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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 (keg) is the principal
indicator of reactor criticality and neutron economy, while kinetic param-
eters such as the effective delayed neutron fraction (fSeg), prompt neutron
generation time (A), and prompt neutron lifetime (I,) 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.



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-
VIIL.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.



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 TRIGA Mark IT and the RSG-GAS



Limitation of safety

Regulatory requirement (acceptance criterion)

Criterion for acceptability

Safety Acceptance Calculated conservative value
. criterion
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margin
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Range of
uncertainty for the
best estimate

Real value

Figure 1.1: The concept of safety margins as defined by the TAEA [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-VIIL.0, JENDL-3.3, and JENDL-4.0). For the op-
erational setup with 88 fuel bundles, the difference between the calculated
and measured keg 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 keg and Seg. Sensitivity and uncertainty analyses are



performed using the MCNP6 code [1] together with several modern evalu-
ated nuclear data libraries, including ENDF/B-VIIL.O [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 TAEA 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 TAEA 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



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 (V) to the corresponding fractional change

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

O /U
S Gala’ (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* = 81" - (0] [5]] - (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-M?2
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 x 1033 (n.cm~2.s7!), and in the wet irradiation chan-
nel 1-4, with a thermal neutron flux of approximately 1.07 x 103 (n.cm2.s71).
The two pneumatic transfer channels, 7-1 and 13-2, have thermal neutron
fluxes of about 4.23 x 10*(n.cm™2.s71), 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
Moderator and coolant

Natural convection

Water

Reflector Graphite, beryllium, and water
Nominal power (kW) 500
Core

Number of fuel bundles 92
Regulating rod (stainless steel) 1
Shim rod (B,C) 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 UO,-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 x 1012 (n.cm™2.s71). The thermal column, with a thermal neutron flux
of about 1.25 x 10! (n.cm™2.s71), 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
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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.em™2.s71) -

Inside the reactor core

Neutron trap 2.12 x 1013 RI, NAA, R&T

Channel 1-4 1.07 x 1013 RI, NAA, R&T

Channel 7-1 4.20 x 10'2 NAA, R&T

Channel 13-2 4.40 x 10'2 NAA, R&T

Outside the reactor core

Rotary specimen 4.23 x 1012 NAA, RI, R&T

Thermal column 1.25 x 10% NAA, R&T

Beam port 1 1.61 x 108 R&T, NDM, NAA, PGNAA, NPS, ...
Beam port 2 1.02 x 10° R&T, NDM, NAA, PGNAA, NPS, ...
Beam port 3 3.01 x 10° R&T, NDM, NAA, NPS, ...

Beam port 4 4.50 x 10° 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-VIIL.0, JEFF-3.3, JENDL-5, and CENDIL-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 keg, Best, A, and [,. 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 Ber, A, and [, 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
ke and Beg, 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 (Beg, A, and [,) 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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e 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.

e 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.

e 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 MCNPG6 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-VIIL.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 SB.g, A, and [,,, using the adjoint weighted

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

e 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-VIIL.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 S.¢, whereas the [, 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 (keg), the effective delayed neutron fraction (fSeg), the neutron
generation time (A), and the prompt neutron lifetime (I,). The Beg was
calculated using both the adjoint weighted method and the prompt k ratio
method [5, 11, 67]. The A and [, 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].

Fuel assembly ‘ Wet channel

Beryllium block 0 Dry channel

Safety Rod ‘ Neutron trap

Shim Rod
. Water
Regulating rod

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 UO,-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 UQO,-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

Unit in mm

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/cm®. 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 MCNPG6 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:
K 1: Scattering of neutrons and production of

. photons.
\[SJ ey o 2: Fission and production of photons.

Capture of neutrons.

Leakage of neutrons.

Scattering of photons.

Leakage of photons.

L 7: Capture of photons.

2, The zigzag lines are used to show the tra-
Y, jectory of photons or neutrons. However,
. the MCNP code simplifies photon and neu-
tron travel as a straight line between collision
events.

]
!
{
/
!
ANl

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(«, 8) data.
For example, the thermal scattering library based on ENDF/B-VIIIL.O 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].
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______________________________________________________________
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Cell Card Block

______________________________________________________________
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______________________________________________________________
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Figure 2.5: The format of the MCNPG6 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 MCNPG6 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, MCNPG 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 MCNPG6. 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 MCNPG6.
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Figure 2.6: The vertical views of the DNRR model using the MCNP6.
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Figure 2.7: The horizontal views of the DNRR model using the MCNPG6.
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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 k. 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 10% neutron histories, to ensure that

the statistical uncertainty of the kg 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. 1075  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-VI4 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-VIL.7 1999-2000  ENDF-6 format, 1997 revision [78]
ENDF/B-VI.8 2001 ENDF-6 format, 2001 revision [78]
ENDF/B-VII.O Dec. 2006 ENDF-6 format, 2009 revision [79]
ENDF/B-VII.1 Dec. 2011 ENDF-6 format, 2011 revision [79]
ENDF /B-VIII.O 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.
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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-VIIL.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 Nuclide® y Covariance® DDXY
version year -production’

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

¢ Number of isotopes and natural elements.

® Number of nuclides containing secondary ~-ray production data.

¢ Number of nuclides containing covariances.

4 Number of nuclides containing double-differential cross sections d*c/dE/dw.

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-VIIIL.O 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].

U(a).p =6(a). (2.1)

In which: W is a vector of operators that works linearly on the state vector
@, however, there is the possibility that they have a nonlinear reliance on the
parameter of the system. These operators may be differential, integral, ...
@ 1s a state vector or the variable that was calculated.
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« is a vector that contains the physical characteristics of the system, including
cross sections, dimensions, decay data, ...
0 is a column vector denoting the non homogeneous source terms. It may

have a nonlinear dependence on the system’s parameters.

Let © be a system response (usually keg), which is contingent upon
multiple parameters: (aq, o, ..., ay). These parameters may be character-
ized as random variables adhering to a normal distribution, contingent upon
their nominal or mean values (o) and their deviations or standard deviations
(Aq;). In this formulation, the relevant responses to the issue are specified
as follows:

O = 0O(ay,q,...,a5) = O(a) + Aay,a) + Aay, ..., a% + Aag). (2.2)

Using a Taylor series that revolves around the nominal values of the
parameters, this response may be enlarged up to the following:

O =0(ag,as,...,ap)

= 0O(al + Aay, 0y + Aas, ..., a% + Aag)

E
00
= @(ao) + Z <aa ) i AO&Z'I

£ 2 2.3
23 (G25) swan, 29

FE
1 "0
Tl 2 <3Ozilaai2 . a@in)ao Aai Aai, ... Ad,.

i1489yin=1

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:

e (00
@(0417042, . ,OzE) = @(a )—|— Z . A

2121

(2.4)

In this equation, @(ozo) represents the anticipated value of the re-
sponse, which is the response when all parameters are set to their nominal

values, and S; denotes the sensitivity of the response © to the parameter
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«;. The variation in the response is derived by calculating the second central
moment of ©:

E E
U*(0) = Z S2U (oy) + 2 Z SiS;.Covariance(w;, o). (2.5)

i1=1 i#j#1
Specifically, in matrix form is:

U*(0) = |S".C,.9]. (2.6)

In which:
ST =(S51,5,...,5)

g _ (go(:)i)a(). (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. C, stands for the covariance matrix within the input

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

2.4.2 Darect 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]

(U0 + AW). (0" + Ap) = (6° + AG). (2.8)
A novel approach to resolving the disturbed system is:
Xnew = X + AX. (2.9)
So, the new replacement response would be:
Onew = (0 + An)Xnew = 6" + AB. (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:

o _ 00 _ [O(a? + Ay, ad + Aayg, ..., ol + Aag) — 0(a?)]
! 3041 a0 AO&Z .
(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 (UY + AW)~! or solving the problem using an iter-
ative method. This is done each time an element of AW 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.

V(). = 0(a). (2.12)

O =n(a).p. (2.13)

The reaction is contingent upon the input parameters a and the com-

puted variable . Conversely, ¥, 6, and 7 are contingent upon the parameters
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«, which possess uncertainty. That is, a perturbation in the parameters A«

will induce perturbations in the terms: AV, Af, An, and Agp.

FSA assesses how sensitive the response is to the system’s parameters
by first finding out how the state vector ¢ changes around its nominal value
as a result of changes in the input parameters «. 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 ¢ and the perturbation in «.

The sensitivity of © is determined by the disturbances caused by

variations in the parameters:

AO = " An+1°. Ay, (2.14)

The first component of Equation 2.14, ¢".An, 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 7 that

can be obtained directly:

W0 =" (2.15)

The second component of equation 2.14, 1. Ay is classified as an in-

direct effect and may be computed by differentiating equation 2.12, resulting
in a new linear system for Ap.

VO(Ap) + (AT).0" = A6, (2.16)

VO(Ap) = AO — (AT).". (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 Ay, the AV, and Af 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 ¥ 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 kqg.

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.
U(a).p =6(a), (2.18)
O =n(a).p. (2.19)
In the same manner that it is done with the FSA, the sensitivity of
the reaction is specified in the following way:
AB = o An+ 1. Agp. (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:
VO(Ap) = AO — (AT).". (2.21)
At this point, an a priori unknown, arbitrary function {2 is presented,
which defines the scalar product as follows:
(Q, \I/O(Ago)> = (Q, Af — (A\If).go()}. (2.22)
By using the definition and characteristics of the adjoint function,
the left side is transposed, with the superscript "4" indicating transposition,
resulting in:
(Ap, (T)F Q) = (Q, AG — (AT).Y). (2.23)
At this point in time, vector €2 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:
(W) Q=" (2.24)
At this point, vector {2 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 © is as follows:

AO = " An+1°.Ap = " An+ (Q, A0 — (AT).Y). (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 k.g with respect to a

neutron cross section parameter associated with a specific nuclear reaction

in a defined set of energy groups (E1,..., Ey) is expressed as follows:
kot <C¥E1 Okeyr op, Okepy  oipy 5’/<?eff> (2.26)
@ k‘eff 804E1’keff 804]527 7k‘effa()zEN

The estimation of the sensitivity of [eg 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].

S?eﬂf _ (OzEl OBers ap, OBesy Uy (95eff) | (2.27)

Bepr Oap,’ Bepr Oap,” " Pepr Oapy

From Equation (2.46), the corresponding components of Equation (2.27)

can be identified as follows:
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apy OBerr _ Qpy < kOk Ok, )
Beff aOKEN N ﬁeff k2aaEN k@aEN

_ k?p aEN(?k _ OéENa/{Ip (2.28)
k — k} kf@OzEN kpa()dEN
Kp k k
s (S _ SQEN> |
Equation (2.4.5) can be presented in the following form:
8 e 1_ e
Ay OBesy _ (1= Begy) (S5, — Sk ), (2.29)
Berf Oy Bett N N

where, SQEN and aEN are the sensitivities of k and k,, respectively,
obtained from the linear perturbation theory. In which, k is the eigenvalue

for all neutrons and £, is the eigenvalue for prompt neutrons only.

The covariance matrix Ca, ., derived from nuclear data via the NJOY

computer code is as follows [69]:

C 1 C ... C /
Oél,Oél Oll,Oéz Oél,O[N
C 1 C ... C /
O , — 0&2,0(1 042,042 OéQ,OéN (2 30)
o, . . . . : :
C 1 C ro... C /
B anN,0 QN ,0y aN,aN_

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? =Sk Cow - Sal, (2.31)
In which: SOT/ is the transpose of the vector S .

It can be seen from Equation (2.31) that the uncertainty in the keg or
B 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 k.g or [ 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 kqg is defined as
follows [66]:

fission neutrons - generation 1+ 1

ke —
i1 fission neutrons m generation

// //VafCI)dthdEdF
// //v.JdthdEdF+pa// //(achaerGm)CI)dthdEdF
vJo JeJr vJo JeJr

(2.32)

where: ¢, E/, r and I' are the time, energy, position, and direction phase-space
variables.

pa 18 atom sensity (atoms/barn.cm),

® is neutron flux,

J is total current crossing a surface,

o 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:

pm// //amq)dthdEdF
vJo JEJr
~ e / / / / 0 on® AV dt dE dT — 2p, / / / / G on® AV dt dE dT
vJo JEJr vJo JEJr
-I—,Oa// //0n73n<l>dthdEdF
vJo JEJU
—3pa// //Un,gnq)dthdEdF—i—"',
vJo JEJU

This definition of the k.g derives from the Boltzmann transport equa-

(2.33)

tion after integrating over time without any external source term,
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// //V-JdthdEdP —|—pa// //th)dthdEdF
vJo JeJr vJo JeJr
1 o0
:—pa// //Z/Jf(I)dthdEdF
et vJo JeJr
+pa// //JSCDdthdEdP,
vJo JeJr

Equivalently, the expression can be written in the canonical the keg

(2.34)

form,

[[ ] [vaaan
vV JO EJT

‘|—Pa// //(O-C+Of+0n’2n+0-nv3n+)(I)dthdEdF
vV JO EJT

1 o0
:—pa// //Vaf@dthdEdF
Kett vJo JeEJr

+pa// //(2an,2n+30n,3n+---)cdedtdEdr.
vV JO EJT

The loss processes are on the left; the production processes are on the

(2.35)

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 Beg and
A, play a fundamental role in reactor kinetics, safety analysis, and the con-
trol of the fission chain reaction [91, 92]. The parameter [eg 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 Beg and A 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
(i, is defined as the ratio of delayed neutrons produced by that group to the
total number of neutrons generated in a fission event. The S.g is determined
as the sum of the delayed neutron fractions from all six precursor groups.
In this study, f.gq 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_pr=b8.4 GA ¢ 2.36
priy n()+; ici(t), (2.36)

— = Bn(t) - Nai(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 ¢; 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, p denotes the reactor reactivity, which is determined

according to the following expression:

kerr—1
p= J];’”T (2.38)
where the k.g represents the fundamental eigenvalue or the system as section

2.5.
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The f; represents the effective fraction of precursors of type 7, and
A; is the corresponding decay constant. From the deduction, the equations
2.36, 2.37 for calculating the S.¢ by the adjoint weighted method is written

as follows [67, 94]:
_ (¢",Bg)
ST

where, ¢ and ¢' are the forward and adjoint neutron fluxes, respectively;

(2.39)

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]:

(6", B6) = [ 6" B ISy B You B Yl BT (2.40)

BE,T)¢(7, E',T")dE dU’ dEdT dF.

and

N N
(6", Fo) / (7, B, T)S (7, E Yo(E )X (E', T - o)

Vo(7, ', T)dE T’ dEdTdr.

where: v(E') and Ud(E/) are the average of total neutron and only delayed
neutron at energy E’ generate per fission, respectively. X(E/, I 5 E , f) and
Xd(El, ) : f) are spectrum of energy and angular distribution (F, f) of
the total and delayed neutrons produced by incoming neutrons with (E/, ﬁ),
respectively. Xy is the macroscopic fission cross section. 7 is the neutron

position. I is neutron energy, and I' is neutron direction.

From equations (2.39, 2.40, 2.41), the Beg can be estimated by equa-

tion as follows:

¢t (7, B, D)2 (7, E )vg(E ) xa(E, T" = E,T)

ﬁeff — S
[ 6B E)s BB (E T - B.T) (2.42)
NG E'\T")dE dU'dEdTdr
o(7, E',T")dE'dU dEdTdi
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:
Bups = (@ vaxaXs9) _ (xava) (2.43)
) (ptoxEre)  (xv)

Spriggs reformulated the Seg from the equation to concentrate only on

quantifying the delayed neutron fraction; hence, the k ratio is subsequently

introduced as follows [8, 96]:
XdV) (XdUd XdUd) (XdV XdU ka
0 D) i) D) () ) ke g
(xav) (xv) - Oav) (xv) {(xv) k
Calculating 5y using the MCNP code is straightforward. It may be

accomplished by counting the total and delayed neutrons generated during

fission events, whereas k; is derived from the delayed neutron energy spec-

trum.
Prompt method:
From equation 2.43 can rewrite the expression for the [.¢ as follows
3]: o)
XdVd
Bery &~
7T w)
— 1 {(Xv — Xava)
) (2.45)
_ v = (i = x)va)
{(xv)
~ (Xava)
(xv)

The estimation in the final phase is founded on the subsequent ratio-
nale. The term (x4 — X)vq is two orders of magnitude less than the one with
XUq because vy is two orders of magnitude smaller than v,. Due to the same

rationale, the shape of x is almost equal to that of x,,.

At this point, an important step is carried out. The S.g can be esti-

mated as follows [97, 98]:

<vap> kyp kyp
_ — e > 1 R _,
{(xv) K Pers k

where, k is the eigenvalue for all neutrons and k,, is the eigenvalue for prompt

(2.46)

neutrons only.
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2.6.2 Neutron generation and prompt neutron lifetime
The adjoint weighted method:

The Beg, A, and [, are key kinetic parameters that govern the dynamic
response of a nuclear reactor. The values of S and A are essential for as-
sessing reactor controllability and stability under transient conditions, while
l, 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 [, is a fundamental parameter of nuclear reactors, as it directly
influences the reactor’s kinetic behavior during all transient conditions. The
l, 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 A and [, can be derived
from the point kinetics formalism. The governing expressions for these quan-

tities are written as follows [67, 94]:

_(¢".49)
and <¢+ l¢> "
| b= wa (249
In which:

1 I | I =
<¢+,;¢> - /¢+(r,E,F)U(E)¢(r,E T')dE'dUdEdTdr.  (2.49)
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From equations (2.41, 2.47, 2.49), the A can be estimated by equation

as follows:

= 1 ! 2 / — —
/ ¢ (7, E,T) (7, E',T")dE dU dEdT dF
A= v(E)

/ ot (7, B, T)S (7, EYo(E)x(E T = E,T)¢(7, E,I")dE dU' dEdT di*
(2.50)
From equations (2.41, 2.48, 2.49), the prompt neutron lifetime (I,)

can be estimated by equation as follovvs

eff /¢+(T E F)m ( _’/)dE/dﬁdEdde

/¢+F E.T)S(F, EV(E)X(E T — E,T)¢(7, E,I')dE U dEdT'd7
(2.51)

Where, v is the neutron speed.

The prompt neutron lifetime [, was determined using the adjoint
weighted method [92]. The adjoint weighted method has been implemented
in the KOPTS card of the MCNP code.

The A 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 [, is not the same as A. This is due to the fact that the A 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 [, 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 cal(lzulated als follows:

p="20 = - (2.52)
ko Keppu Kerpp

Where, the ks, is the effective multiplication factor without the B-10 ad-

dition (unperturbed);
The k.sy, is the effective multiplication factor with additional B-10 content
(perturbed).
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The k. sy, 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
1s:

Ak :
—_ = N.O'().U().l

. - (2.53)
Where, N is the atomic density of the B-10 absorber (atoms/(b.cm)); oy is
the thermal neutron absorption cross section of the absorber; vy is the speed

of thermal neutrons; l; is the prompt neutron lifetime when B-10 absorber is

added.

The prompt neutron lifetime [, is calculated when the B-10 content

approaches zero:

[, = lim (1)) = lim (—M #> . (2.54)

NS0 NS0 k "N.oy.vg
In the present work, the B-10 content was added uniformly to all core

materials with the concentration from 4.0 x 1072 to 15.0x 10~ %atoms/(b.cm).
The kcs¢, 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 [, 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 k.g 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 k. and S.g 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 kqg
and Beg. The corresponding uncertainty analyses quantify how nuclear data
uncertainties propagate into the calculated the keg and [.g and identify the

dominant contributors to the overall response uncertainties.

Evaluation of reactor kinetic parameters, including Beg, A, and [, 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 Ceriticality, sensitivity and uncertainty analysis

3.1.1 C'riticality 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 NO1, N02, NO3, NO4,
and NO5. During each control rod movement, the corresponding count rates
were recorded as N1, N2, N3, N4, and N5, and the ratios NO1/N1, N02/N2,
NO03/N3, N04/N4, and N05/N5 were determined. Criticality was reached
when these ratios approached zero. Since the k. cannot be measured directly
in reactor experiments, the experimentally established critical configurations
were regarded as critical reactor states corresponding to keg = 1 by definition
and were subsequently used as reference configurations for validating the

calculated the k.g 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 (7, n) reactions in beryllium, and reactor power levels. In addition,
all measurements were performed at low reactor power, typically between
1073 and 107'% 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]

Rod insertion (mm) Rod insertion (mm)

No. ShR1 ShR2 ShR3 ShR4 AR No. 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 | 18 416 416 650 416 233
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 | 23 510 510 270 510 239
9 325 498 498 498 253 | 24 530 530 239 530 256
10 290 527 927 927 252 | 25 558 958 205 558 263
11 250 545 545 545 259 | 26 398 650 398 398 262
12 424 424 424 424 650 | 27 505 205 505 260 259
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 kqg 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-
VIIL.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 k.g values were evaluated with the discrepan-
cies less than 162 pcm for all data libraries compared to the experimental
value (kcsr = 1.0). In case 2 (all CRs out), the calculations with the four
data libraries of ENDF /B-VIIIL.0, JEFF-3.3, JENDL-5 and CENDL-3.2 gave
the kg values of 1.07708, 1.07692, 1.07851 and 1.07626, respectively. Com-
pared to ENDF/B-VIIILO, 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 (k.fy = 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-VIIL.O obtained the kg of 0.97032, and
the discrepancies in the k.g prediction with the other libraries compared to
ENDF/B-VIIL.0 are 47.4, 165.9 and -89.7 pcm, respectively. Additionally,
compared to the experimental value (k.;r = 0.97276), the discrepancies were
less than 331 pcm. The k. values obtained with JEFF-3.3 agree well with
ENDF/B-VIIIL.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-VIIL.0. The tendency is inverse

with CENDL-3.2.

Table 3.2: The k.g 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-VIIL.0 JEFF-3.3 JENDL-5 CENDL-3.2

1 Critical Experiment®  1.00021 £ 0.00005 1.00020 £ 0.00005  1.00162 £ 0.00005  0.99929 + 0.00005
- (-1.0 pcm)® (141.0 pcm) (-92.0 pcm)

2 Supercritical All CRs out  1.07708 4 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 4 0.00005 0.97193 £ 0.00005  0.96945 4 0.00005
- (47.4 pcm) (165.9 pcm) (-89.7 pcm)

“Rod insertion of the experimental criticality: 4 ShR = 430 mm, AR = 390 mm.
® Discrepancy compared to ENDF /B-VIILO0.

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.

Kt p (pcm)
No- “ENDF/B-VIILO JEFF-3.3 JENDL-5 CENDL-32 | ENDF/B-VIIL0 JEFF-3.3 JENDL5.0 CENDI 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 099932  1.00076  0.99823 -78 -68 76 177
8 0.99885 099883  1.00021  0.99799 -115 -117 21 -201
9 0.99844 0.99854  0.99996  0.99759 -156 -146 A 241
10 0.99774 099792  0.99938  0.99684 -226 -208 -62 -316
11 0.99890 0.99914  1.00042  0.99807 -110 -86 42 -193
12 0.99974 099973  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 099742  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 (Ny/N) approaches zero
as the reactor reaches criticality. In this study, the ke 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 kqg 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 k.g values of 30 critical conditions of the DNRR with 92 LEU
fuel bundles obtained with the four nuclear data libraries.

greater values of the k.g, while CENDL-3.2 tends to predict the lower values.
Again, one can see that the keg values of all cases obtained with ENDF /B-
VIIL.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 keg prediction is less than 172 pecm. Using ENDF/B-VIIL.O as the
reference library, JEFF-3.3 shows the closest agreement, whereas JENDL-5
tends to predict higher k.g 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 kg is

63



the most significant response of the reactor core. To determine the sensitiv-
ity coefficients of the k.g to the multigroup macroscopic cross sections, the
adjoint sensitivity procedure (ASAP) is used [52]. The sensitivity coefficient

of the keg to the parameter a, denoted as Sk 4, is defined as [67]:

« 8keff
Sk = . 3.1
& keff Oo ( )

The KSEN mode of MCNPG6, based on linear perturbation theory

using adjoint weighting, was used to determine the sensitivity coefficients

of the keg 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 S;. To determine the uncertainty of the k.g 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 C, in form of 44
energy groups was produced using the NJOY code [69]. The uncertainty of
the ke, denoted as Uy, is estimated from the sensitivity coefficients and the
covariance matrix as [67, 69]:

Ui = |(Sp)T.Cl. S V2. (3.2)
where, (S;)T is the transpose of the vector Si. 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.O, 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 kg, listed in descending order of magnitude
according to the ENDF /B-VIILO library*.

Isotope Reaction | ENDF/B-VIIL.O | JEFF-3.3 JF3/E8 | JENDL-5.0 J5/E8 | CENDL-3.2 C3/ES8
(x1071) (x1071) (x1071) (x1071)

U-235 total v 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(a, 8) 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(a, 8) inelastic 0.0783 0.0775 0.99 0.0884 1.13 - -
U-238 total v 0.0547 0.0548 1.00 0.0547 1.00 0.0551 1.01
C-nat S(a, §) 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-v) 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-v) 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-v) 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-v)
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 keg 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 kg, listed in descending order of magnitude
according to the ENDF /B-VIIL.0 library*.

Isotope Reaction | ENDF/B-VIIL.0 | JEFF-3.3 JF3/E8 | JENDL-5.0 J5/E8 | CENDL-3.2 C3/ES8
(x1071) (x107h) (x1071) (x107h)

H-1 n,y -1.3930 -1.3928 1.00 -1.3988 1.00 -1.4064 1.01
U-235 n,y -1.2794 -1.2730 0.99 -1.2782 1.00 -1.2747 1.00
Al-27 n,7y -0.4994 -0.4993 1.00 -0.4869 0.98 -0.5046 1.01
U-238 n,7y -0.3963 -0.3954 1.00 -0.3972 1.00 -0.3995 1.01
B-10 n,o -0.1361 -0.1373 1.01 -0.1357 1.00 -0.1367 1.00
Be S(a, 8) elastic -0.0705 -0.0575 0.82 -0.0676 0.96 - -
Be-9 n,o -0.0474 -0.0448 0.95 -0.0456 0.96 -0.0490 1.03
Be-9 n,7y -0.0366 -0.0326 0.89 -0.0312 0.85 -0.0322 0.88
U-234 n,y -0.0227 -0.0228 1.00 -0.0221 0.97 -0.0227 1.00
0-16 n,o -0.0150 -0.0106 0.71 -0.0143 0.95 -0.0108 0.72
C-nat n,7y -0.0147 -0.0145 0.98 -0.0152 1.04 -0.0130 0.88
Fe-56 n,y -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 keg to Lwtr S(«, ), 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-VIIIL.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.O 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 x 107! (H-1), —4.99 x 1072 (Al-27) and —1.36 x 1073
(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 keg 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 k.g. 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 k.g to B-10, Be S(«, ), 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 ke for the DNRR
with LEU fuel calculated with the ENDF/B-VIIIL.O, 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-VIIL.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]. Ome 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-VIILO.

Table 3.6: The k.g 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-VIIL.O | JEFF-3.3 JF3/E8 | JENDL-5 J5/ES8
(pem) (pem) (pcm)

Total - 415.7 588.0 1.41 363.0 0.87
H-1 n,y 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,y 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 nyy 35.9 35.8 1.00 35.9 1.00
U-235 nyy 34.1 195.2 5.73 33.9 1.00
Be-9 elastic 32.3 - - - -
Be-9 n,o 22.8 - - - -
Be-9 n,y 18.2 - - - -
0-16 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 v 12.3 13.3 1.08 5.5 0.45
0O-16 n,q 9.1 2.6 0.28 6.2 0.68
B-10 n,o 7.9 1.5 0.19 7.9 1.00
Fe-56 n,7y 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 nyy 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,y 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
keg are H-1 (n,y), 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-VIIL.O. For H-1 (n,y) 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,y) 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 kg, greater than that obtained
with ENDF/B-VIIIL.0 by 20-42% as shown in Table 3.16. Compared to the
previous version, ENDF /B-VIIL.0, the covariance data of H-1 of ENDF/B-
VIII.0 were updated and JENDL-5 adopted the data of ENDF /B-VIIIL.O for
H-1 [27]. The identical covariance matrices of H-1 (n,7) 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,y) and H-1 (elastic) reactions obtained by JENDL-5 and
ENDF /B-VIIIL.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-VIIL.0

leads to the same relative uncertainty value of 153.2 pcm.

The third significant contributor to the total relative uncertainty of
the ke is Al-27 with three reactions of elastic, (n,7y) 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,
0O-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 k.g. Other nuclides

contribute to remarkable relative uncertainties of the k. are Be-9, C-nat and
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U-238. The total relative uncertainties of the keg obtained with ENDF /B-
VIII.O, JENDL-5 and JEFF-3.3 are 415.7, 363.0 and 588.0 pcm, respectively.
Regarding the relative uncertainty analysis, ENDF/B-VIIL.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 Kiwnetic 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 [.g calculated using two distinct
methodologies: the adjoint weighted method and the prompt method. The
analysis incorporates four evaluated nuclear data libraries, namely ENDF /B-
VIIL.O, JEFF-3.3, JENDL-5, and CENDL-3.2. Generally, the adjoint weighted
method has slightly higher B.¢ 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.O 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 Seg 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 [.g 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 (. calculated by the adjoint weighted method and
prompt method.

Methods ENDF/B-VIII.0O JEFF-3.3 JENDL-5.0 CENDL-3.2
(pem) (pem)  (pem)  (pem)

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 Sog, A,
and [, calculated using the adjoint weighted and 1/v absorber insertion
method. The estimated [.g 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-VIIIL.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 (.4 estimates of 738 pcm,
suggesting strong consistency between these two libraries. The A ranges from
80.88 us to 81.77 us. The CENDL-3.2 library provides the highest A value
(81.77 us), whereas JEFF-3.3 yields the lowest (80.88 us). The predictions
from ENDF/B-VIIL.O (80.96 us) and JENDL-5 (81.01 us) differ by merely
0.05 us, indicating close agreement. Overall, the variation in A values across
all libraries remains within 1.1%. Similarly, the [, varies from 80.90 us to

81.72 ps. Compared to the results of the 1/v absorber insertion method, the
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results of the adjoint weighted method for A and [, 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.O  JEFF-3.3 JENDL-5  CENDL-3.2
The adjoint weighted method

Ber (pcm) 735+ 5 753+ 5 738+ 5 738+ 5

A (us) 80.964+0.10  80.88+0.10 81.01 +£0.10 81.77+0.10
l, (115) 80.984+0.10  80.90+0.10 81.15+0.10 81.72+0.10
The 1/v absorber insertion method

A (us) 80.76 +0.14  80.64+0.15 80.87+0.11 81.67+0.15
l, (115) 80.78 +0.17  80.66 +0.18 81.01 +£0.15 81.6240.19

Table 3.9 presents the delayed neutron parameters evaluated using
the adjoint weighted method, including the group wise delayed neutron frac-
tions (f;) and decay constants ();). For ENDF/B-VIIL.0, JENDL-5, and
CENDL-3.2, a six-group structure is employed, in which Group 4 provides
the dominant contribution to Seg, with 84 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 \; characterizes the precursor decay rate,
with smaller values corresponding to longer lived precursors. For ENDF /B-
VIIL.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 s71). In these libraries, Group 4 remains relatively stable,
with A4 values ranging from 0.302 to 0.304 s~!. 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 s7!). Additionally, JENDL-5 predicts the highest decay
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constant for Group 5 (1.143 s7!). Overall, ENDF/B-VIII.0 and CENDL-3.2

exhibit very similar \; values across most groups.

Table 3.9: Group delayed neutron fractions (f5;) and decay constants ()\;) calcu-
lated using the adjoint weighted method.

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

Bi (pem) N (s71) B (pem) N (571 Bi (pem) A (s71) Bi (pem) A (s7Y)

1 27+1 0.013 256£1 0.012 26 £1 0.013 261 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
) 118 £ 2 0.851 84+ 2 1.143 118 £3 0.862 246 £3 0.292

6 51=£1 2.857 311 3.037 51 +£2 2.877 72+1 0.666

7 - - - - - - 61+1  1.635
8 _ _ ] ; ; : 19+1  3.555
Total 73545 - 738 +5 - 738+ 5 - 753+5 -

Note: ENDF/B-VIIIL.O, 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-VIIL.0.

Parameters =~ Meulekamp Chiba Nauchi IFP Perturbation MCNP6
Bett (pcm) 733.83+£0.57 734.07+0.82 732.87+£0.61 736.13£2.02 735.36+0.40 735+ 5
A (us) - - 81.92+0.02  81.08+£0.05 81.62+0.01 80.96+0.10
Ip (us) - - 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 Sqg 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 4+0.15% and +0.05%, respectively. For the A,
MCNP6 yields a value of 80.96 us. In comparison, the Nauchi method pro-
duces 81.92 us, which is a relative difference of +1.19%. The perturbation
method gives 81.62 us (+0.81%), while the IFP method reports 81.08 us, with
the smallest deviation of +0.15%. For the {,, the MCNP6 result is 80.98 ps.
Compared to this, the Nauchi, IFP, and perturbation methods yield values
of 81.96 us, 81.12 us, and 81.66 us, corresponding to relative deviations of
+1.21%, +0.17%, and +0.84%, respectively. Overall, the IFP method aligns
most closely with MCNPG6 results across all kinetic parameters. The high
consistency of B, A, and [, 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.O

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
(pez) and the Seg exhibit decreasing trends with burnup, as demonstrated in
Figure 3.7(a). The p., decreases linearly with burnup, while the B¢ 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 feg 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 . 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 A and [, with burnup. The values at the BOC are 73.39 us and 68.14
1s, while at the EOC, they increase to 80.04 us and 77.99 us, respectively.
These trends indicate a progressive lengthening of neutron lifetimes due to

fuel burnup.
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3.2.1.3 Kiwnetic parameters versus control rod positions using
ENDF/B-VIII.O

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 [eg decreases slightly from 741 pcm to 722 pem as the

control rods move from full insertion to complete withdrawal.

The A and [, decrease similarly with control rod withdrawal. Figure
3.8(b) shows that A decreases from 82.63 ps to 73.54 s, while the [, decreases
from 85.16 pus to 68.27 ps. 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.O

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 95°C'.
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 k.g 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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Table 3.11: Summary of the kinetic parameters of the DNRR with 92 LEU fuel

bundles.
Parameters Values Beft A L,
(pem)  (us)  (us)
BOC 750  73.39 68.14
Fuel burnup
EOC 704  80.04 77.99

all CRs in 741  82.63 85.16
all CRsout 722  73.54 68.27
20°C 738  80.78 80.78
95°C 727 80.67 80.55

CR positions

Fuel temperature

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 MCNPG6 calculations were set up to estimate the kqg of the DNRR
with 92 LEU fuel bundles, with the standard deviation (1) of 15-21 pcm.
Figure 3.10(a) depicts the dependence of the Seg as a function of burnup
obtained from the adjoint weighted method. It can be seen that the [.g
decreases rapidly in the first 200 effective full power days (EFPD), which is
then followed by a gradual decline. The (. decreases from the BOC to the
EOC (800 EFPD) by about 52 pcm. The adjoint weighted method predicts
the Bog values of 760 pcm at the BOC and 708 pcm at the EOC, respectively.
The excess reactivity p., decreases approximately linearly with the EFPDs.
At the BOC, p., is about 6.1 (%Ak/k), and it gradually decreases as fuel
burnup increases, reaching approximately 1.9 (%Ak/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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Figure 3.10(b) presents the [, as a function of burnup obtained from
the adjoint weighted method. The [, increases linearly with burnup due to
the decrease of the production rate. The [, values at the BOC and the EOC
are 79.01 and 82.76 ps, respectively.

Table 3.12: The fS.g calculated by the adjoint weighted method and the prompt
method.

Parameter  Adjoint weighted Prompt
BOC EOC BOC EOC

Ber (pcm) 760+4 708+£21 T48+9 700+ 18

Table 3.12 shows the S.g 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 S.g 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 B.g 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 Seg of the TRIGA Mark
IT 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 Seg values obtained for the

DNRR are approximate to those of other research reactors.

Table 3.13: The A and [, calculated by the adjoint weighted and the 1/v insertion

methods.
Parameter Adjoint weighted 1/v insertion
BOC EOC BOC EOC
A (ns) 74.16 = 0.11 81.224+0.15 74.83+0.35 81.44+0.20
Ly, (ps) 79.01 +£0.11 82.76 £0.15 79.724+0.45 82.98+0.19
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obtained from the 1/v absorber insertion method.

Table 3.13 presents the calculated values of the A and [, using the
adjoint weighted and 1/v insertion methods. The values of A at the BOC and

the EOC obtained by using the adjoint weighted method and the JENDL-5
library are 86.99 and 82.41 ps, respectively.

Figure 3.11 depicts the determination of the [, values using the 1/v
absorber insertion method by varying the B-10 concentration from 4.0 x 10~
to 1.5 x 107® atoms/(b-cm). The [, values at the BOC and the EOC are
79.72 and 82.98 s, respectively. Comparing between the two methods, the

discrepancy of the [, 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 B for various nuclear reaction channels of the main isotopes. The anal-
ysis was performed using four evaluated nuclear data libraries: ENDF/B-
VIIL.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 B.g. Furthermore, inter
library comparisons are provided in the form of ratios denoted as JF3/ES8,
J5/E8, and C3/ES that represent the sensitivity coefficients from each library
normalized to the ENDF /B-VIIL.0 results.

Table 3.14: Positive sensitivities of the Sg, listed in descending order of magnitude
according to the ENDF /B-VIILO library*.

Isotope Reaction | ENDF/B-VIIL.O | JEFF-3.3 JF3/E8 | JENDL-5.0 J5/E8 | CENDL-3.2 C3/ES8
(%) (%0) (%) (%)

U-235 delayed v 98.13 96.65 0.98 98.48 1.00 96.16 0.98
Lwtr S(o,8) 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(«, 8) 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(«, 8) 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 v 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,a) 0.60 0.39 0.66 0.25 0.42 0.60 0.99
U-238 (n,7) 0.60 -0.07 -0.11 0.87 1.45 0.50 0.83
Be-9 (n,7) 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 v 0.30 -0.59 -1.93 -0.59 -1.93 0.32 1.07
0-16 (n,7) 0.25 1.13 0.51 0.03 0.14 0.11 0.44
0O-16 (n, @) 0.24 0.173 0.52 0.04 0.15 0.11 0.45
U-235 inelastic 0.14 0.38 2.717 -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 v) 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

86



Table 3.15: Negative sensitivities of the Seg, listed in descending order of magni-
tude according to the ENDF /B-VIILO library*.

Isotope Reaction | ENDF/B-VIIL.O | JEFF-3.3 JF3/E8 | JENDL-5.0 J5/E8 | CENDL-3.2 C3/ES8
(%) (%) (%) (%)

U-235 prompt v -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
0O-16 total -49.66 -24.29 0.49 12.33 -0.25 17.17 -0.35
0O-16 elastic -49.63 -24.28 0.49 12.29 -0.25 16.88 -0.34
Be S(a, ) elastic -27.07 -32.15 1.19 -2.42 0.09 - -
Be S(a, ) 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(«, 8) 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(a, 5) total -2.65 -8.07 3.04 20.58 -7.76 - -
U-235 (n,7) -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 v -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,7) -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,a) -0.80 -1.27 1.58 0.53 -0.66 -0.69 0.87
B-10 (n,7) -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,7v) -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
0-16 inelastic -0.28 -0.15 0.54 -0.01 0.04 0.16 -0.60
Fe-56 (n,7) -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,7v) -0.11 0.12 -1.07 -0.13 1.19 -0.02 0.14
U-235 total v -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/ES8, J5/ES8, and C3/E are found
to be 0.98, 1.00, and 0.98, respectively. The dominant sensitivity of the U-235
(delayed v) reaction can be explained by the fact that Seg 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 S, resulting in the very large positive sensitivity observed in this

study.

The thermal inelastic scattering of light water, represented through

the S(a, ), exhibits the second highest sensitivity concerning the [.g, 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-VIIL.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/ES8, is 2.40, indicating that JEFF-3.3 as-
signs 2.4 times greater influence to thermal scattering in light water than
ENDF/B-VIIIL.0. This behavior reflects the important role of light water as
the neutron moderator in the reactor core. The S(a, 8) thermal scattering
data determine the energy redistribution of neutrons in the thermal region,

thereby shaping the neutron spectrum.

Al-27, C-nat (S(a,f)), and Be (S(a, 3)) showcase next sensitivity
contributions in both elastic and inelastic reactions in ENDF /B-VIIIL.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 Seg. The ratio of J5/E8 in Be (S(«, 3)) is 10.69, so JENDL-5
predicts an effect that is 10 times stronger than ENDF/B-VIIIL.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-VIIIL.0. U-235 (prompt ) reaction has a strong neg-
ative sensitivity (-96% to -98%). JEFF-3.3 has a slightly weaker negative
impact (-95.91%) than ENDF/B-VIIIL.0 (-98.21%). Elastic scattering of H-
1 and O-16 shows strong negative sensitivities in ENDF/B-VIIIL.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 S.g of U-235, Lwtr S(«, ),

Al-27, and C-nat S(«, 3)

Figure 3.12 presents the energy dependent sensitivities of cross sec-

tions impacting the feg for four main reactions across different nuclear data

libraries. The U-235 (delayed v) reaction shows a significant positive sensitiv-

ity peak occurring between 1072 and 10~! 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(a, ) inelastic and C-nat S(«, ) in-

elastic scattering exhibit sensitivity fluctuations in the thermal region from

1072 to 10 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 Seg for four isotopes: Al-27 (total), Be S(«, ) (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(«, 5) inelastic scattering is mainly significant in

the thermal energy range.
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Figure 3.13: Energy dependent sensitivities of the Sz of Al-27, Be S(a, 3), Fe-56,
and U-235.

Figure 3.14 illustrates the energy dependent sensitivity cross sections
impacting the SB.g for U-235, H-1, and O-16 regarding the reactions of prompt-
v, total and elastic, and total, respectively. The U-235 (prompt-v) reaction
shows significant negative sensitivity, particularly in the low energy range
(less than 10 €V). A more significant negative sensitivity is observed between

1072 eV and 107! eV. This indicates that an increase in prompt neutron
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emission from U-235 affects a decrease in f.g. The total and elastic H-1
reactions exhibit minor fluctuations in thermal and epithermal energies (less
than 10! 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.

0.0 - 04 —
1-
ol ZJSU(pFOmpt»V) 03 H (total)
0.2
02 - -
Z 0.1
g 03
£ -0
2 0.0
2
g 4r 1
= 0.1
5 —— ENDF/B-VIILO —— ENDF/B-VIIL0
2 .05 JEFF-33 02| — — JEFF-33
- |JENDL-5.0 . -+ . JENDL-5.0
0.6 - — = CENDL-32 03|~ —CENDL-3.2 :
-0.7 1 i " " ul v " 1 L " -0.4 " " " I L . | A " \ |
10° 10" 100 107 100 10° 100 100 100 10° 100 10° 10 10° 10" 10° 10 100 10° 10" 10° 10° 10" 10° 10° 10
0.4 . 0.4 T T
—— ENDF/B-VIIL.O “ — ENDF/B-VIIILO |
03| 'H(elastic) — — JEFF-33 03 O (total) - = JEFF-33
. « - - JENDL-5.0 - - JENDL-5.0
oal — —CENDL-32: | 02 - — - —CENDL-3.2
5 : i :
< - u
T oif L J‘I 0.1 I! - ’ - i
= | | A I B S O S II_
£ - = .. o LT n 17 A
£ 00 r i")'J I 0.0 A s A 3 1'
£ S — B! gl = A l_'j_’ f
= 1T ¥ -]
i ; IR
4 1 -—'_'_ = 01} ] i Lt ]
’ — :“" | i
-0.2 -0.2 !
03 03
-0.4 A i | I | -0.4 L ! L | L I
10° 10* 10° 10> 100 10° 100 10 100 10° 107 10° 10 10* 10" 10° 107 100 10° 100 100 10° 10° 10° 10° 10
Energy (eV) Energy (¢V)

Figure 3.14: Energy dependent sensitivities of the [.g of U-235, H-1, and O-16.

Figure 3.15 illustrates the energy dependent sensitivities of cross sec-
tions impacting the [eg for four distinct reactions: the elastic scattering of
O-16, the elastic scattering of Be S(«, 3), the total reaction of Be S(«, f3),
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 1072 eV), the sensitivity is nearly zero, indicating a
minimal impact on Seg. Be S(a, B) elastic scattering and the total reaction
show sensitivity across the low energy range (1072 — 1.0 eV). CENDL-3.2
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lacks data on thermal scattering of Be S(«, #). The Be-9 elastic scattering

exhibits energy dependent sensitivity to cross section effects on [eg at high

neutron energies (10 — 107 eV).
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Figure 3.15: Energy dependent sensitivities of the S of O-16, Be S(a, ), and

Be-9.

3.2.3 Uncertainty analysis of the effectively delayed neutron
fraction

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

tions in different nuclear reaction cross sections. These relative uncertainties
correspond to three nuclear data libraries: ENDF/B-VIIIL.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-VIIL.0. The total rela-
tive uncertainties obtained with the libraries are 1312.2, 1021.0, and 471.4

pcem, respectively. Compared to ENDF/B-VIII.0, the relative uncertainties
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Table 3.16: The (. 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-VIIL.O | JEFF-3.3 JF3/E8 | JENDL-5 J5/ES8
(pem) (pem) (pem)

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,?y 344.7 530.9 1.54 209.2 0.61
Be-9 n,2n 194.3 - - - -
0-16 elastic 124.8 450.4 3.61 48.7 0.39
0-16 n,?y 123.6 61.9 0.50 28.2 0.23
Be-9 n,7y 120.0 - - - -
C-nat  elastic 109.0 48.3 0.44 - -
U-238  elastic 93.5 135.6 1.45 242.0 2.59
0O-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,o 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,7y 16.6 10.4 0.62 - -
0-16 n,o 14.1 4.3 0.31 6.6 0.47
Fe-56 n,?y 11.2 6.9 0.62 30.7 2.74
H-1 n,7y 10.8 125.6 11.61 41.0 3.79
U-238 n,y 8.7 10.2 1.17 12.0 1.38
B-10 n,o 7.0 1.2 0.18 2.6 0.37
C-nat  n,y 6.7 3.4 0.51 - -
U-238  fission 6.6 22.4 3.40 3.7 0.56
U-235 n,y 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,«),
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-VIIIL.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-VIIL.0, the total relative uncertainties for the libraries ENDF /B-
VIIIL.O, 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-VIIL.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-VIIL.0 and about 9% for JEFF-3.3 at 10*

eV. The covariance data for this reaction are not available in JENDL-5.

The reactions that primarily contribute to the relative uncertainties of
the B.¢ 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-VIIL.0. The significant relative uncertainty contri-
bution from Al-27 elastic scattering is 811.2 pcm in ENDF /B-VIIIL.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-VIIIL.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 10* eV). Similarly,
Be-9 elastic scattering contributes 755.8 pcm in ENDF /B-VIIL.O, 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
pem (ENDF/B-VIIILO) to 23.1 pem (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-VIIL.0 and JENDL-5 (0.4% versus 0.85% in
the region below 10% 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-VIIL.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 f.¢ 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-
VIIIL.O, 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-VIIL.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-VIIIL.0 and JENDL-5 (2%
versus 0.2-0.5% in the region below 10° 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
Ber 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 keg, 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 k.g 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-VIIL.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 keg. 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 [.g 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-VIIL.0 library, the
kinetic parameters were determined as fog of 732 pcm, A of 86.75 us, and
l, of 86.75 ps. 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-VIIL.0. The . exhibits a marked re-
duction, decreasing from 750 pcm at the BOC to 704 pcm at the EOC. In

contrast, both the A and [, increase as burnup proceeds, rising from 73.39 s
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to 80.04 us and from 68.14 us to 77.99 us, respectively. Control rod with-
drawal produces a general reduction in the kinetic parameters, with decreases
of approximately 2.6% for Seg, 11% for A, and 19.8% for [, when comparing
the all rods in to all rods out configurations. An increase in fuel temperature
results in a slight reduction of B.g, while A and [, 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
Betr, 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 k, in Equation 2.4.5) leads to significant deviations
in Peg 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 S.g revealed total relative un-
certainties of 1312.2, 1021.0, and 471.4 pcm for ENDF/B-VIIIL.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 S.g 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 k.y; 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 k.yr, while CENDL-3.2 tends to predict the lowest. Among
the libraries, the difference in the k.y; predictions is less than 172 pcm.
The k.f; values obtained with JENDL-5 generally exceed those from
ENDF/B-VIIL.0, with the largest difference being 160 pcm. Meanwhile,
the k.r; values obtained with CENDL-3.2 are lower than those from
ENDF/B-VIIL.0. The uncertainties in keg 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 k.g. The total uncertainties obtained with
ENDF/B-VIIL.0, JENDL-5, and JEFF-3.3 are 415.7, 363.0, and 588.0
pem, 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-VIIIL.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 g relative uncertainties was carried out. The calculated [.g 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-VIIL0 library, the Beg, A, and [, were
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determined as 735 pcm, 80.96 us, and 80.90 us, respectively. The uncer-
tainty analysis shows that the total relative uncertainty of Seg 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 B.g relative uncertainties across the evaluated
libraries are primarily due to variations in energy dependent sensitivity

coefficients and covariance data.

The sensitivity of kinetic parameters to the DNRR operating parameters
was analyzed. The B.g decreases from 750 pcm at the BOC to 704
pcm at the EOC. The values of A and [, increase with burnup (from
73.39 ps to to 80.04 ps for A, and from 68.14 ps to 77.99 us for ).
The withdrawal of the control rods leads to a decrease in the kinetic
parameters. The decrease of S, A and [, 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 SB.g, whereas

the [, and A 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 keg and (g, 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

99



propagating nuclear data uncertainties to key reactor parameters, in-
cluding the ket and SBe.g. The results provide a scientific basis for uncer-
tainty quantification and support reactor safety analyses for DNRR, for

example, using the BEPU method.

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 k. values and
CENDL-3.2 the lowest, while the maximum inter library difference re-

mained below 172 pcm.

Through the sensitivity analysis, the nuclear reactions that most signif-
icantly affect the k.g were identified. Reactions that increase the keg
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 k.g 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.

Through uncertainty analysis, the main sources of uncertainty in k.g 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.

Reactor kinetic parameters of the DNRR, including the B.¢, A, and
l,, 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
v) of U-235 has the most significant positive impact on the Sz, whereas
the prompt neutron yield reaction (prompt ) of U-235 contributes the
most to its decrease. The study identified the dominant nuclear data
components affecting [.¢ and elucidated the underlying causes of the
differences observed among evaluated nuclear data libraries in DNRR

kinetics calculations.

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 [.g 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
A and [,,, 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.

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.

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, (g, represents the ratio of
delayed neutrons to the total neutron yield per fission event. The Meulekamp
estimates [u 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 Su is formulated in terms of the adjoint weighted neutron

flux as follows:
Bur = [t (7 U EY) [ xa(E") va(E") X4 (F, E") ¢(7,Q, E) dE dQ dF dSY dE'

T (RO E) [ X(E)(E) D47, B') 6(7, 2, E) dE dVdrdSy dE"
(A1)

where, ¢(7, €2, F) is neutron flux; ¢ (7, ¥, E’) is adjoint neutron flux; X (7, £')

is macroscopic fission cross section; x(E') is fission neutron energy spectrum;

v(E'") is total number of neutrons emitted per fission; x4(E’) is delayed neu-
tron energy spectrum; v4(FE’) 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:

(97, XavaXs®) _ (XaVa)

Bett = ~ .
T et oeEre) ()
Spriggs reformulated the expression for (g to emphasize the contri-

(A.2)

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:

Bup ~ (xav)  (xava) _ (Xava) (xav) _ 5y (av) Gy %' (A.3)

) o) ) ) T ()
In which 3y represents the delayed neutron fraction derived from nuclear data

based on neutrons emitted by precursor decay. The factor k; 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 v,(Ey) = v — v4 and recognizing that the
delayed neutron fraction is typically small, the total neutron production term
XV can be approximated by x,v,, given the close similarity between prompt
and total spectra. Continuous further simplified the delayed neutron contri-

bution by replacing xqvq with xv—x,v,, resulting in an alternative expression

for Beg:

iy (Xava) g (Xv — xpvp) _1 (XpVp) ~1_ @
Bett = ) o) ~ 1 ) 1 . (A.4)

The ratio (x,vp)/(xv) defines the prompt neutron k ratio. Since

prompt neutrons constitute approximately 99% of the total, the values of k,
and k are nearly equal. However, this formulation enhances the resolution
of small differences between k and k,, which can significantly impact the

quantification of uncertainty in neutron transport calculations:

Lo = %ng, (A.5)
where, L denotes the neutron loss operator in the transport equation, en-
compassing both absorption processes and leakage effects:

L=Q-V+3% - // S (B, Q) dE dSY (A.6)
where, I’ represents the neutron production operator, which accounts for the
generated neutrons:

F = % / / X(E"Yv(E')S4(E") dE' dSY, (A7)
which applies to the adjoint neutron flux under a hypothetical condition in

which delayed neutrons are excluded from the reactor:

1 1
L+¢+ = EF+¢+ and Lgbp = k—FpQSp. (AS)

In which, 1 g
F=1- / Xp(E") vy (E') S4(E" dE' dSY. (A.9)

Therefore, the ratio % can be approximated under the assumption

that ¢, ~ ¢, which simplifies the calculation but may introduce a degree of

119



approximation related error.

kp _ (07, Fpdy) (07, Fyd)

E e R (9nFe) .

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.

_ 1 ——
L¢:EF¢’ (A.11)
where, the F includes contributions from both prompt and delayed neutrons,

and is defined as:

— ]_ —
F = y // (xv + axava) X¢dE dSY, (A.12)
7r

The B can be approximated by the following expression:

Pett = % (% - 1) : (A.13)

A.1.3 Nauchi and Kameyama method

An alternative approximation for (¢ involves using the adjoint neu-
tron flux ¢ as a weighting function for delayed neutron contributions. Nauchi
and Kameyama proposed a method that estimates (¢ 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 ¢ (7, Y, ) with a modified function M (7, Q', E’), which rep-
resents the probability of neutron production from fission. Equation (A.2)

can thus be reformulated accordingly:
(97, xavaXsd) (M, xavaXs¢)

Bett = ~ :
’ (¢, xvEr9) (M, xvEsd)
Nauchi further proposed a technique for evaluating the neutron gen-

(A.14)

eration time, A, by deriving it from a generalized and modified form of the
fundamental equation used to define this parameter as:
[T (7 Y E) %gb(?, Q, E)drdQ dE'
- [ ot (7, Y, E) ﬁ [ X(ENv(ENS(E") (7, Q, E) dE" dF dSY dE'"
(A.15)

A
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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 ¢* is replaced by M, which represents the expected

number of fission neutrons contributing to the subsequent generation:

1 1
(o730) (. 50)
A= ~ : A.16
o Fo) (L Fg) A0
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 Ipp(7, Y, E'),
both B¢ and A can be calculated with expressions analogous to those in

adjoint weighted methods, with a modified weighting scheme:

_ (&F, XavaXd) ~ (Irp, XaVaXf®)
(¢, xvEro) (Ipp, xvEsd)

1 1
<¢+, —¢> <1Fp, —¢>
A = v ~~ Y .
(¢, F¢) (Irp, F)
A.1.5 Perturbation method

Verboomen et al. developed a perturbation based method for esti-

6 eff

(A.17)

(A.18)

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:

1
Lo, = k—qubp, (A.19)
P
and adjoint equation .
+o+ + o+
L7¢ _k_+F o, (A.20)

which can be expressed using precise perturbation formulation to evaluate

changes in reactivity:
¢, (EAF — AL) ¢p)
(0%, Eyp) ’

In this formulation, the perturbation operators are defined as: AF =

Ap = < (A21)

F,—F* and AL = L, — L*. Here, the term < represents a uniform neutron
absorber introduced as a perturbation, with ¢ being a scaling constant for
homogeneous poison % and v denoting neutron speed. Based on this repre-
sentation, the resulting change in reactivity due to the perturbation can be
expressed as follows:

+ <¢+’ g % >

Ap=pp—p = 6V F g, (A.22)

Taking the derivative of this expression with respect to ¢ as ¢ — 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:

1
5. 0)  (o7p0)

C c—0 ¢ <¢+,F+¢p> <¢+7F+¢+>.

A.2 Results and discussion

A=-—

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 (3;) and decay constants ()\;),
obtained using three different computational methods: Meulekamp, Nauchi,
and IFP methods. The values of ); increase monotonically from Group 1

to Group 6, ranging from approximately 0.013 s~ to 2.857 s™! across all
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methods. The f; 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 Se, A, and [, evaluated using various computational methods:
Meulekamp, Chiba, Nauchi, IFP, and Perturbation, along with a comparison

of these methods to MCNPG6.
Table A.1: Delayed neutron parameters group using Meulekamp, Nauchi, and IFP

methods.
Group i Meulekamp Method Nauchi Method IFP Method
Bi (pem) XA (s7') | Bi(pem) N (s7!) | Bi(pem) N (s7V)
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 4+ 0.26 0.121 126.94 4+ 0.87 0.121
4 282.45 +£0.35  0.303 | 281.80 £ 0.37  0.303 282.70 +£1.20  0.303
5 11712 £ 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
Bett (pcm) 733.83+£0.57 734.07+0.82 732.87+0.61 736.13£2.02 735.36+0.40 735+ 5
A (ps) - - 81.92+0.02 81.08+£0.05 81.62+0.01 80.96+0.10
Ip (us) - - 81.96 £ 0.02 81.12 £ 0.05 81.66 £0.01 80.98 +0.10

The [eg obtained by all methods ranges from approximately 732.87
to 736.13 pcm. The average value of the methods is 734.85 pcm. The
I[FP method yields the highest [eg 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 A data is only available from the Nauchi, IFP, and Perturbation
methods. The results range from 81.08 4 0.05 ps (IFP) to 81.92 £ 0.02 us
(Nauchi), indicating good agreement. The [, was determined using three dif-
ferent approaches: Nauchi, IFP, and Perturbation. The corresponding values
obtained are 81.96 us, 81.12 us, and 81.66 us, respectively. The average value
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across these methods is 81.58 us. 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 MCNPG6 as shown in Table A.2, where (g 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 40.05%, respectively. For the A,
MCNP6 yields a value of 80.96 us. In comparison, the Nauchi method pro-
duces 81.92 us, which is a relative difference of +1.19%. The perturbation
method gives 81.62 s (+0.81%), while the IFP method reports 81.08 us, with
the smallest deviation of +0.15%. For the {,, the MCNP6 result is 80.98 ps.
Compared to this, the Nauchi, IFP, and perturbation methods yield values
of 81.96 us, 81.12 us, and 81.66 us, corresponding to relative deviations of
+1.21%, +0.17%, and +0.84%, respectively. Overall, the IFP method aligns

most closely with MCNPG6 results across all kinetic parameters.

Kinetic parameters of the DNRR with LEU fuel, including the [,
the A, and the [,, were determined using the various built in methods of the
Serpent 2 code and the ENDF/B-VIIL.0 library. The values of S obtained
with the methods are within the range of 732.87-736.13 pcm, respectively.
The values of A ranges from 81.08 us (IFP) to 81.92 us (Nauchi), while the
values of [, varies from 81.12 us (IFP) to 81.96 ps (Nauchi). The differences
between the methods are less than 1.07%. Comparing with those obtained
with MCNPG6 calculations, the kinetic parameters calculated by Serpent 2
show good agreement with the MCNPG6 reference values, demonstrating the

consistency and reliability of the two codes for the DNRR analysis.
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Appendix B Covariance data
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(c) JENDL-5.0
Covariance data plot for O-16 (n,elastic).

Figure B.7



Appendix C Neutron spectrum
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Figure C.1: The neutron spectrum was calculated at the neutron trap using 44
energy groups and the ENDF /B-VIIIL.0.
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Figure C.2: The neutron spectrum was calculated at the fuel rod using 44 energy
groups and the ENDF/B-VIIIL.O library.
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BO KHOA HOC VA CONG NGEE CONG HOA XA HOQI CHU NGHIA VIET NAM

VIEN NANG LUQNG NGUYEN TU Pje lap — Tw do — Hanh phic
VIET NAM
S6: 44/ /QD-VNLNT Hé N6i, ngéry A7 thang Ynim 2026
QUYET PINH

Ve viée thanh lap Hodi dong danh gia luan an tien si cap Vién

VIEN TRUOGNG
VIEN NANG LUQNG NGUYEN TU VIET NAM

Can cit Quyét dinh 56 1298/0D-BKHCN ngay 20/5/2019 cua Bo trudng Bo
Khoa hoc va Céng nghé vé viéc ban hanh Diéu 16 Te 6 chitc va hoat dong cua Vién
Ndng lwong nguyén tir Viét Nam;

Céin cit Quyét dinh 56 44/1999/0D-TTg ngay 10/3/1999 cia Thii twéng Chinh
phi vé viéc giao nhiém vy dao tao tién s7 cho Vién Néing lwong nguyén tir Viét Nam,

Cén cit Thong tw s6 18/2021/TT-BGDBT ngay 28/6/2021 cva B truong B Gido
duc va Pao tao vé viéc ban hanh Quy ché z‘uyén sinh va doo tao trinh do tién st

Cén cir Quyét dinh 56 166/0P-VNLNT ngay 13/4/2022 cua Vién trudng Vién
Nang lwong nguyén tir Viet Nam vé viée ban hanh Quy ché tuyén sinh véa déo tao irinh
do tién s cia Vién Ning luong nguyén tir Viét Nam

Theo dé nghi cua Gidm doc T rung tam Pao tao hat nhan.

QUYET PINH:

Piéu 1. Thanh lap Hoi dong danh gi4 luan 4n tién st cAp Vién dbi v6i nghién
ctru sinh Pau Pire T, thudce chuyén nganh Vét Iy nguyén tir va hat nhan (ma sb
9.44.01.06). Danh sach Hoi dong kem theo Quyét dinh nay.

Pidu 2. Hoi dong ¢6 tréach nhiém danh gia ludn an tién si cap Vién theo quy
dinh hién hanh vé 5 chtrc dank gia ludn 4n tién sTva tw giai thé sau khi hoan thanh
nhiém vu.

Picu 3. Giam dbc Trung tim Ddo tao hat nhan, cc thanh vién Hoi dong co
tén tai Picu 1, Trudng tiéu tan chuyén nganh, ngudi huéng dan khoa hoc va
nghién ctu sinh Dau Dtic T chiu trach nhiém thi hanh Quyét dinh nay./.

Noi nhin:

- Nhu Piéu 3; i
- Luyu: VT, NTC, ho so NCSL N
o




DANH SACH HQI DO

(Kem theo Quyét dinh

UAN AN TIEN ST CAP VIEN
ILNT, ngay 197 /2026
oz nguyén tir Viét Nam)

Ho va tén, hoc vi,

Trach nhiém

TT hoc him —— tronkg Hoi DPon vi cong tac
dong
‘ | i Vién Vat y - Vién Han lam

1 | GS.TS. Tran Bic Thigp nguyeén tu Chutich |Khoa hoc va Cong nghé
hat nhan Viét Nam
Vit ly

2 | PGS.TS. Nguyen Vin Thai nguyén tr | Phanbién 1 | Dai hoc Bach khoa Ha Noi
hat nhan
Vit ly

3 | PGS.TS. Nguyén Ngoc Anh nguyén tu Phéan bién 2 | Pai hoc Phenikaa
hat nhéan

4 | TS. Hd Hai Quan Vit ly Phan bién 3 | Viettel Hightech
Vat ly Trung tAm Dao tao hat nhén

5 | TS. Tran Tri Vicn nguyén Thu ky - Vién Ning lugng nguyén
hat nhéan tr Viét Nam

6 | PGS.TS. Phan Viét Cuong Vit Iy Uyvien | vién Néng luong nguyén ti

Viét Nam
5 rros Vatly hat . . .

7 | GS.TS. Tran Hoai Nam b Uy vién Dai hoc Phenikaa

nhan

(Danh sich gom 07 thanh vién)




YEN TU CONG HOA XA HOI CHU NGHIA VIET NAM
Poc lip - Tu do - Hanh phuc

) HAT NHAN

Ha Noi, ngay 22 thang 5 nam 2026

QUYET NGHI
CUA HOI PONG DANH GIA LUAN AN TIEN SI CAP VIEN

Nghién ctru sinh: DPau Dte Tu
Chuyén nganh: Vit ly nguyén ti va hat nhan M3 s6: 9.44.01.06

Tén dé tai ludn an: Nghién citu do nhay va do bat dinh s6 liéu hat nhén
trong phdn tich thong s6 dong hoc va téi han cho ving
hoat 92 bo nhién liéu do giau thap cua lo phan vmg hat
nhan Pa Lat.

Nguoi huong din khoa hge 1: GS.TS. Tran Hoai Nam
Nguwoi huong dan khoa hoe 2: PGS.TS. Nguyén Nhj Dién

Pia diém bao vé: Trung tim Dao tao hat nhén - Vién NLNTVN.
Sau khi nghe nghién cttu sinh Ddu Ptie T trinh bay ludn dn, cac y kién

nhan xét ctia 03 phan bién, va cdc y kién nhén xét cua cde thanh vién Ho1 dong.

Hoi dong dénh gia ludn an tién si cap Vién nhat tri di den quy€t nghi sau:

1. Tén dé tai luan 4n phi hop vdi chuyén nganh Vat Iy nguyén tir va hat nhan
(ma sd 9440106).

2. Luan én khong trung lap véi cdc cong trinh, lugn vén, ludn dn da cong bo

trong va ngoai nuac.

3. Luan 4n co ¥ nghia khoa hoc va thuc tién.




Luén 4n co tinh hop ly, hién dai va phuong phap nghién ctu c6 do tin cay

€ao.

Cac két qua moi cua ludn an:

- Kiém chimng dinh lugng cac mé hinh tinh toan vat ly cho vang hoat Lo
phan (ng Hat nhan Da Lat st dung chuong trinh MCNP6.3 trong cac
tinh toan t6i han va tinh todn cac thong sé dong hoc 10 phan tng. Két
qua tinh toan dugc so sanh véi thue nghiém va so sanh gitra cac thu

vién dir li¢u hat nhan.

- Phan tich chi tiér do nhay va do bt dinh cta thu vién dit ligu hat nhan
doi voi cac dic trung vat Iy cta 10 phan tmg DNRR nhu h¢ s0 nhan
hiéu dung (k. va hé sd neutron tré hiéu dung (B, co xét dén cac
thanh phan trong nhién liéu, chat lam mat va vt liéu cau tric. Két qua
cho phép dinh lugng do bat dinh cta cac hé SO ko va By gy boi do

bit dinh cua cac thu vién dit liéu hat nhan duogc danh gié.

- Tinh todn chi tiét cic thong so dong hoc 1o phan ung, va cdc thong so

vat ly lién quan khéc cta 16 phan tng hat nhan Da Lat str dung nhién

liéu do giau thap.

Trong khuon kho luan 4n, Nghién ctru sinh da cong bo ba cong trinh trén
cac tap chi quoc té uy tin, gdm Nuclear Engineering and Design (Q1),
Nucle4 Technology and Radiation Protection (Q3) va Journal of Physics:

Conference Series. Cac ¢ong bd nay khong chi khang dinh chat luong va
tinh mai cua két qua nghién ctru, ma con gop phan néng cao uy tinh hoc
thuat cua luan an, tao co s& khoa hoc vitng chac cho viée lan toa va ung

dung cac két qua trong cong dong nghién ciru hat nhan quoc té.

Nhitng thiéu sot vé ndi dung va hinh thire cta ludn an:

Cac phan bién va cac uy vién hoi dong da gui kem theo cac gopy ve

cac thiéu sot cua noi dung luan én.



Y ki¢n cia Hoi dong

- Ludn an dap tmg duoc cic yéu cau doi véi mot ludn 4n tién st theo Quy
dinh hién hanh.

- Ludn an cén dugc chinh stra theo cac y kién cla céc thanh vién Hoi dong
trude khi duoc cong nhan hoc vi va cap bang tién si.

KET LUAN
Két qua bo phidu:
S6 phiéu phatra: 7

1

- Sbphiéuhoplé: 7

- S6 phiéu khéong hop 1&: 0

- SO phiu tan thanh: 7

- S6 phiéu khong tan thanh: ¢

CHU TICH HQI PON THU KY HOI PONG

7’

GS.TS. Tran Dirc Thiép TS. Trén Tri Vién

Xac nhan cia co s¢ dao tao

\ :’7/\\ o> I
R/ /4
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7
Buinds Snh Bize
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CONG HOA XA HQI CHU NGHIA VIET NAM
Doc lap - Tw do - Hanh phiic

~ BIENBANHQPHQIDONG
DANH GIA LUAN AN TIEN SI CAP VIEN

Nghién ctru sinh: Dau Buc Tur

Chuyén nganh: Vat Iy nguyén t& va hat nhan M s6: 9.44.01.06

Tén dé tai luan an: Nghién civu dé nhay va do bit dinh sé liéu hat nhén trong
phiin tich thong sé dong hoc va téi han cho ving hoat 92 b6 nhién ligu dé giau thip
cia lo phan vtng hat nhin Da Lat.

Hoi dong danh gia luan an cAp Vién cho nghién ctu sinh Dau Pac Tir dugce
thanh 1ap theo Quyét dinh s6 144/QD-VNLNT, ngay 17/4/2026 ciia Vién truéng Vién
Ning lugng nguyén tir Viét Nam (NLNTVN), gdm 7 thanh vién:

1. GS.TS. Trin Dirc Thiép, Chu tich Hoi ddng

2. PGS.TS. Nguyén Vin Thai, Phan bién 1
PGS.TS. Nguyén Ngoc Anh, Phan bién 2
TS. Ho Hai Quan, Phan bién 3
TS. Tran Tri Vién, Uy vién Thu ky
PGS.TS. Phan Viét Cuong, Uy vién
GS.TS. Tran Hoai Nam, Uy vién

wo

= S S

Pung 09 gi¢ 00 phut, ngay 22 thang 5 ndm 2026 tai Trung tdm Pao tao hat
nhin - Vién Nang luong nguyén tir Viét Nam, Hoi dong danh gid ludn 4n tién si cdp
Vién da hop va nghe NCS Dau Puc Tur trinh bay luan an tién si .

Dién bién budi bao vé luan 4n nhu sau:

I. Khai mac.

1. Boc Quyét dinh thanh 1ap Hoi dong chdm ludn 4n cap Vién.

%a Nﬁwﬂ EuﬁQWﬂ Hﬁwjial dién co s¢ dao tao doc Quyét dinh thanh lap Hoi
ddng danh gid ludn 4n cdp Vién, danh séch céc thanh vién Hoi dong va gi¢i thiéu dai
biéu.

$6 Uy vién Hoi dong chim ludn 4n cdp Vién co mit: F

$6 Uy vién ving mat: ¢

2. Céc thi tuc gioi thidu v& NCS.



TS. Trén Tti Vién — Thu ky Hoi ddng doc 1y lich khoa hoc va céc didu kién cho
phép NCS bao vé luan 4n cip Vién

I1. Chi tich Hoi dong chim ludn 4n diéu khién budi bao VE.

1. NCS trinh bay lugn 4n (tong thoi gian trinh bay khong qué 30 phut).

2. Chu tich Hoi ddng chdm ludn 4n moi céc phan bién va Uy vién doc nhan xét

luan an (c6 kém theo vin ban)

3. Chu tich dé nghj céc thanh vién trong Hoi dong dit cdu hoi va NCS tra 1o

cau hoi:

Sau khi nghe nghién ctu sinh trinh bay céc két qua nghién ctru cua ludn 4n,
nghe cdc Uy vién Hoi ddng doc nhan xét va nghe thu ky Hoi dong doc ban téng hop
nhdn xét tom tat cia cac nha khoa hoc. Hoi déng da tién hanh thao ludn va ddt cau hoi
cho NCS. Du6i ddy 1a nhitng y kién dong gop, cau hoi va cau tra 1oi:

Phin bign 1: GS. TS, Neosyin Ve T

Doc ban nhan xét luan an (c6 kém theo vin bén) Sau day 1a céc y kién nhan xét
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I11. Hoi dong hop kin:

Hoi df”)ng da tién hanh hop kin dé danh gid céc van dé lién quan dén luan én.
Sau khi thao ludn, Hoi dong da nhét trf thong qua Quyét nghi.

Hoi dong bau ra Ban kiém phiéu gdm 3 thanh vién

IV. Cong bb két qua:

Két qua kiém phiéu:

- 86 phiéu phat ra: «-Z

- S6 phiéu hop1é: I

- S6 phiéu khéng hop 1&: O

- S6 phi¢u tan thinh:
S6 phiéu khong tan thanh: O
V. Phin bé mac
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L& bao vé két thuc vao luc A4 gid 55 phit cling ngay.

CHU TICH HOI PONG THU KY HQI PONG

"~ GS.TS. Tran Pire Thiép TS. Trén Tri Vién
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{-A"{ TQN Doc lap - Tw do - Hanh phiic
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= BIEN BAN HQP BAN KIEM PHIEU CUA
HOI PONG PANH GIA LUAN AN TIEN Si CAP VIEN

Cin ctr Quyét dinh s6 144/QD-VNLNT ngay 17 thang 4 nim 2026 ctia Vién
truéng Vién Ning luong nguyén tir Viét Nam vé viéc thanh 1ap Héi ddng danh gia
ludn 4n tién si cép Vién gom ....... thanh vién. Hoi dong hop ngay 22/5/2026 tai
Trung tdm Pao tao hat nhén - Vién Nang lugng nguyén tir Viét Nam.

Nghién cttu sinh: Dau buc Tur

Tén dé tai luan an: Nghién citu d nhay va dp bit dinh so liéu hat nhin trong
phiin tich thong so dong hoc va t6i han cho viing hoat 92 bé nhién li¢u dj giau thap
cta lo phan veng hat nhin Da Lat.

Chuyén nganh: Vat Iy nguyén tir va hat nhan M3 s6: 9.44.01.06

S6 thanh vién c6 mat trong phién hop 14 .... ngudi, trong d6 sé ngudi phan
bién ludn an la 03 nguoi.

Hoi dong d4 bau ban kiém phiéu bao gdm: -

2. Uy vién: ......... PRS.IS.LN ¥3 e.,....%\/j‘c/.c.A w& ..................
3. Uy vién:..oeneees LS HQ ................. BT S
S6 phiéu da phat cho céc thanh vién: 7+

1. Trudng ban: ... Y550 5 K“%ﬂg)m\/@h’{/«'{w ......................

S6 phiéu con lai khéng dung: )

Két qua bo phiéu danh gia luén an nhu sau:
- SOphiéuhople:  F

- S6 phiéu khéng hop 1&: (O

- SO phiéu tan thanh: 4

-S4 phiéu khong tan thanh: O

Trudng ban kiém phiéu Cac fIy vién Ban kiém phiéu

W f\N e | / | N Hol Cay
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CONG HOA XA HQI CHU NGHIA VIET NAM
Doc lap — Tu do — Hanh phiic

BAN NHAN XET LUAN AN TIEN Si
(Diing cho cdc thanh vién khong phai la phan bién ciia Hoi dong)

Ho va tén nghién ciru sinh: PAU DUC TU

Tén dé tai: NGHIEN CUU DO NHAY VA PO BAT PINH SO LIEU HAT
NHAN TRONG PHAN TICH THONG SO PONG HOC VA TOI HAN CHO
VUNG HOAT 92 BO NHIEN LIEU PO GIAU THAP CUA LO PHAN UNG
HAT NHAN DA LAT

Chuyén nganh: Vit 1. Nguyén tir va Hat nhin

Mi s0: 9.44.01.06

Nguoi nhén xét: (Hoc ham, hoc vi, ho tén): GS.TS TRAN PUC THIEP

Co quan cdng tic: Vién Vat ly, Vién Han lam Khoa hoc va Cong nghé Viét
Nam

Dién thoai lién hé: 0983201915, Email: tdthiepiop@gmail.com

Y KIEN NHAN XET

1. Tinh thoi sw, tinh cp thiét, y nghia khoa hoc va thue tién ciia ludn an:

Trong xu thé chuyén dbi nhién liéu toan cdu, viéc chuyén ddi tir nhién liéu
d0 gidu cao (HEU) sang d¢ giau thap (LEU) 1a yéu ciu ctia chuong trinh khong
phd bién vii khi hat nhan toan ciu. DNRR d3 hoan thanh chuyén doi, vi vy viée
nghién ctru sdu vé cic dic tinh vat I ciia ving hoat méi nay cd y nghia cao va
can thiét. Hién nay, cac thu vién s6 liéu hat nhan (nhw ENDF/B, JEFF, JENDL)
lién tuc duogc cap nhat. Viée danh gid d6 bat dinh (uncertainty) bang cac phuong
phap hién dai (nhu Monte Carlo két hop phuong phap nhidu loan) dang 14 huong
di duge quan tAm rong rdi trong an toan hat nhan thé gi6i.

Dé van hanh 10 phan tmg an toan, ta khong chi can biét gi trj tinh toan (vi
du ker) ma phai biét sai s6 (d6 bat dinh) cua n6. Néu khong ndm rd do bét dinh,
cac gioi han an toan sé thiu co s6 tin cay. Déi véi DNRR mic du vung hoat 92
b6 LEU d3 dugc nghién ctru, nhung viée phan tich chi tiét d nhay (thdng s6 ndo
anh hudéng manh nhét) va do bdt dinh (sa1 s6 do s6 liéu hat nhan déu vao) cho
riéng cac théng sé dong hoc (nhw thoi gian sdng cua neutron, phan sé neutron
tré hitu hiéu 3,5 thuong it dugc thye hién day du hon so véi thong s6 toi han.

Luan an cia NCS tdp trung vao nghién ctu cic van d& trén. Giai quyét
nhiing van dé trén mot cach thanh céng 1a mot cong viée vira mang y nghia khoa
hoc va thye tién. Y nghia khoa hoc nam & chd lam sang t6 co ché vat Iy tirc 1a
xac dinh duge sy dong gép cua tung loai déng vi nhu U-235, U-238, H-1, Al...
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va ting loai phan Umg (bét gift, tAn xa, phan hach) dbi voi sai s6 ciia cac thong
s dic trung ving hoat; Dong thoi phat trién phuong phéap lun trong xay dung
quy trinh tinh todn do nhay S va bat dinh U (Sensitivity and Uncertainty
analysis) phitc tap cho 10 phan tmg ¢ chu trac dac thu nhu 10 Da Lat (10 kiéu bé
boi, st dung chét cham thé va phan xa 1a nudc nhe va graphite). V& y nghia thyc
tién gitp cac ky su t6i wu hoa van hanh 10, quyet dinh chinh xac trong viéc nap
nhién liéu hogc thay doi cdu hinh Vung hoat. Ddng thoi hd trg cong tac tham
dinh an toan va gop phan dao tao ngudn nhan lyc chét luong cao.

Tém lai: Co thé néi ludn an caa NCS co tinh thoi sy, tinh cap thiét, y nghia
khoa hoc va thyec tién.

2. Pé tai va noi dung clia luén 4n co6 trung I3p v6i cac cong trinh cia tac gia
khac di cong bd hay khong?:

Muc tiéu cta d8 tai 1 tap trung phan tich d§ nhay va do bit dinh cua s6 lidu
hat nhan ddi voi cic thong s6 dong hoc va t6i han cho cAu hinh ving hoat gom
92 b6 nhién liéu uranium do giau thap (LEU) chua dugc cong b bang phuong
phap Monte Carlo siv dung chu:orng trinh MCNP6 két hop véi cac thu vién 56
liéu hat nhan khac nhau, bao gom ENDF/B-VIILO, JEFF-3.3, JENDL-5 va
CENDL-3.2.

Pé tai va ndi dung ctia luan 4n khong trung lap voi céc cong trinh cua tac
gia khéc da cong bd trudc day.

3. Suw phu hgp giira dé tai va ndi dung, giira ndi dung va chuyén nganh:

P& tai luan 4n Nghién ctru o nhay va do bét dinh so liu hat nhan trong
phan tich thong sb dong hoc va tdi han cho vang hoat 92 b6 nhién li¢u df gidu
thap cua 16 phén ng hat nhan Da Lat di vao ban chét cua cac vin dé thude vat
Iy hat nhan nhu Neutronics, cac qud trinh lam cham, van chuyén neutron, cac
qué trinh phan hach va phan ra cac dong vi...Vi vy c6 su phi hop gitra & tai va
ndi dung, giita ndi dung va chuyén nganh
4, Do tin ciy va tinh hién dai ciia phwong phap nghién ctru:

V& phuong phép nghién ctu: Chuong trinh MCNP6 str dung phuong phap
Monte Carlo c6 kha ndng m6 phéng sy van chuyén cta 37 loai hat khac nhau
v6i ning luong lién tuc, do d6 n6é duge Gng dung rong rdi trong cac bai toan
phén tich té1 han, thiét ké che chin buic xa, mo hinh detector, va tinh todn vét ly
10 phan ung. Chuo‘ng trinh MCNP6 duoc phat trién tir cac phién ban Monte
Carlo d4u tién vao cudi nhimg ndm 1970 va da tré thanh cong cu tiu chuan toan
cAu trong linh vuc tinh todn 16 phan ng. M6 hinh DNRR dugc xay du’ng chi tiét
bang MCNP6, phan 4nh day du hinh hoc Va vat liéu cua céac thanh phan chinh.
Bén canh d6 NCS da st dung céc thu vién s0 liéu hat nhan c6 chit luong cao va
phd bién trong nghién ctiu bao gdbm ENDF/B-VIILO, JEFF-3.3, JENDL-5 va
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CENDL-3.2, l4n luot dugc phét trién boi Hoa Ky, OECD/NEA chau Au, Nhat
Ban va Trung Qudc dé thue hién céc tinh toan ctia minh.
C6 thé n6i phuong phap nghién ciru c6 dd tin ciy v tinh hién dai.

5. Cac két qua mdi cia luin 4n; D9 tin cly cua cac ket qua do:

Céc két qua méi trong luan 4n bao gbm:

- Cho thdy sy phu hop véi thuc nghiém: Két qua tinh toan bing mi
MCNP6.3 cho 30 diéu kién t6i han khac nhau cua 10 Pa Lat (DNRR) ¢6 sy phu
hop rét tt voi so liéu do dac thuc té, véi sai léch hé s6 nhan hiéu dung key nho
hon 354 pcm.

- Cho thdy sy dong nhat giita cac thu vién: Sai léch két qua key gita céc thu
vién s6 lidu hat nhan khac nhau nam trong khoang 172 pem.

- D phan tich cy thé dugc do nhay cua hé s nhan hiéu dung key theo céc
dong vi va phan tng chinh va phan loai thanh dong gop dwong va am, chi ra
nhitng dong vi va phan tmg co dong gop 16n. Cu thé 1a H-1: Phan (g bét gifr
(capture) va tin xa dan hoi (elastic scattering); U-235: Phan ung phan hach
(fission); Cac dong vi khac: Al-27 va Be-9 ciing 14 nhiing thanh phin quan trong
can luu ¥.

- Da phan tich cu thé duoc do bat dinh cua hé s6 nhéan hidu dung k. gay ra tu
56 1iéu cua cac thu vién s6 liéu hat nhan mdi nhit: ENDF/B-VIILO: 415.7 pcem,
JENDL-5: 363.0 pcm, JEFF-3.3: 588.0 pcm. Do bat dinh kg bi chi phdi manh
boi bt va tan xa dan hdi cia H-1, cling nhu bit va phan hach ctua U-235; tiép
theo 13 cdc dong gbp dang ké cua Al-27, Be-9, C-nat va U-238.

- D phan tich cu thé dwgc d6 nhay ciia ty s6 neutron tré higu dung S,y cac
két qua tinh toan cho thay & do nhay duong c6 su dong gop dang ké cua phan
tmg phan hach vdi neutron tré (98,13 pem) va tin xa khong dan hoi cia nude
nhe (29,64 pcm). N6 cho théy viée kiém soat 10 phan ng hat nhan thuc chit 1a
sy phdi hop giita ngudn notron tré (U-235) va méi trudng diéu hoa notron
(Nudc nhe). Con ddi véi dd nhay am céc tinh toan cho thdy U-235 (Prompt
neutron -98,21 pem) 1a déi trong 16n nhat cua U-235 (Delayed neutron). Do
nhay 4m cyc 16n ndy cho thiy f, gcuc ky nhay cam voi bat ky su thay ddi nao
cua di liéu notron tirc thoi tir U-235.

- Pa phan tich cu thé dugc bit dinh twong ddi ty s neutron tré hiéu dung Sy,
cac két qua cho thay tong do bat dinh cua Pes theo thu vien ENDF/B-VIILO lén
t61 1312,2 pem. N6 cho thay rang du ching ta c6 nhiing ma mo phong siéu may
tinh, nhung do di li¢u dau vao (tiét dién hiéu dung, notron chim...) van con sai
56 thue nghiém, nén két qQué feg cudi cung ¢ thé 1éch khoang hon 1,3%. Trong
d6 Al-27 elastic (811,2 pem) va Be-9 elastic (755,8 pem) 1a 16n nhat. Pong thoi
Hydro (H-1 elastic) va tir cac phan img hap thu (B-10 n, y) ciing 13 mot ngudn
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bat dinh quan trong. Con Uranium (U-235, U-238) dong g6p bét dinh thép hon
du kién.

- Pa phén tich danh gid dugc sy anh hudng 1én cc thong sé dong hoc Beir
(pem), A(us) va I, (us) clia cdc thong s6 van hanh nhw miic chay nhién lidu st
dung ENDF/B-VIILO, vi tri thanh diéu khién st dung ENDF/BVIILO, nhiét d¢
nhién li¢u su dyng ENDF/B-VIIL0, chay nhién liéu st dung JENDL-5.

Do tin cdy ctia céc két qua con dugc khing qua viée cong bé trén cac tap chi
qudc té ¢6 uy tin.

6. Gia tri khoa hoc ciia cic cong trinh khoa hoc ciia tic gia di cong b lién
quan dén luin 4n:

Gia tri khoa hoc cua cc cong trinh khoa hoc cua tac gid da cong bd lién
quan dén lun 4n 1a gop phin khing dinh:

- Cac thu vién ENDF/B-VIILO va JENDL-5 1a nhimg thu vién déng tin cly
nhét, nén dwoc vu tién sir dung cho céc phan tich vat [y viing hoat va danh gia an
toan cho 10 Da Lat cling nhu cac 10 phan (g tuong tu trong twong lai.

- Cung cép co s khoa hoc hién dai va chinh x4c hon cho viéc van hanh an
toan 10 phan rng hat nhan Pa Lat vdi nhién liéu LEU

- Cac két qua ciing khuyén co rang can tiép tuc cai thién viée danh gia thiét
dién phan tmg cho H-1, U-235, Al-27 va Be-9 dé ning cao hon nita dé tin cay
cua céc tinh todn mo phong.

- Céc két qua nghién ctru cta lun an cd tiém ning ho trg cp nhat SAR cua
Lo phan ung hat nhan Pa Lat.

Céc két qua nghién ctu cia NCS da duoce cong bd trén céc tap chi qudc té
co 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 DNRR with LEU fuel using MCNP6.3 and
the latest data libraries", Nuclear Engineering and Design 442, (2025), 114182.
[SCIE, 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 LEU fuel using
MCNP6 and JENDL-5 library", Nuclear Technology and Radiation Protection
40, (2025), 1-9. [SCIE, 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 research reactor with LEU fuel", Journal of Physics:
Conference Series 3040, (2025), 012020. [SCOPUS].
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7. Cau héi va ¥ kién gop ¥ dé NCS hoan thién ludn 4n (néu c6):

- Cau hoi: Tac gid c¢6 nhan xét gi vé céc s lidu hat nhan cta cic Trung tAm
gift liéu hat nhdn ma minh st dung trong phén tich thong sb dong hoc va téi han,
vi du vé su chénh léc giita cac gid trj va sai sd cua cac sb liéu. Lam thé nao dé
cho ring 6 liéu nay la t6t hon s ligu kia dbi v6i timg dong vi.

- Cau héi: Trong Hinh 3.1: Két qua kg ciia 30 cAu hinh t6i han st dung bon
thu vién dit liéu hat nhin so sanh vdi thuc nghiém. Cau hoi 1a gia tri ke thuc
nghiém & ddy duoc xéc dinh cho 30 chu hinh hay ta hiéu la da 1& cau hinh t6i
han thi &, thyc nghiém hién nhién 1a bang 1. Tom lai can gidi thich rd
“experimental keff” dugc suy ra nhu thé nao.

- Cau hoi: Ta biét rang thoi gian sinh neutron tirc thdi (prompt neutron
generation time) A 13 thoi gian trung binh tir lic mot neutron sinh ra, dén khi
neutron thé hé ké tiép xuat hién do phan hach. Con thoi gian sbng cua neutron
(Neutron lifetime ¢) 1a thoi gian neutron ton tai trude khi bi hép thu, hodc 10 1i.
Hay giai thich tai sao khi tinh todn tir cac ngudn dit liéu bang hai phuong phép
trong s6 lién hop va phuong phép hap thu cic dai lrgng nay gAn nhu bang nhau.

- Cau hoi: Theo NCS thi céc két qua ctia ludn 4n ¢ thé dua truc tiép vao Béo
c4o phan tich an toan SAR cta 10 phan g hat nhan Da Lat dugc khong?

- Gop ¥: Hinh 2.1: Mt cét dimg cia md hinh DNRR bang MCNP6 va Hinh
2.2: Mit cit ngang cua mo hinh DNRR bang MCNP6. H¢ théng diéu khién va
bao vé ciia DNRR gdm bay thanh diéu khién (DK) b tri doi xtng: hai thanh an
foan (SR), bén thanh bi trir (ShR) va mot thanh tw dong (AR). SE 1a tbt hon néu
NCS v& 1 so dd vi trf cac thanh diéu khién DK, thanh an toan (SR), thanh b trir
(ShR) va thanh ty dong (AR) tuong tmg voi mot trong 30 cau hinh trong Bang
3.1 cla trang thai td1 han bang thuc nghiém theo mat cit ngang dé minh hoa
gitip ngudi doc c6 thé hinh dung tot hon.

Nhin xét chung vé wu va nhuge diém

bay 1a mot d2 tai luén 4n Tién si co ¥ nghia khoa hoc va thuc tién cao. Viée
phan tich d¢ nhay (Sensitivity - S) va do bat dinh (Uncertainty - U) doi v6i 10
phén ng hat nhan Da Lat (DNRR) — déc bi¢t 1a c4u hinh ving hoat 92 b6 nhién
liéu d6 gidu thép (LEU) — 1a rat cAn thiét dé chuan hoa sb liéu, t6i wu hoa vén
hanh an toan va dong gdp vao kho dir liéu hat nhan quic té.

a/ Diém manh: .

. Tinh logic cao va sy hop 1y cua cu triic: B cuc di ding 19 trinh chuin ctia
mdt nghién ctru 1o phan tmg: Tong quan — Phuong phap/M6 hinh — Tinh toan
t41 han kegr — Tinh toan dong hoc fep 4 va I,
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. Tinh c@p nhat s lidu: NCS da sir dung céc thu vién s6 liéu hat nhin méi
nhat hién nay nhu ENDF/B-VIILO0 va JENDL-5. Diéu ndy lam ting gi4 tri thoi
sur cua ludn an.

. Bao quat t6t cac yéu td van hanh: NOi dung da khao sat sy phu thudc cua
thong s6 dong hoc vao ddy du cac bién sb quan trong: do chdy (burnup), vi tri
thanh didu khién (CR) va hiéu tng nhiét do.

b/ Nhuoc diem:

. Thiéu phan tich S/U cho céc thong sb dong hoc khac: NCS da phan tich S/U
cho ke va By nhung duong nhu dang bo trong phan phan tich S/U cho thoi glan
thé hé neutron A hodc thoi gian song clia neutron tire thoi Iy

. Chua d4nh gia siu hon vé "D chay" (Burnup) lidn quan dén S/U, cu thé khi
nhién liéu bi chay, cac actinide mdi nhu Pu239, Pu241va cdc sin pham phan
hach d6c¢ chiém neutron nhu Xel35, Sm149 s& xut hién.

. Can 1am rd D6 bt dinh cva ke va By & dau chu ky BOC khi ving hoat sach
va cudi chu ky EOC khi ving hoat ¢6 d chdy cao thay ddi nhu thé nao? Xu
huéng bat dinh ting 1én hay giam di khi c4c dong vi Plutonium tich I&y? bay sé
1a mot dong gop rat g4 tri.

8. Y kién két lufn: ‘ , ‘
(Ban dy thao ludn an cé ddp vimg yéu cau ciia mét ludn an tién st hay khong? Cé dé nghi cho
NCS bao vé cap Co so/ Vien hay khong?)

Ban du thao luan 4n d4p ing nhing yéu cdu co ban cia mot ludn 4n tién i,

Deé nghi cho NCS béo vé cip Vién.

Ha N¢i, ngay 18 thang 5 nam 2026

Ngwoi nhan xét
(Ky va ghi ré ho tén)

Tran Dt Thiép
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CONG HOA XA HQI CHU NGHIA VIET NAM
Doc 1ap — Tw do — Hanh phuc

BAN NHAN XET PHAN BIEN LUAN AN TIEN Si
Tén dé tai: Nghién ciru d6 nhay va do bat dinh s6 liéu hat nhan trong phan
tich thong s6 dong hoc va téi han cho viing hoat 92 b6 nhién lidu dd gidu
thAp ciia 10 phan itng hat nhin Pa Lat
Chuyén nganh: Vat Iy Nguyén ti va Hat nhan M3 s: 9.44.01.06
Nguoi nhan xét (hoc ham, hoc vi, ho va tén): PGS.TS. Nguyén Vin Thai
Co quan cong tac: Khoa Vat ly Ky thuat, PH Bach khoa Ha ngi
Dién thoai lién hé: 0967405962 Email: thai.nguyenvan(@hust.edu.vn

NOI DUNG NHAN XET

1. Nhan xét chung

Luan 4n trinh bay két qua nghién ctru déanh gi4 d6 nhay, do bat dinh cua
cac thong s6 dic trung dong hoc nhu ty s neutron tré hiéu dung (Peg), thoi gian
thé hé neutron (A), thoi gian séng neutron tic thoi (Ip) va thong s t61 han nhu
hé s6 nhan hiéu dung (ke) cho ving hoat 92 b6 nhién lidu do giau thap cta 1o
phan Ung hat nhdn Pa Lat dugc tinh toan bdi chuong trinh Monte Carlo
(MCNP6) sir dung s6 lidu hat nhan trong 04 thw vién ENDF/B-VIIL0, JEFF-3.3,
JENDL-5 va CENDL-3.2. Luén 4n tp trung vao phén tich cac két qua tinh toan
mo6 phong Monte Carlo st dung 04 thu vién dit heu hat nhan tuy déu tuén theo
dinh dang chuan ENDF nhung khac biét nhau vé pham vi ning luong, s6 luong
dong vi va phuong phap danh gia nham danh gia do tin cdy cta két qua tinh
todn.

Luan an khong co su trung ldp so voi cac cong trinh, luan van, luan é4n da
cong b & trong va ngoai nudc; ludn an thé hién tinh trung thuc, rd rang va déy
du trong trich dan tai liéu; luan 4n thé hién rd su phi hop gitra tén dé tai va noi
dung, gitra nd1 dung vo1 chuyén nganh va mé chuyén nganh. Luan an dugc trinh

bay bang tiéng Anh, ¢6 bd cuc twong doict MU(%

2. Két qua nghién ciru mai va y nghia khoa hoc cia luan an

Luén 4n ¢6 ¥ nghia khoa hoc nhét dinh trong linh vuc tinh todn mé phéng
dong hoc 16 phan tng str dung chuong trinh Monte Carlo nhim khao sat cac
théng s dic trung va toi han, dong thoi danh gia do nhay va muce do lan truyén
d6 bat dinh theo cac tham s6, dac biét 1a su thay d6i.vé dir liéu hat nhan cua cac
nguyén t6 trong thu vién.
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Nghién cru sinh da trinh bay két qua nghién ctru kha chi tiét, cy thé danh
gid do nhay va d6 bat dinh dit lidu hat nhan (do bat dinh v& di¥ liéu duoc hidu 13
s khéc nhau vé gi4 trj cac tham sb cua céc nguyén t6 trong thu vién), c6 dong
gbp nhét dinh trong viéc chi ra mot s6 anh hudng cua cac tham sé dén céc thong
s6 tinh todn nhu théng s6 dong hoc va t6i han cua I6 phan Gng, vi du nhu do
nhay dang cht ¥ cia ke d6i voi mot sb phan tmg bit no tron cua H-1, U-235,
hay viéc rat thanh diéu khién lam giam gid tri dong hoc trong khi su thay ddi vé
nhi¢t d khong anh huong dén cac gi tri nay.
3. Céc cong trinh cong bd

Céc két qua chinh cua luén an dugc NCS cdng bd 03 bai bao trén tap chi Qudc
té c6 uy tin véi dong gop la tac gia chinh: trong d6 01 bai trén tap chi Nuclear
Engineering and Design (Q1), IF = 2.1, 01 bai trén tap chi Nuclear Technology
and Radiation Protection (Q3), IF = 0.752, 01 bai trén tap chi Journal of Physics:
Conference Series (SCOPUS).

4. Két luan: Lu4n 4n dép tmg cic yéu cau dbi véi mot lun 4n tién s theo Quy
ché tuyén sinh va dao tao trinh do tién st hién hanh; ban tom tit luén an phan
anh trung thanh ndi dung co ban cua luén 4n; Toi dong y ludn 4n c6 thé dua ra
béo vé & cap Vién.

Ha Noi., ngay 20 thdang 05 niam 2026
Xdc nhén cia co quan cong tic (néu ¢d) Ngwoi nhin xét

(Ky tén va déng dau) (Ky va ghi 16 ho tén)

,@@QT——J

PGS.TS. Nguyén Vin Thai
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CONG HOA XA HOI CHU NGHIA VIET NAM
Doc l1ap — Tw do — Hanh phiic

BAN NHAN XET PHAN BIEN LUAN AN TIEN Si
Tén dé tai: Study on sensitivity 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.
Chuyén nganh: Vat Iy nguyén tr va hat nhan M3 s6: 9.44.01.06
Nghién ctru sinh: Bdu Btre Tur
Nguoi nhan xét (hoc ham, hoc vi, ho va tén): PGS. TS. Nguyén Ngoc Anh
Co quan cong tac: Pai hoc Phenikaa
Dién thoai lién hé: 0982016890 Email: anh.nguyenngoc 1 @phenikaa-uni.edu.vn

NOI DUNG NHAN XET

Viéc lién tuc dénh gid sau sic ving 161 dang hoat dong vé6i cau hinh 92 bé
nhién li¢u LEU béng cac ma tinh toan hién dai va hé thong thur vién dit liéu hat
nhan c4p nhét nhat 13 nhiém vu cbt 161 d& dam bao van hanh 10 Pa Lat an toan 5 % o\
hiéu qua. Do do, huong nghién ctru phan tich do nhay/do bét dinh va céc thoﬁ
30 (dong hoc 1o ¢6 tinh cap thiét va thoi sy. Luan an trinh bay mét phuo*ng; PN uEn cU 1
trién khai phén tich S/U (d9 nhay/d¢ bét dinh) bang MCNP6, tir d6 tinh toan&
thong sb ddng hoc 10 chi tiét. Cac thong tin ndy rat hitu ich cho cc bao cAo ph
tich an toan cua 16 Da Lat. Khong chi vdy, cdc két qua thu dwoc con 1a co s6 dW
lam khuyén cdo cho cc nha phat trién thu vién hat nhén thé giéi.

Luaq an khong trung 18p so vdi cac nghién clru trude day. Cu thé luan an
khao sat cau hinh LEU hién tai v6i m& MCNP phién ban 6.3 va st dung céc
phién ban mdi nhat cia ca bon thu vién hat nhan. Cac ndi dung dugc trich dan
day du, cac cong cy su dung dé nghién ciru (MCNP va cac phwong phap danh
gid) déu kinh dién va duoc sir dung rong rai, do do co do tin cay cao.

Céc két qua chinh cia ludn 4n bao gdm:

- Xéc dinh 30 c4u hinh t6i han thuc nghiém cua 160 Pa Lat, va tinh toan
mo phong MCNP cho 30 céu hinh nay str dung 4 thu vién dit liéu hat
nhan khac nhau. Chénh léch gita mo phong va thuc nghiém khong
vuot qua 354 pem.

- Di tinh todn d6 bat dinh cua keff gy boi sai so cia so liéu hat nhan
cho céc thu vién c6 dit liéu hi€p phuong sai (riéng CENDL-3.2 khong
xac dinh dugc do khong co dir liéu hiép phuong sai)
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- D tién hanh xac dinh do nhay cia két qua véi cc dir liéu tiét dién hat
nhan 44 nhom. Phan loai dugc cac dir liéu dong gop 16n nhat vao d6
nhay la H-1, U-235, Al-27, Be-9, C-nat.

- Tinh toan cac tham sb dong hoc 10: ty 18 neutron tré hiéu dung, thoi
gian sinh neutron, thoi gian song ctia neutron. Céc phén tich twong
quan dugc thuc hién.

Két qua cua ludn an dugc dang tai trén cac tap chi quéc té va trong nudc uy tin,
dac biét la cong trinh déng trén tap chi Nuclear Engineering and Design.

Luan an duogc xay dung véi cdu truc chit ch&, mach lac. Hinh thic trinh bay
dep, truc quan, chi tiét nhung khong bi roi.

Luan an c0 thé tiép tuc duoc cai thién hon nira:

- Tac gia can cai thién phan dit vin dé dé néu bat dugc ly do vi sao can
tién hanh nghién ctu nay. Hién tai, luin 4n mdi chi dimg lai & mtc mo ta day
nhu mot ung dung thuc nghiém (engineering case study) cia phuong phap S/U
1én 10 DNRR. Téc gia can chi r&: Cau hinh 92 b6 LEU ciia 10 DNRR ¢6 dic thu
gi vé mit hinh hoc, hiéu ing phan xa dong, hay phd no-trén di biét khién cac
cong cu tinh toan thong thudong trude day chua thé danh gia chinh x4c do bét
dinh néu khong ¢6 phan tich S/U chuyén sau nay?

- Cén chinh stra triét dé phan Introduction cia timg chuong. Hay loai bo
nhimg doan van mang tinh lap lai y cia phan Preface. Phan gi6i thiéu dau
chuong chi nén viét ngan gon (khoang 1-2 doan), tap trung thang vao muc tiéu,
logic két ni véi chuong trude va vai trd cu thé cua céc bude tinh todn trong
riéng chuong do.

- Ra soat cac 16i chinh ta (vi du: beta_eff khi thi viét nghiéng khi thi
khong), 101 trinh bay bang biéu chua dep (vi du Bang 3.9)

Cau hoi cho NCS:

1/ D¢ chinh xac cua cac thu vién dugc danh gia dya trén k_exp, gia su
k_exp c6 mét sai s6 hé thong thi céc két ludn c6 con dugc gitt nguyén? C6
giai phép gi dé danh gid/ude tinh anh hudng cia ngudn sai s hé thong
nay khong?

2/ Trong phan két luan cua lun 4n, dua trén két qua phan tich d nhay va
do bat dinh, NCS ¢6 dua ra khuyén nghi vé viéc can tlep tuc cai tién va
chuén hoa lai dit liéu tiét dién phan Ung cuia cac dong vi nhu H-1 va U-
235 (ddc biét 1a c4c phan tng bat giit no-trén ciia H-1 va phén hach cia
U-235). Tuy nhién, trén thuc té, cac hé thu vién dit liéu hat nhén 16n trén
thé gidi (nhu ENDF/B, JENDL, JEFF) déu duoc xdy dung dua trén mot
quy trinh danh gia cue ky nghiém ngat va dong vi H-1 va U-235 1a nhimg
hat nhén tiéu chuan di dwoc cong dong qudc té nghién ciru sau sic, kiém
chimg qua hang ngan phep do thyc nghiém kinh dién. NCS hdy cho biét,
viéc dua ra mot khuyén nghi mang tam voc vi md nhu vay dua trén duy
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nhit mét nghién ctru tmg dung cuc bd cho mot cau hinh 1o phan (g
nghién clru cu thé (DNRR) c6 thuc su thuyét phuc va hop ly vé mat
phuong phap luén hay khong? Ban chét cia viéc heé so k eff sai léch
nhleu v6i thue nghiém la do thu vién sai hay do cac yéu t6 khéc (vi du sai
s hé thong & cau hoi 1, hay sy khac biét vé phan nhom mac dinh cua cac
thu vién (c6 nhiing hé thong phén nhém s& cho d¢ chinh xac cao hon),
hay su twong thich cua viéc chuyén d6i phan nhém mic dinh vé 44
nhom).

3/ Theo dénh gid cua phan bién, cac nhén dinh vé thu vién phu hop, dit
liéu, chi mang tinh chat dia phuong (trén 16 Da Lat). C4c thu vién dugc
thiét ké dua trén nhiéu bai toan Benchmark khac nhau do d6 c6 thé mot
thu vién mo ta tong quat tét nhat lai khong phai thu vién mé ta mot trudng
hop cu thé tdt nhat. Néi cach khéc, su tdt hay khong tot & day mang tinh
ngau nhién, khong phan énh chét luong danh gia s6 liéu cua thu vién. Gia
tri 16n nhat cua luan 4n la d thiét lap dugc quy trinh phan tich S/U cho
mét truong hop cu thé. NCS da c6 ké hoach/hodc da bién soan quy trinh
ndy dé c6 thé ap dung cho céc truong hop khac chua vi du (CNEST).
Nghién ctru sinh nén dua thanh m¢t mot phu lyc, trong do néu rd tung
buéc, cong cu sir dung, lwu y, dé “ngudi di sau” dé dang ap dung.

Luén 4n tién si cia NCS. Pau Dtc Tir 1a mot cong trinh nghién clru ¢6 khéi
lugng cong viée 16n, nghiém tic va c6 gia tri thuce tién d6i voi an toan 10 phan
ung Da Lat. Luan an dap ing cac yéu cau co ban déi véi mot luan 4n tién si theo
Quy ché tuyén sinh va dao tao trinh d6 tién si hién hanh va c6 thé dua ra bao vé
cap Vién.

Ha Néi, ngay /( thang § nam 2026

X4c nhin cia co quan cong tac (néu cd) Nguwdi nhin xét

(Ky va ghi ré ho tén)

oL

e

- PGS. TS. Nguyén Ngoc Anh
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HUGNG DAN VIET NHAN XET PHAN BIEN LUAN AN

(Danh cho cdc Phadn bién cua Hoi dong bdo vé ludn dn o cap co so/ Vién)

KAAR BI: covo e ssmssssuinnsss samss smsss ssmns ressssssiss scsumass

------------------------------------------------------------------------

Vién truéng Vién Nang lugng nguyén tir Viét Nam ra Quyét dinh

1 J T ——— vé viée thanh 1ap Hoi dong cham luén an
tien s cap co s&/ Vién cho nghién clru
GTTHL . oo 5 i i e s i i AR SR

Pé thyc hién Quyét dinh trén, Vién kinh dé TIBH s vy vonsssimmisae doc va

viét nhan xét phan bién ludn én theo nhiing goi y trong mau dudi day:

CONG HOA XA HQI CHU NGHIA VIET NAM
Doc 1ap — Tu do — Hanh phiic

BAN NHAN XET PHAN BIEN LUAN AN TIEN SI
Tén dé tai: Nghién ctru d§ nhay va dg bAt dinh so liéu hat nhén trong
phin tich thong s6 dong hoc va t6i han cho viing hoat 92 bo nhién li¢u
do giau thap ciia 16 phan dng hat nhin Da Lat
Chuyén nganh: V4t Iy nguyén tir va Hat nhén M4 sb: 9.44.01.06
Nghién ctru sinh: Dau Dire Tir
Ngudi nhén xét (hoc ham, hoc vi, ho va tén): TS. H6 Hai Quan
Co quan cong tac: Vién Nghién ctru Cong nghé Cong nghiép Chién lwge
Viettel
Dién thoai lién hé: 0869190985 Email: quanhh9@yviettel.com.vn
NOI DUNG NHAN XET

(Nhén xét ciia phan bién khong can néu lai két cdu va ndi dung cdc

chuong ciia ludn dn, khong trinh bay theo thir tw chwong muc cua ludn dan

ma can trinh bay theo cdc van dé hay két qua mdi ma lugn dan dat dwoc
theo cdc diém sau.
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- Tinh cd:p thiét, thoi su, y nghia khoa hoc va thuc tién ciia deé tai ludn dn.

+ Lo phén ng nghién cru Pa Lat nam trong chudi cic 10 nghién clru
hat nhan trén thé giéi. Nhiém vu ctia céc 16 phan ung nay khong chi
cho nghién ctru co ban, tmg dung burc xa trong y té, cong nghiép ma
con dong vai trd quan trong trong viée kiém dinh, x4c nhan tinh ding
din cta cac thu vién so liéu hat nhén.

+ Viée st dung céc thu vién hat nhan mdi dé tinh todn céc tham sb
dong hoc 10 phan tng c6 the tang do an toan vén hanh cta 1o Da Lat
néu cac so liu dong hoc 10 nay dugc cap nhat.

+ Tinh ding din ctia luan van s& lam co so tham chiéu dé tinh toan
cac tham s0 vat Iy 10 ctia cdc 10 phan tmg khéc, trong d6 c6 16 phan
mg hat nhan nghién ctru dy kién duoc xdy dyng tai Pong Nai.

- Su khong trung ldp cua dé tai nghién ciku so véi cde cong trinh, ludn van,
ludn dn dd cong | bé & trong va ngodi nude; tinh trung thuc, ro rang va day
dil trong trich dan tai liéu tham khdo.

+ Luan 4n dugc trinh bay rd rang, trung thyc, khong trung 1dp VoI
cac cong trinh, luan van, hay ludn 4n da dugc cong bd trong va ngoai
nudc.

- Sw phis hop giita tén dé tai véi ndi dung, giita ngi dung véi chuyén nganh
va md s6 chuyén nganh.

+ Noi dung va tiéu dé ctia ludn 4n phi hgp véi chuyén nghanh va ma
s chuyén nhanh ctia nghién ctru sinh

- Dé tin cdy va tinh hién dai cia phwong phdp da sit dung dé nghién citu.

+ Luan 4n st dung chwong trinh MCNP la code Monte-Carlo dugce
st dung rong rai trong thiét ké, mo phong, va tinh toén 16 phan Gng
hat nhin. Ngoai ra, luan 4n cfing st dung céc thu vién nhu JENDL,
ENDF, JEFF, CENDL la cac thu vién tiét dién phan Ung tin cay,
duge hiu hét cac PTN trén thé gi6i sir dung.

- Két qua nghién cibu méi cia tde gia; déng gop méi cho sy phat trzen khoa
hoc chuyén nganh; déng gép moi phuc vu cho san xudt, kinh té, quoc
phong, xd hoi va doi song. Y nghia khoa hoc, gid tri va dj tin cdy cia
nhitng két qua do.

+ Luén 4n d3 tinh toan d¢ nhay va d¢ bat dinh cta 10 phin ung hat
nhin Da Lat. Nhiing tinh todn nay gop phan xac nhén tinh ding dén
ctia cac chuong trinh md phong nhu MCNP .cling nhu céc thu vién
tiét dién hat nhan ENDF/B-VIIL0, JEFF-3.3, JENDL-5, CENDL-3.2.
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Day 1a mot trong nhu'ng nhiém vy rat quan trong cua 10 phan tmg hat
nhan nghién ctru néi chung va 10 Pa Lat n6i riéng, bén canh cac
nhiém vu khac nhu nghién ctru co ban hay san xuét déng vi phong xa.
Ngoai ra céc két qua tinh toan dong hoc 10 phan tmng st dung cac thu
vién méi ndy co thé dugc st dung dé cap nhap tham sO didu khién,

giam sét cho 16 phan tmg hat nhén Da Lat.

- Uu diém vé néi dung, két cau va hinh thirc cua lugn an.

+ Lu4n vén trinh bdy 3 rang, logic. Hinh anh, bang biéu minh hoa rd
rang.

- Nhitng gdp ¥ vé ludn dn NCS cdn luu Y, chinh sia trong ludn dn:
+ Fig.3.7, 3.10. B&i don vi clia dd phan g 1a %Ak/k.

+ Trang 103: Bo cau “The findings highlight the crucial need to
1mprove elastic-scattering and fission data for key isotopes”. Pé két luan
phai cai thién so li¢u phan Gng cua thu vién hat nhan phai dén tir nhiéu
nhom nghién ciru, nhidu tinh todn tir cac 16 phan Gmg khéc nhau khi c6 két
qua tuong dong. Khong thé chi dya vao két qua tinh toan & 10 Da Lat dé két
ludn c4c thu vién trong luén an can cai thién so liéu phan ing dugc.

+ Trang 107: bd dramatically trong cau “The B eff decreases
dramatically from 750 pem at the BOC to 704 pem at the EOC”

+ Muc 2 (tlr trang 107). New contributions: Chinh stra lai céc két
luan sau:

(2) Két qua tinh toan cho thdy 3 thu vién ENDF, JEFF, va
CENDL cung xu hudng véi nhau va khac véi JENDL-5. Nhung
tac gia lai khuyen nghi st dung JENDL-5 dé tinh toan. Dé nghi
tac gia danh gia lai nhén dinh nay.

(3) Phan tmg phéan hach hogc tan xa lam cham notron sé [am tang
k-eff. Ngugc lai, phan img bt notron (khong phai fission) s€ lam
giam k-eff. Day la ly thuyét co ban ctia vét 1y 1o, khong thé két
ludn 1a finding cua luén an. Pé nghi tac gia danh gia lai.

(5) Téc gia s€ s dung nhiing findings trong nhén dinh nay trong
16 P4 Lat nhu thé ndo?

(7) “Therefore, improving the cross section evaluations,
particularly for Al-27, Be-9, and B-10 is essential to enhance the
accuracy and reliability of reactor simulations.” Dénh gia lai
nhén dinh nay, khong nén dua ra két ludn ndy néu chi dya vao
két qua ctia luan 4n.
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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”. Két luan nay chi dung cho 1o Da Lat theo két qué ctia ludn
an. Do d6 nén stra thanh “...of the Da Lat reactor”

- Céu héi cho NCS (néu cd).

+ Muc 6. Objectives of this Dissertation. Trang 21: Tac gia ndi ring
két qua tinh toan Seff, A, and [p  dong gop vao su an toan va hiéu qua
ctia 16 phan tmg. Nhung trong ndi dung luan 4n khong noi rd dong gop nhu
thé nao? Céc két qua tinh toan nay di dugc st dung thyre té trong 10  phan

tmg hat nhan Da Lat hay chua? Tac gia 6 ké hoach cap nhét cac két qua
nay trong van hanh thyc t& 10 Pa Lat khong?

+ Tai sao tic gia chia tiét dién notron thanh 44 nhém? Cach chia
nhém nay dya vao co sd hay tham chi€u nao?

+ Bang 3.2. C4c gi4 tri k-eff thuc nghiém trong 3 trudng hop to1 han,
dudi t6i han, va trén t6i han ctia 1o Pa Lat 1a bao nhiéu? Tai sao tac gia
khong dua vao?

+ Hinh 3.7. Lo phan tmg Da Lat ¢6 BP trong vung hoat khong?
(ngoai trir BP trong cac thanh diéu khién)

+ Tac gia st dung thu vién JENDL-5 trong MCNP6 nhu thé nao?

- Noi dung ludn én da dugc cong bo trén tap chi, ky yéu hji nghi khoa hoc
ndo va gid tri khoa hoc ctia cde céng trinh dd cong bo.

+ 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-5 library, Nuclear Technology &
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.

- Két ludn chung can khing dinh mike dg dap ing cdc yéu cdu c‘z’oz voi mot
lugn dn tién st theo Quy ché tuyén sinh va dao tao trinh do tién st hién
hénh; ban tom tat ludn dn phan anh trung thanh ndi dung co ban cua ludn
an hay khong; ludn an co thé duwa ra bdo vé ¢ cap co so/Vién duoc hay
khong?)
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+ N6i dung cua ludn vén va cac két qua cong bb cua tac gia da dap
tmg dugc cac yéu ciu déi véi luan 4n tién s§ theo Quy ché dio tao
rinh @0 tién 7 hién hanh. Bén tom tat ludn an phan 4nh trung thyc
ndi dung cta luén an.

+ D2 xuét luan 4n du dieu kién bo vé cap Vién.

Xac nhén ciia co quan cong tac (néu ndm 204 ©
cd) Nguoi nhin xét
(Ky tén va dong daw) (Ky va ghi rd ho tén)
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CONG HOA XA HOI CHU NGHIA VIET NAM
Poc lap — Tw do — Hanh phic

BAN NHAN XET LUAN AN TIEN Si

(Dung cho cdc thanh vién khong phai la phan bién cua Hoi dong)

Ho va tén nghién ciru sinh: DAU DUC TU

Tén dé tai: Nghién ctru do nhay va do bat dinh s6 liéu hat nhan trong phan tich thong sé dong
hoc va tdi han cho ving hoat 92 b6 nhién li¢u d¢ giau thép cua lo phan tmg hat nhan Da Lat.
Chuyén nganh: Vat Iy Nguyén tur va hat nhan

M3 sd: 9.44.01.06

Ngwoi nhan xét (Hoc ham, hoc vi, ho tén): TS. Tran Tr{ Vién

Co quan cong tac: Trung tim Dao tao hat nhan

Dién thoai lién hé: 0865.791.646 Email: trantrivien@gmail.com
Y KIEN NHAN XET
1. Tinh thoi su, tinh cz”’\p thiét, y nghia khoa hoc va thue tién cia luin an:

Luan 4n nghién ctu vé anh huong cua do nhay va d¢ bét dinh s liéu hat nhan trong
phan tich cac thong so dong hoc va tdi han ctia Lo phan tmg hat nhan Da Lat cho cau hinh 92
BNL Uranium do giau thap (LEU). Vi viée so sdnh va danh gia gitta cac thu vién 50 liéu hat
nhan khac nhau, ap dung cho nhidu diéu kién t6i han khac nhau cua cau hinh nay mang lai gid
tri tham khao 16n cho cac nghién ciru, tinh toan mo phong vé sau nay, cling nhu cho céc cong
tac phan tich, danh gia an toan va quan ly ving hoat cho 16 phan mg hat nhan Da Lat. Ngoai
ra, ludn 4n ciing co gi tri tham khao cho céc tinh todn thiét ké va nghién ctru trén 16 phan Gng
hat nhan moi trong tuong lai. Nhu vy, ludn én ¢6 tinh thot su, tinh cap thiét va y nghia khoa
hoc cao, dic biét trong bdi canh Viét Nam dang dit ra chién luoc déy manh phat trién nang
lrong hat nhan, dong thoi day nhanh tién trinh xdy dung trung tAm nghién ctu hat nhén moi

cting voi tang cudng khai thac 6n dinh cho 16 phan ting hat nhan Da Lat.

2. De tai va ndi dung cua luin an cé tring ldp véi cdc cong trinh cia tac gia khac da

cong bo hay khong?:

Deé tai va noi dung cua luan an khong trung 1ap véi cde cong trinh nghién ctu cua cdc
tac gia khac da cong bd. va o thé coi 1a cong bo dau tién vé anh huong cua do nhay va do bat
dinh cua céc so liéu hat nhan dén viéc phén tich cac thong so dong hoe va t61 han cho cau

hinh ving hoat 92 b6 nhién liéu LEU cta Lo phan tng hat nhan Da Lat.



Mau 11-NCS

3. Sw phu hgp gitra dé tai va noi dung, giira noi dung va chuyén nganh:

Tén dé tai da phan anh rd cac ndi dung nghién ctu cua ludn dn, va ndi dung ludn an

hoan toan phu hop vai chuyén nganh dao tao Vat 1y nguyén tir va hat nhén.
4. DO tin ciy va tinh hién dai cia phwong phap nghién ctru:

Luén an str dung cac cong cu tinh toan MCNP6, dbi ching bing Serpent, 1a cac chuong
trinh tinh toan hién dai theo phuong phap Monte Carlo, von di va dang duoc st dung rong rii
trong nghién ctu, danh gia, phan tich an toan va duoc chép nhén boi cic co quan phap quy
qudc gia va quoc t&. Didu ndy dam bao cho do tin cdy va tinh hién dai cua phuong phdp

nghién ctu sir dung trong ludn an.
5. Céc két qua mai cua luiin an; D tin cay cua cic két qua do:

Luén 4n da cong bd cac két qua nghién ciru va so sanh viée su dung cac bo s0 liéu hat
nhan khac nhau cho viéc phén tich dd nhay va do bat dinh d6i voi hé s6 nhan va ty sO neutron
tré hiéu dung. Ludn 4n cfing da chi ra mdt cach dinh lugng nhig dong gop cua cac phan g
phan hach, hp thu va tin xa cta cac hat nhan quan trong cho hé sb nhan va céc thong so dong
hoc. Didu ndy mang lai gid tri tham khao 16n cho viéc so sanh va lya chon cac thu vién sH licu
hat nhan phuc vu cho céc phan tich, ddnh gid an toan va cac dac tinh dong hoc ctia 10 phan
mg hat nhan Pa Lat noi chung, va cac nghién ctru vé 10 phan (g nghién ctru méi hay cac
nha mdy dién hat nhan cua Viét Nam trong tuong lai. Céc két qua nay ciing da duoc so sanh
v6i céc gid tri thue nghiém cho cau hinh ving hoat 92 b nhién liéu do giau thap cua 10 phan
{mg hat nhan Da Lat va cling da duge cong bo trén céc tap chi khoa hoc uy tin. Piéu nay dam

bao cho do tin cay cua cac ket qua nghién ctru cua luén an.

6. Gia tri khoa hoc caa cic cong trinh khoa hoc cia tic gia da cong b6 lién quan dén
luan an:

Nghién ciru sinh 1a tac gia chinh cua 3 cong cong b trén céc tap chi uy tin, gom 01 bai
ding trén tap chi Nuclear Engineering and Design (Q1), 01 bai dang trén tap chi Nuclear
Technology and Radiation Protection (Q3), 1 bai dang trén Journal of Physics: Conference
Series thudc danh muc SCOPUS; va mot sH cong bd trén cac tap chi va hoi nghi chuyén
nganh khdc. Céc cong bd nay déu 1 san phim nghién ctru cta ludn an, dép tmg du yéu cau

clia chuong trinh dao tao nghién ctru sinh tai Vién Nang luong nguyén tor Viét Nam.
7. CAu hoi va y kién gop y dé NCS hoan thién luin dn (néu cé):
- NCS nén xem xét stra lai cach trinh bay tén ludn 4n tai trang bia tieng Viét: cac thudt ngr

hay cum tir lién mach thi nén ¢ cung trén mot dong.
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Introduction trong Chuong 1 trinh bay khong lién mach, thiéu lién két gifta cac doan, tao
cam giac rang cac van dé dua ra bi bo lung. NCS nén xem xét bo cuc lai hodc thém vao cac

tur, cau hodac doan no1 cho mach van lién tuc.

Thuc té, 10 DNRR da sur dung nhiéu cau hinh véi s lugng bo nhién li¢u trong vung hoat
khac nhau, nhung cdch mo ta trong luan én nhu thé “cau hinh cua DNRR gom c6 92
BNL”. NCS nén xem x¢ét trinh bay r& rang hon, dong thoi dua thém nhiing luan giai khoa
hoc cho viée Iua chon cdu hinh nay (ching han do nhién liéu sach, sd liéu thuc nghiém day
du, hay mang tinh dai dién, v.v... ) ngoai Iy do: “cdc nghién ciiu vé phan tich dé nhay va
do bt dinh cua s6 liéu hat nhdn doi vdi cdc thong 56 déng hoc va toi han cho cdu hinh
vimg hoat gom 92 b6 nhién lieu uranium dé gicu thap van chiea diroc cong bo” dé tang

thém gia tri cua luan an.

Introduction trong Chuong 2 ¢6 vé nhu 1a mdt ldn nita gioi thidu cho ca luan 4n (ndi dung
twong tu nhu Introduction trong Chuong 1, du chi tiét hon). Do day 1a 1oi gi6i thiéu cho
mot chuong cu thé, do d6 muc nay nén gioi thiéu mot cach téng quat cho cac dau muc s¢
dua ra sau do trong Chuong 2. NCS xem xét bo sung thém céc luan giai cho viée lua chon
phuong phap, lva chon cac thu vién dua vao danh gia, va cac cong cu st dung, v.v... Tlr do
méi ¢o co so dé dua ra cae dau muc con lai, nhu MCNP6 Code, Nuclear data libraries.

Methods for sensivity analysis....

Muc Conclusions, New Contributions and Future Works nén dat chi muc thanh Chapter 4,

do muc nay ciing [a mot phan quan trong trong luan an.

Font chit trong cac Hinh 1.1, 2.1, 3.11 hoi to so vai font size mac dinh cua luan an, trong
khi font chit trong cac Hinh 2.8, 3.2, 3.33.4, 3.5, 3.6, 3.12, 3.13, 3.14, 3.15. B.1, B2, B3,
B.4, B.5, B.6, B.7 thi qué nho. B¢ phan giai cua cac Hinh 1.2, 2.5 khong t6t, chit bi nhoé.

Xem xét diéu chinh scale cho Hinh 3.6 dé thay ro hon céc do bat dinh.

Céc duong bicu dién do nhay phu thudce ning luong cho cic thu vién khac nhau bi chong
de lan nhau va kho phén biét trong cdc Hinh 3.2, 3.3, 3.4, 3.5, 3.12, 3.13, 3.14, 3.15. NCS
nén xem xét cach trinh bay cdc duong nay rd rang va dé phan biét hon, bao gdm ca trudmg

\

hop céc hinh nay dugc in den trdng trén gidy; ching han thay doi cac duong line va phong

I -

=

to cac hinh nay lén.
Co mdt s6 bat hop Iy trong Bang 3.1:

+ Cac truong trang thai nén duoc sdp xép theo mot trat tu nhat dinh, dé dé thay quy ludt,

Chang han, theo su ting din cta cac thanh Shim Rod. hodc cac thanh AR.
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+ Vé mat logic, khi 10 dang ¢ trong trang thai toi han tai mot cong suat nhat dinh, va dang
& ché do diéu khién tu ddng thi khi rat cac thanh ShR ra khoi viung hoat thi thanh AR s¢

tu dong duoc dua vao vung hoat dé bu trir do phan tmg. Tuy nhién mot s truong hop
trong Bang 3.1 khong theo quy luat trén. co kha ning rang viée ghi lai vi tri thanh chua
chinh xéc, yéu cdu NCS kiém tra, dinh chinh hodc luge bo bt céc thong tin khong

chinh xéc trong bang nay. Vi du nhu céc vi tri dud¢i bang sau déy:

STT Case | ShR1 | ShR2 | ShR3 | ShR4 AR
1 1 430 430 430 430 390
2 3 431 431 431 431 430
3 420 420 420 420 530
4 12 424 424 424 424 650
5 19 6350 650 102 650 650

e So vdi case 1, thi trong case 3, ca 4 thanh ShR duogc dua sau hon vao vung hoat.

nhung thanh AR van bi ha xudng (dua vao ving hoat).
¢ So sanh gilra case 2 va case 12 clng vay.

e (Céc case 12 va 19, thanh AR dugc dua hoan toan vao vung hoat, diéu nay s€ lam mat
ché d¢ didu khién tu dong cho thanh nay. Luu ¥ rang thanh AR chi duge dicu khién tu

dong trong mot khodng nhat dinh nao dé (vi tri tir 200 mm — 450 mm!?).

- Céc $0 liéu thuc nghiém duoc thuc hién tir nam 2011 boi Trung tdm Lo phan tmg cho viée
do do hiéu dung cua cdc thanh diéu khién cho cau hinh ving hoat 92 BNL (nhu da néu ra
trong luan an). Do do, NCS nén dua thém vao Acknowledgement cho viéc ndy.

8. Y kien ket ludn:

(Ban dut thao ludn an ¢6 dap vmg yéu cau cua mgt ludn dn tién st hay khong? Co dé nghi cho
NCS bao vé cap Co so/ Vién hay khong?)

Ban du thao luan 4n dap tmg yéu cau cua mdt ludn an tién si. Dé nghi cho nghién ctu

sinh bao vé cap Vi¢n.

Ha Néi , ngay A& ihing 5 nim C02.6

Xac nhan ctia co quan cong tic (néu co) Ngwoi nhan xét
(Ky 1én va dong ddu) (Ky va ghi rd ho tén)

Tran Tri Vien
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CONG HOA XA HOI CHU NGHIA VIET NAM
Péc 1ap — Tuw do — Hanh phuc

BAN NHAN XET LUAN AN TIEN Si
(Diing cho cdc thanh vién khong phai la phan bién ciia Héi dong)

Ho va tén nghién ciru sinh: Dau Dtc Tu

Tén dé tai: 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

Chuyén nganh: Vat 1y hat nhan va nguyén tir

Ma s6: 9.44.01.06

Ngwoi nhan xét (Hoc ham, hoc vi, ho tén): PGS. TS. Phan Viét Cuong

Co quan cong tac: Vién Nang lugng nguyén tir Viét Nam

Dién thoai lién hé: 0934363655 Email: pvcuong0406(@gmail.com

Y KIEN NHAN XET
1. Tinh thoi su, tinh cap thiét,  nghia khoa hoc va thyc tién cia luan 4n:

e Tinh thoi sy va cfip thiét: Luan 4n su dung céc thu vién s6 liéu hat nhan tién
tién va moi nhat nhu ENDF/B-VIILO, JEFF-3.3, JENDL-5 va CENDL-3.2 dé
thuc hi¢n danh gia. Viéc tich hop phan tich d¢ nhay va do bat dinh (S/U) vao
danh gi4 an toan thuc té ctia 1o phan Gng 1a mot xu hudng rat hién dai (dap ung
phuong phéap "best estimate plus uncertainty").

« Y nghia khoa hoc: Nghién ctru cung cAp mot hé thdng phuong phéap luan chit
ché dé dinh luong cach ma cic d6 bat dinh trong dit liéu dau vao (dai dién boi
cac ma tran hiép phuong sai) lan truyén qua moé hinh tinh toan va anh huong
dén két qua nhu tham sb dong hoc va phan tich téi han cia 1o phan tmg nghién
ctru Dalat.

« Y nghia thue tién: Viéc xac dinh chinh x4c anh hudng cua dir liéu hat nhan 1én
hé s6 nhan hiéu dung kefr va cac thong sb dong hoc (Betr, A, 1) gitip cai thién do
tin cdy trong cac danh gia an toan cua 10 phan tng. Diéu nay hd tro truc tiép

cho viéc van hanh an toan, du doan sy thay d6i d§ phan tng va ung pho su co
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tai Lo phan tung hat nhan Pa Lat (DNRR). Phuong phap nay ciing c6 thé mo

rong ap dung cho cac 10 phan ung khéc.

2. bé tai va ndi dung cua luan an co trung ladp véi cac cong trinh cua tac gid khac da

cong bd hay khong?:

Hudéng nghién ctru nay 1an dau tién duoc thyc hién trén 16 phan Gng hat nhan nghién

ctru, ndi dung luan an khong tring lap véi cong trinh cua tac gia khac da cong bd

3. Su phu hop giira dé tai va ndi dung, gitta ndi dung va chuyén nganh:

- Tén dé tai va ndi dung phu hop

- No1 dung phu hop véi chuyén nganh

4. B0 tin cay va tinh hién dai cua phuong phép nghién ctru:

Phuwong phap nghién ciu: Tiac gid su dung ma mo phéng Monte Carlo
(MCNP6), mot cong cu manh mé& cho phép md hinh héa hinh hoc va cac tuong
tac vat Iy ba chiéu (3D) vé6i d6 chinh xac rat cao. Pé dam bao tinh khoa hoc, tac
gia tinh toan cac thong sd bang nhiéu phuwong phap khac nhau, bao gdm phuong
phap trong sb lién hop (adjoint weighted), phuwong phap chén vat liéu hip thu
1/v va ly thuyét nhiéu loan bac 1. Ngoai ra, két qua tinh toan tir MCNP6 con
duoc kiém ching chéo bang ma Serpent 2 (trinh bay tai Phu luc A).

Noi dung nghién ctru: Ludn an bao quat mot cach chi tiét tir viée xay dung mo
hinh 13i 10 DNRR c4u hinh 92 b6 nhién liéu LEU (loai VVR-M2) dén viéc thiét
1ap hé thong phuong trinh 1y thuyét cho phén tich S/U. Noi dung tap trung mot
cach logic vao cac bién sd hat nhan quan trong nhat va danh gia sai s dudi cac

kich ban van hanh thuc té.

Phuong phap nghién ctru hién dai va c6 do tin cay

5. Céc két qua moi cua ludn an; D9 tin cdy cua cac két qua do:

Céc két qua dugc dua ra rt ¢o gia tri, dac biét 1a viéc ddi chiéu gia tri té1 han
tinh todn dugc voi cac dir liéu do dac thuc nghiém. Vi¢c phan tich két qua dugc
thuc hién rat bai ban. Tac gia di chi ra dugc cac dong vi va cac kénh phan Gmg
doéng vai tro chu dao gay ra do bat dinh cho hé sb tGi han va thong $b dong hoc
(nhu phan Gng tan xa dan hdi va bat neutron cia H-1, U-235, Al-27, Be-9, B-

10). Hon nira, viéc danh gia su thay ddi cta thong sé dong hoc theo do chay cua
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nhién liéu (burnup), nhiét do nhién liéu va vi tri thanh diéu khién cho thdy mot

su phan tich sau sac vé cac di€u kién thay doi1 phan img bén trong vung hoat.

6. Gia tri khoa hoc cua cac cong trinh khoa hoc cua tac gia di cong b lién quan dén
luan an:
Két qua ludn an dugc cong bd trén 03 tap chi qudc té chuyén nganh co uy tin va cb gia
tri khoa hoc
7. Cau hoi va ¥ kién gop ¥ dé NCS hoan thién luan an (néu co):
B6 cuc tong thé cia ludn an kha rd rang voi 3 chuong chinh: Tong quan
(Chuong 1), Phuong phap va M6 hinh hoa (Chuong 2), Két qua va Thao luan
(Chuong 3). Tuy nhién, cAu trac nay hién dang ton tai su lip lai néi dung kha rd
rang gitra Chuong 1 va Chuong 2.
o Lo phan tng DNRR dugc mé ta tong quan tai Muc 5 cua Chuong 1,
nhung lai tiép tuc dugc trinh bay chi tiét lai & Muc 2.2 caa Chuong 2
(v6i cac thong tin lip lai vé cAu hinh vung hoat, bo nhién liéu VVR-M2
LEU va cac thanh diéu khién).
o Tuong tu, 1y thuyét vé phan tich do nhay va do bat dinh (S/U) da duogc
gidi thi¢u tai Muc 4 cua Chuong 1, sau do lai dugoc xay dung va giai
thich lai & Muc 2.5 ctia Chuong 2. Sy phin bd ndy 1am giam tinh stc

tich cua luan an.

o Su phu thudc vao cac gia dinh don gian héa (homogenization): Du MCNP6
c6 kha ning mé phong chi tiét, tac gia di st dung k¥ thuat dong nhéat hoa
(homogenization) cho céac khu vyc trén dinh va day ctia b6 nhién li¢u, cac thanh
beryllium va cac kénh chiéu xa. DU tac gid lap luén ré“mg su khac biét vé
$k {eff}$ la rat nho (dudi 20 pcm), nhung viéc don gian hoa nay van dua ra
mot dJ 1€ch tinh todn (computational bias) trong mé hinh mé phong.

« Han ché ciia phwong phap Monte Carlo: Tac gia thira nhan rang mo phong
Monte Carlo ton rat nhiéu tai nguyén may tinh, thoi gian tinh toan kéo dai, va
"dic biét phu hop v6i cac bai toan tinh hodc cac kich ban c6 diéu kién thay ddi
cham". Vi vdy, luan an thiéu vang viéc két hop truc tiép giita mo phong vat 1y

hat nhan (neutronics) véi mé phong thay nhiét (thermal-hydraulic) dé danh gia
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su thay d6i cac thong sd dudi cac trang thai chuyén tiép (transient) manh hoic
su ¢d thay ddi nhanh.

« Gi6i han & mdt trang thai ving hoat duy nhat: Du nghién ctru c6 xem xét
dén d6 chay (burnup) cua nhién liéu, nhung danh gia cdt 15i chi tip trung vao
mot cau hinh cu thé 1a 92 bé nhién liéu LEU. Do dic thu cac 1o phan ung
nghién ctru thuong xuyén thay ddi cAu hinh nap nhién liéu dé phuc vu chiéu xa,
viéc chi phan tich mot cAu hinh chua phan anh dugc toan b buc tranh van hanh

dai han.

8. Y kién két luén:

(Ban du thao ludn dan c¢é ddp vmg yéu cau ciia mét lugn dan tién st hay khong? Cé dé
nghi cho NCS bdo vé cap Co so/ Vién hay khong?)

Luan an dap tng dugc yéu ciu ctia mot luan 4n tién si. Dé nghi dé NCS dugc bao vé

cap Vién

’ Ha Ngi , ngay 12 thang 5 nam 2026
Xac nhén cia co quan cdng tac (néu cd) Ngwoi nhan xét
(Ky tén va dong dau) (Ky va ghi ro ho tén)

sz 1y

-

V A an Vi L ?‘ (7{’(2/ 1y
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BAN NHAN XET LUAN AN TIEN Si
(Diing cho cdc thanh vién khong phdi la phan bién cia Hpi dong)

Ho va tén nghién ciru sinh: Pau buc Tu

Tén d? tai: Nghién ctru d§ nhay va do bat dinh s6 liéu hat nhan trong phan tich thong $0 dong
hoc va t6i han cho viing hoat 92 bo nhién liéu do giau thap cta 10 phan mg hat nhan Da Lat.
Chuyén nganh: Vat Iy nguyén tir va hat nhan.

M3 s6: 9.44.01.06

Nguwdi nhan xét (Hoc ham, hoc vi, ho tén): GS.TS. Tran Hoai Nam

Co quan cong tac: Dai hoc Phenikaa

Dién thoai lién hé: 0978060069  Email: nam.tranhoai@phenikaa-uni.edu.vn

Y KIEN NHAN XET
1. Tinh thoi su, tinh cép thiét, y nghia khoa hoc va thuc tién cta ludn an:

Dé tai luan an co tinh thoi sy va cdp thiét cao trong bdi canh yéu cu ning cao d tin
cdy cua céc tinh toan vat 1y 10 phan ing dua trén cac thu vién dit liéu hat nhan hién dai. Luan
an c6 y nghia khoa hoc khi thyc hién phan tich dinh lugng anh hudng cua do bat dinh dit liéu
hat nhan dén cac tham s6 t6i han va dong hoc cua Lo phan tng hat nhan ba Lat, gop phﬁn
hoan thién co s¢ dit liéu va phuong phap danh gia d6 tin cdy ciia cac mé hinh tinh toan. Két
qua nghién ctru 12 co s¢ khoa hoc phuc vu cong tac phan tich an toan, van hanh va khai thac

hiéu qua Lo phan (ng hat nhan ba Lat.
2. Pé tai va ndi dung ctia lun an cd tring lap v6i cic cong trinh cua tac gia khac da cong bd
hay khong?:

Pé tai va ndi dung nghién ctru ctia luan 4n khong tring 1ap voi cac cong trinh khoa hoc
d4 cong bd. Cac két qua dat dugc 1a méi, co tinh doc 1ap, bao dam gia tri khoa hoc va thuc
tién cua luan an.

3. Sy phu hop gitra dé tai va ndi dung, gitra ndi dung va chuyén nganh:
Dé tai luan 4n phu hop v6i ndi dung nghién ciru di thyc hién. Cac noi dung nghién ciru

tap trung vao phan tich td1 han, thong $0 dong hoc, dd nhay va do bat dinh di liéu hat nhan.
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Noi dung ludn an hoan toan pht hop v6i chuyén nganh Vat Iy nguyén tir va hat nhan, ma sb

9.44.01.06.
4. D9 tin cay va tinh hién dai cua phuong phap nghién ctru:

Phuong phap nghién ciru ¢ dd tin cdy cao va mang tinh hién dai, dya trén cac chuong
trinh md phong Monte Carlo tién tién duoc sir dung rong rii trong linh vyc vét 1y 16 phan tmg
hat nhan. Cac mo hinh tinh toan da duoc kiém ching théng qua so sanh véi s liéu thuc
nghiém va doi chiéu giita cac thu vién dit liéu hat nhan dugc danh gia qudc té, bao dam do tin

cdy cua cac két qud nghién ciru.
5. Cac két qua mdi cua luan an; D9 tin cdy cua céc két qua do:
Céc két qua moi cta ludn én bao gom:

- Kiém chimg dinh lugng cadc mo hinh tinh todn vat 1y cho vung hoat 92 b6 nhién li¢u
LEU cta Lo phan tmg hat nhan Da Lat bang chwong trinh MCNP6.3 thong qua so sanh véi sd

liéu thyc nghiém va céc thu vién dir liu hat nhan hién dai;

- Tinh toan va d4nh gi4 cac thong sé dong hoc ciia Lo phan tmg hat nhan Pa Lat sir

dung nhién liéu do giau thép;

- Phan tich d6 nhay va d9 bt dinh ctia dit liéu hat nhan dbi véi cac tham s6 t6i han va
dong hoc cua 10 phan tng. D tin cdy cta cac két qué dugc bdo dam boi viée st dung cac
phuong phap mo phong Monte Carlo hién dai, cac thu vién dir liéu hat nhan duoc dénh gia

quoc té, ket hop voi viée kiém chiing bang so liéu thuc nghiém.

Cac két qua nghién ciru di duoc cong bb trén cac tap chi qudc té uy tin thude danh muc

SCIE va Scopus, khéng dinh tinh khoa hoc, tinh mai va d9 tin cdy cua luan an.
6. Gia tr1 khoa hoc cua cac cong trinh khoa hoc cua tac gia da cong bé lién quan dén luan an:

Két qua nghién ciru cua ludn an da dugc cong bd trong 03 bai bao qudc té uy tin thude
chuyén nganh, bao gdbm 01 bai trén tap chi Nuclear Engineering and Design (SCIE-Q1), 01
bai trén Nuclear Technology and Radiation Protection (SCIE-Q3) va 01 bai trén Journal of
Physics: Conference Series (Scopus). Nghién ctru sinh 12 tac gid chinh cta cdc cong trinh nay.
Céc cong bd phan anh day du nhimg két qua cot 161 cta luan 4n, khang dinh tinh méi, gia tri
khoa hoc va do tin cay ctia cac két qua nghién ctru. Viée cac két qua duoc cong bb trén cic

tap chi qudc té uy tin cho thay chat lugng khoa hoc ciia luan an.
7. Cau hoi va ¥ kién gbp ¥ dé NCS hoan thién luan an (néu co):

Nghién ctru sinh can ra soat va hoan thién hinh thtrc trinh bay cua luan an, chinh stra

mot s 161 ky thuét vé dinh dang, bang biéu, hinh vé.
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8. Y kién két luan:

Luén &n dap ung céc yéu cau doi voi mot ludn &n tién si. Be nghi cho nghién clru sinh

duoc bao vé luan an & cép Vién theo quy dinh.

’ Ha Ngi, ngay ........ thang ..... nam 2026

Xac nhéin cia co quan cdng tac (néu co) Ngudi nhan xét
(Ky tén va dong dau) (Ky va ghi ro ho tén)
12 5

Tran Hoai Nam
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