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“ 

1

If I speak in the languages of men or of angels, 

but do not have love, 

I am only a resounding gong or a clanging cymbal [..]
 

9

For we know in part and we prophesy in part, 

10

but when completeness comes, 

what is in part disappears.” 

1Cr13:1,9-10 
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ABSTRACT 

Interaction of nuclear radiation with the materials, leads to heat generation which, in addition 

to fission reaction, is a substantial portion of the energy dissipated in the reactor core. This is one of 

the important factors that determine both the safe operation of the reactor at full power and when it is 

turned off (residual power). Nuclear heating has a significant impact on the material in the course of 

irradiation of materials and experimental instruments located in the vicinity of the reactor. Ability to 

determine computationally heating parameters in the design phase of any experiment can increase the 

efficiency and safety of the work of nuclear reactors. 

This thesis work presents a calculation scheme which enables evaluation of heat generation 

from nuclear reactions in the MARIA nuclear reactor by use French computational codes TRIPOLI-4 © 

(TRIPOLI-4 is a registered trademark of CEA) and Apollo-2. Particular attention was devoted to the heat 

induced by gamma radiation. The thesis also presents measurements of nuclear heating in selected 

locations inside MARIA MTR reactor. This allows reaching first steps of validation and qualification of 

computer calculations. Research and analysis presented in the thesis allow one to compare the results 

obtained by using proposed calculation scheme with the experimental measurement methods. Finally, 

further works and perspectives were proposed on the development of the calculations and experi-

mental measurements of nuclear heating in nuclear reactors. 

Geometrical representation of the MARIA reactor developed in this works for Monte Carlo cal-

culations is the first one that represents it so accurately. The main complication consisted of mapping 

the positions of all fuel elements where each is lying at a different angle (core has a truncated cone 

shape). This required a construction of a mathematical description of the core by defining positions of 

all surfaces and volumes at various angles inside the core. 

One of the main sources of gamma radiation in the reactor core beside fission reactions are 

numerous neutron nuclear reactions and radioactive decay of fission fragments and activated materi-

als. Therefore a first validation of MARIA core calculation model was focused on the analysis of the cor-

rectness of neutron transport. One of the validation methods was to compare the calculations and 

measurements of the reaction rates by using the activation detectors. Comparison was also done on 

control rods weight, fuel elements power distribution and effective multiplication factor. These com-

parisons allowed to define quality of the model in scope of neutron transport and were the basis for 

further calculations of the nuclear heating. 
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Qualifying the calculations was possible by performing especially dedicated 7-day core meas-

urement campaigns. Since the construction of the MARIA reactor it was the first attempt to perform 

high precision experimental measurements of nuclear heating in MARIA core. Nuclear heating meas-

urements were performed with gamma thermometers and specially designed KAROLINA calorimeter. 

All measurement devices used were mounted in a dedicated probe, designed and built for this purpose, 

which allowed for the adjustment of instruments position inside the MARIA core. 

The main scientific hypothesis of this work is that currently available Monte Carlo simulations of 

neutron and gamma transport can be used to correct and accurate calculations of prompt nuclear heat-

ing in nuclear reactor, whereas delayed component of nuclear heating can be determined experimen-

tally. For this purpose new calculation scheme and improvements in nuclear heating measurements 

were implemented.  

This PhD thesis was realised in NCBJ in close cooperation with CEA group responsible of reactor 

Jules Horowitz Reactor (JHR) modelling and AMU laboratory where some nuclear heating measuring 

instruments for this reactor are under design. The study has been supported by research grants from 

the Ministry of Science and Higher Education in Poland (Ministerstwo Nauki i Szkolnictwa Wyższego), 

and the French Ministry of Foreign Affairs and International Development scholarship in France (Minis-

tère des Affaires étrangères et du Développement international). 
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NOMENCLATURE 

 
a   isotopic mass [u] 
AES  Auger Electron Spectroscopy  
AISI 304   Stainless steel alloy 
AMU  Aix Marseille University 
BB  Beryllium Blocks 
CEA  Alternative Energies and Atomic Energy Commission (Commissariat à l’Energie Atomique 

et aux Energies Alternatives) 
CEA/DEN/DER Reactor Studies Department, Cadarache, F-13108 St-Paul-Lez-Durance, France 
CR    Control Rod 
CP  Collision Probability method with Pij solver  
EVA  based on Excel and Visual BAsic program for printouts of MARIA model as TRIPOLI4 input 

for Monte Carlo calculations  
FC  Fission Chambers  
FA  Fuel Assembly 
FAs  Fuel Assemblies 
GADGET  CEA internal software for JHR model printouts as TRIPOLI4 input for Monte-Carlo 

 calculations 
GT    Gamma Thermometer 
HEU  High Enriched Uranium 
IC   Ionization Chamber 
ITME   Institute of Electronic Materials Technology, Warsaw, Poland (Instytut Technologii Mate-

riałów Elektronicznych 
KC   KAROLINA Calorimeter 
keffective  effective neutron multiplication coefficient 
LEU   Low Enriched Uranium 
LIF  thermos-luminescent dosimeter enriched in lithium-6  
M   moll mas of the isotope 
m   mass [g] 
MC  Monte-Carlo 
MEU  Medium Enrichment Uranium (here: 36%) 
Mfp  Mean free path 
MTR   Materials Testing Reactor  
NA   Avogadro number 
NCBJ  National Centre for Nuclear Research (Narodowe Centrum Badań Jądrowych) 
Ndens  Number of atoms in 1E-24cm3 
NH  Nuclear Heating  
P   power of the system  
PAR  control rod with automatic positioning system (Pręt Automatycznej Regulacji) 
PB   safety rod (Pręt Bezpieczeństwa) 
PK  control rod (Pręt Kompensacyjny)  
q  heat transfer rate [W] 
q’’  heat flux [W/cm2] 
q’’’  power density, rate of energy production per unit volume [W/g]  
REBUS  validated diffusion code for MARIA core operational calculations  
S  normalization factor which corresponds to total number of neutron particles in the core 

(It is used for calculations, where results are expressed for one source neutron in the core)  
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SAREMA An automatic measurement system of coolant flow and temperature in the MARIA core 
(System Automatycznej Rejsestracji temperatur rEaktora MAria) 

SAV  aluminium alloy  
SCRAM rapid shut down of the reactor 
SPND  Self-Powered Neutron Detector 
SR   Safety Rod  
SS  Stainless Steel  
TLD  Thermo-Luminescent Detectors  
WIMS/ANL deterministic code system for lattice calculations 
wf   effective energy released per one fission  
w   isotopic enrichment  
̅   average number of neutrons released per fission 

α   reaction rate  

σ  standard deviation 
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I. INTRODUCTION 

Energy deposition derived from nuclear reactions in the nuclear facilities is in the main focus of 

nuclear physicists and engineers. Any material placed in the radiation field absorbs (partially or totally) 

the energy produced by its interactions with particles; this phenomenon induces the material heating. 

Deposited energy depends on the radiation intensity, energy spectrum and on the type of absorber 

material. In practice, the energy of the nuclear reactions resulting from the fission process occurring in 

the reactor core is deposited in the reactor structural components. There are several heat deposition 

mechanisms. The highest amount of energy is due to nuclear fission and capture reactions accompany-

ing slowing down of the neutrons. Those reactions are dominant heat sources in the nuclear reactors as 

it may deliver around 90% of total heat [1.1][1.2]. Second order of importance, with respect to total 

nuclear heating in nuclear reactor, are photon interactions which cause around 10% of total nuclear 

heat amount [1.1]. There also a minor contributions of interaction of electrons and positrons. 

Knowledge gathered by the experience of the nuclear heating is growing nearly every day from the 

very beginning of nuclear science and it is still object of research to reach higher precision of nuclear 

libraries and calculation methods. Level of heating of each core element determines design of the cool-

ing system of every single part of the core. In case of the insufficient cooling, the heat may accumulate 

and may lead to the melting of some materials. Precise prediction of heating allows reducing technical 

requirements of cooling system with satisfying safety margins. 

Photons originate mainly from neutron reactions; among them dominate fission, inelastic scat-

tering and radiative capture. Additionally, fission products and activated nucleus decay are the source 

of the delayed gamma. Released photons interact mainly by photoelectric effect, the Compton scatter-

ing or the production of electron-positron pairs, transmitting energy to electrons and positrons and 

ultimately converting energy into the heat. 

Variety of key parameters results in precise gamma heating estimation difficulties, both in ex-

perimental measurements and theoretical calculations. Additional difficulties in experimental meas-

urements come from the fact that neutrons and photons interact simultaneously with the detectors. 

Most nuclear instrumentation used for neutron or photon detection transforms fluxes into electric sig-

nal. Main problem lies in distinguishing the contribution of each interaction coming from neutron, pho-

ton, electron or positron and consequently, the amount of energy released from each [1.3]. It is possi-

ble to distinguish each flux parameter by using calculation with every particle transport [1.3]. Photon 

physics and neutron physics are not the same. Nevertheless they both have no electric charge and are 
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transported to greater distances than charged particles. A Monte-Carlo method is using similar calcula-

tion method for flux and energy deposition estimation [1.1]. Particles with electric charge are deposit-

ing their energy in close location of interactions and are also calculated by TRIPOLI_4© [1.1][1.5][2.28]. 

This is especially useful in nuclear sensors simulations. Monte Carlo calculations allow determining part 

of each particle contribution in the total heat deposition. This method is helpful in the design studies 

for predicting irradiation conditions of the samples, experimental devices and nuclear reactor cooling 

systems efficiency [1.4]. In fact it is, practically, one of the most frequently used approaches allowing 

the detailed insight into the neutron and gamma transport problems [1.5]. The main limitations of the 

Monte Carlo calculation are the nuclear data uncertainties [1.3] and extensive computational demands. 

The method is under constant development and increasing computation capabilities of today multi-

processor mainframe computers make this method commonly used for solving reactor physics prob-

lems including burn-up simulations of nuclear systems [1.5]. 

Development of reliable calculation and measurement methods is essential for safe operation 

and efficient completion of research programs. Reactor safety standards are continuously enhanced, 

leading to the higher requirements for computational analysis. For this reason gamma heating calcula-

tion tools, schemes, libraries and nuclear instrumentation for research reactor applications must be 

continuously improved as well. 

During last decades and especially in the recent years a number of experimental investigations 

in nuclear domain were carried out aiming at the improvement and validation of various gamma-

heating calculation schemes and data libraries [1.3][1.6][1.7]. This includes research for all kinds of re-

actors: present and future, thermal and fast, fission and fusion installations. Calculation methods of the 

precise gamma heating estimation are main concern for design and construction of future Jules Horo-

witz Reactor JHR and its experimental devices. To fulfil expectations of the nuclear heating calculations, 

special scheme has been developed by the CEA Nuclear Energy Division and labelled [1.8]. Calculation 

methodologies development with the use of TRIPOLI-4 © Monte Carlo code under the continuous-

energy option considering 4 particles neutron, photon, electrons and positrons has been mainly real-

ised inter alia by using large irradiation facility of the 70 MWth OSIRIS MTR (CEA Saclay) [1.7], zero-

power facilities EOLE and MINERVE (CEA Cadarache) in the frames of experiments 

ADAPH/ADAPH+[1.9], and AMMON [1.11]. 

Complementary to the calculation methods developments, there are several programs for 

gamma heating measurement improvement. IN-CORE (Instrumentation for Nuclear radiations and Cal-

orimetry Online in Reactor) is one of the advanced research program which started September 2009 in 
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collaboration between University of Provence-CNRS (became Aix-Marseille University since 2012) and 

CEA-JHR (French Atomic Energy Commission, Jules Horowitz Reactor) [1.12]. IN-CORE programme was 

launched in order to meet the demand of higher scientific measurements quality of the current re-

search programs. This was especially in the scope of ambitious experimental programs planned in Jules 

Horowitz Reactor. One of the goals was to increase measurement capabilities by using next generation 

of instrumentation and to design innovative mobile device focusing on the online parametric mapping 

of the JHR core channels [1.13][1.14]. During this program CARMEN experimental device has been de-

signed and tested in 2012 in the OSIRIS reactor at the CEA Saclay (France) [1.15]. This new instrumenta-

tion composed up to two cells differential calorimeter, gamma thermometer, self-powered neutron 

detector and ionisation chamber. In the scope of above program the new, non-adiabatic differential 

calorimeter with graphite sample was calibrated and used in the CARMEN experiment [1.15][1.16].  

This dissertation describes a recently developed gamma heating calculation methodology and 

its application on the research reactors with application to MARIA and Jules Horowitz Reactors. Based 

on the TRIPOLI-4© Monte-Carlo code under the continuous-energy option and coupled neutron-

photon mode [1.17] and the deterministic code APOLLO2 [2.50]. New model of MARIA reactor has 

been developed. Calculation methodology was validated versus experimental measurements per-

formed in-core of the 30 MWth MARIA materials testing reactor (MTR) in NCBJ Świerk. Instrumentation 

used in these measurements consists of gamma thermometer, ionization chamber, Rh&Ag SPND and 

newly designed gamma calorimeter KAROLINA.  

The contributions from prompt fission neutrons, prompt fission γ-rays, capture γ-rays and ine-

lastic γ-rays to heat deposition were evaluated by a coupled neutron-photon transport calculation. The 

fission product decay γ-rays and activation γ-rays were measured experimentally in MARIA and evalu-

ated numerically for JHR. Charged particles were not transported in the calculations and their energy 

deposition was accounted in the place of possible origin. According to short mean free path of electron 

and positron comparing to neutron and photon, above approximation is acceptable for nuclear heating 

analysis in nuclear reactor. Additionally in case of including them in the radiation transport calculations 

this would result in implementing another calculation step to determine activation of each core con-

struction material and its nuclear decay.  

Delay contribution of radiation coming from nuclear decay of activated materials has significant 

contribution into the nuclear heating. This work focuses in nuclear heating calculations coming from 

prompt particles and radiation in MARIA reactor. Calculations of delay contribution have been pro-

cessed for JHR and its results were used in final calculation results of nuclear heating in MARIA. Using 
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new measurement method, workout during this thesis realisation, delay contribution has been also 

experimentally determined for graphite (KAROLINA calorimeter) and stainless steel (gamma thermom-

eter) in MARIA core. Results of these measurements were presented in the subsection III.4 (DELAYED 

NUCLEAR HEATING EXPERIMENTAL DETERMINATION) and implemented into the final nuclear heating 

calculation results presented in the chapter V (COMPARISON OF CALCULATION AND EXPERIMENTAL 

RESULTS). 

Reactor MARIA is an open pool material testing reactor with pressurized fuel channels. It had 

reached first criticality in 1974 and was continuously modernized since then. First Gamma Heating 

Measurements (GHM) for this reactor have been carried out in 80’s, currently there is a need for much 

more precise GHM experiments. As National Centre for Nuclear Research (NCBJ) and Atomic Energy 

and Alternative Energies Commission (CEA) signed up a Framework Cooperation Agreement In The Field 

Of Scientific And Technological Research (9th of December 2011), it was possible to start scientific col-

laboration between these two institutes. Additionally Agreement for International Joint Doctorate Su-

pervision (Convention de Cotutelle Internationale de These) agreement has been signed to cover this 

thesis work. On the basis of these agreements Gamma Heating Model has been developed for MARIA 

reactor basing on CEA SRJH team experience, the model was used in experimental campaign interpre-

tation in MARIA which has been performed together with CEA-LDCI team and IM2NP – UMR 7334 la-

boratory of Aix-Marseille University (AMU).  
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II. STATE OF THE ART 

From the very beginning of nuclear science nuclear heating is one of the most investigated top-

ics. With exponential growth of computational power and software it becomes possible to model and 

calculate physics of many nuclear reactions – so nuclear heating aspects too. It allows even to repro-

duce such aspects that are hardly measurable like continuous energy spectrum of neutrons and mul-

tigroup photons at any place and any material. Every year brings new advance in computation and cal-

culation topics so they become more accurate and precise. On the very beginning of nuclear science, 

neutron energy transport was simulated and nuclear heating was focused on fission energy. Currently it 

becomes possible to investigate transport and nuclear heating also for photons, electrons and posi-

trons. This leads to the improvement of experimental nuclear data base for these particles. This also 

pushed forward nuclear instrumentation to progress in this direction. 

 

Figure 2.1. Construction of the calorimeter used in EWA-10 nuclear heat measurements to compare 
with calculation results [2.1]. 1- Al or Pb sample, 2 - Al can, 3 – sealing device, 4 – external tube, 5 – 
Thermocouple wire. 

Both neutron particles and gamma quanta carry no charge, hence do not interact with the mat-

ter via Coulomb force, what leads them to much larger projected range then charged particles. Values 

of mean free path (mfp) for both, neutrons and gammas, strongly depend on mass number of target 

atoms/nuclei. Neutrons are scattered mostly on light nuclei while photons on the contrary, deposit 

their energy mainly on heavy atoms. For the reactor moderation mainly low atomic mass number ma-

terials, like heavy water, light water, beryllium or graphite, are used in surroundings of fission material. 

In such materials neutron mfp is in the order of just few centimetres while high-energy photons may 

pass through few hundreds of centimetres and deposit their energy far away from the location of the 

fission event inside the reactor core. Additionally, radiative capture reactions and inelastic scattering of 

neutrons with matter induce additional photon, electron and positron emission which increases heat-

ing contribution. Apart from the neutron interactions with matter, also fission fragments emit photons 

during their decay. All these aspects make calculations of nuclear heating complex and challenging. 

Nevertheless, modern technology allows modelling all these physics with good accuracy. 
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Reactor calorimetry measurements have good tradition in National Centre for Nuclear research. 

One of the reasons to develop gamma heating measurements and calculations in 1968 was need of 

nominal power increase of EWA reactor. It was decided at this time to work out a programme ALGOL 

which allows computing the rate of gamma heating at any chosen location in this reactor [2.2]. The 

computations were performed using STRUMGAMMA code which was written for GIER digital comput-

er [2.1][2.2]. The calorimeter used for calculations to measurement comparison is presented in Figure 

2.1. The measurements were performed with the reactor operated at the power ranging from 100kW 

up to 2 MW, depending on the material of the sample and on the location of the probe in the core and 

reflector. Measurements were taken every 10 seconds until steady state temperatures were deter-

mined. The probe with calorimeter was raised up step by step up the channel and the gamma heating 

rate was measured for each position. Results, both computational and experimental are shown in Fig-

ure 2.2. The difference between the average value of gamma rays energy obtained by calculations and 

that obtained experimentally was significant and at this time was inadequate to requirements. Never-

theless at this time it was first time when computational and experimental gamma heating were com-

pared in NCBJ. 

In 1972 fourth international seminar on in-pile calorimetry was held at the Institute of Nuclear 

Research (precursor of NCBJ). During this seminar there were performed calorimetric measurements 

on the EWA-10 (NCBJ) reactor with several calorimeters. The calorimetric measurements were realised 

by teams from reactor laboratories of Czechoslovakia, Denmark, France, Hungary, Poland and Soviet-

Union [2.1]. Varieties of calorimeters used during these measurements are presented in Figure 2.3. To 

compare abilities of each used sensor it was decided that all calorimeters used graphite as sensor core 

material and all measurement were made in the same conditions i.e. same channel of EWA-10 reactor. 

For experiment two sets of measuring equipment were used. One set was used for measuring 

and recording the signals from reference calorimeter, neutron and photon ionisation chamber to re-

ceive reference measurement. The second set was used to measure and record signals from chosen 

calorimeter which took part in the intercomparison. Compatibility of nine calorimeters measurements 

used in EWA-10 intercomparison measurements (in 1972) are presented in Figure 2.4 [2.1]. Discrepan-

cies between each of the calorimeter measurements were used for further calorimetry instrumentation 

and measurements methods development. 
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Figure 2.2. Comparison of calculation results to experimental measurements performed in EWA-10 
in 1970[2.1] 
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Figure 2.3. Overview of the dimensional characteristic of nine calorimeters used in EWA-10 
intercomparison measurements in 1972 [2.1]. 

For the first time Gamma Heating Measurements (GHM) for MARIA reactor has been carried out 

in 80’s [2.1]. Despite of significant work on neutronic and gamma heating calculations computational 

performances at this time were insufficient to achieve this goal. Calculation results did not reproduce 

the measurements with satisfactory precision and were insufficient to rely upon. Nevertheless, re-

searches on instrumentation development have been done making possible experimental measure-

ments of gamma heating [2.1]. Gamma calorimeter development and its calibration methodology pre-

sented in this work are based on the experience gained during the first approach to calculate gamma 

heating in MARIA reactor. Current multi-processor computers, computer clusters and new generation 

of simulation codes make possible to develop much more reliable gamma heating calculations that can 

yield the results comparable to experimental measurements. Verification of such hypothesis is the 

main objective of this Ph.D. thesis. 
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Figure 2.4. Results of measurements obtained by all measuring teams and their calorimeters in 
EWA-10 intercomparison measurements in 1972 [2.1]. 

This chapter presents general overview on nuclear heating topic – both calculation end experi-

mental approaches used in this thesis. Also MARIA reactor is presented here as the research facility and 

experimental device used for measurements. 

II.1 NUCLEAR HEATING IN NUCLEAR REACTORS 

Nuclear heating is a key parameter essential for a safe and efficient operation of nuclear reac-

tors, used for both, electricity generation and research. Determination of the spatial distribution of the 

heat produced by nuclear reactions is a key aspect of designing reactor cooling system [2.12]. Fission 

reaction starts by emission of high energy fission products, prompt fission neutrons and prompt fission 

gammas. Delayed neutrons, delayed gammas and electrons/positrons from fission products and neu-

tron activated materials are emitted afterwards. Some negligible energy is emitted via neutrinos and 

transported beyond the reactor. All other particles and quanta’s deposit their energy in the reactor 

structure. Each kind of radiation is attenuated by mater in different way. For this reason the energy is 

transported by each of the component to different location. Nuclear heating map differ for each of the 

nuclear reactor depending on its type, material used and its geometry. Determining of the NH by the 

calculations needs to identify all sources of heating (particles, radiations, all interactions, etc.) and to 
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rely to accurate measurements to quantify biases and uncertainties of the calculated parameters. A 

long-lasting work is performed around the world to improve calculation methods for both fission and 

fusion facilities.  

The total mean energy released by 235U fission is around 200 MeV. Most of this energy is ab-

sorbed in the fission region. Energy distributed by fission fragments equals to about 168 MeV per fis-

sion event. Also most of β-particles (ca. 8 MeV) deposit their energy in fuel region. Roughly 10% of total 

nuclear heating in the core is deposited outside the fuel assemblies (FA’s) mainly by gamma heating 

(around 90% of this contribution) [2.12], [2.22]. In the core periphery, devoted usually for experimental 

instrumentation, the gamma heating becomes the dominant nuclear heating factor. As research objec-

tives become more and more sophisticated also heating conditions need to be well defined before ex-

periments. 

Nuclear heating is rather difficult topic for simulation. Monte-Carlo calculations allow determin-

ing separate contribution of NH coming from neutron, photon, electron and positron. It is determining 

characteristics parameters of population based on the representative groups. Based on the simulated 

number of particles, averaged results are understood as statistical characteristic of all population. 

MC calculations are based on transport theory which allows determining chosen fluency in V volume as 

presented in equation 2.1.  

 
𝜙𝑉̅̅ ̅̅ =

1

𝑉
∭𝑣 𝑛 (�⃗� , 𝐸, 𝑡)𝑑𝑡𝑑𝑉𝑑𝐸 

  (2.1)

The value of ∭𝑣 𝑛 (�⃗� , 𝐸, 𝑡)𝑑𝑡𝑑𝑉𝑑𝐸 may be interpret as density of neutron transport distance 

in chosen area, energy and time where 𝑣 is the speed of particles and 𝑛(�⃗� , 𝐸, 𝑡) may be interpreted as 

a neutron track length density. Using this, the averaged fluency 𝜙𝑉̅̅ ̅̅  may be approximated with sum of 

trajectory distances ∑ 𝐿𝑘𝑘  in the volume 𝑉 – equation (2.2). 

 
 𝜙𝑉̅̅ ̅̅ =̃

∑ 𝐿𝑘𝑘

𝑉
 

  (2.2)

Principles of determination of nuclear heating can by defined by solving the following equations 

for neutrons and photons (2.3-4) [2.12] : 

 
𝑞′′′(𝒓) = 𝐸𝑑∫∑ (𝐸)

𝑟
𝜙( 𝒓, 𝐸)𝑑𝐸 [𝑀𝑒𝑉 𝑠 ∙ 𝑐𝑚3]⁄  

  (2.3)

where 𝑞′′′(𝒓) - is the rate of neutron energy production per unit volume at the point 𝒓, 𝐸𝑑 - is 

the energy of neutron deposited locally, ∑ (𝐸)𝑟  is the macroscopic cross section of the material, 

𝜙(𝒓, 𝐸) is the neutron flux as a function of position and energy.  
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𝑞′′′(𝒓) = ∫𝜙𝛾( 𝒓, 𝐸𝛾)𝐸𝛾𝜇𝑎(𝐸𝛾)𝑑𝐸𝛾  [𝑀𝑒𝑉 𝑠 ∙ 𝑐𝑚3]⁄  

  (2.4)

where 𝑞′′′(𝒓) - is the rate of gamma energy production per unit volume at the point 𝒓, 𝐸𝛾 - is 

the energy of gamma photon, 𝜙𝛾(𝒓, 𝐸𝛾) is the gamma flux as a function of position and energy, 𝜇𝑎(𝐸𝛾) 

is the linear absorption coefficient. As gamma rays undergo multiple Compton and Thompson scatter-

ing the computation of gamma flux 𝜙𝛾(𝒓, 𝐸𝛾) become complicated.  

Neutron interacts with nuclei in many ways. It can be elastic scattering, inelastic scattering, ra-

diative capture, charged-particle reactions, neutron-producing reactions or fission. In general, as it has 

no charge it passes easily through the electron cloud and interacts directly with nuclei. Each of the in-

teractions may results in photon emission – prompt or delayed. Gamma rays interact with matter main-

ly by three ways: photoelectric effect, Compton scattering and pair production effect. These - well-

known - phenomena are shortly listed below. 

The photoelectric effect occurs when photon interact with whole atom and result in the ejec-

tion of the electron. In this case gamma ray disappears and electron carries the energy of the photon 

and atom becomes ionized. The cross section of this reaction depends both on the photon energy and 

the target atomic number 𝑍 [2.9][2.10]. 

 𝑛𝑢𝑐𝑙𝑒𝑖 + 𝛾 → 𝑛𝑢𝑐𝑙𝑒𝑖+ + 𝑒−   (2.5)
The Compton effect called also Compton scattering is the photon scattering reaction with elec-

tron. In contrary to the photoelectric effect and pair production in this reaction photon does not disap-

pears but continues its interactions with other targets. After photon scatter at the electron, both ener-

gy and momentum is conserved. Photon, after this reaction, changes its direction with reduced energy 

which is transferred to the electron [2.10]. 

 𝛾 + 𝑒− → 𝛾∗ + 𝑒−   (2.6)
The pair production is the process when total gamma energy is converted into positron and 

electron emission. The threshold energy for this reaction is equal to 1.022MeV which is equal to the 

energy of positron and electron mass [2.10].  

 𝛾 + 𝑛𝑢𝑐𝑙𝑒𝑖 → 𝑒+ + 𝑒− + 𝑛𝑢𝑐𝑙𝑒𝑖   (2.7)
For photon energies between 1keV and 10MeV the main reactions with other nuclei is photo-

electric absorption in atoms, the Compton effect and pair production. These reactions vary on the en-

ergy of photon and type of target element – what is shown on Figure 2.5 and Figure 2.15.  

Gamma flux probability (microscopic cross section) for every interaction is the sum of all de-

scribed above interactions: photoelectric effect, pair production and Compton effect. Microscopic cross 
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section multiplied by atom density gives macroscopic cross section which is called for photons attenua-

tion coefficient μ [2.12]. 

 𝜇 = 𝑁𝜎 = 𝜇𝑝𝑒 + 𝜇𝑝𝑝 + 𝜇𝐶    (2.1)

where 𝑁 stands for atomic density equals to 𝜌𝑁𝐴 𝑀⁄  (density expressed as grams per cm3, Avo-

gadro number and atomic mass expressed in grams), 𝜇𝑝𝑒, 𝜇𝑝𝑝 and 𝜇𝐶  are the attenuation coefficients 

of photoelectric effect, pair production and Compton effect respectively. It is convenient to use mass 

attenuation coefficient expressed by 𝜇 𝜌⁄ . As an example, the contribution to the mass attenuation 

coefficient for photons in lead is presented in Figure 2.5. The total mass attenuation coefficient for 

photons in some elements is presented in Figure 2.6. Also neutron contribution into the nuclear heat-

ing has dependence on energy what is shown in Figure 2.7 as energy-balance heat production from 

incident neutrons. The Carbon (C) and Iron (Fe) materials are especially interesting here as these mate-

rials were in used as active sensor part in KAROLINA calorimeter and gamma thermometer. These two 

instruments were in used in experimental measurement campaign described in the chapter III 

(INSTRUMENTATION AND MEASUREMENT METHOD DESCRIPTION). 

 

Figure 2.5. Contribution to the mass attenuation coefficient for photons in lead [2.12][2.14]. 
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Figure 2.6. The mass attenuation coefficient for photons in carbon, iron, lead and hydrogen in 
logarithmic scale [2.12] [2.14]. 

 

Figure 2.7. Energy-balance heat production from incident neutrons for carbon and iron with 
JEFF3.1.1 and JEFF3.2 libraries (JANIS 4.0 NEA software) [3.6]. 
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II.2 NUCLEAR PARAMETER MEASUREMENT METHODS 

From the very beginning of nuclear reactors development, there was always a need for various 

nuclear instrumentation usages. Up to now a significant amount of work has been done on upgrading 

nuclear instrumentation abilities and performances to ensure safety and effectiveness of nuclear facili-

ties. Many kinds of radiation detectors are known. Some of them are well described among others in 

the following handbooks [3.4][3.5]. The general overview of instrumentation is presented here without 

going to the details.  

It is possible to divide them on three fundamental categories by its characteristics: 

 neutron detectors 

 photon detectors 

 nuclear heating detectors 

Each of above mentioned categories consists of many types of detectors with different charac-

teristics. Particular type of the detector can be devoted to high or low energy particles/photons, with 

high or low radiation intensity. Every sensor got its own sensitivity and may be used in exactly defined 

environment. There are also significant difficulties to measure exactly one parameter, e.g. just neutron 

or just photon flux. Usually interferences may appear with other kind of nuclear radiation. Additionally, 

the precise information on energy spectrum of measured quantities is usually not available. It is possi-

ble to determine energy spectrum, however with a very limited precision [2.22]. Many parameters are 

difficult to be measured. That makes nuclear instrumentation development still highly sought. Some of 

the questions may be answered by calculational modelling of investigating system – nevertheless there 

is still a great need of calculation results validation. In case of nuclear reactor instrumentation the in-

pile measurements require instruments which fulfil the following criteria [2.31]: 

 high reliability, because irradiated sensors cannot be easily repaired or replaced 

 harsh nuclear environment and water resistance 

 very high accuracy 

 miniaturized size  

Neutron flux measurements are non-direct measurement. Neutrons are not direct-ionizing par-

ticles and they cannot directly be detected directly by any detectors using ionization. However, neutron 

reactions resulted in emission of ionizing radiations/particles are commonly used in neutrons detec-
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tion. These reactions may be (n,α), (n,p), (n,f) etc. Any material which interacts with neutrons by any of 

these reactions may be used for neutrons detection. The most popular neutron detectors for reactor 

measurements are fission chambers (FC), self-powered neutron detectors (SPND) or thermo-

luminescent detectors (TLD) e.g. LIF [2.33][2.34]. 

For experimental measurements performed in MARIA reactor two types of SPND detectors 

were used. The first one with Rhodium (103Rh) emitter characterised with high signal level coming from 

β- decay of 104Rh isotope and high burn-up rate. This detector is characterised by high sensitivity on 

epithermal neutrons [2.15]. The other one used SPND was with Silver emitter. It has lower sensitivity 

but also lower burn-out rate – which is an advantage. Basically neutron and photon interaction with 

insulator and emitter induce emission of electrons which are measured by detector acquisition system. 

There is no way of dividing signals obtained from photon and neutron interactions. Both are interpret-

ed as the one signal. Only difference is the sensitivity on each incident. SPND signal derived from gam-

mas is minor and most of it comes from neutrons interactions. Possible events inside the SPND are pre-

sented on Figure 2.8. The detailed description of SPND used is included in subsection III.1.3 (SILVER 

AND RHODIUM SPND). Also activation detectors were used for neutron flux distribution determination 

during MARIA experimental campaign. Their characteristic was described in subsection III.1.4 

(ACTIVATION DETECTORS). 

 

Figure 2.8. SPND drawing with marked representative events. Events 1 and 2 are neutron capture 
followed by β- decay. Event 3 shows the interaction of a prompt gamma ray emitted upon neutron 
capture. Events 4 and 5 show interfering fast electrons arising from interactions of external gamma 
rays. [3.4] 
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Photon measurements are based on three kinds of interaction mechanism: photoelectric ab-

sorption, Compton scattering and pair production. Each effect has a dominant role in a certain energy 

region of photons. For detection of gamma rays with lowest energies - up to several hundreds of keV - 

the most common reaction is photoelectric absorption. For gamma rays with the highest energies, 

above 5-10MeV, the most common reaction is pair production. Compton scattering is the most proba-

ble process for all the rest photon energies between several hundred of keV up to few MeV [3.4]. Dom-

ination of certain interaction in relation between atomic Z number and energy of photon is presented 

in Figure 2.9 

 

Figure 2.9. Main interactions of gamma rays with matter as a function of photon energy [2.10]. 

In nuclear reactors gamma ray measurements can be performed inter alia by self-powered 

gamma detector (SPGD), Ionisation chamber (IC), Thermo-luminescent Dosimeters (TLD) and Optically-

Stimulated Dosimeters (OSLDs) [2.49]. During experimental campaign in MARIA reactor the miniatur-

ized ionization chamber (IC) designed and developed by CEA, France, was used. Such detector is widely 

used in the nuclear reactors. Its operation is based on the collection of all ionized particles generated 

by crossing particle. It is possible to use it in pulse mode (when the signal from each interaction is pro-

cessed individually) or current mode (the electrical signals from individual interactions are averaged 

together). Using ionization chamber for photon measurements is one of its most important applica-

tions [3.4]. Gas filled detectors can operate on various modes – depending on applied bias voltage. The 

operation mode is selected depending on the application and characteristic of measurement flux. Using 

different construction of ionization chambers they may be used as α, β, γ or neutron detectors. One of 

the advantages of these detectors is their proportionality of saturation current conditions to deposited 
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energy [2.24]. It has found wide use in experiments carried out in OSIRIS, TRIGA and many other reac-

tors [2.27], [2.35] [2.36]. 

Nuclear heating detectors are used not for particles detection but for measure of the energy 

deposited in the matter. Actually, these detectors are used mainly for radiation effect determination. 

This effect strongly depends on the radiation energy spectrum and sensor material used (atomic Z 

number). Both neutrons and photons have their contribution in nuclear heating. Even if photons play a 

dominant role it is still needed to take into consideration also the role of neutrons. 

The nuclear heating detectors base on the temperature measurements of material placed in the 

centre of the sensor. A difference of temperatures at various points of the instrument, with the 

knowledge of thermal transport characteristic of the materials used, allows for a determination of the 

real nuclear heating. There are varieties of constructions with different kinds of materials used and 

there is still continued research on this type of instrumentation. One of the leading team on this topic is 

IN-CORE (Instrumentation for Nuclear radiations and Calorimetry Online in Reactor) program. This is 

one of the advanced research program which started in September 2009 in collaboration Aix-Marseille 

University and the CEA-JHR (French Atomic Energy Commission, Jules Horowitz Reactor) [1.12].  

  

Figure 2.10. Configurations of in-pile calorimeters: a) single-cell calorimeter configuration, b) multi-
cell calorimeter or differential calorimeter configuration [2.37]. 

Below is presented a general overview of the differences between the single-cell and differen-

tial calorimeters [2.37]. The in-pile calorimetric sensors are generally composed of one or several iden-

tical cells (see Figure 2.10 (a) and (b) respectively) instrumented by temperature sensors in order to 

deduce the nuclear energy deposition rate from temperature difference measurements between a hot 

spot and a cold spot. Moreover the calorimetric cells are integrated inside a metallic jacket containing a 
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gas. Finally they have thermal exchanges with the external surroundings in order to achieve steady 

thermal states and to carry out in-pile continuous measurements. In that case the in-pile calorimeter 

corresponds to non-adiabatic calorimeters called heat flow calorimeters.  

In this part, specificities of studied in-pile calorimeters such as design, dimensions, materials, in-

strumentation, calibration method and nuclear heating range are developed. Then the advantages of 

each calorimeter are shown and discussed [2.37]. 

Specificities of the studied single-cell calorimeter  

The first in-pile calorimeter is a single-cell calorimeter which example here is the KAROLINA cal-

orimeter Figure 2.11 [2.38] designed and developed during this thesis realization in NCBJ and also 

gamma thermometer widely used both in MARIA measurements (presented in this thesis) and recently 

in OSIRIS measurements described in [1.15]. 

 

  

Figure 2.11. The KAROLINA single-cell calorimeter [2.37] (in the left–hand section) and gamma 
thermometer (in the right–hand section) [2.39]. 

As this kind of calorimeter does not contain heating element, its preliminary out-of-pile calibra-

tion is based on transient thermal experiments. These experiments consist in cooling the calorimeter. 

Thus in a first step, the calorimeter is put inside a furnace in order to reach a first thermal equilibrium 

at a hot temperature equal to 280°C for instance. Then in a second step, the calorimeter is as fast as 

possible inserted into a cooling bench, simulating thermal and hydraulic conditions occurring into 

MARIA irradiation channels with a fluid flow temperature equal to 40°C for instance, in order to reach a 

second steady thermal state inside the sensor [2.38]. Thanks to the out-of-pile cooling curve represent-
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ing the temperatures versus time, the thermal time constant (𝜅 in s-1) associated to the response of the 

sensor can be evaluated. Then this characteristic time constant is used to quantify the nuclear heating 

 E𝑛+𝛾 (in W.g-1) by applying the formula:  

  ..E n pCT    

obtained by considering under in-pile conditions the hypothesis that the graphite sample has 

reached isotherm conditions and a solution of the energy law in the case of a nuclear energy deposition 

(detail was given in following chapters of this thesis and in [2.38]). The main two differences between 

KAROLINA calorimeter and gamma thermometer are heat transfer and T measurement. First con-

struction was developed to transfer heat mainly through the gas layer and next through the walls while 

GT is transferring its heat mainly through the stainless steel core which contacts external housing at top 

position of the sensor. Another difference is the T  determination. First uses two independent ther-

mocouples while second uses only one thermocouple with hot and cold junction.  

Specificities of the studied differential calorimeter 

The second type studied in-pile calorimeter corresponds to the calorimeter used in the CARMEN 

multi-sensor device [2.41]. It is the same kind of the non-adiabatic differential calorimeter of the 

CALMOS device patented by CEA [2.44]. The studied calorimeter design was specially adapted in order 

to realize in-pile experiments into the periphery of OSIRIS reactor in France [1.15][2.45] for a nuclear 

heating range up to 2W.g-1. This calorimeter is composed of two superposed calorimetric cells enclosed 

also in a metallic jacket filled with a thermal insulator gas. The twin cells have an identical design, the 

same body material and contain the same instrumentation. The unique difference comes from a mate-

rial sample included only into one cell. The cell with the material sample is called measurement cell (or 

sample cell). The second one is called reference cell as it is used to compensate the energy deposition 

rate on the cell body.  

More precisely each cell is inserted inside a same annular cylindrical jacket of about 222 mm in 

height made of stainless steel (equal to 14.28 W.m-1.K-1
 at 20°C and  equal to 7900 kg.m-3 at 20°C) 

and with a thickness equal to 0.5 mm. Each cell is composed of: 

- a cell body of 79 mm in height manufactured with aluminium (equal to 129.14 W.m-1.K-1
 at 

20°C and  equal to 2670 kg.m-3 at 20°C) and designed in three parts: an upper part to receive a resis-

tive heater and a sample (called head), a central vertical cylindrical part (called rod) to ensure a direc-
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tional heat flow (from the top to the bottom) and finally a massive lower part (called base) in contact to 

the inner surface of the jacket to exchange with the surroundings by conductive transfers. 

- nitrogen gas (equal to 0.026 W.m-1.K-1
 at 27°C and  equal to 1.2 kg.m-3 at 20°C) put inside 

the jacket and inside the reference cell instead of the graphite sample,  

- an annular cylindrical sample of 19.8 mm in height made with graphite (equal to 82 W.m-1.K-1
 

at 35°C and  equal to 1790 kg.m-3 at 20°C) located in the centre of the upper part of the cell structure, 

- an alumina body (equal to 40 W.m-1.K-1
 at 20°C and  equal to 3960 kg.m-3 at 20°C) beaded 

with constantan corresponding to a heater element destined to the injection of electric power for cali-

bration, 

- and two K-Type thermocouples on each calorimetric cell: one located at the upper part of the 

rod, the other one at the middle height of the base. 

 

Figure 2.12. The CARMEN differential calorimeter: schemes (in the left and middle –hand sections) 
and picture (in the right–hand section)[2.37].  

As this kind of calorimeter contains two heating elements, its preliminary out-of-pile calibration 

is based on the analysis of steady thermal states reached by each calorimetric cell by simulating the 

nuclear heating. These calibration curves are performed thanks to an experimental setup imposing ex-

ternal boundary conditions around the calorimeter (a coolant fluid flow with controlled temperature 

and velocity conditions) and internal conditions (heat source intensity simulating the nuclear energy 

deposition rate by using the Joule effect [1.15][2.46][2.45]. 

For each calorimetric cell, measurements obtained during the steady state reached for consecu-

tive increments of electrical current inside the heater element are processed to plot the mean temper-

ature difference versus the injected electrical power in order to have the calibration curves. Then the 

calibration curves of the calorimetric cells can be used in the case of two different in-pile methods ap-
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plied to quantify the nuclear heating inside the graphite sample [1.15][2.47]. These two measurement 

methods take into account two temperature differences performed from each cell moved at the same 

vertical coordinate in order to avoid the influence of axial gradients of photon and neutron fluxes inside 

the experimental channels. In the case of the first method, no heater is activated during the in-pile ex-

periments, and consequently the nuclear heating is evaluated by coupling the calibration curve interpo-

lations and the two temperature difference measurements (Trod-Tbase)sample and (Trod-Tbase) reference with 

this equation in the case of second order polynomial calibration curves: 
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with mhead the mass of the head structure (g), msample the mass of the graphite (g), a1 and a2 the 

polynomial coefficients of the sample cell calibration curve (in °C/W-1 and °C/W-² respectively), and b1 

and b2 the polynomial coefficients of the reference cell calibration curve (in °C.W-1 and °C/W-² respec-

tively). 

In the case of the second method, the heater inside the reference cell is used to generate an 

additional heat source inside its head up to obtain a targeted temperature difference (the same tem-

perature difference than the one reached by the sample cell if the two calibration curves are similar). 

This method is called zero method. 

Discussion on advantages associated to each calorimeter 

The first advantage of the single-cell calorimeter is its size. The vertical dimension of the single-

cell calorimeter is about three times less long than the differential calorimeter (71.6 mm against 222 

mm in case of KAROLINA and CALMOS type calorimeters). This can be a criteria if simultaneous in-pile 

measurements are needed inside an irradiation channel (narrow space of few centimetres in diameter 

and 60 cm in length in the case of the Jules Horowitz Reactor channels for instance) with various sen-

sors of the same kind to realize selective measurements or to ensure redundancy, and of different 

kinds to obtain several key parameters in a same time. Moreover a bigger sensor owns some draw-

backs as its body interacts more with nuclear radiations, inducing higher temperature inside the sensor.  

The second advantage of the single-cell calorimeter is the number of wires which is limited to 

two thermocouple wires (against eight wires in the case of the differential calorimeter or more if each 
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resistive element is connected with four wires). For instance, the wire limitation can be important in 

order to avoid thermal transfer disturbance (heat losses). 

The third advantage of the single-cell calorimeter is the location of its cold point: thermocouple 

welded on the external surface of the housing. This positioning allows the determination of the tem-

perature of the fluid flow which can be used to impose accurate boundary conditions in the thermal 

numerical simulations. 

The first advantage of the differential calorimeter is the differential measurement principle pos-

sible thanks to the reference cell measurement. Consequently, the influence of the interfering nuclear 

heating on the cell body can be taken into account to increase the accuracy of the quantification of the 

nuclear energy deposition rate reduced to the sample. Note: however this advantage leads to draw-

back because the experiment is a more time consuming than the single-cell calorimeter, as the nuclear 

heating has to be calculated with two temperature differences acquired thanks to the displacement of 

the sensor to avoid the influence of the axial gradient of the nuclear fluxes.  

The second advantage of this calorimeter corresponds to its heaters located inside the calori-

metric cell head. Consequently it is possible to simulate the nuclear energy deposition rate in out-of-

pile conditions by Joule effect to define the sensor calibration curves and to apply under irradiation 

conditions two measurement methods (calibration and zero methods). Moreover, these heaters can be 

used during the irradiation campaign to check the sensor response or to use a third measurement 

method called addition current method which does not require a preliminary out-of-pile calibration 

(injection of an electrical power inside the sample-cell head). In conclusion, whereas the single-cell cal-

orimeter offers only one in-pile measurement method, the differential calorimeter allows three meth-

ods. 

Its third advantage is the design of its calorimetric cell which can ensure conductive transfers in-

side metallic materials through the vertical rod, the base (the massive part in direct contact with the 

metallic jacket) and towards the jacket and the coolant fluid flow. This thermal behaviour allows the 

quantification of higher nuclear heating levels than the one possible with a thin gas layer surrounding a 

sample.  

The last advantage is the size of the sample which is smaller than the one integrated inside the 

single-cell calorimeter. This aspect leads to more local integral measurements and more accurate as 

less influenced by the axial gradients of nuclear fluxes. 
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Main aim of the thesis is to calculate and compare to measure the nuclear heating in the reac-

tor. For these purposes measurements during experimental campaign in MARIA reactor involving 

gamma thermometer and nuclear heating calorimeter KAROLINA where used. Both are described in 

detail in the subsection III.1.1 (INSTRUMENTATION USED IN THE EXPERIMENT) and III.1.2 (GAMMA 

THERMOMETER) [2.6][2.7], [2.31][2.32][2.35].  

 

II.3 CALCULATION TOOLS USED IN MARIA CORE SIMULATION 

Currently for neutronic-physics parameters calculations of MARIA core are carried out by trans-

portation code WIMS-ANL and diffusion code REBUS. First one is used to receive microscopic cross sec-

tions libraries which are used at the next step of calculations. The diffusion model of MARIA reactor 

core is three dimensional and has rectangular lattice – without conical shape consideration. Fuel ele-

ments are divided into the five levels. REBUS calculation model of MARIA core is presented in Figure 

2.13. 

The WIMS/REBUS calculation scheme is used on the regular basis for MARIA operational needs 

and for Polish Nuclear Authority requirements. MARIA safety analysis scheme based on WIMS/REBUS 

neutronic calculations of MARIA core is presented in Figure 2.14. Neutronic calculations results are 

widely used for variety safety analysis. Performed calculations allow defining: 

 Spectra and neutron fluxes 

 Distribution of power density in the core 

 Excess reactivity 

 Kinetics parameters of the core 

 Temperature reactivity coefficients 

 Shutdown margins 

For detail calculations of fuel elements there is a simulation model of nine FA’s in the MCNP cal-

culation code. This is used i.e. for material composition calculations of fuel elements and safety analysis 

of fuel elements. There is also another simplified model of MARIA core realized in MCNP with respect 

of conical shape of the core but without including fuel elements geometry. There was a need to create 

model of MARIA core with all geometry details consideration and this was finally realized with this the-

sis works. 
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Calculation results presented in this thesis were obtained by using two French calculation codes 

TRIPOLI-4© [2.28] and APOLLO2 [2.50]. Each of the code has wide spectrum of possible applications. 

For nuclear heating calculations, which were the main aim of this thesis, there was a need of imple-

menting new calculation scheme – which integrate chosen abilities of these codes. This subsection pre-

sents shortly these two codes and the way of using them in the thesis. 

 

 

Figure 2.13. MARIA core model in 3d for diffusion calculations in REBUS. 

 

Figure 2.14. MARIA safety analyzis scheme based on WIMS/REBUS neutronic calculations of MARIA 
core. 

Graphite

reflector

Beryllium

block

Water

Graphite plug

Beryllium plug

Fuel channel

Isotope channel

CR rod

IV V VI VII VIII IX X

D

E

F

G

H

I

J

K

L

M

4 5 6 7 8 9

e

f

g

h

i

j

k

l



II. STATE OF THE ART 
Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  35 | P a g e  

 

TRIPOLI-4 ©code (a registered trademark of CEA) is a three-dimensional, continuous energy 

computer transport code based on the Monte-Carlo method calculating neutron, photons, electrons 

and positrons interactions [2.24]. Code development began in the late sixties and from that moment it 

is systematically upgraded from version TRIPOLI-1 up to the TRIPOLI-4© and its development is still 

continued. It solves the linear Boltzmann equation for neutrons and photons, with the Monte-Carlo 

method in 3D geometry [2.29]. The code uses ENDF format of continuous energy cross-sections, from 

various recent international evaluations including JEF2.2, JEFF-3.1.1, ENDF/B-VII.0, JENDL4 and 

FENDL2.1. Its official nuclear data library for applications, named CEAV5.1.2, is mainly based on the 

European evaluation JEFF-3.1.1. Thanks to its robust and efficient parallelism capability, calculations 

are easily performed on multi-core single units, heterogeneous networks of workstations and massively 

parallel machines. Additional productivity tools, graphical as well as algorithmic, allow the user to effi-

ciently set its input decks. With its large V&V data base, TRIPOLI-4© is used as a reference code for 

industrial purposes (fission/fusion), as well as a R&D and teaching tool, for radiation protection and 

shielding, core physics (without depletion in the package available at NCBJ), nuclear criticality-safety 

and nuclear instrumentation [2.29]. The system can be either critical or sub-critical, with or without 

fixed sources, under steady-state conditions [2.24]. 

Numerical results presented in this thesis were from TRIPOLI-4© calculations with fuel elements 

material balance taken from APOLLO2 calculations. Both codes are described further. Also REBUS [4.10] 

calculation code was used for beryllium blocks poisoning influence evaluation. Calculations were divid-

ed into three stages: verification, validation and qualification.  

First stage, called model verification, focuses on verification correctness of each main parame-

ter of the numerical model. Proving consistency between model and possessed knowledge of core is 

the main aim which accompanies the process of model development. This includes geometry and ma-

terial balance verification and comparison to the other numerical models of MARIA developed in 

GADGET - a CEA internal Python Software, developed and validated for quick and easy TRIPOLI-4© in-

put printout of Jules Horowitz Reactor model [4.9] and also REBUS [4.10].  

Validation of the calculation model over the domain of its intended applicability consists of vari-

ety tests and comparisons which confirms accuracy of calculations to the measurements. Tests and 

evaluations are conducted until sufficient confidence is obtained and model may be considered valid 

for its application [2.26]. Determining sufficient accuracy of the calculation model does not guarantee 

that it is corrects for all possible usage in its domain. Time needed for validation process plays signifi-
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cant role in numerical simulations of such complicated facilities as nuclear reactors. Verification and 

validation processes are part of the model development process.  

Last stage – qualification – shows efficiency of the model compared to experimental measure-

ments [2.25]. This includes comparison on neutronic parameters such as power maps and control rods 

worth measurements. Finally nuclear heating calculations were compared to the experimental meas-

urements. There have been made qualification of nuclear heating both in graphite and stainless steel. 

Qualification of this model comprised of these two material C/E comparison. Detailed description of 

each stage was presented in chapters IV and V. 

All three stages calculations were performed with one particle (neutron), while nuclear heating 

simulation in the third stage was done in the two particles mode (coupled neutron-photons). Verifica-

tion and validation of the model focuses on the neutronic calculations. Lack of photons transportation 

gives no differences in the calculation of fuel elements power distribution, reactivity, control rods 

weight etc. The nuclear heating is strongly dependent on gamma energy deposition and therefore, the 

qualification of the model for heating purpose only was performed with photon transportation.  

Determination of energy deposition is realised in TRIPOLI-4© by use of the score 

DEPOSITED_ENERGY. To define methodology some basic definitions and properties are to be recalled 

here [2.7][2.8]. Heat is produced proportionally to the deposited dose of energy during all of the possi-

ble nuclear interactions. In the TRIPOLI-4© calculations, function DEPOSITED_ENERGY approximate this 

deposited energy by the KERMA, where energy of particles which are not transported (β+, β-) are rank 

among local energy deposition. This function calculates heating values equal to the neutron KERMA 

within the volume of interest, and photon KERMA in units MeV/s. There is no significant discrepancy 

between KERMA and dose except for liquid material and material with small thicknesses [1.8] so this 

approach is assumed correct here. This may be express with KERMA factors 𝑘𝑖,𝑗(𝐸) [2.7]. Electrons and 

positrons maximum range corresponds only to some millimetres while positions of measurements 

where more than several centimetres from fission region [2.49]. It is assumed enough good approxima-

tion, for objectives of this thesis, to account its energy deposition to the place of origin. This is what 

TRIPOLI-4© do when particles are not transported. 

This is Kinetic Energy Release in MAtter where E is the incident particle energy. Mixture of dif-

ferent materials in given volumes has heating rate equal to formula: 

 𝐻(𝐸) =∑∑𝜌𝑖𝑘𝑖,𝑗(𝐸)𝜑(𝐸)

𝑗𝑖

   (2.2)
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where 𝜌𝑖  stands for density of material 𝑖, 𝑘𝑖,𝑗(𝐸) is the KERMA factor for element 𝑖 and reaction 

𝑗 at energy 𝐸 and 𝜑(𝐸) is the neutron flux. The KERMA factor has units of [MeV * b] and play the role 

of a microscopic reaction cross section. It expresses the total kinetic energy release �̅�𝑖,𝑗(E) induced in 

the element 𝑖, by the reaction 𝑗 times the microscopic cross section at a given incident energy 𝐸 [2.7]:  

 𝑘𝑖,𝑗(𝐸) =∑�̅�𝑖,𝑗
𝑐 (E)

𝑐

𝜎𝑖,𝑗(𝐸) 
  (2.3)

where the sum is performed from all nuclear reactions 𝑗 over all charged products.  

Energy balance method is used to calculate KERMA factors. The total kinetic energy of all result-

ing from reactions particles is the sum of incident particle energy 𝐸 and the binding energy 𝑄𝑖,𝑗
𝑒𝑓𝑓

 re-

leased during reaction. This includes kinetic energies which result from the reaction of gammas �̅�𝑖,𝑗
𝛾 (E) 

and neutrons �̅�𝑖,𝑗
𝑛 (E) [2.7][2.8]. 

 𝐸 + 𝑄𝑖,𝑗
𝑒𝑓𝑓

=∑�̅�𝑖,𝑗
𝑐 (E)

𝑐

+ �̅�𝑖,𝑗
𝛾 (E) + �̅�𝑖,𝑗

𝑛 (E)   (2.4)

this may be transformed into the total energy of charged particles which is used to determine KERMA 

factor expressed in formula (2.2): 

 ∑�̅�𝑖,𝑗
𝑐 (E)

𝑐

= 𝐸 + 𝑄𝑖,𝑗
𝑒𝑓𝑓
− �̅�𝑖,𝑗

𝛾 (E) − �̅�𝑖,𝑗
𝑛 (E)   (2.5)

For simple reactions such as neutron interaction, the value 𝑄𝑖,𝑗
𝑒𝑓𝑓

 is taken directly from nuclear 

data libraries. Total energy 𝑄𝑖,𝑗
𝑡𝑜𝑡𝑎𝑙 for more complex reactions have some quantities subtracted as they 

are not considered by the TRIPOLI-4© code: 

 𝑄𝑖,𝑗
𝑒𝑓𝑓

= 𝑄𝑖,𝑗
𝑡𝑜𝑡𝑎𝑙 − �̅�𝑖,𝑗

𝜈 (E) + �̅�𝑖,𝑗
𝛾𝐷(E) + �̅�𝑖,𝑗

𝛽𝐷(E)   (2.6)

Where �̅�𝑖,𝑗
𝜈 (E) is the average kinetic energy of neutrinos, �̅�𝑖,𝑗

𝛾𝐷(E) - delayed gammas, and 

�̅�𝑖,𝑗
𝛽𝐷(E) - delayed beta particles.  

TRIPOLI-4© calculations were performed under continuous-energy option with the coupled (n 

and γ) calculations. TRIPOLI-4© code has been already used for many nuclear reactors e.g. OSIRIS, 

CABRI, ORPHEE, EOLE and it is currently used to evaluate the future JHR nuclear parameters as a refer-

ence route.. Its gamma heating calculations allowed for separation of contributions due to prompt fis-

sion γ-rays, secondary γ-rays (capture γ-rays and inelastic γ-rays) and prompt fission neutrons [2.1].  

Calculations made in TRIPOLI-4© were performed with parameters listed below: 

 Version of TRIPOLI used in calculations: TRIPOLI-4©.8.1 
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 Libraries used were CEAV 5.1.1 based on JEFF3.1.1 European evaluation for basic nuclear 

data 

 Neutrons were transported using continuous energy between 1E-11 and 20MeV. 

 Photons were transported using continuous energy between 1E-3 and 20 MeV. 

 Electrons and positrons were not tracked 

 All calculations were performed with criticality mode 

 Depleted material compositions of fuel elements were implemented from APOLLO2 cal-

culations [2.54] using an energy cutting of 172 groups for flux calculation. 

 Delayed nuclear heating contribution was considered as a ratio of the total nuclear heat-

ing. 

APOLLO2 code is selected by CEA as the deterministic code for neutronic calculations of water 

reactors. This is spectral transport code, developed by CEA with financial support from AREVA 

and EDF [2.30]. Use of this code is wide and includes cross section generation and transport calcula-

tions. APOLLO2 is used i.e. for criticality safety studies, fuel cycle analysis and material depletion. It is 

the main tool used for design and analysis of CEA reactors and experimental facilities [2.30] in the 

thermal spectrum range. New material testing reactor JHR under construction in CEA Cadarache centre 

in France has been designed and using APOLLO2 calculation code [2.31][2.48] among other codes. 

The APOLLO2 code which is modular and uses interface language GIBIANE to build the architec-

ture of the neutronic schemes (organigram of different modules of the code), uses internal libraries 

(APOLIB) containing microscopic cross sections, depletion chains, fission yields, etc. isotopes and com-

plementary data isotopes. This calculation code provides necessary tools to design a variety of typical 

reactor core like PWR, BWR, WWER, RBMK or HTR [2.55]. Obtained results are collected as external 

libraries. These libraries may be used for core calculations using other calculation codes like CRONOS2 

– modular computational system for neutronic core calculations (CRONOS2 solves either the diffusion 

equation or the even parity transport equation with isotropic scattering and sources). 
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Figure 2.15. Generic flow charts for compound operators corresponding to depletion calculation in 
APOLLO2 [2.30]. 

 

 

Figure 2.16. Schematic description of CP computations in APOLLO2 [2.57]. 
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In this PhD thesis mainly depletion calculation was performed for MARIA fuel elements MC-

5/480. This allows for the use of appropriate material balance for each fuel element burn-up in 

TRIPOLI-4© calculations. Generic flow charts for compound operators corresponding to depletion cal-

culation in APOLLO2 is presented in Figure 2.15 and schematic description of CP computations for MC-

5/480 FA is presented in Figure 2.16 [2.57]. MARIA geometrical models of fuel elements type MC-5/480 

were developed in GUI SILENE tool for APOLLO2 computation [2.55]. The graphical interface allows 

creating very complex geometries. The geometry of Cerca FA surrounded by quarters of beryllium 

blocks, the basic computational cell, is presented in Figure 2.17 [2.54]. 

 

Figure 2.17. Radial section of the fuel element in water channel surrounded by quarters of beryllium 
blocks [2.54]. 

To include self-shielding effect, one-dimensional cylindrical simplified geometry is considered 

with the thickness conservation of the fuel element, cladding, water gap and beryllium block [2.54]. 

The stiffeners between FE plates were ignored. Self-shielding calculations is done considering Uranium, 

Plutonium, and Americium isotopes with standardized resonance options for PWR reactors and with 

Doppler broadening resonances effect included. Then the flux was calculated for simplified geometry in 

172 energy groups and collapsed to 7 energy groups meshing for the 2D flux calculation. The upper 

boundaries of energy group mesh (given in MeV) were:  

1.0E+7,  8.21E+5,  5.53E+3,  4.0E+0,  6.25E-1,  2.5E-1,  5.8E-2   [2.54]. 

This energy cutting is the one of the actual neutronic scheme for MARIA calculations. Furthermore, this 

simplification has a negligible impact on fuel depletion calculation realized with just only one group. 

First calculations were made to verify consistence of both elements geometry (1D & 2D) [2.54]. 

Burn-up calculations were made using build-in APOLLO2 procedure [2.30]. First approach assumed con-
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stant work of the reactor during all 20 cycles – without 68 hours of outage between each of them. 

However shutdown periods are very important due to poisoning effect and to have information about 

reactivity changes. Therefore in the latter case burn-up calculations were made in 60 cycles, where 

each one included 100 hours of work and 68 hours of outage with use a dedicated calculation for de-

pletion of the material balance under null power (evolution of the poisoning xenon and samarium) 

added after every cycle. In the final step, results of calculation such as material balance, infinite multi-

plication factor, power, flux etc. were saved in separate files to be compared to a reference modelling 

done with an MCNP calculation coupled with depletion code. The material compositions in these two 

calculation methods were analysed for Uranium (235U, 238U) and main poisons (151Sm, 149Sm, 135Xe and 

136Xe). Concentration changes in MC-5 fuel during depletion calculations in both codes (APOLLO2 and 

MCNP) were consistent for all considered isotopes. Only 235U concentration in MCNP depletion calcula-

tion results were disputed according to known concentration changes during fuel element burn-up. The 

differences between values of infinite multiplication factor reach maximally 228 pcm.  

Some of the differences may be explained by libraries differences. With MCNP the work was done with 

ENDFB6 library and APOLLO2 with JEFF3.1.1. Nevertheless both models showed high consistency [2.54] 

and results were accepted to be used in further MARIA modelling in TRIPOLI4. 

 

II.4 MARIA DESCRIPTION AND MEASUREMENTS CAPABILITIES 

Reactor MARIA is located in the National Centre for Nuclear Research, Świerk-Otwock (Poland). 

The reactor building is shown on Figure 2.18. First critical experiment of MARIA has been done in 1974 

and during past forty years the reactor has been significantly modernized. Actually every year brings 

some upgrading’s of MARIA operational infrastructure. Recent years improvements are, among others, 

core conversion from Medium Enriched Uranium (MEU) into Low Enriched Uranium (LEU) fuel ele-

ments, primary cooling system enhancement – new main pumps and new emergency cooling system 

with stand-by pumps, emergency power supply voltage converters replacement and implementation of 

the new irradiation facilities. In consequence MARIA reactor is one of the most modern European re-

search reactors with the relatively long perspective of the operation. 

MARIA is a research reactor where fluxes densities may reach up to 4·1014cm-2s-1 (thermal neu-

trons) and maximal thermal power can be 30MW. Core height is around 1.5m (1m of fuel part) and it is 

placed in the water pool 10.5m deep. Fuel elements are separated from the pool by pressurized chan-
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nels with individual coolant temperature and flow measure. This unusual construction allow to meas-

ure power distribution between all fuel elements by measuring coolant temperature before and after 

Fuel Assemblies (FA’s). Thanks to this power control system, it allows for the individual determination 

of each fuel element power and burn-up during operation. 

MARIA core consists of cut cone shape blocks with the square basis, which are wider on the top 

and narrower on the bottom Figure 2.19. Beryllium blocks have cylindrically cut corners for fuel place-

ment in between. 

 

 

Figure 2.18. Reactor MARIA building in December 2015 

Moderator consists of the BB and water layers between them and inside fuel assemblies. Reflec-

tor is constructed with graphite blocks surrounded by open water pool. Irradiation channels are located 

in the centre of the core inside BB. Additionally, one large-diameter channel named “silicon channel” 

(typically used for silicon transmutation) is placed instead of four graphite blocks. There are used six 

horizontal channels with the beam tubes starting from middle position of the reflector. 

Table 2.1. Characteristic levels and distances between fuel elements. Middle of the core bolded and 

underlined. 

 Description Z [cm] Lattice step 

x [cm] 

Beryllium 

thickness between 

FA’s axis 

[cm] 

1 Top surface of the core 55.0 14.1 7.1 

2 Top part of uranium 50.0 14.0 7.0 

3 Middle point of fuel cell 0.0 13.0 6.0 

4 Lowest point of Uranium part -50.0 12.0 5.0 

5 Bottom surface of the core -55.0 11.9 4.9 

6 Separator plate -85.0 11.3 4.3 
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Fuel channels containing fuel elements with its own cooling circuit pipes keep constant diame-

ter through the whole core height. Middle high of the fuel elements is assigned to Z= 0.0 cm. Length of 

uranium-loaded part in MARIA fuel elements is 100.0 cm and the whole plate/cylinder length is 

110.0 cm.  

Because of the conical shape of the core, distances between axis of fuel elements change with 

the core level and are equal to =12.0 cm at level Z=-50.0 cm, increasing to x=14.0 cm at level 

Z=+50.0 cm. This means that thickness of beryllium blocks between the fuel elements change from 

5.0 cm up to 7.0 cm. All elements of the reactor core are supported on the separator plate at the level 

Z= -80.0 cm (Figure 2.21). Dependence of x on the level Z is presented in 0. 

 

Figure 2.19. Schematic cross section of MARIA core with cut cone shape 
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Figure 2.20. The MARIA reactor core configuration as for 27/09/2014. Red marks indicate irradiation 
channels (H-IV, H-V/A, H-V/B, H-VI) used for the experiments performed in the frames of the thesis. 
Control rods placements marked with circle filled with black and white quadrants numerated from 1 to 
6 and PAR in J-VIII position. Numbers correspond to the control (black and white circle marks) and 
safety (blue circle marks) rods. White, gray and blue colours are beryllium, graphite and water filled 
elements respectively. 
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Figure 2.21. Vertical cross section of reactor MARIA core and pool [2.9]. 

 

Figure 2.22. View on the core from the top [2.9]. 

Graphite and beryllium blocks are truncated pyramids with quadratic base. BB’s have additional-

ly cylindrically cut corners for fuel elements channels placement. There is 8.0 cm diameter cylinder 
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space in each corner of beryllium block. This space is filled by FA’s or by the special beryllium or graph-

ite filler. All blocks have aluminium straps on the top and bottom to enable handling them in the core. 

In accordance with the global trends, the MARIA reactor has been recently converted from MEU 

(36% of U235 enrichment) into the LEU (19.75% of U235 enrichment). This is second conversion from the 

beginning of MARIA and has been performed in the frames of NNSA Global Threat Reduction Initiative. 

First conversion has been performed from HEU to MEU (80% of U235 enrichment) in 1999÷2003. Up to 

the last conversion MARIA reactor has been operated only on Russian MR type fuel elements (MR-

6/430). The new LEU fuel elements for MARIA core have been designed both by AREVA (CERCA) from 

France and TVEL Fuel Company from Russian Federation (the previous supplier). The French elements 

construction and fuel composition differ from the Russian ones. In new fuel elements there were five 

concentric pipes instead of 6 and U3Si2 instead of UO2. After positive licensing of French fuel elements 

[2.20], MC-5/485, all MEU fuel elements in MARIA core have been successfully replaced with it. This 

conversion finalized in September 2014 – just few weeks before experimental campaign described in 

this thesis. For results analysis, one type of fuel element in the core brings positive unification of the 

core and reduction of variables with possible discrepancies. 

Fuel elements currently used in MARIA reactor are produced by the same manufacturer – 

AREVA (CERCA), France – as the one planned for the Jules Horowitz Reactor. Construction of both ele-

ments (MARIA and JHR) has several similarities e.g. technology of bent fuel plates, cylindrical geometry 

and fuel composition (but enrichment). There are also some differences in the quantity and dimensions 

of the fuel plates. Geometry specification of the fuel element type MC-5/485 is shown in Table 2.2 and 

Table 2.3. 

Table 2.2. Construction parameters of fuel MC-5/485[2.20] 

N. Whole plate Inner 

radius 

Fuel part of plate 

 Wide H Amin Bmin Cmin Wide V[cm3] MU235 MU 

2 30.84 1100 40 40 2 15.0 23.84 19.07 18.03 91.29 

3 40.30 1100 40 40 2 19.5 33.30 26.64 25.19 127.54 

4 52.55 1190 70 100 3.4 24.0 42.75 34.20 32.34 163.75 

5 59.20 1100 40 40 2 28.5 52.20 41.76 39.49 199.95 

6 68.63 1100 40 40 2 33.0 61.63 49.30 46.62 236.05 

Technical drawing of MC-5/485 fuel type (cross section) is presented in Figure 2.23 with the 

numeration of plates corresponding to pipe numbering used in Russian origin fuel elements. In such a 

way the first plate in MC-5/485 is located in same place as the second tube in MR-6/430. Place of the 
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first tube of Russian fuel element is substituted with the fuel tube filler in French elements. In this the-

sis fuel plates are numbered from 2 to 6 like it is in technical documentation of MARIA [2.9].  

Table 2.3. Dimensions of MC-5/485 fuel element 

Water gap 0.25 cm 

Inner clad thickness 0.06 cm 

Fuel meat thickness 0.08 cm 

Outer clad thickness 0.06 cm 

Central filler channel thickness 0.10 cm 

Fuel channel thickness 0.20 cm 

Central filler channel inner radius 1.10 cm 

First fuel plate inner radius 1.50 cm 

Fifth fuel plate outer radius 3.50 cm 

Fuel channel outer radius 3.95 cm 

Beryllium block hole for fuel channel radius 4.10cm 

Fuel element coolant is separated from the reactor pool by fuel channels (external cylinder 

in Figure 2.23). This allows to measure water velocity and temperature in each assembly. Between fuel 

channel pipe and fourth plate water flows down and between fourth plate and fuel tube filler in the 

centre, water flows up as it is presented in Figure 2.24. Coolant inside FA which flows down has differ-

ent average temperature than water which flows up. The difference can reach up to ΔT=500C between 

inlet and outlet water temperature. For this reason, inside fuel element it is necessary to consider two 

different densities of the water depending on the flow direction. Additionally, reactor pool water has 

around 100C lower temperature. MARIA model in TRIPOLI-4© consider also this different water tem-

perature due to another density. 

Reactor MARIA calculation scheme using REBUS and WIMS-ANL calculations has been illustrated 

in Figure 2.25 complexity of this calculation method is well illustrated on this figure, it is based on some 

simplifications, inter alia: 

 energy dependence of neutron flux is reduced from 69 groups to 7 energy groups, 

 group fluxes and integral quantities of a reactor are obtained from numerical solution of dif-

fusion equations in three dimensions and are solved in simplified homogeneous geometry 

 the geometry of fuel element, and other regions with complicated structure is simplified by 

appropriate homogenization, i.e. calculation of effective cross sections of equivalent homo-

geneous medium, and applied in 7 energy groups flux diffusion calculations 
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 calculation of CERCA fuel element by WIMS-ANL needs additional approximations as its 1-D 

cylindrical spatial model is inadequate for stiffeners [2.59]. 

All parameters for MARIA core calculations has been workout during the years and qualified 

against MARIA core instrumentation measurements.  

 

 

Figure 2.23. The MC-5/485 fuel type geometry technical drawing with numeration of plates 
corresponding to tubes numeration in MR-6/430 fuel type geometry.  

 

Figure 2.24. Water flow distribution schematic drawing inside the fuel channel of MARIA 
reactor [2.19]. 
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Figure 2.25. Flowchart of WIMS-ANL/REBUS calculations [2.59]. 

 

 



II. STATE OF THE ART 
Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  50 | P a g e  

 

Beyond complexity of this calculation scheme, one of the major difficulties of MARIA core calcu-

lations are determination of the beryllium blocks poisoning. Complete history of each beryllium block 

(irradiations time, neutron fluxes and breaks between cycles) needs to be taken into account to calcu-

late actual beryllium poisoning properly. Those blocks which reach certain poisoning level are replaced 

by the fresh ones or exchanged with blocks from the position with lower neutron flux density. Influence 

of this reloading is significant and has to be considered in the MARIA core calculations. The process of 

beryllium poisoning was shown below. For this chapter only fresh beryllium has been used for calcula-

tion. 

The process of beryllium poisoning by Li-6 and He-3 [2.60] : 

𝐵𝑒(𝑛, 𝛼) → 𝐻𝑒69     

𝐻𝑒
𝛽−

→ 𝐿𝑖,66   𝑇1
2⁄
= 0.8𝑠  

𝐿𝑖(𝑛, 𝛼) → 𝐻36     

𝐻
𝛽−

→ 𝐻𝑒33 ,  𝑇1
2⁄
= 12.33𝑦 

𝐻𝑒(𝑛, 𝑝) → 𝐻33     

Rebus and WIMS/ANL calculations are regularly compare to the experimental data and are used 

for MARIA operation and safety analysis. 

 

II.5 RESEARCH HYPOTHESIS 

Since computational methods were significantly modified, there is an absolute need to verify 

their efficiency by cross checking with the experimental measurements. This needs experimental 

measurements with the highest possible precision. To validate calculations as precisely as possible, 

experimental methods has to be improved further. So in general there is a need of more precise simu-

lations compared with more accurate measurements. Unfortunately qualifications of calculations may 

be performed only in limited localisations where experimental measurements are possible. In contrary 

simulations are not limited to the locations and they may determine conditions of non-measurable lo-

calisations in the reactor core. The aim of nuclear heating model development was to determine meas-

ure of its credibility and reliability of calculation results. The thesis faces this topic to prove quality of 

today buckear heating simulations abilities using proposed calculation scheme.  
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The main scientific hypothesis of this work is that currently available Monte-Carlo simulations of 

neutron and gamma transport can be used to correct and accurate calculations of prompt nuclear heat-

ing in nuclear reactor, whereas delayed component of nuclear heating can be determined experimental-

ly. For this purpose new calculation scheme and improvements in nuclear heating measurements are to 

be implemented.  
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III. INSTRUMENTATION AND MEASUREMENT METHOD DESCRIPTION 

A precise nuclear heating measurement with heating source determination requires the use of 

multiple instrumentations and it is definitely a complex topic. There are different ways of neutron or 

photon contribution determination. One of the important aspects is that each of these components 

appears in a wide energy spectrum. There are no precise methods of the energy spectra determination 

in high neutron and photon fluxes. In order to obtain the most accurate measurements, dedicated in-

strumentations for neutron, photon and nuclear heating determination were used. Each sensor used 

has different properties and characteristics. In this chapter, each of the detectors is first described as 

well as the integrated instrumentation probe holding all of the above instrumentation. Next parts de-

scribe KAROLINA calorimeter calibration method, experimental measurements program and delayed 

nuclear heating measurements with KAROLINA calorimeter and gamma thermometer. 

 

III.1 INSTRUMENTATION USED IN THE EXPERIMENT 

Nuclear heating in the nuclear reactors is the result of neutron and gamma interactions includ-

ing fission reaction. Measurement of gamma heating only is not possible as there is always additional 

neutron contribution in the measuring device readouts. In order to separate heating induced by pho-

tons from the heating induced by neutrons, the experimental instrumentation needs to be constructed 

with the use of several devices. For the experimental campaign, special probe has been designed and 

manufactured. It consists of ionization chamber, silver and rhodium SPNDs, gamma thermometer and 

nuclear heating KAROLINA calorimeter. The dimensions and providers of above sensors are presented 

in Table 3.1. 

Table 3.1. Instrumentation with dimensions description used during experimental campaign.  

INSTRUMENTATION Supplier 
Sensor Diameter 

[mm] 

Sensor Height 

[mm] 

KAROLINA calorimeter (graphite) NCBJ 9.2 72 

Gamma Thermometer LDCI CEA 4.5 57 

Ionization Chamber LDCI CEA 3 58 

Rhodium SPND LDCI CEA 1.4 10 

Silver SPND LDCI CEA 1.4 116 

Activation detectors wires AlCo NCBJ 0.5 1500 
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Activation detectors wires Ni NCBJ 1.0 1500 

Activation detectors foils  

(Al-Co, Al-Au, Ni, Ti, Nb, Y, Fe) 
NCBJ 10 0.1 

 

Every sensor has its specific signal readings. GT has one differential thermocouple. Calorimeter 

KAROLINA has two thermocouples with another two in the ice bath - used as cold junction. Both GT 

and KC yield voltage signal, whereas SPND delivers current signal. For voltage data acquisition the NI 

PXIe-4353 module was used. For SPND data acquisition the NI PXI-7842R or 4 channels NI 9219 were in 

used. Ionisation chamber was used by current readings with Keithley 6485 pico-ampere-meter. All 

these sensors and their data acquisition systems were used for the first time in MARIA reactor, for the 

needs of the experimental measurement campaign. The detailed properties of every sensor are de-

scribed in the following subsections. 
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III.1.1 KAROLINA CALORIMETER - DESIGN AND CHARACTERISTICS 

The KAROLINA calorimeter consists of a sample rod enclosed inside a housing cooled by an ex-

ternal water flow. The temperature profile within the calorimeter provides information on the heat 

generation rate in the sample material. 

    

 Schematic representation of KAROLINA calorimeter design. Figure 3.1.

 

 KAROLINA calorimeter technical drawing with dimensions in millimeters. Figure 3.2.

The schematic representation of the KAROLINA calorimeter construction is shown in Figure 3.1 

and Figure 3.2. On the contrary to other calorimeters used during the nuclear heating measurements in 

the reactors, the KAROLINA has only one cell containing one sample. It can thus be labelled as a single 

cell differential calorimeter. 

Basically it is made of a central, cylindrical sample rod made of graphite with 0.6 cm diameter, 

attached on top and bottom by highly porous material with very low thermal conductivity. Graphite 

core is surrounded by a 0.1 cm helium gas in normal pressure and mounted in 0.05 cm thickness cylin-
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drical stainless steel housing. The calorimeter has two thermocouples in the half height of the calorim-

eter, first in the centre of the sample rod and second welded to the external surface of the housing. 

The heat is generated mostly in the rod and is transmitted by conduction through the gas in the gap, to 

the housing cooled by external water flow. Considering constant thermal conductivity the resulting 

temperature profile within the calorimeter in the steady thermal state is presented in Figure 3.3. The 

maximum temperature occurs in the centre of the sample core (T0) and doesn’t differ much from tem-

perature on its surface (TS). In fact, the relatively large thermal conductivity of the sample material 

(graphite) in connection with the gas insulating layer, restricting heat from escaping from the rod and 

forces a very uniform temperature distribution within the sample. This allows spatial temperature vari-

ations within the sample to be neglected and application of the so-called lumped-capacitance model 

when solving transient problems. The validity of this idealization is crucial for proposed calibration 

method. 

Then the temperature rapidly decreases across the gas gap before reaching the inner housing 

wall temperature (Ti). Due to high thermal conductivity and small thickness of the housing, the temper-

ature difference across the housing is small. Relatively low heat flux from calorimeter to cooling water 

causes the outer wall temperature (Tw) negligibly higher than the cooling water temperature (Tf) for 

wide range of coolant flow rates. Thus the temperature within the calorimeter becomes unsusceptible 

to the coolant flow rate (above certain minimal value) and justifies the assumption of the quasi iso-

thermal boundary conditions. The effect has been confirmed experimentally and is valid for the coolant 

velocities above 0.5 m/s. This is important feature because the coolant velocities in different MARIA 

reactor channels are always higher than 0.5 m/s. 
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  Diagram of temperature profile inside the single cell differential calorimeter under Figure 3.3.
irradiation conditions (1D model). T0 – temperature in the centre of the sample core, TS – temperature 
on core surface, Ti – inner housing wall temperature, Tw – outer wall temperature, Tf – cooling water 

temperature,   – represent heat conductivity of each material, rS – sample radius,  – thickness of the 
gas layer and housing. 

The temperatures T0 and Tf are measured by means of ungrounded K-type thermocouples (hot 

junctions) with diameter of 1 mm. The cold junctions were placed in the ice bath. Temperature read-

ings from thermocouples were simply the voltage and signal was converted from mV to 0C using the 

following formula: 

𝑇 = 2.508355 ∙ 101 ∙ 𝑈 + 7.860106 ∙ 10−2 ∙ 𝑈2 − 2.503131 ∙ 10−1 ∙ 𝑈3  + 8.31527 ∙ 10−2 ∙ 𝑈4

− 1.228034 ∙ 10−2 ∙ 𝑈5 + 9.804036 ∙ 10−4 ∙ 𝑈6 − 4.41303 ∙ 10−5 ∙ 𝑈7 

+1.057734 ∙ 10−6 ∙ 𝑈8 − 1.052755 ∙ 10−8 ∙ 𝑈9 

For the temperature range 0 ÷ 500 °C the above formula determine the temperatures with ac-

curacy within the range -0.05 ÷ +0.04 °C. The accuracy of thermocouples is according to manufacturer 

data around 0.4% of measured temperature. This temperature measuring procedure was implemented 
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during all calibrations and in-core measurements with KAKROLINA calorimeter. More details on 

KAROLINA specifications are present in subsection III.2.  

 

III.1.2 GAMMA THERMOMETER 

Gamma thermometer used for MARIA measurements was the same type as the one used in 

OSIRIS (France) during CARMEN I experimental campaign [1.15]. Its construction is based on stainless 

steel 2.1 mm diameter core (AISI 304 steel) and 0.5 mm thick coating (AISI 304) separated by 0.7 mm 

Argon gas layer with pressure of 1.25 MPa [3.3]. Inside the core there is 1 mm diameter differential 

thermocouple type K. The GT is constructed with differential temperature measurement where hot 

junction is set on its sensor end and the cold junction is placed 6 cm above – in coolant surroundings. 

During measurements the sensor shows the difference of temperature between coolant and core. Be-

cause GT core is partly insulated and has higher heat resistivity, its temperature is greater than coolant 

if nuclear heating is present. There is no information on the absolute value of the temperature itself. 

Knowledge of the sensitivity of instrumentation make possible to calculate nuclear heating deposited 

on GT active part. Gamma thermometer which was used in experimental campaign has response time 

constant equal to 𝝀 = 0.0546 s-1 [3.3]. During experimental campaign this time constant was confirmed 

by in-core measurements. For this purpose experimental probe has been rapidly withdrawn from the 

centre of the core with the simultaneous reactor SCRAM. Gamma thermometer readings changes from 

stationary state into transient state – cooling without internal heating source. This procedure allowed 

determination of the sensor time constant which is only 0.05% lower than the value given by manufac-

turer. Details of the measurements are described in the subsection III.4. This result confirms the relia-

bility and accuracy of the method which has also been used for KAROLINA calorimeter 
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 Gamma thermometer technical drawing [1.15]. Figure 3.4.

Material used in the GT core consist of the following elements: Fe (68,965%), C (0.014%), 

Mn (1.82%), Si (0.32%), P (0.024%), S (0.006%), Cr (18.25%), Ni (10.25%), Mo (0.27%), Co (0.08%), 

B (0.001%). Alumina coating consist of: Al2O3 in 99.71% and 0.29% impurities are negligible for gamma 

heating calculations. Thermocouple type K is made of Chromel (90%-10% Ni-Cr) and Alumel (95% nick-

el, 2% manganese, 2% aluminium and 1% silicon) connection. 

Calibration factor specified by the supplier of GT is equal to 44.9 ± 4.5 °Cg/W. This means that 

uncertainty of heating measured by GT can be estimated on 10%. 

 

III.1.3 SILVER AND RHODIUM SPND 

Self-Powered Neutron Detector (SPND) is a common and typical sensor in nuclear reactors. It 

consists of the emitter, insulator and collector. An emitter is made of material of high cross-section for 

neutron induced reaction. The reaction product decay emitting beta-particles, the flux of emitted elec-

trons is proportional to the neutron flux density. Electron current in collector is a measure of neutron 

flux. An important advantage of SPNDs is the absence of external power supply. In addition it has sim-

ple structure and small size.  
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 Location of SPNDs used routinely in the MARIA core Figure 3.5.

The materials used for SPND’s emitter is chosen according to its nuclear properties. In SPND 

measurements sensors consist of silver and rhodium emitters. Signal obtained from these detectors are 

obtained from the reactions 3.1-3.3.  

 
𝐴𝑔107 (𝑛, 𝛾) 𝐴𝑔 

          𝛽−             
→         

𝑇1
2⁄
=145 𝑠

108 𝐶𝑑108          (𝜎 = 35 𝑏𝑎𝑟𝑛) 
(3.1)  

 
𝐴𝑔109 (𝑛, 𝛾) 𝐴𝑔 110

          𝛽−             
→         

𝑇1
2⁄
=24.6 𝑠

𝐶𝑑110          (𝜎 = 93 𝑏𝑎𝑟𝑛) 
(3.2)  

 
𝑅ℎ103 (𝑛, 𝛾) 𝑅ℎ 104

          𝛽−             
→         

𝑇1
2⁄
=42.3 𝑠

𝑃𝑑104          (𝜎 = 145 𝑏𝑎𝑟𝑛) 
(3.3)  
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In MARIA core few SPNDs are located around the core – see Figure 3.5. Their measurements 

were additionally used to determine the power of the core. When reactor works on low power – 

around 500kW – its power determination from thermal balance is very unprecise. The additional SPND 

measurements allow checking what the real power of the core was during all activation detectors irra-

diation. This was necessary to establish correct normalization factor for calculation results. 
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III.1.4 ACTIVATION DETECTORS 

The absolute value and distribution of the neutron flux density inside nuclear reactor may be 

measured by means of the neutron activation detectors. The use of different types of activation detec-

tors allows determination of the neutron energy spectrum. Neutrons with specific energy are interact-

ing with the specific nuclide with certain probability called microscopic cross section on the specific 

reaction type. One of such reaction may be radiative capture (n,γ) which is described with the formula: 

 𝑛 + 𝑋  →𝑍
𝐴

0
1  ( 𝑋𝑍

𝐴+1 )∗
𝑇1/2
→  𝑋𝑍

𝐴+1 + 𝛾 (3.4)  

 

Radiative capture is widely used, e.g. with neutron activation detectors. Nucleus hit by neutron, 

after radiative capture may stay in the excited state ( 𝑋𝑍
𝐴+1 )∗ until it decays to its ground state by emis-

sion of a gamma-ray. Decay energy and decay half-time of each nuclide is well known from nuclear li-

braries.  

Knowing mass of the target material and duration of irradiation, using gamma-ray spectroscopy 

measurements, makes possible the estimation of neutron field properties. This analysis is not a direct 

and needs accurate measurements of many components, however this method brings the possibility of 

determination of neutron energy spectrum.  

The law ruling the decay of nucleus states that the rate of decay is proportional to the number 

of nuclei present. To estimate activity of the target material on the time of the irradiation we use the 

following formula: 

 𝐴0 ≡ 𝐴(0) ≡ 𝐴(𝑡𝑐) ∙ 𝑒
𝑡𝑐  (3.5)  

or 

 𝐴0 =   ∙ 𝑁
∗ (3.6)  

where  is a decay constant, 𝐴(𝑡𝑐) – is the decay rate (activity), 𝑡𝑐 – target material cooling 

time, 𝑁∗- number of nucleus at excited state. Number of activated nuclei depends directly on neutron 

flux density and its energy spectrum which may be described: 

 
𝐴0 =   ∙ 𝑁𝑎∫ ∫ 𝜎(𝐸)𝜑(𝐸, 𝑡)𝑒−(𝑡𝑟−𝑡)𝑑𝑡𝑑𝐸

𝑡𝑟

0

∞

0

 
(3.7)  

where 𝑁𝑎 – number of target material nuclei, 𝑡𝑟 – irradiation time, 𝜎(𝐸)- microscopic reaction 

cross section for chosen reaction in function of neutron energy, 𝜑(𝐸, 𝑡)neutron flux density as a func-

tion of neutron energy and time. Integrating this equation in respect to time one can obtain: 
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 𝐴0 = 𝑁𝑎 ∙ (1 − 𝑒
−𝑡𝑟) ∙ 𝛼 (3.8)  

 

where     𝛼 = ∫ 𝜎(𝐸)𝜑(𝐸)𝑑𝐸 ≡ 〈𝜎 ∙ 𝜑〉
∞

0
 

where 𝛼 stands for mean reaction rate for specified nuclear reaction per one target nucleus. 

This value is commonly used for nuclear computation model validation procedures. Having calculations 

results, it is possible to verify them by mean of reaction rate obtained experimentally by using equa-

tion: 

𝛼 =
𝐴0

𝑁𝑎(1 − 𝑒−𝑡𝑟)
 

  (3.9)  
During experimental campaign each of the channels has been measured twice by neutron acti-

vation detectors. First time it was done with purpose-designed four probes of P2-type (named: P2IV, 

P2VA, P2VB, P2VI, probe construction is described later). That has been done simultaneously in all of 

the four locations. Second measurement has been done by using the probe P1 (see chapter III.1.5) 

which contained also all the electronic instrumentation used in nuclear heating measurements. This 

measurement has been performed separately for each of the channel at the beginning of each experi-

mental session. These double measurements where performed in order to compare neutron flux densi-

ty spatial distribution inside each of the channels, to the first measurements done simultaneously in-

side all of the four channels. That allows finding correlations between all four channels even if different 

core configurations were used. 

Probe P2 was designed to contain two activation wires (Al-Co, Ni) and also seven activation foils 

(Al-Co, Al-Au, Ni, Ti, Nb, Y, Fe) with 10 mm diameter each. All of detectors were placed in the axis of 

each channel. Probe P1 handle also two activation wires (Al-Co, Ni) without any additional detectors. 

All of the 16 wires, 1500 mm length each, were cut into 12 mm pieces which gave in total 2000 meas-

ured points and in addition 28 activation foils.  

The following nuclear reactions have been recorded [3.1]: 

59Co  (n,γ)  60Co  (5.3 y) 

197Au  (n,γ) 198Au  (2.7 d) 

46Ti  (n,p)  46Sc  (84.0 d) 

47Ti  (n,p)  47Sc  (3.4 d) 

48Ti  (n,p)  48Sc  (43.7h) 
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93Nb  (n,2n)  92Nb  (10d) 

89Y  (n,γ)  90Y  (64.1 h) 

89Y (n,2n) 88Y  (107 d) 

58Ni  (n,p)  58Co  (70.8 d) 

54Fe (n,γ)  55Fe  (2.7 y) 

54Fe (n,p) 54Mn  (312 d) 

 

 Cross section of neutron capture induced reactions in function of neutron energy for Figure 3.6.
different chosen activation detectors, from Java-based Nuclear Data Information System (JANIS 4.0 NEA 
software) [3.6]. 

 

 Cross section of neutron induced reactions in function of neutron energy for 58Ni and 59Co Figure 3.7.
(JANIS 4.0 NEA software) [3.6]. 
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To determine neutron fluency it was necessary to establish mass and activity of each fragments 

of the wire in relatively short time. Due to high number of wire fragments the measurement of activity 

and mass of all pieces in relatively short time was a challenging task. On the other hand activity meas-

urement precision depends on measurement duration –the longer the measurement, the more precise 

result. However, longer measurement time has negative consequence because of detectors activity 

reduction and differences in measurements for next fragments. Mass measurements of such a small 

fragments needed also relatively long time (1-2 days for each). In order to increase efficiency of the 

process of samples weighing, the result was obtained from averaging measurement of 20 pieces at 

once. Piece of Al-Co detector with diameter of 0.5 mm has averaged mass equal to 0.024 +/- 0.002 g. 

Piece of Ni detector with diameter of 1.0 mm has averaged mass equal to 0.084 +/- 0.007 g. 

Position of each activation detector wire in the MARIA reactor core has to be determined accu-

rately. During irradiation campaign it was possible to estimate the position of the detectors with accu-

racy of about ±25 mm. The position of maximal neutron flux was set using cosine fitting function 

𝑓(𝑧) = 𝑓𝑚𝑎𝑥 ∙ cos (
𝜋(𝑧−𝑧0)

ℎ
) [3.8] with the calculated reaction rate value of each monitor. Determined 

maximum of this fitting function has been assumed as the position of neutron flux maximum – same 

for SPND’s measurements. Each activation wires vertical positions were verified by above comparison. 

This procedure allowed correlate positions between experimental measurements and calculations. 

Measured position of flux maximum may be changed by the control rod insertion in the neigh-

bouring position. To limit this effect during all gamma heating measurements, control rods in the im-

mediate vicinity to the measured channels were not used. For this reason position of neutron flux max-

imum is assumed to be similar during all experiments. 

Final results of activation measurements with comparison to calculations are described in the 

chapter IV.3 VALIDATION OF MARIA COMPUTATIONAL MODEL.  

 

III.1.5 INTEGRATED INSTRUMENTATION PROBE 

To provide certain position of all measurements, two kinds of probes have been designed and 

manufactured. First (named P1) was designed for permanent using with five various sensors while the 

other one (named P2) – just for single use in the core with activation detectors only. The key aspect of 

experimental measurements was the construction of the probe P1. There was a need to focus on the 
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distribution of measuring devices and it’s assembling with a great precision and care. In each experi-

mental channel several measurements using all instrumentations in several positions were performed. 

Assuring recurrence of positions of every sensor was crucial feature of the measurements and their 

interpretation. For this reason each instrument was placed in a precise position maintaining distance of 

100 mm between each sensor central point. This distance is also optimal in the aspect of core height 

which is 1100mm and these distances between sensors allow fitting at least eleven measurement 

points in each channel. Assembled elements could not shield active part of any other sensor to avoid 

measurements perturbation. For the same reason all instruments were placed in such a way to ensure 

safe distance from other materials – like cables (see Figure 3.8 Construction of the probe allowed the 

control of all sensors position with a few millimetres accuracy from 6 – 7 meter distance. Particular 

attention was also taken to a safety of these sensors and their cabling which were very fragile. The P1 

probe design additionally allowed loading into and unloading from the probe of the activation wires, 

while probe stayed few meters under the water. The technical drawing of the P1 probe is presented in 

Figure 3.8, whereas its placement in the reactor core in in Figure 3.9. 

Five sensors were located in three levels of P1 probe. The KAROLINA calorimeter was placed at 

bottom location of experimental probe (level 1), further the gamma thermometer and ionization 

chamber were placed parallel on level 2 (above –KAROLINA calorimeter). Horizontal offset between 

them was 3 mm. Two SPND sensors (rhodium and silver) were placed also in parallel in the highest lev-

el 3.  

The P2 probe was destined to hold two activation wires (Al-Co and Ni) with length of 1500 mm 

and several 10 mm diameter detectors in the middle position. This construction ensured position of 

activation wires and foils in the axis of irradiation channels. The same materials and sizes of wires as in 

the P1 probe were used, the only difference to P1 probe is the absence of instrumentation and internal 

elements presented in Figure 3.8. Four P2 probes were constructed in order to perform the irradiation 

in four channels simultaneously. Main difficulty with P2 probes was the need for fast extraction of the 

activation wires for further analysis shortly period after irradiation, ensuring safety of the operation 

crew. 

The P2 probe was used for determination of neutron distribution at the same core conditions in 

all four experimental channels. This was necessary to validate calculation model of MARIA reactor pre-

sented in chapter IV (DEVELOPMENT OF MARIA CALCULATION MODEL). 
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 Internal part of the P1 probe with all instrumentation placement. Labels: 1 - construction Figure 3.8.
of SS wire 2 mm in diameter, 4 - KAROLINA calorimeter, 5 - gamma thermometer GT26, 6 - Ionisation 
Chamber, 7 - Ag SPND, 8 - Rh SPND. Picture on the right shows construction implementation. 
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Acquisition 
system 

 

Acqui-

sition system 

 

 The P1 probe location in MARIA core Figure 3.9.

 

 

III.1.6 STATIONARY MARIA CORE INSTRUMENTATION 

Regular operation of MARIA reactor is controlled by means of a number of instruments used al-

so in the experiments performed. The parameters recorded during experiments were: control rod posi-

tions, excess reactivity of the core and power generated in each of fuel channels.  
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Control and safety rods are held by steel cable with electromagnetic catch. Position of each con-

trol rod is set by universal drive with accuracy of ±1 mm. To confirm the precision control rods effec-

tiveness measurement is regularly checked. This was also done one week after the experimental cam-

paign described in this thesis and compared with calculations in chapter IV.3.4. In Figure 3.10 safety 

and control rod construction is presented (core part only). 

 

 Safety and control rod construction 1,4- insertion, 2 – pipe made of PA2 material, 3 – Figure 3.10.
filling with vibropacked powder of B4C and Al [3.7]. 

Active part of control rods are made of compressed powder made of B4C and Al with possible 

proportion of 50%/50% or 30/70%. There were two manufacturers of actually used control rods. Con-

trol rods with composition based on 30% of B4C and 70% of Al have total mass between 506-528g with 

density of 2.09g/cm3. Control rods with composition based on 50% of B4C and 50% of Al have total 

mass between 486-494g with density of 2.00g/cm3. Mass of control rods used in TRIPOLI-4© simula-

tions were averaged to 514 and 490 grams respectively. Consequently the relative mass may differ by 

few grams on each control rod.  

Control rods efficiency is regularly checked by control rods weighting. The weight of CR’s meas-

ured on 10th of October 2014 (just after experimental campaign) has been presented in the subsection 

IV.3.4 (Calculated control rods worth and comparison to the experimental data). The age of each con-

trol rod on the time of experiment (09/2014) was: 

 PK1 5.0 years -from 12/10/2009 up to 12/05/2015 (position: H-VII, old 30/70%) 

 PK2 5.7 years -from 29/01/2009 up to day of experiment (p.: I-VI, new 50/50%) 

 PK3 9.7 years -from 21/01/2005 up to 12/05/2015 (p.: I-VIII, new 50/50%) 

 PK4 5.7 years -from 29/01/2009 up to day of experiment (p.: I-IX, new 50/50%) 
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 PK5 3.8 years -form 23/12/2010 up to day of experiment (p.: F-VII, old 30/70%) 

 PK6 4.6 years -from 26/02/2010 up to day of experiment (p.: G-VIII, old 30/70%)  

 PAR 9.7 years -from 25/01/2005 up to 15/05/2015 (p.: I-VIII, type: old 50/50%) 

The control and safety rods placed in the top position needs between 0.82 and 0.98 seconds to 

reach bottom position during the reactor SCRAM. The SCRAM procedure was used during in-core 

KAROLINA calorimeter calibration and for delay nuclear heating determination in three experimental 

channels (see chapter III.4.DELAYED NUCLEAR HEATING EXPERIMENTAL DETERMINATION). 

Excess reactivity of the core is determined during MARIA reactor operation at least every two 

hours. This is based on the determination of reactivity of immersed parts of all control rods. The uncer-

tainty of this method is estimated on 2.8 % [3.9]. Reactor core excess reactivity is changing during op-

eration as the result of: 

 Fuel poisoning, mainly with the 135Xe and 149Sm isotopes, 

 Fuel burn-up, 

 Moderator (water) temperature change,  

 Inserting or extracting experimental probe into and from irradiation channel, 

 Beryllium poisoning by 6Li and 3He. 

During experimental campaign the MARIA reactor excess reactivity underwent strong changes 

as the result of poisoning caused by short periods of the reactor operation cycles. This issue was inves-

tigated separately in (subsection IV.2.3 Fuel elements poisoning during campaign). 

Power determination in case of MARIA is well defined individually for each fuel elements and 

for the reactor pool. The pressurized fuel channels of MARIA reactor are equipped with flow rate and 

inlet/outlet temperature on-line measurements. This topic was more deeply analysed in the MARIA 

model validation chapter (subsection IV.3.3 Power density distribution). 

III.2 KAROLINA CALORIMETER CALIBRATION  

KAROLINA nuclear heating calorimeter has been designed manufactured and tested using an in-

novative calibration method within the frames of the thesis. There were five KAROLINA calorimeters 

manufactured, two of them were already used in the MARIA core measurement campaigns in 2014 and 

2015, one send for testing to IM2NP – UMR 7334 laboratory at Aix-Marseille University, France, and 

the rest left for other tests at NCBJ. 
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Especially for the out of core calibration manufactured special calibration bench presented in 

Figure 3.11 was designed and manufactured. The bench imitates the conditions inside MARIA irradia-

tion channels with the same diameter as irradiation channel, same water flow and temperature. De-

tailed diagram of calibration bench is presented in Figure 3.12. The main parts of this bench are two 

clear cylinders arranged concentrically with internal diameter of 29 and 3.2cm. The water flow control 

is smooth in a range from 0.1 m/s up to the 5 m/s. It was experimentally proved that flow velocity 

around the sensor housing above 0.5 m/s is giving the same satisfactory results on calorimeter calibra-

tion results. This velocity was approved for all performed calibrations. The hydraulic diameter around 

the sensor is equal 2.28 cm and the Reynolds Number is around 12-13E+3 which correspond to the tur-

bulent flow. 

 

 

 Calibration bench imitating the MARIA irradiation channel diameter, water flow and Figure 3.11.
temperature parameters. 

The procedure of KAROLINA calibration using this bench is rather simple operation which con-

sists of following steps: 

 Temperature of water inside the bench has to be heated up to the temperature ex-

pected during calibration procedure (i.e. 20-50 0C) 

 In parallel Insertion of KAROLINA calorimeter into a furnace with chosen temperature 

(160 – 500 0C) for time needed by temperatures to be stabilised inside and outside the 

calorimeter (thermal equilibrium). This step of sensor heating needs a laboratory furnace 
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which allows an accurate control of temperature with a good reproducibility of tempera-

ture conditions. Such a furnace was bought to equip calibration bench – see Figure 3.13. 

 After temperature stabilisation, calorimeter has to be transported in very quick move in-

to the calibration channel inside the calibration bench.  

 After first few seconds temperature of calorimeter housing change into the temperature 

close to the water temperature. To obtain this effect water flow needs to be above 

0.5 m/s inside the channel. 

 Induced internal temperature change versus time during this cooling protocol allows the 

determination of the sensor time constant, t sensitivity and the verification of heat 

transfer parameters used in calculation heat flow model.  

 

Sample measurement results during calibration procedure are presented in Figure 3.14. More 

detailed description of calibration theory is presented in following subsection.  

 

 

 Detailed diagram with all calibration bench equipment Figure 3.12.
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 F48000 Thermo Scientific furnace used in calibration procedure. Figure 3.13.

KAROLINA calorimeter measurements and calibration method were among the critical tasks 

performed during this thesis. Among all instruments used in nuclear measurements the only KAROLINA 

is a genuinely new device – designed and manufactured solely for the thesis needs. Detailed construc-

tion of the KAROLINA calorimeter has been described in subsection III.1.1 KAROLINA CALORIMETER - 

DESIGN AND CHARACTERISTICS. 

    

 Temperature response of the calorimeter – out-of-core cooling.Operating conditions: Figure 3.14.
furnace temperature 280 0C, water flow 0.5 m/s, coolant temperature 20 0C, Reynolds number arround 
13E+3. 
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III.2.1 KAROLINA CALORIMETER OPERATION THEORY 

In order to obtain the single-cell calorimeter response, interpreted as the temperature differ-

ence between the two thermocouples T0 and Tf, the temperature field inside the sample is governed by 

the energy conservation law. Let’s define the difference between the temperature at a given point and 

time ),( tT r  and the fluid (cooling water) temperature fT (assumed to be constant): 

fTtTt  ),(),( rr
  

  (3.10)  
Equation of heat conduction with internal heat source and constant thermal conductivity [3.9]: 

 
Vq

t
c 






 2

 

(3.11)  

where:  ,,c  represent respectively density (Kg/m3), specific heat (J/(Kg·K)) and heat conduc-

tivity of the sample (W/(m·K)), Vq denotes the volumetric heat generation (W/m3). In considerations 

presented here the volumetric heat generation term corresponds to the nuclear heating source. Inside 

the gas layer and in the housing heating source term has been neglected as negligible for calibration 

procedure. Only heat resistance depending on one dimension (radial dimension) and temperature has 

been analysed. 

To solve the equation (3.29) the convective boundary condition (Fourier conditions) has to be 

fulfilled: 

 
S

S Rn





1







 

(3.12)  

where: n  – means differentiation along the outward-drawn normal to the sample wall (the 

subscript S refers to the sample wall). R is the heat resistance per unit surface (m2·K/W), taking into 

account the heat conduction through filling gas and housing layers as well as the heat transfers on the 

boundaries rod-gas, gas-housing and housing-water. 

For low temperatures (in KAROLINA it is below 100 0C) conduction heat transfer inside the gas 

layer constitutes the main contribution to the heat resistivity: 

 
𝑅 ≅

𝑟𝑆
𝜆𝑔
𝑙𝑛
𝑟𝑆 + 𝛿𝑔

𝑟𝑆
≅
𝛿𝑔

𝜆𝑔
 

(3.13)  

Where g is the heat conductivity (W/(m·K)) of the gas and g is the gas layer thickness (in me-

ters). 
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The conduction resistance RS in the sample is represented by:  

 ss rR 
 

(3.14)  

The ratio of the heat conduction resistance in the sample sR  to the heat convection resistance 

R  on the outer surface of sample is the Biot number (dimensionless similarity number). In KAROLINA 

calorimeter core the Biot number is lower than 0.05 what means, that spatial temperature variation 

within the sample can be neglected as conductive heat transfer is far more efficient than the convec-

tive heat transfer. 

Integration of equation (3.11) over the volume of the calorimeter and using Green’s theorem 

leads to the equation: 
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(3.15)  

where: 
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are defined as the average volume and surface temperatures of the sample. 

Let us introduce two factors:  
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(3.16)  

where the temperature 
*  is measured in the calorimeter sample in certain point. Because the 

temperature profile within sample is even, these factors do not differ much from unity. For the sample 

radius sr  these factors are approximately:  
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(3.17)  

Factors V  and S  can be assumed to be equal 1 without significant error in calculations. 

More precise numerical calculations (by means of a CFD code) fully confirmed the values of factors and 

close to unity for steady as well as for transients/intermediate states [3.12]. 

Finally, the equation (3.15) can be rewritten in the form:  

 
Vq

RV

S

t
c 


 *
*





 

(3.18)  

This equation describes all transients for different operating protocols applied to the calorime-

ter inside the reactor (heating or cooling procedure) and outside the reactor (out-of-pile calibration). 
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Before inserting the calorimeter into the heat source, temperatures at all points of the calorim-

eter sample should be even:  

   00*   
(3.19)  

This corresponds to the calorimeter placed out-of-pile.  

Insertion of the calorimeter into the reactor with constant heat generation Vq leads to the fol-

lowing solution of the equation (3.18):  

 
   tV e

c

q
t 


  1*  

(3.20)  

 

cVR

S


   

(3.21)  

where S is the sample surface and V is the sample volume.  

After a suitably long time (steady time, mathematically corresponding to 𝑡 → ∞) one can de-

termine the heat generation (expressed in W/g) from equation (3.20):  

 𝑞𝜌 ≡
𝑞𝑉
𝜌
= 휀 ∙ 𝜗∗(∞) = 휀 ∙ (𝑇0(∞) − 𝑇𝑓(∞)) (3.22)  

where:   

 휀 = 𝜅 ∙ 𝑐 (3.23)  
is regarded as the sensitivity of calorimeter. To reach a thermal steady state inside KAROLINA 

calorimeter it is need several minutes. 

Determination of the sensitivity  is the objective of the calibration procedure. The specific heat 

of sample material c can be determined independently; taken from appropriate thermal tables or 

measured. The second factor of sensitivity (see (3.23)), namely the time constant 𝜅, being a character-

istic feature of a given calorimeter, has to be measured during transients.  

The specific heat of graphite used in KAROLINA calorimeter depends on temperature (see Fig. 

3.13) and has been obtained experimentally by means of DSC (Differential Scanning Calorimetry). The 

third order polynomial:    

 𝑐(𝑇) = 0.6170348 + 0.00335405𝑇 − 3.892 ∙ 10−6𝑇2 + 8.117 ∙ 10−9𝑇3 (3.24)  
 

well approximates the dependence of specific heat of used graphite on temperature. 
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 Specific heat of graphite as a function of temperature. Figure 3.15.

Confronting equations (3.21), (3.22) and (3.13) one can conclude, that the calorimeter sensitivi-

ty is proportional to thermal conductivity of filling gas which, in turn, depends on the average gas tem-

perature. One can prove that for cylindrical geometry of gas gap the average gas temperature is equal 

to:  

 

𝑇𝑔 ≅ 𝑇0 + (𝑇0 − 𝑇𝑓) [
1

2𝑙𝑛 (
𝑟𝑠 + 𝛿𝑔
𝑟𝑠

)

+
(𝑟𝑠 + 𝛿𝑔)

2

𝑟𝑠2 − (𝑟𝑠 + 𝛿𝑔)
2] (3.25)  

where 𝑟𝑠 – rod radius, 𝛿𝑔 is gas gap thickness. Inserting KAROLINA geometry parameters gives: 

 𝑇𝑔 = 0.452 ∙ 𝑇0 + 0.548 ∙ 𝑇𝑓 (3.26)  

According to the Sutherland formula for normal pressures, the thermal conductivity of gas 

should be proportional to square root of its temperature (in K). It is suitable to plot the experimentally 

derived sensitivity of calorimeter as a function of gas temperature. 

The most suitable transients, that can be used to measure the time constant 𝜅 are cooling in-

pile or out-of-pile. Let us focus first on the in-pile calibration. 

Let’s assume that calorimeter has reached a steady thermal state in the reactor. The calorime-

ter is next withdrawn out from the reactor core, what can be interpreted as a rapid shut off the nuclear 

heating. The assumed initial condition is the heating steady state: 

 𝜗ℎ𝑒𝑎𝑡𝑖𝑛𝑔
∗ (∞) = 𝜗𝑐𝑜𝑜𝑙𝑖𝑛𝑔

∗ (0) > 0 (3.27)  

After certain period of time the sample temperature declines exponentially:   
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 𝜗𝑐𝑜𝑜𝑙𝑖𝑛𝑔
∗ (𝑡)~𝑒−𝜅𝑡 (3.28)  

with the same time constant  as for the heating state. Numerical differentiation of the meas-

ured temperature 𝜗𝑐𝑜𝑜𝑙𝑖𝑛𝑔
∗ (𝑡) allows for determination of time constant:   

 
𝜅 = −

𝑑 𝑙𝑛𝜗∗

𝑑𝑡
 

(3.29)  

In fact, due to temperature changes (temperature of the sample 𝑇0(𝑡) and gas 𝑇𝑔(𝑡)), the time 

constant 𝜅 is not constant in time and should be rather expressed as 𝜅(𝑡). For a given time t the time 

constant is multiplied by the specific heat of the graphite sample to get the calorimeter sensitivity (see 

(3.23)):  

 휀 (𝑇𝑔(𝑡)) = 𝜅(𝑡) ∙ 𝑐(𝑇0(𝑡)) (3.30)  

Wider scope of conditions for calibration offers the cooling of calorimeter in dedicated out-of-

pile bench, constructed to imitate the thermo-hydraulic conditions of the MARIA irradiation channels. 

The calorimeter is first inserted into a furnace to reach thermal equilibrium (at high temperature) Then 

it is withdrawn and placed into the bench which allows for cooling of the calorimeter in specific condi-

tions (various water temperatures and flow velocities). 

In spite of different initial conditions compared with the reactor (𝜗𝑐𝑜𝑜𝑙𝑖𝑛𝑔
∗ (0) = 0, isothermal for 

the entire calorimeter) the housing temperature declines rapidly to water temperature and the relative 

temperature 𝜗𝑐𝑜𝑜𝑙𝑖𝑛𝑔
∗ (𝑡) comes down exponentially, analogously to (3.28).  

An example of calorimeter response during out-of-core cooling is shown in Figure 3.14. The blue 

curve corresponds to the external fluid temperature (in the furnace, in the bench). The red curve corre-

sponds to the temperature inside the sample).  

The out-of-pile calibration of KAROLINA calorimeter, used in the in-core experiment, has been 

performed three times with all same conditions, demonstrating very good repeatability. The time con-

stant for all three experiments is determined from the cooling characteristic presented in Figure 3.16. 

The sensitivity  was calculated using formula (3.30) and plotted as a function of gas temperature (see 

Figure 3.17). Second order polynomial has been fit to experimental data of three repeated experi-

ments:   

 휀(𝑇𝑔) = 0.0404 + 0.00036 ∙ 𝑇𝑔 − 1.28 ∙ 10
−6 ∙ 𝑇𝑔

2 (3.31)  

and was used in further reactor experiments (with Tg in °C). Standard deviation that can be assigned to 

the sensitivity approximated by above formula amounts to ±0.0015 W/g°C. Thus the uncertainty of 

heating measurements by means of KAROLINA is increased by around 2.5 % at one standard deviation. 

This has to be added to uncertainties coming from thermocouples temperature measurements. Above 
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fitting sensitivity is correct up to the temperatures which correspond to the 5.5 W/g – and this was ap-

proved as maximal measurement range of KAROLINA calorimeter. 

 

 Cooling characteristic of KAROLINA measured out-core after taking calorimetr out of Figure 3.16.
heating furnace and placing in calibration bench. 
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 Sensitivity of the calorimeter (green) averaged on three out-of-core calibration Figure 3.17.
experiments (first calibration: black, second: blue and third: red dots).  
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III.2.2 IN-CORE SENSITIVITY MEASUREMENT 

During experimental campaign held on September and October 2014, apart of regular meas-

urements an additional in-core calibration procedure for KC and GT has been performed. This was done 

for three irradiation positions. The KAROLINA calorimeter, together with all other instrumentation, was 

pulled out from the middle of the core. In one second calorimeter from stabilised conditions (heating) 

was withdrawn to the out-of-core position. Calorimeter start to cool down and by using formulae (3.29) 

and (3.30) it was possible to determine calorimeter’s time constant and sensitivity. This procedure has 

been done for three channels HVI, HVB and HVA for both KAROLINA and GT26. Results are presented in 

Figure 3.18. 

 

 Time constant of KAROLINA measured in-core after pulling instrumentation out of Figure 3.18.
heating source  
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The time constants measured in the reactor calibration agreed with those obtained by out-of-

pile calibrations better than 3%. 

The same method of time constant measurement has been conducted for gamma thermometer 

(GT26) – in the same time (see Figure 3.19). The average time constant deriving from these measure-

ments was 𝜆 =  −0.0546 what is exactly the value given by supplier of device. This result confirms reli-

ability and accuracy of method used for KAROLINA calorimeter calibration. 

 

 Time constant of GT26 measured in-core after pulling instrumentation out of heating Figure 3.19.
source in three channels: HVI,HVB and HVA.  
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III.3 EXPERIMENTAL PROGRAM DESCRIPTION  

 Experimental measurements location  

Measurements performed in the MARIA reactor core were planned to cover wide set of possi-

ble measurements and variety of reactor core conditions. The goals of the measurements were to de-

termine experimentally vertical and horizontal distribution of neutron and photon fields in MARIA reac-

tor core. Only six days were available in MARIA reactor operation schedule to perform the measure-

ments. The experimental program has to integrate research objectives and technical capabilities of 

instrumentation and reactor. Among many possibilities of available experiment location, it was decided 

to use the channels which are set-up in one line. This was supposed to analyse linearity of some physi-

cal phenomena. One of the most symmetrical localisation to core centre and with symmetrically FAs 

placement were channels H-IV, H-V/A, H-V/B and H-VI (c.f. Figure 2.20 coloured on red). One of the 

channels (H-VI) was placed between four FAs and the other channel (H-IV) with relatively long distance 

from any FAs and graphite neighbourhood. The other two channels were between two mentioned 

above. Placement of the channel is crucial for neutron and photon density and its energy spectrum. 

This choice allows comparison of the measurements with calculation in various neutron and photon 

flux characteristics. 

For selection of measurement positions, control rods placement has been also taken into ac-

count. During reactor operation, CRs are routinely moved due to core excess reactivity change in time. 

This affects neutron and photon fields in neighbouring positions. From selected experimental channels 

only one (H-VI) had just two close CRs. However, their position was kept constant to do not disturb the 

measurements. During every measurement day, the closest control rods, i.e. PK1 (H-VII) and PK2 (I-VI), 

were totally raised up (withdrawn from the core). Only during first experimental day PK1 control rod 

stayed at bottom position (totally inserted in the core). This was during measurements in the channel 

H-VI and it doesn’t change its position during the whole measurement day. For appropriate reactor 

operation, the other control rods PK3, PK4, PK5 and PK6 were used instead of PK1 and PK2. Influence of 

distant control rods positions on the axial shape measurement results was negligible. The influence of 

all CRs position was taken into account in the final MARIA computational model. Each of the CRs effi-

ciency was described in chapter IV, subsection IV.3.4 Calculated control rods worth and comparison to 

the experimental data.  
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Time of experiment: MARIA core preparation  

The MARIA research reactor operates almost 5000 hours per year, producing radioisotopes and 

performing research projects. To reserve it exclusively for six days of experimental measurements re-

quired to schedule reactor cycles. Due to tight MARIA reactor agenda, there is usually only two-three 

days break in operation between the cycles. The breaks are fully used for transhipment of activation 

targets and fuel shuffling. Once a year, there is usually longer break scheduled for maintenance opera-

tions. To provide the best conditions and fulfil all experimental requirements, a spare time just before 

one of such a break was used for experimental measurements campaign. There were extra 6 days of 

the measurements in MARIA core performed.  

The MARIA reactor core was emptied of all target materials which routinely stay in the core for 

several operation cycles. The goal was to measure neutron and photon fluxes inside MARIA rector core 

with well-defined fundamental construction elements only. This assured the best possible comparison 

of calculations to measurements. 

Before September 2014 the MARIA reactor was operating with two types of fuel elements: MR-

6/430 and MC-5/485. Experimental measurement campaign was scheduled also on time when whole 

core was supposed to have only one type of fuel elements (MC-5/485). This was also done to assure 

the best possible comparison of calculations to measurement by minimising number of fuel types in the 

core model. 

Type of measurements 

The main scope of measurements was determination of gamma heating in several locations. As 

there is no instrumentation to measure only gamma heating without neutron contribution, all nuclear 

heating and neutron fluxes measurements were needed. Neutron and nuclear heating measurements 

were performed using two kinds of instrumentation: Rh and Ag SPNDs for neutrons, KAROLINA and GT 

for nuclear heating. Additionally, ionisation chamber was used to measure the signal corresponding to 

gamma flux. Measuring the same parameters by two parallel sensors allowed the exclusion of a possi-

ble detector failure. Every pair of sensors yielded similar values what confirmed that all instruments 

were working correctly. 

Experimental campaign proceedings 

The first day of experimental measurement campaign (27/09/2014) was intended for neutron 

flux distribution determination in four channels simultaneously. For this purpose in all of four channels 

the P2 probes were inserted with Al-Co and Ni wires activation detectors. Reactor was operating on 



III. INSTRUMENTATION AND 
MEASUREMENT METHOD DESCRIPTION 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  84 | P a g e  

 

0.5 MW power for 1 hour. After reactor shut down, the probes were removed from the core and the P1 

probe was inserted into the channel H-VI. Next part of experimental day was used to test all instrumen-

tation and data acquisition systems. 

During next days of measurements it was intended to run MARIA reactor at the same power 

level. Nuclear heating limitation for KAROLINA calorimeter was not exceeding 5 W/g. To assure both – 

the same reactor power in every day and calorimeter limit, it was accepted to start with the channel 

closest to the core centre (H-VI) to find maximal accepted power of the core. The power of the core for 

this channel was supposed to be the highest among all scheduled channels which were placed in larger 

distance from the core centre. This allows using same core power for all the rest farther channels. 

Measuring proceedings of each irradiation channel consisted of: 

 30 minutes of activation wires detectors irradiation (Al-Co and Ni) on 0.5MW of 

MARIA reactor power, 

 Measuring channel in 11-13 vertical positions on 15 MW of MARIA reactor power, 

 Delayed nuclear heating determination by reactor SCRAM and pull out of the P1 

probe from the core. 

 

III.4 DELAYED NUCLEAR HEATING EXPERIMENTAL DETERMINATION 

The method of KAROLINA calorimeter calibration presented in the chapter III.2 focuses on time 

constant determination and nuclear heating measurements. Calibration procedure allowed the deter-

mination of the sensitivity inside or outside the core with a very good agreement and repeatability. Due 

to the nuclear reactor delayed heating, the calibration in pure transient state can be carried out only by 

pulling calorimeter rapidly out of the core. Detector readouts in the core during reactor SCRAM are 

increased by delayed heating (see Figure 3.20) – mainly derived from delayed gamma and prompt jump 

effect. 

During experimental campaign additional measurements were carried out to examine delayed 

heating at three irradiation channels (HVI, HVA and HVB). Each of the measurement days was finalized 

by placing calorimeter KC and gamma thermometer GT at the central position of the core (maximal 

neutron and photon flux position). After stabilization of the instrumentation readouts (~10 minutes) – 

reactor was rapidly shut down by all safety and control rods drop. After another few minutes reactor 
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was turned back to operate at similar power. When detectors reached again stable state, the entire 

probe P1 with all instrumentation was rapidly taken out from the core up to few metres. This time all 

radiation (prompt and delayed) was cut down. Observed differences in sensor behaviour during these 

two procedures in channel H-VI are presented in Figure 3.20.  

Measured signals both from KC and GT, are convolutions of delay responses of the detectors it-

self (characterized by their time constants) and the heat source that also contains the delayed compo-

nent. Fortunately, thanks to calibration procedure we disposed of a complete knowledge of detector 

delay characteristics.  

For each transient one can apply a simple deconvolution formula to the heating value:  

 
𝑞𝜌
′ (𝑡) = 𝑞𝜌(𝑡) +

1

𝜅(𝑡)

𝑑𝑞𝜌

𝑑𝑡
 

(3.32)  

where 𝑞𝜌
′  is the deconvoluted heating, 𝑞𝜌 - directly measured heating, 𝜅 – time constant, t – 

time. To illustrate the nuclear heating signal deconvolution, measurements results for H-VI channel are 

presented below (c.f. Figure 3.21). During steady-state measurement in channel H-VI, the Karolina core 

temperature was around 80 0C, the GT core was around 140 0C and surrounding water in the channel 

temperature was around 35 0C. This was an equivalent of around 2.4 W/g for KAROLINA and 2.3W/g for 

GT. Water flow inside irradiation channel was above 0.5 m/s. Reactor SCRAM was done by all safety 

and control rods drop to assure cut out all prompt nuclear heating fraction within very short time. Rods 

drop take less than one second. In Figure 3.21 there are shown deconvoluted signals (red and blue 

ticks) and fitted delayed components (black curves). 

Another effect which has to be taken into account is the prompt jump which is not delayed but 

prompt radiation present after reactor scram. This is measured here together with delayed core radia-

tion. To receive delayed parameter it was necessary to determine contribution of prompt jump. Using 

formula (3.33) it is possible to determine the prompt contribution after the scram [2.12]. Knowing neg-

ative reactivity introduced to the core by scram in each of the experimental location the prompt jump 

contribution was calculated and introduced in the Table 3.2 

 𝜙1
𝜙0
=
𝛽(1 − 𝜌)

𝛽 − 𝜌
 

(3.33)  
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 Response of calorimeter KAROLINA (left) and GT (right) on the reactor SCRAM and pulling Figure 3.20.
out from the core. 

 



III. INSTRUMENTATION AND 
MEASUREMENT METHOD DESCRIPTION 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  87 | P a g e  

 

   

 KAROLINA and GT signal deconvolution during SCRAM measurement in HVI 29/09/2014 Figure 3.21.

Table 3.2. Shortly after SCRAM (~1 second) the prompt fraction of nuclear heating vanishes and 
remaining heating can be assigned to delayed fraction only. Heating value of fitted curve 
interpolated to the t=0 represents the value of delayed nuclear heating before SCRAM. The same 
procedure was applied for HVA and HVB irradiation channels. The results of delayed heating fraction 
for different location and for both detectors are presented in Table 3.2.Delayed heating fraction 
results 

  

Karolina Time 

constant from 

pull out 

measurement 

GT Time 

Constant 

Prompt jump 

effect 

Karolina delay 

NH 

GT delay NH 

HVI -0.0679 -0.0545 5.7% 35.04% 32.3% 

HVB -0.0680 -0.0545 5.9% 33.72% 31.38% 

HVA -0.0703 -0.0539 5.9% 33.39% 31.04% 

Numerical evaluations for JHR showed that 32% of total nuclear heating comes from delayed 

contribution and additional 4% is due to activation of aluminium [1.8][4.9]. Measurement of delayed 

NH contribution in MARIA reactor, using graphite calorimeter, presented higher values to JHR simula-

tions (32%). Gamma thermometer made of stainless steel in contrary presented same or slightly lower 

values of delayed NH contribution. One of possible reasons of differences could be different character-

istic of these two core materials for delay neutron and gamma energy spectrum response. This could 

be verified by using same instrumentation with different core material. Next source of NH differences 

could be differences in the instrumentation construction. Another possibility could be imperfection of 

this, first time used, method. This issue needs a further research and will be topic of future research. 
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The process of delayed nuclear heating measurement presented here is a promising method which 

could be used in other nuclear reactors in future. 

Results presented in Table 3.2 have been used for final comparison of calculation and meas-

urement in chapter V EXPERIMENTAL AND CALCULATION RESULTS ANALYSIS.  
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IV. DEVELOPMENT OF MARIA CALCULATION MODEL  

Precise simulations of phenomena occurring in nuclear reactors play an essential role due to 

safety and economic requirements. Each calculation tool used for this purpose has its specific proper-

ties and capabilities. For example currently used diffusion codes need relatively short time to produce 

an outcome but there have limitations in reproducing 3D complex geometries (see chapter II.3 

CALCULATION TOOLS USED IN MARIA CORE SIMULATION). In contrast to diffusion codes, Monte Carlo 

codes need much more time for results computation but allows simulating complex geometries in 3D 

but need coupling with deterministic code to simulate time depending phenome such as fuel depletion 

or temperature variation. Although the time needed for calculations with MC codes is rather long, this 

method is truly profitable because of realistic and precise results. Practically, only Monte Carlo calcula-

tion codes allow for detailed 3D insight into complex neutron, photon, electron and positron transport 

problems. Obviously, MC procedures require longer calculation time to obtain higher precision. Cur-

rently available computers allow for simulations with high number of particles and repetitions at large 

model scale. Some simplifications of the core simulation, for example by reducing the number of simu-

lated particles (neutron, photon), allow one to obtain satisfactory results for most of the materials ex-

cept liquids and those having a small thickness. Any simplification of the model used in simulations 

needs validation and verification to evaluate the quality of the results. Simplification based on the re-

duction of the number of particles need comparison to a reference dose calculation. This work have 

been done for JHR and concluded to the exceptions listed above. 

The Monte Carlo codes are used to specify certain conditions of the investigated object in a giv-

en moment of time. Calculations including time evolution, using Monte Carlo codes, take a long time. 

For simple geometry aspects, some MC programs are used for depletion calculations [4.1]. Significantly 

faster way to simulate fuel depletion is an explicit switching between deterministic code calculating the 

fuel depletion at a certain moment of the core evolution and the Monte-Carlo model. 

TRIPOLI-4© Monte-Carlo calculations may include transportation of neutron, photon, electron 

and positron particles, to access the prompt dose, but do not include transport of delayed reaction 

products. This situation is satisfying for neutron transport calculations. In case of gamma heating calcu-

lations, delayed contribution plays more substantial role. Generally, materials activated by neutrons, 

decay with photons emission. Depending on the reactor core construction gamma heating may con-
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tribute from 20% up to nearly 40% of total heat generated in the core itself and its periphery, as it was 

estimated for JHR [4.6]. Determination of this delayed contribution plays very important role in gamma 

heating analysis. If MC code does not take into account photon emitted by decaying fission fragments, 

and activation products, this contribution should be determined by other simulations or other meth-

ods. Delayed sources of gamma and electron can be calculated by a fine depletion code as PEPIN2 and 

then be transported in the MC simulation using the option for propagation of sources. 

Material evolution caused by burn-up of fuel elements plays crucial role in longer intervals, 

while poisoning of FA may lead to important changes of its power. The most important fuel poisons are 

135Xe and 149Sm. These nuclides change their concentration very rapidly just after reactor starts and 

stops. Stabilization of 135Xe concentration decreases to zero within around 48 hours after reactor starts 

or stop while 149Sm reach its maximal value after around 20 days.  

There are many probabilistic codes based on Monte-Carlo method which may be used for a de-

velopment of nuclear reactor models in 3D like TRIPOLI-4©, MCNP, SERPENT. This work focused on the 

use of the TRIPOLI-4© code. The fuel material balance was calculated by means of APOLLO2.8-3 code. 

These codes had been developed by CEA-Saclay, France and were widely used for JHR simulations. This 

chapter describe development, verification, validation and qualification of MARIA model in above in-

struments.  

 

IV.1 MARIA REACTOR TRIPOLI-4© MODEL DEVELOPMENT 

To simulate neutron, photon, electron and positron transport in MARIA reactor core it was nec-

essary to reconstruct precisely all geometry details into TRIPOLI-4© input file. The details of MARIA 

reactor core geometry was presented in the chapter 02 STATE OF THE ART. The main aspects of MARIA 

model development for TRIPOLI-4© calculations are described below in this chapter. 

A new tool - called EVA - based on Excel and Visual bAsic programming language has been de-

veloped in order to transfer such a complicated geometry as MARIA reactor core onto MC simulation 

model. This EVA tool uses mathematical description of MARIA reactor geometry which has been devel-

oped during this thesis completion. Three-dimensional geometry of reactor structure in TRIPOLI-4© is 

highly complex and consisted of around forty thousand lines of input file. Fast and easy core model 

printout was very helpful because of the regular changes of elements location and material composi-
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tion within the core during MARIA reactor operation. This tool allows implementation of the modifica-

tions of core configuration in relatively easy way without editing TRIPOLI-4© input files manually. 

The following parameters of MARIA reactor geometry (cf. Figure 2.20) may be set in EVA tool 

before evaluation of input file for TRIPOLI-4© calculations:  

 Beryllium block shapes and their construction (with or without irradiation channel or con-

trol/safety rod) 

 Number of channels and their arrangement 

 Control rods vertical position and composition 

 Fuel elements or graphite and beryllium plugs positions 

 Fuel elements material balance as a function of the burn-up 

 Fuel elements poisoning with 135Xe and 149Sm 

The EVA tool application gives a possibility of using TRIPOLI-4© calculations for MARIA reactor 

core simulations. Thanks to quick and reliable modifications of the core model it is possible to use it on 

regular basis with every MARIA reactor core configuration change. This tool opens numerous possibili-

ties for further use of TRIPOLI-4© in a variety of programs and regular operation of MARIA reactor. 

Fuel elements used in MARIA reactor model were based on the geometry obtained from 

GADGET tool. 

The JHR and the MARIA reactor use very similar fuel elements made by the same manufacturer 

– CERCA. The most important differences between these FA are the number of plates per assembly 

(24 for JHR and 15 for MARIA), thickness of the fuel and cladding layer and the active fuel length which 

is 60 cm and 100 cm for JHR and MARIA, respectively. Anyway, beyond sizes and number of plates 

these two kinds of assemblies are similar in construction. For this reason, using GADGET was a very 

appropriate way of obtaining preliminary model of MARIA assembly geometry for TRIPOLI-4© calcula-

tions. 

Development of MARIA geometry model  

Due to the complex geometry of MARIA reactor core which has truncated cone shape, MARIA 

model development has been divided into several steps with verification of results at each step. Each of 

the verification consisted in calculation of the effective neutron multiplication coefficient, reactivity 

and average power distribution per assembly and per plate. These data were analysed in order to check 
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that the impact on neutronic parameters is consistent with the progress of model development that 

has been done.  

Conical shape of MARIA reactor core results in different distances between fuel elements along 

the core height. In the lowest position there is 5 cm of distance between external surfaces of FA’s, 

while in the highest position it is even 7 cm. Distance between fuel elements external surfaces in half 

height of the MARIA core is 6 cm and 13 cm between FAs centres – see Figure 4.1. Modeled MARIA 

reactor core consisted of CERCA type fuel assemblies – similar in shape to JHR ones.  

 

Figure 4.1. Horizontal cross section of MARIA core model. Dimensions are given in centimetres. 
Distance of 6 cm is measured between fuel elements external plates and 5.1 cm between fuel channels. 
Dimensions are taken at level Z=0 which corresponds to the half-height of the MARIA core. 

The MARIA reactor model development consisted of the following steps: 

1. Comparison of TRIPOLI-4© geometries created by GADGET and by EVA tools  

Modifications made in GADGET tool allowed the transformation of the JHR model into a simplified 

MARIA core model which consist of 24 CERCA type fuel elements in a parallel lattice which is an ap-

proximation of the model simplifying the verification process. This comparison was made to 

benchmark geometry obtained by means of EVA tool to geometry obtained by GADGET. In this pro-

cess GADGET is considered as the reference route. Sizes of fuel volumes in both models have been 

verified computationally. All compared parameters were identical. Consistency between GADGET 

and EVA tools in this simplified MARIA geometry allowed getting confidence in EVA tool printouts 

for further model development and TRIPOLI-4© calculations. 

2. Modification of MC-5/485 fuel assembly geometry. 
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The geometry of fuel element used in step 1 was without central filler and external channel 

pipe which are normally there. They are made of pure aluminium and SAW-1 alloy (Al-Mg-Si alloy 

equivalent to SAV-1) respectively. These modifications have been done as next step only by using 

EVA tool and presented in Figure 4.2. Influence of these changes has been verified by comparing 

TRIPOLI-4© calculation results to step 1 and accepted for further model development. 

 

Figure 4.2. MC-5/485 FA geometry without fuel channel (outside) and fuel filler (inside) on the left 
and with it on the right. Water is indicated by blue color, fuel - by yellow color, beryllium, SAV and 
aluminum - by gray color. 

3. Comparison of MARIA model between TRIPOLI-4© and REBUS [4.10] codes.  

TRIPOLI-4© MARIA reactor model benchmark against REBUS diffusion code was proposed to 

analysis possible errors in new MARIA model. REBUS is a validated code for MARIA core operational 

calculations [2.59] which is use for MARIA calculations in regular basis. The main objective of the 

benchmark was to compare the impact of removal of the central assembly which was expected to 

bring about similar effect in both models. These two MARIA reactor model geometries have been 

simplified to be comparable one to each other. There was no simulation of beryllium and graphite 

blocks but just one fresh beryllium cylindrical volume surrounding all fuel elements which were lo-

cated parallel. 

The one fuel element worth has been calculated by removing it from the FE54 position (see 

Figure 4.4) and replaced by beryllium moderator. All the assemblies are fresh in this benchmark to 

avoid material balance impact. Results of REBUS and TRIPOLI-4© calculations are presented in Ta-

ble 4.1. Fuel element worth calculations for these two models show fine agreement and difference 

was 21 pcm only. Fuel elements power distribution discrepancies were in range of 1.23% (1σ). For 

this benchmark and MARIA reactor model validation this value was satisfactory. 
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Table 4.1. TRIPOLI-4© and REBUS reactivity calculation after removing EM54 fuel element.  

reactivity loss TRIPOLI-4© REBUS 

Δρ=ρ1-ρ2 [pcm] 1458 1437 

ΔρT – ΔρR 21 

 

4. Tilting fuel elements in the model of MARIA reactor core. 

All assemblies used in previous steps were positioned vertically – parallel to the Z axis with 

130 mm of the lattice pitch which is correct only in the middle of the core. As MARIA reactor core 

geometry has a truncated cone shape, in this step all fuel elements in MARIA reactor core were tilt-

ed with appropriate angles.  

Verification of the volumes size in fuel cells showed very good agreement between statisti-

cal calculation done in TRIPOLI-4© and geometrical pattern verification by means of SolidWorks 

software. Volume comparison brought conformity of the volumes in 0.006%. These model volumes 

in TRIPOLI-4© are in accordance with the data given by the FAs manufacturer in 0.09%. These dis-

crepancies are acceptable especially if we take into account producer possible discrepancy which is 

± 1% for whole assembly. 

Calculations made after fuel elements tilting to the real FA’s positions in MARIA core, were 

compared to the core calculations with parallel fuel elements. These two configurations were com-

pared, to analyse influence of fuel element tilting into the core reactivity and power distribution. 

New MARIA model configuration was consistent with the previous model - described in the step 2. 

This is true especially for beryllium moderator where core reactivity did not change. There are no 

particular mistakes found in these comparisons. At this level MARIA core model is consistent 

enough to continue its development. 
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Table 4.2. Volume comparison of fuel part with uranium material before and after tilting. 

 PLATE 

1 2 3 4 5 6 7 8 

VERTICAL  

[cm3] 

TILTED  

[cm3] 

∆  

(1)–(2) 

MODEL IN 

SolidWorks 

[cm3] 

∆  

(2)–(4) 

PRODUCER 

 [cm3] 

∆  

(1)–(6) 

∆  

(2)–(6) 

SECTOR I 

2 19.089 19.076 0.07% 19.091 -0.08% 19.072 -0.09% -0.03% 

3 26.681 26.700 -0.07% 26.678 0.08% 26.640 -0.15% -0.23% 

4 34.232 34.177 0.16% 34.241 -0.19% 34.200 -0.09% 0.07% 

5 41.795 41.822 -0.06% 41.794 0.07% 41.760 -0.09% -0.15% 

6 49.341 49.323 0.04% 49.342 -0.04% 49.304 -0.08% -0.04% 

SECTOR II 

2 19.090 19.118 -0.14% 19.091 0.14% 19.072 -0.10% -0.24% 

3 26.673 26.717 -0.16% 26.678 0.15% 26.640 -0.13% -0.29% 

4 34.238 34.285 -0.14% 34.241 0.13% 34.200 -0.11% -0.25% 

5 41.808 41.792 0.04% 41.794 -0.01% 41.760 -0.12% -0.08% 

6 49.335 49.288 0.10% 49.342 -0.11% 49.304 -0.06% 0.03% 

SECTOR III 

2 19.094 19.097 -0.02% 19.091 0.03% 19.072 -0.12% -0.14% 

3 26.683 26.675 0.03% 26.678 -0.01% 26.640 -0.16% -0.13% 

4 34.243 34.253 -0.03% 34.241 0.04% 34.200 -0.13% -0.16% 

5 41.795 41.729 0.16% 41.794 -0.16% 41.760 -0.09% 0.07% 

6 49.334 49.353 -0.04% 49.342 0.02% 49.304 -0.06% -0.10% 

SUM  

SUM 

[cm3] 
513.44 513.41 0.005% 513.45 -0.006% 512.93 0.10% 0.09% 

U235 [g] 485.48 485.46 0.005% 485.49 -0.006% 485.00 0.10% 0.09% 

 

5. Implementation of actual shape of beryllium blocks, graphite blocks and water gaps.  

The MARIA reactor core is constructed of hundreds pyramid frustum blocks (pyramid with 

truncated apex). BB’s have truncated corners for placing cylindrical fuel channels. BB placed in the 

core centre, together with the cooling water inside FAs are the moderators. Graphite blocks sur-

rounding core centre are used as a reflector. Water gaps widths 1.5 mm are between all blocks. 

There is also 1.5 mm interstice between BB and fuel elements channels. All these gaps are filled 

with pool water which flows down to exchange heat with all core structure elements. All these 

MARIA core construction elements were implemented in this step to the model and compared with 

previous step containing no graphite and BB. 
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After implementing all modifications with moderator and reflector in the modelled core, re-

activity decreased by 1064 pcm value. This reactivity loss is reasonable for this particular reflector 

change and was expected as graphite (which replaced beryllium in reflector region) has higher 

atomic mass then beryllium and therefore it is worse moderator. Calculation power distribution dif-

ferences were also accepted for modifications implemented into the model. 

  

Figure 4.3. The MARIA reactor model in TRIPOLI-4©. 

 

Labelling of MARIA core elements 

The MARIA reactor has specific addressing method of each element. For all blocks (beryllium 

and graphite) numeration is described by using Roman numbers from ‘I’ to ‘XVI’ on abscissa for col-

umns and uppercase letters from ‘A’ to ‘P’ on ordinate for rows. For positions between blocks (e.g. for 

fuel elements) numeration is described by using Arabic numbers from ‘1’ to ‘15’ on abscissa and lower-

case letters from ‘a’ to ‘o’ on ordinate for rows. This description method had to be simplified for organ-

izing of data and to use addressing in mathematical model description. It was possible with new nu-

meration to make dependence of the elements address to their properties. Every number was assigned 

as step grid with specified element angles designated for this place. Thanks to this addressing simplifi-

cation all volumes in the TRIPOLI-4© model are clearly assigned to the chosen core element by the first 

two digits. This was additionally advantage for model input visual verification and for any manual modi-

fications without EVA tool usage (if needed). New way of numbering (NeNo), developed for MARIA cal-

culation simulation is presented in Figure 4.4. As an example, fuel element position “g-7” is described in 

NeNo as “FE54”. An example of the core configuration obtained from TRIPOLI-4© tool named T4G for 

MARIA configuration from September 2014 is presented on Figure 4.3. 
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Final model of MARIA in TRIPOLI-4© is described with attention to detail in next chapter 

IV.2 MARIA MODEL VERIFICATION. Description includes material temperatures, FAs burn-up, FAs poi-

soning, BB poisoning and its geometry. 

 

 

 

Figure 4.4. The MARIA reactor core elements numbering in TRIPOLI-4© model. All possible places of 
a fuel element loading are marked by yellow color. White squares are the positions of graphite blocks. 
Middle part of the core, with grey squares included, consist of beryllium blocks with fuel elements 
between them. 

IV.2 MARIA MODEL VERIFICATION 

Defining compositions of materials in MARIA reactor model is complex and consist of variety of 

issues. Each part of model has its own specifications and behaviour in nuclear reactor. To obtain model 

as precise as possible, water density was determined according to actual temperature in water pool 

and inside fuel elements. Density of water change with temperature and it is important aspect of mate-
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rial composition used in MARIA reactor calculations. Special attention was paid to the fuel elements 

material composition including burn-up and 135Xe & 149Sm poisoning, fuel elements vertical of power 

and poisoning distribution, beryllium blocks poisoning, control rods operational analysis and cross-

section libraries availability for chosen temperatures.  

Cross-section libraries, used for core modelling are dedicated to specific temperature. This is 

especially important for fuel elements due to Doppler Effect. Temperature of water and beryllium 

moderator plays important role due to temperature coefficient. In MARIA core calculated Doppler ef-

fect of fuel elements is equal -0.2±0.05 ¢/deg. Temperature coefficient of water inside fuel elements is 

measured to be a -1.8±0.3 ¢/deg and inside the pool +2.5 ¢/deg. BB temperature coefficient was calcu-

lated to be +1.9±0.3¢/deg. In general implementation of moderator temperature is more than ten 

times more important than temperature of fuel. Where it was available, temperature used in calcula-

tions were closest to real one, especially for water moderator. Because there are no libraries for each 

nuclide in every temperature – only those which are available were used in MARIA reactor modelling. 

Fuel elements composition consists of 168 elements and for this reason only 294 K temperature could 

be used. Also for BB composition only 294 K could be used like for most materials in MARIA reactor 

model. Library for 314 K temperature was used only for pool water and 324 K temperature was used 

for external and internal layers of fuel element cooling water. Detailed specification of temperatures 

used for densities and are presented in Table 4.3. 
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Table 4.3. Temperatures used for calculated densities of the materials and libraries used for neutron 

photon transport calculations in TRIPOLI-4©. 

Material Density acc. Temp. Libraries acc. Temp 

Pool water 312K (39°C) 314K 

External FE water 323K (50°C) 324K 

Internal FE water 330K (57°C) 324K 

Water blocks O-16 311K (38°C) 294K 

Beryllium 333K (60°C) 294K 

Grafit 294K (21°C) 294K 

FE 363K (90°C) 294K 

FE Al 358K (85°C) 294K 

Control/Safety rods 294K (21°C) 294K 

 

IV.2.1 Implementation of material balance of fuel elements from APOLLO2 code  

The MARIA reactor core during operation consists of more than twenty fuel elements. Fuel ele-

ments are replaced one by one systematically while burn-up. “Fresh” fuel element has material compo-

sition well defined by manufacturer [4.17] and consists of 18 nuclides listed in the Table 4.4. After first 

use of FA in the core, its composition changes mainly by fissile isotopes fission into fission products. 

This composition changes as a function of the FA burn-up. For FAs material composition determination, 

burn-up calculations have been performed by means of APOLLO2.8-3 code using CEA2005 library with 

1 neutron energy group.  
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Table 4.4. Fresh fuel element MC-5/485 material composition for APOLLO2 and TRIPOLI-4© 

calculations [4.17]. 

no Nuclide at/10-24cm3 no Isotope at/10-24cm3 

1 U238 9.72E-03 10 CU65 7.68E-06 

2 SI-NAT 8.33E-03 11 B11 7.61E-06 

3 U235 2.42E-03 12 FE54 4.97E-06 

4 O16 1.39E-03 13 LI7 4.51E-06 

5 AL27 9.39E-04 14 B10 1.88E-06 

6 C-NAT 2.64E-04 15 FE57 1.80E-06 

7 N14 1.36E-04 16 CD-NAT 5.63E-07 

8 FE56 7.80E-05 17 CO59 5.37E-07 

9 CU63 1.72E-05 18 FE58 2.40E-07 

 

Burn-up calculations from 0 MWd/t up to more than 1.1·105 MWd/t were divided into few hun-

dreds steps, each equal to 1700 MWd/t. In the notation used for MARIA reactor operation, the step is 

equal to 100MWh/FA and range of calculation extends from 0 MWh/FA up to 6600 MWh/FA. Using the 

APOLLO2 depletion chains the material balance of depleted fuel consist of 168 nuclides – see 0. Results 

of these calculations were used in TRIPOLI-4© simulations with vertical distribution described in sub-

section IV.2.2. 

As it was described in the previous chapters, MARIA reactor has a unique cooling system with 

every FA inlet/outlet coolant flow rate and temperature measurement. Thanks to these measurements 

the operation power history of each assembly is well known and therefore its total burn-up. This is im-

portant information for core simulations and it defines each fuel element material content using burn-

up calculations. FA is changing its material inventory in accordance with its burn-up.  
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Table 4.5. 168 nuclides taken into account of FA material composition in APOLLO2 and TRIPOLI-4© 

calculations. 

1 H3 31 ZR93 61 CD110 91 XE135 121 SM150 151 U234 

2 HE3 32 ZR94 62 PD110 92 BA136 122 EU151 152 U235 

3 LI6 33 MO95 63 CD111 93 CS136 123 PM151 153 PU236 

4 LI7 34 NB95 64 CD112 94 XE136 124 SM151 154 U236 

5 B10 35 ZR95 65 CD113 95 BA137 125 GD152 155 NP237 

6 B11 36 MO96 66 CD114 96 CS137 126 SM152 156 PU238 

7 CNAT 37 ZR96 67 IN115 97 BA138 127 EU153 157 U238 

8 N14 38 MO97 68 CD116 98 LA139 128 SM153 158 PU239 

9 O16 39 MO98 69 SB121 99 CE140 129 EU154 159 PU240 

10 AL27 40 MO99 70 SB123 100 LA140 130 GD154 160 AM241 

11 SINAT 41 TC99 71 SB125 101 CE141 131 SM154 161 PU241 

12 
FE54 

42 MO100 72 TE125 102 PR141 132 EU155 162 

AM242

M 

13 FE56 43 RU100 73 I127 103 CE142 133 GD155 163 CM242 

14 
FE57 

44 RU101 74 

TE127

M 104 ND142 134 EU156 164 PU242 

15 FE58 45 RU102 75 TE128 105 ND143 135 GD156 165 AM243 

16 CO59 46 RH103 76 I129 106 PR143 136 EU157 166 CM243 

17 
CU63 

47 RU103 77 

TE129

M 107 CE144 137 GD157 167 CM244 

18 CU65 48 PD104 78 TE130 108 ND144 138 GD158 168 CM248 

19 SE79 49 RU104 79 XE130 109 ND145 139 TB159 

  20 BR81 50 PD105 80 I131 110 ND146 140 DY160 

  21 KR83 51 RH105 81 XE131 111 ND147 141 GD160 

  22 KR84 52 RU105 82 XE132 112 PM147 142 TB160 

  23 KR85 53 CD106 83 CS133 113 SM147 143 DY161 

  24 RB85 54 PD106 84 XE133 114 ND148 144 DY162 

  25 KR86 55 RU106 85 BA134 115 PM148 145 DY163 

  

26 RB87 56 PD107 86 CS134 116 

PM148

M 146 DY164 

  27 SR88 57 CD108 87 XE134 117 SM148 147 HO165 

  28 SR90 58 PD108 88 BA135 118 PM149 148 ER166 

  29 ZR91 59 AG109 89 CS135 119 SM149 149 U232 

  

30 ZR92 60 

AG110

M 90 I135 120 ND150 150 U233 
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IV.2.2 Fuel elements burn-up vertical distribution correction according to 

measurement 

Validation process of MARIA reactor modelling consists of vertical neutron flux distribution 

comparison to the experimental data. They were activation wires (Al-Co & Ni) used to determine shape 

of thermal neutron flux density distribution in each experimental channel. First comparisons of calcula-

tion results to experimental data showed differences between them. Simulated shape of this parame-

ter was too narrow – values in half core were too high and in the core edges were too low. Analyses of 

this problem result in conclusion of necessity taking into account fuel elements vertical burn-up distri-

bution.  

 

Figure 4.5. Graphical presentation of burn-up over a hundred of MARIA fuel elements [4.19][4.20] 

Vertical burn-up distribution for fuel elements is well known parameter for MARIA reactor core. 

It is the result of over a hundred of measurements of MR-6/430 fuel elements. Measurements were 

carried out based on the method of recording of neutrons from spontaneous fission of transuranic nu-

clides gathered in the fuel as a result of its burn-up. Detail description of measurement was described 

in [4.17], [4.19] and recently published in [4.20]. Result of measurements is presented in Figure 4.5. 
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Distribution of burn-up for each fuel element depends on its history, placement in the core and neigh-

bourhood control rods, fuel elements and content of isotopes channels. Nevertheless, regular change 

of core configuration and fuel elements location together with great statistic (almost a hundred fuel 

elements) allow determining general equation [4.19] of FAs burn-up vertical distribution. Using equa-

tion from [4.19] the relative factors were calculated for five levels of fuel elements in MARIA model for 

TRIPOLI-4© calculations. These factors are 0.8058, 1.1455, 1.2032, 1.0758 and 0.7443 from bottom to 

top respectively. These factors are used to determine burn-up of each level of fuel elements and in 

consequence to use appropriate material composition. These values are statistically determined for all 

FA’s and may differ for particular situations where control rods had higher or lower impact on the burn-

up distribution. Nevertheless all fuel elements are changing its position systematically in the same way 

according to burn-up level and got similar history in the core. For time of MARIA modelling in TRIPOLI-

4© there was no more detailed information of possible influence of control rods into the burn-up dis-

tribution for each FA so this generalisation was used as best available. Each level of fuel element has 

composition appropriate for its burn-up from APOLLO2 calculations. This resulting in lowered mass of 

235U in the FA centre and higher in the FA edges. Mass of 235U divided on each level is presented in Fig-

ure 4.6. This nuclide mass in the model has been verified by comparison in Figure 4.7 and Figure 4.8 

between APOLLO2 and REBUS calculation results. These figures present very good agreement in this 

comparison and overall 235U mass difference is around 0.6% (47 g/7659 g). 
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Figure 4.6. U235 content in grams for each fuel element divided to five levels used in MARIA model 
in TRIPOLI-4©  
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Table 4.6. Fuel elements burn-up used for experimental configuration calculations 

MARIA 

address 

Fuel 

element 

burn-up 

[MWh] 

APOLLO2 235U mass 

[g] 

REBUS 
235U mass [g] 

APOLLO/ 

REBUS 

e5 FE32 395 465 465 1.00 

f5 FE33 3161 323 323 1.00 

g5 FE34 2519 355 356 1.00 

h5 FE35 1028 432 432 1.00 

i5 FE36 5454 214 205 1.04 

j5 FE37 3160 323 323 1.00 

e6 FE42 1382 413 414 1.00 

f6 FE43 3881 288 286 1.01 

g6 FE44 2921 335 335 1.00 

h6 FE45 533 457 458 1.00 

i6 FE46 5056 232 225 1.03 

j6 FE47 2867 338 338 1.00 

g7 FE54 2795 342 342 1.00 

h7 FE55 5012 234 228 1.03 

i7 FE56 610 453 454 1.00 

g8 FE64 4811 244 238 1.03 

h8 FE65 3862 289 287 1.01 

i8 FE66 5900 187 182 1.03 

e9 FE72 1061 430 431 1.00 

f9 FE73 1878 388 389 1.00 

g9 FE74 5014 234 228 1.03 

h9 FE75 4826 243 237 1.02 

i9 FE76 869 440 440 1.00 

  

SUM: 7659 7612 1.01 
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Figure 4.7. Comparison of 235U mass calculated by Rebus and Apollo2 for all Fa’s 

 

Figure 4.8. Ratio of 235U mass calculated by Rebus and Apollo2 versus burn-up for all Fa’s
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IV.2.3 Fuel elements poisoning during campaign.  

Measurements in MARIA reactor were performed day by day in around 6 h cycles and 18 h 

breaks between them. The operation power, presented in Figure 4.9, was between 0.5 and 16 MW 

(most time between 13 and 16 MW). Due to short intervals between each experimental cycle, in the 

MARIA core during experimental measurements campaign a strong poisoning effect has been ob-

served. During one day measurement there were important displacements of control rods according to 

reactivity changes of the core. A reactivity change in time of experiment is presented in Figure 4.10. 

This is well known behaviour of the nuclear reactors due to changes of 135Xe and 149Sm content inside 

fuel elements. These two nuclides are of particular importance because of their very high microscopic 

cross-section. Concentration of xenon is changing nearly every few minutes and fully disappears with 2 

days at the contrary samarium concentration increase to a pick value after some days and reach and 

the equilibrium after 20 days. To reconstruct material composition evolution with its poisoning, addi-

tional calculations has been done separately for each step of the cycle. 

In simulations performed, all of twenty three fuel elements have material compositions from 

APOLLO2 calculation using standard operation times from statistical regular operation. This was done 

for 469 levels of burn-up using 837 MWd/t steps and typical break time between reactor operation 

cycles. This method may be used to calculate all nuclide content except poisons like Xe135 and Sm149. 

These poisons strongly depend on the FA working power and cooling. For these reasons separated cal-

culations of poisoning with retrace of experimental schedule were carried out.  

To start with correct poison concentrations, one additional operation cycle and break before 

experimental campaign was taken into consideration. Calculations were divided into 288 time steps to 

determine poisons concentration at any time of measurements. During experimental campaign, MARIA 

reactor was operating on various power from 0.5MW up to 16MW. Nearly every step differs on power. 

Nevertheless there was more or less constant ratio of each fuel contribution to total core power. The 

weakest was operating on around 0.63% of total core power, while the “strongest” fuel element was 

operating on around 7.95% of total core power. These values were used as two variants for poisoning 

determination. All calculations were repeated for 370 MWh (most fresh), half of most burn-up (2500 

MWh) and most burn-up (5100 MWh) fuel elements present in the experimental configuration (see 

Figure 4.13). This means that for each moment of experimental campaign Xe135 and Sm149 were cal-

culated in six variants: 

1) 0.63% total power, 370 MWh burn-up 
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2) 7.95% total power, 370 MWh burn-up 

3) 0.63% total power, 2500 MWh burn-up 

4) 7.95% total power, 2500 MWh burn-up 

5) 0.63% total power, 5100 MWh burn-up 

6) 7.95% total power, 5100 MWh burn-up 

Minimal and maximal concentration of 135Xe and 149Sm is presented in Figure 4.11 and Figure 

4.12 respectively. To use correct poisoning content for each power and burn-up of fuel element, biline-

ar interpolation is used for each of time step. This approximation allow with six separate calculations in 

288 time steps to cover all 23 fuel elements with their different burn-up and operation power.  

Additionally this bilinear interpolation has been done separately for each of five levels of fuel 

elements. This was possible after implementing vertical power and burn-up distribution (described in 

previous subsection). Vertical power distribution of each fuel element has been averaged from TRIPOLI-

4© calculation and was used the same for all FAs. Each level of fuel element has been treated as sepa-

rate FA. Theoretical relative power of each level used for poisoning calculation are (from bottom to 

top) 0.83, 1.19, 1.25, 1.06, 0.68 of chosen fuel element power. These are slightly different from exper-

imentally determined vertical burn-up distribution relative factors described in previous subsection 

IV.2.2. Concentration of 135Xe and 149Sm in each FA’s was verified with REBUS calculations and validated 

with measurements. Introduction this method to the calculational model increased compatibility of 

calculation results in scope of fuel elements power distribution and vertical neutron flux shape (see 

subsection IV.3.2 and IV.3.3). Fuel elements burn-up, on the beginning of experimental measurement 

campaign, 29/09/2014 are presented in Figure 4.13.  
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Figure 4.9. MARIA power changes during experimental campaign. 

  

Figure 4.10. MARIA reactivity changes during experimental campaign. 
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Figure 4.11. Maximal and minimal fuel element poisoning with Xe135 according to operational power. 

 

Figure 4.12. Maximal and minimal fuel element poisoning with Sm149 according to operational 
power. 
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Figure 4.13. Burn-up of fuel elements in MWh - configuration of MARIA core on the beginning of 
experimental campaign. (changes from 29.09.2014, KKR 16/2014). 
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IV.2.4 Composition of beryllium blocks from REBUS code. 

The MARIA reactor core contains beryllium blocks. Beryllium is used as very good moderator, 

nevertheless nuclear reactions and transformations initiated by 9Be(n,α) reaction result in production 

of 3H, 3He and 6Li [4.21]. The long-term accumulation of helium and tritium gases produces a swelling 

effect which limits the lifetime of BB in the reactor and reduces core reactivity. Moreover, large ther-

mal neutron absorption cross sections of 3He and 6Li results in large negative reactivity which alters 

neutron flux and power distributions. The process of beryllium poisoning starts when beryllium gets 

irradiated by neutrons. The (n,α) reaction with threshold energy of about 0.5 MeV leads to the set of 

reactions: 

 𝐵𝑒(𝑛, 𝛼) → 𝐻𝑒69     

𝐻𝑒
𝛽−

→ 𝐿𝑖,66   𝑇1
2⁄
= 0.8𝑠  

𝐿𝑖(𝑛, 𝛼) → 𝐻36     

𝐻
𝛽−

→ 𝐻𝑒33 ,  𝑇1
2⁄
= 12.33𝑦 

𝐻𝑒(𝑛, 𝑝) → 𝐻33     

(4.1) 

Presented reactions show that poisoning of beryllium is complex and depends not only on the 

fast and thermal neutron fluency but also on the time of breaks between cycles.  

Each MARIA reactor beryllium block has its own history of utilization in the core. From time to 

time BB configuration change by replacing some of them positions. This history has been recorded from 

certain moment and the previous histories of BB are not well specified. Best available data for BB flu-

ency are presented in Figure 4.14. Using this information, material composition has been calculated by 

means of REBUS code.  

During MARIA operation it was many times experimentally proved that poisoning of BB has im-

portant influence into the core reactivity and distribution of power in the core. The greatest differences 

are observed after replacing any old beryllium block into the fresh one. In such a situation, reactivity of 

the core and neutron flux parameters in neighbouring irradiation channels increase. To modelize 

MARIA with the best possible accuracy it was important to implement beryllium poisoning effect into 

the calculation model. First calculations with introduced beryllium block poisoning of each present not 

satisfactory results in scope of fuel element power distribution. Thus there were several computational 

sequences proceeded to investigate influence of BB poisoning into the power distribution. Finally, from 

comparison of several possible configurations and material compositions it arose that most consistent 
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results were for BB with averaged material composition – the same for all of them. In this case calcu-

lated fuel elements power distribution presented satisfactory consistent with measured one. Results of 

this comparison are presented in Figure 4.27 and subsection IV.3.3 (Power density distribution). 

 

Figure 4.14. Beryllium blocks neutron fluence on September 2014 (REBUS calculation) 

 

IV.3 VALIDATION OF MARIA COMPUTATIONAL MODEL  

The MARIA reactor model for TRIPOLI-4© calculations has been developed as a new tool for 

MARIA reactor core operation analyses under this thesis realization. Thus results obtained from this 

calculational model and performed comparisons of the measurements were presented in the following 

chapters for the first time. Therefore, to confirm the correctness of the results obtained from this 

model, there was a need to perform full validation process. This was done by comparison of calculation 

results to well defined experimental data, i.e. reaction rates on activation detectors, fuel elements 

power distribution, core reactivity and control rods worth measurements. Each of the parameter was 

measured separately and compared with calculations obtained with simulated core configuration ap-
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propriate to the time of measurements. All measurements for validation processes were carried-out 

during experimental measurements campaign, on September and October 2014, in three stages pre-

sented in Figure 4.15. 

The first validation stage focuses on neutron distribution in four experimental channels. The 

same channels where used further on for experimental nuclear heating measurements. For this stage, 

in each channel there were two activation detectors used in form of Al-Co and Ni wires. 

Second stage of validation is a comparison of a power distribution among fuel elements in the 

core and effective multiplication factor coefficient which are supposed to be close. Measurement of 

fuel element power distribution is performed systematically by means of SAREMA system with temper-

ature and coolant flow measurements at each FA. 

Third stage of validation was a comparison of measured and calculated control rods worth. The 

measurement was done one week after experimental campaign when poisoning effect could be ne-

glected.  

Core configuration is well defined for each calculation at each stage by means of the fuel ele-

ment material composition regarding its burn-up, fuel element poisoning regarding time of measure-

ment and control rods positions according to specification sheets of MARIA Reactor Operation Division.  

 

Normalization of the computational results  

Calculation results in TRIPOLI-4© were given for one source neutron. To estimate the actual re-

actor core parameters at chosen thermal power of the system it is necessary to multiply these values 

by an appropriate normalization factor taking into account the experimental power of the reactor dur-

ing the measurements.  

The MARIA reactor model validation process is based on three computational parameters which need 

to be normalized: 

1) Reaction rates on chosen reaction (fission / (n,γ) / (n,p)) 

2) Flux calculation (neutron and photon) 

3) Energy deposition (neutron and photon) 

Proposed in [4.1] normalization factor for fluxes in units of fission neutrons per unit time is: 

 

𝑺 =
𝑃[𝑊]  ̅   [

𝑛𝑒𝑢𝑡𝑟𝑜𝑛
𝑓𝑖𝑠𝑠𝑖𝑜𝑛

]

1.6022 ∙ 10−13  [
𝐽

𝑀𝑒𝑉]  ∙  𝑤𝑓  [
𝑀𝑒𝑉
𝑓𝑖𝑠𝑠𝑖𝑜𝑛

]
∙
1

𝑘𝑒𝑓𝑓
 (4.2) 
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where P – denotes power of the system, ̅ – average number of neutrons released per fission, 

wf – effective energy released per one fission. Power of the system is taken from nuclear reactor con-

trol systems or it is chosen from expected value – depending on the object of the calculations. Neu-

trons number per fission and energy released per fission are well known for each fissile and fissionable 

nuclide. Parameter ̅ can be also calculated by means of MC code for every fissile nuclide. The result is 

expressed in number of fissions per one source neutron. It is just reversing makes it a number of neu-

trons per one fission. In case of calculations done for supercritical or subcritical core it is necessary to 

normalize these results by reverse of keff value so in consequents it transforms results to values compa-

rable with measurements. 

 All measurements and calculation results described in this thesis were normalized to 15 MW to-

tal reactor power. Average number of neutrons released per fission has been described in following 

chapter. The total recoverable energy released per one fission of 235U ranges from 198 to 207 MeV 

[4.3]. Analysis realized by C. Huot-Marchand [4.4] for JHR shown that effective energy released per one 

fission in JHR will be 194 MeV. Results of MARIA model calculations were normalized taking arbitrary 

198MeV energy released per fission. This is 2% more than energy determined for JHR and 4% less than 

possible maximal one. This approximation is a bias in MARIA model validation. 

Finally to evaluate e.g. flux from calculations – one need use the following formula: 

 
ф = ф𝑇𝑅𝐼𝑃𝑂𝐿𝐼4 ∙ 𝑺 [

𝑛𝑒𝑢𝑡𝑟𝑜𝑛

𝑐𝑚2𝑠
] (4.3) 
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Figure 4.15. MARIA calculation model validation scheme 

 

IV.3.1 Fission Rate Calculations  

TRIPOLI-4© calculation code allows simulating reaction rate of specified type of reaction, e.g. 

fission. This response results in number of fissions of chosen nuclide at chosen cell per one source neu-

tron in the system. Summing fission rates among all fissile and fissionable nuclides give information on 

total number of fissions per one neutron in the system [4.5]. 

The most important fissile nuclide is 235U, which is 19.75% of total uranium mass in considered 

fuel elements. The other fissile nuclides in the MARIA modelling were taken into account: 233U, 234U, 

235U, 236U, 238U, 236Pu, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 242m Am, 243Am, 237Np, 242Cm, 243Cm, 244Cm, 

248Cm.  
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Calculation gave result 4.055E-1 
𝑓𝑖𝑠𝑠𝑖𝑜𝑛

𝑛𝑒𝑢𝑡𝑟𝑜𝑛
 (σ=0.02%) at integrated by energy from 1.E-11 to 

2.E+01 MeV. In reverse it gives 2.466
𝑛𝑒𝑢𝑡𝑟𝑜𝑛

𝑓𝑖𝑠𝑠𝑖𝑜𝑛
. This value was assigned to the MARIA reactor model neu-

tron and photon results normalization.  

 

IV.3.2 Neutron flux horizontal and vertical distribution 

Neutron fluxes vertical distribution can be measured by using activation wire detectors. De-

pending on material used, it may be possible to define also rough neutron energy spectrum. The most 

common used in MARIA reactor activation wires are Al-Co and Ni. They allow for definition of thermal 

and fast neutrons components. 

During measurement campaign on 27/09/2014, two types of activation detectors were used: 

Aluminium–Cobalt (0.1% wt.) wire, 0.5 mm diameter and Nickel (99.98% wt.) wire, 1 mm diameter. The 

wires are 1.5 meters in length and were mounted inside specially designed probes and placed in each 

of four experimental channels.  

TRIPOLI-4© calculates reaction rates considering the fissionable nuclides of the material com-

position. Computed reaction rate corresponds to a macroscopic reaction rate [4.24]. Therefore, after 

normalization of the scores to the number of neutrons in the core (see equation (4.2)) it is necessary to 

divide it by density of demand isotope, by 1024 and by volume of the cell used for scores calculation. 

 
𝛼 =

𝛼𝑇𝑅𝐼𝑃𝑂𝐿𝐼4 ∙ 𝑺 

𝜌 ∙ 1024 ∙ 𝑉
[
1

𝑠
] (4.4) 

where  is the investigated reaction rate, TRIPOLI-4 is the results obtained from TRIPOLI-4© cal-

culations, S corresponds to the normalization factor (see chapter IV.3),  is the density used in the cal-

culations, V corresponds to the volume of the cell used for reaction rate calculations. 

Calculations in TRIPOLI-4© were done for 4 channels divided into 110 cells (1.0 cm height and 

0.5 cm radius). Material composition of each cell consists of Al-Co and Ni. The response was set on the 

reactions:  

59Co  (n,γ) 60Co (T1/2=5.3 y)  (INTERACTION 1 52) 

58Ni  (n,p) 58Co (T1/2=70.8 d)  (INTERACTION 1 53) 

First calculations were performed with BB poisoning averaged through the whole core (see sub-

section 0 
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Composition of beryllium blocks from REBUS code.). Results obtained this way are presented in 

Figure 4.16 to Figure 4.19Comparison of calculation to experiment results of Ni wire in four channels 

with beryllium blocks poisoning averaged through the all core. To verify influence of poisons in BB on 

the results additional calculations has been performed with “fresh” beryllium composition in experi-

mental measurements locations: H-IV, H-VA, H-VB, H-VI. These changes in configuration bring signifi-

cant change in calculated reaction rates on cobalt and minor change in Ni activation wire.  

Calculation results from TRIPOLI-4© were obtained by using 2·109 neutrons histories. Configura-

tion of the core expressed in reactivity agreed with experimental one in 165pcm (0.24$). Figure 4.17 

and Figure 4.20 presents all comparison results in all channels and Figure 4.18 and Figure 4.21 present 

every channel separately for Ni and Al-Co wire detectors. The standard deviations for calculations and 

measurements are presented in Table 4.7. 
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Figure 4.16. Comparison of calculation to experiment results of Ni wire in four channels with beryllium 
blocks poisoning averaged through the all core. 
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Figure 4.17. Comparison of calculation to experiment results of Ni wire in four channels without 
beryllium blocks poisoning . 
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Channel H-IV Channel H-V/A 

  

 

Channel H-VB 

 

Channel H-VI 

  

Figure 4.18. Comparison of calculations to experiment results of Ni wire in four channels. 
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Figure 4.19. Comparison of calculation to experiment results of AlCo wire in four channels with 
beryllium blocks poisoning avereged through the all core. 
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Figure 4.20. Comparison of calculations to experiment results of AlCo wire in four channels without 
beryllium blocks poisoning . 

 

Channel H-IV Channel H-V/A 
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Channel H-V/B 

 

Channel H-VI 

  

Figure 4.21. Comparison of calculations to experiment results of Al-Co wire in four channels 

Comparison of calculation and experimental results presented in Figure 4.17 - Figure 4.21 pre-

sents several of results conformity to experimental data in shape of Ni and Al-Co reaction rates. Maxi-

mum of neutron flux is lowering with distance from core centre in both cases which is one of character-
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istic properties of the MARIA reactor core. This is result of conical shape of the core and this effect 

could be obtained only with accurate core geometry reconstruction in calculational model. This effect 

was desirable before calculations realisation.  

Compliance of calculations with the measurements differs depending on the each channel 

height and simulated neutron flux characteristic. By analysis C/E of reaction rates of 58Ni activation 

wire, the simulation quality is rated for neutrons above 1MeV. For 59Co activation detector, quality of 

simulation is present more for thermal neutron.  

Table 4.7. Numerical comparison of reaction rates measured and calculated in TRIPOLI-4©. 

Ch. H [mm] Ni C 

σC 

[%] Ni EXP 

σE 

[%] C/E AlCo C 

σC 

[%] AlCo EXP 

σE 

[%] C/E 

H
IV

 

(A)-500 : -300 6.00E-15 3% 5.88E-15 3% 1.02 8.39E-11 <1% 1.03E-10 3% 0.81 

(B)-300 : -100 7.93E-15 3% 7.22E-15 3% 1.10 1.21E-10 <1% 1.35E-10 3% 0.90 

(C)-100 : +100 7.18E-15 3% 6.76E-15 3% 1.06 1.25E-10 <1% 1.33E-10 3% 0.94 

(D)+100: +300 5.16E-15 4% 4.89E-15 3% 1.05 9.99E-11 <1% 1.05E-10 3% 0.95 

(E)+300 : +500 2.55E-15 5% 2.32E-15 4% 1.10 5.55E-11 <1% 4.87E-11 4% 1.14 

H
V

A
 

(A)-500 : -300 2.59E-14 2% 2.77E-14 2% 0.94 1.36E-10 <1% 1.73E-10 4% 0.79 

(B)-300 : -100 3.75E-14 1% 4.01E-14 2% 0.94 2.07E-10 <1% 2.43E-10 4% 0.85 

(C)-100 : +100 3.67E-14 1% 3.92E-14 2% 0.93 2.20E-10 <1% 2.55E-10 4% 0.86 

(D)+100: +300 2.89E-14 1% 3.19E-14 2% 0.90 1.85E-10 <1% 2.04E-10 4% 0.90 

(E)+300 : +500 1.49E-14 2% 1.52E-14 2% 0.98 1.06E-10 <1% 9.52E-11 5% 1.12 

H
V

B
 

(A)-500 : -300 7.93E-14 <1% 7.64E-14 2% 1.04 1.56E-10 <1% 2E-10 3% 0.78 

(B)-300 : -100 1.11E-13 <1% 9.27E-14 2% 1.20 2.39E-10 <1% 2.61E-10 3% 0.92 

(C)-100 : +100 1.08E-13 <1% 9.44E-14 2% 1.15 2.57E-10 <1% 2.8E-10 2% 0.92 

(D)+100: +300 8.40E-14 <1% 7.17E-14 2% 1.17 2.18E-10 <1% 2.32E-10 3% 0.94 

(E)+300 : +500 4.35E-14 1% 3.40E-14 2% 1.28 1.26E-10 <1% 1.14E-10 3% 1.10 

H
V

I 

(A)-500 : -300 8.80E-14 <1% 9.73E-14 2% 0.90 1.71E-10 <1% 2.12E-10 3% 0.81 

(B)-300 : -100 1.29E-13 <1% 1.27E-13 2% 1.01 2.67E-10 <1% 3.29E-10 3% 0.81 

(C)-100 : +100 1.28E-13 <1% 1.26E-13 2% 1.02 2.93E-10 <1% 3.48E-10 3% 0.84 

(D)+100: +300 1.02E-13 <1% 1.02E-13 2% 1.00 2.55E-10 <1% 3.06E-10 3% 0.83 

(E)+300 : +500 5.49E-14 1% 4.98E-14 2% 1.10 1.54E-10 <1% 1.83E-10 3% 0.84 

Numerical comparison of calculation to experimental measurements where done for five levels 

(A) -500 : -300; (B)-300 : -100; (C)-100 : +100; (D) +100 : +300; (E)+300 : +500. This corresponds to divi-

sion of fuel elements with different material composition according to burn-up and poisoning. Each 
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level measurements and calculation results were averaged and compared. Results are presented in 

Table 4.7. Comparison of the whole irradiation channel is presented in the Table 4.8. 

Table 4.8. Numerical comparison of reaction rates measured and calculated in TRIPOLI-4©. 

Channel Ni C/E (averaged) AlCo C/E (averaged) 

H-IV 1.07 0.95 

H-V/A 0.94 0.90 

H-V/B 1.17 0.93 

H-VI 1.01 0.83 

 

In two cases discrepancies of C/E in the whole channel reached up to around 17%. It is difficult 

to define unambiguously reason of such a high differences. Scattering of experimentally measured 

points indicate possible error of the measurements. It could happen by imprecise cutting of the dosim-

etry wires after irradiation which effects in wrong activity determination. Error of the MARIA model is 

possible but taking into account correctness of the rest results – it seems to be less likely. To verify such 

a possibility, there were processed several calculations with different poisons quantity of beryllium 

blocks in experimental locations. None of verified configurations could explain so great differences of 

C/E in these two channels only. Consultations with MARIA Reactor Measurement and Analysis Group of 

NCBJ Reactor Research and Technology Division confirmed possibility of measurements error of Ni de-

tector in channel H-V/B and AlCo detector in H-VI channel. 

Presented here Figure 4.16 and Figure 4.17 for Ni reaction rates, Figure 4.19 and Figure 4.20 for 

Co reaction rates - influence of beryllium block poisoning in experimental positions. Thermal neutron 

transportation which appears in Co reaction rates was inadequate to measurement in case of BB poi-

sons implementation. Results presented for fresh BB were much closer to the measured values than 

first case. In each tested configuration the material content was distributed evenly through the whole 

beryllium block volume. This is highly incorrect as there is expectation of strong differences in vertical 

and horizontal distribution of 3He and 6Li impurities according to the each beryllium block neutron flu-

ency and history. Currently this is an object of research in MARIA and JHR team and can be implement-

ed into the model in the future. For research presented here and in further chapters beryllium poison-

ing is simplified to the whole volume of beryllium block even poisonings averaged for whole core and 

with fresh beryllium composition inside experimental locations.  
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Similar work of neutron flux calculations to experiment comparison was performed with simplified 

MCNP model of MARIA. This model takes into account all conical shape of MARIA core with simplifica-

tion of the fuel elements. At each assembly position there is one cylinder with homogenized material 

composition of fuel elements. It allows analysing neutronic transportations through the beryllium and 

graphite blocks with the specified sources at each fuel element position. In this comparison, calculation 

to experimental data changed from 0.66 to 0.97 (C/E) in channel H-IV just by reducing moderator poi-

soning [4.22]. This confirms that beryllium poisoning should be an object of wider research in future to 

receive better accuracy of the model. As it was mentioned before, especially it is needed to study hori-

zontal and vertical distribution of poisons inside BB. Currently poisons are distributed evenly from top 

to bottom and it is one of the model errors which couldn’t be improved during this thesis realisation. 

 

Figure 4.22. Experimental channels (H-IV, H-V/A, H-V/B, H-VI) with surroundings. White blocks 
arerepresentation of beryllium material, blue circles are irradiation channels filled with water, gray 
circles and blocks are graphite and black circles are fuel elements. 

Another important aspect of results interpretation is the neighbouring environment of each 

measurement localisation. Core configuration around irradiation channels is presented in Figure 4.22. 

Channel H-VI has four fuel elements around (black circles) what results in high ratio of fast neutrons to 

thermal one at his location. This channel is also the closest one to the control rods. Channel H-V/B has 

two fuel elements in close neighbourhood. This position is the closest one to fuel element among all 

channels. Both channels H-V/A and H-V/B are placed inside one beryllium block and there is only 

1.8 cm of beryllium between them. Channel H-V/A is the closest one to the two graphite fillers (grey 

circles). The farthest channel from core centre is H-IV. This channel is placed between two graphite 

fillers and core reflector – made of graphite blocks. In this channel the ratio of fast to thermal neutrons 



IV. DEVELOPMENT OF MARIA 
CALCULATION MODEL 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  128 | P a g e  

 

is the lowest among all experimental locations. As it is describe above each of the experimental chan-

nel has important differences in neighbouring environment and should be analysed separately. 

Calculated averaged values of reaction rates for nickel activation detector inside channels H-IV, 

H-V/A and H-VI agree with experimental measurements by 7%, -6% and 1% respectively. The shape of 

simulated reaction rates in these three channels is well correlated with measurements. These results 

present quality of simulations inside experimental locations in terms of fast neutron transportation. As 

it was written before channel H-V/B was excluded from this analysis due to experimental error. 

For Al-Co activation wires reaction rates simulation, results are in all cases underestimated. Re-

sults of C/E comparison averaged to the whole channel presents discrepancy inside the channels H-VI, 

H-VA and H-VB of around 5%, 10% and 7% respectively. The shape of simulated reaction rates in these 

three channels is well correlated with measurements – especially in the levels A, B, C and D. These re-

sults present quality of simulations inside experimental locations in terms of thermal neutron transpor-

tation. As it was written before channel H-IV was excluded from this analysis due to experimental error. 

As the normalization factor used here is an average value of the energy release per fission this 

may have also an additional impact on the C/E results. If the energy per fission used in normalisation is 

overestimated, than normalization factor is also too high which results in to high calculated reaction 

rates. For JHR reactor evaluated energy per fission is 2% lower. In analysis presented here the assumed 

energy per fission is equal to 198MeV and may differ from real value maximally by 3%. This is the calcu-

lation bias. It is expected in subsequent plans to evaluate this value for MARIA and will be realised as 

this thesis perspectives. 

 

IV.3.3 Power density distribution 

The MARIA reactor is an open pool reactor with pressurized fuel elements cooling system. Each 

fuel assembly in the core is placed in separated pressurized channel equipped with coolant tempera-

ture and flow rate measurement. Control system used to acquire and record thermo-hydraulic meas-

urements is called SAREMA. This system allows defining power generation by each fuel element in the 

core and afterwards its burn-up. This rare solution in the reactor cores is a great advantage – especially 

for calculation codes verification allowing for the determination of each fuel element power separately. 

This property of MARIA reactor was used with TRIPOLI-4© and APOLLO2 calculations verification. The 

comparison of calculation results to the fuel elements power distribution allow to validate MARIA 
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model. To assure best quality of comparison, the measurement system uncertainties have been addi-

tionally analysed in the following chapter. 

Power determination in case of MARIA is well defined individually for each fuel elements and 

for the reactor pool. The pressurized fuel channels of MARIA reactor are equipped with flow rate and 

inlet/outlet temperature on-line measurements. Power of each fuel element is, therefore, determined 

in real time. The total power of the core is obtained as a sum of all measured fuel elements and added 

to gained pool power. This was more deeply analysed in this chapter.  

All fuel elements power measurements are collected in database and interpreted in real time by 

means of the SAREMA system. Water temperature measurements for power determination are per-

formed by means of resistance thermometer. 

Measurements of water temperature for each fuel elements are defined with some discrepan-

cies. There are two temperatures measurements: inlet and outlet (the inlet coolant temperature is 

common for all fuel channels and is measured only once). Between these two measurements, there is 

not only fuel element which heats water but also long distance of the piping passing through usually 

colder (pool) environment. Distance from inlet temperature measurement to fuel element differ 

among fuel channels. In consequence different correction factors (deviation from average value) 

should be applied for particular fuel channels. This analysis had been described in the report [3.10]. As 

a result of this analysis correction factors were involved for each fuel element position (see 0). Conse-

quences of these measurement biases are underestimation of fuel elements burn-up. Analysis of water 

flow, temperature measurements and other parameters allow assuming around 6% of difference be-

tween measured burn-up and evaluated one. For this reason all fuel element burn-up values accuracy 

is around 6% in experimental configuration calculations. This discrepancy has a small impact on the 

power distribution in the core. Standard deviation for power measurement is around 0.06 MW per fuel 

assembly. 

 

MARIA fuel elements coolant temperature and flow rate measurement  

Power of each fuel element is estimated from temperature measurements of coolant in inlet 

and outlet to/from assembly. Water flows from pumping station through collecting pipe where inlet 

temperature is measured – in a single point for all fuel elements. This measuring point is located ca. 25 

meters from the reactor core (cf. Figure 4.23). Afterwards collecting pipe enters reactor pool where 

coolant is divided into separate channels for each fuel assembly - Figure 4.25. This collecting pipe dis-
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tributes coolant in sequence ranging from g-9 FA, through other FAs, to h-9 FA. Water flowing through 

the fuel assembly removes its heat. Afterwards water leaves FA and flow through the piping system to 

the outlet collector. Before reaching by water the collecting pipe, its temperature and flow rate is 

measured. Coolant from all channels is next mixed in one pipe (collecting pipe) which transports water 

from primary cooling system to the main fuel-elements pumps. Inlet water temperature (before FE) is 

measured in a relative long distance from fuel elements. Coolant is transported in the pipes inside reac-

tor pool without any thermal insulation (see Figure 4.24 and Figure 4.25). Because water inside the 

pool has usually lower temperature (around 100C lower) it is cooling down the water inside fuel ele-

ment cooling circuit before reaching FAs. Finally, inlet water when reaching FAs has lower temperature 

than the one measured just behind the pumps. For that reason it is important to take into account 

temperature correction factor which depends on the temperature of the water inside the pool and in-

side fuel element cooling circuit. 

Standard equation used in SAREMA system for fuel element power determination from water 

temperature change (ΔT) and its flow rate m3/h is as follow: 

      )11( TTGaTcTcGP KKinpoutpkS  
 

(4.5) 

where GK is water flow rate m3/h inside FE in “k” position, TK is outlet temperature of coolant 

from “k” FE, 1T1 is inlet temperature measured for all FE before reaching pool area, coefficient a is 

equal 1.16 kW/(m3/h) oC.  

As mentioned before, FE coolant temperature decreases when water is being transported 

through the pool area and, therefore, temperature correction factor has to be implemented as follow:  

 
corSf PPP 

 (4.6) 

where:  

   kmbinkinkbcor PTTAP  ,,  (4.7) 

is the correction factor. Akb is the main factor of the SAREMA measurements correction pre-

sented here, which is estimated experimentally [4.13]. This correction factor was estimated for f-7 (Ne-

No: FE53) position of fuel element.  
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(4.8) 

For bias estimation following formulas are used: 
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Resolution of the measurements is equal ±0.14 0C in case of temperature measurements and 

±0.01 m3/h in case of coolant flow rate. Accuracy of the instrumentation used for the measurements is 

presented in the 0 and Table 4.10. These measurement uncertainties were summarized with correction 

factor accuracy.  

 

 

 

 

Figure 4.23. MARIA cross section with marked FE temperature measurements points.  

  

1T1 FE inlet temperature measurement point 

5-

FE outlet temperature 
measurement points 
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Table 4.9. Precision of flow rate measurement instrumentation. Measurement range: 0 - 32 m3/h 

Instrumentation Manufacturer Type Precision 

Differential pressure 

transmitter 
Rosemount 3051CD 

±0.25 % measuring 

range 

Separator galvanic 

isolation 
MikroB S.A. ESPP-00-001 

±0.5 % measuring 

range 

SAREMA measuring 

system  
SAIA Burgess 

Analog measurement 

module PCD3.W310 

±0.5 % measuring 

range 

Table 4.10. Precision of temperature measurement instrumentation. Measurement range: 0 - 150⁰C 

Instrumentation Manufacturer Type Precision 

Resistance 

thermometer 
APATOR KFAP  

TOP 1068-7m-A-Pt 

100- L3p   

A class precision: 

∆T=0.15+0.002·T 

Transmitter 

temperature - current 

JMP Elektronika 

Przemysłowa 
LDPT-11-P0015 

±0.25 % measuring 

range 

Separator galvanic 

isolation 
MikroB S.A. ESPP-00-001 

±0.5 % measuring 

range 

SAREMA measuring 

system  
SAIA Burgess 

Analog measurement 

module PCD3.W310 

±0.5 % measuring 

range 

For outlet temperature measurement of each FE coolant, the resistance thermometers are 

used. Temperature measuring point is located around 5 m from fuel area - adjacent to the reactor pool 

wall (cf. Figure 4.23).  

Few days after reactor shut-down, outlet temperatures of all FAs should be equal to the pool 

temperature and there should be no differences between them. In fact those temperatures differ one 

from each other up to 1.33 0C while water is mixed by operating pumps. This is an equivalence of 

around 0.04 MW difference in power determination. To estimate the temperature correction factor, it 

is necessary to determine one temperature – the closest to the real one. There was no relative temper-

ature measurement and it was not defined which measure is correct. For this reason average tempera-

ture of all FAs is assumed as the correct temperature for all FAs outlets. From this average value, tem-

perature correction has been deduced for each fuel element. That was the only available estimation for 

this time.  
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Figure 4.24. A vertical cross section of MARIA reactor pool with cooling system. 

To verify differences just on measuring instrumentation, and not the actual temperature differ-

ences, it was necessary to ensure the same temperatures in all channels. For that reason, the tempera-

tures were measured without and with cooling system pumps working. During all measurements, the 

reactor core was not working and temperatures changes where due to the heat exchange with the 

pool, pumps and second circuit heat exchangers. There was also some decay heating from fuel ele-

ments, nevertheless for coolant flow rate between 20 and 30 m3/h and after 100 h of rector shut-down 

– this influence was negligible. Analysis of these measurements allowed defining corrected tempera-

tures which are presented in column (4) in the Table 4.12. 

1 2 3 4
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11 12 13 14

H3, H8 - 135 cm
H7 - 115 cm
H4, H5, H6 - 95 cm

1. napęd pręta regulacyjnego
2. płyta montażowa
3. kanał komory jonizacyjnej
4. napęd komory jonizacyjnej
5. konstrukcja wsporcza płyty
6. wspornik płyty
7. napęd zasuwy kanału poziomego

 8. zasuwa kanału poziomego
 9. kanał paliwowy
10. osłona komór jonizacyjnych
11. podstawa kosza
12. obudowa reflektora
13. bloki reflektora
14. kompensator kanału poziomego

+5.0

-1.7

Pool inlet 

 

Pool inlet 

Pool inlet 

 

Pool in-

let 
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Figure 4.25. Piping system of fuel element cooling circuit with marked inlet and outlet collector pipe.  
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Table 4.11. Fuel element temperature signatures in SAREMA and TRIPOLI-4© model and 

temperatures during reactor break in operation on 15/05/2015. 

Fuel element 

number in T4 

model 

MARIA 

addressing 

Sarema 

Temperature 

label 

Temperatures during 

break [0C] 

Correction 

[0C] 

FE32 e-5 T1 26.22 0.34 

FE33 f-5 T6 26.36 0.2 

FE34 g-5 T11 26.22 0.34 

FE35 h-5 T16 27.55 -0.99 

FE36 i-5 T21 26.5 0.06 

FE37 j-5 T26 26.64 -0.08 

FE42 e-6 T2 26.5 0.06 

FE43 f-6 T7 26.64 -0.08 

FE44 g-6 T12 26.22 0.34 

FE45 h-6 T17 26.36 0.2 

FE46 i-6 T22 26.64 -0.08 

FE47 j-6 T27 26.59 -0.03 

FE54 g-7 T13 26.5 0.06 

FE55 h-7 T18 26.91 -0.35 

FE56 i-7 T23 27.28 -0.72 

FE64 g-8 T14 26.5 0.06 

FE65 h-8 T19 26.77 -0.21 

FE66 i-8 T24 26.5 0.06 

FE72 e-9 T5 26.22 0.34 

FE73 f-9 T10 26.64 -0.08 

FE74 g-9 T15 26.22 0.34 

FE75 h-9 T20 26.55 0.01 

FE76 i-9 T25 26.36 0.2 

- collecting pipe KT11 24.99 - 

 

Discrepancies in coolant measurements, water specific heat parameter, instrumentation preci-

sion and accuracy have its consequences in the final burn-up calculations. Investigation done in the 

frame of this thesis resulted in determining value of 7% possible underestimation of fuel burn-up. After 

thorough analysis done to investigate this issue there is still need of some experimental measurements 

to define exact influence of each parameter. Detailed thermal analysis and history of fuel elements are 

needed to obtain more precise information for each fuel element separately, and this will be further 

research in future. 
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Fuel element “FE66” documentation mistake 

During comparison of calculated and measured fuel elements power distribution for validation 

process it turned out that results for FE66 fuel element (localized in i-8 position) significantly differ 

from all other comparisons. Calculated power of this element was around twice higher than the meas-

ured one (0.52 MW vs. 0.23 MW). There have been performed thorough analysis and investigation 

made to find out the reason of this discrepancy. 

The first step was focused on MARIA calculational model verification. Every part of geometry 

was twice checked. Several possibilities of fuel elements and beryllium blocks poisoning was analysed. 

Calculational model was also inspected in the frame of material compositions, its densities, fuel ele-

ments burn-up and temperatures, control rods placement and geometry. There were several upgrades 

of the model to simulate more details in FE66 surroundings. None of verified parameters could double 

the power of investigated fuel element. 

After checking all parameters of the MARIA calculational model, the focus was placed on the 

measurement instrumentation correlated with an automatic measurement system of coolant flow and 

temperature in the MARIA core called SAREMA. To determine power of the fuel element, water flow 

and temperature is measure – before and after cooling FA’s. This allows determining operating power 

of every fuel element. In case of the resistivity thermometer dysfunction the power of the FE66 could 

be incorrectly determined. To verify malfunction of MARIA measurement instrumentation there were 

performed separate measurements during technology operation brake of MARIA. These measurements 

allowed to propose improvement of SAREMA measurement system but did not resolve the problem of 

wrong FE66 power.  

The last checked possibility was the operational documentation mistake and wrong fuel ele-

ment loading. Indeed after verification of the storage pool with spent fuel it comes out that there was 

different fuel element than it was in the documentation. Instated of Cerca fuel element the position 

was occupied by old Russian fuel element. A fresh Cerca fuel element MC-5/485 has 485g of 235U while 

MR-6/430 has only 430g of 235U. Documented burn-up was only 4653MWh instead of 6000MWh. These 

important differences were an explanation of such a great differences between calculations and meas-

urements. Comparison of calculated and measured fuel elements power distribution had acceptable 

discrepancy after implementing correct type of FA in the calculational model. Nevertheless it took few 

months to investigate solution of this problem. 
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Discovery of documentation and wrong loading of the MARIA core, was possible just because 

good precision of the model which allowed to see such an anomaly. This was one of the first successes 

of MARIA calculational model usage for MARIA operation. Thanks to discovering this mistake in FE66 

loading it was possible to finalise shipment of HEU to Russia on the planned time of “non-proliferation 

program” under Global Threat Reduction Initiative (GTRI). If this replacement of FA’s would be discov-

ered later, all MARIA conversion program could have important delay and additional costs. 

 

Comparison of fuel elements power distribution 

Comparison of calculated fuel elements power distribution to measured one was performed for 

core configuration used on 29 of September 2014, at 15:22. This was the end of the first day of the 

MARIA experimental campaign. Control rods PK2 and PK5 were totally withdrawn from the core, PK4 

and PAR were partly inserted and PK1 and PK6 were inserted completely (see Figure 2.20). Fuel ele-

ments material composition was implemented according to burn-up presented in Figure 4.13 (beside 

FE66 which had 6000MWh of burn-up). 

Standard deviation of power measurement in MARIA core was determined to σ=0.07 MW. This 

is due to the uncertainties of the SAREMA and instrumentation measurements. For FE72 which was 

operating on 0.13MW it is more than 50% of uncertainty of the measurement. Comparing power of 

such fuel element with calculations brings also high uncertainty. Therefore it is important to, beside 

relation of C/E, compare also C-E value. Accepted values are below 2σ=0.14 MW. As it is presented in 

the Table 4.13 all fuel elements calculated power fits in 1σ of statistical measurement uncertainty and 

only one result is higher but still fits 2σ. This comparison was done after implementation of the correc-

tion factors to the SAREMA measurements – see Table 4.12.  

Calculation to experiment ratio, presented in Figure 4.26 and Table 4.13 is satisfactory (below 

2σ) and fulfil accuracy needed for gamma heating analysis. For the experiments performed for nuclear 

heating determination the agreement between calculated and measured power distribution is satisfac-

tory. The effective multiplication factor of calculation model was equal to keff = 0.997 (σ = 8.92E-3%) 

which is equivalent of -300 pcm of core reactivity. 
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Figure 4.26. Comparison of calculation results to the measurement in C/E values. (after FE66 
implementation and SAREMA correction). 

Calculational model validation procedure allowed eliminating several errors of the MARIA simu-

lation model, improving it and finally using it for nuclear heating determination. Finally the calculation-

al model brings satisfactory results configurations on power distributions - presented in Figure 4.27 

Comparison of calculation results to experimental data, presented in Figure 4.26 and Figure 

4.27, demonstrate the satisfactory agreement of calculated power distribution according to power 

measurement uncertainties. Due to high uncertainties on measurements of low power FA’s, there are 

ongoing works to improve MARIA fuel elements power measurement system. Planned changes are 

supposed to increase measurements uncertainties. After this upgrade of measurement system there 

will be a possibility to validate power distribution of this model more accurately.  
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Table 4.12. Results of MARIA SAREMA power measurements on 29/09/2014 after normalization to 

15.00 MW, water pool temperature correction, adding temperatures biases for each FE and SAREMA 

correction accuracy. All presented values are in MW. 

 SAREMA power distribution 

FE address  
best estimate  

[MW] 

 normalized to 

15 MW  

[MW] 

normalized to 

15 MW all 

corrections 

included 

[MW] 

standard 

deviation 

[%] 

FE32 (e-5) 0.44 0.63 0.64 6% 

FE33 (f-5) 0.55 0.80 0.79 4% 

FE34 (g-5) 0.72 1.04 1.01 2% 

FE35 (h-5) 0.82 1.19 1.09 1% 

FE36 (i-5) 0.45 0.64 0.64 6% 

FE37 (j-5) 0.29 0.42 0.43 14% 

FE42 (e-6) 0.39 0.56 0.57 9% 

FE43 (f-6) 0.58 0.83 0.81 4% 

FE44 (g-6) 0.72 1.04 1.01 2% 

FE45 (h-6) 0.83 1.19 1.21 1% 

FE46 (i-6) 0.61 0.88 0.85 4% 

FE47 (j-6) 0.45 0.65 0.64 6% 

FE54 (g-7) 0.62 0.90 0.88 3% 

FE55 (h-7) 0.59 0.85 0.81 4% 

FE56 (i-7) 0.74 1.07 1.00 2% 

FE64 (g-8) 0.35 0.51 0.52 10% 

FE65 (h-8) 0.46 0.66 0.65 6% 

FE66 (i-8) 0.18 0.26 0.33 21% 

FE72 (e-9) 0.06 0.09 0.15 47% 

FE73 (f-9) 0.12 0.18 0.21 29% 

FE74 (g-9) 0.10 0.15 0.23 26% 

FE75 (h-9) 0.15 0.21 0.25 24% 

FE76 (i-9) 0.16 0.24 0.28 21% 

 

  



IV. DEVELOPMENT OF MARIA 
CALCULATION MODEL 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  140 | P a g e  

 

Table 4.13. Calculation and measurement comparison results. 

FE address 
TRIPOLI-4© 

[MW] 

SAREMA 

[MW] C-E C/E 

EP32 (e-5) 0.61 0.64 -0.03 0.95 

EP33 (f-5) 0.76 0.79 -0.03 0.96 

EP34 (g-5) 0.97 1.01 -0.05 0.95 

EP35 (h-5) 1.06 1.09 -0.03 0.98 

EP36 (i-5) 0.61 0.64 -0.03 0.95 

EP37 (j-5) 0.48 0.43 0.05 1.12 

EP42 (e-6) 0.67 0.57 0.10 1.17 

EP43 (f-6) 0.83 0.81 0.02 1.03 

EP44 (g-6) 1.03 1.01 0.02 1.02 

EP45 (h-6) 1.25 1.21 0.04 1.03 

EP46 (i-6) 0.81 0.85 -0.05 0.95 

EP47 (j-6) 0.65 0.64 0.01 1.01 

EP54 (g-7) 0.83 0.88 -0.04 0.95 

EP55 (h-7) 0.79 0.81 -0.02 0.97 

EP56 (i-7) 0.98 1.00 -0.02 0.98 

EP64 (g-8) 0.50 0.52 -0.02 0.96 

EP65 (h-8) 0.62 0.65 -0.02 0.96 

EP66 (i-8) 0.33 0.33 0.00 1.01 

EP72 (e-9) 0.15 0.15 0.00 1.02 

EP73 (f-9) 0.24 0.21 0.03 1.12 

EP74 (g-9) 0.26 0.23 0.02 1.11 

EP75 (h-9) 0.28 0.25 0.03 1.14 

EP76 (i-9) 0.29 0.28 0.01 1.05 
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Figure 4.27. FA’s power comparison of several chosen TRIPOLI-4© calculations to one SAREMA 
measurement with trend line for best configuration. 

 

IV.3.4 Calculated control rods worth and comparison to the experimental data 

Control rods worth depends mostly upon the ratio of neutron densities surrounding CR to the 

whole reactor neutron flux. To designate control rods worth it is necessary to compare two core con-

figurations: with control rod in top and in bottom position. The same comparison is done for experi-

mental measurements and calculations. Accordance of control rods worth between measurement and 

calculation is a one of key points in nuclear reactor core modelling. This comparison gives important 

information on differences between model and real core and may reveal some errors in the model. The 

CR worth depends not only on its characteristics but also on neighbouring environment. 

To ensure the best comparison of experiment to calculation results, the MARIA reactor control 

rods worth have been measured on 10th of October 2014 for the configuration used during experi-

mental campaign in September/October 2014. Results of these measurements are shown in the Table 

4.14. These measurements were done by using rod drop method during criticality state of the core and 

may be expressed in $ - relation of reactivity to the beta effective: 
𝑘𝑒𝑓𝑓−1

𝑘𝑒𝑓𝑓
𝛽𝑒𝑓𝑓⁄  $, where eff is effective 
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delayed neutron fraction. MARIA CR characteristics have been presented in the subsection III.1.6 

(STATIONARY MARIA CORE INSTRUMENTATION). Safety and control rod construction is presented in 

Figure 3.10. 

TRIPOLI-4© Monte Carlo calculations allow estimating eff value in two ways. Using 

“BETA_EFFECTIVE” option in “SIMULATION” section gives eff value calculated using prompt and 

Nauchy’s method [4.23]. Nauchy’s method is the recommended one by TRIPOLI-4©.8 manual [4.14] 

[4.23]. Calculations done for control rods worth verification, eff value calculated using Nauchy’s meth-

od, differ from experimental value by less than 4%. For MARIA reactor eff has been experimentally 

determined and its value is equal to 0.00692. The eff value obtained with TRIPOLI-4©.is 0.00668. 

One week before CR worth measurements, reactor had one week break in operation. In conse-

quence poisoning effect of fuel elements was reduced what simplified computational model. This al-

lowed excluding short term poisonings effects from control rods worth measurements. Each control 

rod was measured by rod drop method. Positions of all rods during every CR worth measurement are 

shown on Table 4.14. Last column “rod worth” has been compared with calculation results in Error! 

eference source not found..  

Table 4.14. Control rods worth’s measured in MARIA core on 10th of October 2014 

Rod drop Rods placements CMM Rod worth 

  PAR PK1 PK2 PK3 PK4 PK5 PK6 [MW] m [$] 

PAR 1100 400 1100 424 0 1100 0 0.1 0.48 

PK1 330 1100 645 0 0 0 0 0.1 3.31 

PK2 485 200 1100 1100 0 1100 0 0.1 2.5 

PK3 430 240 1100 1100 0 1100 0 0.1 1.44 

PK4 380 240 1100 650 1100 1100 0 0.1 0.42 

PK5 437 0 1100 500 0 1100 1100 0.1 1.03 

PK6 407 200 1100 470 0 1100 1100 0.1 0.92 

PB1-6 480 400 1100 480 0 1100 0 0.1   

Quality of measurements  

Control rods made of boron carbide characterize with 10B burn-up. This modification of compo-

sition during lifetime is difficult to determine according to characteristic of CR usage inside the core. 

Each CR changes its positions many times during cycle and usually it is partly inserted inside the core. 

This result in higher 10B burn-up at part inserted inside the core and in consequence uneven vertical 

burn-up distribution – see Figure 4.28. Additionally this type of CR characterizes with uneven radial 
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burn-up what is presented in Figure 4.29. This results in the effective diameter change of the CR and its 

reactivity worth decrease.  

 

 

Figure 4.28. Relative 10B burn-up distribution in the B4C core of WWER-1000 after operation. 1- to SR 
and 2 – CR [4.6]. 

 

Figure 4.29. Radial 10B burn-up distribution in B4C in the core of WWER-1000 after operation [4.6]. 
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Another phenomenon of 10B CR is increase of rod cladding diameter as burn-up consequence. 

This undesirable effect may result in blockage of CR during reactor shut down. For this reason, to pre-

vent such a situation, all CR and SR are regularly inspected according to possible diameter increase. The 

visual inspection of all control rods, after experimental control rods weighting, was performed on 

16/10/2014 and there was no problems identified. Nevertheless during next inspection on 12/05/2015 

there was a need to replace already three rods: PAR, PK1 and PK3. This may indicate already high burn-

up of CR during experimental measurements. Nevertheless there is no validated method of CR burn-up 

implementation into the calculational model and this is needed to be developed in future. 

There are two type compositions of active part of control rods, which consist of B4C and Al with 

possible proportion of 50%/50% or 30/70%. Control rods efficiency is regularly checked by control rods 

weighting. To simulate CR in the calculation model for control rod weights comparison it was necessary 

to verify history of each control rod and to estimate statistically each one burn-up. Burn-up effect was 

implemented to calculations basing on age and history of each of the control rods. The age of control 

rods at the time of experiment (09/2014) was: 

 PAR 9.7 years -from 25/01/2005 up to 15/05/2015 (localization: I-VIII, type: old 50/50%) 

 PK1 5.0 years -from 12/10/2009 up to 12/05/2015 (H-VII, old 30/70%) 

 PK2 5.7 years -from 29/01/2009 up to day (I-VI, new 50/50%) 

 PK3 9.7 years -from 21/01/2005 up to 12/05/2015 (I-VIII, new 50/50%) 

 PK4 5.7 years -from 29/01/2009 up to day (I-IX, new 50/50%) 

 PK5 3.8 years -form 23/12/2010 up to day (F-VII, old 30/70%) 

 PK6 4.6 years -from 26/02/2010 up to day (G-VIII, old 30/70%) 

Comparison of TRIPOLI-4© CR worth calculations with experimental data was presented in Ta-

ble 4.15. In most cases calculations present higher worth of each control rod which can confirm burn-

up effect of control rods. Only for one control rod PK5 calculations results presented lower worth than 

experimental measurements. Besides PK4, agreement of calculations to measurements is between -4% 

and +6%. In the case of PK4, the discrepancy reached 16% and it is difficult to explain it. The possible 

reason of such a difference may by unexpectedly high CR burn-up of 10B or high differences in the local 

beryllium blocks poisoning. These parameters were difficult to verify and it was left as a model defect. 

The rest of control rods are in good correlation with measurement and discrepancy between sum of CR 

is below 1%. 



IV. DEVELOPMENT OF MARIA 
CALCULATION MODEL 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  145 | P a g e  

 

Table 4.15. TRIPOLI-4© calculation to experiment comparison of CR. Calculations in TRIPOLI-4© 

were realised with CR burn-up consideration. 

CR 
Calculation 

 [$]  

Experiment 

 [$] 

C/E 

(TRIPOLI4) 

PK1 3.43 3.31 1.04 

PK2 2.66 2.5 1.06 

PK3 1.49 1.44 1.04 

PK4 0.49 0.42 1.16 

PK5 0.99 1.03 0.96 

PK6 0.96 0.92 1.04 

PAR 0.51 0.48 1.06 

SUM 10.12 10.10 1.00 

 

Influence of CR into the nuclear heating measurements has been reduced by limiting move-

ments of closest CR to the measurements channels (PK1 and PK2). These control rods during experi-

mental campaign, were totally withdrawn from the core and only for the one day (29/09/2014), PK1 

was totally inserted. The rest of control rods were inserted just partly in the core. Localization of rest 

CRs were placed in the greater distance from experimental channels and their influence on neutrons 

and gamma photons could be neglected.  

 

IV.4 MARIA nuclear heating determination and calculation scheme 

Development and validation of calculation model of the MARIA core appeared to be a complex 

processes. After many improvements of the model, verification and validation process, presented in 

the chapters IV.2 and IV.3, model proved acceptable quality of the model for the interpretation of nu-

clear heating measurements. 

After validation and verification process next step of computational simulations of MARIA was 

to use calculation scheme for nuclear heating calculations. This needed the integration of several com-

ponents. Nuclear heating in the nuclear reactors originates mainly from fission, gamma and neutron 

heating. Fission reaction energy is absolutely dominant in the core but limited only to the fuel cell re-

gion. In any other localisations, the greatest contribution to nuclear heating is due to gamma heating. 

Neutron heating has a minor contribution to total nuclear heating in the core. In consequence the most 

important issue in nuclear heating determination is modelling of photon transport and heating originat-
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ing from photon induced reactions. A significant part of photon flux comes from neutron interactions 

with core structure matter.  

Gamma heating needs to be investigated regarding two origins of prompt and delayed photons. 

First may be simulated in TRIPOLI-4© calculations. Second – delayed contribution – need separate ap-

proach as it is originating from fission fragments decay and other delay reactions response including 

activation products decay. This can be determined by using additional computational codes and/or 

measurements during reactor SCRAM (by method presented in chapter III.4 DELAYED NUCLEAR 

HEATING EXPERIMENTAL DETERMINATION). In this work both methods of delayed photons (calcula-

tional and experimental) analysis were taken into account. Computational determination of delayed 

gamma contribution in MARIA reactor has been adopted from analyses made in CEA for JHR reactor. 

For JHR, delayed gamma contribution in nuclear heating is maximum36% of total gamma [4.6] depend-

ing of the location of the component in the core and on its composition. This consists of 4% coming 

from aluminium rack decay and 32% from the rest of JHR components. In the core reflector this contri-

bution is reduced. This approach was also analysed for JHR in the ADAPh experimental program Exper-

imental determination of delayed gamma contribution in MARIA reactor was performed during MARIA 

reactor SCRAM experiments were delayed and prompt jump contribution were determined. Delayed 

nuclear heating component determination without prompt jump contribution for MARIA was present-

ed in subsection III.4. 

Sum of prompt and delayed nuclear heating contribution was measured during regular nuclear 

heating measurements. This was performed for each of four experimental channels and presented in 

the chapter III (INSTRUMENTATION AND MEASUREMENT METHOD DESCRIPTION). Calculations results 

from TRIPOLI-4©, performed for these measurements, could be compared only to the prompt heating 

part. Thanks to knowledge of experimental delayed contribution part of prompt gamma heating could 

be evaluated and compared with calculation results. Both evaluations of delayed contribution (calcu-

lated and measured) were presented in the chapter V (EXPERIMENTAL AND CALCULATION RESULTS 

ANALYSIS) with final comparison results. 

To analyse results presented in the chapter V, there is a need to take closer view on the calcula-

tion parameters used. The TRIPOLI-4© calculations result in total deposited energy per source particle 

from response function <DEPOSITED_ENERGY> expressed in MeV per second [4.15]. The code is calcu-

lating responses as physical quantities i.e. Kinetic Energy Release in Matter (KERMA). There is a possi-

bility to calculate energy deposition from neutron, photon, electron and/or positron. This option calcu-
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lates total energy coming from chosen particle in chosen volume if it is defined in “REPONSE” and 

"SCORE" sections. If any particle is not simulated and it is one of the reaction products, then its energy 

is deposited in the place of the reaction without its transportation. In simulations presented in the 

chapter V, neutrons and photons are transported while electrons and positrons are not simulated. 

Used in TRIPOLI-4© “DEPOSITED_ENERGY” function gave results expressed in MeV/s. To obtain W/g 

units from simulation results it is need to divide it by cell volume and density and multiply it by 

1.602·10−13 joules.  

Number of measured points in each irradiation channel was limited due to the length of each 

sensor, distance between them and duration of each measurement. Operational time of the MARIA 

reactor could not exceed 8 hours due to the poisoning effect of the core in the next day. Nevertheless 

numbers of measured points were more than enough to qualify calculation results. Channels H-V/B and 

H-V/A were measured in 12 and channels H-VI and H-IV were measured in 13 levels.  

Calculations of gamma heating have been performed in each measured position and additional-

ly in number locations between measurement points. For this comparison, each channel has been di-

vided into the cylinders of 1 cm high and 0.21 cm diameter of in case of GT or 0.6 cm diameter in case 

of KC. This allowed simulation of 110 cells in every simulated channel. Each cylinder consisted of com-

position adequate to the instrumentation used. Each material has specific response characteristic on 

photon radiation and its energy spectrum. The structure material was stainless steel (AISI 304) in case 

of GT and graphite in case of KC. Properties of gamma thermometer core were specified by manufac-

turer and graphite core used in KAROLINA calorimeter was specified in laboratory of Instytut Techniki 

Cieplnej, Zakład Termodynamiki Politechnika Warszawska (Institute of Heat Engineering, Warsaw Uni-

versity of Technology) [4.16]. Material composition of each sensor used in calculations is described in 

the Table 4.16 and Table 4.17. Gamma thermometer core density was 8.03 g/cm3 and KAROLINA calo-

rimeter core density was 1.67 g/cm3. 

Table 4.16. Material content of gamma thermometer core (stainless steel type AISI 304) [4.25] 

Isotope [%] 

C <0.08 

Mn <2.00 

Si <1.00 

P <0.045 

S <0.03 
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Cr 18.00-20.00 

Ni 8.00-10.50 

Other 0.00 

Table 4.17. Material content of KAROLINA calorimeter core (graphite measured in ITME using AES) 

Isotope [ppm] 

B <0.01 

Ca <0.2 

Cu <0.08 

Fe <0.2 

Mg 0.03 

Si 0.5 

Ti <0.5 

Other 0.2 

 

Calculations for each of the instrumentation were done separately using similar but not identi-

cal geometries. Figure 4.30 shows the geometry of KAROLINA calorimeter within P1 probe inside the 

irradiation channel. Modifying its internal radius of the core and housing it is simply transformed into 

geometry of gamma thermometer.  

 

Figure 4.30. Simulation of the KAROLINA calorimeter with experimental probe P1 inside the 
irradiation channel. 
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Calculation scheme presented in Figure 4.31 consists of several processes which lead to deter-

mination of total nuclear heating in the nuclear reactor. First stage and very important one was deter-

mining the material composition– including beryllium poisoning and fuel element material balance with 

its poisoning content and burn-up vertical distribution. These complex procedures were described in 

detail in the subsection IV.2 MARIA MODEL VERIFICATION. Next stage of the calculation scheme was a 

validation of the neutronic calculation with regular MARIA measurements. This was described on sub-

section IV.3 VALIDATION OF MARIA COMPUTATIONAL MODEL. Prompt nuclear heating calculations are 

finally described in current subsection IV.4 MARIA nuclear heating determination and calculation 

scheme.  

On the left side of Figure 4.31, marked on blue colour rectangles, correspond to the experimental part 

of calculational scheme. Nuclear heating measurements realised by use of KAROLINA calorimeter and 

gamma thermometer are presented in the chapter V.  
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COMPARISON OF CALCULATION AND EXPERIMENTAL RESULTS in Figure 5.1. Separate measurement 

realised during reactor SCRAM, described in the chapter III.4 allowed measuring delayed nuclear heat-

ing contribution to the total measure. In parallel there were performed numerical analysis carried out 

for Jules Horowitz Reactor [4.26]. The sum of prompt and delayed NH fractions may be finally com-

pared with experimental measurements of total nuclear heating. Because there were used two meth-

ods of delayed nuclear heating determination, final results presented in the chapter 0 are split into two 

cases: one with delayed NH fraction taken from experiment and second with delayed NH fraction taken 

from JHR numerical analysis.  

 

Figure 4.31. Calculational scheme for MARIA nuclear heating calculations. 

Calculations scheme presented here in Figure 4.31 was developed during this thesis and it is the 

results of all analyses described in this and previous chapters. Its effectiveness is presented in the fol-

lowing chapter V. One of the advantages of this calculation scheme is a possibility of verifying two ap-

proaches of delayed gamma heating fraction determination.  

This chapter described in detail each component of the MARIA calculation scheme in the course 

of the verification, and validation procedures description. There was devoted a lot of attention to every 

detail of calculational model to achieve the best possible quality of calculational results. Even though 
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some differences between measurements and simulation persist, these differences are within accepta-

ble values. 
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V. COMPARISON OF CALCULATION AND EXPERIMENTAL RESULTS  

Nuclear heating measurements performed in September 2014 where driven especially to com-

pare their results with computational model. To increase reliability of measurements, two independent 

sensors were used: KAROLINA calorimeter and gamma thermometer. The measured values of nuclear 

heating were a sum of all components without the possibility of separating each contribution individu-

ally. These include prompt and delayed, neutron and photon components. 

On the contrary, calculations done using TRIPOLI-4© and MARIA model allow to determine all 

prompt components (neutron and photon separately). Calculation results need to be scaled up by de-

layed contribution to obtain a sum of nuclear heating. Delayed component of nuclear heating was used 

here from two approaches: experimental and fixed from other numerical calculations. First approach – 

experimental measurement - was a result of the experiments in MARIA core by SCRAM signal analysis 

using KAROLINA calorimeter and Gamma thermometer. Delayed fraction was determined separately 

for each of the channel and sensor (apart from the channel H-IV). In fact there were some differences 

between each of the core locations (see Table 5.1). This was described in separate subsection III.4 

DELAYED NUCLEAR HEATING EXPERIMENTAL DETERMINATION. Second approach of delayed nuclear 

heating – numerical determination - was taken from numerical analysis carried out for Jules Horowitz 

Reactor [4.25]. This was defined generally as one universal contribution of 32% of total core nuclear 

heating and additional 4% coming just from aluminium JHR rack.  

Table 5.1. Delayed heating fraction results (from Table 3.2) 

  Karolina delay NH GT delay NH 

H-VI 35% 32% 

H-V/B 34% 31% 

H-V/A 33% 31% 

H-IV 33%* 31%* 

(*) – values for H-IV channel are taken from the closest measured channel – i.e. channel H-V/A. 

Measurements of nuclear heating with KAROLINA calorimeter and gamma thermometer are 

presented in Figure 5.1. These results present different behaviours of these two instruments depending 

on the measurement location. For example, in few positions of different channels both instruments 

measure nearly same value of nuclear heating but differences between them change. For channel H-VI 

(position H=51.5 cm above half core), channel H-V/B (H=40.5 cm) and channel H-V/A (H=33.9 cm) the 

nuclear heating value is around 0.94+/-0.07W/g. In above positions ratio between KAROLINA and GT 
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are 1.11, 1.12 and 1.22 respectively. In general, one may assume that differences relay on material 

used as the core at each sensor – one is graphite and other is stainless steel. So in the same conditions 

there is different heating’s for each material composition. The differences between sensors are also 

depending on the gamma and neutron flux density and energy spectrum as it was already presented in 

Figure 2.6 and Figure 2.7. Thus for similar nuclear heating the ratio between sensors is different. One of 

the important facts here is that stainless steel characterize with the high radiative captures effect 

which does not apply so much to graphite.

 

Figure 5.1. Nuclear heating measurements results in four channels: H-IV,H-V/A, H-V/B, H-VI by two 
sensors: KAROLINA calorimeter and gamma thermometer. 

Presentation of KAROLINA and GT calculation results on the chart need to separate closest 

channels so they are presented separately for channel H-IV with H-VB (on the left chart) and H-V/A, H-

VI (right chart) in Figure 5.2. Relation of GT to KAROLINA in each channel both in measurements and 

calculations are similar. Results presented in Table 5.2 confirms general tendency that ratio of nuclear 

heating in stainless steel (GT) to graphite (KAROLINA) increases with distance from the core centre. 
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Presented values are the averaged results around maximum (± 5 cm). For the channel H-VI, neighbour-

ing with fuel elements, relation of GT to the K calculation results is equal 1.1. Inside channel H-IV which 

is the farthest channel from the core centre, the relation of GT to the K is equal 1.3 for experiment and 

1.6 or 1.7 for the approach No 1 and No 2 respectively. Thus this tendency is well shown in calculation 

results for both instruments and both approaches. 

   

 

Figure 5.2. Nuclear heating calculations results in four channels: H-IV, H-V/B (left chart), H-V/A, H-VI 
(right chart) for two sensors Karolina calorimeter and gamma thermometer – delayed aproach No 1. 

Table 5.2. Experimental and calculational comparison of averaged maximum gamma thermometer 
to KAROLINA calorimeter 

Channel 
GT/K calculation 

delay approach No 1 

GT/K calculation 

delay approach No 2 
GT/K measurement 

H-VI 1.1 1.1 1.0 

H-V/B 1.1 1.1 1.0 

H-V/A 1.4 1.4 1.2 

H-IV 1.6 1.7 1.3 

Relation of KAROLINA and gamma thermometer measurement and calculation results is a sensi-

tive parameter, strictly related to the neutron and photon interaction with the sensors materials. Com-

paring these rations both from measurements and calculations gave additional information on the calcu-

lation results quality. In this case calculations have restored behavior of these sensors during experi-
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ment in some level. The work on this topic should be continued in future with other materials and core 

locations. 

Measured and simulated nuclear heating in irradiation channels was analysed using two ap-

proaches described above. Comparisons of results were presented in Figure 5.3 - 5.6 separately taking 

into account: 

 both delayed approaches 

 both nuclear heating sensors (KAROLINA calorimeter and gamma thermometer) 

 all four channels (H-VI, H-V/B, H-V/A, H-VI).  

For experimental results presented here, the number of measurement points for particular 

channel is between 11 up to 13 – depending on channel. Calculation results are presented for 110 

points at each of the channel. The bars of measurement uncertainty have been omitted, as the meas-

urement uncertainty is constant value of 10 % for the gamma thermometer (from manufacturer speci-

fication) and 2.5% for the KAROLINA (see subsection III.2.1 KAROLINA CALORIMETER OPERATION 

THEORY). The high uncertainties of calculation results for gamma thermometer are caused by statistical 

errors in such a small geometry as GT core. It is only 2.1 mm diameter of the sensor core with 1mm 

diameter thermocouple inside. The calculations were performed with 50 thousand of particles in 40 

thousand of batches for whole core in critical mode. The standard deviation (2σ) is around 7% for 

KAROLINA and 9% for GT of calculation results. 
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Channel H-VI 

 Delayed approach No 1 (K:35.04%; GT:32.3%) Delayed approach No 2 (32%) 

 

  

G
T 

  
Figure 5.3. Comparison of nuclear heating calculation to experiment in channel H-VI. Results of 
experiments are shown as solid lines, whereas the results of simulations with points. 

 

  



V. COMPARISON OF CALCULATION AND 
EXPERIMENTAL RESULTS 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  157 | P a g e  

 

K
A

R
O

LI
N

A
 

Delayed approach No 1 (K:33.72%; GT:35.86%) Delayed approach No 2 (32%) 

  

G
T 

  
Figure 5.4. Comparison of nuclear heating calculation to experiment in channel H-V/B. Results of 
experiments are shown as solid lines, whereas the results of simulations with points. 

  

Channel H-V/B 



V. COMPARISON OF CALCULATION AND 
EXPERIMENTAL RESULTS 

Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  158 | P a g e  

 

K
A

R
O

LI
N

A
 

Delayed approach No 1 (K:28.28%; GT:34.15%) Delayed approach No 2 (32%) 
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Figure 5.5. Comparison of nuclear heating calculation to experiment in channel H-V/A. Results of 
experiments are shown as solid lines, whereas the results of simulations with points. 

  

Channel H-V/A 
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Channel H-IV 
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Delayed approach No 1 (K:28.28%; GT:34.15%) Delayed approach No 2 (32%) 
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Figure 5.6. Comparison of nuclear heating calculation to experiment in channel H-IV. Results of 
experiments are shown as solid lines, whereas the results of simulations with points. 

The comparison of calculations (approach No 1) and measurements for KAROLINA for all four 

measured channels in one graph are presented in Figure 5.7. One may note a good agreement between 

experimentally measured nuclear heating values and results of calculations. Additional information on 

prompt neutron and photon contribution and also on delayed nuclear heating was obtained from cal-

culation results presented on Figure 5.8 for KAROLINA calorimeter. Summarized comparison for all of 
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the channels and detailed contribution of each parameter in gamma thermometer is presented on Fig-

ure 5.9 and Figure 5.10 respectively. Calculational uncertainties bars were not presented below as they 

were presented already on Figure 5.3 - 5.6. 

 

Figure 5.7. Comparison of calculation to KAROLINA measurements in all four channels with 
approach No 1. Results of experiments are shown as solid lines, whereas the results of simulations with 
points. 
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Figure 5.8. Prompt neutron and photon fractions with delayed heating contribution in KAROLINA 
calculations in channel H-VI with approach No 1. Results of experiments are shown as solid lines, 
whereas the results of simulations with points. 
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Figure 5.9. Comparison of calculation to gamma thermometer measurements in all four channels 
with approach No 1. Results of experiments are shown as solid lines, whereas the results of simulations 
with points. 
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Figure 5.10. Prompt neutron and photon fractions with delayed heating contribution in GT 
calculations in the channel H-VI with approach No 1. Results of experiments are shown as solid lines, 
whereas the results of simulations with points. 

Comparison of calculations to experiment presented in Figure 5.3 - 5.6 are summarized in the 

Table 5.3 and Table 5.4. Averaged values were taken from around maximum (± 5 cm) for each of the 

channels and each sensor. For this comparison also two delayed approaches were taken into account 

(experimental from Table 5.1 and numerical – fixed on 32%). Results of comparison differ depending on 

the location in the core and the approach. For KAROLINA calorimeter ratio of calculation to the meas-

urement result was between 0.88 up to 1.01 for approach No 1 and between 0.85 and 0.98 for ap-

proach No 2. In case of gamma thermometer ratio of calculation to the measurement result was be-

tween 1.03 and 1.17 for approach No 1 and between 1.05 and 1.19 for approach No 2.  
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Table 5.3. Effectivenes comparison of calculations to experiment 

 Instrument C/E (experimental delay) C/E (32% delay) 

Channel H-VI 

KAROLINA 0.94 0.90 

GT 1.06 1.05 

Channel H-V/B 

KAROLINA 1.01 0.98 

GT 1.09 1.10 

Channel H-V/A 

KAROLINA 0.88 0.85 

GT 1.03 1.05 

Channel H-IV 

KAROLINA 0.98 0.96 

GT 1.17 1.19 

 

Table 5.4. Averaged final comparison of the effectivenes of proposed calculation scheme and 
experiment 

 C/E (Approach No 1) C/E (Approach No 2) 

AVERAGE 

KAROLINA 
0.95 0.93 

AVERAGE 

GT 
1.09 1.10 

AVERAGE 1.02 1.01 

 

Simulations of MARIA experimental measurements (e.g. Figure 5.8 and Figure 5.10) confirm well 

known fact that the main contribution to the nuclear heating apart fuel elements is derived from pho-

ton flux. Thus the main contribution to ratio differences between KC and GT in the nuclear heating 

measurements has gamma and its energetic spectrum. 

The general overview on the agreement of calculations to measurement is presented in Table 

5.4. Averaged values were taken from around maximum (± 5 cm) for all four channels. It is shown that 

for approach No 1, KAROLINA calculations were in average underestimated by 5% and for gamma 

thermometer – overestimated by around 9%. In case of approach No 2 - 7% and 10% respectively.  

 

Results presented in this chapter (see Table 5.2 - Table 5.4) can be analysed in the frames of 

physical characteristic of gamma energy deposition phenomenon, which is presented in Figure 2.6 It is 
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shown there that significant difference occurs on low energy photons reaction with two materials used 

for heating measurements, i.e. carbon and iron. 

Therefore, based on above mentioned properties of gamma photons interaction with carbon 

and iron, certain conclusions on gamma-ray energy spectrum in measuring points can be drawn. Based 

on the measurement results one can assume that locations close to the fuel elements characterized 

with higher fraction of high energy photons than the other measuring points.  

In the experimental campaign performed in MARIA reactor core, the closest location to the fuel 

elements was channel H-VI and H-VB. In this case both KAROLINA calorimeter and gamma thermome-

ter indicated consistent gamma heating value both in calculations and measurements results. This 

proved high correctness of calculational methods in simulation prompt and high energy gammas. 

Based on both, measurement and calculation results, one can assume that fraction of low ener-

gy gamma-ray in the nuclear heating is rising with the distance from the fuel elements. Channel H-IV 

was the most distant channel from fuel elements where measurements of nuclear heating were per-

formed. In this case both calculations and measurements showed significant differences between 

graphite (in KAROLINA calorimeter) and stainless steel (in gamma thermometer). As it was experimen-

tally proved (see Table 5.1), for channel H-IV, the delayed (low energy gamma-ray) nuclear heating con-

tribution on KC was lower than GT by a value of 12%.  

Relation between KC and GT in the H-VI and H-IV channels could be explained by differences in 

the characteristic of energy spectrum of photon in prompt and delayed gammas. Detailed energy spec-

trum of gamma radiation in high performance nuclear reactor core cannot be currently measured pre-

cisely. Nevertheless, measuring of gamma heating by means of various materials, i.e. graphite and iron, 

in the channels with different characteristics, their response and relation between them can markedly 

differ. One can thus conclude that by using two types of sensors with different core materials, it is pos-

sible to get an additional insight into the photon energy spectrum characteristics. There is a need to 

continue research on this topic to develop more precise measurements methods. One of the thesis 

follow-up actions should be a development of new calorimeters, like KAROLINA, with core made of new 

materials. 

The analysis presented in the Chapter V may be summarized in the following statement. Calcu-

lation model presented in this thesis reconstructed neutron and gamma energy deposition characteris-

tic in the graphite and stainless steel material, what allowed for a satisfactory agreement between cal-

culations and experimental data 



VI. THESIS SUMMARY 
Nuclear heating measurement in MARIA reactor and im-
plementation of neutron and photon calculation scheme. 

 

  166 | P a g e  

 

VI. THESIS SUMMARY 

This thesis presents new experimental instrumentation and associated measurement method of 

nuclear heating measurement and new calculation scheme for MARIA reactor. Results of calculation 

and experiment comparison presented in this thesis are in satisfactory agreement. Two approaches of 

delayed nuclear heating evaluation were compared: one from experimental measurements and the 

other from numerical calculations performed for Jules Horowitz Reactor. Both approaches satisfactorily 

agreed with experiment.  

Results presented in Table 5.2 show as expected, due to the variation of radiative captures, a 

general tendency that ratio of nuclear heating in stainless steel (GT) to graphite (KC) increases with 

distance from the core centre. Moreover, this tendency is well shown in calculation results for both 

approaches.  

Development of final calculation scheme resulted from variety of activities which are presented 

in brief in Figure 6.1. On the left side of this figure presented are the activities which are related to the 

experimental works and on the right side there are MARIA modelling and calculation activities. Nuclear 

heating calculation results compared with experimental results were summarized in model qualifica-

tion. This step allowed characterizing finally the value and the quality of used calculation scheme. 

 

Figure 6.1. Development of the calculations scheme - procedure. 
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Calculation scheme proposed here in Figure 6.2, for nuclear heating evaluation in the nuclear 

reactors presented satisfactory agreement for calculations with the experimental data. Each of the 

steps of verification, validation, and finally comparison of calculation results with nuclear heating 

measurements demonstrated effectiveness of a new scheme based on the codes TRIPOLI4 and 

APOLLO2. 

 

Figure 6.2. Calculational scheme for MARIA nuclear heating calculations. 

KAROLINA calorimeter, developed during this thesis, presented good effectiveness and yielded 

the results in accordance with gamma thermometers which are widely used in many nuclear reactors. 

Measurements in MARIA reactor proved that KAROLINA instrument may find wide application in nucle-

ar industry including research reactors and nuclear power plants. Results presented here are promising 

and encouraging to further development of the KAROLINA calorimeter and nuclear heating instrumen-

tation research. There are already several ideas of possible advancements of this nuclear instrument. 

One of possible KAROLINA development could be usage of various types of core materials, to get more 

detailed measurement of nuclear heating in each of them. 
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The results obtained in the frames of this work can be concluded in the following statement. 

Calculation model presented in this thesis allowed for a correct prediction of neutron and gamma 

energy deposition characteristic. The comparison to experimental measurements carried out in a 

dedicated program in MARIA leads to an average ratio of about 10% between calculated heating and 

measured one. This model needs further developments to improve the C/E ratio. Proposed calcula-

tional scheme presented good efficiency in total heating determination (prompt and delayed). New 

experimental instrumentations and measurement methods developed bring important positive con-

tribution into the final results. The work presented here brings several perspectives for further re-

search in nuclear instrumentation topic. The new tool – which is the MARIA model – already found 

usage in several experiments planning and determination of influence of fuel elements channels 

modification. This model is already supporting MARIA in operation and research programs.  
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