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Abstract

The paper provides an assessment of tungste using the TUD-W SINBAD benchmark across two different
Monte Carlo transport codes. Simulations have been conducted by means of both MCNP6.2 and OpenMCv0.15.0 to compute
neutron and photon flux spectra at four dep and 35 cm) within a thick tungsten alloy (DENSIMET-176/180)
block irradiated by 14 MeV neutron sourg ental data, measured with an NE 213 scintillation spectrometer, served
as a reference for the assessment. Starting from iginal MCNP benchmark model, its conversion to OpenMC is briefly
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This work is an assessment of tungsten nuclear data Sacm Zaemy e SSan
employing the TUD-W SINBAD benchmark [1], il @ DENSIMET-176
ranked as the highest-quality benchmark for this @ DENSIMET-180
purpose. This benchmark consists of a thick tungsten
alloy block (DENSIMET-176/180) irradiated by a FIG 1. Diagram of the TUD-W SINBAD benchmark.
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and photon flux were measured experimentally and computationally at four different positions in depth throughout
the block: 5 cm (position 1), 15 cm (position 2), 25 cm (position 3) and 35 cm (position 4).

Two nuclear transport codes were used for the computational simulations: MCNP 6.2 and OpenMC v0.15.0. The
experimental results, obtained using an NE 213 scintillation spectrometer, served as a reference for the nuclear
data assessment.

Nuclear spectra in the different positions were recorded independently, both experimentally and computationally.
When results were tallied for a specific position in depth, the cavities corresponding to the rest of positions were
filled with a DENSIMET cylinder. Computationally, this involved performing a different simulation for each
position, with the model geometry adjusted accordingly between runs.

Statistical optimization techniques were applied, including weight window generators and customized,Python-
based scripts to refine various cell parameters. Weight windows were iteratively computed bothfif#@peaMC and
MCNP as a global variance reduction technique to improve statistical accuracy in deeper regieans (pesitions 2, 3,
and 4). Moreover, a geometry error caused by a small undefined volume was corrected,fand thejeorfesponding
patch was communicated to the NEA Data Bank.

This contribution is structured in two sections. The first one contains a brief desefiption ofithe methodology used
to convert the already-existent SINBAD MCNP TUD-W computational benchmagkgmodel 06 OpenMC, as well
as a successful comparison between the nuclear spectra results obtained wjithgboth transport codes employing the
FENDL 3.2¢ nuclear data library. The second one explores the main oBjective of thig"paper: the assessment of
tungsten nuclear data across multiple nuclear data libraries, with a fo€us onjdiscrépancies between experimental
and computational results, as well as among libraries.

2. CONVERSION OF THE TUD-W BENCHMARK COMPUTATIONAL MODEL TO OPENMC

The TUD-W benchmark model for OpenMC was gonstructed thtough the conversion of the MCNP model
provided by SINBAD. While the geometry anddnaterials translations were automatized using the csg2csg
repository [2], converting the source proved to b€ significantly more challenging.

The latter conversion required a thoroughgunderstanding of source definition for both transport codes and a
detailed manual translation process. The/soutee examples presented in the openme_fusion benchmarks repository
[3] were used as a reference, but the ncéessarindeeper understanding of source definition equivalence between
MCNP and OpenMC was obtaingdftem thejdocumentation of each transport code [4][5].

Another point that had to be"c@nsidercd was the definition of code-specific weight windows. Since the cell-based
approach was adopted forfMCNP, theymodel implementation in OpenMC entailed computing weight windows
from scratch, as cell-based weight windows are not supported in OpenMC v0.15.0 and, therefore, the direct
translation was no#a-possibidity:

Results from a serigs of IFER-relevant simulations have suggested the underperformance of OpenMC weight
windowsgonce compated to MCNP [6], both in terms of computation time and quality of standard deviation
outputs. This cenelusion resulted in the need to perform an OpenMC weight windows scoping study specific to
the FUD2W beénchmark in order to optimize the efficiency of this global variance reduction technique for positions
2,3 and 4. In this'investigation, several OpenMC parameters were considered, among which the number of batches
chosen;the deactivation of survival biasing and the use of softening proved to be critical. Moreover, additional
feedback was communicated to the code developers to further enhance this essential variance reduction technique.

2.1. Comparison of MCNP and OpenMC

Neutron and photon spectra results along four different positions in the TUD-W benchmark were compared
between MCNP 6.2 and OpenMC v0.15.0. To reduce the sources of potential discrepancies between the two sets
of results, the same nuclear data library was employed for all simulations: FENDL 3.2¢ [7].

The comparison between the two transport code results is presented in Fig.2 in the form of C/E step plots. A very
good agreement can be observed for both neutron and photon computational spectra in all positions, with the mean
of the discrepancy between OpenMC and MCNP being 3.43% for neutrons and 4.23% for photons. This result
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compatibility led to the validation of the developed OpenMC model and the confirmation of the proper operation
of OpenMC as a transport code in the context of the TUD-W benchmark.

mcnp - FENDL 3.2c
——= openmc - FENDL 3.2c

Neutron flux spectra Photon flux spectra
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FIG 2. Ratio representation of the OpenMC (orange) and MCNP (blue)
the TUD-W benchmark compared to the measured experimental valu

3.

The assessment of tungsten nuclear data was
with those resulting from computational si

ilarly to the validation of the OpenMC v0.15.0 model,
r each position in depth within the DENSIMET block.

oton spectra were recorded using specific energy groups provided

the benchmark’s documentation [1], since neutron flux was
range starting from 1 MeV, the first energy group used in simulations to
cluded from the comparison.

by the detector supplier. In
experimentally measured i
record neutron flux ([0, 14

— Fusion Evaluated Nuclear Data Library [7]: FENDL 2.1, FENDL 3.1d, FENDL 3.2c;
— Evaluated Nuclear data File [9]: ENDF/B VII.0, ENDF/B VIII.0, ENDF/B VIII.I;
— Joint Evaluated Fission and Fusion Nuclear Data Library [10]: JEFF-4.0, JEFF-4T5.

As aresult of the demonstrated equivalence between the OpenMC v0.15.0 and MCNP 6.2 TUD-W models, results
from both transport codes were treated as completely equivalent and interchangeable. Consequently, each nuclear
data library was evaluated using only one of the codes, avoiding redundant simulations.

oton (right) flux spectra results for
is presented for each position (5 cm,
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3.2. Comparison across all tested nuclear data libraries openmc - FENDL 3.2¢
——= mcnp - FENDL 2.1
mcnp - FENDL 3.1d
openmc - JEFF 4.0
——= openmc - JEFF 4T5
Neutron flux spectra - mecnp - ENDFB-VIL.O

3.2.1. Neutron spectra

Neutron spectra results for all the tested libraries
are presented in Fig. 3. Additionally, the neutron Position 1
flux for five different energy intervals is plotted in ' i
Fig 4 where, as a reference, three times the
experimental relative error is included.

,,,,, mcnp - ENDFB-VIII.O

C/E

The low-energy neutron responses ([1,6) MeV)
showed consistency across all nuclear data
libraries, as well as a general agreement with
experimental results. The only observable
discrepancy in this range was for position 1 within
the [3,6) MeV energy interval, where none of the
nuclear data libraries accurately reproduced the
experimental neutron spectra to the same extent as
for the other positions in the TUD-W benchmark

(Fig. 3).
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Computational results in positions 2 and 3 showed
a larger divergence from experimental " 100 101
measurements for energies above 6 MeV (Fig. 3). Energy [MeV]

The [6,12) MeV energy range also presented  prG 3.
pronounced differences among the tested libraries  egt,
(Fig. 4). In the [9,12) MeV energy interval, the
responses separated into two distinguishable library
groups: while FENDL 2.1 and ENDF/B-VILQ
produced similar results, the remaining librari
formed a differentiated set. In the [6,9) Me ough distinctions across libraries were still apparent,
results didn’t present such a grouping.

io repiesentation of the neutron flux spectra results for all the
nuclear datalibfaries compared to the measured experimental values
(oran ifferent plot is presented for each position (5 cm, 15 cm, 25 cm
pth, respectively). JADE [8] was employed to produce these

flux integrated over the whole
libraries, with deviations fromgex measurements not exceeding 15%.
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FIG 4. C/E plot of neutron flux for all the tested nuclear data libraries at different energy ranges. Every plot presents 4 data points,
each corresponding to a different position in depth within the DENSIMET block. The last graph shows the neutron flux integrated
across the full energy spectrum. The orange shadow represents three times the experimental relative error.
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3.2.2. Photon spectra

The photon spectra and flux results across all
tested nuclear data libraries are displayed in Fig.
5 and Fig. 6, respectively.

As illustrated in both figures, low-energy photon
responses  ([0,3) MeV) showed a general
agreement between nuclear data libraries and a
satisfactory compatibility with experimental
results.  While computational data for
intermediate-energy photons ([3,6) MeV) was
consistent with experimental results, Fig. 6 shows
that FENDL 2.1 and ENDF/B-VIL.O slightly
underperformed compared to the other nuclear
data libraries. The divergence of these two
libraries from the rest was accentuated in high-
energy  photon  responses  ([6,10) MeV).
Nonetheless, in this case FENDL 2.1 and
ENDEF/B-VIIL.O performed more accurately than
the other libraries in reproducing the experimental
data (Fig. 6). In this energy range, significant
deviations were observed for all nuclear data
libraries in several peaks over 6 MeV when
compared to experimental data (Fig. 5).

—————— openmc - FENDL 3.2¢
mcnp - FENDL 2.1
mcnp - FENDL 3.1d
openmc - JEFF 4.0

——- openmc - JEFF 4T5
mcnp - ENDFB-VII.O
mcnp - ENDFB-VIII.O
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FIG 5. Rati§ reprégentatioh of the photon flux spectra results for all the tested
nucleag data librarie pared to the measured experimental values (orange).

Detector position [cm] 30 Experimental

Experimental
—e— FENDL 3.2c (OpenMC)
—%¥— FENDL 2.1 (MCNP)

—<— FENDL 3.1d (MCNP)
—A— JEFF 4.0 (OpenMC)
—e— JEFF 4T5 (OpenMC)

Detector position [cm]

A di is presented for each position (5 cm, 15 cm, 25 cm and 35 cm
R depth, re ively). JADE [8] was employed to produce these plots.
Photon flux These discrepancies  between
[0.4,3) MeV [3.,6) MeV . .
2.0 computational and experimental
results in high-energy photon
1.5 A responses appeared across both
nuclear transport codes, MCNP
N G104 and OpenMC (Fig. 2). Similarly to
% the case of neutron spectra, this
0.51 confirmed that the deviations were
likely driven by the nuclear data
' ' ' 0.0 ' ' ' itself rather than the Monte Carlo
[6,10) MeV Total energy range
15 codes.
1.4 1
1; The degree of divergence between
114 computational  responses  and
w oo experimental results for high-
“ 0ol energy photons across all nuclear
M 0.8 1 data libraries prompted further
| e — - «| 971 investigation into their origin. As a
1 061 result, a dedicated study, presented
1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 0.3 é 1‘0 2‘0 2‘5 3‘0 3‘5 in section 33, was conducted to

examine these discrepancies in
more detail.

—e&— ENDF/B-VII.O (MCNP)
—e— ENDF/B-VIII.0 (MCNP)

Considering the photon flux
integrated across the full energy

FIG 6. C/E plot of photon flux for all the tested nuclear data libraries at different energy
ranges. Every plot presents 4 data points, each corresponding to a different position in
depth within the DENSIMET block. The last graph represents the neutron flux
integrated across the full energy spectrum. The orange shadow represents three times

the experimental relative error.

spectrum (Fig. 6), results from all
nuclear data libraries show a
general agreement and fall within a
15% deviation from  the
experimental measurements.
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3.3. Discrepancies in high-energy photon responses

The discrepancy observed between computational and experimental results for high-energy photons was
investigated using the PKMT card in MCNP. This card was employed to selectively disable the secondary gamma
production for different isotopes.

The results obtained from this methodology are Photan Flux in position 4

presented in Fig. 7. The high-energy photon spectra febdiiiiiii, Lo . Lossssiiss b bosssiisss
([4,10] MeV) for position 4 was computed for 3
different cases:

— Secondary gamma production enabled
for all nuclides in the geometry;

— Secondary gamma production disabled
for all isotopes except '*W;

— Secondary gamma production enabled
only for 3Fe and 3¥Ni.

B =0 =TV N TNE —— =

This analysis revealed that one of the first photon lines
responsible for a substantial deviation, corresponding to
an energy of 7MeV, originated from 'W(n,y)
reactions. Following the same approach, the higher-
energy peaks that introduced discrepancies were found
to originate predominantly from radiative capture, (n,y), -
in 3Ni [11], one of the main impurities present in 4 5 8 7 e 9 10
DENSIMET. frerse 0

This finding underscored the critical role of impuriti
not only in activation studies, but also in
radiation transport. Consequently, it highli
necessity for thorough material characteri
certification to ensure accurate responsg pr

FIG 7. High-energy photon spectra results in position 4 for: secondary
gamma production enabled for all isotopes (black), secondary gamma
production disabled for all isotopes except '#*W (blue) and secondary

amma production enabled only for *°Fe and **Ni (red).

34. FENDL2.1

en FENDL 2.1 and the newer FENDL releases, a decision was made

Following the observed dise
et tential sources of these differences were identified:

exchanged for the FENDL 2.1 one. Simulations for all positions were run, and the results were compared to the
original results of FENDL 3.2¢ and FENDL 2.1. This comparison is presented in Fig. 8, where the graphs which
showed the biggest discrepancy between FENDL 2.1 and the newer FENDL releases in the previous subsection
(Fig. 4 and Fig. 6) are plotted.

As shown in Fig. 8, the substitution of the Fe and Ni nuclear data from FENDL 3.2¢ with those from FENDL 2.1
did not lead to any significant deviation from the original FENDL 3.2c results. This allowed the impurities to be
ruled out as the primary cause of the observed discrepancies.

As aresult, a second test was performed focusing on the tungsten nuclear data. Using FENDL 3.2¢ as a base, the
nuclear data for W, Fe and Ni was exchanged for the FENDL 2.1 one. In this case, as illustrated in Fig. 8, a larger
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discrepancy with the original FENDL 3.2¢ results was observed, accompanied by a good alignment with the
FENDL 2.1 data. The slight discrepancies with the FENDL 2.1 responses are suspected to result from the W
isotopes that were not substituted in FENDL 3.2¢ by FENDL 2.1 nuclear data due to only being included in more
recent FENDL releases.

2.0 2.0 - 2.0 -
Neutron flux [9,12) MeV Photon flux [3,6) MeV Photon flux [6,10) MeV

Experimental
—¥— FENDL 2.1 (MCNP)

1.5+ 1.5 1.5
—e— FENDL 3.2c (OpenMC)
—&— FENDL 3.2c + FENDL 2.1 (Fe+Ni) (OpenMC)
/\\ —e— FENDL 3.2¢ + FENDL 2.1 (W+Fe+Ni) (OpenMC)
w i w 4

= | | ] |—

. —
051 05 05 o
0.0 T T T T T T T 0.0 0.0 T T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
Detector position [cm] Detector position [cm] Detector position [cm]
FIG 8. Neutron and photon flux plots at the energy ranges showing the biggest discrepancy betw &nd the rest of
the tested nuclear data libraries.

3.5. ENDEF/B-VIIL0

An equivalent approach to FENDL 2.1 was taken for ENDF/B-VII.O0 as a conse the'0bserved deviations
in the responses of this library in comparison to the majority of nuclear dataglibraries tested in this study (Fig. 4
and Fig. 6).

that from ENDF/B-VIL.0 successfully reproduced the ori I1.0 responses.
A
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FIG 9. Neutron and photon flu: ts at the energy ranges showing the biggest discrepancy between ENDF/B-VII.0 and the rest
of nuclear data libr:

3.6. ENDF/

3.2c asya . In this case, with no previous indications of a potential deviation from the other tested
i ision was driven by the availability of nuclear data only for W, Fe and Ni isotopes in ENDF/B-

measuredjiticlear spectra, as shown in prior simulations for this benchmark.
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FIG 10. Neutron and photon flux plots at the energy ranges showing the biggest discrepancies between the tested nuclear data
libraries in Fig. 4 and Fig. 6.
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As shown in Fig. 10, no relevant discrepancies with FENDL 3.2¢ were detected for any of the tested nuclear data
combinations including ENDF/B-VIII.1 W, Fe and Ni isotopes.

4. CONCLUSIONS

This study has provided a comprehensive assessment of tungsten nuclear data using the TUD-W SINBAD
benchmark across multiple nuclear data libraries and the two different transport codes MCNP 6.2 and OpenMC
v0.15.0.

The analysis provided new insights into the performance of the tested nuclear data libraries, highlighting the
differences identified for FENDL 2.1 and ENDF/B-VII.0, which were traced back to the nuclear data of tungsten
isotopes in both libraries.

A general underestimation of high-energy photon responses was observed across several librariés
to experimental data, particularly above 6 MeV. This discrepancy was most probably linkedt0 Ni
impurities in DENSIMET, but it remained unclear whether the root cause lied in the
impurity concentrations or in the nuclear data associated with these elements, whichgvas
decades after the experiment.

reporting of
o understand

Following the results of this study, the TUD-W SINBAD benchmark post-pro as’added to JADE [8],
both for MCNP and OpenMC, and suggestions for further development ovided to'OpenMC developers.
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