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a b s t r a c t

A review of the documentation and an interpretation of the NEA-1517/74 and NEA-1517/80 shielding
benchmarks (measurements of photon leakage flux from a hollow sphere with a central 14 MeV neutron
source) from the SINBAD database with the Monte Carlo code MCS and the most up-to-date ENDF/B-
VIII.0 neutron data library are conducted. The two analyzed benchmarks describe satisfactorily the en-
ergy resolution of the photon detector and the geometry of the spherical samples with inner beam tube,
tritium target and cooling water circuit, but lack information regarding the detector geometry and the
distances of shields and collimators relatively to the neutron source and the detector. Calculations are
therefore conducted for a sphere model only. A preliminary verification of MCS neutron-photon calcu-
lations against MCNP6.2 is first conducted, then the impact of modelling the inner beam tube, tritium
target and cooling water circuit is assessed. Finally, a comparison of calculated results with the libraries
ENDF/B-VII.1 and ENDF/B-VIII.0 against the measurements is conducted and shows reasonable agree-
ment. The MCS and MCNP inputs used for the interpretation are available as supplementary material of
this article.
© 2019 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

This paper presents a review and interpretation with the most
up-to-date neutron data library ENDF/B-VIII.0 [1] of reactor
shielding experiments known as NEA-1517/74 and NEA-1517/80 in
the Shielding Integral Benchmark Archive and Database (SINBAD)
[2]. The SINBAD database is maintained jointly by the Radiation
Safety Information Computational Center (RSICC) and the Nuclear
Energy Agency (NEA) Data Bank. It contains compilations and
evaluations of over 100 shielding benchmarks and is widely used
for computer code and neutron/gamma nuclear data validation [3].

The NEA-1517/74 [4] and NEA-1517/80 [5] experiments, released
in SINBAD from 2005, were conducted at the Russian Federal Nu-
clear Center (RFNC) in Snezhinsk and deal with the measurements
of photon leakage from hollow spherical samples with a central
14 MeV neutron source produced by deuterium-tritium (D-T)
fusion. Measurements for seven (Al, Ti, Fe, Cu, Zr, Pb and 238U) and
Engineering, Ulsan National
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by Elsevier Korea LLC. This is an
three (H2O, NaCl, SiO2) sphere materials are available respectively
in the NEA-1517/74 and NEA-1517/80 experiments, for the purpose
of the validation of neutron-transport data, gamma-production
data from neutron interactions and photon-transport data. The
benchmark data is of special interest for fusion applications as the
accurate determination of dose due to the gammas generated by
14 MeV D-T neutrons is an important challenge of fusion devices
[6]. From a broader point of view, accurate gamma flux and cor-
responding values of photon KERMA (Kinetic Energy Released per
MAss) are crucial for the thermal studies and material strength
studies of material-testing reactors [7,8] and fast reactors [9] and
for the determination of hot spots in the pin power map of light-
water reactors [10].

Investigation of the literature reveals that the first interpreta-
tion of the photon leakage measurements for the ten sphere ma-
terials was conducted in 2004 by the RFNC benchmark authors
with the MCNP.4a code and the neutron-data libraries ENDL-92,
ENDF/B-V and ENDF/B-VI [11]. Significant discrepancies between
calculated and experimental photon spectra were observed and
recommendations to correct the nuclear data were established. A
second interpretation was conducted in 2017 for the iron sphere
and water sphere only to test the available photo-atomic data li-
braries for fusion applications [12]. The two cases were calculated
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with the MCNP6 code, the neutron-data library ENDF/B-VII.1 and
the photon-atomic libraries 04p, 84p and 12p from the MCNP code
package. A good consistency was observed between measured and
calculated photon spectra and no significant difference was
observed between the calculations with the three tested photo-
atomic libraries. The most recent interpretation was conducted in
2018 for five sphere materials (Al, Cu, Zr, Pb and water spheres)
with the Monte Carlo code McCARD and the neutron-data libraries
ENDF/B-VII.0, ENDF/B-VII.1 and JENDL-4.0 [13]. The calculated
photon spectra from the three libraries were shown to be similar
and consistent with the measured spectra. In conclusion of this
literature survey, a full interpretation of the RFNC photon leakage
measurements (all the ten sphere materials) is yet to be conducted
with the most up-to-date nuclear data library ENDF/B-VIII.0. This
paper aims at conducting exactly this review and interpretation to
provide additional validation of the ENDF/B-VIII.0 library and
feedback to the evaluators regarding the gamma-production data
of the ENDF/B-VIII.0 library.

The plan of this study is as follows. The calculation tools (MCS
Monte Carlo code, ENDF/B-VIII.0 & EPICS2014 nuclear data library)
used for the interpretation are first presented. The NEA-1517/74 and
NEA-1517/80 experiments are described and a reviewof the options
to model those experiments is provided. Further, the results are
presented and include a code-to-code comparison to verify the
photonfluxcalculation ofMCS in coupledneutron-photon transport
mode against the Monte Carlo code MCNP6.2, sensitivity studies to
assess the impact of modelling choices and libraries on the calcu-
lated results, and the interpretation of the experimental data for all
the ten sphere materials with the MCS code, the neutron-data li-
brary ENDF/B-VII.1 and ENDF/B-VIII.0 and the photon-data library
EPICS2014. Conclusions and perspectives are finally drawn out.

2. Presentation of calculation tools

2.1. Monte Carlo code MCS

MCS is a 3D continuous-energy neutron-photon transport
Monte Carlo code under development at the Ulsan National Insti-
tute of Science and Technology in South Korea since 2013. MCS
allows for criticality and depletion runs (for nuclear reactor core
analysis) and fixed-source runs with neutrons and/or photon
sources (for shielding problems). MCS neutron transport kernel has
notably been validated against ~300 ICSBEP criticality benchmarks
[14] and the BEAVRS benchmark [15]. MCS photon transport kernel
for shielding problems with a fixed photon source mode has been
verified by comparison against the Monte Carlo code MCNP6.1 [16].
Neutron-transport data, gamma-production data and photon-
transport data for MCS are based on ACE files generated with the
NJOY processing code [17].

2.2. Neutron and photon data library

The evaluated nuclear reaction data library ENDF/B-VIII.0 was
released in February 2018 by the Cross Section Evaluation Working
Group (CSEWG) and has been previously tested against three 14-
MeV neutron transmission experiments: Lawrence Livermore Na-
tional Laboratory (LLNL) pulsed spheres, Fusion Neutronics Source
(FNS) in Japan and the Oktavian experiments (the detailed listing of
14-MeV neutron transmission experiments against which both
ENDF/B-VII.1 and B-VIII.0 libraries were tested is detailed in
Ref. [18]). The interpretation of the 14-MeV neutron transmission
experiments from RFNC (NEA-1517/74& 80 benchmarks) has never
been conducted to our knowledge with the ENDF/B-VIII.0 library
and the interpretation results presented in the next sections will
therefore provide additional validation to the ENDF/B-VIII.0 library.
For the materials of interest in the NEA-1517/74 & 80 benchmarks
(i.e. Al, Ti, Fe, Cu, Zr, Pb, 238U, H2O, NaCl, SiO2), the following changes
in the ENDF/B-VIII.0 library compared to the previous ENDF/B-VII.1
library are expected to have an impact on the interpretation:

- 27Al, 23Na, 28Si, 35,37Cl: updated thermal capture gamma data
(more than 100 new gamma lines added in total);

- 54,56,57,58Fe, 63,65Cu: updated neutron cross sections (especially
capture cross sections);

- 238U: new prompt fission gamma spectrum, averagemultiplicity
and average energy.

No relevant changes are noted for the isotopes of Ti, Zr and Pb.
The photon-transport data associated with the ENDF/B-VIII.0

release is the EPICS2017 (Electron-Photon Interaction Cross Sec-
tions) library with updated binding energies (and hence updated
photoelectric cross sections and coherent scattering data)
compared to the previous EPICS2014 library associated with the
ENDF/B-VII.1 library.

The calculations in the next sections are conducted only with
the EPICS2014 photon library to isolate the effects of the change in
the neutron library from ENDF/B-VII.1 to ENDF/B-VIII.0. The effect
of the changes between EPICS2014 and EPICS2017 on the inter-
pretation of the RFNC benchmark is not tested but is expected to be
negligible anyway because the photon measurements of the RFNC
benchmark are conducted above 0.37 MeV, well above the updated
binding energies (the maximum binding energy is ~143 keV for
fermium Z¼ 100). The 12p photo-atomic cross sections fromMCNP
package (eprdata12 file) are employed in all the calculations.

3. SINBAD NEA-1517/74 & NEA-1517/80 (RFNC) benchmarks

3.1. Description

The following technical data comes from Refs. [4,5]. The
experimental layout is presented in Fig. 1. The main components
are: a 14-MeV neutron source at the center of a spherical sample; a
steel rod of diameter 3 cm and length 40 cm placed between the
neutron source and the detector to improve the photon-to-neutron
ratio at the location of the detector; a polyethylene collimator of
length 60 cm and diameter 50 cm; a polyethylene (CH2) cylinder of
length 20 cm and diameter 10 cm, located at the entrance of the
wall collimator to reduce the neutron background on the detector;
a concrete wall with a polyethylene collimator and a lead colli-
mator; and the detector placed in a shield of 5-cm-thick lead bricks
to reduce the background of scattered photons and cosmic rays.

The spherical samples have an internal radius of 5 cm and
external radius of 10 cm (geometrical tolerance ± 1 mm). Ten
different spherical samples are used, with the weights of the
samples given in Table 1. For the three samples made of loose
materials (water H2O, salt NaCl, sand SiO2), a spherical iron
container is used (about 0.5mm thick, between the radii 4.95e5 cm
for the inner surface and 10e10.05 cm for the outer surface). The
design of the target unit (beam tube inside the spherical sample
with cooling water circuit for the tritium target) is illustrated in
Fig. 2. The arrangement of the layers at the end of the beam tube, in
the direction of the deuteron beam, is as follows: the tritium target,
which is a 0.05-mm-thick zirconium foil saturated with tritium
located at the center of the sphere; a 3-mm-thick copper layer; the
coolingwater (thickness 1.5 mm); a 0.5-mm-thick copper layer (the
geometrical tolerance of those values is±0.1mm). The gap between
the inner and external jacket (materials 2 and 3 in Fig. 2) on the side
of the beam tube is also filled with cooling water. Deuterons are
accelerated by a 200-kV accelerator (deuteron current
200e500 mA) to collide with the tritium target, thus producing 14-



Fig. 1. Layout of RFNC 14-MeV neutron transmission experiment (dimensions in cm) [4].

Table 1
Weights of the spherical samples in kg.

Al Ti Fe Cu Zr Pb 238U H2O SiO2 NaCl

9.86 16.17 26.9 29.92 23.66 39.11 67.8 3.60 5.34 5.13
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MeVD-T neutrons which in turn interact with the sphere and target
materials and generate gamma photons.

The photon leakage from the outer surface of the spherical
samples is measured in the energy range 0.37 MeVe8.16 MeV by a
scintillation detector (stilbene crystal of diameter 60mmandheight
60 mm) located 8.5 m away from the center of the sphere. The stil-
bene crystalwas adoptedbecause the scintillationpulse shapeoffers
excellent neutron-photon discrimination and its own neutron acti-
vation does not perturb the results. One downside of the stilbene
crystal is its relatively poor energy resolution, in the range 15e20%
for energies <0.5 MeV, about 10% for 60Co lines (1.17 and 1.33 MeV)
and about 6e7% for energies > 3 MeV. The unfolding process from
the electron-recoil spectra of the detector to the photon spectra in
the energy domainwas conducted using a mathematical method of
“generalized differentiation” described in Ref. [19].

The total uncertainty in the absolute values of measured photon
spectra is estimated at around 12%, accounting for several sources
Fig. 2. Design of the target uni
of uncertainty that are assumed to be uncorrelated: statistical un-
certainty in the detector counting (about 5%) and efficiency (about
8%), uncertainty in the mathematical processing of the experi-
mental spectra (about 7%) and uncertainty in the sphere radii and
size of the tritium target. This 12% uncertainty is assumed at three
standard deviations (3s).

In addition to photon measurements, the NEA-1517/74 bench-
mark contains total neutron leakage measurements for the seven
spheres (Al, Ti, Fe, Cu, Zr, Pb and 238U). The data, which is incorrectly
presented as photon flux leakage in Ref. [4], is reproduced in
Table 2. Absolute measurements of the neutron flux in the instal-
lation were conducted with aluminum dosimeters exploiting the
reaction 27Al(n,a)24Na and applied to calibrate an all-wave detector.
The values in Table 2 were then measured experimentally as a
relationship of the count rate of the all-wave detector with and
without the spherical sample. Other neutron leakagemeasurement
data obtained with a stilbene detector (diameter ¼ height ¼
70 mm) is available in Ref. [11].
3.2. Review

The content of the benchmark documentation is reviewed in
this section.We first tackle the data concerning the geometry of the
t (dimensions in mm) [4].



Table 2
Total neutron leakage (number of neutrons) from spherical samples per neutron
source.

Al Ti Fe Cu Zr Pb 238U

0.94 1.06 1.06 1.15 1.20 1.30 2.15

Fig. 3. MCS model of the spherical sample with beam tube, cooling water, tritium
target and iron containers.

Fig. 4. Modelled energy resolution of the photon detector in the Monte Carlo
simulations.
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experimental room. The available benchmark documentation from
SINBAD provides no information about: 1) the geometry and ma-
terials of the scintillation detector, apart from its stilbene crystal; 2)
the distance and relative position of the lead bricks (detector
shield) to the detector; 3) the distance of the neutron source to the
steel rod, to the polyethylene collimator and to the concretewall; 4)
the inner diameter of the polyethylene collimator and the di-
mensions of the wall hole and wall collimators; 5) the geometry
and relative position of the tube-holder pedestal behind the
spherical sample. Contradictory information is given on the length
of the concrete wall: 160 cm as shown in Fig. 1 but 150 cm as
written in Refs. [4,5]. This lack of information severely limits the
possibility of modelling in details the experimental room. Refer-
ence [4] provides one single MCNP input (iron sphere case)
modelling only a perfect iron sphere. Reference [5] provides one
single MCNP input (water sphere case) which only models the
spherical sample, the target unit and the 40-cm long steel rod (its
ends aremodelled 15 cm and 55 cm away from the neutron source),
with a point detector located 8.5 m away from the neutron source
in the direction of the steel rod.

The geometry and materials of the spherical sample with its
target unit are now addressed. The exact composition of the brass
(% of copper and zinc) in Fig. 2 is not indicated. In general, no in-
formation about the impurities in materials (sample materials,
steel, target unit materials, etc.) is provided. For the spherical
samplesmade of loosematerials, the thickness of the iron container
is reported as 0.5 mm in Ref. [11] but modelled as 0.4 mm in the
MCNP input of [5].

The benchmark does not give information about the angular and
energy distribution of the D-T neutron source. Instead, it is sug-
gested to model the neutron source as an isotropic monokinetic
point source of energy 14.04981 MeV (energy released in D-T re-
action multiplied by the ratio of helium nuclide mass to neutron
and helium nuclide masses). According to the authors of the
benchmark, these simplifications can affect the interpretation of
the neutron measurements but are insignificant for photon mea-
surements [5]. The experimental uncertainty of the total neutron
leakage measurement of Table 2 is not indicated in the benchmark.

Finally, it must be mentioned that the RFNC experiments have
been conducted for both spherical and hemispherical samples:
Refs. [4,5] provide experimental leakage flux data for hemispherical
sample measurements. However, no description on the exact
orientation of the hemispheres relatively to the neutron source or
the detector is provided in the benchmark documentation. Also, by
nature of the experiment, the background noise is expected to be
higher for the hemisphere measurements than for the sphere
measurements (more neutron leakage and parasitic neutron cap-
tures) and the effect of neutron scattering on the structural mate-
rials of the experimental room is expected to be stronger. In the
absence of data regarding the relative position of elements in the
experimental room and the orientation of the hemisphere, we
make the choice to disregard the hemisphere measurement data
and to only focus on the sphere measurement data.
Fig. 5. Leakage photon flux from the aluminum sphere tallied with and without
Gaussian energy broadening.
3.3. MCS model

The MCS inputs model the ten spherical samples with the target
unit, beam tube and cooling water circuit. The iron container
(0.4 mm thick) is modelled for the three loose sample materials.
MCS andMCNP inputs are provided as supplementary material and
the MCS input for a sphere of loose sample material with iron
containers is illustrated in Fig. 3.

The weights presented in Table 1 are assumed to be the weights
of the material sample only (i.e. it does not include the weights of
the target unit and iron container) and the modelled densities of
the sample materials are adjusted to match those weights. The
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brass is approximated as 100% copper and 100% 238U composition is
adopted for the depleted uranium sphere. We expect the effect of
material impurities on the photon leakage spectra to be negligible
and the materials are modelled according to the natural abun-
dances of their elements.

An isotropic monokinetic point neutron source of energy
14.04981 MeV is modelled at the center of the spherical samples.
All the calculations are conducted in neutron-photon transport
Fig. 6. NEA-1517/74: ENDF/B-VII.1 photon leaka
mode and 40 million neutron source histories are employed per
calculation. The neutron and photon flux leaking out of the sphere
is tallied in the volume between the spheres of radius R ¼ 849 cm
and R ¼ 851 cm. This tallied flux in unit 1/cm2 is then multiplied by
the surface of the sphere of radius R ¼ 850 cm to yield the leakage
flux in unit number of particles (# particles), which can be
compared directly to the experimental data.

The energy resolution of the stilbene-crystal scintillation
ge flux without GEB of MCS vs MCNP6.2.



Fig. 7. NEA-1517/80: ENDF/B-VII.1 photon leakage flux without GEB of MCS vs MCNP6.2.

M. Lemaire et al. / Nuclear Engineering and Technology 52 (2020) 1355e13661360
detector causes the experimental photon peaks to be lower in
height and larger in width (broadening of the photon peaks). In
order tomodel this effect in theMonte Carlo simulation, and thus to
enable relevant comparisons of the calculated photon flux with the
experimental benchmark data, Gaussian energy broadening (GEB)
of the photon flux tally is applied during MCS calculations. For a
photon of energy E, the GEB is applied with an energy-dependent
full width at half maximum FWHM(E) given by Eq. (1) with
A ¼ 0.05 MeV, B ¼ 0.005 MeV1/2 and C ¼ 100 MeV�1. The relative
energy resolution FWHM(E)/E modelled by this GEB is plotted as a
function of the photon energy E in Fig. 4. It can be checked that this
modelling of the FWHM matches well the energy resolution of the
stilbene-crystal scintillation detector that is specified in the
benchmark documentation, i.e. 15e20% below 0.5MeV,10% close to
1MeV and 6e7% above 3MeV. The effect of applying the GEB on the
tallied photon leakage flux is illustrated for the aluminum sphere
case in Fig. 5: just like experimental photon peaks, the photon
peaks in the tallied photon spectrum become smaller and wider
when applying the GEB, which is the intended effect.

FWHMðEÞ¼Aþ B
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ C:E2

p
(1)
Table 3
NEA-1517/74: MCS & ENDF/B-VII.1 number of leakage photons per neutron source
for the simple and complex sphere models.

Sphere material
(density in g/cm3)

Simple sphere (S) Complex sphere (C) S/C-1

Al (2.71) 0.4165 0.5102 �18.4%
Ti (4.45) 0.5613 0.6228 �9.9%
Zr (6.51) 0.3468 0.3866 �10.3%
Fe (7.40) 0.5977 0.6249 �4.4%
Cu (8.23) 0.5081 0.5354 �5.1%
Pb (10.76) 0.1286 0.1379 �6.8%
238U (18.66) 0.1720 0.1693 þ1.6%
4. Results

4.1. Preliminary verification

A preliminary verification of the coupled neutron-photon
transport of MCS is first carried out against the Monte Carlo code
MCNP6.2 for the ten sphere cases with the library ENDF/B-VII.1. For
this verification, the Gaussian energy broadening of the photon
tallies is turned off as it is only needed for the comparison of
calculated flux to experimental flux. The comparison results for the
seven spheres of the NEA-1517/74 benchmark and the three
spheres of the NEA-1517/80 benchmark are presented in Fig. 6 and
Fig. 7 respectively. A good agreement is observed within 5% or three
standard deviations for the calculated photon leakage flux between
MCS and MCNP6.2, thus verifying the capability of MCS to conduct
the neutron-photon interpretation of the RFNC benchmark.

4.2. Sensitivity tests

The necessity to model the target unit inside the spherical
sphere, including the beam tube, tritium target and cooling water
circuit, is highlighted. The calculations of photon leakage are per-
formed for the seven spheres of the NEA-1517/74 benchmarkwith a
perfect hollow sphere of inner radius 5 cm and outer radius 10 cm
without the target unit (simple sphere model). Those calculations
with the simple sphere model are compared to calculations with
the more detailed sphere model of Fig. 3 (complex sphere model).
The ENDF/B-VII.1 library is used in this comparison. Gaussian en-
ergy broadening is not applied. Table 3 summarizes the calculated
number of leakage photons per neutron sourcewith the simple and
complex sphere models (statistical uncertainty at one standard
deviation is about 0.1%). For all the spheres except 238U, modelling
the target unit leads to a significant increase in the photon leakage



Fig. 8. NEA-1517/74: MCS & ENDF/B-VII.1 photon leakage flux without GEB for the simple and complex sphere models.
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flux. The presence of the steel inner jacket, cooling water and
copper external jacket of the beam tube in the complex model
mechanically leads to neutron captures and additional gamma
production in those materials compared to the simple model. The
lighter the spherical sample material, the more those extra gamma
photons produced inside the complex sphere can transmit through
the sphere material and increase the photon leakage compared to
the simple sphere model, as can be seen in Table 3 where the
sphere materials are sorted by increasing densities. For the ura-
nium sphere, it is observed that the gamma production in the
uranium material decreases by about 2% in the complex sphere
model compared to the simple model while the extra gamma
photons produced in the target unit of the complex model are
nearly all shielded by the 5-cm thickness of depleted uranium. This



Fig. 9. NEA-1517/74: MCS photon leakage flux without GEB with the libraries ENDF/B-VII.1 and B-VIII.0.
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effect for the uranium sphere case leads in total to a decrease of the
photon leakage in the complex model compared to the simple
model. The photon leakage flux for the simple and complex sphere
models are plotted in Fig. 8 for the seven spheres of NEA-1517/74
benchmark.

The photon leakage flux calculated for the complex sphere
model with the libraries ENDF/B-VII.1 and ENDF/B-VIII.0 are
compared for the seven spheres of the NEA-1517/74 benchmark
and the three spheres of the NEA-1517/80 benchmark in Fig. 9 and
Fig. 10 respectively (Gaussian energy broadening is not applied on
the photon tallies). The total number of leakage photons per
neutron source for each sphere case and each library is summarized
in Table 4. The effect of the library update for the iron and copper
isotopes (new neutron cross sections) and uranium 238 (new



Fig. 10. NEA-1517/80: MCS photon leakage flux without GEB with the libraries ENDF/B-VII.1 and B-VIII.0.

Table 4
NEA-1517/74 & 80: MCS number of leakage photons per neutron source for the li-
braries ENDF/B-VII.1 & B-VIII.0.

ENDF/B-VII.1 (B71) ENDF/B-VIII.0 (B80) (B71/B80-1) ± 0.2% (3s)

Al 0.5102 0.5070 þ0.7%
Ti 0.6228 0.6228 0.0%
Fe 0.6249 0.7068 �11.6%
Cu 0.5354 0.5405 �1.0%
Zr 0.3866 0.3873 �0.2%
Pb 0.1379 0.1383 �0.3%
238U 0.1693 0.1855 �8.7%
H2O 0.2540 0.2521 þ0.8%
SiO2 0.3514 0.3498 þ0.5%
NaCl 0.3435 0.3428 þ0.2%

Table 6
NEA-1517/74 & 80: number of leakage photons with GEB in the measured range
0.3679e8.159 MeV per neutron source.

MCS þ ENDF/B-VIII.0 Experimental data
(EXP ± 12% at 3s)

MCS/EXP-1

Al 0.3755 0.3888 �3.4%
Ti 0.4747 0.4377 þ8.5%
Fe 0.5456 0.4372 þ24.8%
Cu 0.4236 0.4717 �10.2%
Zr 0.3383 0.3194 þ5.9%
Pb 0.1323 0.1212 9.2%
238U 0.1742 0.1438 þ21.1%
H2O 0.2032 0.1894 þ7.3%
SiO2 0.2790 0.2821 �1.1%
NaCl 0.2730 0.2215 þ23.2%
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prompt fission gamma spectrum) is particularly visible, with an
total increase of the photon leakage flux by 11.6% for the iron
sphere, 8.7% for the uranium 238 sphere and 1.0% for the copper
sphere. No relevant changes between the two libraries were noted
for the isotopes of zirconium, titanium and lead and the photon
leakage spectra for those spheres are essentially the same, the small
differences being due to the copper and iron materials of the target
unit inside the sphere. Differences for the leakage spectra of the
aluminum, water, silica and sodium chloride spheres can be
explained by the structural materials (0.4 mm thickness of iron on
the internal and external surfaces of the spheres containing loose
materials) and the additional gamma lines introduced in the library
Table 5
NEA-1517/74: comparison of total neutron leakage between MCS þ ENDF/B-VIII.0 and ex

Al Ti Fe

Experimental data (E) 0.94 1.06 1.06
MCS þ ENDF/B-VIII.0 (C) 0.959 1.076 1.099
C/E � 1 þ2.0% þ1.5% þ3.7%
ENDF/B-VIII.0 for 27Al, 23Na, 28Si and 35,37Cl.
4.3. Experimental validation

The total neutron leakage per neutron source calculated by MCS
with the ENDF/B-VIII.0 library is first compared in Table 5 against
the experimental data (only available for the seven spheres of NEA-
1517/74 benchmark). The statistical uncertainty of the calculated
values is negligible (<0.1%). An agreement within 4% is observed
between calculation and experiment, which is fair given that the
experimental uncertainties of the neutron leakage values in Table 5
perimental data.

Cu Zr Pb 238U

1.15 1.20 1.30 2.15
1.132 1.170 1.290 2.101
-1.6% -2.5% -0.8% -2.3%



Fig. 11. NEA-1517/74: MCS photon leakage flux with GEB versus experimental data.
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are not known and that the MCS model uses a simple isotropic
monokinetic neutron source at the center of the sphere. The photon
leakage in the measured energy range (0.3679 MeVe8.159 MeV)
calculated by MCS with the ENDF/B-VIII.0 library and Gaussian
energy broadening is then compared against the experimental
photon leakage data in Table 6. The statistical uncertainty of the
calculated values is negligible (<0.1%). Three spheres fall out of the
12% experimental uncertainty at three standard deviations: iron
(þ24.8%), uranium 238 (þ21.1%) and sodium chloride (þ23.2%).

The detailed comparison of the photon leakage spectra calcu-
lated by MCS with Gaussian energy broadening versus the exper-
imental data is displayed in Fig.11 for the seven spheres of the NEA-
1517/74 benchmark and in Fig. 12 for the three spheres of the NEA-
1517/80 benchmark. The error bars plotted for the experimental



Fig. 12. NEA-1517/80: MCS photon leakage flux with GEB versus experimental data.
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spectra correspond to a relative uncertainty of 12% (three standard
deviations). The statistical uncertainties for the calculated flux are
very small and correspond to the thickness of the lines. The results
are commented element by element. For aluminum, the shapes of
the calculated and experimental spectra are consistent. The
experimental peaks close to 1.87 MeV, 2.3 MeV and 3 MeV are
underestimated by about 20e30%. For titanium, the calculated and
experimental spectra are in close agreement except for the exper-
imental peak close to 1 MeV which is overestimated by nearly a
factor of 2. For iron, a good agreement is observed and the height of
the experimental gamma peak close to 840 keV is better calculated
by the library ENDF/B-VIII.0 than by ENDF/B-VII.1. Excellent
agreement is observed for the copper sphere although the 511 keV
positron annihilation peak is underestimated by about 30%. For
zirconium, the calculated and experimental spectra are in close
agreement except for the experimental peak close to 2.3 MeV
which is underestimated by a factor of 2. For lead, the agreement
between calculated and experimental spectra is satisfying although
the calculated spectrum displays a gamma peak close to 1 MeV
which is absent in the experimental spectrum. For uranium 238,
the spectrum calculated with ENDF/B-VIII.0 is globally higher than
the spectrum calculated with ENDF/B-VII.1. Both calculated spectra
seem to miss the experimental peak close to 2.3 MeV and the
shapes of the calculated and experimental spectra are notably
different in the range 600 keV to 2.5MeV. It is worth noting that the
original authors of the RFNC benchmark have claimed that the
2.3 MeV experimental peak for the uranium sphere case is probably
related to the experimental configuration and they have suggested
it could originate from the capture of slow neutrons by hydrogen in
the concrete walls of the experimental room [4]. For the water
sphere, the 511 keV positron annihilation peak is underestimated
by about 40%, the experimental peak close to 6.3 MeV is over-
estimated by about 50% and the shapes of the spectra are different
in the range 800 keV to 1.5 MeV. For the silica sphere, the shapes of
the spectra are consistent but the experimental peak close to
1.8 MeV is underestimated by about 30%. Finally, for the sodium
chloride sphere, excellent agreement is observed between the
shapes of the experimental and calculated spectra, but the exper-
imental spectrum is overestimated in the range 600 keV to 1.5MeV.

5. Conclusions and perspectives

The interpretation of the experimental gamma leakage spectra
from a spherical sample with a central D-T 14 MeV neutron source
as described in the NEA-1517/74 and NEA-1517/80 benchmarks
(RFNC benchmark) from the SINBAD database is conducted with
the Monte Carlo code MCS developed at the Ulsan National Insti-
tute of Science and Technology, the photon library EPICS2014 and
the most up-to-date ENDF/B-VIII.0 neutron library. The benchmark
documentation describes satisfactorily the geometry of the sample
sphere and the energy resolution of the photon detector but should
ideally provide more information regarding the characteristics
(energye angle) of the neutron source, the geometry of the photon
detector, the geometry of the experimental room (concrete walls)
and the distances of shields and collimators relatively to the sample
sphere.

A preliminary verification of MCS neutron-photon transport
calculations against the Monte Carlo code MCNP6.2 shows a good
agreement in the calculated photon leakage flux and confirms the
suitability of MCS for the interpretation of the benchmark. A
sensitivity study with and without modelling the target unit (beam
tube, tritium target and cooling water) confirms the necessity to
model the target unit inside the spherical sample, with a large
impact on the total photon leakage (up to þ18% for the aluminum
sphere case). The impact of the update of gamma-production data
between ENDF/B-VII.1 and ENDF/B-VIII.0 is assessed for the ten
cases of the RFNC benchmark and notable differences are observed
for the iron, copper and uranium-238 sphere cases. With the
notable exception of the uranium-238 sphere case, consistency is
overall observed between the shapes of the gamma leakage
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calculated by MCS with the library ENDF/B-VIII.0 and the experi-
mental data. For further analysis of the calculation/experiment
discrepancies, more information about the experimental setup is
required, especially the exact locations of collimators and concrete
shielding wall relatively to the sample sphere and the geometry of
the photon detector with its surrounding lead brick shield.
Modelling the experimental room is expected to improve the
calculation-experiment agreement for the uranium-238 sphere
case, especially regarding the experimental 2.3 MeV peak that is
absent in the calculations. Also, the benchmark does not provide
information about the energy distribution and the anisotropy of the
experimental D-T neutron source, which is approximated as mon-
okinetic and isotropic in this study. Simulating the deuteron stream
and the kinematics of the deuteron-tritium reaction in the target
would constitute an improvement by capturing more accurately
the energy and angular distribution of the experimental neutron
source and would help for the interpretation of the RFNC neutron
leakage measurements.
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