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Abstract. Neutrons generated by photonuclear reactions, “photoneutrons”,
are encountered in various applications involving high-energy gamma
sources, electron accelerators or nuclear reactors. Monte Carlo particle-
transport codes are generally used to simulate the emission of photoneutrons,
characterize their field or assess their impact on nuclear systems. The aim of
this work is to create a compendium on the simulation of photoneutrons
using several Monte Carlo codes, i.e., MCNP6, PHITS and TRIPOLI-4,
each code being run successively with ENDF/B-VIIL.0O and JENDL-5
nuclear data libraries. We study the photoneutron fields produced by
50 elements with their natural isotopic composition from the reaction energy
threshold up to 30 MeV, i.e., in the regime of the Giant Dipole Resonance
(GDR). The photoneutron fields are characterized according to three
observables, i.e., photoneutron current, energy spectrum and angular
distribution. This paper presents the results obtained for the first five
elements in order of increasing atomic number, i.e., deuterium, beryllium,
carbon, nitrogen and oxygen. The compendium could serve as a handbook
for users to master the current strengths and limitations of the codes, for code
developers to make progress in the sampling of neutron-emitting
photonuclear reactions, and more broadly for all researchers working on
photoneutrons, whether they are evaluators of nuclear data libraries or
experimental nuclear physicists.

1 Introduction

The interaction between a high-energy photon and the nucleus of an atom may induce
photonuclear reactions. These events can lead to the expulsion of neutrons, known as
“photoneutrons”. The Giant Dipole Resonance (GDR) phenomenon, which can be described
as an oscillation of all the neutrons against all the protons inside the atomic nucleus, is the
main mechanism responsible for the emission of photoneutrons below 30 MeV.
Photoneutrons are encountered in various applications involving high-energy gamma
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sources, electron accelerators or nuclear reactors. Monte Carlo particle-transport codes are
generally used to simulate photoneutrons, characterize their field or assess their impact on
nuclear systems [1, 2].

This work aims at creating a compendium on the simulation of photoneutrons using
several independently developed Monte Carlo codes, i.e., MCNP6 [3, 4], PHITS [5, 6] and
TRIPOLI-4 [7, 8], each code being run successively with ENDF/B-VIIL.O [9] and JENDL-5
[10] nuclear data libraries. We study the photoneutron fields produced by 50 elements with
their natural isotopic composition from the reaction energy threshold up to 30 MeV, i.e., in
the regime of the Giant Dipole Resonance (GDR). The photoneutron fields are characterized
according to three observables, i.e., photoneutron current, energy spectrum and angular
distribution.

This paper presents the results obtained for the first five elements in order of increasing
atomic number, i.e., deuterium, beryllium, carbon, nitrogen and oxygen. The compendium
could serve as a reference database for users to master the current strengths and limitations
of the codes, for code developers to make progress in the sampling of neutron-emitting
photonuclear reactions, and more broadly for all researchers working on photoneutrons,
whether they are evaluators of nuclear data libraries or experimental nuclear physicists.

This work is organized as follows. In section 2, we describe the benchmark method and
the Monte Carlo simulation model, and illustrate briefly the Monte Carlo codes and nuclear
data libraries used in this study. In section 3, we present and discuss the simulation results,
whereas general comments are provided in section 4. Finally, conclusions are drawn in
section 5.

2 Materials and methods

2.1 Benchmark method

We benchmark the following Monte Carlo particle-transport simulation codes:

- MCNP6.3 [3, 4];

- PHITS version 3.34 [5, 6],

- TRIPOLI-4 version 12 [7, 8].
Each code is run twice, with two reference nuclear data libraries, i.e., ENDF/B-VIIL.O [9] and
JENDL-5 [10].

Similarly as proposed in a previous investigation [11], we characterize the photoneutron

fields according to three observables:

- particle current;

- energy spectrum;

- angular distribution.

2.2 Monte Carlo simulation model

For the purpose of this work, we have introduced a simplified benchmark configuration. The
target is a 5 mm-diameter sphere irradiated by monoenergetic photons whose energy range
extends from the (y, n) reaction threshold to 30 MeV, by 1 MeV steps. The distance between
the photon source and the target is 1 mm, and the target is surrounded by vacuum. Figure 1
illustrates the corresponding Monte Carlo simulation model.

The densities and isotopic compositions of the targets are taken from reference [12].
However, if the density is lower than 1 g.cm™, we set artificially the density at 1 g.cm™ in
order to increase the statistics of simulation results. Table 1 gathers the densities and isotopic
compositions of the five elements considered in this work.
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Table 1. The five elements considered in this work: densities and isotopic compositions.

Element Density (g.cm™) Isotope Atom fraction (%)
Deuterium 1 ’H 100
Beryllium 1.85 ‘Be 100

12C 98.93
Carbon 22

BC 1.07

4N 99.636
Nitrogen 1

BN 0.364

160 99.962
Oxygen 1

170 0.038

Tally sphere

N

Photon beam

Fig. 1. Schematic representation (not to scale) of the simulation model of the 5 mm-diameter spherical
target irradiated by monoenergetic photons from the (y, n) reaction energy threshold to 30 MeV.
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As shown in Fig. 1, the simulation model includes a 1 m-radius sphere centred on the
target in order to score the three photoneutron tallies, i.e., particle current, energy spectrum
and angular distribution. To estimate the photoneutron currents, we used the following tally
options:

- F1I tallies in MCNP6;
- CURRENT responses in TRIPOLI-4;
- [T-Cross] tallies in PHITS.

The photoneutron energy spectra are determined using 10 keV-energy bins, whereas 4°
polar angle bins are used to tally the photoneutron angular distributions, with the 0° reference
vector corresponding to the direction of the photon source.

2.3 Monte Carlo codes

2.3.1 MCNP6

MCNP6 [3, 4] is a three dimensional continuous-energy Monte Carlo code developed by
LANL (New Mexico, USA). MCNP6 is written in Fortran and allows simulating neutrons,
photons, electromagnetic shower and up to 37 different particles. For nuclear reactions,
MCNP6 uses classical physics kinematics. Nuclear data for MCNP6 are based on the ENDF-
6 format and managed by the NJOY nuclear data processing system. For this study, in the
PHYS:P card (photon physics), the ispn option is set to 1 in order to activate photonuclear
reactions together with a special variance-reduction option for their sampling. This option
forces photonuclear reactions at each photoatomic event and modifies their statistical weights
in order to preserve a fair Monte Carlo game.

2.3.2 PHITS

PHITS [5, 6] is a general-purpose Monte Carlo particle-transport code developed under
collaboration between JAEA, RIST, KEK and several other institutes (Japan). PHITS is
written in Fortran and can simulate almost all kinds of particles, including neutrons, photons
and electromagnetic shower over a wide range of energies thanks to nuclear data and nuclear
reaction models. For nuclear reactions, PHITS uses relativistic physics kinematics. Nuclear
data used in PHITS are in ACE format, based on the ENDF-6 format processed by NJOY, as
for MCNP6. Variance reduction is enforced on photonuclear reactions with the parameter
pnimul=100, which basically alters their natural occurrence rate.

In this study, we used PHITS ver. 3.34. However, since an updated version of the code is
currently under development to improve the simulation of photonuclear reactions for light
elements, it is planned to run again the PHITS calculations as soon as this new version of the
code is released. The updated results will be included in an extended version of this paper.

2.3.3 TRIPOLI-4

TRIPOLI-4 [7, 8] is a three-dimensional continuous-energy Monte Carlo code developed by
CEA, Paris-Saclay center, France. TRIPOLI-4 is written in C++ and can simulate neutrons,
photons and electromagnetic shower. For nuclear reactions, TRIPOLI-4 uses semi-relativistic
physics kinematics. Nuclear data for TRIPOLI-4 are based on the ENDF-6 format and
managed by the nuclear data processing system GALILEE. In order to improve the statistics,
photonuclear reactions are forced at each photon collision, their statistical weight is modified,
and the Russian roulette threshold is correspondingly adjusted on the sampled photoneutrons.
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2.4 Nuclear data libraries

2.4.1 ENDF/B-VIIL.0O

The latest revision of the U.S.'s Evaluated Nuclear Data File (ENDF) library is ENDF/B-
VIILO [9]. For this work, we use the following sub-libraries in the format accepted by each

code:
- EPDL97 [13] for photoatomic reactions, released in 1997;
- ENDF7u [14] for photonuclear reactions, released in 2007,
- ENDF/B-VIIIL.O [9] for neutron reactions, released in 2018.
2.4.2 JENDL-5

The fifth version of Japanese Evaluated Nuclear Data Library (JENDL) — JENDL-5 [10] —
was released in 2021. For this work, we have used the JENDL-5 library for the following
sub-libraries: photoatomic reactions, photonuclear reactions and neutrons reactions. It should
be noted that photoatomic nuclear data in JENDL-5 are taken from ENDF/B-VIIIL.O0.

3 Results and discussion

This paper presents the results obtained for the first five elements in the database in ascending
order of atomic number, i.e., deuterium, beryllium, carbon, nitrogen and oxygen. The
involved computational effort is considerable: this first version of the compendium required
774 runs on different configurations, which represents about three weeks of calculation time
on 384 CPUs.

For each material, we present the photoneutron currents as a function of the photon source
energy. The photoneutron energy spectra and angular distributions are plotted for the case of
20 MeV photons, and are normalized in order to enable a fair comparison of the shapes of
the curves. For each figure of angular distributions, a short-dashed horizontal line represents
the ideal isotropic emission line, for reference. For the ease of comparison, when plotting
side-by-side two figures, x-axis and y-axis scales have been set to be the same on both sides.
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3.1 Deuterium

Figures 2, 3 and 4 present respectively the currents, the normalized energy spectra and
angular distributions of photoneutrons emitted by the deuterium target irradiated by
monoenergetic photons in the 3-30 MeV range, simulated with MCNP6, PHITS and
TRIPOLI-4, using ENDF/B-VIIL.0 or JENDL-5 nuclear data libraries.

The photoneutron currents show some differences between the two libraries especially
for the lowest photon energies, from 3 to 9 MeV, with ENDF/B-VIIIL.0 below JENDL-5.
Between 9 and 25 MeV, the two libraries show a good agreement. However, beyond 25 MeV,
ENDEF/B-VIIL.O is above JENDL-5. Results from MCNP6 and TRIPOLI-4 are in good
agreement, while PHITS results are shifted towards lower values.

The photoneutron energy spectra show a good agreement between TRIPOLI-4 with
JENDL-5, TRIPOLI-4 with ENDF/B-VIIL.0, and PHITS with JENDL-5. For this nucleus,
JENDL-5 and ENDF/B-VIIIL.O describe the single (y, n) reaction as a two-body reaction,
which, by using the angular distribution in the centre of mass frame, makes it possible to
define without ambiguity the characteristics of the emitted neutron and proton. MCNP6
presents sharp peaks at high-energy, which demonstrates a problem in the treatment of
kinematics in the laboratory frame. PHITS with ENDF/B-VIII.0 and MCNP6 with ENDF/B-
VIII.0 are shifted around 12 MeV. These results could be explained by an issue in the NJOY
version used to process the ENDF data to ACE files for MCNP6. The JENDL-5 ACE files
were produced by JAEA with a modified version of NJOY, and seem to match with
TRIPOLI-4.

3.2 Beryllium

Figures 5, 6 and 7 present respectively the currents, the normalized energy spectra and
angular distributions of photoneutrons emitted by the beryllium target irradiated by
monoenergetic photons in the 2-20 MeV range, simulated with MCNP6, PHITS and
TRIPOLI-4, using ENDF/B-VIIIL.0 or JENDL-5 nuclear data libraries.

The photoneutron currents are consistent between the codes and the libraries between 11
and 16 MeV. However, above this energy, MCNP6 and TRIPOLI-4 agree with each other,
whereas PHITS stands alone. With ENDF/B-VIII.0 and JENDL-5, TRIPOLI-4 and MCNP6
show a good agreement. PHITS underestimates the photoneutron currents with respect to
MCNP6 and TRIPOLI-4. Below 11 MeV, the codes present a good agreement for each
library. Results obtained above 20 MeV are not presented, as JENDL-5 and ENDF/B-VIIIL.O
do not provide data for neutron transport above this energy.

For the photoneutron energy spectra, the codes show a good agreement for each library
in almost the entire energy range, with all sharp peaks located in the same energy range. The
peaks obtained with MCNPG6 are a bit wider than for deuterium; however, we can still notice
the effect of non-relativistic kinematics in the code. The heavier the element, the weaker the
effect. The energies of the peaks differ for the two libraries selected, indicating different
kinematics for the fragmentation reactions of °Be.
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from the (y, n) reaction energy threshold to 30 MeV, simulated with MCNP6, PHITS and TRIPOLI-4.
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3.3 Carbon

Figures 8, 9 and 10 present respectively the currents, the normalized energy spectra and
angular distributions of photoneutrons emitted by the carbon target irradiated by
monoenergetic photons in the 5-30 MeV range, simulated with MCNP6, PHITS and
TRIPOLI-4, using ENDF/B-VIIL.0 or JENDL-5 nuclear data libraries.

The photoneutron currents show the same shape, although ENDF/B-VIIL.0 overestimates
the number of neutrons produced compared to JENDL-5. Only MCNP6 and TRIPOLI-4
show a good agreement with both libraries.

Regarding the photoneutron energy spectrum, all codes are in good agreement. Remark
however that each peak is shifted in energy between JENDL-5 and ENDF/B-VIII.O. The first
peak around 1 MeV comes from the (y, n) reaction with '>C. All other peaks come from
reactions with 13C and are in most cases related to the excited states of the nucleus. We
observe that JENDL-5 yields a larger number of peaks than ENDF/B-VIIL.O probably
corresponding to the excited states of the nucleus.

3.4 Nitrogen

Figures 11, 12 and 13 present respectively the currents, the normalized energy spectra and
angular distributions of photoneutrons emitted by the nitrogen target irradiated by
monoenergetic photons in the 11-30 MeV range, simulated with MCNP6, PHITS and
TRIPOLI-4, using ENDF/B-VIII.0 or JENDL-5 nuclear data libraries.

For the photoneutron currents, TRIPOLI-4 and MCNP6 show a very good agreement for
each library. Moreover, for the two libraries, PHITS slightly underestimates with respect to
TRIPOLI-4 and MCNP6.

Regarding the photoneutron energy spectra, at higher energies the shapes are the
qualitatively same for the three codes, although the curves are shifted. Once again, at lower
energies, JENDL-5 yields a larger number of peaks present in the photoneutron energy
spectrum than ENDF/B-VIIL.0, which mirrors a more detailed treatment of the excited states
of the nucleus.

3.5 Oxygen

Figures 14, 15 and 16 present respectively the currents, the normalized energy spectra and
angular distributions of photoneutrons emitted by the oxygen target irradiated by
monoenergetic photons in the 5-30 MeV range, simulated with MCNP6, PHITS and
TRIPOLI-4, using ENDF/B-VIII.0 or JENDL-5 nuclear data libraries. In this material, only
190 and 70 are simulated.

For the photoneutron currents, with ENDF/B-VIIL.O, MCNP6 and TRIPOLI-4 present a
good agreement. In addition, observe that oxygen is the only material for which PHITS yields
results that lie above MCNP6 and TRIPOLI-4.

Concerning the photoneutron energy spectra, the shapes are qualitatively the same for the
three codes, although the curves are once again shifted. The 4 MeV peak is due to the
presence of '°0.
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On the right, with JENDL-5.
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20 MeV photons, simulated with MCNP6, PHITS and TRIPOLI-4. On the left, with ENDF/B-VIIL0.
On the right, with JENDL-5.
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4 General comments

In most cases, the integrated photoneutron currents obtained with PHITS are below the ones
obtained with MCNP6 and TRIPOLI-4, the two latter codes being most of the time in very
good agreement. This observation is still under investigation.

For carbon, nitrogen and oxygen, the photoneutron energy spectra obtained with
ENDEF/B-VIIIL.0 and JENDL-5 show a qualitatively similar shape, although shifted in energy
by about a few hundreds of keV, which calls for a better understanding of the sampling
routines. It should also be noted that TRIPOLI-4 and PHITS exhibit an excellent agreement
when comparing these energy spectra, while MCNP6 exhibits a different behaviour in each
“peak” of the spectra. Based on this observation, it would be interesting to study the physical
kinematics of each reaction in the classical and relativistic formalisms in order to determine
the analytical values of each peak energy. For most of the elements, there are several peaks
in the spectra, corresponding to the different excited states of the nucleus: in all tested
elements, JENDL-5 has a richer structure than ENDF/B-VIIIL.0 for these excited states,
leading to a larger number of peaks. For the extended version of the compendium, we
envisage to study in-depth the kinematics of the (y, n) photonuclear reaction.

Unlike the other codes, PHITS vyields photoneutron angular distributions that are
markedly anisotropic. The PHITS development team is currently working on this issue
encountered with ver. 3.34, which will be corrected in a next version of the code. Once that
this new version is released, we will update the results obtained with PHITS and present them
in an extended version of the paper. It is also worth noting that for the case of deuterium,
beryllium, carbon and oxygen, angular distribution of photoneutrons obtained with MCNP6
and TRIPOLI-4 are in phase opposition. This difference may be due to the non-relativistic
treatment of particles in MCNP6.

5 Conclusions

The compendium discussed in this paper can be used as a handbook on the Monte Carlo
simulation of photoneutrons in the Giant Dipole Resonance (GDR) energy range, and support
code users and developers, as well as evaluators of nuclear data libraries and experimental
nuclear physicists.

In this work, we have presented the simulation results obtained for the first five elements,
in order of increasing atomic number, i.e., deuterium, beryllium, carbon, nitrogen and
oxygen. In a forthcoming paper, we will cover an extensive number of elements.

Data will be made available on request.

TRIPOLI-4® is a registered trademark of CEA. The authors thank EDF, Electricité de France, for partial
financial support.
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