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a b s t r a c t

This paper presents the neutronics benchmark analysis of the first core of the Indonesian multipurpose
research reactor RSG-GAS (Reaktor Serba Guna G.A. Siwabessy) calculated by the Serpent Monte Carlo
code and the newly released ENDF/B-VIII.0 nuclear data library. RSG-GAS is a 30 MWth pool-type ma-
terial testing research reactor loaded with plate-type low-enriched uranium fuel using light water as a
coolant and moderator and beryllium as a reflector. Two groups of critical benchmark problems are
derived on the basis of the criticality and control rod calibration experiments of the first core of RSG-GAS.
The calculated results, such as the neutron effective multiplication factor (k) value and the control rod
worth are compared with the experimental data. Moreover, additional calculated results, including the
neutron spectra in the core, fission rate distribution, burnup calculation, sensitivity coefficients, and
kinetics parameters of the first core will be compared with the previous nuclear data libraries (inter-
library comparison) such as ENDF/B-VII.1 and JENDL-4.0. The C/E values of ENDF/B-VIII.0 tend to be
slightly higher compared with other nuclear data libraries. Furthermore, the neutron reaction cross-
sections of 16O, 9Be, 235U, 238U, and S(a,b) of 1H in H2O from ENDF/B-VIII.0 have substantial updates;
hence, the k sensitivities against these cross-section changes are relatively higher than other isotopes in
RSG-GAS. Other important neutronics parameters such as kinetics parameters, control rod worth, and
fission rate distribution are similar and consistent among the nuclear data libraries.
© 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

Recently, the Cross Section Evaluation Working Group, in
collaboration with several international organizations has released
a new ENDF/B-VIII.0 nuclear data library [1]. The new nuclear data
cover neutron reaction libraries for 557 isotopes and thermal
scattering libraries for 34 materials. The release is a significant
improvement compared with its predecessor ENDF/B-VII.1, which
has neutron reaction libraries for 423 isotopes and thermal scat-
tering libraries for 21 materials [2]. Additionally, the new nuclear
data adopts substantial updates for neutron reaction libraries such
as 1H, 9Be, 56Fe, 235U, and 238U [1] that affect the criticality calcu-
lation [3e5] including the first core of the Indonesian multipurpose
nto).

by Elsevier Korea LLC. This is an
research reactor RSG-GAS.
The first core of RSG-GAS is a neutronics benchmark problem

defined as a research reactor with 20% enriched U3O8 fuel dispersed
in the Al matrix using light water a moderator/coolant and beryl-
lium reflectors [6]. The benchmark was derived from the reactor
physics experiments during the first criticality of the reactor back in
the mid of 1987. Only a few well-documented critical benchmark
problems are available and open to the public based on a research
reactor that uses 20% enriched uranium fuels. Therefore, the first
core of the RSG-GAS benchmark problem is considered important,
and it can be used to verify and validate the neutronics calculation
tool and the nuclear data library to support the research reactor
community as suggested by Komuro [7].

The benchmark problem consists of two different core config-
urations, one is the first criticality core that has nine fresh standard
fuel elements and six control fuel elements, and another is the first
working core of RSG-GAS that is made up of 12 fresh standard fuel
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Fig. 1. Standard (left) and control (right) fuel element layout.

Table 1
Major parameters of standard and control fuel elements [6].

Parameter Value

Dimension (mm) 77.1 � 81 � 600
Fuel plate thickness (mm) 1.3
Coolant channel width (mm) 2.55
No. of plate per FE 21
No. of plate per CE 15
Fuel plate clad material AlMg2
Fuel plate clad thickness (mm) 0.38
Fuel meat dimension (mm) 0.54 � 62.75 � 600
Fuel meat material U3O8eAl
U-235 enrichment (wt%) 19.75
U density in meat (g/cc) 2.96
U-235 loading per FE (g) 250
U-235 loading per CE (g) 178.6
Absorber meat material AgeIneCd
Absorber thickness (mm) 3.38
Absorber clad material SS-321
Absorber clad thickness (mm) 0.85
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elements and six control fuel elements. Liem [6] described the
detail of the first core criticality experiment. Since the benchmark
problem was established, extensive works such as criticality cal-
culations using the Monte Carlo codes [6,8e12], criticality calcu-
lation using deterministic codes [13,14], and control rod worth
calculation using the Monte Carlo and deterministic codes [15]
have been done.

In this study, the new ENDF/B-VIII.0 is applied to these bench-
mark problems to investigate the impact of the newly released li-
brary on the RSG-GAS. The benchmark calculation work covers the
effective neutron multiplication factor and control rod worth,
which are compared against the experimental data. Furthermore,
neutron spectra in the core, fission rate distributions, kinetics pa-
rameters, burnup calculation, and the sensitivity coefficients of the
first core calculated using ENDF/B-VIII.0 are also compared with the
ones with the previous version of nuclear data libraries such as
ENDF/B-VII.1 [2] and JENDL-4.0 [16]. The calculations have been
performed by using the 3-D continuous-energy Serpent Monte
Carlo code [17]. The Monte Carlo method is recognized for its ac-
curacy because it solves the neutron transport equation without
any approximations, such as no simplification in the geometry and
no discretization in the neutron energy. Conversely, the computing
time of the Monte Carlo method is expected to be longer. None-
theless, the issue can be managed with the recent advancement in
computing technology. The Serpent Monte Carlo code is chosen in
this study because it is widely used and well verified and validated,
including its application for the research reactor. Moreover, the
computing speed of Serpent is expected to be faster because it
adopts the unionized energy grid format and the Woodcock delta-
tracking method [17].

The rest of this paper is organized as follows: Section 2 discusses
the description of the RSG-GAS first core, Section 3 analyzes and
deals with the results, and Section 4 presents the conclusions and
recommendations for future works.
2. First core of RSG-GAS description

The RSG-GAS multipurpose research reactor is a pool-type
material testing research reactor that is owned and operated by
the Indonesian National Nuclear Energy Agency (BATAN). The
location is in Serpong, West Java, and it can operate at a maximum
power of 30 MWth for approximately 30 full power days and
achieve the maximum discharge burnup up to 53.7%. The reactor
uses low-enriched uranium (19.75% U-235) fuel using light water as
a moderator and coolant, and beryllium reflectors. Initially, the fuel
was U3O8 dispersed in the Al matrix; however, it was converted to
U3Si2 fuel dispersed in the Al matrix. The typical working core was
loaded with 40 standard and control fuel elements. Since it reached
the first criticality in July 1987, RSG-GAS has been used for many
applications, such as the production of medical and industrial ra-
dioisotopes, the irradiation of gemstones, and the testing of
materials.

Fig. 1 and Table 1 show the standard and control fuel element
configuration and parameters. As depicted, the standard fuel
element (FE) consists of 21 fuel plates, while the control fuel
element (CE) has 15 fuel plates to provide a space for the control
rods. Each fuel plate contains 19.75% enriched U3O8 meat dispersed
in an aluminum matrix and surrounded by aluminum cladding on
both sides of the fuel meat. The fuel plates are arranged and held by
two Al side plates. Meanwhile, the control rod (CR) is a fork-type
containing a silver-indium-cadmium absorber.

As mentioned above, two core configurations were documented
during the experiment to achieve the first working core. Fig. 2



Fig. 2. First criticality core configuration of RSG-GAS.

Fig. 3. First working core configuration of RSG-GAS.
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Table 2
Calculation cases for the first core of RSG-GAS.

First group (First criticality and excess reactivity loading) Remarks

First criticality (nine FEs, six CEs, RR inserted up to 475 mm) Critical
Full core (12 FEs, six CEs, CRs all up) Supercritical, k ¼ 1.09242 [10]
Full core (12 FEs, six CEs, CRs all down) Subcritical,

CR worth ¼ 17.18% [10]

Second group (Control rod calibrations, full core/12 FEs, six CEs) Remarks

CR ID: JDA06
C-8 fully inserted, other rods inserted up to 290 mm

Critical

CR ID: JDA01
E�9 fully inserted, other rods inserted up to 284 mm

Critical

CR ID: JDA03
F-8 fully inserted, other rods inserted up to 293 mm

Critical

CR ID: JDA05
C-5 fully inserted, other rods inserted up to 288 mm

Critical

CR ID: JDA04
F-5 fully inserted, other rods inserted up to 290 mm

Critical

CR ID: JDA07
D-4 fully inserted, other rods inserted up to 282 mm

Critical

Table 3
C/E of k for different nuclear data libraries.

First group ENDF/B-VIII.0 ENDF/B-VII.1 JENDL-4.0

First criticality 1.0058 1.0051 1.0047
Full core (CRs all up) 1.0065 1.0064 1.0062
Full core (CRs all down) N/A N/A N/A

Second group

CR ID: JDA06 1.0031 1.0030 1.0026
CR ID: JDA01 1.0031 1.0028 1.0025
CR ID: JDA03 1.0043 1.0041 1.0037
CR ID: JDA05 1.0043 1.0041 1.0038
CR ID: JDA04 1.0048 1.0045 1.0042
CR ID: JDA07 1.0045 1.0042 1.0038

Fig. 4. Neutron spectra for diffe
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depicts the smallest core arrangement that achieved the first crit-
icality. Nine FEs are located at grids C-6, C-7, D-5, D-7, D-8, D-9, E�6,
E�8, and F-7, while the six CEs are located at grids C-5, C-8, D-4,
E�9, F-5, and F-8. The regulation rod (RR, positioned at grid C-8)
was inserted slightly to make the core critical. By contrast, the first
full working core configuration, illustrated in Fig. 3, consists of 12
FEs and six CEs. The locations of the six CEs are identical to the
previous configuration. However, in addition to the nine FEs in the
first criticality core, three more were added at grids E�4, E�5, and
F-6. Moreover, the number of beryllium reflector surrounding the
core was increased in the latter configuration to reduce the neutron
leakage. This core configuration was made critical by inserting
partial control rods into the core.

Table 2 summarizes the benchmark calculation cases of the first
rent nuclear data libraries.



Table 4
Effect of specific isotope neutron reaction library from ENDF/B-VIII.0 on k of other
nuclear data libraries.

Isotopes from ENDF/B-VIII.0 ENDF/B-VII.1 JENDL-4.0

27Al in fuel �7.00 ± 4.67 �2.00 ± 4.67
27Al in structural �4.00 ± 4.67 �29.00 ± 4.60
9Be �28.00 ± 4.67 �165.00 ± 4.60
1H �56.00 ± 4.67 �51.00 ± 4.60
16O in fuel �12.00 ± 4.60 0.00 ± 4.60
16O in coolant �93.00 ± 4.67 �148.00 ± 4.67
235U 59.00 ± 4.60 72.00 ± 4.60
238U 28.00 ± 4.60 47.00 ± 4.60
S(a,b) of 1H in H2O �29.00 ± 4.67 180.00 ± 4.60
S(a,b) of 9Be �8.00 ± 4.67 4.00 ± 4.67

Fig. 6. k as a function of burnup for different nuclear data libraries.
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core of RSG-GAS performed in this work and categorizes them into
the first and second groups. The first group has three cases, but only
the first criticality case was measured directly during the criticality
approach experiment. The other two cases were derived on the
basis of the incorporation of the experimental result and additional
analytical calculation [8,10]. Meanwhile, the second group has six
critical cases, and they were evaluated directly from the control rod
calibration experiment. Each case in the second group is identified
by its corresponding control rod identification number such as
JDA01 for the control rod at grid E�9.
3. Analysis results and discussion

Before dealing with the results, the 3-D calculation model and
condition are discussed briefly, and the geometry of the active re-
gion of the first core RSG-GAS in this work is modeled explicitly.
However, homogenized mixture models by conserving the volume
of each region are used for the top and end-fitting regions of the
elements, core grid, and bottom supports. This approach is ex-
pected to have a negligible impact on the criticality calculation
because they are located outside of the active core region. All
components in the core have a temperature of 300 K. The Serpent
Fig. 5. Relative radial fission power distribu
Monte Carlo code has been used with 400,000 neutron histories
per cycle, and the total number of cycles is 2200 with 200 inactive
cycles. Using this calculation conditions, the standard deviation of k
is less than 4 pcm. Moreover, the thermal scattering libraries S(a,b)
for hydrogen in the light water and beryllium as metal are included
in the calculation.

Table 3 compares the ratio of the k values of Serpent to the
experimental values for different nuclear data libraries and for core
configurations. Overall, the calculation results are very close to the
experimental results taking into account the uncertainties due to
nuclear data is about 0.006 [11], and the new ENDF/B-VIII.0 pro-
vides slightly higher k values than other libraries. The highest
overestimationwas observed for the full core configurationwithout
any insertion of control rods (1st group, 2nd case), which is nearly
0.646%. It was expected as the reference k value was not purely
experimental data. During the experiment, the excess reactivity
tion for different nuclear data libraries.



Table 5
Positive sensitivities of k.

Isotope Reaction ENDF/B-VIII.0 Ratio of ENDF/B-VII.1 to ENDF/B-VIII.0 Ratio of JENDL-4.0 to ENDF/B-VIII.0

235U n prompt 9.878E-01 1.00 1.00
235U (n,f) 3.503E-01 1.00 1.00
1H (n,el) 2.922E-01 1.01 1.01
9Be (n,el) 5.967E-02 1.02 1.01
16O (n,el) 4.275E-02 1.02 1.00
1H S(a,b) 2.807E-02 0.92 1.07
27Al (n,el) 2.767E-02 1.00 1.05
9Be (n,xn) 1.100E-02 1.03 1.05
27Al (n,inl) 1.082E-02 1.02 0.93
9Be S(a,b) 7.394E-03 0.91 0.64
235U n delayed 7.281E-03 1.01 1.01
238U n prompt 4.806E-03 1.01 1.03
238U (n,el) 4.675E-03 0.97 1.03
238U (n,f) 3.373E-03 1.01 1.01
238U (n,inl) 2.032E-03 1.04 1.13
56Fe (n,el) 1.752E-03 0.98 1.04

Table 6
Negative sensitivities of k.

Isotope Reaction ENDF/B-VIII.0 Ratio of ENDF/B-VII.1 to ENDF/B-VIII.0 Ratio of JENDL-4.0 to ENDF/B-VIII.0

1H (n,g) �1.679E-01 1.00 1.01
235U (n,g) �1.237E-01 0.99 0.99
27Al (n,g) �5.061E-02 1.01 0.99
238U (n,g) �3.758E-02 1.01 1.02
9Be (n,g) �8.391E-03 1.01 0.93
55Mn (n,g) �4.346E-03 1.01 1.02
109Ag (n,g) �3.388E-03 1.01 1.02
115In (n,g) �2.450E-03 0.97 0.98
107Ag (n,g) �1.777E-03 1.02 1.04
16O (n,g) �1.759E-03 0.76 0.75
113Cd (n,g) �1.351E-03 1.03 0.96
56Fe (n,g) �1.217E-03 1.02 1.01

Fig. 7. Control rod worth for different nuclear data libraries.
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was evaluated by the summation of the individually measured
control rod reactivity, and the interference effect of the control rod
was neglected. Moreover, the excess reactivity was initially in a unit
of $, and it was converted later using the beff (total effective delayed
neutron fraction) value calculated by the Monte Carlo method as
the measured beff value was unavailable [10].

For the achievement of prime insight into the new ENDF/B-VIII.0
nuclear data library, the neutron spectra in the fuel meat are
compared in Fig. 4, the effect of the neutron cross-section of the
specific isotope from ENDF/B-VIII.0 is investigated and presented in
Table 4, and the radial power distribution is plotted in Fig. 5. The
calculation was performed for the full core configuration without
any control rods (1st group, 2nd case). Fig. 4 depicts that a sharp
increase arises in the relative difference of the spectra at the high
neutron energy region, which is regarded as likely as the neutron
flux at that energy is fairly low and thus the uncertainty of flux for
that energy region calculated by Serpent is high. However, the
neutron spectrum by JENDL-4.0 has a higher relative difference to
ENDF/B-VIII.0 compared with ENDF/B-VII.1.

Table 4 shows the effect of the neutron cross-section library of
several main isotopes in RSG-GAS from ENDF/B-VIII.0 on the k value
of other nuclear data libraries. For ENDF/B-VII.1, the maximum
decrease of k is given by 16O (in coolant) roughly 93 pcm, followed
by 1H (in coolant) approximately 56 pcm, S(a,b) of H in H2O nearly
29 pcm, and 9Be roughly 28 pcm from ENDF/B-VIII.0, and k in-
creases approximately 59 pcm when 235U from ENDF/B-VIII.0 is
used. For JENDL-4.0, replacing 9Be and 16O (in coolant) with ENDF/
B-VIII.0 decreases k by roughly 165 pcm and 148 pcm, respectively,
whereas replacing S(a,b) of H in H2O, 235U, and 238U with ENDF/B-
VIII.0 increases k by nearly 180 pcm, 72 pcm, and 47 pcm, respec-
tively. It is worth mentioning that 1H, 16O, 235U, and 238U are the
isotopes that have major updates in ENDF/B-VIII.0 from CIELO
(Collaborative International Evaluated Library Organization) eval-
uations [18]. Isotope Be-9 and S(a,b) for H in H2Owere also updated
in ENDF/B-VIII.0 [1].

The relative fission rate distribution is calculated by scoring the
fission reaction rate using the reaction multiplier in Serpent. The
result illustrated in Fig. 5 shows the peak-to-average radial fission



Table 7
Kinetics parameters for different nuclear data libraries.

First group Kinetics Parameters ENDF/B-VIII.0 ENDF/B-VII.1 JENDL-4.0 Abs. RMSE

First criticality beff (pcm) 747.16 ± 1.6 747.44 ± 1.6 749.30 ± 1.6 0.95
L (ms) 84.06 ± 0.04 84.95 ± 0.04 86.81 ± 0.04 1.14
a (1/s) �88.84 ± 0.20 �87.94 ± 0.19 �86.27 ± 0.19 1.07

Full core (CRs all up) beff (pcm) 730.01 ± 1.4 730.08 ± 1.4 730.30 ± 1.5 0.12
L (ms) 73.91 ± 0.03 74.69 ± 0.03 76.20 ± 0.03 0.95
a (1/s) �98.82 ± 0.20 �97.83 ± 0.19 �95.61 ± 0.19 1.34

Full core (CRs all down) beff (pcm) 742.94 ± 1.7 743.42 ± 1.7 744.74 ± 1.7 0.76
L (ms) 67.70 ± 0.03 68.32 ± 0.03 69.38 ± 0.03 0.70
a (1/s) �109.73 ± 0.26 �108.79 ± 0.26 �107.31 ± 0.25 0.99
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power distribution in each fuel elements. It is shown that there is a
good agreement among the three libraries with a relative difference
of less than 0.8%.

A hypothetical depletion calculation was also performed for the
same core configuration with all control rods withdrawn. The
thermal power was set to 10 MWth in the calculation to accom-
modate a small core size, and it was depleted up to 25 days. The
Chebyshev Rational Approximation Method was selected as the
depletion algorithm, while linear extrapolation and linear inter-
polation are adopted for the predictor and corrector methods,
respectively, as recommended [19]. For each library, its corre-
sponding version of radioactive decay data and neutron fission
yield data was used. Fig. 6 depicts that the k values as the function
of burnup among the three libraries are consistent, and the fraction
losses of 235U after 25 days for ENDF/B-VIII.0, ENDF/B-VII.1, and
JENDL-4.0 are 7.617%, 7.605%, and 7.602%, respectively, which
shows excellent agreement among the nuclear data libraries.
However, the impact of the updated decay data library can be
considered small in this hypothetical burnup calculation as the
power used is small and the total burn days are 25 days.

The k sensitivity analysis was also performed for the 1st case of
the 2nd group (CR ID: JDA06) where the control rod was calibrated;
thus, the sensitivity of the isotopes and reactions in the control
absorber can be analyzed. The k sensitivity is defined as the ratio
between the relative change in k to the relative change in param-
eters such as cross section and n (average number of neutrons per
fission). In Serpent, the sensitivity is calculated by the collision
history method [20]. The results are presented in Tables 5 and 6 for
positive and negative sensitivities to k, respectively. Only the sen-
sitivities that have an absolute value larger than 0.1% are shown and
the ratio of calculated sensitivity using ENDF/B-VII.1 or JENDL-4.0 to
ENDF/B-VIII.0 that has an absolute difference larger than 5% are
highlighted in grey. Table 5 exhibits that the elastic scattering is the
dominant reaction contributing to the positive sensitivities, fol-
lowed by others such as n, fission, S(a,b), inelastic scattering, and
neutron production (n,xn). The top five contributors in Table 5 are n

prompt and (n,f) of 235U, (n,el) of 1H, 9Be, and 16O, and S(a,b) of 1H in
H2O. Meanwhile, in Table 6, the dominant reaction of the negative
sensitivities is neutron capture, and the top 5 contributors are 1H,
235U, 27Al, 238U, and 9Be. These results are also consistent with the
previous sensitivities produced by Whisper-1.1 and ENDF/B-VII.1
[11]. With regard to the inter-library comparison, JENDL-4.0 pro-
duces significant differences compared with ENDF/B-VIII.0, espe-
cially for S(a,b) of 9Be, (n,g) of 16O, (n,inl) of 238U, S(a,b) of 1H in H2O,
(n,inl) of 27Al, and (n,g) of 9Be, while ENDF/B-VII.1 provides signif-
icant differences for (n,g) of 16O and S(a,b) of 9Be and 1H in H2O.
These results are clearly reflected in Table 4 when the specific
isotope neutron reaction library from ENDF/B-VIII.0 is used.

The total control rod worth is compared in Fig. 7, and it is
defined as the reactivity difference when all control rods are
withdrawn and inserted. During the experiment, the worth of each
control rod was measured by the shim rod bank compensation
method, and the arithmetic summation of each control rod worth
was done to obtain the total control rod worth, without considering
the rod shadowing effect. Accordingly, the difference is noticed
between the experimental and calculated results. However, the
total control rod worth of the three nuclear data libraries agrees
very well with an absolute root mean square error (RMSE) of 0.03.

The calculated kinetics parameters, beff (total effective delayed
neutron fraction) L (prompt neutron generation lifetime), and a
(Rossi-alpha value) are summarized in Table 7 for the core config-
urations in the 1st group. The kinetics parameters were calculated
using the adjoint method available in Serpent, specifically by the
iterated fission probability method. Generally, the value of the ki-
netics parameters for each core is consistent among the three nu-
clear data libraries with the maximum absolute RMSEs of 0.95, 1.14,
1.34 for beff, L, and a respectively.
4. Conclusions

The newly released ENDF/B-VIII.0 nuclear data library has been
adopted to characterize several important neutronics parameters of
the first core of the Indonesian multipurpose research reactor RSG-
GAS benchmark problem. The Serpent Monte Carlo code has been
used as the calculation tool. Moreover, the C/E of the k values by
ENDF/B-VIII.0 tends to be slightly higher than other nuclear data
libraries, and the maximum value is approximately 1.00646 for the
full working core configuration when all the control rods are
withdrawn. The 16O neutron cross from ENDF/B-VIII.0 provides the
largest reduction to the k value of ENDF/B-VII.1 and using 9Be and
16O neutron cross sections from ENDF/B-VIII.0 contributes largely to
the decrease of the k value of JENDL-4.0. On the one hand, replacing
S(a,b) of 1H in H2O, 235U and 238U neutron cross sections from
ENDF/B-VIII.0 cause the increase of the k value of JENDL-4.0. These
isotopes also produce relatively high sensitivity coefficients of k. On
the other hand, the kinetics parameters, control rod worth, fission
rate distribution, and average burnup in %loss of 235U are consistent
among the nuclear data libraries. In the future, the uncertainty
analysis of k using ENDF/B-VIII.0 is planned to be conducted.
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