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PREFACE

The safe and efficient utilization of nuclear reactors requires accurate

knowledge of reactor behavior under both normal operating conditions and

anticipated operational occurrences. Over the past decades, remarkable ad-

vances in computational methods and computer technology have transformed

reactor physics analyses, making numerical simulation an indispensable com-

ponent of reactor design, operation, and safety assessment. Modern com-

putational tools enable detailed investigations of neutron transport, reactor

criticality, fuel management, burnup evolution, and reactor kinetics, thereby

reducing reliance on costly and time consuming experiments.

The reliability of reactor physics calculations depends strongly on the

quality of the nuclear data employed in neutron transport simulations. Evalu-

ated nuclear data libraries provide fundamental information describing neu-

tron interactions with reactor materials, including reaction cross sections,

fission yields, decay data, and thermal scattering laws. These data con-

stitute the foundation of all neutronic calculations. Although substantial

progress has been achieved in the development of modern evaluated nuclear

data libraries through improved measurements, advanced theoretical mod-

els, and refined evaluation methodologies, uncertainties remain unavoidable.

Consequently, differences among nuclear data evaluations and their associ-

ated covariance information continue to influence the accuracy of calculated

reactor parameters.

In contemporary reactor safety analyses, increasing emphasis is placed

on quantifying uncertainties in computational predictions. Rather than rely-

ing solely on nominal calculated values, modern best estimate methodologies

require evaluating uncertainty ranges and identifying dominant sources of

uncertainty. Such information is essential for assessing the confidence level

of simulation results, establishing realistic safety margins, and supporting

risk informed decision making. Among the various uncertainty sources en-

countered in reactor analyses, nuclear data uncertainty is recognized as one of
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the most important contributors because it directly affects neutron transport

calculations and propagates to reactor physics parameters.

Particular attention is devoted to reactor criticality and reactor ki-

netic parameters. The effective multiplication factor (keff) is the principal

indicator of reactor criticality and neutron economy, while kinetic param-

eters such as the effective delayed neutron fraction (βeff), prompt neutron

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

response of the reactor to reactivity perturbations. These quantities play

fundamental roles in reactor control, transient analysis, startup procedures,

reactor shutdown, and safety evaluations. Consequently, accurate determi-

nation of these parameters and their associated uncertainties is essential for

ensuring reliable reactor operation and safety assessment.

The Dalat Nuclear Research Reactor (DNRR) has been utilized for

radioisotope production, neutron activation analysis, scientific research, ed-

ucation, and personnel training for several decades. Following the successful

conversion from high enriched uranium fuel to low enriched uranium fuel,

the reactor has operated with a core configuration consisting of 92 LEU fuel

bundles. This configuration represents one of the most important reference

cores for reactor physics investigations because it contains predominantly

fresh LEU fuel with negligible burnup and fission product poisoning effects.

Consequently, it provides favorable conditions for the evaluation and valida-

tion of reactor criticality and kinetic parameters.

Although numerous studies have been performed on reactor physics

characteristics, core management, and operational analyses of the DNRR,

quantitative sensitivity and uncertainty analyses for the current LEU core

configuration remain limited. In particular, the influence of modern evaluated

nuclear data libraries and the propagation of nuclear data uncertainties to

important reactor physics parameters, including reactor criticality and kinetic

parameters, have not been comprehensively quantified. This research gap

provides the primary motivation for the present dissertation.
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Motivated by these considerations, this dissertation focuses on the

study of sensitivity and uncertainty of nuclear data in kinetic parameter

and criticality analyses for the 92 fuel bundle LEU core of the DNRR. The

research combines Monte Carlo simulations with modern sensitivity and un-

certainty analysis methodologies to evaluate the influence of nuclear data on

reactor responses and to identify the dominant isotopes, reaction channels,

and energy regions contributing to response uncertainties. Calculations are

performed using modern evaluated nuclear data libraries, including ENDF/B-

VIII.0, JEFF-3.3, JENDL-5, and CENDL-3.2, thereby enabling a comprehen-

sive assessment of library dependent effects on reactor calculations.

The outcomes of this dissertation advance understanding of the role

of nuclear data in reactor criticality and kinetics calculations and establish

a comprehensive framework for evaluating nuclear data sensitivity and un-

certainty for the DNRR. The results provide validated reference data for the

92 fuel bundle LEU core configuration and identify the principal isotopes,

reaction channels, and energy regions that govern uncertainties in reactor

criticality and kinetic parameters. By combining Monte Carlo modeling,

evaluated nuclear data libraries, and sensitivity and uncertainty methodolo-

gies, this work enhances the reliability of reactor physics calculations and

provides a technical basis for reactor safety assessments, transient analyses,

and future nuclear data improvement efforts. The developed methodology

and findings may also serve as a reference for similar studies involving other

research reactors.
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Chapter 1 GENERAL OVERVIEW

1. Introduction

The development of advanced computational methods has signifi-

cantly enhanced the capability of reactor physics analyses. Modern reactor

calculations increasingly rely on high fidelity numerical simulations to eval-

uate neutronic behavior, fuel utilization, reactor kinetics, and safety related

parameters. Among the available approaches, Monte Carlo transport meth-

ods have become widely accepted because of their ability to model complex

reactor geometries and detailed neutron interactions with a high degree of

accuracy.

A variety of computer codes have been developed for reactor physics

applications, including deterministic transport codes and Monte Carlo based

codes such as MCNP [1], MVP [2], and SERPENT [3]. These tools have

been extensively applied to criticality analyses, burnup calculations, reac-

tor kinetics evaluations, and safety studies for different reactor types. The

increasing availability of modern evaluated nuclear data libraries and co-

variance information has further enabled the application of sensitivity and

uncertainty (S/U) methodologies to quantify the impact of nuclear data on

reactor calculations.

Figure 1.1 illustrates the best estimate plus uncertainty (BEPU) con-

cept commonly adopted in reactor safety analyses. In this approach, calcu-

lated results are represented by a best estimate value together with an un-

certainty. The upper bound of the uncertainty range is then compared with

the applicable acceptance criterion to demonstrate adequate safety margins.

Consequently, uncertainty quantification has become an integral component

of modern reactor safety assessments, including the evaluation of uncertain-

ties arising from nuclear data.

Extensive research has focused on determining the effective multipli-

cation factor and reactor kinetic parameters for various reactor types using

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

for several research reactors, including the TRIGAMark II and the RSG-GAS
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Figure 1.1: The concept of safety margins as defined by the IAEA [4].

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

However, most of these studies assumed that the total neutron spectrum and

the neutron spectrum excluding the delayed neutron component were iden-

tical. In addition, the uncertainty analyses were generally limited to several

major isotopes in the fuel region, without considering the contributions of

all isotopes present in the reactor core. Consequently, the overall impact of

nuclear data library uncertainties on the calculated reactor parameters has

not yet been comprehensively quantified.

The DNRR has utilized various deterministic and Monte Carlo com-

putational tools for core physics evaluations, including neutronics analysis,

burnup calculations, safety assessments, and in-core fuel management. Early

studies utilized the WIMSD/CITATION code system to evaluate burnup dis-

tributions 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 methodolo-

gies, such as genetic algorithms, differential evolution, and their improved
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variants [21]. Further neutronic analyses of the HEU core were conducted

using the MCNP5 and SRAC codes. The calculated effective multiplica-

tion factors closely matched between the two codes, with differences of less

than 55 pcm, while deviations from experimental measurements were ap-

proximately 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 configurations was performed using the SRAC and MCNP5 codes

with various nuclear data libraries, including ENDF/B and JENDL. The dif-

ferences 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 op-

erational setup with 88 fuel bundles, the difference between the calculated

and measured keff values remained within 330 pcm [23]. The coupled PARC-

S/Serpent model demonstrated potential applicability for both steady state

and transient reactor analyses [24].

The review of previous studies indicates that, although numerous re-

actor physics analyses have been performed for the DNRR, quantitative sen-

sitivity and uncertainty analyses based on modern evaluated nuclear data

libraries remain limited for the 92 LEU core configuration. In particular,

the relative importance of different isotopes, reaction channels, and energy

ranges contributing to uncertainties in criticality and kinetic parameters has

not been systematically investigated. The 92 LEU core represents the first

startup configuration containing predominantly fresh LEU fuel. Because

most fuel assemblies had negligible burnup and fission product accumulation,

the effects of poisoning were minimal, making this configuration particularly

suitable for benchmark calculations and uncertainty studies.

Accordingly, this thesis aims to quantify the effects of evaluated nu-

clear data and their associated covariance information on reactor criticality

and kinetic parameters of the DNRR. Particular emphasis is placed on identi-

fying the dominant isotopes, reaction channels, and energy regions contribut-

ing to uncertainties in keff and βeff . Sensitivity and uncertainty analyses are
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performed using the MCNP6 code [1] together with several modern evalu-

ated nuclear data libraries, including ENDF/B-VIII.0 [25], JEFF-3.3 [26],

JENDL-5 [27], and CENDL-3.2 [28]. The results provide a quantitative basis

for assessing the reliability of reactor calculations and support future reactor

physics, safety, and nuclear data evaluation studies for the DNRR.

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

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)
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[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

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
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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

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
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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

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
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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].

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
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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.

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
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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. Specif-

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

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

evaluation examines the effects of varying an input parameter in the pres-

ence of variations in other input parameters, typically employing sampling

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

In contrast, local sensitivity analysis focuses on the effect of perturbing a sin-

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

relies on linear perturbation theory and is commonly implemented using ad-

joint 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

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
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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

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

1960) [60].

The DNRR was originally a 250 kW TRIGA Mark II research reactor,

constructed in the early 1960s and operated 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. Reconstruc-

tion 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 Septem-

ber 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

include aluminum tanks, graphite reflectors, thermal columns, horizontal

beam tubes, concrete shielding, and other associated structures. A vertical

sectional view of the reactor is presented in Figure 1.2 and a cross sectional

view of the reactor pool tank is shown in Figure 1.3 [61, 62, 64].

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

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].
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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

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

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

16



Figure 1.2: Vertical section view of the DNRR.

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, . . .
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Figure 1.3: Horizontal cross section view of the DNRR pool tank.

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,

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

DNRR, which operates with 92 LEU fuel bundles. The study aims to assess

how the most recent evaluated nuclear data libraries influence main reactor

physics parameters 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 keff , βeff , Λ, and lp. Through the S/U analysis, the

research identifies the dominant isotopes and reaction channels contributing

to the overall uncertainty of these parameters, thereby providing a quantita-

tive 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

keff and βeff , focusing on the key isotopes in the fuel, moderator, reflector,

and structural materials. These analyses quantify how uncertainties in

evaluated nuclear data propagate to reactor responses.
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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

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 improve confidence in

Monte Carlo-based reactor physics calculations and enhance the reliability of

sensitivity and uncertainty analyses for the DNRR. The developed method-

ology and the results obtained provide a quantitative basis for assessing the

impact of evaluated nuclear and covariance data on reactor criticality and

kinetic parameters. Furthermore, this work serves as a useful reference for

future sensitivity and uncertainty studies of the DNRR and may provide

methodological guidance for similar analyses in other research reactors. The

findings also provide quantitative information to support reactor safety as-

sessments by improving the understanding of nuclear data-induced uncer-

tainties in reactor physics calculations.

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.
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� 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 con-

figuration of the DNRR, the computational codes and modeling tech-

niques employed, and the evaluated nuclear data libraries utilized in

the simulations. Furthermore, it outlines the methodologies used to de-

termine kinetic parameters and the procedures adopted for conducting

sensitivity and uncertainty analyses. Particular emphasis is placed on

the significance of nuclear data, uncertainty quantification, and sensitiv-

ity evaluation in reactor physics, highlighting how variations in nuclear

data, operational conditions, manufacturing tolerances, and computa-

tional models influence the accuracy and reliability of reactor core sim-

ulations. Finally, this chapter establishes the context for subsequent

research by defining the dissertation’s main objectives.

� 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

DNRR with LEU fuel are then described, 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 S/U analysis approach based on perturbation theory

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

kinetic parameters, such as the βeff , Λ, and lp, using the adjoint weighted

and prompt methods, as well as the 1/v absorber insertion method.

� Chapter 3 performs comprehensive S/U analyses of the most recent

evaluated nuclear data libraries for the operational core of the DNRR

employing LEU fuel. The study systematically investigates the influence
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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 ex-

perimental measurements to ensure the accuracy and reliability of the

computational models. Furthermore, the chapter provides an evaluation

of the DNRR kinetic parameters and their associated uncertainties aris-

ing from nuclear data. The adjoint weighted and prompt methods were

employed to determine the βeff , whereas the lp was obtained using both

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

Sensitivity coefficients were derived from first order perturbation the-

ory, 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 fuel burnup, fuel

temperature, and control rod positioning, with evaluations carried out

at both the beginning and end of the reactor cycle to compare method-

ologies 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

This chapter presents the computational methods and reactor mod-

eling approach employed in this study to investigate the influence of nuclear

data on criticality and kinetic parameters of the DNRR core with 92 low en-

riched uranium (LEU) fuel bundles. The analyses were performed using the

MCNP6.3 code and several latest evaluated nuclear data libraries [1, 66]. A

high fidelity three dimensional model of the DNRR core was developed using

MCNP6.3. The investigated nuclear data libraries included ENDF/B-VIII.0

[25], JEFF-3.3 [26], JENDL-5 [27], and CENDL-3.2 [28].

The reactor parameters investigated include the effective multiplica-

tion factor (keff), the effective delayed neutron fraction (βeff), the neutron

generation time (Λ), and the prompt neutron lifetime (lp). The βeff was

calculated using both the adjoint weighted method and the prompt k ratio

method [5, 11, 67]. The Λ and lp were determined using adjoint weighted

method and 1/v absorber insertion method. To quantify the influence of

nuclear data on these reactor parameters, sensitivity and uncertainty (S/U)

analyses were performed using first order perturbation theory and an adjoint

based approach. The theoretical framework follows the adjoint sensitivity

methodology developed by Gandini and Cacuci and subsequently applied

to reactor physics and nuclear data uncertainty analyses [16, 52, 55]. The

sensitivity coefficients were combined with covariance data using the sand-

wich rule to estimate uncertainties induced by nuclear data and identify the

dominant contributors to the overall response uncertainty [14, 16, 52].

2.1 The Dalat nuclear research reactor with low enriched

uranium fuel

2.1.1 The reactor core

This section describes the principal design features of the DNRR with

the LEU core configuration. Particular attention is given to the reactor core,

fuel bundles, and control rods, which constitute the basis of the Monte Carlo

model developed in this study. The reactor core of the DNRR is housed

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

of 44.2 cm. The reactor core comprises vertically arranged fuel assemblies,
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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, 68].

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

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
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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].

2.1.2 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.

2.1.3 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].

2.2 Code and reactor model

2.2.1 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 [66].

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 [66].

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 [66].

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 [66].

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 [66].

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 [66].

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 [69]. 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 [70]. 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 [66].

Figure 2.5: The format of the MCNP6 input file [66].

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 [66].

2.2.2 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 [66].

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 2.1.1. 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

essential for reliable simulation of the DNRR behavior. To simplify cal-

culations and enhance model quality while preserving the core’s neutronic

characteristics, 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 re-

duces geometric complexity without compromising the accuracy of material

properties. According to Chu et al. (2024) [23], the difference in the calcu-

lated the keff between the homogenized and non homogenized models was less

than 20 pcm, indicating negligible impact on criticality results. The effect

of beryllium poisoning in the reactor core was included in the reactor model.

The MCNP6 simulations were performed using 500 active cycles following 50

inactive cycles, with each cycle tracking 106 neutron histories, to ensure that

the statistical uncertainty of the keff remained below six pcm [66].

2.3 Nuclear data libraries

2.3.1 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 [71]. 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 [71, 72].

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 [73]
ENDF/B-II Aug. 1970 ENDF-2 format [74, 75]
ENDF/B-III late 1972 ENDF-3 format [74, 75]
ENDF/B-IV Feb. 1975 ENDF-4 format [76]
ENDF/B-V.0 July 1979 ENDF-5 format [77]
ENDF/B-V.1 1983 ENDF-5 format [77]
ENDF/B-V.2 Jan. 1985 ENDF-5 format [77]
ENDF/B-VI.0 July 1990 ENDF-6 format, 1990 revision [78]
ENDF/B-VI.1 Sep. 1991 ENDF-6 format, 1991 revision [78]
ENDF/B-VI.2 June 1993 ENDF-6 format, 1991 revision [78]
ENDF/B-VI.3 May 1995 ENDF-6 format, 1993 revision [78]
ENDF/B-VI.4 Dec. 1996 ENDF-6 format, 1993 revision [78]
ENDF/B-VI.5 1997–1998 ENDF-6 format, 1997 revision [78]
ENDF/B-VI.6 1998–1999 ENDF-6 format, 1997 revision [78]
ENDF/B-VI.7 1999–2000 ENDF-6 format, 1997 revision [78]
ENDF/B-VI.8 2001 ENDF-6 format, 2001 revision [78]
ENDF/B-VII.0 Dec. 2006 ENDF-6 format, 2009 revision [79]
ENDF/B-VII.1 Dec. 2011 ENDF-6 format, 2011 revision [79]
ENDF/B-VIII.0 Dec. 2018 ENDF-6 format, 2018 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 [71, 72].

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].

2.3.2 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.

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,

protons, and tritons, all formatted in the ENDF structure, similar to the
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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].

2.3.3 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 [80]. 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 [81]. 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, 80–83].

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
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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].

2.3.4 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 [84,

85], CENDL-2.0 in 1993 [84, 85], CENDL-3.0 in 2000 [86], CENDL-3.1 in

2009 [87], 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 nu-

clides included in the initial CENDL-1.0 release. Due to the absence of

thermal scattering data in the CENDL-3.2 library, the corresponding ther-

mal scattering data from the ENDF/B-VIII.0 library were adopted in this

study. The construction of CENDL-3.2 was aimed at providing high precision

and comprehensive nuclear 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

2.4 Methods for sensitivity/uncertainty analysis

2.4.1 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, 88, 89].

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

cross sections, dimensions, decay data, . . .

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

42



αi. The variation in the response is derived by calculating the second central

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.

2.4.2 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.

2.4.3 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
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issues, which include many input parameters, such as cross sections, and

some responses, such as the keff .

2.4.4 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.

2.4.5 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 sensitivity profile of the 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, 67].

−−→
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 (2.4.5) 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 [69]:

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, 67, 90]:

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 the 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

parameters. The uncertainty in the keff or βeff depends on both sensitivity
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and covariance data, and becomes significant when both are large in the same

energy region.

2.5 Estimation of the effective multiplication factor

In the MCNP code, the criticality eigenvalue of the keff is defined as

follows [66]:

keff =
fission neutrons in generation i+ 1

fission neutrons in generation i

=
ρa

∫
V

∫ ∞

0

∫
E

∫
Γ
νσfΦdV 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)

This definition of the keff derives from the Boltzmann transport equa-

tion after integrating over time without any external source term,
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∫
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 the 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.

2.6 Methods for kinetic parameter evaluation

2.6.1 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 [91, 92]. 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 decay of

fission product precursors formed during fission, including iodine and bromine

isotopes. Although delayed neutrons account for less than approximately 1%

of the total neutron population, they significantly enhance reactor controlla-

bility by introducing a time delay in the neutron population response. This
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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 [93, 94]:

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

according to the following expression:

ρ =
keff − 1

keff
. (2.38)

where the keff represents the fundamental eigenvalue or the system as section

2.5.
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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 [67, 94]:

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, 95]:〈
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.

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
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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 k ratio is subsequently

introduced as follows [8, 96]:

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

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 [97, 98]:
⟨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.
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2.6.2 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 [66, 95, 99].

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 [100].

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 [67, 94]:

Λ =

〈
ϕ+, 1vϕ

〉
⟨ϕ+,Fϕ⟩

, (2.47)

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)
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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, v is the neutron speed.

The prompt neutron lifetime lp was determined using the adjoint

weighted method [92]. 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

[100].

The 1/v absorber insertion method:

The prompt neutron lifetime lp was calculated using the 1/v absorber

insertion method [7, 92]. The 1/v absorber insertion method involved intro-

ducing a small addition of B-10 as a perturbation in the core materials. The

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).
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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

This chapter presents results of criticality, reactor kinetics, sensitivity

and uncertainty (S/U) analyses for the DNRR core with 92 LEU bundles.

The reactor core model was verified by comparing the calculated keff with

experimental measurements. The comparison uses data from 30 critical con-

figurations established during the operation of the DNRR LEU core. The

S/U analyses were conducted to assess how nuclear data affect the calcu-

lated results. The keff and βeff are selected as the primary responses for

these analyses. The calculated sensitivity coefficients identify the isotopes,

reaction channels, and energy regions that most strongly influence the keff

and βeff . The corresponding uncertainty analyses quantify how nuclear data

uncertainties propagate into the calculated the keff and βeff and identify the

dominant contributors to the overall response uncertainties.

Evaluation of reactor kinetic parameters, including βeff , Λ, and lp was

reported in comparison among the nuclear data libraries and computational

methods. The effects of fuel burnup, fuel temperature, and control rod posi-

tion on the kinetic parameters were also investigated. The results provide a

comprehensive assessment of the impact of nuclear data on reactor criticality

and kinetics calculations. Furthermore, the S/U analyses provide a quantita-

tive basis for identifying the principal nuclear data contributors that govern

the uncertainties in reactor responses.

3.1 Criticality, sensitivity and uncertainty analysis

3.1.1 Criticality calculations and comparison with measurements

This section presents a comparison between the calculated criticality

results for the DNRR core model with 92 LEU fuel bundles to the correspond-

ing experimental measurements. The criticality calculations were performed

using the measured control rod positions corresponding to the experimentally

established critical configurations. To evaluate the effect of beryllium poison-

ing, the accumulation of neutron absorber isotopes, including He-3 and Li-6,

produced by neutron interactions with beryllium, was taken into account in

the reactor model.
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The DNRR LEU core consisted of 92 fuel bundles, including 80 fresh

bundles and 12 partially burnt bundles with burnup levels of approximately

1.5–3.5% (percent loss of U-235). In addition, the core contained twelve

beryllium reflector blocks and a central neutron trap, as shown in Figure 2.1.

During the critical approach experiments, the two safety rods (SR) remained

fully withdrawn, while the positions of the four shim rods (ShR) and the

automatic regulating rod (AR) were adjusted to establish different critical

configurations.

The criticality approach was monitored using two He-3 neutron de-

tectors installed at two beam ports and three IC1-type fission chambers op-

erating in pulse mode as part of the reactor control system. The control

system detectors were installed in waterproof aluminum tubes within the dry

channels in the region between the graphite reflector and the reactor tank.

These detectors were equipped with gamma compensation, enclosed in elec-

tromagnetic shielding, and housed in gas tight enclosures filled with dry, high

purity nitrogen. Their signals were connected to a neutron current display

for monitoring neutron count rate and reactor power.

The initial detector count rates were recorded as N01, N02, N03, N04,

and N05. During each control rod movement, the corresponding count rates

were recorded as N1, N2, N3, N4, and N5, and the ratios N01/N1, N02/N2,

N03/N3, N04/N4, and N05/N5 were determined. Criticality was reached

when these ratios approached zero. Since the keff cannot be measured directly

in reactor experiments, the experimentally established critical configurations

were regarded as critical reactor states corresponding to keff = 1 by definition

and were subsequently used as reference configurations for validating the

calculated the keff values.

The thirty critical experiments were carried out on different dates

during the commissioning of the first fully converted LEU core following

completion of the HEU to LEU conversion program in December 2011. Con-

sequently, the initial reactor conditions were not completely identical and

may have differed slightly in moderator and fuel temperatures, poisoning ef-

fects from fission products and beryllium, intrinsic neutron source strength
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due to (γ, n) reactions in beryllium, and reactor power levels. In addition,

all measurements were performed at low reactor power, typically between

10−3 and 10−1% of the nominal power. Therefore, temperature feedback

and power-dependent reactivity effects varied across critical configurations.

The uncertainty associated with the experimental criticality measurements

is estimated to be less than 1% [23].

Table 3.1 summarizes the measured positions of the four ShR rods and

the AR rod for the thirty critical configurations. MCNP6 calculations were

performed for each configuration using four recently evaluated nuclear data

libraries, and the results were compared with experimental measurements

and the different nuclear data libraries.

Table 3.1: Control rod position corresponding to the criticality conditions of the
DNRR with LEU fuel established experimentally [101, 102]

.

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

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
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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.

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 and Table 3.3 present the calculation results of the thirty

criticality conditions of the DNRR core corresponding to various positions of
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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 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 of

the initial counting rate to that at the critical state (N0/N) approaches zero

as the reactor reaches criticality. In this study, the keff corresponding to the

critical condition is assumed to be one, with an estimated relative 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 positioning accuracy, and instrument cali-

bration. 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
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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.

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. Using ENDF/B-VIII.0 as the

reference library, JEFF-3.3 shows the closest agreement, whereas JENDL-5

tends to predict higher keff values, with a maximum deviation of 10 pcm, and

CENDL-3.2 tends to predict lower values.

3.1.2 Sensitivity analysis of the effective multiplication factor

3.1.2.1 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
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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 [67]:

Sk,α =
α

keff

∂keff
∂α

. (3.1)

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 NJOY code [69]. The uncertainty of

the keff , denoted as Ukk, is estimated from the sensitivity coefficients and the

covariance matrix as [67, 69]:

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.

3.1.2.2 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
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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.

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

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
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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.

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: 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%.
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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.

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

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
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Figure 3.4: Energy dependent sensitivities of the keff to H-1, U-235, Al-27, and
U-238 in the decreasing direction.

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

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.
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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.

3.1.3 Uncertainty analysis of the effective multiplication factor

Table 3.6 shows the relative 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 relative uncertainties obtained with the libraries are

415.7, 588.0 and 363.0 pcm, respectively. Compared to the relative uncer-

tainties 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 relative 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 rela-

tive uncertainty of the LEU core. The relative 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,
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the relative 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 relative 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.

Table 3.6: The keff relative 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

The reactions contribute mostly to the relative uncertainties of the

keff are H-1 (n,γ), U-235 (n,fission) and H-1 (elastic) with the relative un-

certainty 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 li-

braries, difference in covariance matrices is the main reason to cause the

difference in uncertainty values. To look closely to the difference of the
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covariance matrices of reactions with the largest relative uncertainties, the

covariance matrices of U-235 (n,f), 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 sensitivity coefficients are dominant, JEFF-3.3

has the greatest relative uncertainty of the 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 relative un-

certainties 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 re-

semblance in covariance data below 103 eV of JENDL-5 and ENDF/B-VIII.0

leads to the same relative uncertainty value of 153.2 pcm.

The third significant contributor to the total relative uncertainty of

the keff is Al-27 with three reactions of elastic, (n,γ) and inelastic. This is be-

cause aluminum is a major core structural material. The relative uncertainty

values correspond to the reactions are 127.6, 116.4 and 84.7 pcm, respec-

tively. Subsequently, isotopes with remarkable contribution to the relative

uncertainty are Be-9, C-nat, U-238 and O-16 as listed in Table 3.16. Based

on the uncertainty analysis, JENDL-5 is noticed the relevant library for the

DNRR analysis with the smallest relative uncertainty. Since U-235 and H-1

are the most contributors to the relative uncertainty of the DNRR with LEU

fuel, the cross section data of the isotopes 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 relative uncer-

tainty 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

significantly contribute to the relative uncertainty of the keff . Other nuclides

contribute to remarkable relative uncertainties of the keff are Be-9, C-nat and
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U-238. The total relative 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 relative uncertainty 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 recommended 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 provide 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 sim-

ulations for research reactors, improving both safety and efficiency. By iden-

tifying 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 improve the accuracy of reactor calculations.

Since ENDF/B-VIII.0 demonstrated lower relative uncertainties, they should

be prioritized for future core calculations and safety evaluations of the DNRR

and similar reactors. Additionally, further benchmarking studies using ex-

perimental data are recommended to validate the nuclear data libraries under

different reactor conditions, thereby enhancing confidence in their predictive

capabilities.

3.2 Evaluation of kinetic parameters

3.2.1 Influence of operational parameters on kinetic parameters

3.2.1.1 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
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(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.

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
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results of the adjoint weighted method for Λ and lp are at most 0.3% larger,

with a minimum of 0.12%.

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 delayed neutron parameters evaluated using

the adjoint weighted method, including the group wise delayed neutron frac-

tions (βi) and decay constants (λi). For ENDF/B-VIII.0, JENDL-5, and

CENDL-3.2, a six-group structure is employed, in which Group 4 provides

the dominant contribution to βeff , with β4 values in the range of 280–293 pcm.

Groups 2, 3, and 5 also contribute significantly, whereas Group 6 exhibits the

smallest contribution (31–51 pcm). In contrast, JEFF-3.3 adopts an eight-

group representation, leading to a different distribution of delayed neutron

fractions. In this case, Group 5 contributes the largest fraction (246 pcm),

followed by Group 4 (150 pcm), while Groups 7 and 8 provide relatively small

contributions. Therefore, the dominance of Group 4 is not consistent across

all libraries. The decay constant λi characterizes the precursor decay rate,

with smaller values corresponding to longer lived precursors. For ENDF/B-

VIII.0, JENDL-5, and CENDL-3.2, Group 1 consistently exhibits the small-

est decay constant (0.012–0.013 s−1), while Group 6 shows the largest val-

ues (2.857–3.037 s−1). In these libraries, Group 4 remains relatively stable,

with λ4 values ranging from 0.302 to 0.304 s−1. For JEFF-3.3, due to the

eight group structure, the decay constants are more widely distributed. The

smallest value remains in Group 1 (0.012 s−1), whereas the largest appears

in Group 8 (3.555 s−1). Additionally, JENDL-5 predicts the highest decay
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constant for Group 5 (1.143 s−1). Overall, ENDF/B-VIII.0 and CENDL-3.2

exhibit very similar λi values across most groups.

Table 3.9: Group delayed neutron fractions (βi) and decay constants (λi) calcu-
lated using the adjoint weighted method.

Group
ENDF/B-VIII.0 JENDL-5 CENDL-3.2 JEFF-3.3

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 25± 1 0.012 26± 1 0.013 26± 1 0.012

2 132± 2 0.033 161± 3 0.031 131± 3 0.033 110± 2 0.028

3 128± 2 0.121 143± 3 0.112 127± 3 0.121 69± 1 0.043

4 280± 3 0.303 293± 4 0.302 285± 4 0.304 150± 2 0.133

5 118± 2 0.851 84± 2 1.143 118± 3 0.862 246± 3 0.292

6 51± 1 2.857 31± 1 3.037 51± 2 2.877 72± 1 0.666

7 - - - - - - 61± 1 1.635

8 - - - - - - 19± 1 3.555

Total 735± 5 - 738± 5 - 738± 5 - 753± 5 -

Note: ENDF/B-VIII.0, JENDL-5, and CENDL-3.2 use the six-group delayed neutron model,

whereas JEFF-3.3 uses an eight-group delayed neutron model.

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
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Figure 3.6: Comparison of kinetic parameters calculated using MCNP6 with var-
ious methods in the Serpent 2 code.

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.

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
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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.

3.2.1.2 Dependence of kinetic parameters on fuel burnup using

ENDF/B-VIII.0

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 relative 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

Figure 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.
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(a) βeff and ρex

(b) Λ and lp

Figure 3.7: Variation of the kinetic parameters as functions of burnup.
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3.2.1.3 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.

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.

3.2.1.4 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.
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(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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(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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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

3.2.1.5 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 (%∆k/k), and it gradually decreases as fuel

burnup increases, reaching approximately 1.9 (%∆k/k) 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.
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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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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

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 [103]. 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 [104]. 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
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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.

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%.
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3.2.2 Sensitivity analysis of the effectively delayed neutron

fraction

Tables 3.14 and 3.15 present a comprehensive sensitivity analysis of

the βeff for various nuclear reaction channels of the main isotopes. The anal-

ysis 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 rele-

vance, only the most significant sensitivity coefficients defined as those with

an absolute value exceeding 0.1% in the ENDF/B-VIII.0 are reported and ar-

ranged in descending order. The tables include the sensitivity coefficients (in

percentage), which quantify the impact of perturbations in specific nuclear

reaction cross sections 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.

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
(%) (%) (%) (%)

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%.

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
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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
(%) (%) (%) (%)

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%.

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

(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
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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.

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

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.
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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

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.
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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

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
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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),

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
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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.

3.2.3 Uncertainty analysis of the effectively delayed neutron

fraction

Table 3.16 presents the relative uncertainties in βeff caused by varia-

tions in different nuclear reaction cross sections. These relative uncertainties

correspond to 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 rela-

tive uncertainties obtained with the libraries are 1312.2, 1021.0, and 471.4

pcm, respectively. Compared to ENDF/B-VIII.0, the relative uncertainties
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Table 3.16: The βeff relative 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

obtained with JEFF-3.3 and JENDL-5 are smaller by approximately 22.2%

and 64.1%, respectively. It is noted that the covariance data are not avail-

able in JEFF-3.3 and JENDL-5 for some isotopes, such as Al-27, Be-9, and

C-12; thus, the relative uncertainties 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 relative uncertainties of JEFF-3.3 and JENDL-5 compared

to ENDF/B-VIII.0, which are 1097.8 and 2393.1 pcm, respectively. Assum-

ing that the relative uncertainties of the reactions involving missing isotopes
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from the libraries JEFF-3.3 and JENDL-5 are obtained from the library

ENDF/B-VIII.0, the total relative uncertainties for the libraries ENDF/B-

VIII.0, JEFF-3.3, and JENDL-5 are 1312.2, 1291.0, and 1280.8 pcm, respec-

tively. These results indicate that JENDL-5 has the least relative 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 relative uncertainties of

the βeff are the elastic reactions of Al-27, Be-9, and H-1, with corresponding

relative uncertainty values of 811.2, 755.8, and 360.0 pcm, respectively, as

determined by ENDF/B-VIII.0. The significant relative uncertainty contri-

bution 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 Ap-

pendix compares the covariance data plots for the Al-27 (n, elastic) reaction

from ENDF/B-VIII.0 and JEFF-3.3. The correlation matrix illustrates both

thermal and fast regions, revealing significant positive correlations within

the thermal and resonance energy ranges. The relative uncertainty associ-

ated 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. Significant discrepancies are also observed
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in H-1 elastic scattering, where the relative uncertainty 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 relative uncertainty related to the H-1

elastic cross sections, showing that it is lower when utilizing JEFF-3.3 co-

variances 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 relative uncertainty associated with H-1 elastic scat-

tering 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 reactions, especially those involving U-235 and U-238, contribute

to the overall relative uncertainty, though to a lesser extent. Other isotopes

contributing to the relative uncertainty for βeff include elastic and inelastic

scattering, along with capture 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 comparing 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, elas-

tic) reaction from ENDF/B-VIII.0, JEFF-3.3, and JENDL-5. The relative

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 relative 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 relative uncertainty of

βeff the DNRR core, as these nuclides are essential components of the reactor

core.

3.3 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
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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 relative uncertainty analysis revealed that the main contributors

to the total relative uncertainty of the keff are the capture and elastic scat-

tering of H-1 and the fission of U-235, with a significant additional contribu-

tion from Al-27. Other important nuclides include Be-9, C-nat, and U-238.

The total relative uncertainties from ENDF/B-VIII.0, JEFF-3.3, JENDL-5

are 415.7, 588.0, 363.0 pcm, respectively. These results indicate that differ-

ences among nuclear data libraries mainly arise from variations in evaluated

cross sections, especially for H-1, U-235, and Al-27. These results provide a

quantitative assessment of the uncertainties associated with different evalu-

ated nuclear data libraries and their propagation to the calculated keff . The

obtained uncertainty estimates constitute a useful basis for assessing the re-

liability of reactor physics calculations and for supporting safety analyses of

the DNRR using these nuclear data libraries.

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.

The kinetic parameters were analyzed along with their sensitivity to

operating conditions using ENDF/B-VIII.0. The βeff exhibits a marked re-

duction, decreasing from 750 pcm at the BOC to 704 pcm at the EOC. In

contrast, both the Λ and lp increase as burnup proceeds, rising from 73.39 µs
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to 80.04 µs and from 68.14 µs to 77.99 µs, respectively. Control rod with-

drawal 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 unaf-

fected. With the JENDL-5 library, it’s in the same direction. These results

indicate that the kinetic parameters of the DNRR are heavily 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 2.4.5) 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 relative uncertainty analysis of the βeff revealed total relative un-

certainties 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 relative un-

certainties 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 contri-

butions above 100 pcm arise from B-10, O-16, and C-nat, from which the

covariance data were identified as the primary source of relative uncertainty.

These results constitute an important finding of the dissertation, confirming

that relative uncertainties in elastic scattering cross sections, particularly for

Al-27, Be-9, and H-1 govern the overall accuracy of βeff evaluation.
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CONCLUSIONS, NEW CONTRIBUTIONS

AND FUTURE WORKS

1. General conclusions

(1) Criticality and S/U analyses were conducted for the DNRR core with

92 LEU fuel bundles using MCNP6.3 and latest nuclear data libraries.

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 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. The uncertainties in keff are primarily linked to the

capture and elastic scattering reactions of H-1 and the fission reaction

of U-235. Al-27, Be-9, C-nat, and U-238 also significantly contribute

to the uncertainty of the 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 improv-

ing cross section evaluations for key nuclides, especially H-1 and U-235.

Among the evaluated libraries, ENDF/B-VIII.0 and JENDL-5 offer com-

paratively 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 associ-

ated βeff relative uncertainties was carried out. The calculated βeff values

show good consistency across the evaluated libraries, ranging from 735 to

753 pcm. Differences between the adjoint weighted and prompt methods

are below 1.2%, while the variation between libraries is limited to around

4.0%. For the reference ENDF/B-VIII.0 library, the βeff , Λ, and lp were
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determined as 735 pcm, 80.96 µs, and 80.90 µs, respectively. The uncer-

tainty analysis shows that the total relative uncertainty of βeff 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 relative uncertainties across the evaluated

libraries are primarily due to variations in energy dependent sensitivity

coefficients and covariance data.

(3) The sensitivity of kinetic parameters to the DNRR operating parameters

was analyzed. The βeff decreases 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.

Overall, this dissertation has successfully evaluated the criticality and

kinetic parameters of the DNRR core configuration containing 92 LEU fuel

bundles, while quantitatively assessing the propagation of nuclear data un-

certainties to these parameters. Through S/U analyses, the dissertation iden-

tified the nuclear reactions and covariance data that contribute most signif-

icantly to the uncertainties in keff and βeff , thereby clarifying the impact of

different evaluated nuclear data libraries on the calculated results. These

results provide an important quantitative basis for assessing the reliability of

reactor physics simulations, supporting nuclear data uncertainty propagation

studies, safety analyses based on the BEPU method for the DNRR.

2. New contributions

(1) This dissertation presents a comprehensive evaluation of the effects of

nuclear data on criticality and reactor kinetic parameters for the DNRR

LEU-fueled core. Thereby establishing a quantitative framework for
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propagating nuclear data uncertainties to key reactor parameters, in-

cluding the keff and βeff . The results provide a scientific basis for uncer-

tainty quantification and support reactor safety analyses for DNRR, for

example, using the BEPU method.

(2) The effects of nuclear data libraries on criticality calculations were quan-

tified by analyzing 30 experimental critical configurations. A systematic

trend was observed, with JENDL-5 yielding the highest keff values and

CENDL-3.2 the lowest, while the maximum inter library difference re-

mained below 172 pcm.

(3) Through the sensitivity analysis, the nuclear reactions that most signif-

icantly affect the keff were identified. Reactions that increase the keff

include the total and fission reactions of U-235, and the elastic scatter-

ing reactions of H-1, C-nat, O-16, Al-27, Be-9. Conversely, reactions

that tend to decrease the keff are mainly the neutron capture reactions

of H-1, U-235, Al-27, U-238, and others. These results emphasize the

importance of carefully considering these reactions in future studies to

improve the accuracy and efficiency of reactor neutronic analyses.

(4) Through uncertainty analysis, the main sources of uncertainty in keff are

observed as the capture and elastic scattering of H-1, and the capture and

fission of U-235. Additional significant contributions come from Al-27,

Be-9, C-nat, and U-238. The study provides a quantitative assessment

of nuclear data induced uncertainties in criticality calculations and clar-

ifies the contributions of different reaction channels and covariance data

to the total uncertainty quantification of DNRR criticality calculation

results.

(5) Reactor kinetic parameters of the DNRR, including the βeff , Λ, and

lp, were systematically evaluated under realistic operating conditions.

The effects of fuel burnup, fuel temperature, and control rod positions

on reactor kinetic parameters were quantified, providing a quantitative

basis for reactor kinetics simulations and for uncertainty informed safety

analyses under representative DNRR operating conditions.
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(6) This dissertation reveals that the delayed neutron yield reaction (delayed

ν) of U-235 has the most significant positive impact on the βeff , whereas

the prompt neutron yield reaction (prompt ν) of U-235 contributes the

most to its decrease. The study identified the dominant nuclear data

components affecting βeff and elucidated the underlying causes of the

differences observed among evaluated nuclear data libraries in DNRR

kinetics calculations.

(7) The study provides the first quantitative assessment of nuclear data in-

duced uncertainties in kinetic parameter calculations for the DNRR LEU

core and contributes to uncertainty quantification of calculation results

for DNRR reactor safety analyses. The dominant contributors to the

relative uncertainty of the βeff were identified as the elastic scattering

reactions of Al-27, Be-9, and H-1. Additional notable contributors in-

clude B-10, O-16, and C-nat. The covariance matrices are recognized as

the primary sources of these relative uncertainties. Therefore, the cross

section evaluations, particularly for Al-27, Be-9, and B-10, are essential.

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.

(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 neutrons constitute approximately 99% of the total, the values of kp

and k are nearly equal. However, this formulation enhances the resolution

of small differences 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
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approximation related error.

kp
k

=
⟨ϕ+, Fpϕp⟩
⟨ϕ+, Fϕp⟩

≈ ⟨ϕ+, Fpϕ⟩
⟨ϕ+, Fϕ⟩

, (A.10)

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)
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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

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
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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)

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

This section presents the results of kinetic parameter calculations for

the DNRR using the Serpent 2 code with the ENDF/B-VIII.0 evaluated nu-

clear data library. Table A.1 presents the group wise delayed neutron param-

eters, specifically 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
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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 provides 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.

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

123



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,

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.

126



(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).

128



(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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QUYET D!NH:

Di6u 1. Thanh lap HQi d6ng d6nh gi6 luAn 6n ti6n si c6p Vi6n AOi vOi nghiOn

ciru sinh Dffu Drlrc Tri', thu6c :huy6n ngdnh Vat iy ngr-ry6n tu vir hat nhAn (md s6

g.44.01.06). Dani-r s6ch Il6i d6ng kdm theo Quy6t dinh ndy.

Didu 2. H6i d6ng c6 tr6ch niri6n'r .16nh gi6 luAn 6n ti6n sT c6p Vi6n theo quy

dinh hiQn hdnh vO tO chric ddnl gi6 lu6n 6n ti6n sT vir tu giai th6 sau khi hoin thdnh

nhiQm vu.

Didu 3. Gi6m c16c Trung, tAm Ddo tao hat nhAn, c6c thdnh vi6n FI6i d6ng co

tdn tai Didu i,'fruong tiOu ban chuyOn ngirnh, ngud'i hu6ng d6n khoa hoc vzi

nghiCn cit'u sinh DAu Dric Tu ciriu tr6ch nhi6m thi hdnh Quy0t clinh ndy./.

Noi nltQn:
- NhLr Ei6u 3;
- Lrnr: VT, NTC, ho so NCS.*,

,,V'

CQNG HOA XA ngr CHU NGHIA VIET NAM
DQc l$p - Tg do - H4nh phtic

hi Thhnh



DANH sAcn HeI Dol
(I{dm theo Quy|t dii

cua Vi€n trao

Z-;--q1

fffi##tr#
(Ktr--m,7

Ne' uAx Ax rrnx si cAp vIEN
Ni, ngdy 47t Y / 2026

nguy1n fi,r T/iCt Nam)

TT Hg vi t6n, hgc vi,
hgc hhm

Y=1unuyen
nghnh

Trfch nhiQm

trong HQi
-tclong

Eon v! c6ng tic

1 GS.TS. TrAn Dric ThiQp

./at ly

nguyOn tri

hat nhAn

Chri tich
Viqn VQt ly - Vi6n Flirn 10rn

Khoa hec vi C6ng nghe
ViOt Nam

2 PGS.TS. Nguy6n VIn Th6i

'/at ly
ngr-ry6n t[r

hat nhin
PhAn bi6n 1 D4i hoc B6ch khoa Hd NQi

3 PGS.TS. Nguydn Ngoc Anh

vat li
nguy6n t[r

hat nhdn

Phan biOn 2 D4i hqc Phenikaa

4 TS. HO I-iai Qudn
r/at li Phan biQn 3 Viettel Hightech

5 TS. TrAn Tri ViSn

\/at li
nguydn tu

l.rat nhin
Thu ky

Trung tAm Dio tao hat nh0n

- ViQn N[ng luong nguy6n

tu ViQt Nam

6 PGS.TS. Phan Vi0t Cuong tZat ly Uy vi6n
Vi0n Nlng lucrng nguy6n tu
Vi0t Narn

1 GS.TS. TrAn Hodi Nam
\/At ly hat

rrhdn
Uy viOn D4i hgc Phenikaa

(Danh sdch gim 07 thdnh viAn) Y



px'rtt

r xnAx

Hd l\r/i, ngay 22 rhang 5 ndnt 2026

QUYET NGHI

cUl HQI EONG DANH GIA LUAN AN TIEN SI CAP VIEN

Nghi6n cf'u sinh: Ddu Dirc'[u'

Chuyon nginh: Vat li ngrtven tu Va hat nhan Mfl s6: 9.44.01.06

T6n elii thi luin itn: lvghion c'ti'rr ilQ nhol'va clo bat ctinh so li|tr hcrt nhcrn

trong phan rich tlnng to do,rg hoc vir to'i hcrn cho virng

hoqt 92 lto nhi€n tiAtt d0 gidtt thap ctru ld phttn ti'ng hal

nhon Dd Lot.

Ngutri hucrng d6n khoa hgc l: GS.'1'S. TrAn IIodi Narr

Nguo'i hu'o'ng d6n khoa hgc 2: I'(lS.l'S. N-uu-v6n Nhi I)iin

Dla tli6m brio vQ: T-rung tArn Diio tao hat nh6n - Vi0n Ntr.N-fVN.

Sau khi nghe nghiOn c[ru sinl'r Diu Di-r'c 'l'tr lrinh bdy' luan hn. c6c y ki5n

nh4n xit cira 03 pirhn biOn. .,'ii cdc , kiiln nhAn xet cua ciic thanh vien Il0i d6ng.

HQi dong danh gia 1u6n rin ti0n si c6p vi0n :ihdt tri di d6n qui'0t nghi sau:

1. fen d0 tdi luAn 6n phu hop ''.'(ri chuy'cn ngdnh Vet l)' ngur'0tr tit vir hat nl-rAn

(rnd s6 9440 i06).

2. [-udn an khdng trirng lap vtii ciic c6ng 1-rinh. luAn vin. ludn dn da cong bo

trong vir ngoai nuci'c.

3. Luqn 5n c6 -v nghia khoa hgc vd tliuc ti5n.

CQNG HOA XA HQI CHU NGHIA VIET NAM
DQc lap - Tq do - H4nh Phfc

VIEN

TRUNG

(



4.

5.

LuAn 6n c6 tinh hop l.v. hi6n d4i '*,,d phr-rong ph6p nghi6n cuu c6 d6 tin cqy'

cao.

.:
Cac k0t qua rntii cua ltrin in:

- Ki0m chirng dinh lug'ng ciic rnO hinh tinh to6n vat ly cho vung ho4t Lo

phiin ung Hat nhdn Dd Lat su dung chuong trinli MCNP6.3 trong c6c

tinh to6n tdi han vd tinh tozin ciic th6r-rg so cl6ng hoc ld phan ilng. Kc{t

qud tinh to6n duo-c so sfnh r,6i thtrc nghiOln vii so siinh gi['a c6c thu

viQn drt lieu hqt nhAn.

- Phan tich chi titit cl6 nha1, r d do b6t dinh cua thu viQn cllr licu hat nhAn

ddi v6i c6c dflc trung r at l- cua ld phan [rng DNRR nhu h0 sd nhdn

hiiu durrg (/r,,,) rn h0 s,i lleuu'()n lrLl hiiu clung (/1 ,,1 t'ti xr-il dcn cac

thdnh phan trong nhi0n liOu. chit larn r-r'r6t vd vdt lieu c6u truc. Kt-it qua

cho ph6p dinh luong d0 b6t dinh cua c6c li0 s6 k"11r'a {JnrrgAy btri do

bAt clinh ctia cac thu vi0n drlli0u hat nhAn duoc d6nh gia.

- Tinh to5'n chi tiet c6c thong t5 oleng hoc ld rhhn irng. r'i cric thong so

vdt ly iien quan kh6c cua ld phan lrng hat nh6n Da [-at srr dr-rng nhi0n

li€u c10 giau th6p.

Trong khu6n kho lLran ir-r. Nghien criu sinh cld cong U6 ba cOng trinh tren
.-:

cac tap chi quoc t0 r-n'f.in. gOm Nr-rclear En-eincering ilnd Design (Q1)-

NucleA Techriologl' and Radiation Frotection (Q3) i,a.lournatl o1'Ph1'sics:

Conl-erence Series. Cac cong bo nd1 l<hong chi kh[ng dinh chdt lucrng vii

tinh m6i cira k6t quti nghi0n ciLu. rnd cdn gop phdn ndng cao uy tinh hoc

thuat ctia luAn 6n. tao ctr- stt'khoa hoc r,'frng chlc chtl viec lan toii vd u'ng
,:.r^

dUng cac kdt quit trong cOn,e dong nghi€n cu'ti hat nhAn qr-rtlc te.

Nhlrng thiOu s6t r'0 n6i dung vd hinh thuc cua luan an:

C6c phan bidn vi cac ur.'r,ien hoi dong dd gtri kern iheo cac gop r ve

cac thi5u s6t cua noi clung luAn 6n"

6.

ffi
TRUNG T,

DAO TA
gar ruua

L=-*g

7.

2



V XiOn cria IIQi d6ng

- Lupn lan dap ring duo'o c6c y6u cAu dOi v6i m6t luAn 6n ti6n sT theo euy
dinh hi6n hdnh.

- Lu?n 6n cdn duoc chinh sua.theo cac y ki6n cua c6c thdnh vi6n H6i d6ng
tru6'c khi ducyc c6ng nh4n hoc vi vd c6p bing ti6n si.

KET LUAN

KCt qu6 bo phi6u:

- 55 phitiu phdt ra: 1
^: ..:- So phidu hcrp Ie: V

- 55 phi5u kh6ng hop 16: O

- 55 phiilu t6n thdnh: 7

- 56 phiiiu kh6ng t6n thdnh:

cHt rICH HQr DOr{ THU XV Ugrr DOI\G

./--) / -(,' --r<'Xa=
,/- / ) '_------
(l;-'--

TS. TrAn Tri ViSnGS.TS. TrAn Dric Thi6p

q
i na \1.jrl*

w
Xfc nhdn ctia co s6'clio t4o

62A/ TI*l ,



VIEN

TRUNG HAT NHAN

ceNG HoA xA Hgr cHU Ncnia vrET NAM
DQc l{p - TU do - H4nh phric

BrfiN nAx HeP Her Dol{G
oAxn GrA LUAN Ax rrnx si cAp vrEr{

Nghi6n cilr"r sinh: DQu Ditc Tir

Chuy6n ngdnh: Vat l)i nguy0n tu'vd h4t nhAn Md s6: 9.44.01.06

TOn d0 tdi 1u0n in: Nghi€n cti'n ttQ nhqy vd ctQ ttdt dinn sA ngu hgt nhhn trong

phAn fich thing sA A.Ong h7c vit tdi hqln cho vilng hoqt 92 bd nhiAn fiQu tIQ gidu th0p

ctta li phdn *ng hqt nhdn Dd Lgt.

FI6i d6ng d6nh gi5 luAn 6n c6p Vi6n cho nghiCn cfru sinh D4u Dfc Ttl duo-c

thz\nh 16p theo Quy5t dinh sd 144/QD-\NLNT, ngdy 171412026 cr,ia ViQn truo'ng Vi0n

N[ng luong nguy6n tli ViOt Nam (NLNTVN), g6m 7 thdnh vi6n:

1. GS.TS. TrAn Dr,i'c Thi6p, Chu tich I{Qi d6ng

2. PGS.TS. Nguy6n Vdn Th6i, PhAn bi6n 1

3. PGS.TS. NguySn Ngg. Anh, Phin bi6n2

4. '1S. I-16 l{ai QuAn, I'han biOn 3

5. 'fS.'frAn'l'ri Vi5n, Uy vi6n'l'htr ky

6. PGS.TS. Phan ViQt Cuo-ng, Uy vi6n

7. GS.TS. TrAn Hodi Nam, Uy vi6n

Diing 09 gio 00 phut, ngiry 22 th6ng 5 n[m 2026 tai Trung t6m Ddo tao hat

nhin - Vi6n N[ng lugng nguy6n tu'Viet Nf,m, I{6i d6ng cl6nh gi6 luqrn 6n ti6n sr cAp

ViQn da hgp vd nghe NCS D4u Duc Tii trinh bay lu4n 6n ti6n si .

DiSn bi6n buOi bdo v6 ludn 6n nhu sau:

I. Khai m?c.

1. Doc Quy6t dinh thanh lap II6i c16ng chArn luAn fn oAp ViQn.

ba Ngr-7:/rn',.6 H\F,i dien ccv scv clio tao doc Quy5t clinh thanh l0p Hcli

d6ng d6nh gi6 lu4n 6n cAp ViQn, danh s6ch c6c thdnh vi6n HQi dOng va gidi thi6u d4i

'.;bleu.

SO Uy vi6n Hdi d6ng chAm luAn 6n c6p ViQn c6 rndt: /
^ ,( ,",56 Uy vi0n vdng rnat: C

2. Circ thri tpc gi6i thiQu ve XCS.

ypx ru



TS. TrAn Tri Vi6n - Thu ky H6i d6ng doc ly lich khoa hgc vir c6c di6u ki0n cho

ph6p NCS bio vq ludn 6n c6p Vi6n

II. Chti tich HOi tl6ng ch6m luin 6n rli6u khi6n bu6i bio vQ.

1. NCS trinh bay ludn 6n (t6ng thoi gian trinh bdy kh6ng qu6 30 phut).

2. Chu tich H6i d6ng chAm lu6n 6n mdi c6c phan biOn vd riy vi6n doc nhdn x6t

lufin 6n (co kdm theo vdn ban)

3. Cht tich d0 nghi c6c thdnh vi6n trong HOi d6ng dit cflu hoi vd NCS rrd loi

cdu hoi:

Sau khi nghe nghiOn ciru sinh trinh bdy c6c k6t quA nghien cuu c[ra luAn 6n,

nghe c6c Uy vi6n H6i ddng dgc nhfln x6t vd nghe thu ky HQi d6ng doc b6n t6ng hop

nhin x6t t6m tdt cua c6c nhd khoa hoc. F{6i ddng da ti6n hdnh th6o ludn vd d6t ciu hoi

cho NCS. Du6i d6y ld nhirng y ki6n dong gop, cflu hoi vir c0u tr6 ldi:

Plrrin biQn I : le i 7 S fl.i..-., ;i Vrl,, J.L,a^'t)
Eoc bin nhdn x6t lu6n 6n (c6 kdrn theo vdn bAn). Sau ddy ld cdc y ki0n nhAn x6t

6

LV,!"..,;t/c +,;!, fr4;..wtd.f DS $--'"S htrX;..f1;* -rG
r,,'&-"r r..lr!^ia. .p;l ..{r., ipe: *:*1 Lq*,+.-. l**t!,k:*a^&* f{r* fu.ff jt tL*,rei*,k* W:;

......,H''l'. A-l&:. D+'. ,t;?[ /"- drL br$..d".'ur{r }E*r{ H",
+["*fd',Y l-" k['"J*^*
* : :W" t; W il"tr "6 bry *J;alAq*? d*{ f.*^.Xa'"

..t'.}e.i l"^.1^. ^* *rt...d,i^.x,A. .kb *e.. 
'A7..y'r\.,,...,

PhdnbiQn2: PASTs ,.b Aa; Nar. AA
Dgc bAn nhdn xdt lufln 6n (co kem theo vdn bdn). Sau d6y ld cac y ki6n nhin xit

chinh ctra.. Pe.S...fs *f q"; (go,-"..A,r,t., ........:



::..Lui.^..{*fuar tn{l # i$, * rA .,tl#M.l;*.,1,1 *r.l^*
*yi1,"lazV. r;eE frtu4,&q,.1*.X *,t"€ &., i.oft*^ fL*t, i;.
dia A .Li.i..us.d*Ju. 

odi')z1 t;*^ *-^,
- T."? ..qt.i..en*l dL..lh)i.,,..pfui. iolt .naG..J,e: CaI ot€..

,b+I lr{ Ao @ u*r caio iU ,l{)" !*gn aE[,,irv,*/;
uC4 ? ...Nnnii"..*^, .}r-e. r];.;: .r',i; dizu..dL-:rtA t*, c-of

H WY 4r,!*r fta " t?,*r o{nn^'o^elfu'a,

-...Aht d *.e? "La^ *?n kW .*,/o'..x-*.,{r.h * rai.l/p,
rndi u/o s' TS Hi FR &*a*

tCVr'

/ghe I
-E

UNG
Ao'

AT I\

.k^";; tre[. Ai' {L*n .&, "l,G.d*.'do-o.liP,, 1.,;4,

- ..D; 6,r{1. ,.Lon^ ,f^ .li.l';*" k4, rl,u#, *x .Lif Llid.*

Cic cflu h6i cria cic thdrnh vi6n HQi aOng vh trf, lrri cfra NCS:
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III. HOi el6ng hgp kin:

H6i d6ng da ti6n hdnh hqp kin ci0 d6nh gia cac v6n ae tien quan d6n ludn an.

Sau khi thio lu6n, HQi d6ng dE nh6t tri th6ng qua Quy6t nghi.

H6i d6ng bAu ra Ban kiOm phi6u g6rn 3 thdnh viOn

IV. Cdng nii tOt qui:

K5t qui ki6m phi6u:

- 56 phiiiu phit ra: l
- SO phi6u hqp lQ: +
- 56 phiSu khdng hqp lQ: I
- SO phi5u t6n thirnh: (
- 56 phi6u khdng tin thirnh: Q

V. Phffn b5 m4c

- F i3Y-,*L.r :oi :: @ilt|ili i::il&f,
,X*a<..V.;.

.s=?... $rwl^;.r^ L4;.. t>t&. cAn pfr,,*r . r^8"";"A...dil;..lar;..,(*a*
, = ai,!J\*o i 1*u; ki *{"'..'tk*[4..u.f4l"a.M' ..

L6 b6o vq k6t thric vdo lnc 14 gldSfphttt cing ngdy

CHU TICH HQI EONGtu
GS.TS. Trdn Dri'c Thi6p

THU rv Uqr DOI\G

TS. Trdn Tri Vi6n



VIEN uvEx ru' cgNG HoA xA ugr cHU Ncni.q. vrT.T NAM
Ddc t$p - Tu do - H4nh phric

T]RUN HAT NHAN

?A

BIEI{ BAI{ HOI' BAN KIEM PHIEU CUA
Her oOxc oAun GrA LUAN AN rrrx si cAp vrEN

Cdn cri Quy6t dinh s6 144/QD-\NLNT ngdy 17 thdng 4 ndm2026 cua Vi6n

trucrng Vipn Ndng lugng nguyCn tu Viet Nam vC viQc thdnh lflp HQi d6ng dtuh gi6

luAn 6n ti6n si c6p ViQn g6m ....... thenh vi6n. HQi cl6ng hgp ngdy 221512026 tai
Trung tdm Ddo tpo hat nh6n - Vipn Ndng lugng nguyOn tu Viet Nam.

Nghi6n cr?u sinh: E6u Dric Tu

Tdn d6 tdi luQn in: Nghi€n c*u ttQ nhqy vd rtQ Ofu Ainn sO nga hgt nhdn trong
phhn fich thilng sA Agng hgc vd tdi hgn cho ving hogt 92 bd nhihn liQu itQ gidu thiip
cira lit phdn ftng hgt nhdn Dd Lgt.

Chuy6n ngdnh: Vat ly nguyOn tu vd h4t nh6n Md s6: 9.44.01.06

SO tfranfr vi6n c6 mdt trong phi6n hqp ld .... ngudi, trong d6 s6 ngudi phan

bi6n ludn 6n ld 03 nguoi.

I16i d6ng clA bAu ban ki6m phi6u bao g6m:

1. Trucrng ban: ....1G5...:i..5 N6.o.1*l..i...r,/rii.r....I.&:{'ru......

2. t)yvien: P(i5...:..S... lJki*i,.i.....Nhr....-.4.,,-.t*
3.Uy vidn:............-i..s........H..;....f:J.J....C,.,r..j,..,..,.....

56 phi6u d5 ph6t cho c6c thdnh vi6n: 7
36 phi6u con lai kh6ng dirng: C
--i. ,.t
Kdt qud bo phieu d6nh gi6 lu6n 6n nhu sau:

56 phi6u ho. p 16: 1
56 phiOu kh6ng hqp 16: O

56 phi0u t6n thdnh: 7
56 phi6u khdng t6n thdnh: (t

Tru&ng ban ki6m phi6u Cdc ty vi6n Ban ki6m phi5u

CLxq,t-

W@hCIA q'*x,- t'.J5qA',.0\



Miu ll-NCS

CQNG noe xA HQr cHU NGHIA VrET NAM
DOc l4p - TE do - Hanh phfc

BAN NHAN xET LU,!N Ax rrrcx si
(Dilng cho cdc thdnh vi€n kh6ng phdi ld phdn biQn cfia HQi ddng)

Hg vi t6n nghiGn criu sinh: PAU DUC TU
T6n tr6 thi: NGHTBN CUU O0 XnAy VA OQ nAr DINH SO LrEU HAT
NHAN rRoNG pHAN ricu rHONG so DONG Hec vA TOr HAN cHo
VLING HOAT 92 BO NHIEN LIEU OO CIAU THAP CUA LO PHAN TNG
HAT NHAN DA LAT
Chuy0n nginh: Vat L Nguy6n tir vh Hpt nhAn
Mi s6: 9.44.01.06

Ngudi nh$n xfit: (Hoc hdm, hoc vi, ho t€n): GS.TS TRAN EUC THIEP
Ccr quan c6ng tic: Vi6n Vat li, ViQn Hdn 16m Khoa hoc vd COng nghg ViQt
Nam
DiQn tho4i li6n hQ: 0983201915, Email: tdthiepiop@gmail.conl

.f xrnx NH,IN xET

1. Tinh thli sq, tinh cdp thi6t, y nghia khoa hgc vh thqc ti6n cria lufln 6n:
Trong xu th6 chuy6n eOi ntri6n 1i6u todn cAu, viQc chuy6n A6i tu nhi6n liQu

dQ gidu cao (HEU) sang dQ gidu th0p (LEU) ld y6u cAu cira chucrng trinh kh6ng
pnO UiCn v[ khi hat nhdn todn cAu. DNRR dd hodn thenh chuy6n d6i, vi vpy viQc

nghiOn ciru sdu vd c6c d[c tinh vQt Iy cria ving hopt mdi ndy c6 y nglfia cao vd
cAn thitit. HiQn nay, cic thu vi6n sO tigu hpt nhdn (nhu ENDF/B, JEFF, JENDL)
1i6n t.uc dugc cpp nhpt. ViQc d6nh gi5 dQ Udt A6fr (uncertainty) bing c6c phucrng

phhp hi6n dai (r,hu Monte Carlo k6t nqp phuong ph6p nhi6u lopn) dang ld hudng
di dugc quan tdm rQng r6i trong an todn h4t nh6n th6 gi6i.

D6 vfln hdnh Id phin img an toin, ta kh6ng chi cAn bi}t giatri tinh to6n (vi
du k.n) md phii bi6t sai sO (O9 U6t Ainn) cria n6. N6u kh6n g nilmrd d0 U6t einn,
cdc gi6ih4n antoin sE thi6u co s0 tin cQy. OOi vOi DNRR m{c dt vung hoqt92
b6 LEU cld dugc nghiCn ciru, nhrmg viQc phdn tich chi ti€t d0 nhqy (th6ng s6 ndo

6nh hurvng manh nhSt) vd dA biit dinh (sai sO do sti liqu hat nhdn dAu vdo) cho

riOng c6c thdng sO dgng hgc (nhu thdi gian r6ng cta neutron, phdn sO neutron

tr6 hiru hiQu p"xthucrng it dugc thuc hiQn day dtr horr so v6i th6ng s6 t6i hpn.

Lufln 5n oiua NCS tflp trung vdo nghiOn criu ciw vdn d6 tr6n. Gi6i quytit

rrtrirng v6n d0 trOn mQt c6ch thdnh c6ng ld mQt c6ng viQc vria mang y nghia khoa

hgc vd thUc ti6n. Y nghia khoa hgc nim o chd ldm s6ng t6 co ch6 vQt Iy tuc ld
x6c dinh dugc sg d6ng g6p ctra tlng loai d6ng vi nhu rJ-235,1)-238, H-1, A1,...
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vd ttng lopi phin fng @6t grtr, thnxp, ph6n hAch) eOi vOi sai s6 oia chc th6ng

sO d6c tnmg vtng hopt; DOng thdi ph6t tri6n phuong ph6p luQn trong xey dUng

quy trinh tinh toSn dQ nhpy S vd Uat Ainn U (Sensitivity and Uncertarnty

analysis) phric tpp cho ld ph6n img co c6u truc dic thu nhu ld Dd Lat (ld ki6u bC

boi, sir dUne ch6t cham thi5 vd phin xa ld nu6c nhg vd graphite). V6 i nghia thyc

tiSn giup c6c k! su t$i uu h6a vfln hdnh ld, quyiSt dinh chinh x5c trong viQc npp

nhi6n liQu hoflc thay tl6i c6u hinh ving hopt. DOng thdi h6 trg c6ng tdc thAm

dinh an todn vd gop phdn ddo tpo ngu$n nhdn ft;c chAt lugng cao.

T6m lai: C6 thQ n6i 1u4n 6n cua NCS c6 tinh thdi sg, tinh c6p thi6t, y nglfia

khoa hgc vd thgc ti5n.

2. DO tii vh nQi dung cria lufln 6n c6 trirng l4p vtft c6c cOng trinh cfia tfc gifr

kh6c tI6 c0ng bti tray kh6ng?:

Mpc ti6u cua dd tei ld tflp trung phdn tich d0 nhay vd d0 bat dinh cria s6 liQu

hpt nh6n OOi vOi c6c th6ng s6 dOng hgc vi tdi h4n cho c6u hinh vung hopt gOm

92 b6 nhien liQu uranium clo gidu th6p (LEU) chua dugc c6ng bo bing phucrng

ph6p Monte Carlo su dpng chuong trinh MCNP6 kOt trq'p vcri c6c thu viQn s6

liQu h4t nhfin kh6c nhau, bao g6m ENDF/B-VI[.0, JEFF-3.3, JENDL-5 vd

CENDL.3.2.
pC tai vi nQi dung cua luQn 5n kh6ng trung lflp v<ri c5c c6ng trinh ctn t6c

giildthc dd c6ng bO truOc daY.

3. Su phir hqp gifra ao tai vh nQi dung, giira nQi dung vi chuyOn nginh:

pA tai lufln 5n NghiQn criu tlQ nhay vi d0 b6t dinh sO tiQu hpt nh6n trong

ph6n tich th6ng sO dgrrg hgc vd tcri hpn cho vtng ho4t 92 b6 nhi6n liQu dQ gidu

inap ,ru lo phin irng hat nh0n DdLatdi vdo bdn chht cin cilc v6n dO thuQc vQt

ly hqtnhan nhu Neutronics, c6c quh trinh ldm chQm, van chuy6n neutron, c5c

qu5 trinh phdn hach vd phan rd c6cd6ng vi...vi vfly c6 sg phi hqrp gifta do tai va

nQi dung, gifia nQi dung vd chuyOn ngdnh

4.Do tin cfly vh tinh hiQn d4i cfia phuong ph6p nghion cri'u:

V0 phuong ph6p nghiCn criu: Chucrng trinh MCNP6 su dgng phucrng phdp

Monte Carlo co khi ndng m6 ph6ng sg vfln chuy6n c:iua 37 loai hat kh6c nhau

v6i ndng luqng 1i0n tuc, do d6 n6 dugc ring dUng rong rdi trong c5c bdi to6n

ph6n tich t6i han, thiiSt k6 che chEn birc x4, m6 hinh detector, vd tinh todtvQt ly

ld ph6n tng. chuong trinh MCNP6 dugc ph6t tri6n tu c6c phien bin Monte

Curto dAu ti6n rdo ..r6i nhimg n6m 1970 vd dd tr& thinh c6ng cp ti6u chuAn todn

cAu trong linh vUc tinh to6n ld phin rmg. M6 hinh DNRR dugc xay dlmg chi ti6t

bing u6Npo, ph6n 6nh day at ninn hqc vd vQt liQtr cua cdc thanh phAn chinh.

Ben canh d6 NCS cld sir dung c6c thu viQn s6 Hou hat nhan c6 chdtluqng cao vd

ptO Uiiln trong nghiQn criu bao g6m ENDFIB-VI[.0, JEFF-3.3, JENDL-5 vd
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CENDL-3.2,hn lugt duoc ph6t tri6n boi Hoa Ky, OECDNEA chdu Au, Nh0t
B6n vd Trung QuOc dC thr,rc hi€n c6c tinh to6n ctra minh.

C6 th6 n6i phucmg ph5p nghiOn criu c6 d0 tin c4y vd tinh hiQn clpi.

5. C6c k6t qui m6i cria lu{n 6n; DQ tin c{y cfia c6c k6t qui -16:

Cdck€t qu6 m6i trong lufln 6n bao g6m:

- Cho th6y sy phn hqp v6i thuc nghi6m: K6t qu6 tinh todn bing m6

MCNP6.3 cho 30 di6u ki6n t6i hpn kh6c nhau cua ld Di Lpt (DNRR) c6 sg phir

hqrp r6t t6t voi sO tip., do dpc thuc t6, vdi sai lQch hQ sd nhdn hiQu dpng k,xnhb
hcrn 354 pcm.

- Cho th6y sy dOng nh6t gita c6c thu viQn: Sai lQch k6t qu6 k"x giha cfc thu
viQn sO liQu hpt nhdn kh6c nhau nim trong kho6ng 772 pcm.

- Da phdn tich cp thti duoc d0 nhay cua hQ s5 nhdn hiQu dgng k"y theo cdc
,),
cl6ng vi vd phin img chinh vd phdn lopi thdnh d6ng g6p ducrng vd 6m, chi ra
nhirng d6ng vi vd phin img c6 dong g6p lcrn. CU th6 h H-1: Phdn rmg bEt git
(capture) vd tfun xa ddn h6i (elastic scaffering); tJ-235: Ph6n ring phdn hpch

(fission); C6c tl6ng vi kh6c: AL-27 vd Be-9 cflng ld nhtng thenh phAn quan trgng
,\'

can luu y.

- D5 phdn tich cp th6 clugc d0 bat dinh cua hQ s6 nhdn hiOu dung kefrEA'y ra tu
sO 1i9,, cua c6c thu viQn sO tigu h4t nhdn m6i nh6t: ENDF/B-VIII.0: 415.7 pcffi,

JENDL-5:363.0 pcffi, JEFF-3.3: 588.0 pcm. O0 bet dinh k"frbi chi ph6i manh

bdi bEt vd t6n xp ddn hdi cua H-1, cf,ng nhu bEt vd phdn hach cinrJ-235; ti6p

theo ld c5c d6ng gop tl6ng k6 cua Al-27,8e-9, C-nat vd U-238.

- Ed phAn tich cp th6 clugc d0 nhay cua ty s5 neutron tr5 hiQu dpng 8,6 cdc

k6t qu6 tinh toSn cho thAy o ilQ nhpy ducrng c6 sy il6ng gop d6ng kC cua phin
irng ph6n hach vdi neutron tr6 (98,13 pcm) vd tdn xp kh6ng ddn h6i ctra nu6c

rrhe (29,64 pcm). N6 cho th6y viQc ki6m so6t ld phin img hAt nhdn thUc ch6t la

sg ph6i hqp gifta ngu6n notron trl (U-235) vd mOi tru<vng diOu hda ncvtron

(Nu6c nhq). Cdn t16i vdi c10 nhay dm cdc tinh toSn cho th6y U-235 (Prompt

neutron -98,21 pcm) le d6i trgng lcrn nh6t ci.r- rJ-235 (Delayed neutron). DO

nhay 6m clrc l&n ndy cho th6y fq"V" kj, nhay cdm v6i U6t t<i, sp thay d6i ndo

cua dfr liQu notron tric thdi tu U-235.

- Dd phdn tich cp thi5 clugc Uat Ainn tucrng AOi tj, sO neutron tr6 hiQu dvng fq,
c6c k6t qu6 cho th6y t6ng d0 b6t dinh cua p,xtheo thu viQn ENDF/B-VII.O 10n

t6i 1312,2 pcm. N6 cho th6y ring du chring ta c6 nhirng md m6 ph6ng si6u m6y

tinh, nhrmg do dft liqu dAu vio (ti6t diQn hiQu dung, ncrtron chflm...) vdn cdn sai

sO thUc nghiQm, n6n k6t q1uh frqcu5i cung c6 th6 lQch khodng hcm l,3o . Trong

d6 At-21 elastic (81l,2pcm) vd Be-9 elastic (755,8 pcm) la lon *5t. DOng thoi
Hydro (H-1 elastic) vi tu c6c phin ung hep thU (B-10 n, T) cflng ld mQt ngu6n
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u6t einrr quan trgng. Cdn uranium (U-235,rJ-238) d6ng g6p b6t dfnh th6p hcrn

du kitin.
- De phdn tich clSnh gi5 duoc sg 6nh huong l6n c6c thOng so ogng hqc f"ff

(pc*), l(ps) vd lo (ps) cua c6c th6ng sr5 vpn hdnh nhu mric chdy nhi6n 1i6u su
dung ENDF/B-VI[.0, vi tri thanh di6u khi6n su dpng ENDF/BVIII.0, nhi6t d6
nhi6n liQu su dUng ENDFiB-VIII.0, chdy nhi6n 1i0u sri dUng JENDL-5.

DQ tin c$y cua cdck6tqui cdn dugc khing qua viQc c6ng b5 tr6n cdc tqp chi
qu6c t(5 c6 uy tin.
6. Gi6 tr! khoa hgc cria cfc c6ng trinh khoa hgc cfia t6c giir dfl c6ng n5 UOn

quan tl6n lufln rln:

Gi| tri khoa hgc cua c\c c6ng trinh khoa hgc cria tdc giit dd c6ng UO tl0n
quan di5n lupn 6n ld gop phAn khing dinh:

- Cic thu viQn ENDF/B-VI[.0 vd JENDL-5 le nhirng thu viQn d6ng tin c|y
nhdt,n6n dugc uu ti6n su dpng cho cdc phdn tichvQt ljz vung hoat vd d6nh gi6 an

todn cho ld Da Lpt cfing nhu c5c Id ph6n img tucrng t.u trong tucrng lai.
- Cung c6p co s0 khoa hoc hiOn dai vd chinh x6c hon cho vi6c vAn hdnh an

todn ld phin img hat nh6n Di Lat v6i nhiOn liQu LEU
- Cdc k6t qui cfing khuy6n c6o ring cAn titip tsc cii thiQn viQc dSnh gilthidt

diQn ph6n img cho H-I,ll-235, Al-27 vd Be-9 dO ndng cao hcrn nfia dQ tin cQy

ct;a cic tinh to6n mO ph6ng.

- C6c k6t quA nghiCn cuu cfia lufln 6n co tidm ndng h6 trq cpp nhpt SAR cua

Ld phin img hAt nh6n Dd Lpt.

C6c k}t qui nghiOn ciru cria NCS d5 dugc c6ng bti tr6n c6c tqp chi qu6c t6
c6 uy tin nhu sau:

1. Duc-Tu Dau, Nhi-Dien Nguyen, Ton-Nghiem Huynh, Quang-Huy Pham,

Kien-Cuong Nguyen, Thoi-Nam Chu, Van-Khanh Hoang, Giang T.T. Phan,

Huu-Tiep Nguyen, Thanh-Mai Vu, and Hoai-Nam Tran, " Criticality and
sensitivity/uncertainty analysis of the DNftR with LEUfuel using MCNP6.3 and
the latest data libraries", Nuclear Engineering and Design 442, (2025), 114182.

[scrE, Q1].
2. Duc-Tu Dau, Nhi-Dien Nguyen, Kien-Cuong Nguyen, Quang-Huy Pham,

Thoi-Nam Chu, Van-Khanh Hoang, Giang T. T. Phan, and Hoai-Nam Tran,

"Kinetic parameters of the Dalat nuclear research reactor with LEUfuel using

MCNP6 and JENDL-S library", Nuclear Technology and Radiation Protection

40, (2025), l-9. ISCIE, Q3].
3. Duc-Tu Dau, Nhi-Dien Nguyen, Huu-Tiep Nguyen, Thoi-Nam Chu, and

Hoai-Nam Tran, "Sensitivity of kinetic parameters to operation parameters of
the Dalat nuclear researclt reactor with LEU /ile|", Journal of Physics:

Conference S eries 3 040, (2025), 0 12020 . I S COPUS ] .
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7. Ciuh6i vh f ki6n g6p y AO XCS hoin thiQn lu$n 6n (n6u c6):

- C0u hoi: T6c gti c6 nhpn x6t gi vd c6c sO tiQ,, hpt nhdn ctlr. cic Trung tdm

gifr liQu hpt nhdn mdL minh su dung trong phdn tich th6ng sO dgrg hgc vd t6i han,

vi dp vC sy ch6nh lQc gifia cdc gi6 tri vd sai s6 oIa cdc sO tigu. Ldm th6 ndo de

cho ring sO tigr, ndy ld t6t hcrn sO tig., kia dOi v6i tlng tlOng vi.

- Cdu hoi: Trong Hinh 3.1: Ktit quh k,xcira 30 c6u hinh t6i h4n su firng b6n

thu viQn dft lipu hpt nh6n so s6nh v6i thgc nghiQm. Cdu h6i ld gi6 tri k,x thyc

nghiQm 0 ddy dugc x6c dinh cho 30 c6u hinh hay ta hi0u ld da ld c6,u hinh tdi

han thi k"x thyc nghiQm hi6n nhi6n ld bing 1. T6m lpi c6n gi6i thich 16

"experimental keff'dugc suy ra nhu th5 ndo.

- Cflu h6i: Ta bi5t ring thdi gian sinh neutron tuc thdi (prompt neutron

generation time) A ld thdi gian trung binh tri lirc mQt neutron sinh ra, d6n khi

neutron th0 he kC ti6p xu6t hiQn do phdn hach. Cdn thdi gian sSng cta neutron

(Neutron lifetime z) ld thdi gian neutron t6n t4i tru6c khi bi hAp thU, hoflc rd ri.

H6y gi6i thich tpi sao khi tinh to6n tu cdc nguiin dfi lieu bdng hai phucrng ph6p

trgng sO li0n hqrp vd phucrng ph6p h6p thU chc dqtlugng niy gdn nhu bing nhau.

- Cdu hoi: Theo NCS thi c6c k6t qud cua lufln 6n c6 thO dua tn;c ti6p vdo 86o

c6o phdn tich an todn SAR cria ld ph6n img hpt nhAn Dd Lpt dugc kh6ng?

- G6p j,: Hinh 2.t: Mdt.Et dtmg cira m6 hinh DNRR bing MCNP6 vd Hinh

2.2: M{t 
"Et 

ngung ctra mO hinh DNRR bing MCNP6. HQ th6ng diAu khi6n vi
b6o vQ cta DNRR g6m biy thanh di6u khi6n (DK) bO tri d6i xring: hai thanh an

todn (SR), bon thanh bi trt (ShR) vd mQt thanh t.u dQng (AR). SC ld ttit hcrn ntiu

NCS vE 1 so dO vi tri cdc thanh di6u khi6n EK, thanh an todn (SR), thanh bi tru
(ShR) vd thanh tg dQng (AR) tuong img voi mQt trong 30 c6u hinh trong Bing

3.1 cua trung thLi tli hpn bing thgc nghiQm theo mf;t clt ngang d0 minh hqa

giup ngudi dgc c6 th6 hinh dung t6t hon.

Nh$n x6t chung vdi uu vi nhugc tli6m

D6y ld mQt dO tdi 1u0n 6n Ti6n si c6 j'nghia khoa hgc vi thyc ti6n cao. Vi0c

phdn tich c10 nhay (Sensitivity - S) vd d0 bdt dinh (Uncertainty - U) d6i vdi ld

phin ring h4t nh6n Dd Lat (DNRR) - dac biet h c6u hinh vung hoat 92 b6 nhi6n

iie" oO giiu th6p (LEU) - ld rdt cAn thi€t d6 chuAn h6a sO liQu, t6i uu h6a vfln

hdnh an toin vd cl6ng g6p vdo kho dfi liQu hpt nhdn qu6c t6.

a/ Di0m mpnh:

. Tinh logic cao vd sU hap ly cuacAu truc: 86 cuc di dung 16 trinh chuAn cua

mqt nghien criu ld phin img: T0ng quan + Phucvngphdpl}i46 hinh -+ Tinh to6n

t6i han ken -) Tinh to6n dQng hqc fr"ff. tl vd lo.
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. Tinh cgp nhft so 1i9u: NCS d5 su dung c6c thu viQn s6 HQu hpt nhOn m6i
nh6t hi6n nay nhu ENDFiB-VII.O vd JENDL-5. Di€u ndy ldm tdng gi6tr1 thdi
sg ctra lufln 5n.

. Bao qudt t6t c5c y6u tO van hdnh: NQi dung cl6 kh6o s6t sy phu thuQc cua
thong so dqng hgc vdo dAy dri c6c bitin sO quan trgng: rlQ chSy (burnup), vi tri
thanh di6u khiCn (CR) vd hiQu rmg nhiQt dQ.

b/ Nhuoc ditim:

. Thi6u phdn tich SAI cho c6c th6ng s6 Cgr,g hgc kh5c: NCS ild phdn tich SAJ

cho k"yvit p"xnh,mg ducrng nhu dang bo tr6ng phAn ph6n tich S/U cho thdi gian
th6 hQ neutron A ho{c thdi gian s6ng cira neutron tftc thdi lp.

. Chua d6nh gi6 sdu hon vO "DQ ch6y" (Burnup) li6n quan tltin SAJ, cU th6 khi
nhiOn lipu bi chfy, cdc actinide m6i nhu Pu239,Pu247vd c6c s6n phAm phAn

hpch clQc chi6m neutron nhu Xe135, Sm149 sE xu6t hiQn.

. C6n lim 16 D0 b6t dinh cira k"xvit f "nb 
clAu chu ki,BoC khi vung hopt spch

vd cu6i chu lcj, EOC khi vung hopt c6 clQ ch6y cao thay Ooi ntru th6 ndo? Xu
hu6ng U6t Ointr tdng lOn hay gi6m di khi c6c d6ng vi Plutonium tich lfly? Ddy sE

ld m6t d6ng g6p rit gi6tri.
a. .f tiOn t<6t tufln:
(Bdn dry thdo luSn dn c6 ddp ilntg y€u 

"d.u 
a)a m6t lusn dn ti€n si hay kh6ng? Cd di nghi cho

NCS bdo vQ ciip Co sd/ Vign hay kh6ng?)

BAn dg thio lufln 6n dhp rmg nhirng y6u cdu ccy b6n cua mQt lupn 6n ti0n si.

D0 nghi cho NCS b6o vQ c6p ViQn.

Hd I{)i, ngdy 1B thdng 5 ndm 2026
Ngucri nh$n x6t

(Kit vd ghi 16 he t€n)

TrAn Dirc ThiQp
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CQNG nOA XA ngl CHU t{GHiA VrET NAM
DQc I$p - Tr; do - H4nh phric

sAu NHAN xnr rHAN BrEN LUAN Ax rrnx si
TCn dC tdi: Nghi6n cri'u tIQ nh4y vn iIQ U6t ainn sii ti6o h4t nhin trong phin
tich thdng rii a6rg hgc vi t6ri h4n cho vtng ho4t 92 b6 nhi6n liQu dQ giiu
th6p cfia ld phin rfrng h4t nhAn Eir L4t
Chuy6n ngdnh: Vat ry Nguy6n tir vi H4t nhin Md s5: 9.44.01.06

Nguoi nhfln xet (h7c hdm, hsc vi, hp vd tin): PGS.TS. NguySn Vin Th6i

Co quan c6ng tdc: Khoa Vat ry Ki thu$t, DH Bich khoa Hn nQi

DiQn thoai 1i6n h0: 0967405962 Email: thai.ngulzenvan@hust.edu.vn

r{Qr DUNG Nr{aN XEr

1. Nhfn x6t chung

Lupn 6n trinh bdy k6t quA nghiOn c[r'u d6nh gi6 dQ nh?y, d0 bat dinh cua
c6c th6ng 16 da. trung dOng hoc nhu t1, s6 neutron tr6 hi6u dUng (B.rr, thd'i gian
th6 hO neutron (A), thoi gian s6ng neutron tuc thoi (1r) va th6ng s6 toi.han nhr.r

hQ s6 nhAn hi6u dung (k.n) cho virng hoat 92 bo nhi6n liQu dQ giau th6p cua 1o

phan ting hpt nhAn Dd Lat dugc tinh to6n boi chuong trinh Monte Carlo
(MCNP6) su dung rO li€, hat nhAn trong 04 thu vi6n ENDF/B-VIII.0, JEFF-3.3,
JENDL-5 vd CENDL-3.2. Lu4n 6n tAp trung vdo ph6n tich cdc ktit qua tinh to6n
mO phong Monte Carlo su dung 04 thu vi6n dir.li6u hat nh6n tuy dOu tuAn theo
dinh d4ng chuAn ENDF nhung hh6c biet nhau vd pham vi ndng luqn$, .6 luong
d6ng vi vd phucrng phap danh gi6 nham dirnh gia d6 tin cAy cua k6t qud tinh
to6n.

Lupn 6n kh6ng c6 sy trung l{p so v6i c6c c6ng trinh, luAn vdn, luAn 6n dd
^ ,:

cong bo o trong vA ngodi nu6c; luAn 6n th6 hi6n tinh trung thuc, 16 rdng vd dAy

du trong trich d6n tdi li6u; ludn 6n thti hien 16 su phu hcr,p gifra t6n ae tai vd n6i
dung,.gifra nQi dung v6i chuy6n ngdnh Ja mA chuy6n ngdnh. LuAn 6n duo-c trinh
bay bing ti0ng Anh, c6 b6 cuc tuong d6irf *+
Z.Ir,:iit quri nghiGn cri'u m6i vi y nghia khoa hgc ciia lu$n 6n

Ludn 6n c6 y nghla khoa hgc nhAt dinh trong iinh vuc tinh to6n m6 phong
dQng hoc 1o phan irng su dUng. chuong trinh Monte Carlo nhim kh6o s6t c6c

th6ng rO dA" trung vd tcyi hgn, d6ng thoi c16nh gi6 dQ nhay vd mirc d6 lan truy6n
d0 bAt dinh theo c6c tham s6, dflc bi6t ld su thay d6i vO dfr liQu hat nhAn crla c6c

^ ,A
nguy6n to trong thu vi6n.
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Nghi6n cr?u sinh da trinh bdy k6t quA nghi6! cr?u tch6 chi ti6t, cp th6 danh
gi6 dQ nhay vd <t0 Uat Ainn dr liQu hat nh6n (JO U6t dinh v6 Or rieu Ouq. rrr5" ij
sp kh6c nhau vc gi6 tri cdc tham:6 

:t", ga3 leuvon io t nng irr"."rg"), c6 d6ne
s]v 2!at dinh trong viQc chi ramQt sd enh hu&j ctra c6c thZirO oC, cdc th6ng
s6 tfnh toSn nhu thong rti ogng hgc vd.t6i hpn cria ld ph6n img, vf du nhu dO
nhay dang chri y cta k.6 aoi voi mQt st5 ph6n ung bet no tron iia H-l , rJ-235,
hay vi6c rut thanh diAu khicn ldm giam giet i dQng hoc trong khi spthay oar #
nhi6t d6 kh6ng 6nh hucrng dt5n cdc gi6tr! ndy.

3. C6c c6ng trinh cdng b6

c,ilc.k€t qud chinh cria ludn 6n dugc NCS c6ng uo o: bdi b6o tr6n tap chi eu6c
tO c6 uy tfn v6i d6ng g6p ld tdc gih chfnh: trong d6 01 bdi tr6n tqp chiNuclear
Engineering and Design (Q1), IF:2.1, 01 bai tr6n tap chi Nuclear Technoiogy
and Radiation Protection (Q3), IF : 0.752,01 bei tren tpp chf Journal of physiJs:
Conference Series (SCOPUS).

o:5& 
lu4n: l"ar, 6n ddp img cdc y6u cAu aoi voi mQt tufln 6nti6nsi theo euy

chO tuyOn sinh vd ddo tpo trinh dQ ti6n si hi6n hu4; ban t6m tat lupn a" pfra"
6nh trung thenh n6i dung co bin cria ludn 5n; TOi d6ng y tufn 6n c6 th6 dua ra
b6o vQ <r c6p ViQn.

Xfc nhf,n cria co'quan c6ng tic fuAu co)

gy ftn vd drjng diiu)

Hat l\rdi., ngdy 20 thdng 05 ndm 2026

Ngu'd'i nhin x6t

(Ky vd ghi rd ho ftn)

PGS.TS. Nguy6n Vin Thii
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CQNG HOA XA ngr CHU NGHIA VrET NAM
DQc l$p - Tg do - H4nh phrfic

BAN NrrAN xnr rHAN BrEN LUAN Alv rmu si
T6n cl6 tdi: Study on sensitivity and uncertainty of nuclear data in kinetic

parameters and criticality analyses for a core configuration with 92low enriched

fuel bundles of the Dalatnuclear research reactor.

Chuy6n ngdu:rh: Vat ly nguy6n tri vd hpt nh6n

Nghi6n ciru sinh: D4u Dric Tu

Ngudi nhan xet (hpc hdm, hoc vi, h9 vd tAfl: PGS. TS. Nguy6n Nggc Anh

Ccr quan c6ng tdc:Euihgc Phenikaa

DiQn thopi li6n hQ : 098 20 1 6 8 90 Email : anh. nguy enngocl @phenikaa-uni. edu.vn

NQr DrrNG Nr{,iN Xrcr

ViQc 1i6n tpc d6nh gi6 sdu sic vtng 16i dang hoat d6ng v6i c6u hinh 92 b6
nhi6n 1i6u LEU bdng c6c mdtfnh to6n hi6n dai vd hO thiing thu vi6n dfr liQu hpt
nh6n cpp nhpt nh6t ld nhi6m vp c6t 16i dO dAm b6o vfln hdnh ld Da L1t an
hiQu qu6. Do d6, hu6,ng nghiCn.ciru ph6n tfch clO nhay/dQ U6t Ainn vi c6c thQ

s6 dQng hqc ld c6 tinh cAp thi6t vd thdi sg. LuAn rin trinh bdy m6t phucrny'
tri6n khai phdn tich S/U (dQ nhay/dQ b6t dinh) UfuS MCNP6, tir d6 tfnh to6n[
th6ng rO aQrrg hgc ld chi ti6t. C6c th6ng tin ndy r6t tiru ich cho cdcbilo 

"do 
p

tich an tod,n cria ld Da Lpt. Kh6ng chi vfy, c6c ktit qu6 thu dugc cdn ld co sd
ldm khuy6n cfuo cho c6c nhd ph6t triiSn thu vi6n hpt nhdn th6 gi6i.

Lufln an kh6ng trung l{p so v6i c6c nghiOn cr?u tru6c d6y. Cp th6 1u0n rln
khio s6t c6u hinh LEU hiQn tpi v6i md MCNP phi6n bin 6.3 vi sri dpng c5c
phi6n bin m6i nh6t cria ci btin thu viQn hpt nh6n. C6c nQi dung dugc trfch d6n
dAy d1, c6c c6ng cg sri dUng dO nghiCn cuu (MCNP vi c6c phuong ph6p d'inh
gi6) d6u kinh di6n vd dugc st dpng rQng rdi, do d6 c6 d0 tin cfy cao.

Cilck}t qui chfnh cria luQn 6n bao g6m:

- X6c dinh 30 c6u hinh t6i han thgc nghiQm cria ld De Lg., vittinh toan
mO ph6ng MCNP cho 30 c6u hinh ndy sri dUng 4 thu viQn dt 1i0u het
nhdn kh6c nhau. ChCnh lQch gifia m6 phong ve thgc nghiQm kh6ng
vugt qu|354 pcm.

- Ee tfnh to6n d0 b6t <linh cria keff gdy b0i sai s5 cria sO tigu hpt nh6n
cho c6c thu viQn c6 dt liQu hiQp phucmg sai (ri6ng CENDL-3.2 khdng
xdc dinh dugc do kh6ng c6 dir liQu hiQp phucrng sai)

Md s6: 9.44.01.06

' vrEN

Hor+EH 
ctlu
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- Ddti(in hdnh x6c dinh d0 nhay cria k6t qui v6i cdc dir liQu titit diQn hpt
nh6n 44 nh6m. Ph6n lopi dugc c6c dfi li6u d6ng g6p lon nh6t vao dO

nhay le H-l ,U-235, Al-27, Be-9, C-nat.

- Tinh todn cdc tham rO e6rg hoc ld: ry le neutron tr6 hiQu dung, thdi
gian sinh neutron, thdi gian s6ng cta neutron. C6c phdn tfch tucrng
quan dugc thuc hiQn.

Ktit qui cria luQn 6n dugc ding tii tr6n cdc t4p chi qu6c t6 vd trong nu6c uy tin,
d4c biQt li c6ng trinh ddng tr6n tpp chi Nuclear Engineering and Design.

LuQn 6n dugc xdy dpg v6i c6u truc chf,t ch6, m4ch lac. Hinh thric trinh bdy
dgp, trpc quan, chi titit nh.mg kh6ng bi r6i.

Lufn in co the titip lrc dugc cii thiQn hcm nta:
\t

- Tic gi6 cdn cai thien ph6n d{t vAn dC dO n6u bQt dugc ly do vi sao cAn
ti6n hanh nghiCn criu ndy. Hi6n t4i, lufn 6n m6i chi dimg 14i <r mirc m6 th ddy
nhu mQt img dpng thgc nghiQm (engineering case study) cta phuong phSp SAJ
l6n ld DNRR. Tdc gih cAn chi 16: C6u hinh 92 b6 LEU cria ld DNRR c6 d6c thr)
gi v0 mit hinh nqc, hiQu img phin x4 ddng, hay ph6 no-tr6n di biOt khi6n c6c
c6ng cg tinh to6n th6ng thulng tru6c d0y chua thC d6nh gi6 chinh x6c d0 b6t
dinh ndu kh6ng c6 phdn tich SAJ chuy6n sdu niy?

- Can chinh sria tri6t dO phAn Introduction cria timg chuong. Hdy loai b6
nlrfrng doen vdn mang tfnh lflp Lqi ! cria phAn Preface. PhAn gi6i thiQu dAu
chucrng,chin6n vi6t ngin gon (k*roing t-2 tlopn), tfp trung thing vdo muc ti6u,
logic t<iit nOi v6i chucmg tru6c vi vai trd cp th6 ctra c6c bu6c tfnh to6n trong
ri6ng chucrng d6.

- Re soSt c5c t5i crunfr 6 $i dp: beta_eff khi thi vi6t nghiEng khi thi
kh6ng), 15i trinh bdy b6ng bi6u chua clgp (vi dp BAng 3.9)

C6u h6i cho NCS: 
i

1/ D0 chfnh xhc cfia c6c thu viQn dugc dSnh gi6 &ya tr6n k_exp, gi6 str
k_exp c6 mQt sai sd hQ th6ng thi c6c klSt lupn c6 cdn dugc git nguy6n? C6
gi6i ph6p gi dC d6nh giit/uoc tinh anh hucmg ctia ngu6n sai sO ne th6ng
ndy khdng?

2lTrongphAn kiSt lufln cria lufn an, dgq tr6n k6t qui ph6n.tich dQ nh4y vd
d0 b6t dinh, NCS c6 dua ra khuy6n ngh! vC vi6c cAn fitip tpc cii ti.!n vd
chuAn h6a 14i dfi liQu titit dign phan img cria c6c d6ng vi nhu H-l vd U-
235 (ddc biet ld c6c phin tmg bfu git no-tr6n cria H-l vd phan hach cria
U-235). Tuy nhi6n, tr6n thuc t6, c5c hO thu viQn dfi liQu h4t nh6n ldrn tr6n
thi! gi6i (r,hu ENDF/B, JENDL, JEFF) d6u dugc x6y dpg dlra trdn mQt
quy trinh d6nh gi6 cpc tc! nghiEm ng{t vd tl6ng vi H- 1 vitLJ-235 ld nhimg
hpt nh0n ti6u chuAn dd ducv.c cQng d6ng qrrt5c t6 nghiCn criu sdu slc, ki6m
chimg qua hdng nga,rl ph6p do thgc nghiQm kinh di6n. NCS hdy cho bii5t,

viQc dua ra mQt khuySn nghi mang tAm v6c vi m6 nhu vfy dga tr6n duy
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ntr6t mQt nghiCn criu img dung cpc bQ cho mQt c6u hinh ld ph6n img
nghiCn cr?u cp th6 (DNRR) c6 thgc sg thuytit phuc vd. hqrp ly vA mpt
phucng ph6p 1u4n hay kh6ng? Ban chdt cria viQc f,S tg k_eff sai lQch

nhi6u voi thpc nghiQm li do thu viQn sai hay do c6c y5u t6 kh6c (vi du sai

sO n9 th6ng 0 cdu h6i 1 ,hay sg kh6c biQt v6 phdn nh6m mac dinh cin cic
thu viQn (c6 nhfrng hQ th6ng phdn SOe sE cho dQ chinh x6c cao \*),
hay sg tucrng thich cria viQc chuy6n d6i phAn nh6m mic dinh vd 44
nh6m).

3/ Theo d6nh gil cinph* biQn, c5c nhfn dinh vA thu viQn pht hqrp, dfi
liQu, chi mang tinh ch6t dia phuong (tr6n ld Da Lat).C6c thu viQn dugc
thitit kti dga tr6n nhi6u bdi to6n Benchmark khSc nhau do il6 c6 thi5 mqt
thu viQn md tA t6ng qudt tdt nh6t 14i kh6ng phii thu viQn m6 tA mQt trucmg
hqp ru th6 t6t nfr6t. NOi .a.h khdc, sg t6t hay kh6ng t6t 6 tl6y mang tfnh
ng6u nhi6n, kh6ng phin 5nh chSt Joqrrg d6nh gi6 sO 1i9u cria thu viQn. Gi6
tri lon nh6t cira lufn 6n le de thitit 10p dugc quy trinh phdn tich SAJ cho

mQt truong hqp cu thti. NCS dd c6 kt! hoachfhopc d5 bi6n so4n quy trinh
.-indy tl6 c6 th6 6p dpng cho cdc trucmg hqrp kh6c chua vi dp (CNEST).

Nghi6n criu sinh n6n dua thanh mQt mQt phq lUg, trong d6 n6u 16 timg
bu6c, c6ng cp sri dung, luo y, dC "ngudi di sau" dO ding 6p (rng.
, ,.1 \T ^ h, m\ t\ ^ , \ t I .^

Lufln 6n ti6n si crha NCS. Dflu Dric Tt le mQt c6ng trinh nghiOn criu c6 kh6i
lugng c6ng viQc lcrn, nghiEm tuc vd c6 gi6 tr[ thr,r. iGn d6i v;i an todn ld phan

ime Dd L4t. Lu4n 6n dap img c5c y6u cAu co bin AOi vOi mQt lufn 5n ti6n si theo
9tt

Quy ch6 tuytSn sinh vd dio t4o trinh d0 titin si hien hanh vd c6 th6 dua ra b6o vQr -..^cap vr9n.

Hd N|i, ngdy l(thdng { ndm 2026

X6c nhfn ctia co quan c6ng tric (n€u cd) Nguoi nhfn x6t

(Ky vd ghi rd hp ftn)

PGS. TS. Nguy6n Nggc Anh

il
f ,rY,o.l.l nG*\ r

w
hr)ng Vin D6ng

'--/-
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HtIoNG uAN urr NHAN xET pnAN BIEN ru4N AN

(Ddnh cho cdc Phdn bi€n cila H1i d6n7 bdo vQ luQn dn 6 cdp co sd/ ViQn)

Kinh gui: ........

viQn truong viQn N6ng lugng nguyen tt viet Nam ra Quy6t dfnh

riso .......... ..... vd viQc thanh lQp HQi d6ng ch6m 1u0n 5n

ti6n si cl'p co s6/ ViQn cho nghiOn criu

sinh........

OC thgc hiQn Quyet Ainn tren, ViQn kinh dC nghi ..""' dqc vd

vi6t nfran x6t phin biQn 1u4n 6n theo nhimg gqi y trong mdu du6i d6y:

ceNG nOa xA ngr cHO NGHIA vIEr NAM

DQc lflP - TrP do - H4nh Phlic

BAN NrLIN xm PHAN BrEN LUAN AN ufN si

T6n dA tdi: Nghian cftu dQ nh4y vi tIQ n6t apn sa np, h4t nhin trong

phffn tich th6ng sii Aqng hgc vir t6'i h4n cho virng ho4t 92 b6 nhi6n IiQu

tIQ ginu th6p cfra ld phin rfrng h4t nhAn Dh Lqt

. Chuyen nginh: Vgt ly nguyon tft vi H4t nhin Md si5: 9.44.01.06

Nghi0n ciru sinh: D$u Drfrc Tir

Ngudi nh?n x6t (hpc hdm, hsc v!, hp vd t€n):TS.ffii ffai Quin

Co quan c6ng t6c: ViQn Nghi6n c.1u COng nghq C6ng nghiQp Chi6n lugc

Viettel

DiQn tho4i 1i6n hQ: 0869190985 Email: quanhh9@viettel.com.vn

NQI DUNG NIIAN XTT

Q,{hqn xdt ct)a phdn biQn kh6ng cdn n€u tqi kA cdu vd nQi dung cdc

chuong ct)a luQn dn,-kh6ng tri.nh Qdy theo.th* try chaong mqc cila luqn dn

md ,in trinh bdy theo cdi vdn di hay k€t qud mdi md luqn dn dst duqc

theo cdc didm sau:
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- Tinh cdp thiiSt, thdi sqr, y nghTa khoa h7c vd th$c tidn cfia di tdi luqn dn.

+ Ld phin img nghiCn ciru Dd Lpt nim trong chu6i c6c ld nghi€n cr?u

hat nh6n tr6n th6 gi6i. NhiQm vu ciiuia c6c ld ph6n rlng ndy khong chi

cho nghi@n cr?u .o b*, tntg dutrg bric xp trong y t6, c6ng nghiQp md

cdn d6ng vai trd quan lrgng trong viQc ki6m dinh, x6c nh6n tinh dring

d6n cua c6c thu viQn si5 HQu hpt nhdn.

+ ViQc su dpng c6c thu viQn h?t nh6n moi dO tfnh toan c6c tham sO

dong hgc 1o phan img c6 the tdng dQ an todn vQn henh cria ld Ed Lpt
n6u c5c sO tigu dQng hgc ld niy dugc cfp nhpt.

+ Tinh dring d6n cira lufn vdn sE lim co s& tham chitiu dO tinh toan

c6c tham s6 vflt ly ld cua c5c ld ph6n img kh6c, trong il6 c6 ld ph6n

img hat nhdn nghi6n ciru dU ki5n clugc xdy dpg tpi E6ng Nai.

- Stg kh6ng trimg lQp cila ai tm nghiAn cr,ru so vdi cdc cdng trinh, luQn vdn,

hdn dn d:a cA"g ti o trong vd ngodi nwdc; t{nh trung th1rc, rd rdng vd ddy

dfi trong trfch ddn tdi liQu tham khdo.

+ Lufln 5n dugc trinh bdy 16 rdntg, trung thgc, kh6ng trung lAp v6i
c6c c6ng trinh, lufn vdn, hay lufn 6n dd dugc c6ng b6 trong vd ngoii
nu6c.

- sq phil,hqp gitra tan di tdi v6i nQi dung, giica nQi dung v6i chuy€n ngdnh

vd md s6 chuyAn ngdnh.

+ NOi dung vd ti6u dd cua lu4n 6n pht hqp v6i chuyen nghdnh vd md

s5 chuy6n nhanh cria nghiOn ct?u sinh

- D0 tin cQy vd tinh hi€n dsi cfia phaong phdp dd s* damg dd nghi€n ctru.

+ LuQn an sri dUng chuong trinh MCNP ld code Monte-Carlo dugc

su dpng r6ng rdi tiong tni6t k6, m6 ph6ng, vd tinh to6n ld phan ung

hat nhdn. Ngodi ra, luQ.n an cflng sri dgng cdc thu viQn nhu JENDL,
ENDF, JEFF, CENDL lit c6c thu viQn tict dien ph6n img tin cfy,
dugc hdu htit c6c PTN tr6n thi5 gi6i su dung.

- fAt qud nghi€n cru mdi ctia tdc gid; ddng g6p mdi cho sq. phdt *ten khoa

hpc chuyAi ngdnh; d6ng gq moi phwcli ino sdn xudt, kinh td, qr6t
phdng, xl hQi vd ddi s6ng. i nghia khoa hec, gid tri vd d0 tin cQy cila

nhfing k€t qud do.

+ Luan 5n ddtinh toSn d0 nhay vi dQ U6t Ainfr cria ld phin ime\!
nhAn Ed L4t. Nhtng tinh torin ndy g6p phAn x6c nhfln tinh dring ddn

ciua cdc chucrng trinh mO ph6ng nhu MCNP.cflng nhu c5c thu viQn

ti6t diQn h4t nhan ENDFIB-VI[.0, JEFF-3.3, JENDL-s, CENDL-3.2.
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D6y ld mot trong ntrirng nhiQm ,,; r6t quan trgng cria ld ph6n img hat

nhan nghiOn ciru n6i chung vd ld Dd Lat n6i ri6ng, b6n c4nh c6c

nhiQm ,U mtat nhu nghiCt t* co bin hay s6n xu6t d6ng vi ph6ng xp.

Ngoii ra cfuc ki5t qui tinh to6n ilong hgc ld phan img sri gulg .T ll,"
vi[n m6i ndy c6 ihc auqc sri dpng dC c6p nh6p tham sO di6u khi6n,

gi6m s5t cho ld phin img hat nhdn Dd Lat.

- tJu di€m vi ru\i dung, kAt ciiuvd hinh th*c cfia luQn dn'

+ Lufn vdn trinh bdy 16 rdng, logic. Hinh 6nh, bang bi6u minh hga rd

rdng.

- Nhtmg S6p y vi hAn dn NCS cd:n luu y, chinh stha trong luQn dn:

+ Fig.3.7, 3.10. pOi Acrn vf ctra dQ phin rmg ld %LWk'

+ Trang 103: 86 cdu 'oThe findings highlight the crucial need to

improve elastlc-scattering and fission delii for t<ey is^otop..::'.OC tet tuan

pnai cai thien sO nq,r.phin ring cria thu viQn hpt nhdn phii den tu nhi6u

,frO- nghien tru,-rt iC" tinh t;n tir c6c ld phin tmg khSc nhau khi c6 ki5t

qua tucrng il6ng. fnO"e the chi dga vdo f<6t qu.a linh io6n d ld De fat dC k6t

tuan cac thu viQn trong lu?n 6n can c6i thiQn s6 liQu ph6n img dugc.

+ Trang 107: b6 dramatically trong c6u "The F etf decreases

dramatically from 750 pcm at the Boc to 704 pcm at the Eoc"

+ Mpc Z gn trang 107). New contributions: Chinh sria lpi c6c ki5t

luQn sau:

(Z) Ket qui tfnh to6n cho they 3 thu viQn ENDF, JEFF, vd

CENDL cirng xu hu6ng v6i nhau vd khSc v6i JENDL-S. Nhmg
tdc gihlai khiryCn nghf-srhdung IENDL-s AC tintr to6n. DO nghf

tdc gibdanh gi|lqi nhAn dinh ndY.

(3) Phdn img phdn hpch hoflc t6n x4ldm chflm notron sE ldm tdng

k-eff. Nguq- ipi, phan imgbhtnotron (kh6ng phai fission) sE lam

giim k-;ff. Day le g thuyZt co bin cua vflt tV jO, khdng ttr6 tet
tratt U finding cria lu$n 6n. Ee nghi t6c gih dilnh giflAl

(5) T6c gi6 sE sridpng nhimg findings trong nhan dinh ndy trong

ld De Lpt nhu thO ndo?

(7) ,.Therefore, improving the cross section evaluations,

particularly for Al-27,8e-9, and B-10 is essential to enhance the

accuracy and reliability of reactor simulations." DSnh giSlAi

nhan dinh ndy, kh6ng nen dua ra k6t luflnhdy ni5u chi dga vdo

ktit qui cria lufn 6n.
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(7) "These findings confirm that JENDL-5 provides a more
reliable basis for analyzing the kinetic parameters of the reactor

core". f6t tuan ndy chi dring cho ld Edlat theo ki3t qui cta lufln
6n. Do d6 n6n sria thdnh "...of the DaLat reactor"

- Cdu h6i choNC^S (n€u c6).

+ Mpc 6. Objectives of this Dissertation. Trang 2l: Tdc gi6 n6i rdng

ki5t qui tinh to6n ,?rff, /t, and lp d6ng g6p vdo sU an todn vd hiQu qui

cua ld phin img. Nhrmg trong nQi dung luQn 6n kh6ng noi 16 d6ng g6p nhu

th6 ndo? C6c ktit qui tinh toan ndy dd dugc str dpng thgc tO trong ld.phin
img hat nhdn Dd iat hay.chua? Tdc gi6 c6 kti hoactr cQp nhft c6c ktit qui
ndy trong vQn hdnh thgc tC ld De L4t kJr6ng?

+ Tpi sao t6c gi6 chia ti6t aign noton thenh 44 nh6m? Cdch chia

nh6m ndy dpa vio co s& hay tham chi6u ndo?

+ Bing 3.2. Cdc gi6trik-eff thgc nghiQm trong 3 trudrng hgp t6i h4n,

du6i t6i hpn, vir tr6n t6i hpn ctra ld Ee Lat ld bao nhi6u? TAi sao t6c gi6

kh6ng dua vio?

+ Hinh 3.7 . Lit phin img Dd lat cA BP trong ving hopt kh6ng?

(ngopi tru BP trong c5c thanh di6u khi6n)

+ Tdc gi6 su dUng thu viQn JENDL-s trong MCNP6 nhu th6 ndo?

- NOi dung lusn dn dd duqc c6ng bi5 tran @p chi, fu ya" h1i nshi khoa hpc

ndo vd gid tr! khoa hqc cila cdc c6ng trinh dd c6ng b6.

+ Criticality and sensitivity/uncertainty analysis of the DNRR with
LEU fuel using MCNP6.3 and the latest data libraries, Nuclear
Engineering and Design, 442 (2025),114182

+ Kinetic parameters of the Dalat nuclear research reactor with LEU
fuel using MCNP6 and JENDL-s library, Nuclear Technolo gy &.

Radiation Protechtion,2025 Vol 40, No. 1, pp 1-9

+ Sensitivity of kinetic parameters to operation parameters of the

Dalat nuclear research reactor with LEU fuel, Journal of Physics:

Conference Series 3040 (2025) 012020.

- Ka hQn chung.cdn khdng.dinh yil:c !9 ddI ?s cdc yau ':y |:j voi mlt
luQn dn tidn si theo Quy chd tuy€n sinh vd dao tgo trinh d0 ti€n si hi€n

hdnh; bdn t6m tdt tudn dn phdn dnh trung thdnh nQi dung co bdn cila luQn

dn hay kh6ng; luQn dn c6 thA daq ra bdo vQ o ctip co s6/ViQn daqc hay

kh6ng?)
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.HriiLdr., ngdy .214 thdng .*-
ndm ?..c.1" L

Ngudi nhfn x6t

(Ki,vd ghi rd ho ftn)

Ha- H; Ar A^,

+ NOi dung cria luQn v6n vd c6c ktit qui c6ng b5 cua tdc gih dd d5p

ims duoc .a. ,c,ill, a?i roi han d ticn s! theo Quy chi5 ddo.t4o

;tri, dd iic, ri hiqn hanh. Ban t6m tEt luQn 5n phin anh trung thgc

nQi dung ctra luQn 6n.

+ DC xu6t luAn 6n dri di6u kiQn b6o vQ c6p ViQn'
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CQNG HOA xA ugr CHU NGHIA VrET NAM
DQc l6p - TU do - H4nh phric

sAx NHAN xEr LUAN Ax rtrx si
(Di.rng c'ho t'ric'thinh t'iAn khongphui lu phun biOn t:utt Hii ctingl

Hg vir t6n nghi6n cf'u sinh: DAIJ DLJ'C'l'il'

TGn tld thi: Nghien cuu d6 nha1, 11i dCr trit dinh sd li0u hat nhAn trong phAn tich thdng s0 clong

hoc r,'a tcli han cho virng l-roat 92 b6 nhien lieLr cld gi:\u thAp cua id phdn img hat nh6n Da t.at.

Chuy6n ngirnh: Vat lv Nguv6n tr-L r'.i hat nhan

N{fl s6: 9.:14.01.06

Ngud'i nhfln x6t (Iloc hirm, hr.tc't'i, ho t0n): TS. TrAn Tri Vi6n

Co'quan cdng tfc: 'l'run-e tAm f)do tao hai nhar.r

Di6n fho4i li6xr hQ: 0855.791.646 Email: trantrivier-r?r, guai l.corl

V rcIPX NHAN XET

1. Tinh thili su', tinh cip thi6t, f nghia khoa hgc vri thg'c ti6n ctia lufln:in:

I-uin irn n,lhiOn cuu r'.\ anh hlLong cLia c16 nhav vr\ d0 bAt clinh s6 liQu h4t nhAn trong

phAn tich cdc th6ng s6 dq',ng hoc r a toi han cr-ra Lt) phdn rlmg irat nhin Da L,+t c:ho ciu hinh 92

BNL t]raniun-r d0 gidu thAp (I-E[J)" V(ri ri€c so sanh vii cliinh gi6 giira chc thLr:r,iOr'r so li€ir ha1

nhAn kh6c nhar-r. ap dung cho nhi€r,r clieLr ki€n t(ri han khiic nirau .r.," .i,, lunir nl1' lnang lai giii

tri tham lihao l(yn cho cdc nghi€n citu. tir-rh lonr-r m6 phring 
"0 

s,ru nat'. citni: nhu cho cfc cOrrg

t6c pi-rAn tich. dfnh gi6 an toan vir qtiiin l- r'iu.rg hoat cho 1o phiin [urg hat nhin Dri La1. Ngoiri

ra, luiri an cfrng co gi6 tri tham khao ciro cac tinh to6n thi€t ke vi nghien ciiu tren li) pl,ar, imu

hat nhin m6i trong tu'ong lti. NihLl virv" lu6-n dn c6 tinh thcri sr-r" f.inh cap thi0t vd v nghTa khoa

hoc cao. clac hi0t trongr b6i canh Vift Nar.n clang clirt ra chifn luoc clAv nranh phdt tricln ninr

lr-rong hat nhAn. d0ng thtri dir nlrmrh ti0n tr:inh xil clr-rng trr-rng tim ngliiCn cur-r hat nl.rAn miii

cing vo'i ting cuon-u khai thac on dinh cho ld phan iLng hat nhi:r Dd L.at.

2. DAI tdri vh ndi dung cria luf,n 6n cr1 trding l5p vti'i c:ie c6ng trinh crin tic giri khfc cIfr

c6ng tr6 hay kh6ng?:

^:D; tai va ndi chrng cua }udn 6n klidrrg triLng iap vrli cdc cOng tr:inir n5:i:ien cilu cua c:ic

tdc gi6 khac da cOng bii vd c6 thO cor li c0ng b6 dAu tien r,0 rrnh l.ir-roi.rE cua e16 nhal' r'a il6 hit

clinh cua cdc so 1i6Lr i'rat nhAri tJen i,i0c phin ifch cac th6ng si c16ng hot: li tdi han cho ciiLr

hinh vung hoat 92 bd nhi6n lieLr l.l-.1.i cua Lt) phan intg l.rat nhin Dd Lat.
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3. SU'phii hop gifi'a tlii tii vir nQi dung, gifr'a nQi dung r'ir chu-v6n nghnh:

T0n dd tiri ci5 phan anh r0 c6c n6i dung nghidn ciru cua luin iin, r,'a n6i dun-e lnan trr.t

hodn toin phu hop v6'i chuy6n ngiurh cldo ti'to Vet li nguven tu'r,a hat nhdn.

1. D0 tin cfl-v vi tinh hiQn clai cia phuo'ng phrip nghiGn cf'u:

t,udn 6n su dung c6c cdng cu tinh toan N4C)NP6. LlOi chirng bang Serper"rt. la c6c chtroug

trinh tinh to6n hi6n c'lai theo phuong phaip N'lontc Carlo. v6n dd r,i\ dang ducrc su dung r6ng rii

trong nghiCn c[lu. ddnh gia. phAn tich an toan ld dr,roc chip nhin bcii cac co quan phzip cltry'

quoc gia vi\ qu6c te. Oi6u niLl' ctam biio cho ckr tin ciy' vir tfnh hien clai cua phr-ro'ng phirp

nghiCn cirr-r sr-r clung trong luAn 5n.

5. C:ic k6t quri m6'i cria luin iin; Dq tin ci1'ctia c:ic k6t quri d6:

LuAn 6n d,I c6ng bd cdc k6t clLra nghi0n c[ru r.'a so siirrh vi6c su'iltrng ciic b0 s6 li€u hat

nhdn kh6c nhau cho viQc ph6n tich cle nhal' r,a e10 bat clinh doi r'6i h0 s0 r.rh0n vi\ t1' sd neutron

tr6 hielr dr-rng. Lr-rAn iin ciing c1i chi ra m6t cdch clinh lr-ro-r'rg nhfrrrg d6ng gcip cua cac phzin [r'ng

phdn hach. hAp thp va tzin xa cua c6c hat nhin quan trong cho h0 s5 nhan I a c6c thring so tlottg

hoc. Dii:u ndy'mang lai gi6 tri tharn k^hiio irin cho vi6c so s6uh r.'a lr-ra chttn c/rc thLL vi€n sO l;au

hat nhAn phuc r,'u cho c6,c phhn tich, clfnir gi:i art ioin vi\ cdc c{ai tinh ddng hoc cia lt) phan

ilng hat nhin Da Lat nrii chung. r,'zi ciic: nghi0n cr-r'Lr r 0 li) ph:in url,r nqhi0n cu'u mtii hat' cltc

nhzi m6,v t1i0n hat nh6.n cua Vi6t Narn trong tuol.Ig lai. Cac k.11 qiru nir ctrng dd ducrc sct sitth

v6'i cdc gid tri thr-rc nglhi0m cho ciu hinh r irng hoat 92 bci nhi€r-r li6u c1Q l,riau thlp cua lo ph:ur

irng hat nhin Dd [.at,,,i ciu.ig cli dLtoc corrg,b0 tlin cdc tap cl"ri !,lhoa hi]c l-tl tin. I)i0Lt nir clai.'l

bao cho d0 tin cA)' sm ciic kOt clua lrghi6n cfu cua lu6n 6n.

6. Giri tri khoa hgc cua cfc cdng trinh khoa hgc cria tfc giri tli c6ng tr6 tiOn quan cl6n

lufln {n:

Nghi6n c0'u sir-rl-r ii tdc gier chinh cua 3 cong cOng bO trOn cac tap chi uv titt. -ttonr 
0l hii

d[ng tr€n tap chi Nuclear Lnginccrin-q anel Dcsign (Qi).01 bdi cIlng trOn tap chi Nr"rclear

'fechnolog-v and f{acliation Protection (Q3). I brii dang trOn.lor-rrnal oi Irhvsics: Cont'crettce

Series thu6c danh muc SCOPLIS; r'a r-r-rdt so c0ng b6 trOn cac tap chi vd hdi nghi chuvcn

ngdnh khac. C6c cting b6 ni,v cl0r-; lir snn phirn nghiin c[ru i:ua iuAn an. clap itng dtr r 0tt cir,t

cua chuo'ng trir-rh cldo tao nghi0n cilr-r sinlT lai \r'i0n Ndng luong ngul'0n tir Vi6t Narn.

7. Cfiu hoi vi 1..f ki€n e6p f aI6 N{lS horln thi6n lufin fn (n6u c6):

- NCS n|n xem rdt sria lai ciich trinh bar t0n luAn iir"t tai tlur, lriu t-cn$',i;it: ciic thuat rrgi.L

hay curn tu 1i6n rlach thi n6n ri ciu-rg tr6n ntOt ddtrg.
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Introcluction lronlt C.huirng I trinir hay hh6ng li6r-r rnacl'r. thi0u li0n k0t giua cac doan. tao

cam gi6c ring cfc rAn dC dua ra bi br) lung. NCS nOn xem xit b6 cuc lai hodc th6m viro cdc

tir'. cAu l-roic doan nii cho nrach vnn liin tuc.

Thuc t6. 1o DNRR c1i sLr dung nhi0u cir-r hinh v6i s5 lurr-ng bri nhien li0u trong vung hoat

kh6c nhau. nhung cach m6 td trong luAn an nhr-r the "cdti hinh cira DNRR. g6m c6 t)2

BNI-". NCS n6n xem xdt trinh bd1. rO rAn-{ hon. d6ng thdi ch-r'a them nhirng luAn giai khoa

hoc cho r,'iOc 1ua chon cAr.r hinh nal' (chang han do nhi0n lieu sach. sO lie, thuc nghiCm diy

cl[i" hal,rnang tinir dai diOn, r,.r'... )ngoai l. do: "c'tic'nghiAn ctlm t,i phiin tich a]o nhttl't,ir
-^ , ; ; \ / r t '
Jo itttt tliitlt cutr.ttt ii1u hot nlttin ioi vrii t'tit-'th6ng:;o Clong het't'ir t6'i hun t'ho cctu hinlt

vitng houl gim 92 btl nhian li|u urunirun tli giirit thip vin thrru chrr.tc't'r)ng bo" d0 tling

th0m giir tri cua lr-rAn 6n.

Introductron trong Clhr,rcrng 2 c(r rd nhtr ld rnOt lin nt'a giiri thiOti cho ca luAn iin (n6i dung

tuong tu nhu Lrtrocluction trong Llhuirn-{ 1. clu chi ti€t trcyn). I}o dli',' li loi gini thiOu ciLo

m6t chucrng cu thO. clo do muc na1, nOn girii thi€u m6t cdch tong Lirrui chr) cac dALi niuc si

dua ra sar-i clo trong ['htrong 2. Nt'S xcnr re{1 hti sung lhinr ciic luAn giai cho viec lrra chon

phuonu phap. iu'a chr,.n cac thLi.,'i'^n dira vao cliinh gia. r'a ciir: c0ng;,.r su dun-9. r'.r,... TiL clii

rn6'i c(r c(v so cle clrru ra cic Cair nlu,,'.'i)n 1ai. nl-rLl N4CNP6 Coilc Nuclcar data librai"ir:s.

Methocis tor sensir ity anall sis..

lV1uc ['onclusions. Nerv f]ontributions ancl Futurc \\'orks nen clat chi muc thanh Cihaptcr 4

cio muc nz\y' cirng ld rrdt phdn qr-ran trong trong Iuiin dn.

Font chir trong c:ic Hinh 1 l 2.i" 3.1I lioi to so r,'tyi lon1 sizc mlc dinl: cilri luin an. tn)nu

khi font cirir trong c6c llinh 2.tt. 3.2" 3.33.4. 3 5.3.6. 3.12. 3.13. i 1-+. -:.1-5. B.1. t1.2. !1.1.

8.4.8.5.8.6.8.7thi cltuinhLj.Ddphingiai cuacdcilinh i.2.2.5 kh6ngi0t.chrl'bi nhoe.

Xem xet di6u chinh scale ci.ro trlinh i.6 c10 thiv rO hcrn c6c do bet riinh,

,.1
Cdc duong bi.iLr dien dO nha-t, phr"r thu6c: nii-rrg lr-Lorig cho cdc thu vi0n kh:ic nhau bi clri;r1i

dd lln nhau vd kh6 phin bi6t trong cdc Ilinh 3.2. 3.3. j.1. i.,5.3.12.3.13.3.14.3.1,5. N('S

n€n xem xdt circh trinh bd,v czic clr:img nd,v 16 rdng vd d6 phdn bi0t hirn. bao gom cd truLirig

hop c6c hinh na1'clurvc in den tring trer-r giar: chin3 ir.rn tiiar tit\i rac ritLiin:,r lirrc ra oiurrf

to c6c hinh ndv l6n.

C6 n"rdt sti bAt htrp l;i' h'ong Bang 3.1:

+ Cac truitng trang thtii n0n cltrcrc sirp x0p theo rntit tril tLL nliAt cljnh. de ae thAr' c1r,rr ir-rat.

ChAng han. tireo su ting ddn cua c6c thanh Shin-r Ilocl. hoirc ciic thanh AR.
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Vd niat logic. khi ld dang o trong trarng thdi t6'i han tai m6t cong s,-,6t nhAt <Iinh. vd clang

r; ch6 dQ didiu khi6n tu d6ng thi khi rut ciic tharrl'r ShR ra khoi virng hoat thi thanh AR sE

tg dQng clutrc dua 'u.ao r irng hoal di hu trr-r' ci6 phan ilng. Tul nhi0n m6t s6 truong iro'p

trong Bdutg 3.1 khdng theo c1u1'lulit tren. co khri ning rf,ng vi6c ghi tai vi tri thanh chtta

chinh r6c. 1,€r-r cAu NCS kiim tra. dinh chinh hoic luoc bd bot cac th6ng tin khdng

chinh xdrc lrong bang ndr,. Vi clu nhtL ciic vi tri du6i b;u.ig sau dd1':

STT Case ShRI ShR2 ShR.3 ShR4 AR

1 1 430 .+3 0 430 430 390

2 J 431 431 431 431 430

J 2 420 1)0 4?_0 120 ,530

4 12 424 424 424 42.4 650

5 19 650 6-50 102 650 650

. So r.oi casc 1. thi trong case 3. cri 4 thanh ShR du'irc dua sAu hon vdo vtng hoat.

nhur-rg thanh AR r,5n bi h4 ru5ng (du'a vio virng hoal).

o So s6nh giira case 2 r,a casc l2 cring vi1,.

. Cticcasc12vd19.thanhA[tcllroccluahodrnloirnvliorirnght,at.di€'Lr nar s0 lanrnrit

cnO eO dieu khi6n tu cl6ng clio thdnh nd1'. Luu .v rang thanl"r AR chi duirc clidu khien tLr

ddng tron-u nrOt khodrng nh6t elinh ndo clo (r,i tri tir 200 mm -150 mrn!'?).

- Cac s6 lie, thuc nghiem ducrc tl.u-rc hicn 1ir nirr 20i1 bcri 
-l'rung tAm [,d phan tmg cho viec

do d6 hiqu dlrng cu:r ciic thanh c1i6u lihiin ch.r eirLr hinh rirng hoat 92 tlNL (nhr-r di n6u ra

trong iuin tin). Do c1ci" NCS n6n clua thOrr viro Aci<norvlcdgcrnellt cho vi0c ndr'.

S. Y fiOn k6t luf;n:

(Bun tfu lhao lutin rtn cti dirp ti'ng1'Au ctiu ciiu it"uit ltitin dn liAn,ii htn khin;4! (i cli nghi t'hit

,\r('.S brjo ;,q cap (lo .s,cti L/ign hay khong'?)

Bzin du thdo luin 6n ddp r-lng y'Ou .,,, .r.,,. nrot lLran d:n ti6n si. i)d nghi cho nghicn c[Lu

^;srnlt baO \( cen \ tcn.

Hit l{Oi , ngiry 78... ilrarg f ndm Z&ZG
X:ic nhin cua cu quari cdng. tir- {nOti ci)

(K)t t0n vd dong dutr)
Ngudi nhfln x6t

(Ky vit ghi rd ho tAn)

Tnfln Tri Vi6n
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CỘNG HÒA XÃ HỘI CHỦ NGHĨA VIỆT NAM 

Độc lập – Tự do – Hạnh phúc 

 

BẢN NHẬN XÉT LUẬN ÁN TIẾN SĨ  

(Dùng cho các thành viên không phải là phản biện của Hội đồng) 

 

Họ và tên nghiên cứu sinh: Đậu Đức Từ 

Tên đề tài: Study on sensitity and uncertainty of nuclear data in kinetic parameters 

and criticality analyses for a core configuration with 92 low enriched fuel bundles of 

the Dalat nuclear research reactor 

Chuyên ngành: Vật lý hạt nhân và nguyên tử 

Mã số: 9.44.01.06 

Người nhận xét (Học hàm, học vị, họ tên): PGS. TS. Phan Việt Cương 

Cơ quan công tác: Viện Năng lượng nguyên tử Việt Nam 

Điện thoại liên hệ: 0934363655                        Email: pvcuong0406@gmail.com 

 

Ý KIẾN NHẬN XÉT 

1. Tính thời sự, tính cấp thiết, ý nghĩa khoa học và thực tiễn của luận án: 

• Tính thời sự và cấp thiết: Luận án sử dụng các thư viện số liệu hạt nhân tiên 

tiến và mới nhất như ENDF/B-VIII.0, JEFF-3.3, JENDL-5 và CENDL-3.2 để 

thực hiện đánh giá. Việc tích hợp phân tích độ nhạy và độ bất định (S/U) vào 

đánh giá an toàn thực tế của lò phản ứng là một xu hướng rất hiện đại (đáp ứng 

phương pháp "best estimate plus uncertainty").  

• Ý nghĩa khoa học: Nghiên cứu cung cấp một hệ thống phương pháp luận chặt 

chẽ để định lượng cách mà các độ bất định trong dữ liệu đầu vào (đại diện bởi 

các ma trận hiệp phương sai) lan truyền qua mô hình tính toán và ảnh hưởng 

đến kết quả như tham số động học và phân tích tới hạn của lò phản ứng nghiên 

cứu Dalat.  

• Ý nghĩa thực tiễn: Việc xác định chính xác ảnh hưởng của dữ liệu hạt nhân lên 

hệ số nhân hiệu dụng keff và các thông số động học (βeff, , lp) giúp cải thiện độ 

tin cậy trong các đánh giá an toàn của lò phản ứng. Điều này hỗ trợ trực tiếp 

cho việc vận hành an toàn, dự đoán sự thay đổi độ phản ứng và ứng phó sự cố 

mailto:pvcuong0406@gmail.com
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tại Lò phản ứng hạt nhân Đà Lạt (DNRR). Phương pháp này cũng có thể mở 

rộng áp dụng cho các lò phản ứng khác.  

 

2. Đề tài và nội dung của luận án có trùng lặp với các công trình của tác giả khác đã 

công bố hay không?:  

Hướng nghiên cứu này lần đầu tiên được thực hiện trên lò phản ứng hạt nhân nghiên 

cứu, nội dung luận án không trùng lặp với công trình của tác giả khác đã công bố 

3. Sự phù hợp giữa đề tài và nội dung, giữa nội dung và chuyên ngành: 

- Tên đề tài và nội dung phù hợp 

- Nội dung phù hợp với chuyên ngành 

4. Độ tin cậy và tính hiện đại của phương pháp nghiên cứu: 

• Phương pháp nghiên cứu: Tác giả sử dụng mã mô phỏng Monte Carlo 

(MCNP6), một công cụ mạnh mẽ cho phép mô hình hóa hình học và các tương 

tác vật lý ba chiều (3D) với độ chính xác rất cao. Để đảm bảo tính khoa học, tác 

giả tính toán các thông số bằng nhiều phương pháp khác nhau, bao gồm phương 

pháp trọng số liên hợp (adjoint weighted), phương pháp chèn vật liệu hấp thụ 

1/v và lý thuyết nhiễu loạn bậc 1. Ngoài ra, kết quả tính toán từ MCNP6 còn 

được kiểm chứng chéo bằng mã Serpent 2 (trình bày tại Phụ lục A).  

• Nội dung nghiên cứu: Luận án bao quát một cách chi tiết từ việc xây dựng mô 

hình lõi lò DNRR cấu hình 92 bó nhiên liệu LEU (loại VVR-M2) đến việc thiết 

lập hệ thống phương trình lý thuyết cho phân tích S/U. Nội dung tập trung một 

cách logic vào các biến số hạt nhân quan trọng nhất và đánh giá sai số dưới các 

kịch bản vận hành thực tế.  

Phương pháp nghiên cứu hiện đại và có độ tin cậy 

 

5. Các kết quả mới của luận án; Độ tin cậy của các kết quả đó:  

Các kết quả được đưa ra rất có giá trị, đặc biệt là việc đối chiếu giá trị tới hạn 

tính toán được với các dữ liệu đo đạc thực nghiệm. Việc phân tích kết quả được 

thực hiện rất bài bản. Tác giả đã chỉ ra được các đồng vị và các kênh phản ứng 

đóng vai trò chủ đạo gây ra độ bất định cho hệ số tới hạn và thông số động học 

(như phản ứng tán xạ đàn hồi và bắt neutron của H-1, U-235, Al-27, Be-9, B-

10). Hơn nữa, việc đánh giá sự thay đổi của thông số động học theo độ cháy của 



Mẫu 11-NCS 

 3 

nhiên liệu (burnup), nhiệt độ nhiên liệu và vị trí thanh điều khiển cho thấy một 

sự phân tích sâu sắc về các điều kiện thay đổi phản ứng bên trong vùng hoạt.  

 

6. Giá trị khoa học của các công trình khoa học của tác giả đã công bố liên quan đến 

luận án: 

Kết quả luận án được công bố trên 03 tạp chí quốc tế chuyên ngành có uy tín và có giá 

trị khoa học 

7. Câu hỏi và ý kiến góp ý để NCS hoàn thiện luận án (nếu có):  

Bố cục tổng thể của luận án khá rõ ràng với 3 chương chính: Tổng quan 

(Chương 1), Phương pháp và Mô hình hóa (Chương 2), Kết quả và Thảo luận 

(Chương 3). Tuy nhiên, cấu trúc này hiện đang tồn tại sự lặp lại nội dung khá rõ 

ràng giữa Chương 1 và Chương 2. 

o Lò phản ứng DNRR được mô tả tổng quan tại Mục 5 của Chương 1, 

nhưng lại tiếp tục được trình bày chi tiết lại ở Mục 2.2 của Chương 2 

(với các thông tin lặp lại về cấu hình vùng hoạt, bó nhiên liệu VVR-M2 

LEU và các thanh điều khiển).  

o Tương tự, lý thuyết về phân tích độ nhạy và độ bất định (S/U) đã được 

giới thiệu tại Mục 4 của Chương 1, sau đó lại được xây dựng và giải 

thích lại ở Mục 2.5 của Chương 2. Sự phân bổ này làm giảm tính súc 

tích của luận án.  

 

• Sự phụ thuộc vào các giả định đơn giản hóa (homogenization): Dù MCNP6 

có khả năng mô phỏng chi tiết, tác giả đã sử dụng kỹ thuật đồng nhất hóa 

(homogenization) cho các khu vực trên đỉnh và đáy của bó nhiên liệu, các thanh 

beryllium và các kênh chiếu xạ. Dù tác giả lập luận rằng sự khác biệt về 

$k_{eff}$ là rất nhỏ (dưới 20 pcm), nhưng việc đơn giản hóa này vẫn đưa ra 

một độ lệch tính toán (computational bias) trong mô hình mô phỏng.  

• Hạn chế của phương pháp Monte Carlo: Tác giả thừa nhận rằng mô phỏng 

Monte Carlo tốn rất nhiều tài nguyên máy tính, thời gian tính toán kéo dài, và 

"đặc biệt phù hợp với các bài toán tĩnh hoặc các kịch bản có điều kiện thay đổi 

chậm". Vì vậy, luận án thiếu vắng việc kết hợp trực tiếp giữa mô phỏng vật lý 

hạt nhân (neutronics) với mô phỏng thủy nhiệt (thermal-hydraulic) để đánh giá 
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sự thay đổi các thông số dưới các trạng thái chuyển tiếp (transient) mạnh hoặc 

sự cố thay đổi nhanh.  

• Giới hạn ở một trạng thái vùng hoạt duy nhất: Dù nghiên cứu có xem xét 

đến độ cháy (burnup) của nhiên liệu, nhưng đánh giá cốt lõi chỉ tập trung vào 

một cấu hình cụ thể là 92 bó nhiên liệu LEU. Do đặc thù các lò phản ứng 

nghiên cứu thường xuyên thay đổi cấu hình nạp nhiên liệu để phục vụ chiếu xạ, 

việc chỉ phân tích một cấu hình chưa phản ánh được toàn bộ bức tranh vận hành 

dài hạn.  

 

8. Ý kiến kết luận: 

(Bản dự thảo luận án có đáp ứng yêu cầu của một luận án tiến sĩ hay không? Có đề 

nghị cho NCS bảo vệ cấp Cơ sở/ Viện hay không?) 

Luận án đáp ứng được yêu cầu của một luận án tiến sĩ. Đề nghị để NCS được bảo vệ 

cấp Viện 

                                                                         

 

Xác nhận của cơ quan công tác (nếu có) 

(Ký tên và đóng dấu) 

Hà Nội , ngày 12  tháng 5  năm 2026 

Người nhận xét 

(Ký và ghi rõ họ tên) 
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CỘNG HÒA XÃ HỘI CHỦ NGHĨA VIỆT NAM 

Độc lập – Tự do – Hạnh phúc 
 

BẢN NHẬN XÉT LUẬN ÁN TIẾN SĨ  

(Dùng cho các thành viên không phải là phản biện của Hội đồng) 

 

Họ và tên nghiên cứu sinh:  Đậu Đức Từ 

Tên đề tài: Nghiên cứu độ nhạy và độ bất định số liệu hạt nhân trong phân tích thông số động 

học và tới hạn cho vùng hoạt 92 bó nhiên liệu độ giàu thấp của lò phản ứng hạt nhân Đà Lạt. 

Chuyên ngành: Vật lý nguyên tử và hạt nhân. 

Mã số: 9.44.01.06 

Người nhận xét (Học hàm, học vị, họ tên):  GS.TS. Trần Hoài Nam 

Cơ quan công tác: Đại học Phenikaa 

Điện thoại liên hệ: 0978060069       Email: nam.tranhoai@phenikaa-uni.edu.vn 

 

Ý KIẾN NHẬN XÉT 

1. Tính thời sự, tính cấp thiết, ý nghĩa khoa học và thực tiễn của luận án:  

 Đề tài luận án có tính thời sự và cấp thiết cao trong bối cảnh yêu cầu nâng cao độ tin 

cậy của các tính toán vật lý lò phản ứng dựa trên các thư viện dữ liệu hạt nhân hiện đại. Luận 

án có ý nghĩa khoa học khi thực hiện phân tích định lượng ảnh hưởng của độ bất định dữ liệu 

hạt nhân đến các tham số tới hạn và động học của Lò phản ứng hạt nhân Đà Lạt, góp phần 

hoàn thiện cơ sở dữ liệu và phương pháp đánh giá độ tin cậy của các mô hình tính toán. Kết 

quả nghiên cứu là cơ sở khoa học phục vụ công tác phân tích an toàn, vận hành và khai thác 

hiệu quả Lò phản ứng hạt nhân Đà Lạt. 

2. Đề tài và nội dung của luận án có trùng lặp với các công trình của tác giả khác đã công bố 

hay không?: 

 Đề tài và nội dung nghiên cứu của luận án không trùng lặp với các công trình khoa học 

đã công bố. Các kết quả đạt được là mới, có tính độc lập, bảo đảm giá trị khoa học và thực 

tiễn của luận án. 

3. Sự phù hợp giữa đề tài và nội dung, giữa nội dung và chuyên ngành:  

 Đề tài luận án phù hợp với nội dung nghiên cứu đã thực hiện. Các nội dung nghiên cứu 

tập trung vào phân tích tới hạn, thông số động học, độ nhạy và độ bất định dữ liệu hạt nhân. 



Mẫu 11-NCS 

 2

Nội dung luận án hoàn toàn phù hợp với chuyên ngành Vật lý nguyên tử và hạt nhân, mã số 

9.44.01.06. 

4. Độ tin cậy và tính hiện đại của phương pháp nghiên cứu:  

 Phương pháp nghiên cứu có độ tin cậy cao và mang tính hiện đại, dựa trên các chương 

trình mô phỏng Monte Carlo tiên tiến được sử dụng rộng rãi trong lĩnh vực vật lý lò phản ứng 

hạt nhân. Các mô hình tính toán đã được kiểm chứng thông qua so sánh với số liệu thực 

nghiệm và đối chiếu giữa các thư viện dữ liệu hạt nhân được đánh giá quốc tế, bảo đảm độ tin 

cậy của các kết quả nghiên cứu. 

5. Các kết quả mới của luận án; Độ tin cậy của các kết quả đó:  

 Các kết quả mới của luận án bao gồm:  

 - Kiểm chứng định lượng các mô hình tính toán vật lý cho vùng hoạt 92 bó nhiên liệu 

LEU của Lò phản ứng hạt nhân Đà Lạt bằng chương trình MCNP6.3 thông qua so sánh với số 

liệu thực nghiệm và các thư viện dữ liệu hạt nhân hiện đại;  

 - Tính toán và đánh giá các thông số động học của Lò phản ứng hạt nhân Đà Lạt sử 

dụng nhiên liệu độ giàu thấp;  

 - Phân tích độ nhạy và độ bất định của dữ liệu hạt nhân đối với các tham số tới hạn và 

động học của lò phản ứng. Độ tin cậy của các kết quả được bảo đảm bởi việc sử dụng các 

phương pháp mô phỏng Monte Carlo hiện đại, các thư viện dữ liệu hạt nhân được đánh giá 

quốc tế, kết hợp với việc kiểm chứng bằng số liệu thực nghiệm.  

 Các kết quả nghiên cứu đã được công bố trên các tạp chí quốc tế uy tín thuộc danh mục 

SCIE và Scopus, khẳng định tính khoa học, tính mới và độ tin cậy của luận án. 

6. Giá trị khoa học của các công trình khoa học của tác giả đã công bố liên quan đến luận án: 

 Kết quả nghiên cứu của luận án đã được công bố trong 03 bài báo quốc tế uy tín thuộc 

chuyên ngành, bao gồm 01 bài trên tạp chí Nuclear Engineering and Design (SCIE-Q1), 01 

bài trên Nuclear Technology and Radiation Protection (SCIE-Q3) và 01 bài trên Journal of 

Physics: Conference Series (Scopus). Nghiên cứu sinh là tác giả chính của các công trình này. 

Các công bố phản ánh đầy đủ những kết quả cốt lõi của luận án, khẳng định tính mới, giá trị 

khoa học và độ tin cậy của các kết quả nghiên cứu. Việc các kết quả được công bố trên các 

tạp chí quốc tế uy tín cho thấy chất lượng khoa học của luận án. 

7. Câu hỏi và ý kiến góp ý để NCS hoàn thiện luận án (nếu có):  

 Nghiên cứu sinh cần rà soát và hoàn thiện hình thức trình bày của luận án, chỉnh sửa 

một số lỗi kỹ thuật về định dạng, bảng biểu, hình vẽ. 



Mẫu 11-NCS 

 3

8. Ý kiến kết luận: 

 Luận án đáp ứng các yêu cầu đối với một luận án tiến sĩ. Đề nghị cho nghiên cứu sinh 

được bảo vệ luận án ở cấp Viện theo quy định. 

 

                                                                         
 

Xác nhận của cơ quan công tác (nếu có) 
(Ký tên và đóng dấu) 

Hà Nội, ngày ........ tháng ..... năm 2026 
Người nhận xét 

(Ký và ghi rõ họ tên) 
 
 
 
 
 

Trần Hoài Nam 
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