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Abstract: In this study, a 56-group covariance library was generated based on the recently
released JENDL-5 covariance data, which cover 105 isotopes. The AMPX-6 code system
facilitated the generation of this library. Subsequently, the TSUNAMI-IP code was em-
ployed to estimate the uncertainty in the effective neutron multiplication factor (keff) for the
critical experiment conducted in the Japanese High-Temperature Test Reactor (HTTR). Our
analysis involved comparing results obtained from three nuclear data libraries: JENDL-5,
ENDE/B-VIIL.O, and ENDF/B-VIL.1. The keff uncertainty originated from the nuclear
data of JENDL-5, ENDF/B-VIIIL.0, and ENDF/B-VII.1 and were estimated to be 0.387%,
0.581%, and 0.556%, respectively. Interestingly, when the JENDL-5 covariance library was
combined with ENDF/B-VIIL.0 for JENDL-5 nuclides lacking covariance data, the keff
uncertainty increased to 0.464%. The primary contributors to the keff uncertainty, ranked in
decreasing order, were U-235 (nubar), C-12 (n,gamma), U-235 (fission), C-12 (elastic), and
U-238 (n,gamma). Notably, significant differences in the keff uncertainty were observed
between JENDL-5 and ENDF/B-VIILO, particularly for U-235 (nubar) and C-12 (elastic).
Additionally, the sensitivity coefficients, similarity, and kinetics parameters were evaluated
across the three libraries, leading to insightful inter-library comparison results.

Keywords: JENDL-5; covariance library; uncertainty analysis; HTTR; criticality benchmark

1. Introduction

The Japanese Evaluated Nuclear Data version 5 (JENDL-5), released in December
2021 [1], marks a significant advancement over its predecessor, JENDL-4.0, which was
released in 2012 [2]. JENDL-5 was specifically developed to address critical issues related
to nuclear energy development in Japan, including nuclear waste treatment and safety
enhancement [3]. Notably, JENDL-5 offers an extensive neutron-induced reaction data sub-
library spanning from hydrogen (Z = 1) to fermium (Z = 100) for 795 nuclides. Additionally,
it includes a thermal scattering law (TSL) sub-library covering 37 materials (encompassing
62 elements). To appreciate the improvements, if one compares JENDL-5 with its predeces-
sor, JENDL-4.0 provided neutron-induced reaction data for only 406 nuclides and a TSL
sub-library for 15 materials. The expanded coverage in JENDL-5 significantly enhances
the ability to evaluate the keff uncertainty due to nuclear data uncertainties. However, it is
worth noting that when compared to ENDF/B-VIIL0, some nuclides and reactions still lack
covariance data in the current JENDL-5 release.

In recent years, sensitivity and uncertainty (S/U) analyses have gained prominence
as a critical research area. The need for high-fidelity simulations, along with quantifying
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their associated uncertainties, underscores the importance of these analyses. In recent
years, S/U analyses concerning new nuclear data libraries were conducted for operating
research reactors and criticality assemblies [4-8]. This work covered not only commonly
found uranium and mixed oxide fuel systems but also U-233 fissile-based systems. To
perform S/U analysis effectively, a robust covariance library must be generated. One well-
established and validated tool for this purpose is the AMPX-6 code system [9], specifically
the PUFF-IV module [10]. This module plays a pivotal role in producing reliable covariance
data, and facilitating accurate assessments of simulation uncertainties.

In our recent study [11], we conducted a comprehensive sensitivity and uncertainty
(S/U) analysis for the Japanese High-Temperature Engineering Test Reactor (HTTR) critical-
ity experiment. The HTTR, operated by the Japan Atomic Energy Agency (JAEA), achieved
its first criticality in 1998. During the criticality experiment and HTTR commissioning,
reactor physics experiments were conducted, and valuable experimental data were doc-
umented in the Handbook of the International Reactor Physics Experiment Evaluation
(IRPhE) [12]. Our S/U analysis utilized the MCNP6 code [13] in conjunction with the
Whisper-1.1 code [14]. We employed the ENDF/B-VIIL.1 nuclear data library [15], which
includes a 44-group covariance library [16], for assessing uncertainties. The primary focus
was on the effective multiplication factor (keff). Results from our analysis revealed that the
uncertainty in the keff was determined to be 0.506%. However, despite the progress made
in S/U methodologies, there remains a shortage of comprehensive covariance data. For
instance, in the SCALE-6 code system [17], the ENDF/B-VIL.1 and ENDF/B-VIIL0 libraries
provide covariance data for 190 and 251 isotopes, respectively; however, certain nuclides
and reactions still lack adequate covariance information and rely on low-fidelity (BLO)
data. This study underscores the ongoing need for improved covariance data to enhance
the accuracy of S/U analyses in nuclear systems.

In our present study, a covariance library was constructed based on the recently re-
leased JENDL-5 covariance data by using the same code and technique described later [18],
and applied it to the sensitivity and uncertainty (S/U) analysis of the HTTR criticality
benchmark. The AMPX-6 code system facilitated the generation of this covariance library.
As mentioned before, JENDL-5 offers a significantly expanded set of high-quality covari-
ance data compared to its predecessor, JENDL-4.0, so all available JENDL-5.0 covariance
data were employed to enhance the accuracy of uncertainty evaluations. The sensitivity
profiles and covariance data were prepared in 252 energy groups and 56 energy groups,
respectively (the same neutron energy group structures of SCALE-6). Additionally, a spe-
cial JENDL-5 covariance matrix was created by incorporating additional ENDF/B-VIIIL.O
covariance data [19] for nuclides lacking JENDL-5 covariance information. At the time the
present work was initiated, it is assumed that JENDL-5.0 and ENDF/B-VIIL0 are currently
at a similar state of the art, ensuring consistency between their covariance data.

Despite the availability of numerous high-fidelity critical experiments in databases
such as the International Criticality Safety Benchmark Evaluation Project (ICSBEP) Hand-
book [20] and the International Reactor Physics Experiment Evaluation (IRPhE) Hand-
book [21], similarity analysis has not been conducted for the HTTR. In the present study,
this gap was addressed by employing the TSUNAMI-IP module [22] to explore similarities
in criticality behavior.

The present work differs from our previous work on HTTRs [11] in that the newly
released JENDL-5 cross-sections and covariance data are used for the S/U analysis, and the
similarity analysis is conducted for the first time. Through this study, several objectives are
addressed related to the JENDL-5.0 and its application to the HTTR criticality benchmark:
(1) the estimation of dominant nuclides and their associated reactions within JENDL-5.0 that
significantly impact the keff, (2) quantifying the uncertainty of JENDL-5.0 with respect to
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the keff and understanding its dependence on the employed covariance data, (3) providing
valuable insights to contribute feedback to the JENDL evaluators and experts, facilitating
further improvements in future data releases, and (4) exploring whether the criticality
experiments similar to the HTTR are sufficiently available or if additional experiments are
needed in the future.

The manuscript is structured as follows: First, the HTTR criticality experiments are
briefly discussed. Next, the outline of the methodology employed for the sensitivity and
uncertainty (5/U) analysis was given, including the use of JENDL-5.0 covariance data.
Subsequently, the results of the criticality, S/ U, and similarity analyses are presented and
discussed. Finally, the concluding remarks on the implications of the present findings
are given.

2. Description of the Japanese 30 MWth HTTR Criticality Benchmarks

The HTTR, a 30 MWth experimental reactor, employs low-enriched uranium TRISO
(Tri-Structural Isotropic) fuels dispersed within a graphite matrix to form fuel pins. Graphite
serves as both the moderator and reflector, while helium gas functions as the coolant. Within
the International Reactor Physics Experiment Evaluation (IRPhE) Handbook, three docu-
mented HTTR benchmarks exist: (1) Start-Up Tests of the Fully Loaded Core, (2) Start-Up
Tests of the Annular Core, and (3) Elevated Temperature Measurement at Zero-Power Con-
dition. In this study, the focus is on the critical configuration of the fully loaded core during
the start-up test. This configuration was intentionally designed to achieve delayed criti-
cality, and the evaluation occurred at room temperature. Experimental data yielded a keff
value of approximately 1.0025, with standard deviations (o) of —0.0060 and +0.0071 [12].

Table 1 summarizes the major design parameters of HTTR. The reactor configuration
includes hexagonal fuel blocks organized into 30 columns, with each column comprising
five fuel blocks and two reflector blocks (located at the top and bottom). The fuel blocks
are categorized into four groups based on their spatial arrangement within the core. Fuel
enrichment varies among the fuel blocks, with lower enrichment positioned near the core
center. Axially, the fuel enrichment also varies, resulting in higher enrichment at the
top core region. Overall, the HTTR features 12 distinct types of fuel blocks, each with
enrichments ranging from 3 to 10 wt.%.

Additionally, the core accommodates 15 control blocks, each housing two control
rods. These control blocks are grouped as follows: (1) Group C: Located at the core center,
consisting of one control block, (2) Group R1: Positioned at the second ring, comprising
six control blocks, (3) Group R2: Situated at the fourth ring, containing six control blocks,
and (4) Group R3: Also located at the fourth ring, consisting of three control blocks.
During the critical core configuration, groups C, R1, and R2 are inserted approximately
238.5 cm into the core, while group R3 is inserted about 11 cm. Surrounding the core, the
radial reflector and instrumentation blocks are adjacent to the permanent graphite reflector.
Figure 1 gives an illustration of the HTTR core layout. For a comprehensive description of
the core configuration and composition, readers are encouraged to consult the benchmark
evaluation report in reference [12].

Table 1. Japanese 30 MWth HTTR main design parameters [11].

Power (MWth) 30
Coolant inlet/outlet temperature (°C) 395/950
Primary coolant pressure (MPa) 4
Equivalent core diameter (m) 2.3
Equivalent core height (m) 29

Average power density (W/cm?) 2.5




J. Nucl. Eng. 2025, 6, 11 40f18

Table 1. Cont.

Power (MWth) 30
Fuel Uuo,
U-235 enrichment (wt.%) 3to10
Burnup period (EFPD) 660
Fuel block (moderator) Graphite
Coolant He
Reflector Graphite
Top (m) 1.16
Side (m) 0.99
Bottom (m) 1.16
Number of fuel assemblies 150
Number of fuel columns 30
Number of pairs of control rods
In core 7
In reflector 9
Number of instrumentation columns 3

@ Fuel block zone 1
@ Fuel block zone 2
@ Fuel block zone 3
@ Fuel block zone 4

@ Control block group C
@ Control block group R1
. Control block group R2
. Control block group R3

. Instrumentation block

@ Replaceable reflector block

. Permanent reflector

Figure 1. Radial layout of Japanese 30 MWth HTTR [11].

3. Methodology
3.1. Sensitivity, Uncertainty, and Similarity Analyses

The calculation flow for sensitivity and uncertainty (S/U) analysis, as applied to the
HTTR, is similar to our previous work [18] and depicted in Figure 2. Readers may refer to
the reference for a detailed discussion of the methodology. Here, the methodology is only
briefly explained.

First, for the sensitivity coefficients (Sy) (252 energy groups) the MCNP6.2 code [23]
with the KSEN option is employed. The KSEN option utilizes linear perturbation theory,
incorporating an adjoint weighting function [24]. MCNP6.2 uses the Iterated Fission
Probability (IFP) method [13,25] to compute the adjoint-weighted integrals needed for the
sensitivity coefficients.

The covariance matrices (Cyy) in the 56 energy group COVERX format was generated
using the AMPX-6 code (the PUFF-IV module). The 56 energy group structure aligns with
that employed in the SCALE-6.2 [17] covariance data.

Using EXSITE and its templates, three groups of PUFF-IV-related input data were
prepared: (1) pointld, (2) puff, and (3) combine_cov. In the pointld step, point-wise cross-
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section data were generated, followed by Doppler broadening to a temperature of 293 K,
for subsequent use in the puff process. Cross-section values were interpolated on a “super
energy grid”, which is an adaptive energy mesh combining the required energy group
structure and energy data points from the nuclear data file. During Doppler broadening,
the default precision level (0.001) for linear interpolation was employed on the adaptive
energy mesh. In the puff step, covariance matrices were generated on the calculated super
energy grid from files 31 to 33, utilizing the tabl file type, 56 energy group structure, and
a weighting spectrum (core average spectrum). The weighting neutron spectrum values
for collapsing to the 56 energy groups were also interpolated on the same super energy
grid. Files 31 and 33 contain point-wise covariance data, while File 32 provides covariance
information for resonance parameters in the resolved and unresolved energy ranges. The
covariance matrices calculated on the super energy grid were then collapsed to the required
56 energy group structure by summing the contributions from each energy group. In the
combine_cov step, nuclide-wise covariance matrices were merged into a single covariance
library in COVERX format, which can be read by the TSUNAMI-IP module. Additionally,
the same combine_cov process is used to augment the JENDL-5 with the ENDF/B-VIIL.0
covariance matrices.

Amongst the 795 nuclides of JENDL-5, only 105 nuclides have covariance data [18]
while ENDF/B-VIILO has 251 nuclides with covariance data. Given this disparity, a special-
ized covariance matrix for JENDL-5 was compiled by augmenting it with ENDF/B-VIIL.0
covariance data for nuclides lacking their covariance information. This approach allowed
comparison of the uncertainty estimates between JENDL-5 and ENDF/B-VIIL.0. The
ENDEF/B-VIIIL.0O covariance data, at the time this work was conducted, were considered
up to date and in the same state of the art, and were expected to fill the gap of JENDL-5.
The ENDF/B-VIILO0 is relatively more complete, consistent and reliable, so it provides
confidence in its accuracy when use to supplement JENDL-5. Considering the material
composition of the HTTR, the covariance data of ENDF/B-VIIL0 listed in Table 2 were
included. Amongst the covariance data listed in the table, Si-28, 5i-29, and Si-30 are the
most important since these are the main composition of the coating layers of TRISO fuel
particles used in HTTR. In the future, if the calculations are extended to burned fuel then
more ENDF/B-VIILO covariance data would be needed to fill the gap. To estimate the keff
uncertainty matrix, denoted as Uy, one relies on sensitivity coefficients and covariance
matrices. The Uy calculations utilize the TSUNAMI-IP module [22] from SCALE-6.3 [26].
As mentioned above, the uncertainty matrices were computed for both JENDL-5 alone and
JENDL-5 combined with ENDF/B-VIIL0, using the ENDF/B-VIILO covariance matrices
within the SCALE 6.3 framework.

For the similarity analysis, the same TSUNAMI-IP module was employed. The criti-
cality experiments were taken from Whisper 1.1 data [14]. The similarity evaluation relies
on sensitivity coefficients, either independently or in conjunction with cross-section uncer-
tainty information. The TSUNAMI-IP’s correlation coefficient for describing the similarity

is defined as
o2
- (1)
(i0))

where (71.2]. is the relative covariance between systems, i.e., the off-diagonal elements of

Cr =

relative variances matrix Cpy.

The similarity between the HTTR core and the criticality experiments is quantified
using the above-mentioned correlation factor (cx), which ranges from 0 to 1.0. A value of
(cx) close to 1.0 indicates a strong correlation, signifying a high degree of similarity between
the HTTR core and the corresponding criticality experiment.
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JENDL-5 Neutron Sub- JENDL-5 ACE Library
library (up to 20 MeV) (ACE-J50)

| |

Covariance keff, Sensitivity Criticality Experiment
Matrices (56 groups) Coefficients (252 groups) Database

Uncertainty Data
Similarity Data

Figure 2. The calculation flow of the sensitivity, uncertainty, and similarity analysis [18].

Table 2. ENDF/B-VIIL.0 covariance data included for the JENDL-5 nuclides with no covariance data.

No. ZAID Nuclide
1 2004 He-4
2 13,027 Al-27
3 14,028 Si-28
4 14,029 Si-29
5 14,040 Si-30
6 26,054 Fe-54
7 29,063 Cu-63
8 29,065 Cu-65

3.2. Monte Carlo Modeling

Using the MCNP6.2 code, the fully loaded HTTR core is represented in three di-
mensions, adhering to benchmark specifications. Within this model, TRISO particles are
arranged in an ordered lattice configuration, ensuring precise fitment within the fuel pin
geometry without overlap. However, it is important to note that explicit modeling of TRISO
particles at random positions in MCNP6.2 presents limitations, particularly for the HTTR
core, which encompasses 12 distinct fuel enrichment types. Consequently, variations in the
keff value may arise due to the stochastic distribution of TRISO particles. Nevertheless, the
anticipated impact on sensitivity coefficients and their associated uncertainties is expected
to be negligible for the following reasons. According to the definition, the keff uncertainty
is calculated based on the sensitivity coefficients and the covariance matrix. The sensitivity
coefficients are not sensitive to the absolute value of the keff but to the change in the
keff. Therefore, the impact on the sensitivity coefficients and the keff uncertainty would
be negligible.

In our calculations using the MCNP6.2 code, based on the trade-off between comput-
ing time and statistical error, the following conditions were used: (1) Neutron histories:
10,000 per generation, (2) Generations: 1100 (including 100 inactive generations), and
(3) Fractional Standard Deviation (FSD) of the keff: approximately 8 pcm. Under these con-
ditions, the statistical errors for sensitivity and uncertainty values were adequate, especially
for library comparison.
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These calculations were conducted using three different nuclear data libraries: JENDL-
5, ENDF/B-VIIL.0, and ENDF/B-VIIL.1. Notably, ENDF/B-VIIL.0 provides cross-section data
for both C-12 and C-13, whereas ENDF/B-VIIL.1 includes cross-section data only for natural
carbon (C natural). In the present study, the graphite material from ENDF/B-VIILO is
defined using C-12, which constitutes approximately 98.9% of natural carbon. Additionally,
the S («,3) thermal neutron scattering library for graphite was also utilized. It is worth
mentioning that ENDF/B-VIILO offers three distinct S («,3) libraries for graphite, each
tailored to specific porosity levels. To maintain consistency with other libraries, the S (x,(3)
library with 0% porosity was adopted.

For completeness, kinetics parameters were evaluated within the MCNP6.2 framework,
employing the IFP method. Specifically, the adjoint angular flux required for the weighting
function was defined as the asymptotic increment resulting from a progenitor neutron
at a specific position, energy, and flight angle. The active cycles were split into blocks
(propagation batches) to tally the adjoint-weighted kinetics parameters during the forward
calculation. The default number of propagation batches, 10, was used for a converged
solution in the present work.

4. Analysis Results and Discussion
4.1. Criticality Analysis

The MCNP6.2 criticality analysis results (keff) for three nuclear data libraries—JENDL-
5, ENDF/B-VIIL.0, and ENDF/B-VIL.1—are presented in Table 3. Additionally, neutron
spectra in both the core and reflector regions are depicted in Figure 3. The keff values
for ENDF/B-VIII.0 and ENDF/B-VIIL.1 were extracted from our prior work [11]. From
the Handbook of the International Reactor Physics Experiment Evaluation (IRPhE), the
reported experimental keff value is 1.0025, accompanied by an uncertainty range of
—o0 = 0.0060 and +o0 = 0.0071 (Reference [12]: Table 2.64 and Table 4.1). Notably, the
document explicitly states that no biases have been evaluated to correct the expected
experimental keff, except for the bias related to removing reactor instrumentation from
the instrumentation columns. The uncertainty assessment meticulously accounts for both
systematic and random uncertainties arising from dimensions and material compositions,
including impurities.

Table 3. Criticality analysis results (keff) (pem = 1075).

Library keff FSD ** [C/JENDL-5-1.0]
JENDL-5 1.01773 0.00008 -
(1.52%) *
ENDEF/B-VIII.O *** 1.02009 0.00008 +232 pcm
(1.75%) *
ENDEF/B-VIIL.1 *** 1.01742 0.00008 —30 pcm
(1.49%) *

(*) [C/E-1.0]; Experiment data (E): k = 1.0025 with —o 0.0060 and +o 0.0071 (Reference [12]: Table 2.64 and
Table 4.1); (**) fractional standard deviation; (***) taken from [11].

The calculated keff [C/E-1] values, as shown in Table 3, are 1.52%, 1.75%, and 1.49%
for JENDL-5, ENDF/B-VIIL0, and ENDF/B-VIL1, respectively. All these values remain
below 1.8%. In the same document (IRPhE), keff values obtained using older nuclear data
libraries (such as ENDF/B-V.2, ENDF/B-VI1.8, ENDF/B-VILO0, JEFF-3.1, and JENDL-3.3 with
ENDE/B-VILO S («,)) and MCNPX (based on ENDF/B-VIL0) are also reported. These
older data exhibit similar magnitudes, ranging from 1.53% to 2.10%. Despite considering
experimental uncertainties, the calculated keff values based on benchmark specifications
significantly deviate from the experimental keff. It is expected that future revisions of
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the benchmark specifications will better reflect the actual conditions of criticality experi-
ments [27]. As for the inter-library comparison of keff values in terms of [C/JENDL-5-1.0],
the ENDF/B-VIIL.1 shows 30 pcm lower than JENDL-5 while the ENDE/B-VIILO shows a
significant difference of 232 pcm higher than JENDL-5. As shown later in 4.2, amongst oth-
ers, the C-12 scattering and (n, gamma) cross-sections may contribute to the keff difference
since the HTTR main fuel and structural components are made of graphite.

HTTR 30 MWth
1.0E+02

]
1.0E+01 3

Nl —

1.0E+00

1.0E-01

Neutron Spectrum (1/lethargy)

1.08:02 —e—Core Region
Reflector Region
1.0E-03

1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01

Energy (MeV)

Figure 3. Neutron spectra in the core and reflector regions of the HTTR.

The JENDL-5 neutron spectra (Figure 3) show well-thermalized profiles with thermal
peaks just below 0.1 eV. The neutron spectrum of the reflector region is softer than the core
region and there is no fast peak in the MeV energy region.

4.2. Sensitivity Analysis

The sensitivity analyses were conducted using the KSEN option of MCNP6.2 for
three nuclear data libraries: JENDL-5, ENDF/B-VIIIL.0, and ENDF/B-VIL.1. Our focus
was on obtaining sensitivity coefficients for various nuclides and nuclear reactions. These
coefficients were then sorted based on their absolute magnitudes. Additionally, the sen-
sitivity coefficients were grouped according to their signs: positive coefficients tend to
increase the keff, while negative coefficients tend to decrease it. The results are presented in
Tables 4 and 5. Only sensitivities with absolute values greater than 0.1% are reported. In the
tables, inter-library comparison against JENDL-5 is also listed in terms of [C/JENDL-5] ra-
tio. The underlined figures show a relative difference of more than 5%, i.e., the ratio > 1.05 or
ratio < 0.95.

Table 4 highlights the dominant reactions, with elastic scattering being the most
influential, followed by total nu, fission, and inelastic scattering. Notably, the present
findings align with our previous work [11], where U-235 (total nu and fission) and C
(elastic scattering) were among the top contributors. Similar trends were observed in the
sensitivity analysis for the VHTRC [28] and HTR-PM [29]. Comparing ENDF/B-VIIL.O and
ENDF/B-VIL1, significant differences in sensitivity coefficients for specific reactions were
identified. Notably, C-12 (elastic), S («,3) of C (inelastic and elastic), U-238 (elastic), and
Fe-56 (elastic) exhibited relative differences exceeding 5%. These discrepancies highlight
the impact of newly updated cross-sections [30] in the different libraries.
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Table 4. Sensitivities of the keff in the increasing direction (abs. value > 0.1%).

Nuclide Reaction JENDL-5 ENDF/B-VIILO0 E80/J5 * ENDF/B-VIL1 E71/]5 **
U-235 total nu 9.93 x 107! 9.93 x 107! 1.00 9.93 x 107! 1.00
U-235 fission 391 x 1071 3.90 x 107! 1.00 3.92 x 107! 1.00
C-12 elastic 235 x 1071 2.62 x 1071 112 233 x 107! 0.99

C (S(o,B)) inelastic 1.31 x 107! 9.04 x 1072 0.69 1.25 x 107! 0.96

C (S(o,B)) elastic 1.53 x 102 2.39 x 1072 1.56 3.29 x 1072 2.15
U-238 elastic 8.94 x 1073 8.25 x 1073 0.92 8.23 x 1073 0.92
U-238 total nu 7.28 x 1073 7.33 x 1073 1.01 7.39 x 1073 1.02
U-238 fission 4.60 x 1073 4.65 x 1073 1.01 4.70 x 1073 1.02
Ni-58 elastic 2.05 x 1073 2.02 x 1073 0.99 2.08 x 1073 1.01
Fe-56 elastic 1.90 x 1073 2.01 x 1073 1.06 2.00 x 1073 1.05
C-12 inelastic 1.71 x 1073 1.64 x 1073 0.95 1.62 x 1073 0.95

(Underlined figures show relative differences of more than 5%) (*) E80: ENDEF/B-VIILO, J5: JENDL-5,
(**) E71: ENDF/B-VIL1.
Table 5. Sensitivities of the keff in the decreasing direction (abs. value > 0.1%).

Nuclide Reaction JENDL-5 ENDF/B-VIILO0 E80/J5 * ENDF/B-VIL1 E71/]5 **
U-238 ngamma  —1.36 x 107! ~1.35 x 107! 1.00 ~1.37 x 107! 1.01
U-235 ngamma —1.15 x 107! ~1.15 x 107! 1.00 ~1.14 x 107! 0.99
C-12 ngamma —7.21 x 1072 —~7.07 x 102 0.98 —7.12 x 1072 0.99
B-10 nalpha  —7.08 x 102 —~7.10 x 1072 1.00 —~7.19 x 1072 1.02
Si-28 ngamma  —2.49 x 1073 —2.50 x 1073 1.00 —252 x 1073 1.01
U-234 ngamma  —1.29 x 1073 -1.32 x 1073 1.02 ~1.34 x 1073 1.04

(*) E80: ENDF/B-VIILO0, J5: JENDL-5, (**) E71: ENDF/B-VIL1.

From Table 5, it is evident that negative sensitivities predominantly arise from absorp-
tion reactions, specifically (n, gamma) and (n, alpha) processes. The five major contributors
in this category are U-238 and U-235 (gamma capture), Be-10 (alpha production), C (gamma
capture), and Si-28 (gamma capture). The cross-sections of U-235, U-238, C, and S («,3)
of C play a crucial role in the behavior of the clean HTTR core. The present findings
align with our previous work [11]. The negative sensitivity coefficients obtained from
ENDE/B-VIIL.O and ENDF/B-VII.1 libraries closely resemble those from JENDL-5. How-
ever, slight differences (less than 5%) are observed in ENDF/B-VIILO for C and U-234
(capture), as well as in ENDF/B-VII.1 for B-10 (n, alpha) and U-234 (capture).

Additionally, energy-dependent sensitivities of the keff for major nuclide-reaction
pairs are shown in Figures 4-7. These sensitivity profiles exhibit remarkable similarity to our
previous work [11], and interested readers can find further details in the referenced study.
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Figure 5. Energy-dependent sensitivities of the keff to U-238 cross-sections (JENDL-5).
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Figure 6. Energy-dependent sensitivities of the keff to C-12 and S («,f3) of C cross-sections (JENDL-5).
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Figure 7. Energy-dependent sensitivities of the keff to B-10, Si-28, Ni-58, Fe-56, and U-234 cross-
sections (JENDL-5).

4.3. Uncertainty Analysis

The keff uncertainty analysis was conducted using the TSUNAMI-IP code with
three nuclear data libraries: JENDL-5, ENDF/B-VIIIL.0O, and ENDF/B-VII.1. The results
are summarized in Table 6, which presents the keff uncertainties due to nuclear data for
various combinations of sensitivity coefficients and covariance matrices, and Tables 7-9,
for the top contributors of each library. The table headers are reproduced directly from the
code output showing the contributions of the nuclide-reaction pair taken from the original
matrix form. If the nuclide-reaction pair is identical (such as U-235-fission pairing with
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U-235-fission) then the dR/R is a diagonal element. The summation of the squared of dR/R

elements would be equal to the uncertainty values.

Table 6. Uncertainty analysis results.

Sensitivity Coefficients Covariance Matrices Uncertainty (%)
(MCNP6.2, Kslgg[gl};t?on 252 group) (Al\]/}Eg([-)éL,?eogr;gup) 0.387 42.20 x 107
(MCNP6.2, Kslgﬁzll;’fon, 252 group) JEND(]X;[?;;((%;? 1223 ;Q?;;;IH.O ) 0.464 + 327 x 104
(MCNP6.2,E 11215211:\1/5;/12{?252 group) (SCAESE??,/E,_ \SIélgl?oup) 0.581+2.71 x 10~
(MCNP6.2,EI<1:]§1§/(?};XE)S 252 group) (SCAEgggg%\ggroup) 0556 £2.12 x 10~

(*) For JENDL-5 nuclides which have no covariance data.

Table 7. Uncertainty contributors (>0.001%) for JENDL-5.

Nuclide Reaction With Nuclide Reaction % dR/R Due to This Matrix
U-235 nubar U-235 nubar 3.00 x 101 + 3.84 x 10~°
C-12 n,gamma C-12 n,gamma 2.16 x 107! + 1.67 x 1075
U-235 fission U-235 fission 1.81 x 1071 + 410 x 10~°
C-12 elastic C-12 elastic 1.35 x 107! + 2.67 x 1074
U-238 n,gamma U-238 n,gamma 1.23 x 1071 + 8.36 x 1070
U-235 chi U-235 chi 8.64 x 1072 + 1.64 x 1074
U-238 elastic U-238 n,gamma 3.58 x 1072 + 3.60 x 107°
B-10 n,alpha B-10 n,alpha 3.44 x 1072 + 1.32 x 107°
U-235 n,gamma U-235 n,gamma 3.34 x 1072 + 5.32 x 1077
U-238 elastic U-238 elastic 2.88 x 1072 + 4.85 x 107>
U-235 fission U-235 n,gamma —2.77 x 1072 + 1.29 x 10~°
C-12 nn’ C-12 nn’ 1.95 x 1072 + 3.67 x 107>
U-234 n,gamma U-234 n,gamma 1.44 x 1072 + 211 x 1077
C-12 elastic C-12 nn’ —1.04 x 102 + 523 x 107

Table 8. Uncertainty contributors (>0.001%) for ENDF/B-VIIL.O.

Nuclide Reaction With Nuclide Reaction % dR/R Due to This Matrix
U-235 nubar U-235 nubar 4.60 x 1071 + 6.93 x 107°
C-12 n,gamma C-12 n,gamma 2.11 x 1071 + 1.25 x 10>
U-235 fission U-235 fission 1.81 x 1071 + 325 x 107°
C-12 elastic C-12 elastic 1.64 x 1071 + 2.54 x 1074
U-238 n,gamma U-238 n,gamma 1.23 x 1071 + 6.53 x 1070
B-10 n,alpha B-10 n,alpha 5.51 x 1072 + 2.78 x 107°
U-238 elastic U-238 n,gamma 3.61 x 1072 + 2.88 x 107>
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Table 8. Cont.

Nuclide Reaction With Nuclide Reaction % dR/R Due to This Matrix
U-235 n,gamma U-235 n,gamma 3.36 x 1072 + 4.20 x 1077
U-238 elastic U-238 elastic 2.90 x 102 + 3.58 x 107°
C-12 nn’ C-12 nn’ 1.81 x 1072 + 230 x 1072
U-235 fission U-238 fission 1.48 x 1072 + 6.83 x 1077
U-235 chi U-235 chi 1.39 x 1072 + 425 x 107°
U-235 fission U-235 n,gamma —1.04 x 1072 + 1.13 x 107°
C-12 elastic C-12 nn’ —1.01 x 1072 + 3.69 x 107°

Table 9. Uncertainty contributors (>0.001%) for ENDF/B-VIL1.

Nuclide Reaction With Nuclide Reaction % dR/R Due to This Matrix
U-235 nubar U-235 nubar 3.77 x 1071 + 432 x 1072
C n,gamma C n,gamma 213 x 1071 + 1.16 x 107>
U-238 n,gamma U-238 n,gamma 1.82 x 1071 + 7.74 x 1070
U-235 n,gamma U-235 n,gamma 1.62 x 107! + 6.45 x 107°
U-235 fission U-235 fission 1.32 x 1071 + 1.50 x 107
U-235 fission U-235 n,gamma 1.31 x 107! + 7.88 x 107°
C elastic C elastic 1.19 x 107! + 7.07 x 107°
U-235 chi U-235 chi 1.02 x 1071 + 1.55 x 1074
C nn’ C nn’ 3.73 x 1072 + 9.96 x 107>
U-238 elastic U-238 n,gamma 3.62 x 1072 + 143 x 107°
C elastic C nn’ —3.19 x 1072 + 433 x 107>
U-238 elastic U-238 elastic 2.71 x 1072 + 220 x 107>
C (S(x,B)) elastic C (S(,B)) elastic 1.41 x 1072 + 2.72 x 107°

Several covariance matrices shown in Table 6 deserve further explanation when in-
terpreting the keff uncertainty results. The main objective of the present work is the keff
uncertainty originating from the JENDL-5 nuclear data. The covariance matrix of JENDL-5
was directly processed from the JENDL-5 nuclear data. Another covariance matrix of
JENDL-5 was generated by adding the covariance data of ENDF/B-VIILO for JENDL-5
nuclides which have no covariance data. These covariance data of ENDF/B-VIIL.O (cf.
Table 2) were also processed directly from the ENDF/B-VIIL.O nuclear data. For comparison
purposes, two other covariance matrices provided by the SCALE distributions were also
used (56 group ENDF/B-VIILO and 252 group ENDF/B-VII.1) for the present uncertainty
evaluations. It should be noted that these covariance matrices would differ from those
directly processed from the respective nuclear data, which would produce different values
of keff uncertainty.

From Table 6, one can observe the following. For the covariance library with JENDL-5
only (using only 105 covariance matrices from JENDL-5), the keff uncertainty was approxi-
mately 387 pcm. For the covariance library with JENDL-5 and ENDF/B-VIILO (incorpo-
rating additional covariance matrices from ENDF/B-VIIL0), the uncertainty increased to
464 pcm, resulting in a difference of approximately 77 pcm. The difference is considered to
be small, and investigation revealed it was attributed to the Si isotopes. The Si isotopes are
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the main composition of the fuel layers in a TRISO-coated fuel particle, i.e., they exist in a
large amount in the core.

As for the SCALE covariance library with ENDF/B-VIIL0, the uncertainty was 581 pcm,
surpassing that of JENDL-5. Lastly, the uncertainty for the SCALE ENDF/B-VIL.1 was
around 556 pcm, slightly lower than that of ENDF/B-VIIL.O.

From Table 7, one can observe that the main contributors to keff uncertainty for
JENDL-5 were U-235 (nubar) and (chi), C-12 (n,gamma) and (elastic), and U-238 (n, gamma).
Tables 8 and 9 reveal that the top contributors to the keff uncertainty for ENDF/B-VIIL.0 and
ENDE/B-VIIL1 were similar to those in JENDL-5. However, Table 10 highlights some key
differences: As for ENDF/B-VIIL.0, larger uncertainties were observed for U-235 (nubar)
and C-12 (elastic) compared to JENDL-5, while for ENDF/B-VIL1, significantly larger
uncertainties were found for U-235 (nubar) and U-238 (n,gamma), while U-235 (fission)
and C-12 (elastic) exhibited smaller uncertainties. These variations contribute to the overall
larger uncertainty in ENDF/B-VIIL.1 compared to JENDL-5.

Table 10. Uncertainty differences between nuclear data libraries (% dR/R, matrix diagonal elements).

Nuclide Reaction JENDL-5 ENDEF/B-VIIL0 E80/J5 * ENDF/B-VIL1 E71/]5 **
U-235 nubar 3.00 x 107! 460 x 1071 1.53 3.77 x 1071 1.25
C-12 ngamma 216 x 107! 2.11 x 1071 0.98 2.13 x 107! 0.99
U-235 fission 1.81 x 1071 1.81 x 1071 1.00 1.32 x 1071 0.73
C-12 elastic 1.35 x 1071 1.64 x 107! 1.22 1.19 x 107! 0.88
U-238 ngamma 123 x 107! 1.23 x 107! 1.00 1.82 x 107! 1.47

(*) E80: ENDF/B-VIILO, J5: JENDL-5, (**) E71: ENDF/B-VIL1.

4.4. Similarity Analysis

The similarity analysis was conducted using the TSUNAMI-IP code to identify critical
experiments closely correlated to the HTTR core. In this analysis, the JENDL-5 nuclear
data library was used. The use of other nuclear data libraries is assumed to produce
similar results and, therefore, is not pursued further. According to the SCALE developers’
guidance, ¢ of 0.9 or higher indicates a “highly similar” system while cx between 0.8 and
0.9 is “marginally similar”.

Table 11 summarizes the results for the top 20 critical benchmarks exhibiting strong
correlation or similarity with the HTTR. Among these experiments, only two critical
benchmarks exhibit a strong correlation coefficient (c; > 0.9), namely are highly similar to the
HTTR: LEU-COMP-THERM-060-005 and LEU-COMP-THERM-060-006. The LEU-COMP-
THERM-060 series documents criticality experiments conducted in an RBMK graphite
reactor. These experiments involve uniform configurations of UO, fuel assemblies, as well
as configurations with empty channels, water columns, and boron or thorium absorbers,
with or without water in the channels. Despite the relatively lower U-235 enrichment
(<2.4 wt. %) compared to the HTTR, the benchmark series exhibit significant similarities
due to their use of UO; fuel and graphite moderator. Other benchmark experiment series
with rather strong correlation (marginally similar) to the HTTR are LEU-COMP-THERM-
080 (Critical Lattices of UO, Fuel Rods And Perturbing Rods in Borated Water), LEU-
COMP-THERM-011 (Critical Experiments Supporting Close Proximity Water Storage of
Power Reactor Fuel (Part [—Absorber Rods)), LEU-COMP-THERM-017 (Water-Moderated
U (2.35) Oy Fuel Rods Reflected by Two Lead, Uranium, or Steel Walls), and LEU-COMP-
THERM-005 (Critical Experiments With Low-Enriched Uranium Dioxide Fuel Rods In
Water Containing Dissolved Gadolinium).
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Table 11. Similarity analysis results (Top 20 with high ¢, values).

No. Benchmark Identification Ck Benchmark Specification
1 LEU-COMP-THERM-060-005 0.909
2 LEU-COMP-THERM-060-006 0.905 (O RBMK Graphite Reactor: Uniform Configurations of
o/ 235 :
3 LEU-COMP-THERM-060-004 0.899 .U(1.8,.2.0, or 2.4% ggoZ Fuel Assem.bhes,. and
Configurations of U(2.0% ~>°U)O, Assemblies with Empty
4 LEU-COMP-THERM-060-003 0.895 Channels, Water Columns, and Boron or Thorium Absorbers,
5 LEU-COMP-THERM-060-001 0.888 with or without Water in Channels.
6 LEU-COMP-THERM-060-002 0.887
v LEU-COMP-THERM-008-008 0.799 @ Critical Lattices of UO, Fuel Rods and Perturbing Rods in
Borated Water.
LEU-COMP-THERM-011-007 0.798 (® Critical Experiments Supporting Close Proximity Water
LEU-COMP-THERM-011-003 0.797 Storage of Power Reactor Fuel (Part [—Absorber Rods).
10 LEU-COMP-THERM-008-007 0.796
11 LEU-COMP-THERM-008-002 0.794
See (2) above.
12 LEU-COMP-THERM-008-005 0.794
13 LEU-COMP-THERM-008-011 0.792
14 LEU-COMP-THERM-011-009 0.788
15  LEU-COMP-THERM-011-002  0.787 See @ above.
16 LEU-COMP-THERM-008-001 0.783 See (2) above.
17 LEU-COMP-THERM-011-015 0.766 See (3) above.
18 LEU-COMP-THERM.-017-004 0.761 (® Water-Moderated U (2.35) O; Fuel Rods Reflected by
Two Lead, Uranium, or Steel Walls.
® Critical Experiments with Low-Enriched Uranium
19 LEU-COMP-THERM-005-004 0.753 Dioxide Fuel Rods in Water Containing
Dissolved Gadolinium.
20 LEU-COMP-THERM-017-006 0.751 See (¥ above.

From Table 11, it can be concluded that at present there are still few criticality experi-
ments that have a strong similarity (in this case c; > 0.9) with the HTTR core. In the past,
before the HTTR design and construction, JAEA (then JAERI) built Very High-Temperature
Reactor Critical Assembly (VHTRC) to validate the neutronics aspect of HTTR [31]. The
critical experiments of VHTRC were documented in the above-mentioned IRPhE Hand-
book; however, unfortunately, they were not included in the present version of Whisper 1.1
database. It is expected that a strong correlation/similarity of VHTRC to HTTR would
be obtained.

4.5. Kinetics Parameter Analysis

For completeness, the kinetics parameters of the HTTR were evaluated using the
JENDL-5 nuclear data library, and these results were compared with our previous assess-
ments based on the ENDF/B-VIII.0 and ENDF/B-VIIL.1 libraries [11]. The comparison is
summarized in Table 12. The three libraries—JENDL-5, ENDF/B-VIIIL.0, and ENDEF/B-
VII.1—yielded similar estimates for the kinetics parameters.
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Table 12. Kinetics parameter evaluation results.
Generation Time Rossi-Alpha Delayed Neutron
Nuclear Data (ms.) (1/ms.) Fraction (Beff)
Library

Value SD * Value SD Value SD
JENDL-5 1.11843 0.00209 —5.97 x 1073 8.60 x 107> 0.00668 0.00010
ENDEF/B-VIII.O 1.12404 0.00213 —5.89 x 1073 8.46 x 107> 0.00662 0.00009
ENDEF/B-VIL1 1.13117 0.00213 —5.83 x 1073 8.31 x 107° 0.00659 0.00009

(*) SD: Standard deviation.

5. Concluding Remarks

Two 56-group covariance libraries were generated from the newly released JENDL-5
covariance data. The first covariance library was purely generated from the 105 isotopes’
covariance data provided by JENDL-5, and the second one was generated from the JENDL-5
and ENDEF/B-VIILO for JENDL-5 nuclides with no covariance data. Amongst the ENDF/B-
VIII.O covariance data included, the Si isotopes are the most important since they are the
major composition of the TRISO fuel particles. The covariance libraries were then used for
the S/U analysis of the 30 MWth fully loaded HTTR criticality benchmark, and the results
were compared to ENDF/B-VIIL.O and ENDF/B-VIL1. The keff uncertainty originated
from the nuclear data of JENDL-5, ENDF/B-VIIL.0, and ENDF/B-VII.1 was estimated to be
0.387%, 0.581%, and 0.556%, respectively. If the JENDL-5 covariance library was combined
with the ones of the ENDF/B-VIII.O for JENDL-5 nuclides, which have no covariance data,
then the keff uncertainty increased to 0.464%. The main contributors to the keff uncertainty
were (in decreasing order) U-235 (nubar), C-12 (n, gamma), U-235 (fission), C-12 (elastic),
and U-238 (n, gamma). Large differences in the keff uncertainty between JENDL-5 and
ENDE/B-VIIL.0 were found in U-235 (nubar) and C-12 (elastic). JENDL-5 lacks Si isotopes
covariance data and produced slightly underestimated keff uncertainties. It is expected
that in the future the covariance data for these isotopes will be available.

The similarity analysis results showed a strong correlation (¢ > 0.9) of LEU-COMP-
THERM-060 (RBMK graphite reactor) criticality experiment series with the HTTR. Lastly,
the kinetics parameters were also evaluated, and the three nuclear data libraries provided
consistent results. JENDL-5’s generation time, Rossi-Alpha, and effective delayed neutron
fraction were evaluated to be 1.12 (ms), —5.97 x 102 (1/ms), and 0.00668, respectively.

It is worth mentioning that the [C/E-1] of the keff between JENDL-5, ENDF/B-VIILO0,
ENDF/B-VIL1, and other nuclear data libraries, including the older version reported in
the benchmark, are consistent and of a similar magnitude—about 2%. This shows that the
benchmark specifications may need some improvement in the future [12,27].
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