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Background of the research 

The Nuclear Security Department (NSD) of the HUN-REN Centre 

for Energy Research has been studying the spent fuel assemblies of Paks 

Nuclear Power Plant (NPP) Ltd. in Hungary over the last two decades. 

Following the 2003 serious incident, the NPP requested the quantification 

of nuclear material in canisters containing spent fuel debris. Gamma- and 

neutron-based measurements were employed, and using intact spent fuel 

assemblies as reference, researchers from the NSD successfully determined 

the nuclear material content of each canister [Zsigrai, 2013]. Leveraging 

their experiences with the canister measurements from 2010, the 

researchers continued with the gamma-ray spectrometry measurement of 

spent fuel assemblies, carrying out yearly data acquisition campaigns. The 

goal of these studies is to validate the burnup level of spent fuels for the 

assessment of the true operator-calculated burnup uncertainty [Nguyen, 

2013]. The collected experimental dataset has already served as a basis for 

some previous research, which was aimed at the analysis of spent fuel 

operational history [Kocsonya, 2016] [Kirchknopf, 2018] [Kirchknopf, 

2019]. 

The topic of my PhD dissertation is the determination of spent fuel 

parameters relevant to nuclear safeguards from gamma-ray spectrometry 

measurements carried out on VVER-440 reactor type assemblies. The 

parameters are the burnup, cooling time, initial enrichment, remaining 

fissile material content, and the activities of detectable fission products. 

There exist many scientific papers that study a similar problem for different 

kinds of spent fuels, but few of them consider specifically the VVER-440 

type, which was the focus of my work. Researchers have often used 

regression analysis to calculate the relevant spent fuel parameters, but aside 

from this technique, one of my main goals was the implementation of 

various machine learning methods to achieve more reliable calculations 

[Favalli, 2016] [Hellesen, 2017] [Rossa, 2020]. 
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Objectives 

The most important objective of my research is to develop novel 

methods for safeguards relevant parameter calculations (burnup, cooling 

time, initial enrichment, and fissile material content) of VVER-440 type 

spent fuel assemblies. The existence of a rapid and easy-to-use, as well as 

accurate method of spent fuel parameter measurement would improve the 

abilities of safeguards inspectors to detect potential violations of safeguards 

agreements and violations of the principle of nuclear non-proliferation. The 

relevance of this work is underlined by the incomplete arsenal of the 

currently used safeguards verification methods for spent fuels, because in 

most cases today, only the mere presence of fissile material and not the 

quantity or isotopic composition is checked, usually by a Cherenkov 

viewing device. 

Developing a spent fuel parameter measurement method is also 

relevant from a nuclear forensic perspective. During the nuclear forensic 

investigation of a spent fuel sample, the analysts are tasked with the 

measurement of all key signatures that are characteristic of that sample and 

are related to its origin. All of this is to be carried out without any prior 

knowledge of the sample, i.e., no cooling time or other information is 

known beforehand. Finding a solution to this problem yields a measuring 

and calculation method that would allow the nuclear forensic analysts to 

characterise pieces of spent fuel of unknown origin, leading to increased 

capabilities in the field of nuclear security. 

Finally, it is an important objective to evaluate the burnup 

calculation uncertainty of the NPP, which would, in theory, allow the 

reduction of the burnup engineering factor that limits the total power output 

of an assembly. Achieving this goal would result in more economical fuel 

usage, while nuclear safety remains uncompromised. 

Information about the fission product content is also relevant to the 

NPP operators and to national authorities from a nuclear security and 

radiation protection perspective. The development of a reliable 
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measurement and evaluation technique makes it possible to determine 

certain fission product activities. Carrying out dose calculations would be 

possible from the measurement of fission product activities. Moreover, 

radiation-induced damage in the structure surrounding the spent fuel 

assemblies could be studied based on these measurements. The relevance 

of this objective is supported by the fact that at the NPP, such experimental 

studies were not carried out before. 

 

Methods 

I used gamma-ray spectrometry as the experimental technique to 

non-destructively assay spent fuel assemblies. Measurements of the 

extremely active fuel assemblies were done in thick water shielding and 

through a long and narrow collimator. The resulting gamma energy 

spectrum in the range of 50-3000 keV is from a vertically thin slice of the 

assembly and contains only fission product gamma peaks. A limitation of 

this method is that the gamma-rays of fissile isotopes cannot be detected 

due to their low energy and intensity compared to the fission products. 

Following the spectrum evaluation, I calculated the activity ratios 

of the fission product isotopes that were detected in the spent fuel 

assemblies. I employed non-linear regression between the measured 

activity ratios and the spent fuel parameters to study their observable 

correlations. To obtain further information embedded in the measured 

spectra, I applied various machine learning algorithms with the intent to 

improve the calculation accuracy and to determine the operational history 

of the fuels. The calculation of fission product activities was done with an 

efficiency calibration based on Monte Carlo particle transport, for which I 

constructed the simulation model of the whole experimental setup. 
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New scientific results 

[T1] Thesis: Burnup prediction using fission product activity ratios 

measured with gamma spectrometry 

I determined empirical relations between fission product activity 

ratios measured by gamma spectrometry and the burnup of VVER-440 type 

spent fuels. By regression analysis with a power function model, I 

concluded that for spent fuels with less than 9 years of cooling time, the 
134Cs2/(106Ru137Cs) activity ratio yields, on average, nearly five times more 

accurate burnup prediction than the widely used 134Cs/137Cs activity ratio. I 

showed that it is possible to use the 134Cs2/(106Ru137Cs) activity ratio for 

burnup prediction even without the knowledge of the cooling time, with 

only a 19% reduction in prediction accuracy [1]. 

 

[T2] Thesis: Cooling time prediction and the determination of origin 

with gamma spectrometry 

I showed using exponential model functions that the cooling time of 

VVER-440 type spent fuel assemblies cooled between 0.5-5 years can be 

predicted using the measured 110mAg/134Cs activity ratio with an average ±3 

months uncertainty. Using the same measurement and calculation methods 

for cooling times in the range of 0.5-12 years, the application of the 
134Cs/154Eu activity ratio yields an accuracy of ±4 months. I concluded that 

for cooling times of less than 6 months, the activities of the 136Cs, 140Ba, 

and 156Eu isotopes relative to the activity of 137Cs function as indicators for 

the shortness of the cooling time. I pointed out that the reliable 

determination of temporal origin by the 134Cs/154Eu and 110mAg/134Cs 

activity ratios is only possible if the reactor unit of origin is known [1]. 
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[T3] Thesis: Parameter prediction and operational history 

investigation with machine learning approaches 

I conducted studies with the application of machine learning models 

to increase the parameter prediction accuracy. The calculation error of the 

burnup saw a marginal decrease, while for the cooling time, it fell back 

nearly to a third with the best performing models. As opposed to the 

regression technique, the prediction of the initial enrichment proved 

successful, and I showed that the 239Pu concentration can be predicted with 

good accuracy using neural networks. A novel achievement is the 

parameter prediction carried out directly from the gamma spectrum using 

a convolutional neural network. Using cluster analysis, I concluded that the 

variation of the per-cycle burnup operational history is reflected in the 

activity ratios measured by gamma spectrometry [1] [2]. 

 

[T4] Thesis: Activity measurement using Monte Carlo simulation 

I developed a novel method to calculate the activities of gamma-

emitting fission products in spent fuel assemblies. Using Monte Carlo 

particle transport simulations, I accomplished the absolute detection 

efficiency calibration of the spent fuel gamma spectrometry measurements. 

I applied X-ray radiography and determined the germanium dead layer 

thickness with precise in-laboratory measurements to refine the simulation 

model constructed for the MCNP6.2 code. I validated the model in an 

indirect manner, using experimentally calculated relative detection 

efficiencies and VVER-440 spent fuel 137Cs concentration data available in 

the SFCOMPO database. The 137Cs activity calculated from this model is 

expected to agree with the true value within a –10% to +20% interval [3]. 
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