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PREFACE

In the era of advanced scientific and technological development, com-

putational modeling has become an indispensable tool in nuclear reactor

physics and engineering. Modern reactor design, operation, and safety as-

sessment rely extensively on high fidelity simulations capable of predicting

the complex behavior of reactor cores under a wide range of conditions. Ow-

ing to the high cost, safety concerns, and operational limitations of full scale

reactor experiments, computational reactor physics offers a practical and

reliable means to explore core behavior, optimize configurations, evaluate

safety margins, and support informed decision making. Among the vari-

ous computational methods, Monte Carlo transport simulations have proven

particularly powerful for their ability to model neutron behavior with high

physical and geometric fidelity. Codes such as MCNP and SERPENT are

widely used in both research and power reactor analyses, enabling the study

of detailed particle interactions, transient phenomena, and safety related pa-

rameters under diverse operational scenarios.

At the foundation of every reactor physics simulation lies the nuclear

data, a comprehensive set of evaluated quantities that describe the probabil-

ities of neutron interactions with atomic nuclei. These evaluated quantities

include fission, capture, elastic scattering, and inelastic scattering cross sec-

tions. Nuclear data are compiled into evaluated nuclear data libraries such

as ENDF/B, JEFF, JENDL, and CENDL, which serve as essential input for

all neutronic calculations. The accuracy and reliability of reactor simulations

depend critically on the quality of these data. Differences in experimental

measurements, evaluation methodologies, and theoretical models can lead

to notable discrepancies between data libraries, directly affecting key reac-

tor parameters such as the effective multiplication factor (keff). Although

modern nuclear data libraries like ENDF/B-VIII.0, JEFF-3.3, JENDL-5, and

CENDL-3.2 have significantly improved in coverage and accuracy by incorpo-

rating updated measurements, refined evaluation techniques, and covariance
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information, residual uncertainties remain and must be rigorously quantified

to ensure reliable reactor design and safety assessments.

Two categories of reactor physics parameters are particularly sensi-

tive to the quality of nuclear data: criticality and kinetic parameters. The

effective multiplication factor (keff) determines whether a reactor is subcrit-

ical, critical, or supercritical, thereby serving as a fundamental indicator of

neutron economy and core stability. Accurate evaluation of keff is essen-

tial for fuel loading optimization, startup planning, and safety validation.

Meanwhile, kinetic parameters such as the effective delayed neutron fraction

(βeff), neutron generation time (Λ), and prompt neutron lifetime (lp) govern

the reactor’s time dependent response to reactivity changes. Although de-

layed neutrons constitute only a small fraction of all fission neutrons, they

play a vital role in maintaining controllability and preventing prompt critical

excursions. The βeff , in particular, defines the margin between delayed and

prompt critical states, while Λ and lp influence transient power behavior and

feedback responses. Even minor uncertainties in these parameters can signifi-

cantly affect dynamic simulations, impacting predictions of power transients,

reactivity insertion accidents, and scram effectiveness.

Given the interdependence between nuclear data and reactor perfor-

mance, modern reactor analysis increasingly integrates sensitivity and un-

certainty evaluation as essential components of the computational process.

Sensitivity Analysis (SA) quantifies how perturbations in input parameters

influence key reactor responses, providing insights into which isotopes and

reaction channels most strongly affect outputs such as keff , βeff . Uncertainty

Analysis (UA), on the other hand, quantifies how uncertainties in the in-

put data, represented by covariance matrices propagate through models to

affect the variance of output quantities. Combined, SA and UA form a

rigorous framework that enables the decomposition of total uncertainties,

identification of dominant contributors, and prioritization of nuclear data

improvements. The integration of these methodologies, supported by adjoint

weighted perturbation theory and Monte Carlo simulation, enhances the in-

terpretability and reliability of computational predictions in nuclear reactor

2



physics.

In summary, this dissertation analyzes the sensitivity and uncertainty

of nuclear data for kinetic and criticality parameters in a core configuration

comprising 92 low enriched fuel bundles from the Dalat nuclear research

reactor. This research uses advanced Monte Carlo simulations along with

comprehensive sensitivity and uncertainty analysis methods to clearly show

how uncertainties in nuclear data affect reactor calculations. The results are

expected to improve the reliability of reactor safety assessments, enhance

the transparency of computation results, and support ongoing improvements

in nuclear data evaluation. Through this systematic approach, the study

aims to establish a solid methodological framework applicable not only to

the DNRR but also to other reactors.

The following chapter presents a general overview of the theoretical

background, the characteristics of the Dalat Nuclear Research Reactor, the

computational tools and nuclear data libraries employed in this work.
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Chapter 1 GENERAL OVERVIEW

1. Introduction

The rapid advancement of nuclear technology and its widespread ap-

plication across nearly all aspects of human life have become increasingly

evident. Among the most significant achievements of scientific research is

the development of computer simulation, which has been extensively inte-

grated into numerous scientific disciplines. Computer simulation has proven

to be an invaluable tool, opening new areas of study and providing a qualita-

tive impetus for the advancement of science and technology. Overall, the use

of computer simulation has significantly improved the efficiency of scientific

research by accelerating processes, reducing costs, and minimizing the time

and resources required to achieve research objectives.

In the physical design of nuclear reactors, nuclear data libraries play

a critical role in supporting calculations and simulations, necessitating rig-

orous analysis and evaluation of nuclear data uncertainties. Accurate and

reliable nuclear data for the materials used in the reactor core are essen-

tial for designing and assessing new reactor concepts. This data includes

neutron cross sections of various isotopes, which significantly influence the

reactor’s performance and safety. Consequently, evaluating the uncertainties

associated with nuclear data is crucial for ensuring the safety, reliability, and

effectiveness of reactor designs. Precise knowledge of cross section uncertain-

ties can contribute to optimizing and enhancing the robustness of nuclear

reactor physical designs.

For the safe operation of nuclear reactors, a comprehensive under-

standing of key reactor parameters, including physical parameters, the ef-

fective multiplication factor, and kinetic parameters, is essential. This un-

derstanding allows for accurate predictions of reactor behavior under various

operational conditions, thereby supporting the effective implementation of

safety measures and emergency responses. In particular, evaluating kinetic

parameters, such as neutron generation time, prompt neutron lifetime, and

delayed neutron fractions, under different conditions provides valuable in-

sights into reactor dynamics during both normal and transient states. This
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knowledge enhances safety standards and the development of robust emer-

gency response strategies, ultimately helping to prevent accidents and ensure

the safe operation of nuclear reactors.

In nuclear reactor simulations, computational models and methods

play a critical role. A variety of computer codes have been developed to per-

form reactor calculations and simulations using different techniques, such as

deterministic transport methods and the Monte Carlo method. Monte Carlo-

based transport codes, including MCNP [1], MVP [2], SERPENT [3], among

others, are widely employed for the simulation and analysis of nuclear reac-

tors. These codes enable researchers and engineers to model diverse scenarios

and assess potential risks under various operational conditions. By utilizing

these advanced computational tools, it is possible to develop detailed mod-

els for reactor design, maintenance planning, and emergency preparedness.

However, the accuracy of such simulations strongly depends on the assump-

tions, input parameters, and nuclear data provided by the user. Inaccurate

inputs or unrealistic assumptions may lead to results that do not accurately

represent the behavior of actual nuclear reactors.

To address the limitations associated with the data, models, and

methods employed in reactor analyses, it is essential to enhance the real-

ism of predictions through comprehensive uncertainty quantification. This

approach enables a detailed assessment and definition of safety margins, form-

ing the basis of methodologies commonly referred to as best estimate plus

uncertainty. Figure 1.1 illustrates the concept of safety margins, along with

two methodologies regarded as realistic or best estimate approaches for con-

ducting safety analyses.

In analyzing a nuclear reactor, the accuracy of the kinetic and critical-

ity parameters depends heavily on the quality of the nuclear data and mod-

eling assumptions. Uncertainties from both physical and numerical sources

inherently impact every calculation in reactor physics. These include limita-

tions in evaluated nuclear data files, approximations in neutron transport or

diffusion theory, discretization of the geometry and energy domains, bound-

ary conditions, and user defined input parameters. Therefore, understanding
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Figure 1.1: The concept of safety margins as defined by the IAEA [4].

and quantifying these uncertainties is essential to ensure the reliability of the

calculated effective multiplication factor and kinetic parameters. Uncertainty

analysis aims to quantify the total variability in the calculated parameters

that results from the combined effects of uncertainties in nuclear data and

modeling inputs. In contrast, sensitivity analysis identifies the degree to

which each specific input, such as the cross sections, fission yields, or delayed

neutron data for main isotopes affects reactor responses. The sensitivity

analysis enhances this process by identifying the importance of individual

isotopes and reactions in contributing to the overall uncertainty. These re-

sults offer valuable guidance for improving the evaluated nuclear data and

refining the reactor core model. It not only measures the confidence level

of the simulation results but also aids future improvements in nuclear data,

model validation, and safety margin assessment for reactors. In this research,

the stochastic Monte Carlo approach provides a robust means of propagating

nuclear data uncertainties by sampling input parameters using random meth-

ods, followed by statistical evaluation of the output quantities. The resulting

ensemble of simulations enables the estimation of statistical descriptors, such

6



as the mean, variance, and confidence intervals, for the kinetic and criticality

parameters.

Extensive research has focused on determining kinetic parameters and

the effective multiplication factor for various reactor types using Monte Carlo

simulations [5–10]. Notable S/U studies have been carried out for several

research reactors, including the TRIGA Mark II and the RSG-GAS multi-

purpose reactor, employing codes such as SUSD3D and MCNP. [11–19]. The

DNRR has utilized various deterministic and Monte Carlo computational

tools for core physics evaluations, including neutronics analysis, burnup cal-

culations, safety assessments, and in-core fuel management. Early studies

utilized the WIMSD/CITATION code system to evaluate burnup distribu-

tions of the HEU-fueled core and to benchmark the calculated results against

experimental measurements [20]. In addition, this code system was used to

generate data for the HEU-based DNRR configuration, which later served

as the foundation for the development of advanced ICFM methodologies,

such as genetic algorithms, differential evolution, and their improved vari-

ants [21]. Further neutronic analyses of the HEU core were conducted using

the MCNP5 and SRAC codes. The calculated effective multiplication fac-

tors closely matched between the two codes, with differences of less than 55

pcm, while deviations from experimental measurements were approximately

119 pcm. Regarding power distribution, the relative deviations in the core’s

central region were under 4%, whereas about 7% deviations were observed in

the outer core region [22]. A detailed criticality analysis of 49 startup con-

figurations was performed using the SRAC and MCNP5 codes with various

nuclear data libraries, including ENDF/B and JENDL. The differences in

calculated criticality values ranged from 770 pcm, depending on the library

used (ENDF/B-VII.0, JENDL-3.3, and JENDL-4.0). For the operational

setup with 88 fuel bundles, the gap between calculated and measured kexteff

values remained within 330 pcm [23]. The coupled PARCS/Serpent model

demonstrated potential applicability for both steady state and transient re-

actor analyses [24].
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For these reasons, uncertainty analysis is a critical component of sim-

ulation modeling, particularly when employing nuclear data and kinetic pa-

rameters that play a key role in reactor transient analysis and control. In

this study, the thesis presents Sensitivity and Uncertainty (S/U) analyses of

nuclear data related to the criticality and kinetic parameters of the Dalat

Nuclear Research Reactor (DNRR). The analyses are performed using the

MCNP6 code [1] in combination with the latest nuclear data libraries, in-

cluding ENDF/B-VIII.0 [25], JEFF-3.3 [26], JENDL-5.0 [27], and CENDL-

3.2 [28].

2. The role of nuclear data libraries

Nuclear data provide the empirical foundation for research in a wide

range of scientific fields, including nuclear energy, safety, security, and safe-

guards, as well as numerous other applications. These data also support the

development of technologies that impact various aspects of daily life. For ex-

ample, nuclear data are essential in the discovery of Nobel Prize winning par-

ticles, such as the Higgs boson, as they determine how particles interact with

detectors. Nuclear data encompass a broad spectrum of structural and reac-

tion quantities, including scattering and reaction cross sections (typically as

functions of energy and angle), nuclear masses, level properties, decay modes

and parameters, neutron and photon spectra from reactions, and many other

related quantities. Such data are crucial for characterizing each nuclear iso-

tope and facilitating reactions involving neutrons, protons, deuterons, alpha

particles, and photons. In cases where experimental data are unavailable,

model predictions are employed to generate the necessary database [29].

Due to the complexity of nuclear data evaluation and the diverse ex-

pertise required for this work, as well as the critical role of nuclear data in

both fundamental and applied research, numerous organizations have been

established to coordinate activities, enhance communication, and promote

collaboration among evaluators. The development of nuclear data libraries

involves six interconnected stages: measurement, compilation, evaluation,

processing, validation, and application. These stages collectively support

a wide range of scientific fields and end user applications. Various groups
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contribute to the generation and evaluation of nuclear data, particularly for

nuclear reactions. These include the International Nuclear Data Evaluator

Network (INDEN) [30], the International Network of Nuclear Reaction Data

Centres (NRDC) [31], and the U.S. National Nuclear Data Center (NNDC)

[32], all operating under the auspices of the Nuclear Data Service (NDS) of

the International Atomic Energy Agency (IAEA) [33]. Additional key con-

tributors include the Cross Section Evaluation Working Group (CSEWG)

[34], in collaboration with U.S. and Canadian national laboratories, as well

as the Nuclear Energy Agency (NEA) of the Organization for Economic Co-

operation and Development (OECD), through its Working Party on Interna-

tional Nuclear Data Evaluation Cooperation (WPEC) [35], and the Japanese

Nuclear Data Committee (JNDC) [36].

These organizations have worked to address differences among nuclear

reaction data libraries developed in various countries, including the Evalu-

ated Nuclear Data File (ENDF) in the United States [25], the Joint Evaluated

Fission and Fusion File (JEFF) in Europe [37], the TALYS based Evalu-

ated Nuclear Data Library (TENDL) [38], the Japanese Evaluated Nuclear

Data Library (JENDL) [36], the Russian Evaluated Nuclear Data Library

(BROND) [39], and the Chinese Evaluated Nuclear Data Library (CENDL)

[28]. In addition, the WPEC subgroups [35] and the IAEA Nuclear Data

Section’s Coordinated Research Projects (CRPs) [40] have contributed to

the improvement of data evaluation methodologies, data formats, and both

general purpose and application specific evaluated data sets. In the field of

nuclear structure, evaluation efforts are coordinated by the U.S. Nuclear Data

Program [41], managed by the U.S. National Nuclear Data Center (NNDC),

the IAEA Nuclear Data Section (NDS) [33], and the Nuclear Structure and

Decay Data (NSDD) Network [42]. Collaboration among these organizations

fosters improved consistency and accuracy in global nuclear data evaluations

and standards.

Nuclear data have a significant impact on the physical design, effi-

ciency, and operation of advanced reactors, as well as on applications related

to security. The development of advanced reactors and small reactors, many
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of which employ fuels, coolants, and moderators different from those used in

existing reactor technologies, has created a growing need for improved nuclear

data, including new differential and integral measurements and evaluations.

Security related applications are even more diverse, involving a wide array of

detectors, systems, and interaction scenarios. Notably, there is substantial

overlap in the nuclear data requirements for reactor technologies and security

applications, particularly in the context of small reactors [29].

Nuclear data serve as the cornerstone for the development and appli-

cation of nuclear science and technology. Accordingly, comprehensive exam-

ination and evaluation of nuclear data are essential to establish a cohesive

and reliable body of information. Nuclear data are applied across a wide

range of fields within nuclear science and technology, spanning both energy

related and non energy related domains. In the energy sector, nuclear data

support the design of fission reactors, management of nuclear fuel cycles, as-

surance of nuclear safety, reactor monitoring, radiation shielding and dose

assessment, nuclear waste disposal, transmutation of radioactive materials,

development of accelerator driven systems, fusion device design, and plasma

processing technologies. Beyond the energy sector, nuclear data play a vital

role in areas such as radiation therapy for cancer treatment, production of ra-

dioisotopes for medical and industrial applications, radiation protection and

worker safety, nuclear safeguards, nuclear waste treatment and recycling, en-

vironmental monitoring and remediation, materials research, process control,

mineral and oil exploration, and fundamental research in nuclear astrophysics

and education. The collection, evaluation, and dissemination of nuclear data

represent a complex and challenging endeavor that depends on the contribu-

tions of experts from both fundamental and applied sciences worldwide.

3. Reactor core analysis and uncertainty sources

Reactor core analysis involves the simulation and evaluation of the

physical and neutronic behavior of a nuclear reactor core under both normal

and transient conditions. This process is fundamental to core design, fuel

management, and safety assessment. However, the accuracy of such analy-

ses is inherently influenced by multiple sources of uncertainty. A primary
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source is nuclear data, particularly neutron cross sections, which directly

affect neutron transport and reaction rate calculations. Inaccuracies or lim-

itations in these data can lead to errors in predicting key parameters such

as power distribution, reactivity, and fuel burnup. Additional uncertain-

ties arise from reactor operating conditions, including temperature, coolant

flow rate, and power level, all of which are subject to measurement errors

and operational variability. Manufacturing tolerances further contribute by

introducing deviations in fuel enrichment, fuel density, and geometric dimen-

sions from their nominal specifications, thereby altering the core’s physical

configuration. During reactor operation, changes in fuel composition due to

burnup introduce further uncertainties in isotopic inventories and their as-

sociated reactivity effects. Moreover, computational models and numerical

methods used for core simulations introduce algorithmic approximations and

discretization errors, often referred to as computational bias. To ensure the

reliability of reactor core predictions, comprehensive uncertainty analysis is

essential. Such analysis involves quantifying individual sources of uncertainty,

understanding their interactions, and evaluating their impact on key safety

and performance metrics. This is critical for regulatory compliance, risk

informed decision making, and upholding high standards of nuclear safety.

In general, the primary sources of input variability that contribute to

uncertainty in reactor analysis include nuclear data, reactor operating condi-

tions, manufacturing tolerances, fuel burnup, induced technological changes,

and computational biases. To accurately assess their impact, it is essential

to conduct a comprehensive analysis of all sources of uncertainty. Such an

analysis must cover the entire process and rely on rigorous methodologies,

beginning with the nuclear cross section data and extending through the cal-

culation tools and procedures, review processes, and the qualification of the

nuclear analysts involved [43].

Nuclear data represent the primary source of uncertainty in this con-

text and are classified as aleatory uncertainties. Such uncertainties directly
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influence the solutions of neutron transport or diffusion equations by affect-

ing quantities such as microscopic cross sections, energy and angular distribu-

tions, the average number of neutrons per fission, neutron spectra, and decay

constants. Nuclear data libraries compile information generated through the

six interconnected steps described in Section 2., with each step contributing

to the overall uncertainty in the nuclear data.

The second category of uncertainties arises from reactor operating

conditions, including the temperature and density of the moderator, fuel

temperature, boron concentration, and irradiation history. These factors in-

fluence neutron behavior within the reactor core, thereby contributing to vari-

ations in calculated reactor parameters. It is essential to carefully quantify

and account for uncertainties in operating conditions to ensure the accuracy

and reliability of reactor calculations and analyses [43].

The third category of uncertainties comprises technological uncertain-

ties, which are also classified as aleatory uncertainties. These arise from

manufacturing standards and process deviations, affecting components of the

nuclear reactor such as geometrical dimensions and configurations, as well as

characteristics of nuclear fuel, including enrichment, density, and other ma-

terial properties [43].

The fourth category of uncertainties is associated with burnup and

is arguably the most challenging to quantify. Burnup influences nearly all

other sources of uncertainty by altering material compositions over time,

thereby modifying the nuclear data uncertainty component. As fuel assem-

blies undergo burnup, the mechanical and structural properties of the fuel

rod, fuel meat, gap, and cladding evolve due to various phenomena, including

densification, swelling, fission gas release, cladding creep down, creep out, ox-

idation, hydrogen uptake, among others. These changes also affect thermal

behavior, leading to variations in fuel and moderator temperatures. In ad-

dition, burnup can cause fuel relocation and structural deformation, further

contributing to technological uncertainties [43].
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Finally, computational models and numerical methods, including the

underlying equations, approximations, and algorithms represent a source of

fundamental uncertainty, as they can introduce inaccuracies or biases into

reactor analysis. These uncertainties, often referred to as computational bi-

ases, may arise from model simplifications or numerical discretization. In

some cases, they can be quantified by comparison with more accurate ref-

erence models, such as continuous energy Monte Carlo simulations rather

than multigroup deterministic solvers, or transport solvers instead of diffu-

sion solvers. This category of uncertainty also includes user effects, which

reflect variations in results due to the level of proficiency and experience in

applying specific computational codes.

4. Uncertainty and sensitivity analysis

Uncertainty and sensitivity analyses are essential tools for the evalu-

ation of complex engineering systems, particularly in the modeling and sim-

ulation of nuclear reactors. Uncertainty analysis focuses on identifying and

quantifying potential errors or variations in input parameters, such as nu-

clear data, geometric dimensions, material properties, and operating condi-

tions and assessing how these uncertainties propagate through computational

models to affect output results. In contrast, sensitivity analysis examines how

variations in individual input parameters influence specific output quantities,

thereby identifying the inputs that most significantly impact key results, in-

cluding reaction rates, power distributions, neutron fluxes, and temperature

fields. While uncertainty analysis quantifies the range or spread of output val-

ues due to input variability, sensitivity analysis highlights the most influential

parameters. These analyses serve complementary purposes: together, they

enhance model reliability, guide data collection efforts by indicating where

greater accuracy is required, and support safety assessments by identifying

critical parameters that must be tightly controlled. In nuclear engineering,

where decisions must be supported by a high degree of confidence, the com-

bined application of uncertainty and sensitivity analyses is vital for model

validation and for ensuring that reactor performance predictions are both

accurate and robust.
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In the context of nuclear data, uncertainty analysis assesses how in-

put data uncertainties propagate and affect output results, while sensitivity

analysis identifies the isotopes, reaction cross sections, and energy ranges that

have the most significant impact on specific output quantities. To evaluate

and analyze uncertainties in input data and their influence on reactor physics

parameters, two primary tasks are required: Sensitivity Analysis (SA) and

Uncertainty Analysis (UA).

The SA is the first critical task that must be addressed. The SA de-

termines the impact of perturbations in input parameters on the responses of

interest. This step is essential, as many subsequent analyses either depend on

its results or can be significantly simplified based on its findings. Specifically,

the SA provides the foundation for the UA, the identification of key nuclear

data, and the reduction of input parameter space. Global sensitivity evalu-

ation examines the effects of varying an input parameter in the presence of

variations in other input parameters, typically employing sampling method-

ologies to explore the full range of input values and their interactions. In

contrast, local sensitivity analysis focuses on the effect of perturbing a single

input parameter while keeping all others fixed. This local analysis often relies

on linear perturbation theory and is commonly implemented using adjoint-

based computations. The sensitivity evaluation activities conducted in this

thesis for reactor core simulations are detailed in Chapter 2.

In general, the sensitivity coefficient (S) can be defined as the ratio of

the fractional change in a response (Ψ) to the corresponding fractional change

in an input parameter (α), as expressed by the following relation [43–45]:

SΨ,α =
∂Ψ/Ψ

∂α/α
. (1.1)

Several studies on the application of Sensitivity Analysis (SA) can be

found in the literature, including [14, 16, 23, 46–53].

The second major task is the UA, which involves the propagation of

input parameter uncertainties to the responses of interest. Comprehensive

details regarding the full core calculations performed in this study, based on
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reactor core simulations, are provided in Chapter 2, with a brief introduction

to this topic presented below. The UA approaches are generally classified

into two categories: deterministic based methods and sampling based meth-

ods. The former relies on Perturbation Theory (PT), while the latter employs

random sampling techniques. Perturbation theory provides the theoretical

foundation for deterministic based methods and has been successfully imple-

mented in various computational codes [54, 55]. To quantify the uncertainty

(U) in the responses due to input parameter variations, the sandwich rule

is applied. This rule combines the sensitivity matrix [S], representing the

response sensitivities to input parameters, with the covariance matrix [C] of

the input parameters, as follows [45]:

U 2 = [S]T · [C] · [S]. (1.2)

One limitation of approaches based on the PT is that they rely on first

order approximations. As a result, these methods may produce inaccurate

uncertainty estimates when applied to non linear systems or systems subject

to large perturbations. In contrast, sampling based techniques for uncer-

tainty quantification involve random sampling of input parameters from their

joint probability distributions, with each random sample used in a separate

simulation to compute the integral observable of interest. The uncertainty

associated with the integral observable is then derived from the statistical

analysis of the Monte Carlo simulation results. Transport based codes are

particularly well suited for sensitivity and uncertainty analyses in full core

calculations, especially those that do not depend on multigroup cross section

data. Several computational codes, such as SCALE (TSUNAMI-3D), MCNP,

and SERPENT, are widely used for S/U analyses owing to their capability

to process continuous energy nuclear data libraries. In these methods, sen-

sitivities are computed and subsequently combined with covariance matrices

to estimate uncertainties. Numerous studies have applied both deterministic

and sampling based uncertainty propagation approaches [46, 56–59].

5. Brief overview of the Dalat nuclear research reactor

The General Atomic Company developed the well known nuclear reac-

tor design called TRIGA (Training, Research, Isotopes, General Atomics). It
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has been built in 66 reactors across 24 countries around the world. Of these,

five TRIGA reactors have operated in Southeast Asia as follows: Thailand

has the TRIGA Mark III reactor, which was built in Bangkok in 1962. In ad-

dition, there are four TRIGA Mark II reactors in Indonesia (Bandung, 1965;

Yogyakarta, 1979), Malaysia (Kuala Lumpur, 1982), and Vietnam (Dalat,

1960) [60].

The Dalat Nuclear Research Reactor (DNRR), the TRIGA Mark II

reactor, was constructed in the early 1960s and operated at a power of 250

kW from 1963 to 1968. It remained inactive from 1968 until March 1975, and

by the end of that month, all TRIGA fuels were unloaded and returned to

the United States. Reconstruction and upgrading to 500 kW for the DNRR

began in 1982, achieving first criticality on November 1, 1983. In February

1984, the nominal power of 500 kW was reached, with the initial working

core loaded with 88 VVR-M2 fuel assemblies, including 36% High Enriched

Uranium (HEU). In September 2007, the DNRR started to install the first

six Low Enriched Uranium (LEU) fuel bundles, which have an enrichment

level of 19.75%. By 2009, the DNRR completed the construction of a core

mixture of HEU and LEU, consisting of 92 fuel bundles made of HEU and 12

LEU. In December 2011, the DNRR successfully converted the reactor core

to use LEU fuel, which included 92 LEU and 12 beryllium rods surrounding

a neutron trap at the center of the reactor core. Table 1.1 illustrates the

primary parameters of the DNRR [22–24, 61–65].

When the DNRR was upgraded to 500 kW, most of the core struc-

tures from the original TRIGA reactor were retained. These components in-

clude aluminum tanks, graphite reflectors, thermal columns, horizontal beam

tubes, concrete shielding, and other associated structures. The aluminum

tank is cylindrical in design, with a height of 6.26 meters and a diameter of

1.98 meters. To enhance cooling efficiency through natural convection, an

inner cylindrical extraction well is located within the graphite reflector and

positioned directly above the reactor core. A vertical sectional view of the

reactor is presented in Figure 1.2 [61, 62, 64].
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Table 1.1: Design specifications of the DNRR with LEU fuel.

Parameter Value
Reactor
Reactor type Pool type
Fuel type Russian VVR-M2
Cooling system Natural convection
Moderator and coolant Water
Reflector Graphite, beryllium, and water
Nominal power (kW) 500
Core
Number of fuel bundles 92
Regulating rod (stainless steel) 1
Shim rod (B4C) 4
Safety rod (B4C) 2
Beryllium rod 12
Irradiation channel 4
Fuel
U-235 enrichment (wt%) 19.75
Number of fuel elements 3
Outermost element (hexagonal) 1
Inner elements (circular) 2
Fuel element thickness (mm) 2.5
Fuel meat thickness (mm) 0.94
Cladding thickness (mm) 0.78
Cladding material Al
Fuel meat material UO2-Al
Coolant channel width (mm) 2.5–3.0
Total length of a fuel bundle (mm) 865
Active fuel length (mm) 600

The reactor core is cylindrical in shape, with a height of 60 cm and

a diameter of 44.2 cm. Cooling is achieved through natural convection. The

core consists of 92 WWR-M2 type LEU fuel bundles, 12 beryllium rods, a

neutron trap located at the center of the core, three irradiation positions

within the core, and seven control rods. The control rods include one Au-

tomatic Regulating rod (AR), four Shim Rods (ShR), and two Safety Rods

(SR). The AR rod is made of stainless steel, whereas the ShR and SR rods

are composed of boron carbide (B4C) [61, 62, 64]. A cross sectional view of

the reactor pool tank is shown in Figure 1.3.

The reactor core includes a neutron trap, one wet irradiation channel

(1-4), and two dry irradiation channels (7-1 and 13-2). Most radioisotopes

are produced in the neutron trap, which provides the highest thermal neutron
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Figure 1.2: Vertical section view of the DNRR.

flux, approximately 2.12×1013(n.cm−2.s−1), and in the wet irradiation chan-

nel 1-4, with a thermal neutron flux of approximately 1.07×1013(n.cm−2.s−1).

The two pneumatic transfer channels, 7-1 and 13-2, have thermal neutron

fluxes of about 4.23× 1012(n.cm−2.s−1), and are primarily used for Neutron

Activation Analysis (NAA) applications [62–65].

Outside the reactor core, there are a rotary specimen rack, a thermal

column, and four beam ports. The rotary specimen rack, used for both Neu-

tron Activation Analysis (NAA) and Radioisotope (RI) production, contains

40 wet irradiation positions with a thermal neutron flux of approximately

4.23× 1012 (n.cm−2.s−1). The thermal column, with a thermal neutron flux

of about 1.25 × 1011 (n.cm−2.s−1), is also employed in NAA applications.

The four beam ports, including beam tubes No.1, 2, 3, and 4, serve vari-

ous purposes such as Nuclear Data Measurement (NDM), Prompt Gamma
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Figure 1.3: Horizontal cross section view of the DNRR pool tank.

Neutron Activation Analysis (PGNAA), Nuclear Physics Studies (NPS), and

Research and Training (R&T). The applications of these irradiation facilities

are summarized in Table 1.2 [62–64].

Although the DNRR operates at relatively low power and neutron

flux, it has made significant contributions to Vietnam’s social economic de-

velopment. The reactor supports a wide range of applications in nuclear

engineering and the use of radioactive isotopes across medical, agricultural,

industrial, geological, hydrological, and environmental fields. Furthermore,
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Table 1.2: Physical characteristics of irradiation facilities in the DNRR.

Irradiation facility Thermal neutron flux Applications
– (n.cm−2.s−1) –
Inside the reactor core
Neutron trap 2.12× 1013 RI, NAA, R&T
Channel 1-4 1.07× 1013 RI, NAA, R&T
Channel 7-1 4.20× 1012 NAA, R&T
Channel 13-2 4.40× 1012 NAA, R&T
Outside the reactor core
Rotary specimen 4.23× 1012 NAA, RI, R&T
Thermal column 1.25× 1011 NAA, R&T
Beam port 1 1.61× 106 R&T, NDM, NAA, PGNAA, NPS, . . .
Beam port 2 1.02× 106 R&T, NDM, NAA, PGNAA, NPS, . . .
Beam port 3 3.01× 105 R&T, NDM, NAA, NPS, . . .
Beam port 4 4.50× 105 R&T, NDM, NAA, NPS, . . .

the DNRR’s focus on reactor engineering, nuclear physics, and applied re-

search has helped to develop a competent and skilled workforce, while fos-

tering national expertise in these areas [63].

6. Objectives of this Dissertation

The principal objective of this dissertation is to perform comprehen-

sive evaluations of the sensitivity and uncertainty associated with nuclear

data used in the analysis of the criticality and kinetic parameters of the

Dalat Nuclear Research Reactor (DNRR), which operates with 92 low en-

riched uranium (LEU) fuel bundles. The study aims to assess how the most

recent evaluated nuclear data libraries influence main reactor physics parame-

ters and to quantify their corresponding uncertainties. This work contributes

to improving the accuracy and reliability of reactor physics calculations and

provides essential feedback for the continuous refinement of evaluated nuclear

data.

To achieve these goals, a 3D computational model of the DNRR core

was developed using MCNP6. The analyses used four evaluated nuclear data

libraries, which are ENDF/B-VIII.0, JEFF-3.3, JENDL-5, and CENDL-3.2,

to perform a systematic investigation of their effects on both reactor criti-

cality and kinetic behavior. The study focuses on the major neutronic pa-

rameters, including the effective multiplication factor (keff), effective delayed

neutron fraction (βeff), neutron generation time (Λ), and prompt neutron
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lifetime (lp). Through sensitivity and uncertainty (S/U) analysis, the re-

search identifies the dominant isotopes and reaction channels contributing to

the overall uncertainty of these parameters, thereby providing a quantitative

basis for prioritizing nuclear data improvements.

In addition to the nuclear data evaluation, this work also investigates

the influence of operational factors, such as fuel burnup, control rod posi-

tion, and temperature of fuels on the kinetic parameters of the reactor. By

examining the behavior of βeff , Λ, and lp under different core conditions,

the dissertation provides insights into the reactor’s dynamic response and

contributes to enhancing the safety and efficiency of its operation.

The original contributions of this dissertation, supported by the au-

thor’s published research, can be summarized as follows:

1. Development of a detailed three dimensional computational model of the

DNRR using the MCNP6 code, validated against experimental measure-

ments and benchmarked using the Serpent 2 code.

2. Execution of comprehensive sensitivity and uncertainty analyses for the

effective multiplication factor (keff) and the effective delayed neutron

fraction (βeff), focusing on the key isotopes in the fuel, moderator, reflec-

tor, and structural materials. These analyses quantify how uncertainties

in evaluated nuclear data propagate to reactor responses.

3. Estimation of the kinetic parameters (βeff , Λ, and lp) using both the

adjoint weighted and prompt methods, with additional verification via

the 1/v absorber insertion approach. Comparisons across nuclear data

libraries were performed to evaluate consistency and reliability.

4. Assessment of the sensitivity of kinetic parameters to operating condi-

tions such as fuel burnup, control rod movement, and temperature of

fuels variations, providing essential input for the prediction of reactivity

feedback and transient behavior.

5. Identification of the major contributors to the uncertainty of both crit-

icality and kinetic parameters, with emphasis on the dominant roles of
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the elastic and capture reactions of H-1, U-235, Al-27, Be-9, and B-10.

The results offer practical guidance for nuclear data evaluators to refine

cross section and covariance datasets in future releases.

The results of this research are expected to enhance the predictive ca-

pability of Monte Carlo based reactor simulations, improve the reliability of

uncertainty quantification methods, and strengthen the scientific foundation

for reactor safety assessments. Furthermore, the findings serve as valuable

technical input for the ongoing development of evaluated nuclear data li-

braries and for the safe and efficient operation of the DNRR and similar

research reactors worldwide.

7. Dissertation outline

This thesis is organized into five main sections, along with additional

sections that include relevant publications, an appendix, and the reference

list.

� Introduction establishes the scientific motivation and objectives of the

dissertation, emphasizing its contribution to improving the reliability

and accuracy of reactor safety and performance assessments.

� Chapter 1 presents a comprehensive overview of the theoretical and

methodological framework underpinning this study. It describes the

configuration of the Dalat Nuclear Research Reactor (DNRR), the com-

putational codes and modeling techniques employed, and the evaluated

nuclear data libraries utilized in the simulations. Furthermore, it out-

lines the methodologies used to determine kinetic parameters and the

procedures adopted for conducting sensitivity and uncertainty analy-

ses. Particular emphasis is placed on the significance of nuclear data,

uncertainty quantification, and sensitivity evaluation in reactor physics,

highlighting how variations in nuclear data, operational conditions, man-

ufacturing tolerances, and computational models influence the accuracy

and reliability of reactor core simulations. Finally, this chapter estab-

lishes the context for subsequent research by defining the dissertation’s

main objectives.
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� Chapter 2 describes in detail the methods, models, and data used in

the study. It begins by explaining the theoretical background of reactor

simulations, introducing both deterministic and Monte Carlo methods,

and emphasizing the advantages of MCNP6 for detailed three dimen-

sional transport analysis. The configuration and characteristics of the

Dalat Nuclear Research Reactor (DNRR) with LEU fuel are then de-

scribed, including its geometry, control rods, and fuel design. Next, the

chapter reviews major evaluated nuclear data libraries (ENDF/B-VIII.0,

JEFF-3.3, JENDL-5, and CENDL-3.2) and summarizes the sensitivity

and uncertainty (S/U) analysis approach based on perturbation theory

and the sandwich rule. Finally, it explains the procedures for calculating

kinetic parameters, such as the effective delayed neutron fraction (βeff),

neutron generation time (Λ), and prompt neutron lifetime (lp), using

the adjoint weighted and prompt methods, as well as the 1/v absorber

insertion method.

� Chapter 3 performs comprehensive sensitivity and uncertainty (S/U)

analyses of the most recent evaluated nuclear data libraries for the oper-

ational core of the DNRR employing LEU fuel. The study systematically

investigates the influence of the ENDF/B-VIII.0, JEFF-3.3, JENDL-5,

and CENDL-3.2 libraries on reactor criticality and the corresponding

S/U characteristics. The results of criticality calculations are presented

and validated against experimental measurements to ensure the accuracy

and reliability of the computational models. Furthermore, the chapter

provides an evaluation of the DNRR kinetic parameters and their as-

sociated uncertainties arising from nuclear data. The adjoint weighted

and prompt methods were employed to determine the effective delayed

neutron fraction (βeff), whereas the prompt neutron lifetime (lp) was ob-

tained using both the adjoint weighted technique and the 1/v absorber

insertion method. Sensitivity coefficients were derived from first order

perturbation theory, and the propagation of nuclear data uncertainties

was performed using the linear Sandwich Rule formalism. The analysis

also accounts for variations in reactor operating conditions, including
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fuel burnup, fuel temperature, and control rod positioning, with evalu-

ations carried out at both the beginning and end of the reactor cycle to

compare methodologies and the effects of different nuclear data libraries.

� Conclusions and future work summarizes the main findings and con-

clusions of the study, emphasizes the scientific contributions of the dis-

sertation, and suggests potential directions for future research.
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Chapter 2 METHODS AND MODELLING

2.1 Introduction

Simulation calculation is an essential tool in nuclear physics research,

particularly in situations where experimental studies are difficult, prohibitively

expensive, hazardous, or impractical. Its main applications include nuclear

reactor design, nuclear safety analysis, optimization of reactor physical and

technical parameters, support for experimental investigations, and the de-

velopment of new equipment and technologies. Although simulation calcula-

tions provide significant advantages, they cannot fully replace experimental

research due to inherent uncertainties in the models and nuclear data em-

ployed. Therefore, it is crucial to rigorously evaluate these uncertainties to

ensure reliable and accurate results. In this context, neutron physics, thermal

hydraulic simulation models, and high quality nuclear data are fundamental

to comprehensive and credible studies [66].

Computer models in nuclear physics are employed to simulate the

three dimensional core structure of nuclear reactors and to solve neutron

transport or diffusion equations for the purpose of investigating the physical

characteristics of the reactor. Two principal approaches are used in these sim-

ulations: deterministic methods and Monte Carlo methods. Each approach

offers distinct advantages and limitations, and the choice between them de-

pends on the specific objectives of the study and the computational resources

or time available [67].

The Monte Carlo technique is a stochastic statistical method that de-

rives solutions by simulating individual particle histories and recording spe-

cific characteristics (tallies) of their average behavior. The results represent

solutions to the neutron transport equations. This method offers several ad-

vantages, including ease of implementation, accurate representation of com-

plex geometries, direct use of nuclear data libraries with continuous neutron

energy spectra, and the capability to perform high precision reactor calcula-

tions, typically achieving uncertainties of approximately 300 pcm in∆k/k for

criticality evaluations [68]. However, the Monte Carlo method also presents

certain limitations, notably the substantial computational resources required
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and the long calculation times needed to reduce statistical uncertainties to

acceptable levels. Prominent Monte Carlo based codes for nuclear reactor

physics calculations include MCNP (USA), SERPENT (Finland), MVP/G-

MVP (Japan), SCALE (USA), among others [1–3, 67, 69]. This approach is

particularly well suited for static problems or scenarios involving slowly vary-

ing conditions, and it is commonly employed as a benchmark for validating

deterministic models.

The deterministic method solves the neutron diffusion equation us-

ing space time discretization and a non continuous neutron energy spectrum,

in which neutron energies are divided into multiple groups. By simplifying

the geometry typically representing it as lattice cells dividing it into small

regions, and applying a mesh to solve the corresponding differential equa-

tions, the spatial variables are discretized [2]. The neutron energy spectrum

is segmented into discrete groups, each covering a defined energy range with

constant properties. Widely used deterministic codes include SRAC (Japan),

DRAGON and APOLLO (France), WIMSD (UK), CITATION, OpenMOC

(USA), and CASMO (Sweden) [70–73]. This method offers significant ad-

vantages in terms of computational efficiency, making it well suited for rapid

analyses and fundamental evaluations. Moreover, deterministic approaches

can be coupled with thermal hydraulic calculation tools to facilitate the anal-

ysis of transient conditions in nuclear facilities [74]. However, a key limitation

is that the geometry is idealized (e.g., as lattice cells) rather than modeled in

full detail, which may lead to uncertainties associated with material homoge-

nization and an inability to accurately represent complex structural features.

As previously discussed, the nuclear data libraries used in computer

codes are fundamental to reactor physics calculations and have a direct im-

pact on the computational results. Nuclear data encompass a wide range

of properties, including fission yields, gamma decay energies, decay chains,

isotope lifetimes, and cross sections for various interactions with different par-

ticles. For example, the ENDF/B-VIII.0 nuclear data library incorporates

updated nuclear data standards and offers improved thermal neutron scatter-

ing data. In addition, it includes the latest evaluations from the Coordination
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International Evaluation Library Organization (CIELO) pilot projects for key

neutron reactions involving H-1, O-16, Fe-56, U-235, U-238, and Pu-239 [75].

The construction of these libraries was carried out using the NJOY code, and

the S(α, β) thermal scattering data for materials such as beryllium, graphite,

and hydrogen in light water were also generated as part of this process [76].

With the continuous efforts of international nuclear data centers, sev-

eral evaluated nuclear data libraries have been developed to support nuclear

reactor analysis, including ENDF/B, JENDL, JEFF, CENDL, BROND, and

TENDL. ENDF/B-VIII.0, released in 2018, is the latest version of the END-

F/B library and contains cross section data for 557 nuclides. This version in-

corporates significant updates for light nuclei, structural materials, actinides,

fission energy release, prompt fission neutron spectra, and thermal neutron

scattering data [25]. The Japan Atomic Energy Agency (JAEA) released

JENDL-5 in 2021, which provides comprehensive evaluated data for 795 nu-

clides (ranging from Z = 1 to Z = 100) and a thermal scattering sub library

for 37 materials, covering nuclear reactions, decays, thermal scatterings, and

fission product yields [27]. This represents a substantial enhancement over

JENDL-4.0, which included data for 406 nuclides and 15 materials. Sim-

ilarly, JEFF-3.3, released by the OECD/NEA in 2017, provides evaluated

data for 562 nuclides [26]. The latest version of the Chinese Evaluated Nu-

clear Data Library (CENDL-3.2), issued in 2020, contains cross section data

for 240 isotopes [28]. In addition, BROND-3.1, released by Russia in 2016,

includes data for 372 nuclides, while the TENDL-2015 library, developed by

NRG and CEA and released in 2016, covers data for approximately 2800 iso-

topes [77]. Ongoing efforts continue to enhance the accuracy and reliability

of these nuclear data libraries. To support these developments, sensitivity

and uncertainty (S/U) analysis plays a critical role in quantifying the sensi-

tivity profiles of isotopes, reaction cross sections, and energy groups, as well

as evaluating the uncertainties in computational results [14]. The present

study aims to assess the impact of the latest nuclear data libraries, namely

ENDF/B-VIII.0, JEFF-3.3, JENDL-5, and CENDL-3.2, on the criticality
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and S/U analysis of the Dalat Nuclear Research Reactor (DNRR) with low

enriched uranium (LEU) fuel.

The kinetic parameters of a research reactor, such as the βeff , Λ, and

lp, are critical characteristics associated with reactor safety, kinetics, and

transient analysis [10, 78–84]. Delayed neutrons are produced in the reactor

core through the decay of radionuclides formed as fission products. For ex-

ample, neutrons are emitted during the beta decay of isotopes such as iodine

and bromine. The temporal delay of these neutrons depends on the lifetimes

of the corresponding fission products. Although delayed neutrons constitute

less than 1% of the total neutron population, they play a vital role in defining

the safety related characteristics of the reactor core [10, 16, 84, 85]. Kinetic

parameters are influenced by factors such as fuel burnup, fuel type, core con-

figuration, and operational conditions [10, 80, 85]. Therefore, the precise

evaluation of these parameters is essential for enhancing reactor safety and

ensuring effective operation.

In this study, the βeff was evaluated using two approaches: the ad-

joint weighted method and the prompt method. The lp was calculated using

the adjoint weighted method and the 1/v absorber insertion method. The

Λ was determined using the adjoint weighted method. The adjoint weighted

method, based on perturbation theory and adjoint flux, offers high fidelity

evaluations. In contrast, the prompt method relies on the ratio of prompt

to total fission neutrons, and the 1/v absorber insertion method assumes

a linear relationship between reactivity and a small, uniformly inserted B

10 content. While the adjoint weighted method provides a rigorous assess-

ment, the prompt method and the 1/v absorber insertion method serve as

comparative baselines.

2.2 The Dalat nuclear research reactor with low enriched

uranium fuel

2.2.1 The reactor core

The reactor core of the Dalat Nuclear Research Reactor (DNRR) is

housed within an aluminum cylindrical tank with a height of 60 cm and a

28



diameter of 44.2 cm. The reactor core comprises vertically arranged fuel as-

semblies, beryllium blocks, control rod guide tubes, irradiation channels, and

other structural components. These elements are secured by two perforated

plates, known as grid plates, located at the bottom of the core. The grid

plates contain 121 holes arranged in a hexagonal lattice pattern, where each

cell has a hexagonal cross section with a width of 35 mm across its parallel

sides. Among these, 114 hexagonal cells are available for positioning fuel

assemblies, beryllium blocks, or irradiation channels. The remaining seven

cells are specifically designated for control rod guide tubes, which have an

inner diameter of 33 mm. All control rod guide tubes are wet type designs,

featuring perforations at their lower sections to enhance coolant circulation

and facilitate water expulsion during rapid rod insertion. The reactor core

is supported by a structural frame and is positioned approximately 60 cm

above the bottom of the aluminum tank. The configuration of the DNRR

core with 92 low enriched uranium (LEU) fuel assemblies is illustrated in

Figure 2.1 [20, 21, 61, 62, 64, 86].

Figure 2.1: Configuration of the reactor core with 92 LEU fuel bundles.

The reactor core is configured with 92 LEU fuel assemblies containing

19.75% enriched uranium, three irradiation channels (including two dry chan-

nels and one wet channel), 12 beryllium rods that function as surrounding
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neutron traps, and an additional neutron trap incorporating three wet chan-

nels. The fuel assemblies are VVR-M2 tubular fuel elements manufactured

in Russia. Each assembly consists of three coaxial annular fuel tubes, along

with a header and a tail section. The outermost fuel tube has a hexagonal

cross section with a width of 32 mm across its parallel sides, while the two

inner tubes are circular with outer diameters of 22 mm and 11 mm, respec-

tively. The beryllium rods also feature a hexagonal cross-section, measuring

32 mm across the parallel sides [62].

Several vertical irradiation facilities are incorporated within the re-

actor core. The central region of the core comprises 12 cells designed to

accommodate 12 beryllium blocks arranged around a hollow space filled with

water, forming the central neutron trap. Additionally, multiple cells located

at the periphery of the core are designated for both wet and dry irradiation

channels. Currently, cell 1-4 functions as a wet irradiation channel, while cells

7-1 and 13-2 are utilized as pneumatic (dry) irradiation channels [62, 63, 65].

2.2.2 The fuel bundles

The LEU fuel bundles employed in the reactor core are of the VVR-M2

type, manufactured in Russia. The VVR-M2 design consists of several coaxial

fuel rods (fuel elements). The outermost fuel element has a hexagonal cross

section, measuring 32 mm across its parallel sides, while the two inner fuel

elements are circular with outer diameters of 22 mm and 11 mm, respectively.

Each fuel element comprises three layers: the fuel meat, made of a UO2-Al

dispersion containing 49.7 g of uranium enriched to 19.75%, has a thickness of

0.94 mm; this is surrounded by two layers of aluminum alloy cladding with a

total thickness of 0.78 mm. The fuel rod design includes two cooling channels

utilizing light water for neutron moderation and heat removal, as well as two

cladding layers enclosing the central fuel meat. Water flows through a gap

of 2.5–3 mm between the fuel elements to enhance cooling efficiency. The

total length of the fuel assembly is 865 mm, with an active fuel length of

600 mm, while the remaining non fuel structural components are made of

aluminum alloy. The design specifications of the VVR-M2 LEU fuel bundle

are illustrated in Figure 2.2 [62].
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Table 2.1: Design parameters of the VVR-M2 LEU fuel bundle.

Parameter Value

Number of fuel tubes 3

Hexagonal tube 1

Cylindrical tube 2

Length of fuel bundle (mm)

Total length 865

Fuel length (active height) 600

Fuel and cladding

Cladding material Al

Fuel meat thickness (mm) 0.94

Cladding thickness (mm) 0.78

Fuel material UO2-Al

Total U-235 mass (g) 49.7

U-235 enrichment (wt%) 19.75

Fuel composition (wt%)

U-234 0.14

U-235 12.60

U-238 22.26

Al-27 65.00

The head of the fuel bundle, which is slightly wider than the outermost

fuel element at 35 mm across its parallel sides but retains a hexagonal shape,

connects the outermost fuel element to the fuel assembly structure. This

design allows adjacent fuel assemblies to provide mutual support at the top

of the core through the contact of their header edges. The fuel head is

equipped with six holes to facilitate water flow between the fuel tubes and

to allow the release of water from the assembly. Additionally, the upper part

of the header is designed to accommodate a specialized handling tool for fuel

assembly manipulation. At the bottom of the core, the fuel assemblies are

secured by inserting their tail sections into openings on two grid plates. The

Russian VVR-M2 type LEU fuel bundle, including its cross sectional views

and dimensional specifications, is illustrated in Figure 2.2 [62].
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Figure 2.2: Cross sectional views and dimensional parameters of the Russian
VVR-M2 type LEU fuel bundle.

2.2.3 Control rods

The reactor control and protection system comprises seven control

rods symmetrically positioned within the reactor core. These include two

safety rods (SR), four shim rods (ShR), and one automated regulator rod

(AR). The AR rod is fabricated from stainless steel, whereas the ShR and

SR rods are constructed from boron carbide (B4C) with a density of 1.7

g/cm³. Each rod has an absorption length of 650 mm, sufficient to cover the

entire active core height. The control rods have an outer diameter of 27 mm,

which includes both the absorbent material and the stainless steel cladding.

All control rods operate within wet channels, and their guide tubes are made

of aluminum. The configuration and design of the DNRR control rods are

depicted in Figure 2.3 [23, 62].
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Figure 2.3: The control rods of the DNRR.

Both SR can be rapidly inserted into the reactor core, with each rod

independently capable of terminating the fission chain reaction and shutting

down the reactor. The four ShR are designed to compensate for the reactor’s

excess reactivity and also contribute to reactor shutdown. When partially

withdrawn, the ShR can be freely dropped into the core, providing greater

negative reactivity than the SR and ensuring that the reactor reaches a deeply

subcritical state upon shutdown. The maximum withdrawal speed of either

a SR or ShR is 3.4 mm/s. The AR is responsible for controlling the reactor

power during automatic operation, with a maximum withdrawal speed of 20

mm/s. In emergency conditions, all SR and ShR are designed to be fully

inserted into the reactor core within one second [62].

2.3 Code and reactor model

2.3.1 MCNP6 code

The MCNP6 code (Monte Carlo N-Particle) is a general purpose, con-

tinuous energy, generalized geometry, and time dependent Monte Carlo code

capable of simulating the transport of 37 different particle types across a

wide range of energies. Its applications include criticality analysis, shielding

design, dosimetry, detector response modeling, and other areas of reactor
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and radiation physics. The origin of MCNP dates back to 1977, when var-

ious Monte Carlo codes developed for specific applications were integrated

to form the first generic Monte Carlo particle transport code. Since then,

MCNP has evolved into a comprehensive and versatile tool, serving as a sig-

nificant repository of physics knowledge and computational expertise. To

perform a simulation, the user prepares an input file specifying the problem

definition, including geometry, material compositions, selected cross section

data, source characteristics, desired tallies or outputs, and any variance re-

duction techniques employed to enhance computational efficiency [67].

The Monte Carlo method and the deterministic transport method rep-

resent fundamentally different approaches to solving neutron transport prob-

lems. The discrete ordinates method, as a deterministic technique, solves the

transport equations to determine the average behavior of particles within

the system. In contrast, the Monte Carlo method derives solutions by sim-

ulating individual particle histories and recording specific characteristics of

their collective behavior. Beyond these differing methodologies, the two ap-

proaches also differ conceptually in defining what constitutes a solution. It

is often stated that the Monte Carlo method solves the integral form of the

transport equation, whereas the discrete ordinates method addresses the in-

tegral differential form. However, this distinction is somewhat misleading for

two reasons. First, the integral and integral differential transport equations

are mathematically equivalent, and solving one inherently satisfies the other.

Second, the Monte Carlo method does not require explicit formulation of the

transport equation to solve a given problem; instead, it effectively addresses

transport phenomena by tracking particle histories through stochastic simu-

lation. Nevertheless, it is possible to construct a probability equation that

describes particle scattering in phase space, which corresponds precisely to

the integral form of the transport equation [67].

The Monte Carlo method is particularly well suited for addressing

complex, three dimensional, and time dependent problems in neutron and

particle transport. Unlike deterministic approaches, it does not require the

introduction of phase space regions or the use of average approximations in
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space, energy, or time. Instead, the method relies on an accurate and detailed

representation of the physical data for each element of the problem. Monte

Carlo simulations model stochastic transport processes, including the interac-

tions between nuclear particles and materials, making the method especially

valuable for analyzing complex scenarios that deterministic algorithms may

be unable to characterize effectively. The method simulates the sequence

of individual probabilistic events that define a particle’s history from birth

to termination, and these histories can also be generated in parallel to im-

prove computational efficiency. The probability distributions governing these

events are sampled statistically, thereby providing a comprehensive represen-

tation of the underlying physical phenomena [67].

Monte Carlo simulations are typically performed on computers due

to the large number of iterations required to accurately represent stochas-

tic events. The statistical sampling technique employed by the method is

based on the random selection of numbers, analogous to games of chance in

a casino, which is the origin of the term “Monte Carlo.” The Monte Carlo

method is recognized for its high accuracy and is widely used in particle

transport simulations for conducting numerical experiments. The approach

involves carefully tracking the trajectories of numerous particles from their

points of origin until their final outcomes, such as absorption or escape from

the system. Throughout this process, probability distributions are sampled

stochastically, using nuclear data to determine the outcomes at each stage of

a particle’s lifetime [67].

The MCNP code models neutrons and photons as particles that travel

in straight line paths between successive collisions. Figure 2.4 illustrates the

random trajectory of a neutron interacting with a solid material capable of

undergoing nuclear fission. Random numbers uniformly distributed between

0 and 1 are sampled to determine the occurrence, location, and timing of

interactions, governed by the underlying physics principles and probabilities

derived from nuclear data. In the example depicted, the first event involves

a neutron collision with the solid material. In the second event, nuclear

fission takes place, resulting in the termination of the incident neutron and
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Event Record:
1: Scattering of neutrons and production of
photons.
2: Fission and production of photons.
3: Capture of neutrons.
4: Leakage of neutrons.
5: Scattering of photons.
6: Leakage of photons.
7: Capture of photons.
The zigzag lines are used to show the tra-
jectory of photons or neutrons. However,
the MCNP code simplifies photon and neu-
tron travel as a straight line between collision
events.

Figure 2.4: The random walks of the different particles [67].

the production of two neutrons and a photon. One of these neutrons and

the photon are retained for subsequent tracking. During the third event, the

primary fission neutron is captured and terminated. The previously stored

neutron is then released and, in the fourth event, exits the material through

a randomly determined path. The photon generated from fission undergoes

a collision at the fifth event but escapes the material during the sixth event.

Finally, in the seventh event, photons remaining from the initial interaction

are captured. It is noteworthy that MCNP manages the particle bank using

a last in, first out (LIFO) protocol, where the most recently stored particle is

the first to be processed. Upon completion of a particle history, further event

simulations progressively refine the understanding of neutron and photon

distributions, enabling the calculation of desired quantities along with their

associated statistical uncertainties [67].

The processed data from nuclear data evaluations are formatted for

use in the MCNP code through tools such as NJOY, which generate ACE

formatted nuclear data libraries [76]. Various nuclear data tables are avail-

able to describe different types of interactions involving neutrons, including

neutron induced photon production, photon interactions, neutron dosimetry

or activation, and thermal particle scattering represented by S(α, β) data.

For example, the thermal scattering library based on ENDF/B-VIII.0 in-

cludes data for 34 materials and encompasses 253 evaluations [87]. Photon
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interaction tables are available for all elements with atomic numbers from

1 to 100. The MCNP code is capable of modeling processes such as elastic

and inelastic scattering, photoelectric absorption, pair production, and fluo-

rescence emission. Scattering angular distributions are refined using atomic

form factors and incoherent scattering functions. Additionally, the MCNP

database contains cross section data for approximately 2000 dosimetry and

activation reactions, covering more than 400 target nuclei in both ground and

excited states. These cross sections can be employed as energy dependent

response functions for calculating reaction rates but are not suitable for use

as transport cross sections in neutron transport simulations [67].

Figure 2.5: The format of the MCNP6 input file [67].

The MCNP6 represents not only a simple and precise integration of

the functionalities of MCNP5 and MCNPX, but also a significant advance-

ment beyond the combined capabilities of these two codes. It is the first

version to implement adjoint weighted tallies for perturbation theory in con-

tinuous energy Monte Carlo simulations. The use of adjoint weighted tallies

in MCNP6 requires the application of integrated fission probabilities, a tech-

nique previously employed in MCNP5 for the calculation of adjoint weighted

reactor kinetics parameters. MCNP6 also enables the computation of sen-

sitivity coefficients for the multiplication factor (k) with respect to specific
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cross sections. The input structure of MCNP6 consists of three required

blocks and an optional block, as illustrated in Figure 2.5. Each block is sepa-

rated by a single empty line, which may also serve as an optional end of input

indicator. It is essential to avoid including additional empty lines between

blocks, as this may cause the input to be ignored and lead to confusing or

fatal errors during execution [67].

2.3.2 The reactor model

MCNP6 employs an accurate geometric modeling framework capa-

ble of representing arbitrary three dimensional configurations of user defined

materials within geometric cells. These cells are defined by the intersection,

combination, or exclusion of regions bounded by surfaces, with Boolean oper-

ators used to combine fundamental geometric shapes such as spheres, boxes,

and cylinders. This capability enables detailed and precise modeling of com-

plex systems, including nuclear reactors such as the DNRR. By specifying ge-

ometric cells with high accuracy, users can achieve precise neutron transport

simulations. Furthermore, MCNP6 incorporates advanced features, including

variance reduction techniques and parallel processing, which enhance compu-

tational efficiency. These capabilities make MCNP6 a powerful and versatile

tool for investigating neutron behavior across a wide range of applications in

nuclear science and engineering [67].

The DNRR comprises numerous complex components that can be sim-

ulated with high accuracy using MCNP6. A critical aspect in modeling the

DNRR with MCNP6 is the precise representation of both material composi-

tions and geometric configurations. The DNRR model includes a water tank,

92 fuel assemblies, four control rods, two safety rods, one regulating rod, two

irradiation channels (one wet and one dry), 12 beryllium rods surrounding the

neutron trap, a rotary specimen rack containing 40 wet irradiation channels,

a graphite reflector, four horizontal neutron beam ports, a thermal column,

and other structural features. Detailed descriptions of the DNRR structures

are provided in Section 2.2.1. Figures 2.6 and 2.7 illustrate the vertical and

horizontal cross sectional views of the DNRR model generated using MCNP6.
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Figure 2.6: The vertical views of the DNRR model using the MCNP6.

Figure 2.7: The horizontal views of the DNRR model using the MCNP6.
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The DNRR model, comprising both the water tank and reactor core, has an

approximate diameter of 200 cm and a height of 185 cm.

Accurate definition of all core components in the MCNP6 model is es-

sential for reliable simulation of the DNRR behavior. To simplify calculations

and enhance model quality while preserving the core’s neutronic character-

istics, homogenization was applied at the top and bottom regions of certain

components, including the fuel assemblies, beryllium rods, and both dry and

wet irradiation channels [22–24]. This homogenization process reduces geo-

metric complexity without compromising the accuracy of material properties.

According to Chu et al. (2024) [23], the difference in the calculated effective

multiplication factor (keff) between the homogenized and non homogenized

models was less than 20 pcm, indicating negligible impact on criticality re-

sults. The effect of beryllium poisoning in the reactor core was included in

the reactor model. The MCNP6 simulations were performed using 500 ac-

tive cycles following 50 inactive cycles, with each cycle tracking 106 neutron

histories, to ensure that the statistical uncertainty of keff remained below six

pcm [67].

2.4 Nuclear data libraries

2.4.1 Evaluated Nuclear Data File (ENDF)

The Evaluated Nuclear Data File (ENDF) format for nuclear data

libraries was introduced at the CSEWG meeting in 1966 to provide a stan-

dardized database intended for reactor physics calculations [88]. A nuclear

data library is a compilation of evaluated data prepared by accredited orga-

nizations and structured to support various applications, including reactor

design and analysis. The ENDF format libraries consist of collections of

nuclear data evaluations organized in a standardized format to facilitate con-

sistent use in nuclear data processing codes. In addition to establishing a

common basis for all nuclear data evaluations, the development of an eval-

uated nuclear data file was essential for performing accurate reactor design

calculations. This system, referred to as ENDF/B (with "B" designating

the version series), has undergone multiple revisions. Table 2.2 provides a

concise summary of the major ENDF versions released to date, along with
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information on their formats, evaluation methodologies, and associated doc-

umentation [88, 89].

The ENDF/B library provides comprehensive nuclear data essential

for a wide range of applications in reactor physics and nuclear engineering.

It includes neutron cross sections and distributions, photon production from

neutron interactions, limited data on charged particle production from neu-

tron reactions, photo atomic interaction data, thermal neutron scattering

information, and radionuclide production and decay data. The library of-

fers complete evaluations for numerous materials, ensuring the accuracy and

reliability of nuclear data used in criticality safety assessments and neutron

transport simulations. This detailed dataset enables precise modeling and

prediction of nuclear reactions, thereby supporting the design and analysis

of nuclear systems. As a result, the ENDF/B library serves as an invaluable

resource for researchers and engineers involved in nuclear projects requiring

dependable data for criticality safety evaluations.

Table 2.2: Overview of ENDF versions and formats.

Library version Release year Format
ENDF/B-I July 1968 ENDF-1 format [90]
ENDF/B-II Aug. 1970 ENDF-2 format [91, 92]
ENDF/B-III late 1972 ENDF-3 format [91, 92]
ENDF/B-IV Feb. 1975 ENDF-4 format [93]
ENDF/B-V.0 July 1979 ENDF-5 format [94]
ENDF/B-V.1 1983 ENDF-5 format [94]
ENDF/B-V.2 Jan. 1985 ENDF-5 format [94]
ENDF/B-VI.0 July 1990 ENDF-6 format, 1990 revision [95]
ENDF/B-VI.1 Sep. 1991 ENDF-6 format, 1991 revision [95]
ENDF/B-VI.2 June 1993 ENDF-6 format, 1991 revision [95]
ENDF/B-VI.3 May 1995 ENDF-6 format, 1993 revision [95]
ENDF/B-VI.4 Dec. 1996 ENDF-6 format, 1993 revision [95]
ENDF/B-VI.5 1997–1998 ENDF-6 format, 1997 revision [95]
ENDF/B-VI.6 1998–1999 ENDF-6 format, 1997 revision [95]
ENDF/B-VI.7 1999–2000 ENDF-6 format, 1997 revision [95]
ENDF/B-VI.8 2001 ENDF-6 format, 2001 revision [95]
ENDF/B-VII.0 Dec. 2006 ENDF-6 format, 2009 revision [96]
ENDF/B-VII.1 Dec. 2011 ENDF-6 format, 2011 revision [96]
ENDF/B-VIII.0 Dec. 2017 ENDF-6 format, 2017 revision [25]

In addition to core neutron data, the library contains decay data,

fission product yields, and thermal scattering law information, making it a
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versatile tool for diverse applications in nuclear engineering. Access to the

ENDF/B library is provided through various software packages and data

processing tools, facilitating detailed simulations and analyses. The data

within the library undergo rigorous evaluation and validation and are only

modified or replaced when necessary to reflect improvements in nuclear data

standards or evaluations [88, 89].

With support from the United States and the global nuclear research

community, the Cross Section Evaluation Working Group (CSEWG), which

oversees the ENDF library project, has released the updated ENDF/B-VIII.0

library. The library is available in both the traditional ENDF-6 format and

the more recent Generalized Nuclear Database Structure (GNDS) format,

providing flexible access to its extensive collection of evaluated data. En-

hancements in ENDF/B-VIII.0 include updated data for neutron reactions

involving metals, actinides, structural materials, light nuclei, and dosimetry

cross sections, as well as improvements in fission energy release data, decay

data, charged particle interactions, and thermal neutron scattering informa-

tion. These advancements are designed to improve the modeling of neutron

interactions with materials, particularly for low energy neutron reactions in

molecular systems [25].

2.4.2 Joint Evaluated Fission and Fusion Nuclear Data Library

(JEFF)

The OECD Nuclear Energy Agency (NEA) was established on Febru-

ary 1, 1958, originally under the name European Nuclear Energy Agency

within the framework of the Organisation for European Economic Coopera-

tion (OEEC). Today, the NEA operates as part of the OECD and comprises

34 member countries. These include Australia, Austria, Belgium, Bulgaria,

Canada, the Czech Republic, Denmark, Estonia, Finland, France, Germany,

Greece, Hungary, Iceland, Ireland, Italy, Lithuania, Luxembourg, Mexico,

the Netherlands, Norway, Poland, Portugal, Romania, the Slovak Republic,

Slovenia, Spain, Sweden, Switzerland, Turkey, the United Kingdom, and two
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non-European OECD members: the United States and Japan. The devel-

opment of the JEFF project under the auspices of the NEA is illustrated in

Figure 2.8 [37].

The primary objective of the Joint Evaluated Fission and Fusion

(JEFF) Project is to develop a comprehensive reference nuclear data library

through collaborative efforts among the member countries of the OECD Nu-

clear Energy Agency (NEA) Data Bank. The JEFF Nuclear Data Library

represents the outcome of contributions from the 34 OECD member coun-

tries participating in the NEA Data Bank. The project integrates the work

of multiple specialized working groups across various scientific disciplines

to produce thoroughly reviewed nuclear data sets applicable to both fission

(JEF and JEFF libraries) and fusion (EFF libraries) applications. For fis-

sion related applications, the JEFF library provides a wide range of data

types, including neutron and proton interaction cross sections, radioactive

decay data, fission yield data, thermal scattering law data, and photo atomic

interaction data.

Figure 2.8: The progression of the JEFF project [37]

The release of the JEFF-3.3 library in 2017 represented a significant

update and expansion of previous versions. This library includes evalu-

ated data for neutrons, protons, deuterons, tritons, helions, alpha particles,

radioactive decay, fission yields, neutron activation, and thermal neutron

scattering for 20 different compounds. Additionally, it includes specialized

sublibraries for incident alpha particles, deuterons, gamma rays, helium-3,
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protons, and tritons, all formatted in the ENDF structure, similar to the

ENDF/B-VIII.0 library. JEFF-3.3 serves as a versatile resource applicable

to a wide range of nuclear technology fields, encompassing both energy and

nonenergy sectors. The primary objective of this library is to enhance the

accuracy of nuclear data for neutron transport calculations. These calcula-

tions are essential for the design, performance evaluation, and safety analysis

of power and research reactors, as well as for criticality safety assessments

of spent nuclear fuel, nuclear safeguards, nuclear security, and fundamental

scientific research [26].

2.4.3 Japanese Evaluated Nuclear Data Library (JENDL)

The first version of the Japanese Evaluated Nuclear Data Library

(JENDL), JENDL-1, was released to the public in 1977. This initial version

contained neutron induced reaction cross sections for 72 nuclides, primarily

intended for applications in Fast Breeder Reactor (FBR) systems [97]. Since

its introduction, the JENDL library has undergone numerous revisions to

meet the evolving requirements of fast reactors, thermal reactors, Light Water

Reactor (LWR), fusion reactors, and neutron shielding applications [98]. The

latest edition, JENDL-5, released in 2021, features substantial updates to

the data for minor actinides and fission products. Furthermore, this version

includes significantly expanded covariance data for actinides, enhancing its

suitability for neutronic calculations in fission reactor analyses compared to

earlier versions [27]. The characteristics of the JENDL nuclear data library

are summarized in Table 2.3 [27, 36, 97–100].

JENDL-5 incorporates several special purpose data files to enhance

its applicability in diverse nuclear analyses. These include activation cross

sections, high energy dosimetry data, fission product yields, and photonu-

clear reaction data. Significant improvements have also been made in the

thermal scattering law data, alongside extensions in the upper energy lim-

its, the range of reaction types, target nuclides, and covariance information.

The structure of JENDL-5 comprises 11 sublibraries, which collectively pro-

vide comprehensive nuclear data. These sublibraries cover neutrons, thermal

scattering laws, fission product yields, decay data, protons, deuterons, alpha

44



Table 2.3: Characteristics of the JENDL nuclear data library.

Library Release Application Nuclidea γ Covariancec DDXd

version year -productionb

JENDL-1 1977 FBR 72 0 0 0
JENDL-2 1982 FBR, LWR 181 0 0 0
JENDL-3.0 1989 General 171 59 1 0
JENDL-3.1 1990 General 324 59 1 0
JENDL-3.2 1994 General 332 66 1 0
JENDL-3.3 2002 General 337 114 20 60
JENDL-4.0 2010 General 406 354 95 318
JENDL-5 2021 General 795 794 105 337

a Number of isotopes and natural elements.
b Number of nuclides containing secondary γ-ray production data.
c Number of nuclides containing covariances.
d Number of nuclides containing double-differential cross sections d2σ/dE/dω.

particles, photonuclear data, photon atomic data, electron atomic data, and

atomic relaxation data [27].

2.4.4 Chinese Evaluated Nuclear Data Library (CENDL)

Since the 1970s, the development of the Chinese Evaluated Nuclear

Data Library (CENDL) has been a collaborative effort between the China

Nuclear Data Center (CNDC) and the Chinese Nuclear Data Cooperation

Network (CNDCN). This initiative, referred to as the CENDL project, has

progressed through the active engagement of the CENDL working group,

combining resources and expertise in both experimental measurements and

nuclear data evaluations. As a result of these sustained efforts, several major

versions of the CENDL library have been released: CENDL-1.0 in 1985 [101,

102], CENDL-2.0 in 1993 [101, 102], CENDL-3.0 in 2000 [103], CENDL-3.1

in 2009 [104], and the most recent CENDL-3.2 in 2020 [28]. These versions

were primarily developed to provide evaluated neutron reaction data covering

a broad range of nuclides, from light elements to heavy nuclei. The overall

structure and content of the CENDL nuclear data library are summarized in

Table 2.4 [28].

In the most recent phase of the CENDL project, significant advance-

ments have been made in nuclear reaction modeling, experimental measure-

ment techniques, data evaluation methodologies, visualization systems for

data assessment, and benchmark testing tools. These developments have
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contributed to enhancing the quality and reliability of the newly evaluated

nuclear data. As a result of these efforts, a new neutron data library, CENDL-

3.2, has been produced. This latest version encompasses evaluated data

for 272 nuclides, representing a substantial expansion compared to the 37

nuclides included in the initial CENDL-1.0 release. The construction of

CENDL-3.2 was aimed at providing high precision and comprehensive nu-

clear data to support modern applications in nuclear science, engineering,

technology, and other related fields [28].

Table 2.4: Summary of the CENDL nuclear data library versions.

Library version Release year Application Nuclide Format

CENDL-1.0 1985 General 36 ENDF-5

CENDL-2.0 1993 General 54 ENDF-6

CENDL-3.0 2000 General 200 ENDF-6

CENDL-3.1 2009 General 200 ENDF-6

CENDL-3.2 2020 General 272 ENDF-6

2.5 Methods for sensitivity/uncertainty analysis

2.5.1 Sensitivity/uncertainty theory

A first order perturbation theory based method can propagate uncer-

tainty in the reaction cross sections to the full core calculation by simulating

the core of a reactor. Uncertainties are transmitted from the input parame-

ter covariance data to the responses of interest via the sandwich rule, which

necessitates calculating sensitivity coefficients. This process is divided into

two parts: sensitivity analysis and uncertainty analysis. Consider the linear

system shown below [45, 52, 53, 105, 106].

Ψ(α).φ = θ(α). (2.1)

In which: Ψ is a vector of operators that works linearly on the state vector

φ, however, there is the possibility that they have a nonlinear reliance on the

parameter of the system. These operators may be differential, integral, ...

φ is a state vector or the variable that was calculated.

α is a vector that contains the physical characteristics of the system, including

cross sections, dimensions, decay data, . . .
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θ is a column vector denoting the non homogeneous source terms. It may

have a nonlinear dependence on the system’s parameters.

Let Θ be a system response (usually keff), which is contingent upon

multiple parameters: (α1, α2, . . . , αN). These parameters may be character-

ized as random variables adhering to a normal distribution, contingent upon

their nominal or mean values (α0
i ) and their deviations or standard deviations

(∆αi). In this formulation, the relevant responses to the issue are specified

as follows:

Θ = Θ(α1, α2, . . . , αE) = Θ(α0
1 +∆α1, α

0
2 +∆α2, . . . , α

0
E +∆αE). (2.2)

Using a Taylor series that revolves around the nominal values of the

parameters, this response may be enlarged up to the following:

Θ = Θ(α1, α2, . . . , αE)

= Θ(α0
1 +∆α1, α

0
2 +∆α2, . . . , α

0
E +∆αE)

= Θ(α0) +
E∑

i1=1

(
∂Θ

∂αi1

)
α0

∆αi1

+
1

2!

E∑
i1,i2=1

(
∂2Θ

∂αi1∂αi2

)
α0

∆αi1∆αi2

+ . . .

+
1

n!

E∑
i1,i2...,in=1

(
∂nΘ

∂αi1∂αi2 . . . ∂αin

)
α0

∆αi1∆αi2 . . .∆αin.

(2.3)

It is possible to eliminate the nonlinear elements of the Taylor expan-

sion, as a general rule, since a response is a linear function of the parameters:

Θ(α1, α2, . . . , αE) = Θ(α0) +
E∑

i1=1

(
∂Θ

∂αi

)
α0

∆αi

= Θ(α0) +
E∑

i1=1

Si∆αi.

(2.4)

In this equation, Θ(α0) represents the anticipated value of the re-

sponse, which is the response when all parameters are set to their nominal

values, and Si denotes the sensitivity of the response Θ to the parameter

αi. The variation in the response is derived by calculating the second central
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moment of Θ:

U 2(Θ) =
E∑

i1=1

S2
i U(αi) + 2

E∑
i#j#1

SiSj.Covariance(αi, αj). (2.5)

Specifically, in matrix form is:

U 2(Θ) =
∣∣ST .Cα.S

∣∣ . (2.6)

In which:
ST = (S1, S2, . . . , Si)

Si =

(
∂Θ

∂αi

)
α0

.
(2.7)

It is possible to determine the uncertainty in a response that is due to

the uncertainty input parameters using the equation (2.6), which is known

as the Sandwich Rule. Cα stands for the covariance matrix within the input

parameters, and S, a column vector, stands for the sensitivity coefficients.

2.5.2 Direct perturbation sensitivity analysis

The method referred to as the Direct Perturbation Sensitivity Anal-

ysis (DPSA) method is the least complicated. It involves manually causing

perturbations in the system’s parameters around a certain point. By using

this method, a perturbed linear system is created as follows [52]

(Ψ0 +∆Ψ).(φ0 +∆φ) = (θ0 +∆θ). (2.8)

A novel approach to resolving the disturbed system is:

χnew = χ0 +∆χ. (2.9)

So, the new replacement response would be:

Θnew = (η0 +∆η)χnew = Θ0 +∆Θ. (2.10)

When the perturbation only affects one parameter, it is possible to

calculate the sensitivity coefficient of the response to that parameter by con-

trasting the results of the perturbed simulation with the results of the un-

perturbed simulation. The vector of sensitivity coefficients is produced each

time each parameter is perturbed once as follows:

Si =

(
∂Θ

∂αi

)
α0

=
[Θ(α0

1 +∆α1, α
0
2 +∆α2, . . . , α

0
E +∆αE)−Θ(α0)]

∆αi
.

(2.11)
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The DPSA method validates the efficacy of more complex implemen-

tations using simple cases. On the other hand, this method, despite its

apparent simplicity, has three primary drawbacks, as follows:

In most cases, each parameter is disturbed by either a positive or

negative value, necessitating n + 1 simulations, where n is the total number

of input parameters. Instead of utilizing the nominal value of the parame-

ters, it is possible to use central differences, which require 2n computations.

Therefore, the DPSA method is effective when there are many replies and a

small number of input parameters. However, this is not the case with reactor

core simulators, which have many input parameters and a limited number of

outputs.

When the perturbation is too small, computational round off errors

may be significant. Conversely, if the perturbation is too high, linearity may

be difficult. Selecting the appropriate perturbation requires experimentation

and may depend on the parameters under consideration.

In order to solve the linear system in Equation 2.8, the DPSA method

requires either calculating (Ψ0+∆Ψ)−1 or solving the problem using an iter-

ative method. This is done each time an element of ∆Ψ changes. Depending

on the nature of the issue, it may not be feasible to perform the calculations

multiple times.

2.5.3 Forward sensitivity analysis

A description of the Forward Sensitivity Analysis (FSA), which is a

more advanced method for calculating the sensitivity coefficients of a prob-

lem, is based on the formulation presented in the research work of D.G.

Cacuci [52, 52].

Consider the linear system written in equation 2.12, along with a

response given in equation 2.13.

Ψ(α).φ = θ(α). (2.12)

Θ = η(α).φ. (2.13)

The reaction is contingent upon the input parameters α and the com-

puted variable φ. Conversely, Ψ, θ, and η are contingent upon the parameters
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α, which possess uncertainty. That is, a perturbation in the parameters ∆α

will induce perturbations in the terms: ∆Ψ, ∆θ, ∆η, and ∆φ.

FSA assesses how sensitive the response is to the system’s parameters

by first finding out how the state vector φ changes around its nominal value

as a result of changes in the input parameters α. This is done to determine

the system is sensitivity to the parameters. To phrase it another way, to

determine the sensitivity of the response, it is necessary to first establish the

relationship between the perturbations in φ and the perturbation in α.

The sensitivity of Θ is determined by the disturbances caused by

variations in the parameters:

∆Θ = φ0.∆η + η0.∆φ, (2.14)

The first component of Equation 2.14, φ0.∆η, is referred to as the

direct effect, and it is possible to calculate it directly because it is only

dependent on the nominal solution of the system and perturbations in η that

can be obtained directly:

Ψ0.φ0 = θ0. (2.15)

The second component of equation 2.14, η0.∆φ is classified as an in-

direct effect and may be computed by differentiating equation 2.12, resulting

in a new linear system for ∆φ.

Ψ0(∆φ) + (∆Ψ).φ0 = ∆θ, (2.16)

Ψ0(∆φ) = ∆θ − (∆Ψ).φ0. (2.17)

The forward sensitivity equation is shown in Equation 2.17 form.

When it is solved, the perturbations in the solution reveal themselves as

a function of the perturbations in the parameters that are being input. It

is important to remember that the solution ∆φ, the ∆Ψ, and ∆θ must be

calculated each time an input parameter is altered. This means that a new

system must be calculated for each sensitivity coefficient. When compared

to the direct perturbation method, the fact that all systems are based on the

creation of the same matrix Ψ0 just once, directly.

The FSA is advantageous for scenarios with many responses and some

input parameters. Conversely, it does not apply to transport or diffusion

50



issues, which include many input parameters, such as cross sections, and

some responses, such as keff .

2.5.4 Adjoint sensitivity analysis

The sensitivity analysis techniques mentioned earlier have a signifi-

cant restriction: many simulations must be conducted, with one simulation

for each input parameter. The Adjoint Sensitivity Analysis (ASA) method

circumvents this problem because it only requires two calculations for each

response to obtain all the sensitivities. This is accomplished by using an ad-

joint system, allowing its solution to mitigate perturbations in the response

sensitivity of the solution [52, 55].

The linear system described in equation 2.18 and a response structured

as given in equation 2.19 are both aspects that we will consider.

Ψ(α).φ = θ(α), (2.18)

Θ = η(α).φ. (2.19)

In the same manner that it is done with the FSA, the sensitivity of

the reaction is specified in the following way:

∆Θ = φ0.∆η + η0.∆φ. (2.20)

Once again, the first component, which is the direct effect, is com-

puted directly from the nominal solution, and the second term, which is the

indirect effect, may be mathematically expressed as follows:

Ψ0(∆φ) = ∆θ − (∆Ψ).φ0. (2.21)

At this point, an a priori unknown, arbitrary function Ω is presented,

which defines the scalar product as follows:

⟨Ω,Ψ0(∆φ)⟩ = ⟨Ω,∆θ − (∆Ψ).φ0⟩. (2.22)

By using the definition and characteristics of the adjoint function,

the left side is transposed, with the superscript "+" indicating transposition,

resulting in:

⟨∆φ, (Ψ0)+ Ω⟩ = ⟨Ω,∆θ − (∆Ψ).φ0⟩. (2.23)

At this point in time, vector Ω is still considered arbitrary. The left

side of Equation 2.23 is identified with the second, or indirect, term on the
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right side of Equation 2.20, which indicates that it is defined:(
Ψ0
)+

Ω = η0. (2.24)

At this point, vector Ω can be recognized as the solution of the adjoint

system, which is the source of the adjoint sensitivity equations, specifically

Equation 2.24. In the case of reactor core simulators, the function referred to

here is the adjoint flux solution of the adjoint diffusion or transport equations.

The definition of the sensitivity in the response Θ is as follows:

∆Θ = φ0.∆η + η0.∆φ = φ0.∆η + ⟨Ω,∆θ − (∆Ψ).φ0⟩. (2.25)

The adjoint solution is employed to evaluate the sensitivity of a re-

sponse to variations in input parameters. Importantly, the adjoint equations

need to be solved only once for each response in order to obtain the corre-

sponding adjoint function (or adjoint flux), as this function is independent

of perturbations in the input parameters. However, since the adjoint equa-

tions are formulated with respect to a specific response of interest, a distinct

adjoint system must be constructed and implemented for each response, a

process that is often nontrivial. As a result, the adjoint sensitivity analy-

sis (ASA) technique is particularly efficient for sensitivity studies in systems

characterized by a large number of input parameters but a relatively small

number of response quantities.

2.5.5 Sensitivity and uncertainty analysis methods

In full core reactor simulations, computational codes based on trans-

port equations that operate with continuous energy cross section data, rather

than multigroup data, are generally preferred for sensitivity and uncertainty

analyses. Among the most advanced tools for performing three dimensional

sensitivity and uncertainty studies using continuous energy nuclear data are

TSUNAMI-3D, a module within the SCALE code package [49], MCNP [49],

and SERPENT [50]. These codes enable the calculation of sensitivities of

reactor responses with respect to nuclear reaction cross section data. The

resulting sensitivity profiles can subsequently be combined with nuclear data

covariance matrices, typically using the sandwich rule, to quantify the uncer-

tainties in the reactor parameters of interest [49].
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This thesis employs the MCNP code to perform transport calcula-

tions using stochastic methods for sensitivity and uncertainty analysis of the

three dimensional full core model of the DNRR. The analysis is conducted in

two main stages. In the first stage, sensitivity coefficients are computed to

quantify the response’s dependence on variations in different reaction cross

sections. In the second stage, the uncertainties of reactor responses are evalu-

ated by propagating the uncertainties of input nuclear data parameters. This

is achieved by applying the sensitivity coefficients within the framework of

the sandwich rule, as described in the following sections.

Using a first order approximation framework, based on the research

of Cacuci and the adjoint sensitivity analysis (ASA) method, the sensitivity

and uncertainty evaluations presented in this thesis have been performed [52,

55]. Within this approach, the relative sensitivity profile of the effective

multiplication factor (keff) with respect to a neutron cross section parameter

associated with a specific nuclear reaction in a defined set of energy groups

(E1, . . . , EN) is expressed as follows:

−−→
Skeffα =

(
αE1

keff

∂keff
∂αE1

,
αE2

keff

∂keff
∂αE2

, . . . ,
αEN

keff

∂keff
∂αEN

)
. (2.26)

The estimation of the sensitivity of βeff in this thesis is based on

Bretscher’s prompt method [5], in combination with the adjoint sensitivity

analysis procedure (ASAP) [52]. This approach enables a comprehensive

evaluation of the sensitivity of individual reaction components using the first-

order perturbation theory [5, 8, 11, 16, 107].

−−→
Sβeff
α =

(
αE1

βeff

∂βeff
∂αE1

,
αE2

βeff

∂βeff
∂αE2

, . . . ,
αEN

βeff

∂βeff
∂αEN

)
. (2.27)

From Equation (2.46), the corresponding components of Equation (2.27)

can be identified as follows:
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αEN

βeff

∂βeff
∂αEN

=
αEN

βeff

(
kp∂k

k2∂αEN

− ∂kp
k∂αEN

)
=

kp
k − kp

(
αEN

∂k

k∂αEN

− αEN
∂kp

kp∂αEN

)
=

kp
k − kp

(
Sk
αEN

− Skp
αEN

)
.

(2.28)

Equation (2.5.5) can be presented in the following form:

αEN

βeff

∂βeff
∂αEN

=
(1− βeff)

βeff

(
Sk
αEN

− Skp
αEN

)
, (2.29)

where, Sk
αEN

and S
kp
αEN

are the sensitivities of k and kp, respectively,

obtained from the linear perturbation theory. In which, k is the eigenvalue

for all neutrons and kp is the eigenvalue for prompt neutrons only.

The covariance matrix Cα,α′ derived from nuclear data via the NJOY

computer code is as follows [76]:

Cα,α′ =


cα1,α

′
1

cα1,α
′
2

. . . cα1,α
′
N

cα2,α
′
1

cα2,α
′
2

. . . cα2,α
′
N

...
... . . . ...

cαN ,α
′
1

cαN ,α
′
2

. . . cαN ,α
′
N

 . (2.30)

It is possible to calculate the uncertainty in the response of the input

parameter by using the sandwich rule as follows [51, 52, 107, 108]:

U 2 =
∣∣ST

α′ · Cα,α′ · Sα

∣∣ , (2.31)

In which: ST
α′ is the transpose of the vector Sα′ .

It can be seen from Equation (2.31) that the uncertainty in keff or βeff

associated with a given isotope depends separately on both the sensitivity

matrix and the covariance matrix.

Equation (2.31), known as the sandwich rule, provides a means for

calculating the uncertainty in a response due to uncertainties in the input
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parameters. It can be observed that the uncertainty in keff or βeff associ-

ated with a given isotope depends on both the sensitivity matrix and the

covariance matrix. The resulting uncertainty is significant when both the

sensitivity and covariance matrices exhibit large values within the same en-

ergy range.

2.6 Estimation of the effective multiplication factor

In the MCNP code, the criticality eigenvalue of the effective multipli-

cation factor (keff) is defined as follows [67]:

keff =
fission neutrons in generation i+ 1

fission neutrons in generation i

=
ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
vσfΦdV dtdEdΓ∫

V

∫ ∞

0

∫
E

∫
Γ
▽.JdV dtdEdΓ + ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
(σc + σf + σm)ΦdV dtdEdΓ

,

(2.32)

where: t, E, r and Γ are the time, energy, position, and direction phase-space

variables.

ρa is atom sensity (atoms/barn.cm),

Φ is neutron flux,

J is total current crossing a surface,

σ is microscopic cross section for capture, fission, multiplicity (n,xn) terms.

According to neutron balance, the total loss equals the total source;

in a k-eigenvalue calculation, the multiplicity term is:

ρm

∫
V

∫ ∞

0

∫
E

∫
Γ
σmΦ dV dt dE dΓ

= ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σn,2nΦ dV dt dE dΓ− 2ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σn,2nΦ dV dt dE dΓ

+ ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σn,3nΦ dV dt dE dΓ

− 3ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σn,3nΦ dV dt dE dΓ + · · · ,

(2.33)
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This definition of keff derives from the Boltzmann transport equation

after integrating over time without any external source term,

∫
V

∫ ∞

0

∫
E

∫
Γ
∇·J dV dt dE dΓ + ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σtΦ dV dt dE dΓ

=
1

keff
ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
νσfΦ dV dt dE dΓ

+ ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
σsΦ dV dt dE dΓ,

(2.34)

Equivalently, the expression can be written in the canonical keff form,

∫
V

∫ ∞

0

∫
E

∫
Γ
∇·J dV dt dE dΓ

+ ρa

∫
V

∫ ∞

0

∫
E

∫
Γ

(
σc + σf + σn,2n + σn,3n + · · ·

)
Φ dV dt dE dΓ

=
1

keff
ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
νσfΦ dV dt dE dΓ

+ ρa

∫
V

∫ ∞

0

∫
E

∫
Γ

(
2σn,2n + 3σn,3n + · · ·

)
Φ dV dt dE dΓ.

(2.35)

The loss processes are on the left; the production processes are on the

right. For eigenvalue criticality calculations, we usually normalize the source

to one. If the number of fission neutrons produced in a given generation

equals that of the previous one, the system is critical; if it is higher, the

system is supercritical; if it is lower, subcritical.

2.7 Methods for kinetic parameter evaluation

2.7.1 Effectively delayed neutron fraction

The kinetic parameters of a nuclear reactor, particularly the βeff and

Λ, play a fundamental role in reactor kinetics, safety analysis, and the con-

trol of the fission chain reaction [109, 110]. The parameter βeff represents

the fraction of delayed neutrons relative to the total neutron population in

the reactor core. These delayed neutrons originate from the radioactive de-

cay of fission-product precursors formed during fission, including iodine and
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bromine isotopes. Although delayed neutrons account for less than approx-

imately 1% of the total neutron population, they significantly enhance re-

actor controllability by introducing a time delay in the neutron population

response. This delayed contribution provides an essential margin for reactor

control and safety systems. Consequently, accurate determination of kinetic

parameters such as βeff and Λ is crucial for reliable reactor analysis and safe

operation [10].

The intensity of delayed neutrons and their influence on reactor behav-

ior vary over time, depending on the half lives of the associated radionuclides.

Based on these half lives, delayed neutron precursors are conventionally cate-

gorized into six groups, each corresponding to a characteristic range of decay

times. The delayed neutron fraction for a given precursor group, denoted as

βi, is defined as the ratio of delayed neutrons produced by that group to the

total number of neutrons generated in a fission event. The βeff is determined

as the sum of the delayed neutron fractions from all six precursor groups.

In this study, βeff was evaluated using two distinct approaches: the adjoint

weighted method and the prompt method.

The adjoint weighted method:

The formulation of point reactor kinetics equations can be derived

from the time dependent neutron transport equation in the absence of an

external source. Based on this approach, the point kinetics equations are

expressed as follows [111, 112]:

dn

dt
=

ρ− β

Λ
n(t) +

6∑
i=1

λici(t), (2.36)

dci
dt

= βin(t)− λici(t), i = 1, ..., 6. (2.37)

The above equations characterize the temporal behavior of the neu-

tron population n and the delayed neutron precursor concentrations ci within

a nuclear reactor. By assuming that spatial and temporal variables are sep-

arable, these equations are applicable under the framework of point reactor

kinetics. In this context, ρ denotes the reactor reactivity, which is determined
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according to the following expression:

ρ =
keff − 1

keff
. (2.38)

where keff represents the fundamental eigenvalue or the effective multiplica-

tion factor of the system as section 2.6.

The βi represents the effective fraction of precursors of type i, and

λi is the corresponding decay constant. From the deduction, the equations

2.36, 2.37 for calculating the βeff by the adjoint weighted method is written

as follows [107, 112]:

βeff =
⟨ϕ+,Bϕ⟩
⟨ϕ+,Fϕ⟩

, (2.39)

where, ϕ and ϕ+ are the forward and adjoint neutron fluxes, respectively;

B is the delayed neutron operator; F is the fission term operator; ⟨.⟩ is the

integration over space and energy.

The terms in the numerator and denominator of Equation (2.39) may

be elaborated as follows [8, 113]:〈
ϕ+,Bϕ

〉
=

∫
ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E

′
)υd(E

′
)χd(E

′
, Γ⃗′ →

E, Γ⃗)ϕ(r⃗, E
′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗.

(2.40)

and

〈
ϕ+,Fϕ

〉
=

∫
ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E

′
)υ(E

′
)χ(E

′
, Γ⃗′ →

E, Γ⃗)ϕ(r⃗, E
′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗.

(2.41)

where: υ(E
′
) and υd(E

′
) are the average of total neutron and only delayed

neutron at energy E
′
generate per fission, respectively. χ(E

′
, Γ⃗′ → E, Γ⃗) and

χd(E
′
, Γ⃗′ → E, Γ⃗) are spectrum of energy and angular distribution (E, Γ⃗) of

the total and delayed neutrons produced by incoming neutrons with (E
′
, Γ⃗′

),

respectively. Σf is the macroscopic fission cross section. r⃗ is the neutron

position. E is neutron energy, and Γ⃗ is neutron direction.
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From equations (2.39, 2.40, 2.41), the βeff can be estimated by equa-

tion as follows:

βeff =

∫
ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E

′
)υd(E

′
)χd(E

′
, Γ⃗′ → E, Γ⃗)∫

ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E
′
)υ(E

′
)χ(E

′
, Γ⃗′ → E, Γ⃗)

× ϕ(r⃗, E
′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗

ϕ(r⃗, E ′, Γ⃗′)dE ′dΓ⃗′dEdΓ⃗dr⃗
.

(2.42)

In order to simplify the equation 2.42, the operator ⟨.⟩ might be used

to carry out an integration over all of the spatial, angular, and energy vari-

ables. This integration may be expressed as follows using simplification:

βeff =
⟨ϕ+υdχdΣfϕ⟩
⟨ϕ+υχΣfϕ⟩

≈ ⟨χdυd⟩
⟨χυ⟩

. (2.43)

Spriggs reformulated the βeff from the equation to concentrate only on

quantifying the delayed neutron fraction; hence, the kratio is subsequently

introduced as follows [8, 114]:

βeff ≈ ⟨χdυ⟩
⟨χdυ⟩

⟨χdυd⟩
⟨χυ⟩

≈ ⟨χdυd⟩
⟨χdυ⟩

⟨χdυ⟩
⟨χυ⟩

≈ β0
⟨χdυ⟩
⟨χυ⟩

≈ β0
kd
k
. (2.44)

Calculating β0 using the MCNP code is straightforward. It may be

accomplished by counting the total and delayed neutrons generated during

fission events, whereas kd is derived from the delayed neutron energy spec-

trum.

Prompt method:

From equation 2.43 can rewrite the expression for the βeff as follows

[8]:

βeff ≈ ⟨χdυd⟩
⟨χυ⟩

= 1− ⟨χυ − χdυd⟩
⟨χυ⟩

= 1− ⟨χυd − (χd − χ)υd⟩
⟨χυ⟩

∼= 1− ⟨χdυd⟩
⟨χυ⟩

.

(2.45)

The estimation in the final phase is founded on the subsequent ratio-

nale. The term (χd−χ)υd is two orders of magnitude less than the one with
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χυd because υd is two orders of magnitude smaller than νp. Due to the same

rationale, the shape of χ is almost equal to that of χp.

At this point, an important step is carried out. The βeff can be esti-

mated as follows [115, 116]:
⟨χpυp⟩
⟨χυ⟩

=
kp
k

→ βeff ≈ 1− kp
k
, (2.46)

where, k is the eigenvalue for all neutrons and kp is the eigenvalue for prompt

neutrons only.

2.7.2 Neutron generation and prompt neutron lifetime

The adjoint weighted method:

The βeff , Λ, and lp are key kinetic parameters that govern the dynamic

response of a nuclear reactor. The values of βeff and Λ are essential for as-

sessing reactor controllability and stability under transient conditions, while

lp reflects the average lifetime of prompt neutrons before absorption or leak-

age. These parameters may vary as the reactor fuel composition changes due

to burnup. Accurate determination of these quantities requires accounting

for the neutron importance, typically through the calculation of the adjoint

neutron flux or time dependent neutron transport. Monte Carlo neutron

transport codes, such as MCNP, are widely employed to perform these eval-

uations with high fidelity [67, 113, 117].

The lp is a fundamental parameter of nuclear reactors, as it directly

influences the reactor’s kinetic behavior during all transient conditions. The

lp represents the average time interval between the emission of a prompt

neutron from a fission event and its subsequent removal from the neutron

population through absorption processes, such as radiative capture, fission,

or leakage from the reactor core [118].

Based on the adjoint weighted method, the Λ and lp can be derived

from the point kinetics formalism. The governing expressions for these quan-

tities are written as follows [107, 112]:

Λ =

〈
ϕ+, 1vϕ

〉
⟨ϕ+,Fϕ⟩

, (2.47)
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and

lp =

〈
ϕ+, 1vϕ

〉
keff

⟨ϕ+,Fϕ⟩
, (2.48)

In which:

〈
ϕ+,

1

v
ϕ

〉
=

∫
ϕ+(r⃗, E, Γ⃗)

1

υ(E)
ϕ(r⃗, E

′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗. (2.49)

where, keff is the effective multiplication factor.

From equations (2.41, 2.47, 2.49), the Λ can be estimated by equation

as follows:

Λ =

∫
ϕ+(r⃗, E, Γ⃗)

1

υ(E)
ϕ(r⃗, E

′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗∫

ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E
′
)υ(E

′
)χ(E

′
, Γ⃗′ → E, Γ⃗)ϕ(r⃗, E

′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗

,

(2.50)

From equations (2.41, 2.48, 2.49), the prompt neutron lifetime (lp)

can be estimated by equation as follows:

lp =

keff .

∫
ϕ+(r⃗, E, Γ⃗)

1

υ(E)
ϕ(r⃗, E

′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗∫

ϕ+(r⃗, E, Γ⃗)Σf(r⃗, E
′
)υ(E

′
)χ(E

′
, Γ⃗′ → E, Γ⃗)ϕ(r⃗, E

′
, Γ⃗′)dE

′
dΓ⃗′dEdΓ⃗dr⃗

,

(2.51)

Where, keff is the effective multiplication factor; v is the neutron speed.

The prompt neutron lifetime lp was determined using the adjoint

weighted method [110]. The adjoint weighted method has been implemented

in the KOPTS card of the MCNP code.

The Λ is defined as the average time between a prompt neutron emis-

sion and a capture that results only in fission. It is important to note that

the lp is not the same as Λ. This is due to the fact that the Λ only takes

into account neutron absorptions that result in fission events and not others

[118].

The 1/v absorber insertion method:

The prompt neutron lifetime lp was calculated using the 1/v absorber

insertion method [7, 110]. The 1/v absorber insertion method involved intro-

ducing a small addition of B-10 as a perturbation in the core materials. The
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appearance of the absorber content results in a negative change in reactivity.

The negative reactivity insertion is calculated as follows:

ρ =
∆k

k
=

1

keff,u
− 1

keff,p
. (2.52)

Where, the keff,u is the effective multiplication factor without the B-10 ad-

dition (unperturbed);

The keff,p is the effective multiplication factor with additional B-10 content

(perturbed).

The keff,p is calculated by changing the B-10 content added to the core

materials. The reactivity insertion due to the addition of the B-10 content

is:

−∆k

k
= N.σ0.v0.l

′

p. (2.53)

Where, N is the atomic density of the B-10 absorber (atoms/(b.cm)); σ0 is

the thermal neutron absorption cross section of the absorber; v0 is the speed

of thermal neutrons; l
′

p is the prompt neutron lifetime when B-10 absorber is

added.

The prompt neutron lifetime lp is calculated when the B-10 content

approaches zero:

lp = lim
N→0

(l
′

p) = lim
N→0

(
−∆k

k
.

1

N.σ0.v0

)
. (2.54)

In the present work, the B-10 content was added uniformly to all core

materials with the concentration from 4.0×10−9 to 15.0×10−9atoms/(b.cm).

The keff,p value was then calculated at each step of the B-10 contents for

determining the linear dependence of the reactivity with the B-10 content.

The lp is obtained when the B-10 content approaches zero.

This chapter develops the DNRR model, computational methods, and

nuclear data. The next chapter offers an in depth discussion of the core’s

neutronic analysis, including evaluations of criticality, sensitivity, and the

uncertainty of the main reactions. This analysis emphasizes the connections

between the neutron properties of the DNRR reactor and the evaluated nu-

clear data libraries.
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Chapter 3 RESULTS AND DISCUSSION

3.1 Introduction

This chapter presents the validation results of the DNRR model with

92 LEU fuel bundles using the MCNP6 code and experimental data. It also

includes S/U analyses for the DNRR in relation to the latest nuclear data

libraries, which are ENDF/B-VIII.0, JENDL-5, JEFF-3.3, and CENDL-3.2.

The MCNP6 calculations were performed for 500 cycles, including 50 inac-

tive cycles, to examine the convergence of both keff and the fission source

distribution using Shannon entropy and 106 neutron histories per cycle. The

goal was to achieve a statistical error of less than 6 pcm in the standard de-

viation of keff and to ensure that the Figure of Merit (FOM) remains roughly

constant as a function of the number of histories for each tally [67].

In thermal nuclear reactor analysis, the thermal neutron flux is very

important; therefore, the 44 group cross section library contains 22 energy

groups below 3 eV that are used to analyze the sensitivity and uncertainty of

the DNRR. Additionally, it includes covariances derived from high fidelity

nuclear data evaluations, and it is utilized for uncertainty analyses [69].

The S/U analyses are performed for keff and βeff for 44 group structures,

and the results are compared among four of the latest nuclear data libraries

(ENDF/B-VIII.0, JENDL-5, JEFF-3.3, and CENDL-3.2). Furthermore, the

most important reaction channels, including (n, elastic), (n, inelastic), (n,

2n), (n, fission), and (n, gamma), are also analyzed and evaluated.

To support the operation of the DNRR, several codes based on both

Monte Carlo and deterministic methods have been deployed for core physics,

safety analysis and in core fuel management, such as WIMSD/CITATION

[20], the SRAC code system [22], MCNP5 [22], MCNP6.2 [23], Serpent and

PARCS [24]. A previous work reported the S/U analysis of the DNRR with

HEU fuel using MCNP6.2 and the data libraries of ENDF/B-VII.1, ENDF/B-

VIII.0, JENDL-4.0 and JENDL-5 [23]. Criticality analysis for 49 criticality

configurations indicated that the largest discrepancy of the keff , calculated

with the data libraries was within -300 pcm in comparison with the measure-

ments [23]. The isotopes with major contribution to positive sensitivities were

63



U-235, H-1, C-12, Be-9, Al-27 and O-16. While, negative sensitivities were

significantly contributed by the captures of H-1, U-235, Al-27, U-238, B-10,

Be-9, Fe-56, O-16 and C-12. The uncertainties in the keff prediction caused

by the data libraries were found within the range of 379–535 pcm. Whereas,

JENDL-5 was noticed as the most reliable data library for neutronic analysis

of the DNRR with HEU fuel [23]. Attention was recommended for the elastic

scattering and capture of H-1, and the capture and fission of U-235. How-

ever, the S/U analyses of keff and βeff in DNRR have not been investigated.

Therefore, further evaluation of S/U for keff and βeff in the latest libraries for

the current core of the DNRR using LEU fuel is essential.

This chapter also presents the results of kinetic parameters in some

operational conditions and the S/U analyses for the DNRR in relation to the

newest nuclear data libraries, which are ENDF/B-VIII.0, JENDL-5, JEFF-

3.3, and CENDL-3.2. Several studies were conducted to estimate the kinetic

parameters of various research reactors using continuous energy Monte Carlo

transport codes [10, 44, 78–80, 83]. Kinetic parameters of the 20 MW D2O

moderated research reactor (NBSR) were estimated using the MCNP5 code

and the ENDF/B-VII library, which yielded the most accurate estimates for

the delayed neutron fraction and the prompt neutron lifetime [110]. As-

sessment of the kinetic parameters was conducted for the initial core of the

Indonesian 30 MW Multipurpose Research Reactor using continuous energy

Monte Carlo codes (MVP3 and MCNP-6.2) and the nuclear data libraries of

JENDL-4.0, ENDF/B-VII.0 and ENDF/B-VII.1. The results indicated that

the MVP3 calculations with the ENDF/B-VII.0 library agreed well with those

obtained using the MCNP-6.2 (JENDL-4.0, ENDF/B-VII.0, and ENDF/B-

VII.1) and the MVP3 (JENDL-4.0) results [119]. Kinetic parameters were

estimated for the Ghana Research Reactor 1 (GHARR-1) after 19 years of

operation using MCNP5. The results aligned closely with the initial Safety

Analysis Report [12]. Kinetic parameters based on burnup were investigated

to improve the performance of a research reactor. It was reported that the βeff

decreased with burnup, while the lp exhibited an inversal tendency [80]. The

core physics of the DNRR has been studied [20, 23, 24]; however, its kinetic
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parameters have not yet been reported. Therefore, it is essential to evaluate

these kinetic parameters using LEU fuel. This work also evaluates the kinetic

parameters of the DNRR with LEU fuel and their sensitivities to the reac-

tor operating parameters using the MCNP6 code and the ENDF/B-VIII.0,

JENDL-5. The operating parameters include fuel burnup, fuel temperature,

and the positions of control rods (CRs).

3.2 Criticality, sensitivity and uncertainty analysis

3.2.1 Criticality calculations and comparison with measurements

This part shows how the critical calculation results of the DNRR core

model, which has 92 LEU fuel bundles as shown in Section 2.3.2, compare

with the experimental results. These criticality calculations are based on

changes in the positions of the control rods in the reactor core according to

the measured results of the experiments. To evaluate the impact of beryl-

lium poisoning in the reactor core, this study considers the accumulation of

neutron absorber isotopes, such as He-3 and Li-6, produced by neutron in-

teractions with beryllium in the beryllium rods, which were accounted for in

the reactor model. The uncertainty of the measured results is estimated to

be less than 1% [23].

The first critical configuration of the DNRR with LEU fuel was at-

tained with 92 fuel bundles, including 80 fresh and 12 partially burnt bundles

with the burnup rates of about 1.5–3.5% (percent loss of U-235). Addition-

ally, the core consisted of twelve beryllium blocks and a neutron trap located

at the core’s center as shown in Figure 2.1. The critical conditions were

established with the complete withdrawal of the two SR rods, the partial

insertion of four ShR rods, and the adjustment of the AR rod positions. The

process of the critical measurements was monitored using two neutron detec-

tors (He-3) located at two beam ports, and three fission chambers (the IC1

type operating in pulse mode) of the control system located inside the reactor

pool. The control system’s detectors were located in waterproof aluminum

tubes in the dry channels of the water reflection area between the graphite

reflector and the reactor tank. These detectors were featured with gamma

compensation, encased in electromagnetic shields, and contained in gas tight
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enclosures filled with dry high purity nitrogen gas. The control system’s de-

tectors were linked to a current neutron display for monitoring reactor power.

The initial counts of the five detectors were recorded as N01, N02, N03, N04,

and N05, respectively. While adjusting the position of the AR rod, at each

step of the AR rod movement, the counts of the the five neutron detectors

were recorded as N1, N2, N3, N4, and N5. The count ratios of N01/N1,

N02/N2, N03/N3, N04/N4 and N05/N5 were then determined. The critical

condition was achieved when the ratios approached zero.

Table 3.1 provides the detailed control rod positions, i.e., the four

ShR rods and the AR rod, corresponding to the thirty critical conditions

of the DNRR with LEU. The critical conditions were experimentally estab-

lished during the core conversion to LEU fuel. The experimental critical-

ity establishment were monitored by three neutron detectors located at the

beam ports [22]. In this work, calculations were performed for the thirty

critical conditions of the DNRR using MCNP6 and the four latest data li-

braries. Comparison among the data libraries and with the experiments was

presented.

Table 3.1: Control rod position corresponding to the criticality conditions of the
DNRR with LEU fuel established experimentally.

No.
Rod insertion (mm)

No.
Rod insertion (mm)

ShR1 ShR2 ShR3 ShR4 AR ShR1 ShR2 ShR3 ShR4 AR
1 430 430 430 430 390 16 514 310 514 514 254
2 420 420 420 420 530 17 420 420 420 650 255
3 431 431 431 431 430 18 416 416 650 416 253
4 435 435 435 435 375 19 650 650 102 650 650
5 438 438 438 438 310 20 464 464 360 464 267
6 442 442 442 442 225 21 477 477 330 477 267
7 390 460 460 460 256 22 493 493 300 493 255
8 358 477 477 477 259 23 510 510 270 510 259
9 325 498 498 498 253 24 530 530 239 530 256
10 290 527 527 527 252 25 558 558 205 558 263
11 250 545 545 545 259 26 398 650 398 398 262
12 424 424 424 424 650 27 505 505 505 260 259
13 463 384 463 463 265 28 471 471 471 335 262
14 477 360 477 477 261 29 457 457 457 374 247
15 494 335 494 494 254 30 650 397 397 397 254

Table 3.2 presents the keff prediction for the three cases corresponding

to the critical, supercritical and subcritical conditions of the DNRR core with
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92 LEU fuel bundles using MCNP6 and the four latest libraries of ENDF/B-

VIII.0, JEFF-3.3, JENDL-5 and CENDL-3.2. The experimental measure-

ments were also done in all cases. The critical condition in Case 1 established

experimentally corresponds to the positions of AR = 390 mm and four ShR

= 430 mm. Case 2 is the supercritical condition with the assumption of the

complete withdrawal of all control rods. Whereas, Case 3 corresponds to the

subcritical condition with the assumption of the complete insertion of the AR

and four ShR rods. The two SR rods were completely withdrawn in all cases.

In the critical condition, the keff values were evaluated with the discrepan-

cies less than 162 pcm for all data libraries compared to the experimental

value (keff = 1.0). In case 2 (all CRs out), the calculations with the four

data libraries of ENDF/B-VIII.0, JEFF-3.3, JENDL-5 and CENDL-3.2 gave

the keff values of 1.07708, 1.07692, 1.07851 and 1.07626, respectively. Com-

pared to ENDF/B-VIII.0, the discrepancies are -14.9, 132.8 and -76.1 pcm

for JEFF-3.3, JENDL-5 and CENDL-3.2, respectively. The discrepancies be-

tween these calculated values and the experimental value (keff = 1.07643)

were found to be less than 208 pcm for all libraries, demonstrating a high

degree of consistency with experimental data. Whereas, in Case 3 (all CRs

in), the calculation with ENDF/B-VIII.0 obtained the keff of 0.97032, and

the discrepancies in the keff prediction with the other libraries compared to

ENDF/B-VIII.0 are 47.4, 165.9 and -89.7 pcm, respectively. Additionally,

compared to the experimental value (keff = 0.97276), the discrepancies were

less than 331 pcm. The keff values obtained with JEFF-3.3 agree well with

ENDF/B-VIII.0 and the experimental results within 47.4 pcm and 20 pcm,

respectively, in all three cases. The values obtained with JENDL-5 tend to

be greater than that obtained with ENDF/B-VIII.0. The tendency is inverse

with CENDL-3.2.
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Table 3.2: The keff of the DNRR core with 92 LEU fuel bundles at critical, super-
critical and subcritical conditions calculated using the MCNP6 code and the four

data libraries.

Case Reactor condition Configuration ENDF/B-VIII.0 JEFF-3.3 JENDL-5 CENDL-3.2

1 Critical Experimenta 1.00021± 0.00005 1.00020± 0.00005 1.00162± 0.00005 0.99929± 0.00005

– (-1.0 pcm)b (141.0 pcm) (-92.0 pcm)

2 Supercritical All CRs out 1.07708± 0.00005 1.07692± 0.00005 1.07851± 0.00005 1.07626± 0.00005

– (-14.9 pcm) (132.8 pcm) (-76.1 pcm)

3 Subcritical All CRs in 0.97032± 0.00005 0.97078± 0.00005 0.97193± 0.00005 0.96945± 0.00005

– (47.4 pcm) (165.9 pcm) (-89.7 pcm)

aRod insertion of the experimental criticality: 4 ShR = 430 mm, AR = 390 mm.

b Discrepancy compared to ENDF/B-VIII.0.

Figure 3.1: The keff values of 30 critical conditions of the DNRR with 92 LEU
fuel bundles obtained with the four nuclear data libraries.

Figure 3.1 and Table 3.3 present the calculation results of the thirty

criticality conditions of the DNRR core corresponding to various positions of

the CR system using MCNP6 and the four latest data libraries. As described

in the previous section, the reactor’s critical configuration was established

based on the counting rates measured by five neutron detectors. The ratio
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of the initial counting rate to that at the critical state (N0/N) approaches

zero as the reactor reaches criticality. In this study, the effective multipli-

cation factor (keff) corresponding to the critical condition is assumed to be

one, with an estimated uncertainty of less than 1%. In critical experiments,

experimental uncertainties primarily originate from factors such as detector

counting statistics, reactor power and temperature stability, control rod posi-

tioning accuracy, and instrument calibration. These uncertainties have been

quantified to validate computational models and ensure reliable comparison

between experimental and calculated results. The largest discrepancy of the

keff prediction is -354 pcm compared to the experiments, which indicates a

good agreement between the calculations and the experiments. As shown

in Figure 3.1, JENDL-5 tends to provide greater values of the keff , while

CENDL-3.2 tends to predict the lower values. Again, one can see that the

keff values of all cases obtained with ENDF/B-VIII.0 and JEFF-3.3 have a

good agreement with the largest discrepancy of about 140 pcm. Comparing

among the four latest libraries, the discrepancy in the keff prediction is less

than 172 pcm. The keff values obtained with JENDL-5 tend to be greater

than that obtained with ENDF/B-VIII.0 with the largest discrepancy of 10

pcm. While the keff values obtained with CENDL-3.2 are smaller than that

obtained with ENDF/B-VIII.0.

3.2.2 Sensitivity analysis of the effective multiplication factor

3.2.2.1 Sensitivity coefficients

Sensitivity analysis allows to evaluate the effect of the changes in in-

put parameters on the reactor core responses. Nuclear data, such as fission,

capture, elastic and inelastic scattering cross sections, and so on, are among

the significant input parameters in neutronic analysis. Whereas, the keff is

the most significant response of the reactor core. To determine the sensitiv-

ity coefficients of the keff to the multigroup macroscopic cross sections, the

adjoint sensitivity procedure (ASAP) is used [52]. The sensitivity coefficient

of the keff to the parameter α, denoted as Sk,α, is defined as [107]:

Sk,α =
α

keff

∂keff
∂α

. (3.1)
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Table 3.3: Criticality analysis of the DNRR with 92 LEU fuel bundles using the
MCNP6 code and the four data libraries.

No.
keff ρ (pcm)

ENDF/B-VIII.0 JEFF-3.3 JENDL-5 CENDL-3.2 ENDF/B-VIII.0 JEFF-3.3 JENDL-5.0 CENDL-3.2
1 1.00021 1.00020 1.00162 0.99929 21 20 162 -71
2 1.00130 1.00140 1.00271 1.00045 130 140 271 45
3 0.99943 0.99947 1.00095 0.99854 -57 -53 95 -146
4 0.99892 0.99913 1.00054 0.99820 -108 -87 54 -180
5 0.99902 0.99912 1.00063 0.99831 -98 -88 63 -169
6 0.99881 0.99904 1.00053 0.99820 -119 -96 53 -180
7 0.99922 0.99932 1.00076 0.99823 -78 -68 76 -177
8 0.99885 0.99883 1.00021 0.99799 -115 -117 21 -201
9 0.99844 0.99854 0.99996 0.99759 -156 -146 -4 -241
10 0.99774 0.99792 0.99938 0.99684 -226 -208 -62 -316
11 0.99890 0.99914 1.00042 0.99807 -110 -86 42 -193
12 0.99974 0.99973 1.00138 0.99878 -26 -27 138 -122
13 0.99912 0.99929 1.00073 0.99845 -88 -71 73 -155
14 0.99884 0.99880 1.00051 0.99800 -116 -120 51 -200
15 0.99848 0.99850 1.00004 0.99765 -152 -150 4 -235
16 0.99786 0.99801 0.99944 0.99707 -214 -199 -56 -293
17 0.99739 0.99742 0.99888 0.99646 -261 -258 -112 -354
18 0.99746 0.99764 0.99904 0.99662 -254 -236 -96 -338
19 0.99756 0.99770 0.99900 0.99661 -244 -230 -100 -339
20 1.00004 1.00017 1.00167 0.99922 4 17 167 -78
21 1.00008 1.00025 1.00172 0.99921 8 25 172 -79
22 0.99981 1.00013 1.00142 0.99908 -19 13 142 -92
23 0.99960 0.99970 1.00111 0.99878 -40 -30 111 -122
24 0.99940 0.99949 1.00093 0.99851 -60 -51 93 -149
25 0.99888 0.99916 1.00045 0.99804 -112 -84 45 -196
26 1.00005 1.00015 1.00165 0.99923 5 15 165 -77
27 0.99911 0.99931 1.00067 0.99822 -89 -69 67 -178
28 0.99967 0.99977 1.00133 0.99884 -33 -23 133 -116
29 0.99990 1.00005 1.00151 0.99905 -10 5 151 -95
30 1.00084 1.00083 1.00226 0.99986 84 83 226 -14

The KSEN mode of MCNP6, based on linear perturbation theory

using adjoint weighting, was used to determine the sensitivity coefficients

of the keff to nuclear cross section data [1]. The KSEN mode provides the

list of reaction numbers. It deploys the iterated fission probability approach

to obtain the adjoint weighted integrals for the sensitivity coefficients. The

sensitivity profiles are discretized either with respect to energy or with respect

to space. The sensitivity coefficients in the 44 group energies are organized

in a matrix form denoted as Sk. To determine the uncertainty of the keff due

to the uncertainty of the cross section data, the sensitivity coefficients are

included in a sandwich rule in conjunction with the covariance matrix of the

multigroup homogenized constants. The covariance matrix Cα in form of 44

energy groups was produced using the NJOY2021 code [76]. The uncertainty

of the keff , denoted as Ukk, is estimated from the sensitivity coefficients and
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the covariance matrix as [76, 107]:

Ukk = |(Sk)
T .Cα.Sk|1/2. (3.2)

where, (Sk)
T is the transpose of the vector Sk. Since the covariance matrices

are not available in the CENDL-3.2 library, in the present work the uncer-

tainties were only computed for the ENDF/B-VIII.0, JEFF-3.3 and JENDL-5

libraries.

3.2.2.2 Sensitivity profiles

To evaluate the effect of the nuclear reaction cross section data on the

criticality prediction, sensitivity analysis was conducted based on the first

criticality condition in Table 3.1. Sensitivity coefficients of major nuclides

and reaction cross sections were analyzed and classified into the positive and

negative effects. Table 3.4 presents the positive sensitivity coefficients ob-

tained with the libraries of ENDF-VIII.0, JEFF-3.3, JENDL-5 and CENDL-

3.2. Only significant sensitivity coefficients with the absolute values greater

than 0.1% were shown. It can be seen that the orders of magnitudes of the

sensitivities almost agree among the four libraries as shown in Table 3.4.

Table 3.4: Positive sensitivities of the keff , listed in descending order of magnitude
according to the ENDF/B-VIII.0 library∗.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5.0 J5/E8 CENDL-3.2 C3/E8
(×10−1) (×10−1) (×10−1) (×10−1)

U-235 total ν 9.9354 9.9350 1.00 9.9352 1.00 9.9348 1.00
U-235 fission 3.3662 3.3681 1.00 3.3697 1.00 3.3757 1.00
H-1 elastic 2.7696 2.7831 1.00 2.7733 1.00 2.7842 1.01
C-nat elastic 0.7207 0.7014 0.97 0.6760 0.94 0.7098 0.98
Lwtr S(α, β) inelastic 0.6830 0.6655 0.97 0.7007 1.03 – –
O-16 elastic 0.3948 0.3604 0.91 0.3752 0.95 0.3900 0.99
Al-27 elastic 0.3648 0.3481 0.95 0.3489 0.96 0.3664 1.00
Be-9 elastic 0.3045 0.2907 0.95 0.3009 0.99 0.3075 1.01
Be-9 n-2n 0.1569 – – 0.1589 1.01 0.1593 1.02
Al-27 inelastic 0.1117 0.1122 1.00 0.1026 0.92 0.1067 0.96
C-nat S(α, β) inelastic 0.0783 0.0775 0.99 0.0884 1.13 – –
U-238 total ν 0.0547 0.0548 1.00 0.0547 1.00 0.0551 1.01
C-nat S(α, β) elastic 0.0511 0.0858 1.68 0.0655 1.28 – –
U-238 elastic 0.0508 0.0512 1.01 0.0524 1.03 0.0497 0.98
U-238 fission 0.0371 0.0374 1.01 0.0371 1.00 0.0373 1.00
U-238 inelastic 0.0219 0.0231 1.06 0.0225 1.03 0.0222 1.02
Fe-56 elastic 0.0217 0.0195 0.90 0.0218 1.01 0.0217 1.00

∗ Absolute value > 0.1%.

The U-235 (total-ν) and (n,fission) reactions yield the greatest pos-

itive sensitivity coefficients (0.994 and 0.337) compared to other reactions.
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Figure 3.2: Energy dependent sensitivities of the keff to U-235, H-1, and C-nat in
the increasing direction.

The positive sensitivities are subsequently due to the elastic scatterings of H-

1, C-nat, O-16, Al-27 and Be-9 as shown in Table 3.4. Figure 3.2 displays the

energy dependent sensitivity profiles of U-235 (total-ν) and (n,fission), H-1

(elastic) and C-nat (elastic). The sensitivity profiles are indicative of the re-

lationship between sensitivity coefficients, the cross sections, and the neutron

spectrum. The thermal energy of 0.001–1.0 eV exhibits distinct peaks in the

positive sensitivity of U-235 (total-ν) and (n,fission). Whereas, Figures 3.2

and 3.3 indicate that H-1, C-nat, O-16, Al-27 and Be-9 exhibits significant

positive sensitivities for elastic scatterings in the fast energy of 0.5–1.0 MeV.

These results reflect the underlying physical processes governing the neutron

balance in the reactor core. The large positive sensitivities of U-235 (total-ν)

and (n,fission) mainly originate from the thermal energy region, where the

fission cross section of U-235 is high and dominates neutron production in
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Figure 3.3: Energy dependent sensitivities of the keff to Lwtr S(α, β), O-16, Be-9,
and Al-27 in the increasing direction.

the chain reaction. In contrast, the positive sensitivities of elastic scattering

reactions of H-1, C-nat, O-16, Al-27, and Be-9 are mainly observed in the fast

energy region. These scattering reactions play an important role in neutron

moderation, slowing down fast neutrons toward the thermal energy range,

where the probability of U-235 fission becomes significantly higher.

Table 3.5 shows the negative sensitivity coefficients obtained with the

libraries of ENDF-VIII.0, JEFF-3.3, JENDL-5 and CENDL-3.2. It is noticed

that the main factors contributing to the negative sensitivities are the capture

reactions of H-1, U-235, Al-27, U-238 and B-10 (n,alpha). The values, deter-

mined with the ENDF/B-VIII.0 library, are -0.145, -0.128, -0.046, -0.039 and

-0.010, respectively, as presented in Table 3.5. Figures 3.4 and 3.5 illustrate

the energy dependent sensitivities of the capture reactions of H-1, U-235,

Al-27, U-238. H-1, Be-9 and Al-27 induce the negative sensitivities due to
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Table 3.5: Negative sensitivities of the keff , listed in descending order of magnitude
according to the ENDF/B-VIII.0 library∗.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5.0 J5/E8 CENDL-3.2 C3/E8
(×10−1) (×10−1) (×10−1) (×10−1)

H-1 n,γ -1.3930 -1.3928 1.00 -1.3988 1.00 -1.4064 1.01
U-235 n,γ -1.2794 -1.2730 0.99 -1.2782 1.00 -1.2747 1.00
Al-27 n,γ -0.4994 -0.4993 1.00 -0.4869 0.98 -0.5046 1.01
U-238 n,γ -0.3963 -0.3954 1.00 -0.3972 1.00 -0.3995 1.01
B-10 n,α -0.1361 -0.1373 1.01 -0.1357 1.00 -0.1367 1.00
Be S(α, β) elastic -0.0705 -0.0575 0.82 -0.0676 0.96 – –
Be-9 n,α -0.0474 -0.0448 0.95 -0.0456 0.96 -0.0490 1.03
Be-9 n,γ -0.0366 -0.0326 0.89 -0.0312 0.85 -0.0322 0.88
U-234 n,γ -0.0227 -0.0228 1.00 -0.0221 0.97 -0.0227 1.00
O-16 n,α -0.0150 -0.0106 0.71 -0.0143 0.95 -0.0108 0.72
C-nat n,γ -0.0147 -0.0145 0.98 -0.0152 1.04 -0.0130 0.88
Fe-56 n,γ -0.0145 -0.0143 0.99 -0.0144 1.00 -0.0146 1.01

∗ Absolute value > 0.1%.

Figure 3.4: Energy dependent sensitivities of the keff to H-1, U-235, Al-27, and
U-238 in the decreasing direction.
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Figure 3.5: Energy dependent sensitivities of the keff to B-10, Be S(α, β), and
Be-9 in the decreasing direction.

the capture reactions at the thermal energy of 0.0075–0.025 eV. These iso-

topes demonstrate a concave sensitivity at 0.01 eV, resulting in the negative

sensitivities of −1.39× 10−1 (H-1), −4.99× 10−2 (Al-27) and −1.36× 10−3

(Be-9). The neutron capture reactions of H-1, U-235 and Al-27 exhibit sig-

nificantly negative sensitivities in the energy range of 0.01–0.1 eV as shown in

Figure 3.4. The negative sensitivities associated with the capture reactions of

H-1, U-235, Al-27, and U-238 indicate that these processes remove neutrons

from the fission chain without producing additional neutrons. Consequently,

an increase in the capture cross sections of these isotopes leads to a reduction

in the neutron population and therefore decreases keff . The strong negative

sensitivities observed in the thermal energy region (0.01–0.1 eV) are consis-

tent with the reactor spectrum, where most neutrons are thermalized. In this
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energy range, neutron capture by moderator and structural materials com-

petes directly with U-235 fission. As a result, absorption reactions involving

H-1, Al-27, and other materials represent important neutron-loss mechanisms

in the thermal spectrum, which explains their significant negative sensitivity

coefficients.

3.2.3 Uncertainty analysis of the effective multiplication factor

Table 3.6 shows the uncertainties of the keff for the DNRR with LEU

fuel calculated with the ENDF/B-VIII.0, JEFF-3.3 and JENDL-5 libraries.

The total uncertainties obtained with the libraries are 415.7, 588.0 and 363.0

pcm, respectively. Compared to the uncertainties obtained for the DNRR

core of HEU fuel with ENDF/B-VIII.0 and JENDL-5 (466.6 and 379.1 pcm)

in a previous work, the uncertainty values for the LEU core are smaller

by about 12.2% and 4.4%, respectively [23]. One of the reasons is that

the amount of U-235 in the LEU fuel is significantly less than that in the

HEU fuel, which leads to the smaller uncertainty of the LEU core. The

uncertainties obtained for the DNRR core with LEU fuel are also smaller

than the value of 600 pcm of the RSG GAS research reactor reported by

[14]. Compared to ENDF/B-VIII.0, the uncertainty obtained with JEFF-3.3

is greater by about 30%, while that obtained with JENDL-5 is smaller by

12%. It is noticed that the covariance data are not available in JENDL-5

for some isotopes, e.g., Al-27, Be-9 and C-12, thus, the uncertainties with

respect to the capture and elastic scattering of Al-27, Be-9 and C-12 are not

available. This may cause the smaller uncertainty (363.0 pcm) compared to

ENDF/B-VIII.0.

The reactions contribute mostly to the uncertainties of the keff are

H-1 (n,γ), U-235 (n,fission) and H-1 (elastic) with the uncertainty values of

288.1, 153.2 and 143.0 pcm, respectively, determined with ENDF/B-VIII.0.

For H-1 (n,γ) and U-235 (n,fission) reactions, since the similarity in 44 group

structured sensitivities are observed for the three libraries, difference in co-

variance matrices is the main reason to cause the difference in uncertainty

values. To look closely to the difference of the covariance matrices of reac-

tions with the largest uncertainties, the covariance matrices of U-235 (n,f),
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Table 3.6: The keff uncertainties for the reactions of the primary isotopes are listed
in order of decreasing magnitude based on the ENDF/B-VIII.0 dataset.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5 J5/E8
(pcm) (pcm) (pcm)

Total - 415.7 588.0 1.41 363.0 0.87
H-1 n,γ 288.1 355.6 1.23 289.3 1.00
U-235 fission 153.2 215.2 1.40 153.2 1.00
H-1 elastic 143.0 203.7 1.42 142.6 1.00
Al-27 elastic 127.6 167.8 1.32 - -
Al-27 n,γ 116.4 232.4 2.00 - -
Al-27 inelastic 84.7 56.4 0.67 - -
Be-9 n,2n 48.4 - - - -
C-nat elastic 37.5 39.0 1.04 - -
U-238 n,γ 35.9 35.8 1.00 35.9 1.00
U-235 n,γ 34.1 195.2 5.73 33.9 1.00
Be-9 elastic 32.3 - - - -
Be-9 n,α 22.8 - - - -
Be-9 n,γ 18.2 - - - -
O-16 elastic 15.0 66.2 4.41 11.4 0.76
U-238 elastic 12.5 10.9 0.88 13.2 1.06
U-238 total ν 12.3 13.3 1.08 5.5 0.45
O-16 n,α 9.1 2.6 0.28 6.2 0.68
B-10 n,α 7.9 1.5 0.19 7.9 1.00
Fe-56 n,γ 6.9 4.0 0.59 16.2 2.35
U-238 inelastic 6.3 15.3 2.42 21.0 3.33
U-234 n,γ 4.9 5.0 1.00 24.4 4.93
U-238 fission 4.5 10.2 2.26 3.7 0.81
C-nat n,γ 4.4 4.3 0.98 - -
Fe-56 elastic 2.3 9.2 3.96 7.7 3.31

H-1 (n,γ) and H-1 (elastic) are plotted in Figures B.1–B.3. With the highest

covariance matrices, especially in the low energy range where the sensitiv-

ity coefficients are dominant, JEFF-3.3 has the greatest uncertainty of keff ,

greater than that obtained with ENDF/B-VIII.0 by 20-42% as shown in Table

3.16. Compared to the previous version, ENDF/B-VII.0, the covariance data

of H-1 of ENDF/B-VIII.0 were updated and JENDL-5 adopted the data of

ENDF/B-VIII.0 for H-1 [27]. The identical covariance matrices of H-1 (n,γ)

and H-1 (elastic) are illustrated in Appendix section B, Figures B.2 and B.3.

Thus, the uncertainties of H-1 (n,γ) and H-1 (elastic) reactions obtained by

JENDL-5 and ENDF/B-VIII.0 indicate a good agreement as listed in Table

3.16. The resemblance in covariance data below 103 eV of JENDL-5 and

ENDF/B-VIII.0 leads to the same uncertainty value of 153.2 pcm.
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The third significant contributor to the total uncertainty of the keff is

Al-27 with three reactions of elastic, (n,γ) and inelastic. This is because alu-

minum is a major core structural material. The uncertainty values correspond

to the reactions are 127.6, 116.4 and 84.7 pcm, respectively. Subsequently,

isotopes with remarkable contribution to the uncertainty are Be-9, C-nat,

U-238 and O-16 as listed in Table 3.16. Based on the uncertainty analy-

sis, JENDL-5 is noticed the relevant library for the DNRR analysis with the

smallest uncertainty. Since U-235 and H-1 are the most contributors to the

uncertainty of the DNRR with LEU fuel, the cross section data of the iso-

topes in thermal energy range need to be paid attention to improve the core

physics analysis of the DNRR.

Significant positive sensitivities are observed with U-235, H-1, C-nat,

O-16, Be-9 and Al-27 and U-238. Negative sensitivities are significantly con-

tributed by H-1, U-235, Al-27, U-238, B-10, Be-9, C-nat. The uncertainty

is found with the capture and elastic scattering of H-1, and the fission of

U-235. Subsequently, Al-27 elastic, capture, and inelastic contributions sig-

nificantly contribute to the uncertainty of the keff . Other nuclides contribute

to remarkable uncertainties of the keff are Be-9, C-nat and U-238. The to-

tal uncertainties of the keff obtained with ENDF/B-VIII.0, JENDL-5 and

JEFF-3.3 are 415.7, 363.0 and 588.0 pcm, respectively. Regarding the un-

certainty analysis, ENDF/B-VIII.0 and JENDL-5 are considerably the most

reliable for the core analysis of the DNRR with LEU fuel. Attention is rec-

ommended on the capture and elastic of H-1 and the fission of U-235 to

improve the reliability of the core analysis for the DNRR. The results pro-

vide valuable feedback for nuclear data developers to improve cross section

evaluations, particularly for H-1, U-235, Al-27, and Be-9. Enhancements in

these data would increase the reliability of core simulations for research reac-

tors, improving both safety and efficiency. By identifying main nuclides that

significantly affect uncertainty, reactor analysts can enhance nuclear safety

margins and improve predictability. Specifically, emphasis should be placed

on the capture and elastic scattering of H-1 and the fission of U-235 to further
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improve the accuracy of reactor calculations. Since ENDF/B-VIII.0 demon-

strated lower uncertainties, they should be prioritized for future core calcula-

tions and safety evaluations of the DNRR and similar reactors. Additionally,

further benchmarking studies using experimental data are recommended to

validate the nuclear data libraries under different reactor conditions, thereby

enhancing confidence in their predictive capabilities.

3.3 Evaluation of kinetic parameters

3.3.1 Influence of operational parameters on kinetic parameters

3.3.1.1 Kinetic characteristics

To investigate the impact of operational parameters on reactor ki-

netics, evaluations were conducted to quantify their effects on the kinetic

parameters, using the first criticality condition shown in Table 3.1. Table 3.7

provides a comparative assessment of the βeff calculated using two distinct

methodologies: the adjoint weighted method and the prompt method. The

analysis incorporates four evaluated nuclear data libraries, namely ENDF/B-

VIII.0, JEFF-3.3, JENDL-5, and CENDL-3.2. Generally, the adjoint weighted

method has slightly higher βeff values than the prompt method, except for

the JEFF-3.3 library, where the prompt method predicts a higher value

(762 pcm) compared to the adjoint weighted result (753 pcm). In contrast,

the ENDF/B-VIII.0 library has the lowest values, with 735 pcm for the ad-

joint weighted method and 731 pcm for the prompt method. The JENDL-5

and CENDL-3.2 libraries produce identical βeff results (738 pcm) with the

adjoint weighted method. The observed differences between the two com-

putational methods remain within 1.2%, indicating strong methodological

consistency. Furthermore, the inter library variation in βeff predictions is

confined to within 4.0%, reflecting a reasonable level of agreement across the

evaluated nuclear data libraries.
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Table 3.7: Comparison of the βeff calculated by the adjoint weighted method and
prompt method.

Methods ENDF/B-VIII.0 JEFF-3.3 JENDL-5.0 CENDL-3.2

(pcm) (pcm) (pcm) (pcm)

Adjoint weighted method 735± 5 753± 5 738± 5 738± 5

Prompt method 731± 6 762± 6 731± 6 745± 6

Table 3.8 summarizes the kinetic parameters, namely the βeff , Λ,

and lp calculated using the adjoint weighted and 1/v absorber insertion

method. The estimated βeff values span from 735 to 753 pcm, exhibit-

ing modest variation among the libraries. The highest value is obtained

with the JEFF-3.3 library (753 pcm), while ENDF/B-VIII.0 has the lowest

(735 pcm), corresponding to a relative difference of approximately 2.5%. No-

tably, JENDL-5 and CENDL-3.2 produce identical βeff estimates of 738 pcm,

suggesting strong consistency between these two libraries. The Λ ranges from

80.88 µs to 81.77 µs. The CENDL-3.2 library provides the highest Λ value

(81.77 µs), whereas JEFF-3.3 yields the lowest (80.88 µs). The predictions

from ENDF/B-VIII.0 (80.96 µs) and JENDL-5 (81.01 µs) differ by merely

0.05 µs, indicating close agreement. Overall, the variation in Λ values across

all libraries remains within 1.1%. Similarly, the lp varies from 80.90 µs to

81.72 µs. Compared to the results of the 1/v absorber insertion method, the

results of the adjoint weighted method for Λ and lp are at most 0.3% larger,

with a minimum of 0.12%.
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Table 3.8: Comparison of the kinetic parameters calculated by the adjoint
weighted and the 1/v absorber insertion method.

Parameters ENDF/B-VIII.0 JEFF-3.3 JENDL-5 CENDL-3.2

The adjoint weighted method

βeff (pcm) 735± 5 753± 5 738± 5 738± 5

Λ (µs) 80.96± 0.10 80.88± 0.10 81.01± 0.10 81.77± 0.10

lp (µs) 80.98± 0.10 80.90± 0.10 81.15± 0.10 81.72± 0.10

The 1/v absorber insertion method

Λ (µs) 80.76± 0.14 80.64± 0.15 80.87± 0.11 81.67± 0.15

lp (µs) 80.78± 0.17 80.66± 0.18 81.01± 0.15 81.62± 0.19

Table 3.9 presents the six group delayed neutron parameters evaluated

using the adjoint weighted method, including the group wise delayed neutron

yield fractions (βi) and decay constants (λi). These parameters character-

ize the temporal behavior of delayed neutron emission and are essential for

accurately modeling reactor kinetics. Across all evaluated nuclear data li-

braries, Group 4 contributes the highest fraction of delayed neutrons, with

β4 values ranging from 280 to 293 pcm. Groups 2 and 3 also exhibit sig-

nificant contributions, with βi values between 127 and 183 pcm. Notably,

JEFF-3.3 yields the highest fractional yields in both Group 2 and Group 3.

In contrast, Groups 5 and 6 contribute the least, with Group 6 providing the

lowest yield, ranging from 31 to 51 pcm. The decay constant λi denotes the

rate at which delayed neutron precursors decay, with larger values indicating

shorter precursor half lives and, consequently, more rapid neutron emission.

Group 1 consistently exhibits the lowest decay constants across all libraries,

with λ1 ranging from 0.012 to 0.013 s−1, corresponding to the longest lived

precursors. Conversely, Group 6 displays the highest decay rates, with λ6

values between 2.857 and 3.555 s−1, reflecting more quick neutron emission.

Among the data libraries, JEFF-3.3 predicts the highest decay constant for

Group 6 (3.555 s−1). Additionally, JENDL-5 reports the highest decay con-

stant for Group 5 (1.143 s−1). In contrast, ENDF/B-VIII.0 and CENDL-3.2

provide closely aligned decay constants across most groups, with only minor
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discrepancies observed in Groups 5 and 6. Group 4 exhibits consistent de-

cay constants across all libraries, with λ4 values falling within the range of

0.292–0.304 s−1.

Table 3.9: Six group delayed neutron parameters calculated by the adjoint
weighted method.

Group ENDF/B-VIII.0 JEFF-3.3 JENDL-5 CENDL-3.2

i βi (pcm) λi (s
−1) βi (pcm) λi (s

−1) βi (pcm) λi (s
−1) βi (pcm) λi (s

−1)

1 27± 1 0.013 28± 1 0.012 25± 1 0.012 26± 1 0.013

2 132± 2 0.033 141± 3 0.028 161± 3 0.031 131± 3 0.033

3 128± 2 0.121 183± 3 0.133 143± 3 0.112 127± 3 0.121

4 280± 3 0.303 287± 4 0.292 293± 4 0.302 285± 4 0.304

5 118± 2 0.851 66± 2 0.666 84± 2 1.143 118± 3 0.862

6 51± 1 2.857 48± 2 3.555 31± 1 3.037 51± 2 2.877

Total 735± 5 - 753± 5 - 738± 5 - 738± 5 -

Table 3.10: Comparison of kinetic parameters derived from MCNP6 with those
obtained from the Serpent 2 code∗∗ using ENDF/B-VIII.0.

Parameters Meulekamp Chiba Nauchi IFP Perturbation MCNP6

βeff (pcm) 733.83± 0.57 734.07± 0.82 732.87± 0.61 736.13± 2.02 735.36± 0.40 735± 5

Λ (µs) - - 81.92± 0.02 81.08± 0.05 81.62± 0.01 80.96± 0.10

lp (µs) - - 81.96± 0.02 81.12± 0.05 81.66± 0.01 80.98± 0.10
∗∗ The methods presented in Appendix section A.1

The kinetic parameters obtained with the methods are compared to

those obtained using MCNP6 as shown in Table 3.10, where βeff is 735 pcm.

Compared to this value, the Meulekamp, Chiba, and Nauchi methods pro-

duce slightly lower results, with deviations of –0.16%, –0.13%, and –0.29%,

respectively. In contrast, the IFP and perturbation methods show higher

results, with deviations of +0.15% and +0.05%, respectively. For the Λ,

MCNP6 yields a value of 80.96 µs. In comparison, the Nauchi method pro-

duces 81.92 µs, which is a relative difference of +1.19%. The perturbation

method gives 81.62 µs (+0.81%), while the IFP method reports 81.08 µs, with

the smallest deviation of +0.15%. For the lp, the MCNP6 result is 80.98 µs.

82



Compared to this, the Nauchi, IFP, and perturbation methods yield values

of 81.96 µs, 81.12 µs, and 81.66 µs, corresponding to relative deviations of

+1.21%, +0.17%, and +0.84%, respectively. Overall, the IFP method aligns

most closely with MCNP6 results across all kinetic parameters. The high

consistency of βeff, Λ, and lp across different methods, with deviations well

below 1%, provides strong confidence in the reliability of the simulations and

ensures that the derived kinetic parameters can be reliably applied in reactor

safety and dynamic analyses. Figure 3.6 shows a comparison of kinetic pa-

rameters obtained from MCNP6 with those from the methods of the Sepent

2 code.

Figure 3.6: Comparison of kinetic parameters calculated using MCNP6 with var-
ious methods in the Serpent 2 code.
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3.3.1.2 Dependence of kinetic parameters on fuel burnup using

ENDF/B-VIII.0

(a) βeff and ρex

(b) Λ and lp

Figure 3.7: Variation of the kinetic parameters as functions of burnup.
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The study assessed the influence of operational parameters affect re-

actor kinetics, using simulations with all control rods outside the core. Figure

3.7 displays the kinetic parameters of the DNRR as functions of fuel burnup.

Since all uncertainties in evaluating the kinetic parameters are less than 0.7%,

individual error values will not be displayed as ranges on the all of figures

and will be applied throughout this study. Both the excess reactivity (ρex)

and the βeff exhibit decreasing trends with burnup, as demonstrated in Fig-

ure 3.7(a). The ρex decreases linearly with burnup, while the βeff follows a

polynomial decline from 750 pcm at the beginning of cycle (BOC) to 704

pcm at the end of cycle (EOC). The decrease in βeff is most pronounced

in the early burnup stage (within 250 effective full power days (EFPDs)),

followed by a gradual decline in the later burnup stage. This trend is at-

tributed to the reduction of U-235 fissile material, which has a relatively

high delayed neutron fraction, and the accumulation of Pu-239, Pu-240, and

Pu-241, which have smaller delayed neutron fractions compared to U-235 in

the latter burnup stage, along with the effects of neutron spectral hardness

as detailed in Appendix section C. The decrease in βeff with burnup implies

a larger proportion of fission neutrons being prompt, resulting in a faster

kinetic response of the DNRR. Figure 3.7(b) depicts a linear increase in both

the Λ and lp with burnup. The values at the BOC are 73.39 µs and 68.14

µs, while at the EOC, they increase to 80.04 µs and 77.99 µs, respectively.

These trends indicate a progressive lengthening of neutron lifetimes due to

fuel burnup.

3.3.1.3 Kinetic parameters versus control rod positions using

ENDF/B-VIII.0

Figure 3.8 illustrates the influence of control rod positions on the

kinetic parameters. The reactor remains subcritical with control rod with-

drawal of less than 33.5% and becomes supercritical beyond 34.5%. Figure

3.8(a) shows that the βeff decreases slightly from 741 pcm to 722 pcm as the

control rods move from full insertion to complete withdrawal.

85



(a) βeff and keff

(b) Λ and lp

Figure 3.8: Variation of the kinetic parameters with respect to control rod posi-
tions.
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The Λ and lp decrease similarly with control rod withdrawal. Figure

3.8(b) shows that Λ decreases from 82.63 µs to 73.54 µs, while the lp decreases

from 85.16 µs to 68.27 µs. This pattern illustrates the effective integral

characteristic shape of the control rods. Withdrawing the control rods from

the core reduces the average prompt neutron lifetime, indicating an increase

in fast fission contributions and a reduction in thermal fission. Consequently,

this leads to a decrease in the prompt neutron generation time.

3.3.1.4 Dependence of kinetic parameters on fuel temperature

using ENDF/B-VIII.0

The impact of operational parameters on kinetic behavior was ana-

lyzed, referencing the first criticality condition presented in Table 3.1. Dur-

ing the operation of the DNRR, the fuel temperature varies from 20 to 95oC.

Thus, the effect of fuel temperature on the kinetic parameters was evaluated.

Figure 3.9 illustrates the lesser effect of fuel temperature on the kinetic pa-

rameters. The keff steadily declines with the increase of fuel temperature due

to the Doppler effect. This corresponds to a negative reactivity insertion.

Figure 3.9(a) and Figure 3.9(b) indicate that the kinetic parameters are al-

most unaffected by the change in fuel temperature. Table 3.11 summarizes

the kinetic parameters of the DNRR at different reactor operating conditions.

Table 3.11: Summary of the kinetic parameters of the DNRR with 92 LEU fuel
bundles.

Parameters Values βeff Λ lp

(pcm) (µs) (µs)

Fuel burnup
BOC 750 73.39 68.14

EOC 704 80.04 77.99

CR positions
all CRs in 741 82.63 85.16

all CRs out 722 73.54 68.27

Fuel temperature
20oC 738 80.78 80.78

95oC 727 80.67 80.55
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(a) βeff and keff

(b) Λ and lp

Figure 3.9: Variation of the kinetic parameters with respect to the change of fuel
temperature.
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3.3.1.5 Dependence of kinetic parameters on burnup using

JENDL-5

The study assessed the influence of operational parameters on reactor

kinetics through simulations with all control rods fully withdrawn from the

core. The MCNP6 calculations were set up to estimate the keff of the DNRR

with 92 LEU fuel bundles, with the standard deviation (1σ) of 15–21 pcm.

Figure 3.10(a) depicts the dependence of the βeff as a function of burnup

obtained from the adjoint weighted method. It can be seen that the βeff

decreases rapidly in the first 200 effective full power days (EFPD), which

is then followed by a gradual decline. The βeff decreases from the BOC

to the EOC (800 EFPD) by about 52 pcm. The adjoint weighted method

predicts the βeff values of 760 pcm at the BOC and 708 pcm at the EOC,

respectively. The excess reactivity ρex decreases approximately linearly with

the EFPDs. At the BOC, ρex is about 6.1%, and it gradually decreases as fuel

burnup increases, reaching approximately 1.9% at the EOC. This reduction is

mainly attributed to the depletion of U-235 and the accumulation of neutron

absorbing fission products during reactor operation, which reduce the neutron

economy of the core. The observed trend reflects the progressive consumption

of excess reactivity with fuel burnup, which is a typical behavior in research

reactor core operation such as the DNRR.

Figure 3.10(b) presents the lp as a function of burnup obtained from

the adjoint weighted method. The lp increases linearly with burnup due to

the decrease of the production rate. The lp values at the BOC and the EOC

are 79.01 and 82.76 µs, respectively.

Table 3.12: The βeff calculated by the adjoint weighted method and the prompt
method.

Parameter Adjoint weighted Prompt
BOC EOC BOC EOC

βeff (pcm) 760± 4 708± 21 748± 9 700± 18

Table 3.12 shows the βeff values of the DNRR core at the BOC and the

EOC in comparison between the adjoint weighted method and the prompt

method. The prompt method estimated the βeff lower than those from the
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(a) βeff and ρex

(b) Λ and lp

Figure 3.10: Variation of the kinetic parameters as functions of burnup.
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adjoint weighted method by about 8–12 pcm. Comparing between the two

methods, a good agreement was found with the discrepancy less than 1.6%.

Compared to other research reactors, the βeff of the first core of the

RSG GAS using MVP3 and MCNP6.2 with various data libraries was re-

ported to be approximately 738.3 pcm [119]. The βeff of the TRIGA Mark

II reactor was 800 pcm for a small core (43 fuel rods) and 750 pcm for a full

core (90 fuel rods), respectively [120]. Thus, the βeff values obtained for the

DNRR are approximate to those of other research reactors.

Table 3.13: The Λ and lp calculated by the adjoint weighted and the 1/v insertion
methods.

Parameter Adjoint weighted 1/v insertion
BOC EOC BOC EOC

Λ (µs) 74.16± 0.11 81.22± 0.15 74.83± 0.35 81.44± 0.20
lp (µs) 79.01± 0.11 82.76± 0.15 79.72± 0.45 82.98± 0.19

Figure 3.11: The lp as a function of B-10 concentration at the BOC and the EOC
obtained from the 1/v absorber insertion method.
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Table 3.13 presents the calculated values of the Λ and lp using the

adjoint weighted and 1/v insertion methods. The values of Λ at the BOC and

the EOC obtained by using the adjoint weighted method and the JENDL-5

library are 86.99 and 82.41 µs, respectively.

Figure 3.11 depicts the determination of the lp values using the 1/v

absorber insertion method by varying the B-10 concentration from 4.0×10−9

to 1.5 × 10−8 atoms/(b·cm). The lp values at the BOC and the EOC are

79.72 and 82.98 µs, respectively. Comparing between the two methods, the

discrepancy of the lp values is within 1%.

3.3.2 Sensitivity analysis of the effectively delayed neutron

fraction

The sensitivity analysis of βeff was conducted using the same core con-

figuration as that employed for the keff analysis in Section 3.2.2.2. Tables 3.14

and 3.15 present a comprehensive sensitivity analysis of the βeff for various

nuclear reaction channels of key isotopes. The analysis was performed using

four evaluated nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, JENDL-5,

and CENDL-3.2. To ensure clarity and relevance, only the most signifi-

cant sensitivity coefficients defined as those with an absolute value exceeding

0.1% in the ENDF/B-VIII.0 are reported and arranged in descending order.

The tables include the relative sensitivity coefficients (in percentage), which

quantify the impact of perturbations in specific nuclear reaction cross sec-

tions on the calculated value of βeff . Furthermore, inter library comparisons

are provided in the form of ratios denoted as JF3/E8, J5/E8, and C3/E8

that represent the sensitivity coefficients from each library normalized to the

ENDF/B-VIII.0 results.

The delayed neutron yield reaction (delayed ν) of U-235 exhibits the

highest positive sensitivity among all nuclear reactions analyzed in the study,

with values ranging from approximately 96% to 98% across the evaluated

nuclear data libraries. Specifically, CENDL-3.2 yields the lowest sensitivity

coefficient at 96.16%, whereas JENDL-5 reports the highest at 98.48%. The

inter library sensitivity ratios, which are JF3/E8, J5/E8, and C3/E are found

to be 0.98, 1.00, and 0.98, respectively. The dominant sensitivity of the U-235
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Table 3.14: Positive sensitivities of the βeff , listed in descending order of magnitude
according to the ENDF/B-VIII.0 library∗.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5.0 J5/E8 CENDL-3.2 C3/E8
(×10−1) (×10−1) (×10−1) (×10−1)

U-235 delayed ν 98.13 96.65 0.98 98.48 1.00 96.16 0.98
Lwtr S(α, β) inelastic 29.64 71.12 2.40 21.02 0.71 – –
Al-27 elastic 10.09 -4.65 -0.46 20.51 2.03 -8.09 -0.80
C-nat S(α, β) inelastic 5.23 -7.34 -1.40 6.20 1.19 – –
Al-27 total 5.10 -11.31 -2.22 15.71 3.08 -9.83 -1.93
Be S(α, β) inelastic 1.88 -1.04 -0.55 20.09 10.69 – –
Fe-56 elastic 1.68 -1.94 -1.16 -2.20 -1.31 -2.36 -1.41
U-235 elastic 1.35 0.95 0.71 2.22 1.65 1.51 1.12
U-238 delayed ν 1.30 1.30 1.00 1.36 1.05 1.38 1.06
Fe-56 total 1.13 -2.05 -1.82 -2.34 -2.07 -2.24 -1.98
Be-9 (n, α) 0.60 0.39 0.66 0.25 0.42 0.60 0.99
U-238 (n, γ) 0.60 -0.07 -0.11 0.87 1.45 0.50 0.83
Be-9 (n, γ) 0.58 0.72 1.23 0.37 0.64 0.74 1.27
U-238 fission 0.50 -0.44 -0.87 -0.39 -0.79 0.50 0.99
U-238 total ν 0.30 -0.59 -1.93 -0.59 -1.93 0.32 1.07
O-16 (n, γ) 0.25 1.13 0.51 0.03 0.14 0.11 0.44
O-16 (n, α) 0.24 0.173 0.52 0.04 0.15 0.11 0.45
U-235 inelastic 0.14 0.38 2.77 -0.62 -4.50 0.54 3.91
U-234 inelastic 0.11 -0.07 -0.66 0.05 0.47 0.01 0.10

∗ Absolute value > 0.1%.

(delayed ν) reaction can be explained by the fact that βeff is directly governed

by the delayed neutron yield produced during U-235 fission. Consequently,

any variation in the delayed neutron yield data leads to a corresponding

change in βeff , resulting in the very large positive sensitivity observed in this

study.

The thermal inelastic scattering of light water, represented through

the S(α, β), exhibits the second highest sensitivity concerning the βeff , yet

demonstrates considerable variation across the evaluated nuclear data li-

braries. Specifically, JEFF-3.3 predicts a pronounced impact with a sen-

sitivity coefficient of 71.12%, in stark contrast to the lower values reported

by ENDF/B-VIII.0 (29.64%) and JENDL-5 (21.02%). The CENDL-3.2 li-

brary does not have available data for this reaction channel. The calculated

inter library sensitivity ratio, JF3/E8, is 2.40, indicating that JEFF-3.3 as-

signs 2.4 times greater influence to thermal scattering in light water than

ENDF/B-VIII.0. This behavior reflects the important role of light water as

the neutron moderator in the reactor core. The S(α, β) thermal scattering

data determine the energy redistribution of neutrons in the thermal region,

thereby shaping the neutron spectrum.
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Table 3.15: Negative sensitivities of the βeff , listed in descending order of magni-
tude according to the ENDF/B-VIII.0 library∗.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5.0 J5/E8 CENDL-3.2 C3/E8
(×10−1) (×10−1) (×10−1) (×10−1)

U-235 prompt ν -98.21 -95.91 0.98 -97.73 1.00 -96.25 0.98
H-1 total -50.51 31.12 -0.62 -51.64 1.02 -47.39 0.94
H-1 elastic -49.99 26.17 -0.52 -49.65 0.99 -47.46 0.95
O-16 total -49.66 -24.29 0.49 12.33 -0.25 17.17 -0.35
O-16 elastic -49.63 -24.28 0.49 12.29 -0.25 16.88 -0.34
Be S(α, β) elastic -27.07 -32.15 1.19 -2.42 0.09 – –
Be S(α, β) total -25.19 -33.19 1.32 17.67 -0.70 – –
Be-9 elastic -24.86 6.54 -0.26 9.17 -0.37 8.77 -0.36
Be-9 total -24.52 5.27 -0.21 8.39 -0.34 8.77 -0.36
C-nat total -19.19 1.62 -0.08 26.04 -1.36 10.67 -0.56
C-nat elastic -19.01 1.90 -0.10 25.93 -1.36 10.94 -0.58
C-nat S(α, β) elastic -7.89 -0.73 0.09 14.38 -1.82 – –
U-235 fission -7.40 -2.78 0.38 -0.48 0.06 0.72 -0.10
U-235 total -7.37 -1.96 0.27 0.25 -0.03 2.92 -0.40
Al-27 inelastic -4.18 -7.03 1.68 -3.55 0.85 -2.10 0.50
C-nat S(α, β) total -2.65 -8.07 3.04 20.58 -7.76 – –
U-235 (n, γ) -1.54 -0.57 0.37 -0.72 0.47 0.11 -0.07
U-238 elastic -1.36 4.72 -3.46 -4.44 3.26 5.74 -4.21
U-238 prompt ν -1.00 -1.88 1.89 -1.95 1.96 -1.05 1.05
B-10 total -0.92 -0.14 0.15 0.57 -0.62 -0.64 0.69
Al-27 (n, γ) -0.91 0.22 -0.25 -1.16 1.27 0.29 -0.32
U-238 total -0.87 5.23 -6.01 -2.55 2.92 5.83 -6.69
B-10 (n, α) -0.80 -1.27 1.58 0.53 -0.66 -0.69 0.87
B-10 (n, γ) -0.78 -1.26 1.62 0.53 -0.69 -0.69 0.88
U-238 inelastic -0.67 0.91 -1.37 1.38 -2.08 -1.02 1.53
H-1 (n, γ) -0.52 4.92 -9.44 -1.98 3.80 0.05 -0.10
Fe-56 inelastic -0.33 0.13 -0.40 -0.42 1.27 -0.13 0.40
O-16 inelastic -0.28 -0.15 0.54 -0.01 0.04 0.16 -0.60
Fe-56 (n, γ) -0.22 -0.24 1.13 0.28 -1.29 0.27 -1.25
U-234 elastic -0.21 0.02 -0.10 -0.47 2.20 0.13 -0.63
B-10 elastic -0.21 1.12 -5.27 0.13 -0.61 0.04 -0.21
C-nat (n, γ) -0.11 0.12 -1.07 -0.13 1.19 -0.02 0.14
U-235 total ν -0.11 0.77 -7.06 0.54 -5.06 -0.14 1.29

∗ Absolute value > 0.1%.

Al-27, C-nat (S(α, β)), and Be (S(α, β)) showcase next sensitivity

contributions in both elastic and inelastic reactions in ENDF/B-VIII.0, par-

ticularly in JENDL-5, which predicts a 20.51% sensitivity for Al-27 elastic

scattering, in contrast to -4.65% in JEFF-3.3 and -8.09% in CENDL-3.2. This

emphasizes that structural and moderator materials significantly affect the

sensitivity of βeff . The ratio of J5/E8 in Be (S(α, β)) is 10.69, so JENDL-5

predicts an effect that is 10 times stronger than ENDF/B-VIII.0, and the

ratio of J5/E8 in Al-27 total reaction is 3.08, so JENDL-5 is three times

greater than ENDF/B-VIII.0. U-235 (prompt ν) reaction has a strong neg-

ative sensitivity (-96% to -98%). JEFF-3.3 has a slightly weaker negative
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impact (-95.91%) than ENDF/B-VIII.0 (-98.21%). Elastic scattering of H-

1 and O-16 shows strong negative sensitivities in ENDF/B-VIII.0 (-49.99%

and -49.63%). JEFF-3.3, however, predicts a positive contribution for H-1

(26.17%), whereas CENDL-3.2 reports a negative value (-47.46%). This sug-

gests significant differences in how neutron scattering in hydrogen is across

libraries.

Figure 3.12: Energy dependent sensitivities of the βeff of U-235, Lwtr-S(α, β),
Al-27, and C-nat-S(α, β)

Figure 3.12 presents the energy dependent sensitivities of cross sec-

tions impacting the βeff for four main reactions across different nuclear data

libraries. The U-235 (delayed ν) reaction shows a significant positive sensitiv-

ity peak occurring between 10−2 and 10−1 eV, corresponding to the thermal

energy region. The sensitivity decreases to nearly zero at higher neutron

energies (above 1 MeV), indicating that fast fission contributes very little to
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delayed neutron production. Lwtr S(α, β) inelastic and C-nat S(α, β) in-

elastic scattering exhibit sensitivity fluctuations in the thermal region from

10−2 to 101 eV. Al-27 (elastic scattering) demonstrates low but fluctuating

sensitivity across the neutron energy spectrum.

Figure 3.13 illustrates the energy dependent sensitivities of cross sec-

tions affecting the βeff for four isotopes: Al-27 (total), Be-S(α, β) (inelastic),

Fe-56 (elastic), and U-235 (elastic). The reactions of Al-27 (total), Fe-56

(elastic), and U-235 (elastic) demonstrate variations in sensitivity across all

energy ranges, while Be-S(α, β) inelastic scattering is mainly significant in

the thermal energy range.

Figure 3.13: Energy dependent sensitivities of the βeff of Al-27, Be-S(α, β), Fe-56,
and U-235.

Figure 3.14 illustrates the energy dependent sensitivity cross sections
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impacting the βeff for U-235, H-1, and O-16 regarding the reactions of prompt-

ν, total and elastic, and total, respectively. The U-235 (prompt-ν) reaction

shows significant negative sensitivity, particularly in the low energy range

(less than 10 eV). A more significant negative sensitivity is observed between

10−2 eV and 10−1 eV. This indicates that an increase in prompt neutron

emission from U-235 affects a decrease in βeff . The total and elastic H-1

reactions exhibit minor fluctuations in thermal and epithermal energies (less

than 101 eV) and more pronounced variations in the fast neutron region

(103 − 107 eV). The O-16 total reaction demonstrates relatively small yet

noticeable fluctuations in sensitivity across all neutron energies.

Figure 3.14: Energy dependent sensitivities of the βeff of U-235, H-1, and O-16.

Figure 3.15 illustrates the energy dependent sensitivities of cross sec-

tions impacting the βeff for four distinct reactions: the elastic scattering of

O-16, the elastic scattering of Be-S(α, β), the total reaction of Be-S(α, β),

97



and the elastic scattering of Be-9. The O-16 elastic scattering demonstrates

varying sensitivity across all neutron energy ranges. In the thermal and ep-

ithermal regions (below 10−2 eV), the sensitivity is nearly zero, indicating a

minimal impact on βeff . Be-S(α, β) elastic scattering and the total reaction

show sensitivity across the low energy range (10−2 − 1.0 eV). CENDL-3.2

lacks data on thermal scattering of Be-S(α, β). The Be-9 elastic scattering

exhibits energy dependent sensitivity to cross section effects on βeff at high

neutron energies (10− 107 eV).

Figure 3.15: Energy dependent sensitivities of the βeff of O-16, Be-S(α, β), and
Be-9.

3.3.3 Uncertainty analysis of the effectively delayed neutron

fraction

Table 3.16 presents the uncertainties in βeff caused by variations in

different nuclear reaction cross sections. These uncertainties correspond to
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Table 3.16: The βeff uncertainties for the reactions of the primary isotopes are
listed in order of decreasing magnitude based on the ENDF/B-VIII.0 dataset.

Isotope Reaction ENDF/B-VIII.0 JEFF-3.3 JF3/E8 JENDL-5 J5/E8
(pcm) (pcm) (pcm)

Total - 1312.2 1021.0 0.78 471.4 0.36
Al-27 elastic 811.2 617.7 0.8 - -
Be-9 elastic 755.8 - - - -
H-1 elastic 360.0 23.1 0.06 241.9 0.67
Al-27 inelastic 351.8 311.9 0.89 - -
B-10 n,γ 344.7 530.9 1.54 209.2 0.61
Be-9 n,2n 194.3 - - - -
O-16 elastic 124.8 450.4 3.61 48.7 0.39
O-16 n,γ 123.6 61.9 0.50 28.2 0.23
Be-9 n,γ 120.0 - - - -
C-nat elastic 109.0 48.3 0.44 - -
U-238 elastic 93.5 135.6 1.45 242.0 2.59
O-16 inelastic 81.7 16.4 0.20 26.8 0.33
U-235 elastic 49.2 95.3 1.94 98.2 1.99
B-10 elastic 36.5 26.4 0.72 10.6 0.29
U-235 fission 34.0 114.7 3.37 41.6 1.22
Fe-56 inelastic 28.0 8.8 0.32 42.5 1.52
Be-9 n,α 27.7 - - - -
U-238 inelastic 26.8 82.2 3.07 160.0 5.98
U-234 elastic 26.6 6.7 0.25 51.3 1.93
Fe-56 elastic 24.9 57.7 2.32 105.6 4.24
U-234 inelastic 19.8 17.4 0.88 10.8 0.55
U-235 inelastic 18.8 59.0 3.14 42.4 2.26
Al-27 n,γ 16.6 10.4 0.62 - -
O-16 n,α 14.1 4.3 0.31 6.6 0.47
Fe-56 n,γ 11.2 6.9 0.62 30.7 2.74
H-1 n,γ 10.8 125.6 11.61 41.0 3.79
U-238 n,γ 8.7 10.2 1.17 12.0 1.38
B-10 n,α 7.0 1.2 0.18 2.6 0.37
C-nat n,γ 6.7 3.4 0.51 - -
U-238 fission 6.6 22.4 3.40 3.7 0.56
U-235 n,γ 5.6 11.5 2.06 9.4 1.67

three nuclear data libraries: ENDF/B-VIII.0, JEFF-3.3, and JENDL-5, along

with their relative ratios JF3/E8 and J5/E8, which evaluate JEFF-3.3 and

JENDL-5 in comparison to ENDF/B-VIII.0. The total uncertainties ob-

tained with the libraries are 1312.2, 1021.0, and 471.4 pcm, respectively.

Compared to ENDF/B-VIII.0, the uncertainties obtained with JEFF-3.3 and

JENDL-5 are smaller by approximately 22.2% and 64.1%, respectively. It is
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noted that the covariance data are not available in JEFF-3.3 and JENDL-

5 for some isotopes, such as Al-27, Be-9, and C-12; thus, the uncertain-

ties concerning the capture, (n,2n), (n,α), elastic, and inelastic scattering

of Al-27, Be-9, and C-12 are not available. This reduces the uncertainties

of JEFF-3.3 and JENDL-5 compared to ENDF/B-VIII.0, which are 1097.8

and 2393.1 pcm, respectively. Assuming that the uncertainties of the reac-

tions involving missing isotopes from the libraries JEFF-3.3 and JENDL-5

are obtained from the library ENDF/B-VIII.0, the total uncertainties for the

libraries ENDF/B-VIII.0, JEFF-3.3, and JENDL-5 are 1312.2, 1291.0, and

1280.8 pcm, respectively. These results indicate that JENDL-5 has the least

uncertainty.

Figures B.4–B.7 in Appendix section B illustrate the data covariances

for the reactions of Al-27 (n, elastic), H-1 (n, elastic), B-10 (n, capture),

and O-16 (n, elastic). Figure B.4(a) of Appendix section B provides an

example of the data covariances for the Al-27 (n, elastic) reactions from

ENDF/B-VIII.0. The left plot displays the percent standard deviation in

the Al-27 (n, elastic) cross section. The top plot presents the cross section

for the Al-27 (n, elastic) reactions. The center plot depicts the correlations

between the Al-27 (n, elastic) cross section at one energy and its values

at other energies. Figure B.4 in Appendix section B illustrates the cross

section for the Al-27 (n, elastic) reaction, indicating that ENDF/B-VIII.0 and

JEFF-3.3 remain consistent across all energy ranges; however, the percentage

standard deviation of this reaction differs, with a maximum difference of

approximately 15% for ENDF/B-VIII.0 and about 9% for JEFF-3.3 at 104

eV. The covariance data for this reaction are not available in JENDL-5.

The reactions that primarily contribute to the uncertainties of the βeff

are the elastic reactions of Al-27, Be-9, and H-1, with corresponding uncer-

tainty values of 811.2, 755.8, and 360.0 pcm, respectively, as determined by

ENDF/B-VIII.0. The significant uncertainty contribution from Al-27 elastic

scattering is 811.2 pcm in ENDF/B-VIII.0 and 617.7 pcm in JEFF-3.3, while

it is not available in JENDL-5. Figure B.4 in Appendix compares the covari-

ance data plots for the Al-27 (n, elastic) reaction from ENDF/B-VIII.0 and
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JEFF-3.3. The correlation matrix illustrates both thermal and fast regions,

revealing significant positive correlations within the thermal and resonance

energy ranges. The uncertainty associated with Al-27 elastic cross sections is

greater when using ENDF/B-VIII.0 covariances compared to JEFF-3.3 (15%

versus 9% above 104 eV). Similarly, Be-9 elastic scattering contributes 755.8

pcm in ENDF/B-VIII.0, but it is not available from other libraries. Signifi-

cant discrepancies are also observed in H-1 elastic scattering, where the un-

certainty varies from 360.0 pcm (ENDF/B-VIII.0) to 23.1 pcm (JEFF-3.3)

and 241.9 pcm (JENDL-5). Figure B.5 in Appendix illustrates the uncer-

tainty related to the H-1 elastic cross sections, showing that it is lower when

utilizing JEFF-3.3 covariances compared to ENDF/B-VIII.0 and JENDL-5

(0.4% versus 0.85% in the region below 104 eV).

In JEFF-3.3, the uncertainty associated with H-1 elastic scattering

is significantly lower (23.1 pcm) when compared to the values for ENDF/B-

VIII.0 and JENDL-5. In contrast, the corresponding value for B-10 (capture)

is significantly higher at 530.9 pcm. Fission and inelastic scattering reac-

tions, especially those involving U-235 and U-238, contribute to the overall

uncertainty, though to a lesser extent. Other isotopes contributing to the

uncertainty for βeff include elastic and inelastic scattering, along with cap-

ture reactions involving B-10, O-16, C-nat, Fe-56, ... Figure B.6 in Appendix

shows the uncertainty related to the B-10 capture cross sections by com-

paring the covariances from all regions of ENDF/B-VIII.0, JEFF-3.3, and

JENDL-5, which are similar to about 40%. Figure B.7 in Appendix compares

the covariance data plots for the O-16 (n, elastic) reaction from ENDF/B-

VIII.0, JEFF-3.3, and JENDL-5. The uncertainty associated with the O-16

elastic cross sections is higher when using JEFF-3.3 covariances compared

to ENDF/B-VIII.0 and JENDL-5 (2% versus 0.2-0.5% in the region below

105 eV). The differences in covariance matrices are the main reason for the

variation in uncertainty values.

It is clear that both the elastic, inelastic, and capture properties of

A-27, Be-9, H-1, B-10, and O-16 significantly affect the uncertainty of βeff
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the DNRR core, as these nuclides are essential components of the reactor

core.

3.4 Conclusions

The criticality and sensitivity analyses of the DNRR core demon-

strated high consistency among all evaluated nuclear data libraries, confirm-

ing the robustness of the computational approach. Nevertheless, systematic

deviations were identified: JENDL-5 yielded the highest keff , CENDL-3.2 the

lowest, while ENDF/B-VIII.0 and JEFF-3.3 showed nearly identical results

lying in between. These differences arising from variations in evaluated neu-

tron reaction data rather than modeling uncertainties constitute a key find-

ing of this dissertation. They clearly demonstrate that the choice of nuclear

data library significantly influences reactor criticality predictions, underscor-

ing the essential role of accurate and consistent nuclear data in ensuring the

reliability of analyses for research reactors such as the DNRR.

The uncertainty analysis revealed that the main contributors to the

total uncertainty of keff are the capture and elastic scattering of H-1 and the

fission of U-235, with a significant additional contribution from Al-27. Other

important nuclides include Be-9, C-nat, and U-238. The total uncertainties

from ENDF/B-VIII.0, JENDL-5, and JEFF-3.3 are 415.7, 363.0, and 588.0

pcm, respectively. These results indicate that differences among nuclear data

libraries mainly arise from variations in evaluated cross sections, especially for

H-1, U-235, and Al-27. The findings highlight the crucial need to improve

elastic-scattering and fission data for key isotopes, thereby increasing the

accuracy, safety, and predictive capabilities of reactor physics analyses for

the DNRR.

In evaluating the kinetic parameters using the adjoint weighted method,

the calculated βeff values ranged from 735 to 753 pcm, with variations of less

than 4% among the evaluated libraries, while the differences between compu-

tational methods remained below 1.2%. For the ENDF/B-VIII.0 library, the

kinetic parameters were determined as βeff of 732 pcm, Λ of 86.75 µs, and

lp of 86.75 µs. Comparisons with other methods implemented in Serpent 2

show good agreement.
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The kinetic parameters were analyzed along with their sensitivity to

operating conditions using ENDF/B-VIII.0. The effective delayed neutron

fraction (βeff) exhibits a marked reduction, decreasing from 750 pcm at the

BOC to 704 pcm at the EOC. In contrast, both the neutron generation time

(Λ) and the prompt neutron lifetime (lp) increase as burnup proceeds, rising

from 73.39 µs to 80.04 µs and from 68.14 µs to 77.99 µs, respectively. Con-

trol rod withdrawal produces a general reduction in the kinetic parameters,

with decreases of approximately 2.6% for βeff , 11% for Λ, and 19.8% for lp

when comparing the all rods in to all rods out configurations. An increase in

fuel temperature results in a slight reduction of βeff , while Λ and lp remain

essentially unaffected. With the JENDL-5 library, it’s in the same direction.

These results indicate that the kinetic parameters of the DNRR are heav-

ily influenced by fuel burnup and control rod position, while they are only

slightly affected by fuel temperature.

The sensitivity analysis of kinetic parameters identified that the de-

layed neutron yield of U-235 exerts the strongest positive influence on the

βeff , while the prompt neutron yield has the largest negative effect. How-

ever, notable discrepancies were observed among the evaluated nuclear data

libraries, mainly due to differences in the treatment of delayed neutron data.

The results demonstrate that neglecting the direct contribution of delayed

neutrons (represented by kp in Equation 2.5.5) leads to significant deviations

in βeff sensitivity. This constitutes an important finding of the dissertation,

underscoring the need for improved and more consistent evaluation of delayed

neutron parameters across nuclear data libraries.

The uncertainty analysis of the βeff revealed total uncertainties of

1312.2, 1021.0, and 471.4 pcm for ENDF/B-VIII.0, JEFF-3.3, and JENDL-5,

respectively. The dominant contributors to these uncertainties are the elastic

scattering reactions of Al-27, Be-9, and H-1, with Al-27 alone accounting for

about 38–40% of the total. Additional contributions above 100 pcm arise

from B-10, O-16, and C-nat, from which the covariance data were identified

as the primary source of uncertainty. These results constitute an important
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finding of the dissertation, confirming that uncertainties in elastic scatter-

ing cross sections, particularly for Al-27, Be-9, and H-1 govern the overall

accuracy of βeff evaluation.

This dissertation shows that differences in evaluated nuclear data,

rather than modeling uncertainties, are the main cause of the uncertainties

in both keff and βeff for the DNRR. The analysis emphasizes fission of 235U, as

well as elastic and inelastic scattering of H-1, Al-27, and Be-9, as the primary

contributors to the uncertainties in criticality and kinetic parameters.
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CONCLUSIONS, NEW CONTRIBUTIONS

AND FUTURE WORKS

1. General conclusions

(1) Criticality and sensitivity/uncertainty (S/U) analyses were conducted

for the DNRR core with 92 LEU fuel bundles. The largest difference in

the keff prediction is -354 pcm compared to the experiments, indicating

good agreement between the calculations and the experimental results.

JENDL-5 tends to predict the highest values of keff , while CENDL-3.2

tends to predict the lowest. Among the four libraries, the difference

in the keff predictions is less than 172 pcm. The keff values obtained

with JENDL-5 generally exceed those from ENDF/B-VIII.0, with the

largest difference being 160 pcm. Meanwhile, the keff values obtained

with CENDL-3.2 are lower than those from ENDF/B-VIII.0. In uncer-

tainty analyses, the results show that the main uncertainties in keff are

primarily linked to the capture and elastic scattering reactions of H-1

and the fission reaction of U-235. Additionally, Al-27, Be-9, C-nat, and

U-238 also significantly contribute to the uncertainty of keff . The total

uncertainties obtained with ENDF/B-VIII.0, JENDL-5, and JEFF-3.3

are 415.7, 363.0, and 588.0 pcm, respectively. These findings emphasize

the importance of improving cross section evaluations for key nuclides,

especially H-1 and U-235. Among the evaluated libraries, ENDF/B-

VIII.0 and JENDL-5 offer comparatively smaller uncertainties and are

recommended for future core physics and safety analyses of the DNRR.

(2) A comprehensive assessment of the kinetic parameters and their asso-

ciated βeff uncertainties was carried out for the DNRR core. The βeff

values calculated using the adjoint weighted method show good consis-

tency across the evaluated libraries, ranging from 735 to 753 pcm. Dif-

ferences between the adjoint weighted and prompt methods are below

1.2%, while the variation between libraries is limited to around 4.0%.

105



For the reference ENDF/B-VIII.0 library, βeff , Λ, and lp were deter-

mined to be 735 pcm, 80.96 µs, and 80.90 µs, respectively. Furthermore,

good agreement when compared to the Serpent 2 built in methods. The

uncertainty analysis shows that the overall βeff uncertainty is mainly

influenced by elastic scattering reactions, with Al-27 being the largest

contributor. Other significant contributors include B-10,O-16, and C-

nat. The differences in βeff uncertainties across the evaluated libraries

are primarily due to variations in energy dependent sensitivity coeffi-

cients and covariance data. These results provide a valuable basis for

safety analysis and transient modeling of the DNRR and emphasize the

importance of using evaluated nuclear data libraries with comprehensive

covariance information in future reactor studies.

(3) The sensitivity of kinetic parameters to the DNRR operating parame-

ters was analyzed using the ENDF/B-VIII.0 library. The βeff decreases

dramatically from 750 pcm at the BOC to 704 pcm at the EOC. The

values of Λ and lp increase with burnup (from 73.39 µs to to 80.04 µs for

Λ, and from 68.14 µs to 77.99 µs for lp). The withdrawal of the control

rods leads to a decrease in the kinetic parameters. The decrease of βeff ,

Λ and lp corresponding to all rods in and all rods out are about 2.6%,

11% and 19.8%, respectively. The increase of fuel temperature leads to

a slight decrease of the βeff , whereas the lp and Λ remain unchanged.

2. New contributions

(1) The dissertation provides a comprehensive analysis on the sensitivity and

uncertainty of nuclear data on kinetic and criticality parameters for the

DNRR core consisting 92 LEU fuel bundles. The research employs the

latest version of MCNP code (MCNP6.3) and the most recent released

nuclear data libraries, including ENDF/B-VIII.0, JEFF-3.3, JENDL-5,

and CENDL-3.2.

(2) In analyzing critical configurations, this study finds that keff estimates

from JENDL-5 generally predict higher keff values compared to experi-

mental results, while ENDF/B-VIII.0, JEFF-3.3, and CENDL-3.2 tend
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to produce lower estimates. This confirms that JENDL-5 is suitable for

analyzing the critical parameters of the reactor core.

(3) Through the sensitivity analysis of critical parameters, this thesis iden-

tifies the nuclear reactions that most significantly affect the effective

multiplication factor (keff). Reactions that increase keff include the total

and fission reactions of U-235, as well as the elastic scattering reactions

of H-1, C-nat, O-16, Al-27, Be-9, and others. Conversely, reactions that

tend to decrease keff are mainly the neutron capture reactions of H-1, U-

235, Al-27, U-238, and others. These findings emphasize the importance

of carefully considering these reactions in future studies to improve the

accuracy and efficiency of reactor neutronic analyses.

(4) Through the uncertainty analysis of critical parameters, this thesis shows

that the main sources of uncertainty in keff are related to the capture

and elastic scattering of H-1, as well as the capture and fission of U-235.

Additional significant contributions come from Al-27, Be-9, C-nat, and

U-238. The total uncertainties of keff obtained with ENDF/B-VIII.0,

JENDL-5, and JEFF-3.3 are 415.7, 363.0, and 588.0 pcm, respectively.

Among these data libraries, JENDL-5 should be prioritized for future

core physics and safety analyses of the DNRR and similar reactors be-

cause it demonstrates the smallest uncertainties.

(5) The kinetic parameters were estimated based on operation conditions,

and this is the first time this research has been conducted on the DNRR.

The research findings indicated that the βeff decreases significantly, while

the values of Λ and lp increase with fuel burnup. The withdrawal of

control rods results in a decrease in the kinetic parameters, whereas an

increase in fuel temperature does not affect them. These findings will

be considered for safety analysis and for enhancing the efficiency of the

Dalat nuclear reactor.

(6) Through the sensitivity analysis of kinetic parameters parameters, this

dissertation reveals that the delayed neutron yield reaction (delayed ν)
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of U-235 has the most significant positive impact on the effective de-

layed neutron fraction βeff , whereas the prompt neutron yield reaction

(prompt ν) of U-235 contributes the most to its decrease. The sensitiv-

ity analysis results for the effective multiplication factor (keff) exhibited

good agreement across all evaluated nuclear data libraries. In contrast,

the effective delayed neutron fraction (βeff) sensitivity analysis results

did not demonstrate a similarly high level of agreement, a discrepancy

attributable to the omission of delayed neutron effects in these sensitivity

calculations.

(7) Through the uncertainty analysis of the kinetic parameters, this dis-

sertation identifies the dominant contributors to the uncertainty of the

effective delayed neutron fraction (βeff) as the elastic scattering reac-

tions of Al-27, Be-9, and H-1. Additional notable contributors include

B-10, O-16, and C-nat. The covariance matrices are recognized as the

primary sources of these uncertainties. Therefore, improving the cross

section evaluations, particularly for Al-27, Be-9, and B-10 is essential to

enhance the accuracy and reliability of reactor simulations. The total un-

certainties of βeff were determined to be 1312.2 pcm (ENDF/B-VIII.0),

1021.0 pcm (JEFF-3.3), and 471.4 pcm (JENDL-5), with JENDL-5 ex-

hibiting the lowest overall uncertainty. These findings confirm that

JENDL-5 provides a more reliable basis for analyzing the kinetic pa-

rameters of the reactor core.

3. Future works

(1) The S/U analysis will be expanded to include kinetic parameters such as

Λ and lp, as well as burnup scenarios, using the newly released libraries

such as ENDF/B-VIII.1 and various software, including Serpent, under

various operating and fuel cycle conditions.

(2) The methods developed for criticality and sensitivity/uncertainty (S/U)

analysis will be applied to the Center for Nuclear Energy Science and

Technology (CNEST) to enhance its design, operation, and safety eval-

uation.
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(3) In the long term, the methodologies of criticality and nuclear data sen-

sitivity/uncertainty (S/U) analysis developed for research reactors will

be extended to small modular reactors (SMRs) and large-scale power

reactors.
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Appendix A Evaluation of kinetic parameters of the DNRR using

Serpent 2 code

A.1 Methodology

A.1.1 Meulekamp-Spriggs method

The effective delayed neutron fraction, βeff, represents the ratio of

delayed neutrons to the total neutron yield per fission event. The Meulekamp

estimates βeff using the ratio of fission events induced by delayed neutrons

to the total number of fissions caused by both prompt and delayed neutrons.

The expression for βeff is formulated in terms of the adjoint weighted neutron

flux as follows:

βeff =

∫
ϕ+(r⃗,Ω′, E ′)

∫
χd(E

′) νd(E
′) Σf(r⃗, E

′)ϕ(r⃗,Ω, E) dE dΩ dr⃗ dΩ′ dE ′∫
ϕ+(r⃗,Ω′, E ′)

∫
χ(E ′) ν(E ′) Σf(r⃗, E ′)ϕ(r⃗,Ω, E) dE dΩ dr⃗ dΩ′ dE ′ .

(A.1)

where, ϕ(r⃗,Ω, E) is neutron flux; ϕ+(r⃗,Ω′, E ′) is adjoint neutron flux; Σf(r⃗, E
′)

is macroscopic fission cross section; χ(E ′) is fission neutron energy spectrum;

ν(E ′) is total number of neutrons emitted per fission; χd(E
′) is delayed neu-

tron energy spectrum; νd(E
′) is number of delayed neutrons emitted per

fission. This expression can be reformulated using the inner product nota-

tion ⟨f, g⟩, which represents integration over all spatial coordinates, energy,

and angular directions. With appropriate simplifications, the full integral

form of the equation can be expressed in a more compact and generalized

representation as:

βeff =
⟨ϕ+, χdνdΣfϕ⟩
⟨ϕ+, χνΣfϕ⟩

≈ ⟨χdνd⟩
⟨χν⟩

. (A.2)

Spriggs reformulated the expression for βeff to emphasize the contri-

bution of delayed neutrons. As a result, the so called k ratio approach was

introduced to estimate the effective delayed neutron fraction based solely on

the delayed neutron yield:

βeff ≈
⟨χdν⟩
⟨χν⟩

· ⟨χdνd⟩
⟨χν⟩

≈ ⟨χdνd⟩
⟨χν⟩

· ⟨χdν⟩
⟨χν⟩

≈ β0 ·
⟨χdν⟩
⟨χν⟩

≈ β0 ·
kd
k
. (A.3)

In which β0 represents the delayed neutron fraction derived from nuclear data

based on neutrons emitted by precursor decay. The factor kd accounts for

the energy dependent contribution of delayed neutrons to fission.
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A.1.2 Chiba method

Chiba proposed a refinement to the k ratio formulation. By intro-

ducing the prompt neutron yield νp(E0) = ν − νd and recognizing that the

delayed neutron fraction is typically small, the total neutron production term

χν can be approximated by χpνp, given the close similarity between prompt

and total spectra. Continuous further simplified the delayed neutron contri-

bution by replacing χdνd with χν−χpνp, resulting in an alternative expression

for βeff:

βeff ≈
⟨χdνd⟩
⟨χν⟩

≈ ⟨χν − χpνp⟩
⟨χν⟩

≈ 1− ⟨χpνp⟩
⟨χν⟩

≈ 1− kp
k
. (A.4)

The ratio ⟨χpνp⟩/⟨χν⟩ defines the prompt neutron k ratio. Since prompt neu-

trons constitute approximately 99% of the total, the values of kp and k are

nearly equal. However, this formulation enhances the resolution of small dif-

ferences between k and kp, which can significantly impact the quantification

of uncertainty in neutron transport calculations:

Lϕ =
1

k
Fϕ, (A.5)

where, L denotes the neutron loss operator in the transport equation, en-

compassing both absorption processes and leakage effects:

L = Ω · ∇+ Σt −
∫∫

Σs(E
′, Ω⃗′) dE dΩ⃗′, (A.6)

where, F represents the neutron production operator, which accounts for the

generated neutrons:

F =
1

4π

∫∫
χ(E ′) ν(E ′) Σf(E

′) dE ′ dΩ⃗′, (A.7)

which applies to the adjoint neutron flux under a hypothetical condition in

which delayed neutrons are excluded from the reactor:

L+ϕ+ =
1

k
F+ϕ+ and Lϕp =

1

kp
Fpϕp. (A.8)

In which,

Fp =
1

4π

∫∫
χp(E

′) νp(E
′) Σf(E

′) dE ′ dΩ⃗′. (A.9)

Therefore, the ratio
kp
k can be approximated under the assumption that

ϕp ≈ ϕ, which simplifies the calculation but may introduce a degree of ap-

proximation related error.
kp
k

=
⟨ϕ+, Fpϕp⟩
⟨ϕ+, Fϕp⟩

≈ ⟨ϕ+, Fpϕ⟩
⟨ϕ+, Fϕ⟩

, (A.10)
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Chiba introduced further refinements to the k ratio formulation by

incorporating an additional hypothetical state, where a scaling parameter

a is used to quantify deviations or perturbations relative to the reference

condition.

Lϕ =
1

k
F ϕ, (A.11)

where, the F includes contributions from both prompt and delayed neutrons,

and is defined as:

F =
1

4π

∫∫
(χν + aχdνd) Σf dE

′ dΩ⃗′, (A.12)

The βeff can be approximated by the following expression:

βeff ≈
1

a

(
k

k
− 1

)
. (A.13)

A.1.3 Nauchi and Kameyama method

An alternative approximation for βeff involves using the adjoint neu-

tron flux ϕ+ as a weighting function for delayed neutron contributions. Nauchi

and Kameyama proposed a method that estimates βeff based on the number

of fission neutrons produced in the subsequent generation, rather than the

number of fissions they induce. This approach replaces the conventional

adjoint flux ϕ+(r⃗,Ω′, E ′) with a modified function M(r⃗,Ω′, E ′), which rep-

resents the probability of neutron production from fission. Equation (A.2)

can thus be reformulated accordingly,

βeff =
⟨ϕ+, χdνdΣfϕ⟩
⟨ϕ+, χνΣfϕ⟩

≈ ⟨M,χdνdΣfϕ⟩
⟨M,χνΣfϕ⟩

. (A.14)

Nauchi further proposed a technique for evaluating the neutron gen-

eration time, Λ, by deriving it from a generalized and modified form of the

fundamental equation used to define this parameter as:

Λ =

∫
ϕ+(r⃗,Ω′, E ′) 1

vϕ(r⃗,Ω, E) dr⃗ dΩ′ dE ′∫
ϕ+(r⃗,Ω′, E ′) 1

4π

∫
χ(E ′)ν(E ′)Σf(E ′)ϕ(r⃗,Ω, E) dE ′ dr⃗ dΩ′ dE ′ .

(A.15)

In Monte Carlo simulations, the neutron velocity v, which depends

on energy, direction, and position governs the flight time along its stochastic

path through reactor materials. This velocity, combined with track length, is

evaluated at each collision or absorption event. In Nauchi’s method, the ad-

joint weighting function ϕ+ is replaced by M , which represents the expected
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number of fission neutrons contributing to the subsequent generation:

Λ =

〈
ϕ+,

1

v
ϕ

〉
⟨ϕ+, Fϕ⟩

≈

〈
M,

1

v
ϕ

〉
⟨M,Fϕ⟩

. (A.16)

A.1.4 Iterated Fission Probability (IFP) method

Nauchi and Kameyama proposed a new weighting function for calcu-

lating the Iterated Fission Probability (IFP), which forms the basis of their

method. The IFP function shares a physical interpretation with the adjoint

neutron flux, as the spatial and energy distribution of fission neutrons is

proportional to the adjoint flux. This enables the estimation of the prob-

ability that a neutron induces fission in the next generation under critical

conditions. The IFP is evaluated as the number of fission events induced

by neutrons, derived from the power distribution and flux using continuous

energy or multigroup cross sections. Using the IFP function IFP (r⃗,Ω
′, E ′),

both βeff and Λ can be calculated with expressions analogous to those in

adjoint weighted methods, with a modified weighting scheme:

βeff =
⟨ϕ+, χdνdΣfϕ⟩
⟨ϕ+, χνΣfϕ⟩

≈ ⟨IFP , χdνdΣfϕ⟩
⟨IFP , χνΣfϕ⟩

. (A.17)

Λ =

〈
ϕ+,

1

v
ϕ

〉
⟨ϕ+, Fϕ⟩

≈

〈
IFP ,

1

v
ϕ

〉
⟨IFP , Fϕ⟩

. (A.18)

A.1.5 Perturbation method

Verboomen et al. developed a perturbation based method for esti-

mating neutron generation time in both thermal and fast reactors. This

approach introduces localized perturbations in the macroscopic absorption

cross section, allowing reactivity changes to be quantified and mathemati-

cally described using formulations such as:

Lpϕp =
1

kp
Fpϕp, (A.19)

and adjoint equation

L+ϕ+ =
1

k+
F+ϕ+, (A.20)

which can be expressed using precise perturbation formulation to evaluate

changes in reactivity:

∆ρ =

〈
ϕ+,

(
1
k+∆F −∆L

)
ϕp

〉
⟨ϕ+, Fpϕp⟩

, (A.21)
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In this formulation, the perturbation operators are defined as: ∆F =

Fp−F+ and ∆L = Lp−L+. Here, the term c
v represents a uniform neutron

absorber introduced as a perturbation, with c being a scaling constant for

homogeneous poison 1
v and v denoting neutron speed. Based on this repre-

sentation, the resulting change in reactivity due to the perturbation can be

expressed as follows:

∆ρ = ρp − ρ+ =

〈
ϕ+,

c

v
ϕp

〉
⟨ϕ+, F+ϕp⟩

. (A.22)

Taking the derivative of this expression with respect to c as c → 0 yields the

negative of the adjoint neutron generation time. More generally, the neutron

generation time can be interpreted as the negative slope of the reactivity

curve with respect to the perturbation amplitude:

Λ = −∆ρ

c
= − lim

c→0

1

c
·

〈
ϕ+,

c

v
ϕp

〉
⟨ϕ+, F+ϕp⟩

=

〈
ϕ+,

1

v
ϕ+

〉
⟨ϕ+, F+ϕ+⟩

. (A.23)

A.2 Results and discussion

Table A.1 presents the group wise delayed neutron parameters, specif-

ically the delayed neutron fractions (βi) and decay constants (λi), obtained

using three different computational methods: Meulekamp, Nauchi, and IFP

methods. The values of λi increase monotonically from Group 1 to Group 6,

ranging from approximately 0.013 s−1 to 2.857 s−1 across all methods. The βi

exhibits good agreement among the methods. Group 4 contributes the most

to the total delayed neutron fraction, accounting for over 280 pcm across all

methods. Group 2 and Group 3 also make significant contributions, each

around 130 pcm, while Groups 1 and 6 contribute the least. Table A.2 pro-

vides a comparative summary of the kinetic parameters, including the βeff, Λ,

and lp, evaluated using various computational methods: Meulekamp, Chiba,

Nauchi, IFP, and Perturbation, along with a comparison of these methods to

MCNP6.
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Table A.1: Delayed neutron parameters group using Meulekamp, Nauchi, and IFP
methods.

Group i
Meulekamp Method Nauchi Method IFP Method

βi (pcm) λi (s−1) βi (pcm) λi (s−1) βi (pcm) λi (s−1)

1 25.76 ± 0.10 0.013 25.61 ± 0.11 0.013 25.50 ± 0.39 0.013

2 131.98 ± 0.26 0.033 132.01 ± 0.26 0.033 132.20 ± 0.86 0.033

3 127.47 ± 0.24 0.121 127.37 ± 0.26 0.121 126.94 ± 0.87 0.121

4 282.45 ± 0.35 0.303 281.80 ± 0.37 0.303 282.70 ± 1.20 0.303

5 117.12 ± 0.22 0.851 117.09 ± 0.24 0.851 118.14 ± 0.79 0.851

6 49.05 ± 0.14 2.857 48.99 ± 0.15 2.857 50.67 ± 0.52 2.857

Table A.2: Comparison of kinetic parameters obtained through different methods.

Parameters Meulekamp Chiba Nauchi IFP Perturbation MCNP6

βeff (pcm) 733.83± 0.57 734.07± 0.82 732.87± 0.61 736.13± 2.02 735.36± 0.40 735± 5

Λ (µs) - - 81.92± 0.02 81.08± 0.05 81.62± 0.01 80.96± 0.10

lp (µs) - - 81.96± 0.02 81.12± 0.05 81.66± 0.01 80.98± 0.10

The βeff obtained by all methods ranges from approximately 732.87

to 736.13 pcm. The average value of the methods is 734.85 pcm. The

IFP method yields the highest βeff value (736.13 ± 2.02 pcm). The per-

turbation technique provides a close estimate (735.36± 0.40 pcm), while the

Meulekamp, Chiba, and Nauchi methods show a deviation range of less than

1%. The Λ data is only available from the Nauchi, IFP, and Perturbation

methods. The results range from 81.08 ± 0.05 µs (IFP) to 81.92 ± 0.02 µs

(Nauchi), indicating good agreement. The lp was determined using three dif-

ferent approaches: Nauchi, IFP, and Perturbation. The corresponding values

obtained are 81.96 µs, 81.12 µs, and 81.66 µs, respectively. The average value

across these methods is 81.58 µs. The results from all three methods are in

agreement, with relative deviations from the mean value being within 0.6%.

The kinetic parameters obtained with the methods are compared to

those obtained using MCNP6 as shown in Table A.2, where βeff is 735 pcm.

Compared to this value, the Meulekamp, Chiba, and Nauchi methods pro-

duce slightly lower results, with deviations of –0.16%, –0.13%, and –0.29%,

respectively. In contrast, the IFP and perturbation methods show higher

results, with deviations of +0.15% and +0.05%, respectively. For the Λ,
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MCNP6 yields a value of 80.96 µs. In comparison, the Nauchi method pro-

duces 81.92 µs, which is a relative difference of +1.19%. The perturbation

method gives 81.62 µs (+0.81%), while the IFP method reports 81.08 µs, with

the smallest deviation of +0.15%. For the lp, the MCNP6 result is 80.98 µs.

Compared to this, the Nauchi, IFP, and perturbation methods yield values

of 81.96 µs, 81.12 µs, and 81.66 µs, corresponding to relative deviations of

+1.21%, +0.17%, and +0.84%, respectively. Overall, the IFP method aligns

most closely with MCNP6 results across all kinetic parameters.

Kinetic parameters of the DNRR with LEU fuel, including the βeff,

the Λ, and the lp, were determined using the various built in methods of the

Serpent 2 code and the ENDF/B-VIII.0 library. The values of βeff obtained

with the methods are within the range of 732.87–736.13 pcm, respectively.

The values of Λ ranges from 81.08 µs (IFP) to 81.92 µs (Nauchi), while the

values of lp varies from 81.12 µs (IFP) to 81.96 µs (Nauchi). The differences

between the methods are less than 1.07%. Comparing with those obtained

with MCNP6 calculations, the kinetic parameters calculated by Serpent 2

show good agreement with the MCNP6 reference values, demonstrating the

consistency and reliability of the two codes for the DNRR analysis.
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Appendix B Covariance data

(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5

Figure B.1: Covariance data of U-235 (n,fission) taken from the ENDF/B-VIII.0,
JEFF-3.3 and JENDL-5 libraries.
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5

Figure B.2: Covariance data of H-1 (n,γ) taken from the ENDF/B-VIII.0, JEFF-
3.3 and JENDL-5 libraries.
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5

Figure B.3: Covariance data of H-1 (n,elastic) taken from the ENDF/B-VIII.0,
JEFF-3.3 and JENDL-5 libraries.
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

Figure B.4: Covariance data plot for Al-27 (n,elastic).
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5.0

Figure B.5: Covariance data plot for H-1 (n,elastic).
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5.0

Figure B.6: Covariance data plot for Bo-10 (n,γ).
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(a) ENDF/B-VIII.0

(b) JEFF-3.3

(c) JENDL-5.0

Figure B.7: Covariance data plot for O-16 (n,elastic).
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Appendix C Neutron spectrum

Figure C.1: The neutron spectrum was calculated at the neutron trap using 44
energy groups and the ENDF/B-VIII.0.

Figure C.2: The neutron spectrum was calculated at the fuel rod using 44 energy
groups and the ENDF/B-VIII.0 library.
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