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a b s t r a c t

New versions of ENDF/B and JEFF data libraries have been released during the past two years with
significant updates in the neutron reaction sublibrary and the thermal neutron scattering sublibrary. In
order to get a more comprehensive impression of the criticality quality of these two latest neutron data
libraries, and to provide reference for the selection of the evaluated nuclear data libraries for the science
and engineering applications of the Reactor Monte Carlo code RMC, the criticality benchmarking of the
two latest neutron data libraries has been performed. RMC was employed as the computational tools,
whose processing capability for the continuous representation ENDF/B-Ⅷ.0 thermal neutron scattering
laws was developed. The RMC criticality validation suite consisting of 116 benchmarks was established
for the benchmarking work. The latest ACE format data libraries of the neutron reaction and the thermal
neutron scattering laws for ENDF/B-Ⅷ.0, ENDF/B-Ⅶ.1, and JEFF-3.3 were downloaded from the corre-
sponding official sites. The ENDF/B-Ⅶ.0 data library was also employed to provide code-to-code vali-
dation for RMC. All the calculations for the four different data libraries were performed by using a
parallel version of RMC, and all the calculated standard deviations are lower than 30pcm. Comprehensive
analyses including the C/E values with uncertainties, the dk=s values, and the metrics of c2 and < jDj> ,
were conducted and presented. The calculated keff eigenvalues based on the four data libraries generally
agree well with the benchmark evaluations for most cases. Among the 116 criticality benchmarks, the
numbers of the calculated keff eigenvalues which agree with the benchmark evaluations within 3s in-
terval (with a confidence level of 99.6%) are 107, 109, 112, and 113 for ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, ENDF/B-
Ⅷ.0 and JEFF-3.3, respectively. The present results indicate that the ENDF/B-Ⅷ.0 neutron data library
has a better performance on average.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear data lie at the junction between basic nuclear physics,
computational physics, and engineering. As they are the basis of
nuclear science research and engineering design, continuous in-
ternational efforts have been made since the 1960s to provide
nuclear data libraries as complete and accurate as possible.
Nowadays, there are five major evaluated data libraries throughout
the world, namely, the evaluated nuclear data library ENDF/B [1]
developed by the United States, the European joint evaluated
fission and fusion library JEFF [2], the Japanese evaluated nuclear
data library JENDL [3], the Chinese evaluated nuclear data library
CENDL [4], and the Russian evaluated neutron data library BROND
Huang).

by Elsevier Korea LLC. This is an
[5]. Among these five major evaluated data libraries, new versions
of ENDF/B [1] and JEFF [2] data libraries have been released in the
past two years with significant updates in the neutron reaction
sublibrary, the thermal neutron scattering sublibrary, and some
other sublibraries. These two data libraries provide up-to-date and
relatively complete compilations, and represent the latest
achievement in the nuclear data field under international cooper-
ation in recent years.

Many applications, ranging from reactor physics to defense ap-
plications, have a high standard required of a nuclear database.
Therefore, before being widely utilized in these fields, the quality of
the nuclear data libraries need to be tested and validated by a series
of benchmarks involving criticality safety, shielding, the effective
delayed neutron fraction, etc. Since many of the criticality bench-
marks are well understood, they can provide a strong test of the
accuracy of the underlying unclear data used to model the as-
semblies, and can point to deficiencies that need to be resolved.
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Criticality benchmarks can therefore be viewed as a form of
acceptance testing [6]. Thus, it is absolutely necessary to evaluate
the quality of the newly released nuclear data libraries by criticality
benchmarking.

Although some criticality benchmark tests [1,7e9] have been
conducted for ENDF/B-Ⅷ.0 and JEFF-3.3 data libraries since their
releases, the Monte Carlo codes used in these work were generally
either MCNP [10] or MCNPX [11]. Only the calculation to experi-
mental values without uncertainties were presented in Ref. [1],
which is not sufficient for the comprehensive understanding of the
results. In order to expand the computational tools used in the
criticality benchmarking work and to get a more comprehensive
impression of the criticality quality of the two latest neutron li-
braries, the ENDF/B-Ⅷ.0 and JEFF-3.3 neutron data libraries were
criticality benchmarked with the Reactor Monte Carlo code RMC
[12] in this paper. RMC is a continuous-energy Reactor Monte Carlo
neutron-photon-electron transport code being developed by the
Department of Engineering Physics at Tsinghua University, Beijing.
A validation suite consisting of 116 criticality benchmarks was
established for the testing work. The ACE format neutron reaction
libraries along with the thermal neutron scattering laws of ENDF/B-
Ⅷ.0 and JEFF-3.3 data libraries were downloaded from the corre-
sponding official sites [13,14]. In order to compare with the existing
MCNP calculation results [15] and to provide code-to-code valida-
tion, the ENDF/B-Ⅶ.0 [16] data library was employed. Meanwhile,
the ENDF/B-Ⅶ.1 [17] data library with specific improvements over
ENDF/B-Ⅶ.0 was also employed. The calculated keff eigenvalues
based on the four different libraries were compared with those of
the benchmarks, and results including calculation to experiment
values (C/E), dk=s , c2 and < jDj> were analyzed. The corre-
sponding results could provide reference for the selection of the
evaluated nuclear data libraries for the science and engineering
applications of RMC code.

The remainder part of this paper is organized as follows. A brief
introduction of the major features of ENDF/B-Ⅷ.0 and JEFF-3.3 data
libraries is presented in section 2. Section 3 introduces the compu-
tational code, the criticality benchmark suite, the simulation details,
and the variousmethods used to validate the data libraries. In section
4, the calculation results based on different data libraries are pre-
sented and analyzed. Finally, the conclusions are drawn in section 5.
2. Brief description of update features

The ENDF/B-Ⅷ.0 general purpose nuclear data library was
released by the Cross Section Evaluation Working Group (CSEWG)
Table 1
Overview of ENDF/B-Ⅷ.0, JEFF-3.3, ENDF/B-Ⅶ.1, and ENDF/B-Ⅶ.0 data libraries.

Sublibrary Evaluated data library

ENDF/B-Ⅷ.0

Neutron 557
Thermal neutron scattering 33
Proton 49
Deuteron 5
Triton 5
Helium3 3
Alpha 1
Photonuclear 163
Atomic relaxation 100
Electron 100
Photoatomic 100
Decay data 3821
Spontaneous Fission Yields 9
Neutron-induced Fission Yields 31
Standards 10
on February 2, 2018, and it represents the biggest change to the
ENDF library. Major highlighted changes include the update and
extension of the neutron reaction sublibrary to 557 materials, and
the vast revisions and extensions of the neutron standards and
the thermal neutron scattering law sublibrary. Refer to Brown
et al. [1] for detailed update information. The JEFF-3.3 data library
was officially released by the Nuclear Energy Agency (NEA) Data
Bank on November 20, 2017, of which a thorough update of the
neutron, decay data, fission yields, and some sublibraries
including incident proton, alpha, gamma, triton and deuteron are
taken from TENDL-2017 [18]. An overview of the ENDF/B-Ⅷ.0,
JEFF-3.3, ENDF/B-Ⅶ.1, and ENDF/B-Ⅶ.0 data libraries is presented
in Table 1.

Special attention needs to be paid to some notable changes in
these two libraries. The ENDF/B-VIII.0 release is the first ENDF/B
release to include 12C (98.9%) and 13C (1.1%) isotopic evaluations,
and no longer provides elemental carbon. The JEEF-3.3 release
provides both the elemental carbon and 13C, but does not provide
12C. Moreover, the ENDF/B-VIII.0 thermal scattering ACE files
downloaded from LANL are in the continuous representation [19],
and the graphite thermal scattering files are split into three
evaluations. The crystalline graphite with a density of 2.2g/cc is
the closest one to the previous graphite thermal scattering law
(TSL). The graphite with 10% porosity (density 2.0g/cc) is typical
for reactor usage, and the graphite with 30% porosity (density
1.6g/cc) is the most common form of graphite [20]. During the
validation work, it was found that the ACE files of the 10%
porosity graphite were generated using the TSL of the 30%
porosity graphite, and the similar mismatch was also found for
the 30% porosity graphite ACE files. The mismatch was corrected
in the latter calculations.
3. Methods

3.1. Computational code

In this work, the latest version of RMC was employed to carry
out the criticality calculations. The RMC code intends to solve
reactor analysis problems, and is able to deal with complex ge-
ometry, using continuous energy point-wise cross sections of
different materials and temperatures. In order to utilize the
continuous representation thermal neutron scattering files in the
ENDF/B-VIII.0 data library, the corresponding processing capability
was developed. The reader can refer to Zheng et al. [21] for a
detailed introduction to the capability and validation work.
JEFF-3.3 ENDF/B-Ⅶ.1 ENDF/B-Ⅶ.0

562 423 393
20 20 20
2804 48 48
2811 5 5
2810 3 3
2808 2 2
2809 N/A N/A
2809 163 163
81 100 100
N/A 100 100
N/A 100 100
3852 3817 3838
1 9 9
1 31 31
N/A 8 8



Table 2
An overview of the RMC validation suite classified by the spectrum and fissile
material.

Principal fuel Number of benchmarks

Fast Intermediate thermal Total

233U 10 1 8 19
HEU 28 5 5 38
IEU 10 0 1 11
LEU 0 0 12 12
Plutonium 19 1 8 28
Mix 2 0 6 8
Total 69 7 40 116
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3.2. Criticality benchmark suite

A set of 116 criticality safety benchmarks were selected and
established for RMC code. The benchmarks were taken from the
expanded MCNP validation suite [15] and the International
Handbook of Evaluated Criticality Safety Benchmark Experiments
(ICSBEP) [22]. The validation suite is classified as 233U, 235U, 239Pu,
or Mix according to the isotope that produces the majority of
fissions. The 235U benchmarks are further divided into highly
enriched uranium HEU (235U � 60 wt%), intermediate-enriched
uranium IEU (10 wt%<235U < 60 wt%), and low-enriched ura-
nium LEU (235U� 10 wt%). The physical form of the fissile material
is generally defined as one of metal (MET), compound (COMP), or
solution (SOL). The suite covers a wide range of neutron spectra
consisting of fast, intermediate, thermal and mixed spectrum. The
dominant flux spectrum is characterized as “FAST”, “INTERMEDI-
ATE”, or “THERMAL” if half or more of the fissions are caused by
neutrons with energy above 100keV, between 0.625eV and
100keV, or below 0.625eV, respectively. If none of these energy
intervals account for at least half of the fissions, the spectrum is
categorized as “MIXED”. Benchmarks are identified using a three-
part nomenclature that defines the fissile material, its physical
Fig. 1. Comparison between RMC and MCN
form, and the dominant spectrum plus numerical identifier. For
example, the case name IEU-MET-FAST-001 case 1 corresponds to
an intermediately enriched uranium, metal fuel, fast spectrum
benchmark case No.1, and a common shorthand designation of
imf1-1 is usually adopted for simplification. An overview of the
RMC validation suite classified by the spectrum and fissile mate-
rial is shown in Table 2.

In the RMC validation suite, 60 cases contain thermal neutron
scattering materials. Among these 60 cases, 40 cases contain light
water, 8 cases contain graphite, 6 cases contain beryllium metal, 4
cases contain polyethylene, 2 cases contain oxide beryllium, 1
contains both light water and beryllium, and 1 contains light water
and polyethylene. Corresponding thermal neutron scattering laws
were used in the validation calculations.

3.3. Simulation details

The parallel version of RMC [23] with the capability to process
both the continuous and the discrete representation thermal
neutron scattering laws was compiled and employed. All the
computations were carried out using an X10DAI work-station,
Intel(R) Xeon(R) CPU E5-2690 v3 @2.60 GHz (32 CPUs), 128 GB
RAM under win 10 system and utilizing MPICH2. All cases were run
in the criticality mode, using 30000 neutrons per cycle, with 100
inactive cycles and 700 additional active cycles. Eigenvalue un-
certainties were lower than 30pcm, roughly an order of magnitude
lower than most benchmark uncertainties. It should be noted that
the calculated criticality uncertainties deduced by propagating the
covariance data for the various cross sections are not included in
the final eigenvalue uncertainties in the present work.

For cases with thermal neutron scattering materials, corre-
sponding laws at room temperature were used to consider the
thermal scattering effect. In calculations based on ENDF/B-VIII.0
library, graphite with 10% porosity ACE files were used. While for
the calculations based on JEFF-3.3, ENDF/B-Ⅶ.1 and ENDF/B-Ⅶ.0
P based on ENDF/B-Ⅶ.0 data library.



Fig. 2. Keff eigenvalues for 233U benchmarks.
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data libraries, the traditional thermal scattering laws for graphite in
these libraries were used.
3.4. Validation methods

In order to analyze the simulated keff eigenvalues based on
benchmark evaluations, the calculation to experimental (C/E)
values are used to show the consistency between calculation and
benchmark regardless of the specific underlying either values.

The relative combined statistical uncertainty (s) is used to
determine whether the calculated results are statistically identical,
and is defined by Eq. (1).

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
kbenchmark
eff ,sbenchmark

�2 þ �
kRMC
eff ,sRMC

�2r
(1)

where sbenchmark and sRMC are the benchmark experimental un-
certainties and the RMC calculation standard deviations. The
Fig. 3. Keff eigenvalues f
results could be considered identical with a confidence of 99.6% if
the relative difference between the simulated keff eigenvalues and
the benchmark evaluations is within ±3s interval [24]. The relative
difference is defined by Eq. (2).

dk¼
�
kRMC
eff � kbenchmark

eff

�.
kbenchmark
eff (2)

The statistic metrics c2 and < jDj> [25] are also adopted. c2 is a
measure to determine which data library shows the best fit to the
benchmark evaluations, and < jDj> is a measure of the average
difference between the calculated and benchmark keff eigenvalues.
c2 and < jDj> are defined by Eq. (3) and Eq. (4) where n denotes
the number of benchmarks.

c2 ¼
X��

kRMC
eff � kbenchmark

eff

�.
sbenchmark

�2
n

(3)
or HEU benchmarks.



Fig. 4. Keff eigenvalues for IEU benchmarks.
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CjDjD¼
X

���kRMC
eff � kbenchmark

eff

���
n

(4)
4. Results and analyses

4.1. Calculation results and comparison

Since the ENDF/B-Ⅶ.0 data library was employed by MCNP in
the expanded validation suite [15], in order to provide code-to-code
validation and compare with the existing MCNP calculation results,
RMC calculations based on ENDF/B-Ⅶ.0 data library were therefore
performed. Fig. 1 presents the comparison results of RMC and
MCNP based on ENDF/B-Ⅶ.0 data library. It can be observed from
Fig.1 that 115 out of 116 RMC calculated keff eigenvalues agree with
these of MCNP within 3s. For case ust1-4, the difference between
Fig. 5. Keff eigenvalues f
RMC and MCNP is slightly higher than 3s, but the RMC calculated
keff eigenvalue (1.0007 ± 0.0001) is much closer to the benchmark
result (1.0000 ± 0.0033) compared with that of MCNP
(1.0019 ± 0.0003). Therefore, for the validation suite, RMC shows
good consistency with MCNP.

The RMC calculated keff eigenvalues and the benchmark eval-
uations are also compared for the RMC validation suite as shown in
Figs. 2e7. Since the standard deviations of the calculated results are
all lower than 30pcm, error bars are not conspicuous compared to
the uncertainties of the benchmark evaluations. Actually, the
dominant contribution to the relative combined statistical un-
certainties come from the benchmark uncertainties.

It can be observed from Fig. 2 through Fig. 7 that the calculated
keff eigenvalues are in good agreement with those of the bench-
marks for most cases, and that the difference is generally around
100pcm. Notable discrepancies of larger than 1000pcm are
observed for usi1-1, pci1, and pst9-3a. In order to eliminate the
errors caused by input files, the input files and the calculation
or LEU benchmarks.



Fig. 6. Keff eigenvalues for Pu benchmarks.

Fig. 7. Keff eigenvalues for Mix benchmarks.

L. Zheng et al. / Nuclear Engineering and Technology 52 (2020) 1917e19251922
results of RMC were double checked, and compared with those of
MCNP [15]. Benchmark evaluations for usi1-1, pci1, and pst9-3a are
1.0000 ± 0.0083, 1.0000 ± 0.0110, and 1.0000 ± 0.0033, respec-
tively. Whereas MCNP calculations based on ENDF/B-Ⅶ.0 are
0.9848 ± 0.0005, 1.0116 ± 0.0002, and 1.0000 ± 0.0033, respec-
tively, which agree well with the results of RMC within 3s, and no
errors were found in RMC.

For case usi1-1 and pci1, it should be noted that the benchmark
uncertainties are very high, 830pcm for usi1-1 and 1110pcm for pci1.
Taking the uncertainties into consideration, the difference between
RMC calculation and benchmarks are within 3s as shown in section
4.2. Therefore, thehugedifference forusi1-1andpci1 results fromthe
benchmark uncertainties, and the measurement technology should
be developed to reduce the benchmark uncertainties.

While for case pst9-3a, RMC calculations based on the four data
libraries are all higher than the benchmark value, and the
difference between calculations and benchmark decreases with the
update of data libraries. The same phenomenon is observed for
MCNP using ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, and ENDF/B-Ⅷ.0 data li-
braries [1,15]. These phenomena demonstrate that the update of
data libraries especially the plutonium element has some effects.

4.2. Statistical analyses

The quantitative consistency analyses of the calculated keff ei-
genvalues and benchmark evaluations were carried out, and the C/E
values are given in Appendix Table A1. Further statistical analyses
with a confidence level were also performed to give intuitionistic
consistency. The dk=s values for different data libraries are pre-
sented in Table 3. Among the 116 benchmarks, 107 calculated keff
eigenvalues based on ENDF/B-Ⅶ.0 agree well with benchmark
evaluations within ±3s interval (99.6% confidence), whereas for



Table 3
dk=s values for different data libraries.

Case dk=s

ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

umf1 �0.31 �0.36 0.25 1.06
umf2-1 �0.74 �1.02 0.18 �0.08
umf2-2 0.38 0.24 1.56 1.14
umf3-1 �0.36 �0.64 �0.15 1.78
umf3-2 0.10 �0.20 0.10 2.90
umf4-1 6.78 �2.08 �0.55 0.18
umf4-2 6.11 �5.81 �4.17 �1.88
umf5-1 �1.86 �1.32 �0.81 �0.84
umf5-2 �2.45 �1.55 �0.94 �1.20
umf6 �0.19 �0.87 0.06 2.44
usi1-1 �1.86 �1.72 �2.16 �1.74
ust1-1 0.45 0.43 �0.19 0.80
ust1-2 0.38 0.22 �0.42 0.57
ust1-3 0.04 �0.10 �0.52 0.37
ust1-4 0.29 0.31 �0.24 0.56
ust1-5 0.12 0.14 �0.52 0.40
ust8 0.38 0.34 �0.25 0.50
uct1-3 1.83 0.93 0.47 1.36
uct1-6 �0.49 �0.87 �1.67 0.75
hmf1 0.02 �0.41 0.05 0.04
hmf3-1 �0.99 �1.01 �1.42 �0.80
hmf3-2 �1.11 �1.04 �1.60 �0.91
hmf3-3 �0.16 �0.18 �0.69 �0.03
hmf3-4 �0.87 �0.91 �1.70 �0.57
hmf3-5 0.54 0.52 �0.18 0.88
hmf3-6 0.60 0.54 �0.10 0.98
hmf3-7 0.69 0.69 0.08 1.20
hmf3-8 1.70 0.31 0.14 0.28
hmf3-9 1.90 0.38 0.12 0.29
hmf3-10 2.54 1.08 0.80 1.00
hmf3-11 3.36 1.99 1.72 1.98
hmf3-12 2.71 2.77 �0.29 1.68
hmf8 �1.99 �2.20 �1.91 �1.86
hmf9-1 �2.85 �1.28 �1.85 �1.90
hmf9-2 �2.48 �1.59 �2.74 �2.49
hmf11 0.10 �0.03 �1.69 �0.30
hmf12 �0.24 �0.57 �0.83 �0.60
hmf13 �0.91 �1.20 �0.24 �2.25
hmf14 �0.62 �0.58 �2.03 �0.48
hmf15 �2.99 �2.93 �2.77 �3.02
hmf18-2 �0.25 �0.46 �0.37 0.02
hmf19-2 2.50 2.59 2.00 2.31
hmf20-2 0.27 0.21 �0.05 0.13
hmf21-2 �0.99 �0.99 �0.10 �1.41
hmf22-2 �1.09 �1.43 �1.33 �1.53
hmf26-11 0.79 0.80 0.25 0.49
hmf28 0.90 1.02 0.28 1.44
hci3-6 �0.97 �0.94 �0.31 0.28
hmi6-1 �5.79 �6.06 �2.68 �2.30
hmi6-2 �4.23 �3.94 �0.04 �1.24
hmi6-3 �0.36 �0.53 1.51 �1.17
hmi6-4 7.06 7.11 4.29 �0.07
hst13-1 �0.98 �0.97 �1.17 �1.30
hst13-2 �0.80 �0.80 �0.88 �0.97
hst13-3 �1.82 �1.94 �1.88 �2.08
hst13-4 �1.28 �1.24 �1.27 �1.44
hst32 �0.76 �0.80 �1.12 �1.58
imf1-1 1.57 1.45 0.23 1.37
imf1-2 1.09 1.02 �0.56 0.61
imf1-3 2.81 3.29 �0.55 1.55
imf1-4 2.73 2.50 �1.49 0.11
imf2 �0.33 �0.36 �1.33 �1.25
imf3-2 1.39 1.52 �0.26 0.71
imf4-2 2.45 2.50 1.57 1.74
imf5-2 0.90 0.83 0.48 �0.04
imf6-2 �1.62 �1.65 �2.50 �2.68
imf7-4 �0.03 �0.26 �0.63 0.00
ict2-3 0.46 0.61 0.75 �0.16
lst7-14 �0.74 �1.09 �0.97 �1.06
lst7-30 0.22 0.00 �0.09 0.07
lst7-32 �2.56 �2.30 �2.25 �2.68
lst7-49 �0.62 �0.82 �1.03 �1.26
lct8-1 0.18 0.29 0.20 0.69

Table 3 (continued )

Case dk=s

ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

lct8-2 0.56 0.98 0.72 1.21
lct8-5 0.28 0.46 0.28 0.63
lct8-7 �0.03 0.45 0.04 0.43
lct8-8 �0.12 0.26 �0.44 0.27
lct8-11 �0.33 �0.12 �0.91 0.16
lst2-1 �0.18 �0.20 �0.24 �0.63
lst2-2 �1.43 �1.43 �1.40 �1.46
pmf1 �0.02 �0.01 �0.21 �0.28
pmf2 0.00 0.17 0.63 0.70
pmf3-103 �0.40 �0.41 �0.32 �0.17
pmf5 7.67 0.82 �0.38 1.18
pmf6 0.13 �0.04 �0.37 0.67
pmf8-2 �3.60 �3.68 �4.18 �6.01
pmf9 1.86 1.82 1.94 1.55
pmf10 �0.13 �0.07 �1.26 �0.02
pmf11 0.09 0.22 0.87 �0.07
pmf18 �1.23 �0.16 �0.62 �0.64
pmf19 �0.92 1.17 0.13 0.43
pmf20 �0.59 �0.66 �1.74 0.03
pmf21-1 1.23 1.82 1.35 1.62
pmf21-2 �2.87 �2.53 �2.95 �2.60
pmf22 �0.68 �0.67 �0.85 �1.03
pmf23 �0.03 0.00 �0.86 �0.53
pmf24 0.82 0.88 0.62 0.75
pmf25 �0.53 �0.60 �0.10 �1.64
pmf26 �0.63 �0.52 1.01 �1.13
pci1 1.05 1.08 0.67 �0.17
pst9-3a 5.77 5.66 3.87 4.14
pst11-16-5 1.16 1.23 �0.06 0.49
pst11-18-5 �1.09 �1.09 �2.34 �1.82
pst11-18-6 0.02 0.10 �1.24 �0.67
pst18-9 0.89 0.90 �0.06 0.10
pst21-1 1.52 1.57 �0.41 0.46
pst21-3 0.65 0.75 0.10 0.30
pst34-1 �0.04 0.07 �0.55 �0.77
mmf1 �0.22 �0.22 �0.29 �0.54
mmf3 0.94 0.94 0.91 0.62
mct2-pnl30 �0.20 �0.21 �0.36 �0.31
mct2-pnl31 0.33 0.40 0.14 0.51
mct2-pnl32 �0.38 �0.48 �1.14 �1.00
mct2-pnl33 1.97 1.83 1.28 1.38
mct2-pnl34 0.25 0.14 �0.70 �0.91
mct2-pnl35 1.33 1.33 0.66 0.37
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calculations based on ENDF/B-Ⅶ.1, ENDF/B-Ⅷ.0, and JEFF-3.3, the
numbers of agreed cases are 109, 112, and 113, respectively. With a
confidence level of 68% (1s interval), the numbers of agreed cases
for ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, ENDF/B-Ⅷ.0, and JEFF-3.3 are 71, 70,
74 and 67, respectively.

Analyses of the calculated dk=s values based on different data
libraries were conducted to get a deeper impression of the newly
released data libraries. It is found that for cases umf4-2 and hmi6-4,
the JEFF-3.3 based calculating results show better consistency with
benchmark values, and the difference between the benchmark and
the calculated results based on ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, and
ENDF/B-Ⅷ.0 are all higher than 3s. For cases hmi6-1 and hmi6-2,
the JEFF-3.3 and ENDF/B-Ⅷ.0 based results agree with benchmarks
within 3s, while ENDF/B-Ⅶ.0 and ENDF/B-Ⅶ.1 show difference
higher than 3s. These results again demonstrate the positive effect
of the newly released data libraries.

For case pmf8-2, RMC calculations based on the four data li-
braries are all lower than the benchmark value as shown in Table 3,
and the difference between calculations and benchmark increases
with the update of data libraries. The same phenomenon is
observed for MCNP using ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, and ENDF/B-
Ⅷ.0 data libraries [1,15]. The benchmark uncertainty of pmf8-2 is
60pcm, which is of high precision. The results of pmf8-2 along with



Table 4
The c2 values for different data libraries.

Benchmarks ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

233U 5.49 2.68 1.63 1.76
HEU 4.95 4.33 2.25 1.93
IEU 2.91 3.10 1.35 1.56
LEU 0.85 0.91 0.91 1.27
Pu 4.70 2.57 2.33 2.89
Mix 0.88 0.83 0.62 0.62
Average 4.08 2.92 1.83 1.93

Table 5
The < jDj> values (in pcm) for different data libraries.

Benchmarks ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

233U 270.9 222.8 222.1 255.0
HEU 395.2 318.0 268.6 292.9
IEU 218.1 228.2 196.4 181.9
LEU 96.6 112.0 113.7 140.6
Pu 344.7 311.5 298.1 278.4
Mix 185.6 186.7 187.2 198.6
Average 300.5 262.0 239.6 250.4

Table A1
C/E values and uncertainties for different data libraries

Case ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

umf1 0.99969(113) 0.99964(112) 1.00025(112) 1.00107(113)
umf2-1 0.99925(113) 0.99897(114) 1.00018(113) 0.99992(113)
umf2-2 1.00042(123) 1.00027(123) 1.00173(124) 1.00127(123)
umf3-1 0.99963(113) 0.99936(113) 0.99985(113) 1.00180(114)
umf3-2 1.00010(114) 0.9998(114) 1.0001(114) 1.00293(114)
umf4-1 1.00483(83) 0.99852(84) 0.99961(83) 1.00013(83)
umf4-2 1.00497(94) 0.99528(94) 0.99662(93) 0.99847(94)
umf5-1 0.99443(313) 0.99604(315) 0.99756(314) 0.99748(314)
umf5-2 0.99264(315) 0.99534(315) 0.99717(315) 0.99640(315)
umf6 0.99973(155) 0.99877(155) 1.00008(154) 1.00344(155)
usi1-1 0.98453(855) 0.98575(854) 0.98208(854) 0.98555(855)
ust1-1 1.00140(322) 1.00132(322) 0.9994(322) 1.00249(322)
ust1-2 1.00126(342) 1.00073(342) 0.99861(341) 1.00188(342)
ust1-3 1.00013(342) 0.99969(342) 0.99828(342) 1.00122(342)
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pst9-3a in section 4.1 indicate that more attention should be paid
for the update of plutonium element.

The c2 and < jDj> values of the RMC benchmark validation
suite are presented in Table 4 and Table 5 to provide macroscopic
understanding of the calculated results. The smaller the values of c2

and < jDj> are, the better fit performance the nuclear data libraries
show. It can be noted that the ENDF/B-Ⅷ.0 data library has a better
performance on average.

Taking the C/E results, the dk=s values, and the results of c2 and
< jDj> of the validation suite into consideration, the ENDF/B-Ⅷ.0
neutron data library has a better performance on average compared
with the ENDF/B-Ⅶ.0 neutron data library, ENDF/B-Ⅶ.1 neutron
data library, and the JEFF-3.3 neutron data library.
ust1-4 1.00097(342) 1.00101(343) 0.99921(343) 1.00184(342)
ust1-5 1.00040(342) 1.00048(342) 0.99829(343) 1.00133(342)
ust8 1.00110(298) 1.00098(298) 0.99929(298) 1.00146(298)
uct1-3 1.00442(264) 1.00224(262) 1.00112(262) 1.00328(262)
uct1-6 0.99863(300) 0.99755(301) 0.99532(299) 1.00212(300)
hmf1 1.00002(114) 0.99958(113) 1.00005(113) 1.00004(114)
hmf3-1 0.99505(514) 0.99494(514) 0.99289(513) 0.99598(513)
hmf3-2 0.99442(514) 0.99482(514) 0.99198(513) 0.99546(514)
hmf3-3 0.99920(514) 0.99912(514) 0.99654(514) 0.99984(513)
hmf3-4 0.99740(314) 0.99728(314) 0.99491(313) 0.99829(314)
hmf3-5 1.00161(314) 1.00157(314) 0.99947(315) 1.00264(314)
hmf3-6 1.00180(315) 1.00163(314) 0.99970(314) 1.00293(314)
hmf3-7 1.00206(314) 1.00208(314) 1.00025(313) 1.00360(314)
hmf3-8 1.00852(514) 1.00153(514) 1.00069(514) 1.00142(514)
hmf3-9 1.00949(514) 1.00192(514) 1.00062(514) 1.00147(514)
hmf3-10 1.01271(514) 1.00541(514) 1.00399(514) 1.00498(515)
hmf3-11 1.01682(514) 1.00994(514) 1.00863(514) 1.00990(514)
hmf3-12 1.00813(315) 1.00831(314) 0.99913(314) 1.00505(314)
hmf8 0.99681(173) 0.99648(173) 0.99694(173) 0.99701(174)
hmf9-1 0.99570(165) 0.99807(164) 0.99722(164) 0.99715(164)
hmf9-2 0.99627(164) 0.99760(163) 0.99587(164) 0.99625(164)
hmf11 1.00016(167) 0.99995(166) 0.99745(166) 0.99954(167)
hmf12 0.99957(193) 0.99897(194) 0.99850(194) 0.99891(194)
hmf13 0.99863(163) 0.99820(164) 0.99964(163) 0.99661(163)
hmf14 0.99894(183) 0.99901(183) 0.99654(183) 0.99918(183)
hmf15 0.99491(184) 0.99500(183) 0.99528(183) 0.99485(184)
hmf18-2 0.99965(153) 0.99936(153) 0.99948(153) 1.00003(153)
hmf19-2 1.00702(295) 1.00725(294) 1.0056(293) 1.00646(294)
hmf20-2 1.00077(295) 1.00058(294) 0.99987(295) 1.00036(294)
hmf21-2 0.99761(254) 0.99761(254) 0.99977(254) 0.99661(254)
hmf22-2 0.99792(204) 0.99728(204) 0.99747(204) 0.99708(203)
hmf26-11 1.00301(397) 1.00304(396) 1.00094(397) 1.00187(396)
hmf28 1.00271(315) 1.00306(314) 1.00084(314) 1.00432(314)
hci3-6 0.99544(487) 0.99560(487) 0.99852(487) 1.00130(487)
hmi6-1 0.99527(97) 0.99506(97) 0.99782(97) 0.99813(97)
5. Conclusion

The new releases of the ENDF/B-Ⅷ.0 and JEFF-3.3 neutron data
libraries have been benchmarked by employing the Reactor Monte
Carlo code RMC and the established RMC validation suite. The
processing capability for the continuous representation ENDF/B-
Ⅷ.0 thermal neutron scattering laws was developed for the vali-
dation work. The latest ACE format data libraries of the neutron
reaction and the thermal neutron scattering laws for ENDF/B-Ⅶ.1,
ENDF/B-Ⅷ.0 and JEFF-3.3 were downloaded from the corre-
sponding official sites. The ENDF/B-Ⅶ.0 library was also employed
to provide code-to-code validation for RMC.

Comprehensive analyses including the C/E values with un-
certainties, the dk=s values, and themetrics of c2 and < jDj> , were
conducted and presented. The calculated keff eigenvalues based on
the four data libraries generally agree well with the benchmark
evaluations for most cases. Among the 116 criticality benchmarks,
the numbers of the calculated keff eigenvalues which are in good
agreement with the benchmark evaluations within 3s interval
(with a confidence level of 99.6%) are 107, 109, 112 and 113 for
ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, ENDF/B-Ⅷ.0 and JEFF-3.3 data libraries,
respectively. The c2 and < jDj> values of the ENDF/B-Ⅷ.0 neutron
data library are lower than those of ENDF/B-Ⅶ.0, ENDF/B-Ⅶ.1, and
JEFF-3.3, which indicates a better fit to the benchmark evaluations
for the ENDF/B-Ⅷ.0 data library. In summary, the present results
indicate that the ENDF/B-Ⅷ.0 neutron library has a better perfor-
mance on average.
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Table A1 (continued )

Case ENDF/B-Ⅶ.0 ENDF/B-Ⅶ.1 ENDF/B-Ⅷ.0 JEFF-3.3

hmi6-2 0.99654(96) 0.99678(97) 0.99997(96) 0.99899(96)
hmi6-3 0.99967(107) 0.99952(106) 1.00138(107) 0.99893(107)
hmi6-4 1.00577(96) 1.00582(96) 1.00351(96) 0.99994(96)
hst13-1 0.99744(271) 0.99747(271) 0.99696(271) 0.99662(271)
hst13-2 0.99713(372) 0.99713(372) 0.99681(372) 0.99652(372)
hst13-3 0.99344(374) 0.99300(373) 0.99322(373) 0.99250(373)
hst13-4 0.99538(373) 0.99554(373) 0.99542(373) 0.99481(374)
hst32 0.99802(268) 0.99792(268) 0.99708(268) 0.99588(267)
imf1-1 1.00158(113) 1.00146(113) 1.00023(113) 1.00138(113)
imf1-2 1.00110(114) 1.00103(114) 0.99944(114) 1.00061(113)
imf1-3 1.00146(64) 1.00171(64) 0.99972(63) 1.00080(63)
imf1-4 1.00142(63) 1.00129(63) 0.99923(63) 1.00005(64)
imf2 0.99900(312) 0.99892(312) 0.99600(312) 0.99624(312)
imf3-2 1.00237(183) 1.00259(184) 0.99957(183) 1.00121(183)
imf4-2 1.00737(314) 1.00751(313) 1.00472(313) 1.00524(314)
imf5-2 1.00190(224) 1.00174(223) 1.0010(224) 0.99991(224)
imf6-2 0.99627(243) 0.99619(244) 0.99423(242) 0.99383(243)
imf7-4 0.99997(91) 0.99979(91) 0.99949(91) 1.00000(91)
ict2-3 1.00203(456) 1.00268(457) 1.00331(456) 0.99932(456)
lst7-14 0.99933(105) 0.99901(105) 0.99912(103) 0.99904(103)
lst7-30 1.00020(105) 1.00000(104) 0.99991(104) 1.00007(104)
lst7-32 0.99742(113) 0.99768(114) 0.99773(113) 0.99730(113)
lst7-49 0.99932(123) 0.99910(122) 0.99887(122) 0.99861(122)
lct8-1 1.00030(174) 1.00047(174) 1.00032(174) 1.00110(174)
lct8-2 1.00090(174) 1.00157(173) 1.00116(174) 1.00195(174)
lct8-5 1.00044(174) 1.00074(174) 1.00045(174) 1.00101(174)
lct8-7 0.99995(175) 1.00072(174) 1.00007(174) 1.00070(174)
lct8-8 0.99980(175) 1.00042(174) 0.9993(175) 1.00043(175)
lct8-11 0.99947(175) 0.99981(174) 0.99853(175) 1.00025(175)
lst2-1 0.99953(271) 0.99948(271) 0.99939(272) 0.99835(272)
lst2-2 0.99541(333) 0.99540(333) 0.9955(332) 0.99533(333)
pmf1 0.99997(213) 0.99999(213) 0.99957(213) 0.99943(213)
pmf2 1.00001(213) 1.00034(213) 1.00126(213) 1.00140(213)
pmf3-103 0.99880(315) 0.99876(314) 0.99904(314) 0.99950(315)
pmf5 1.01003(143) 1.00107(144) 0.99950(144) 1.00155(144)
pmf6 1.00040(315) 0.99989(315) 0.99889(315) 1.00202(316)
pmf8-2 0.99778(73) 0.99773(74) 0.99743(74) 0.99630(74)
pmf9 1.00502(284) 1.00492(284) 1.00523(283) 1.00419(284)
pmf10 0.99976(194) 0.99987(193) 0.99773(194) 0.99996(194)
pmf11 1.00009(117) 1.00023(117) 1.00089(116) 0.99993(117)
pmf18 0.99631(315) 0.99953(315) 0.99813(314) 0.99808(314)
pmf19 0.99862(165) 1.00176(164) 1.00020(165) 1.00065(165)
pmf20 0.99899(185) 0.99888(184) 0.99703(185) 1.00004(184)
pmf21-1 1.00320(275) 1.00473(275) 1.00352(275) 1.00423(275)
pmf21-2 0.99252(274) 0.99341(274) 0.99231(274) 0.99324(274)
pmf22 0.99856(223) 0.99859(223) 0.99822(222) 0.99783(223)
pmf23 0.99995(213) 0.99999(214) 0.99828(213) 0.99893(214)
pmf24 1.00164(214) 1.00176(214) 1.00125(214) 1.00150(214)
pmf25 0.99894(214) 0.99880(213) 0.9998(213) 0.99672(214)
pmf26 0.99848(254) 0.99874(255) 1.00243(254) 0.99729(254)
pci1 1.01156(1112) 1.01187(1112) 1.00736(1112) 0.99811(1112)
pst9-3a 1.01906(343) 1.01871(344) 1.01279(343) 1.01366(343)
pst11-16-5 1.00602(539) 1.0064(540) 0.99970(540) 1.00255(539)
pst11-18-5 0.99432(536) 0.99435(536) 0.98784(536) 0.99054(537)
pst11-18-6 1.00009(538) 1.00052(537) 0.99355(538) 0.99649(536)
pst18-9 1.00302(355) 1.00307(355) 0.99979(355) 1.00034(355)
pst21-1 1.00489(339) 1.00503(340) 0.99868(339) 1.00148(339)
pst21-3 1.00424(671) 1.00490(671) 1.00063(671) 1.00193(671)
pst34-1 0.99973(640) 1.00044(639) 0.99661(638) 0.99525(640)
mmf1 0.99964(173) 0.99965(174) 0.99953(173) 0.99914(173)
mmf3 1.00150(174) 1.00151(173) 1.00145(173) 1.00099(173)
mct2-pnl30 0.99880(617) 0.99875(616) 0.99784(617) 0.99812(616)
mct2-pnl31 1.00157(486) 1.0019(486) 1.00066(486) 1.00238(487)
mct2-pnl32 0.99881(327) 0.99849(327) 0.99646(326) 0.99689(326)
mct2-pnl33 1.00475(256) 1.00441(256) 1.00309(256) 1.00332(256)
mct2-pnl34 1.00064(266) 1.00036(265) 0.99823(265) 0.99771(266)
mct2-pnl35 1.00361(286) 1.00361(285) 1.00179(285) 1.00102(286)
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