of simulation techniques, and the development of 

computational tools. In gamma and X-ray spectrometry, a variety of physical processes 

can occur between the emitted radiation and the examined sample, the materials of the 

measurement arrangement (collimator, shielding chamber, sample holder), and the 

material of the detector (photoelectric effect, Compton scattering, flexible scattering, pair 

production, annihilation, Auger phenomenon, X-ray fluorescence etc.) that can be 

modeled in a realistic way with deterministic calculations or Monte Carlo particle 

transport simulation. Numerous widely applied and validated MC transport code are there 

for mathematical modeling of particulate transport, such as GEANT4, PENELOPE and 

MCNP6. The MC technique can be used in the gamma spectrometric laboratory practice 

to supplement the empirical efficiency calibration, for example when calibrating the 

efficiency of HPGe detectors used in the 10 keV-12 MeV energy range in prompt gamma 

activation analysis (PGAA) [Szentmiklósi2014]. The application of MC method is also 

widespread for the correction of true coincidence phenomena and self-absorption of low-

energy gamma-photons [Riffaud2017]. The MC simulation of the energy-dispersive 

X-ray fluorescence (ED-XRF) spectra as well as MC calculation methods of the 

concentration of chemical elements of the sample is becoming more common in the 

literature. The reverse Monte Carlo (RMC) model for electron beam microanalysis 

(EPMA = Electron Probe Micro Analysis) are described by [Szalóki2000]. The developed 

method is suitable for quantitative analysis of the emission X-ray spectra of aerosol 

particles with an iterative algorithm. Using the algorithm developed by Szalóki et al., the 

authors of [Schoonjans2003] published a novel application for iterative MC-type 

evaluation of the ED-XRF X-ray spectra with monochromatic synchrotron radiation. The 

main issue in gamma spectrometry is the determination of the energy-dependent detection 

efficiency required for quantitative evaluation of gamma spectra. The use of the empirical 

calibration technique requires a standard of the same geometric size, material 

composition, density as the real sample. Therefore, the simplest way to analyze unique, 

spatially extensive samples with unknown elemental composition (e.g. radioactive wastes, 

nuclear safeguards samples) is the use of the MC technique. The determination of the 

elemental composition of this type of sample can be done with non-destructive ED-XRF 

measurement. In the field of ED-XRF analysis, the applicability of empirical calibration 

procedures is also limited. During the evaluation of X-ray fluorescence analysis, the 

primary and secondary excitation processes in the sample material, the absorption, the 

scattering and detection processes in the sample-detector system can be described with 

mathematical equations (FPM) or by MC simulation. 
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Based on the results of our previous research in the field of gamma spectrometry and 

ED-XRF analysis, the Nuclear Analytical Group have received a research task by the 

Hungarian National Atomic Energy Agency to develop a compact and mobile combined 

X-ray-gamma spectrometer and evaluation methods for rapid, non-destructive analysis of 

radioactive wastes and nuclear safeguards samples. 

The Institute of Nuclear Techniques of BUTE has some slightly irradiated, EK-10 type 

fuel assemblies. During the radiological survey of the building and equipment of the 

Training Reactor in 2014, the isotope selective radioactivity of the reserve fuel assemblies 

had to be determined, especially to the long half-life fission products. However, no 

detailed information was available on the performance history of the irradiated fuel 

assemblies. The only feasible way of performing a non-destructive isotope selective 

analysis was the method of in situ gamma spectrometry [Nguyen2013]. For the 

quantitative determination of activity of fission products an appropriate efficiency 

calibration was required, which was determined by the Monte Carlo technique in the 

absence of standard fuel assembly. 

Continuous monitoring of the leak-free state of fuel assemblies in nuclear power plants is 

one of the central issues of safe operation. This task requires such measurement and 

analytical methods and computational models that can describe the leakage processes in a 

realistic way. There are a number of models known to describe the complex processes of 

the formation of radioactive isotopes in nuclear fuel, the time-dependent leakage and 

spiking events from the fuel elements to the primary coolant, as well as the effect of water 

purification and degassing in the primary circuit. The Nuclear Analytical Research Group 

of the INT has been conducting research for many years to further develop leakage 

models in order to analyze the integrity of the Paks Nuclear Power Plant units. In the 

framework of several R&D programs, we have created a "time-dependent" description of 

the specific activity of the monitor isotopes in the primary coolant. The so-called 

Dynamic Leakage Model is currently being used regularly during our work on the status 

assessments of Paks reactors. 

 

Research goal 

In recent years the Nuclear Analytical Research Group in the Institute of Nuclear 

Techniques of BUTE have developed and built a combined X-ray-fluorescence-gamma 

spectrometer (3D-XRF-GS) on frame of a commercial 3D printer in frame of a R+D+I 

project. The aim of this spectrometric instrument is the fast and non-destructive 

determination of the chemical composition and specific activity of nuclear power plant 

waste materials and nuclear safeguards samples. Due to the nature of the samples to be 

analyzed by the combined spectrometer, reference materials cannot be used for the 

empirical calibration. Therefore, one of my research goals was to develop such 

Monte Carlo calibration procedures that allow the determination of elemental 

composition and the specific activity of unknown samples without the use of reference 

materials.  
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The staff of the Institute of Nuclear Techniques of BUTE have surveyed the level of 

radioactive contamination of the building structure of the Training Reactor in years of 

2013-2014. In frame of this project I have performed in situ gamma spectrometry 

measurements on EK-10 type nuclear fuel assemblies. In absence of reference fuel 

assembly it was necessary to develop a Monte Carlo based efficiency calibration 

procedure for the determination of the activity of fission products of the fuel assemblies. 

The Institute of Nuclear Techniques of BUTE has been involved in the evaluation of 

inhermetic condition of fuel loads of MVM Paks NPP for many years. During this period 

the research group of the INT has been conducted research in field of fuel leakage 

detection and quantification. The aim of the recent study is to develop a model which able 

to describe the specific activity of leakage isotopes of the primary coolant in the whole 

fuel campaign. For the application of the new dynamic model it was necessary to develop 

a burnup calculation model which is able to determine the time dependent reaction rates 

of the relevant isotopes in the fuel pins, in the surface U contamination of the fuel and in 

the coolant. 

Experimental methods 

I have performed the X-ray-fluorescence and gamma spectrometric measurements and the 

measurement technique developments in the Radiochemical laboratory of the Institute of 

Nuclear Techniques of BUTE. For ED-XRF experiments I have applied low power (4W) 

X-ray tubes and compact Silicon drift detectors and for gamma spectrometry 

measurements I have used a CdZnTe micro gamma spectrometer and laboratory and 

portable HPGe gamma detectors. For the acquisition and evaluation of ED-XRF and 

gamma spectra I have applied different spectrometry software such as GENIE2000, 

WINSPEC, DPPMCA, WINQXAS. I have performed the XRF and gamma spectra 

simulations and the burnup calculations with widely applied and validated MCNP6 

transport code. The necessary algorithms and different data processing programs for my 

research were implemented in MatLab environment. 

New scientific results 

1. I have developed a Monte Carlo simulation based quantitative method for evaluation 

of gamma spectrometry measurements that are difficult to evaluate with empirical 

efficiency calibration. The principle of the method is that if the simulation model 

describes the gamma-spectrometric arrangement realistically than the difference 

between the simulated and the measured gamma spectra is expected within the 

statistical uncertainty. The most important parameters describing the gamma-

spectrometric measurement and the MC simulation can be used to determine the 

isotopic selective activity of the test sample. The developed method is suitable for the 

fast and cost-effective quantitative characterization of radioactive wastes. [1], [2], [3] 
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2. I developed an algorithm for the quantitative evaluation of gamma spectra, which is 

able to determine the selective activity of the sample based on the real measured 

spectrum and an initial simulation model. To test the developed method, I created a 

simulation model of two HPGe and a CZT type gamma detector, which were used to 

evaluate real gamma spectrometry measurements. The results calculated by the 

GS-MC method were verified by measurements on certified detectors. [1], [2], [3], [4], 

[5], [6] 

3. I have adapted the MC-type evaluation model for energy-dispersive X-ray 

fluorescence (ED-XRF) analysis, which determines the elemental composition of the 

sample based on the quantitative comparison of the measured and simulated X-ray 

spectra in an iterative numerical calculation process. I have created an algorithm in 

MatLab environment using the MCNP6 transport code for numerical calculations and 

for testing the iterative method. I have proved that it is possible to calculate the 

concentrations of the elements of the analyzed sample by the iterative MC method. 

The duration of the complete computation process was significantly shortened by the 

application of MCNP6 variance reduction procedures, which made the method suitable 

for quantitative ED-XRF analysis. I have modeled the confocal 3D-XRF-GS 

spectrometer for the numerical calculations. The simulation model was validated by 

evaluating ED-XRF measurements on standard samples. In order to maximize the flux 

of the XRF-GS excitation X-ray beam, I have performed MC calculations to optimize 

the geometry of the X-ray tube collimator. [7], [8], [9], [10] 

4. I have developed a non-destructive, standard less in situ gamma-spectrometric method 

for determining the activity of long-lived fission products of fuel assemblies with low 

burnup. The method is based on the fact that the 
235

U isotope of the fuel assembly and 

the daughter elements of the 
235

U and 
238

U isotopes can be used as an internal standard 

for validating the Monte Carlo calculation method of the detection efficiency. The 

developed quantitative gamma-spectrometric procedure is suitable for the qualification 

of irradiated elements of low-power experimental reactors and critical systems. [6] 

5. I have developed a Monte Carlo burnup calculation model, which is suitable for 

determination of time-dependent reaction rates of the leakage monitor isotopes of 

pressurized water reactors not only in the fuel pins, but also in the surface U 

contamination of the fuel pins and in the primary coolant. The developed MC burnup 

calculation model is used to determine the input parameters of the dynamic leakage 

model developed to examine the state of the fuel assemblies of MVM Paks NPP Ltd. 

Validation of the calculation method was performed by comparing the measured 

specific activity on the 
24

Na and 
42

K isotopes and the calculated specific activity. [11], 

[12], [13] 
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Utilization of the scientific results 

The Nuclear Analytical Research Group in the Institute of Nuclear Techniques of BUTE 

have developed a combined 3D X-ray-fluorescence-gamma spectrometer (3D-XRF-GS) 

which is suitable for simultaneous analysis of samples with unknown chemical 

composition and radioactive content. I have developed standard less calibration 

techniques (GS-MC, XRF-MC) based on Monte Carlo simulations for the determination 

of the sample’s chemical composition and specific activity. The 3D-XRF-GS 

spectrometer is regularly applied for similar analytical tasks and education in the Training 

Reactor of the Institute. The spectometer is also applied in various joint research projects 

with the Energy Research Institute of the Hungarian Scientific Academy, Hungarian 

Atomic Energy Authority and Paks NPP-II.  

The Nuclear Analytical Research Group have developed a dynamic leakage model for 

evaluation of hermetic condition of fuel assemblies of MVM Paks NPP. This model 

describes the specific activity of leakage monitor isotopes for the whole period of the fuel 

campaign. I have developed a Monte Carlo burnup calculation model to determine the 

time dependent reaction rates of the related fission products and fissile isotopes of a 
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specific core composition which are the necessary initial parameters of the dynamic 

leakage model calculations.  
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