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ABSTRACT

This paper provides a contribution to the validation of photon transport and coupled
neutron-photon transport routines in Serpent 2. The validation is performed by calculating two
benchmarks ALARM-CF-FE-SHIELD-001 and ALARM-CF-PB-SHIELD-001. In the bench-
marks neutrons and photons originating from a Cf-252 source are transported through different
sized iron and lead spheres and the neutron and photon flux is tallied over a surface at a distance
of 3R from the centre of the sphere, where R is the sphere radius. Three lead spheres with
radius 10, 20 and 30 cm and six iron spheres with radius 10, 15, 20, 25, 30 and 35 cm were
calculated with Serpent 2 and MCNP6.2. The Serpent results were compared to MCNP6.2
and measurement results. In all cases the Serpent calculated neutron and photon spectra fol-
lowed the measured spectra fairly well. For the iron spheres, differences between Serpent and
MCNP6.2 calculated neutron spectra were mostly below 2 % at neutron energies below 4 MeV.
Differences between photon spectra through the iron spheres was mostly below 3 %. For the
lead spheres, differences in the calculated neutron spectra were mostly below 1.5 % in the en-
ergy range 0.04-4.0 MeV. Differences between photon spectra through the 10 cm lead sphere
was mostly below 5 % and for the larger spheres below 10 % except at higher photon energies
above 6.5 MeV.

1 INTRODUCTION

Serpent 2 is a multi-purpose three-dimensional continuous-energy Monte Carlo parti-
cle transport code, developed at VTT [1]. Serpent’s capabilities include among others reactor
physics applications, multi-physics simulations and neutron and photon transport simulations.
Serpent is actively developed and the validation of Serpent’s various capabilities is a continuous
effort. The purpose of this work is to contribute to the validation of Serpent’s photon transport
and coupled neutron-photon transport routines.

Photon transport mode was first introduced in Serpent version 2.1.24 in 2015 [2]. The
present version 2.1.31 includes four main photon interactions and three secondary photon pro-
duction mechanisms [3]. The main interactions are photoelectric effect, Rayleigh scattering,
Compton scattering and electron-positron pair production. The secondary mechanisms are
electron-positron annihilation, atomic relaxation and bremsstrahlung emitted by electrons and
positrons. Photonuclear reactions have been implemented in a development version 2.1.32 [4].
A weight-window based variance reduction scheme has been implemented in the current distri-
bution of Serpent [5].
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In this work, the afore mentioned methods are validated with the ICSBEP benchmarks
ALARM-CF-FE-SHIELD-001 [6] and ALARM-CF-PB-SHIELD-001 [7], hereafter referred to
as the ALARM benchmarks. The benchmarks involve neutron and photon spectra calculations
of a Cf-252 source through different sized iron and lead spheres. Serpent calculations are com-
pared to MCNP6.2 calculations and measurement results.

2 DESCRIPTION OF THE MEASUREMENT SETUP

The ALARM benchmarks describe the measurements of neutron and photon spectra from
a Cf-252 source through different sized iron and lead spheres. One measurement of the spectra
was also performed without the spheres. The Cf-252 source was placed inside a stainless steel
shell which in turn was positioned inside a copper capsule. The copper capsule containing
the source was placed inside a cavity in the middle of the iron or lead sphere. The sphere on
an aluminum support was placed on a steel frame. The detector was located at a distance of
3R from the source, where R is the the radius of the sphere. A removable cone was installed
between the detector and the sphere for background measurements.

Two kinds of spectrometers were used in the measurements. Single-crystal scintillation
spectrometers with a stilbene crystal were used for the measurement of the gamma spectrum and
the measurement of neutron spectrum between 0.2–17 MeV. For the neutron spectrum between
0.01–0.7 MeV, a neutron spectrometer SEN2-02 was used. The results within the overlapping
energy regions for neutrons with the two spectrometers agreed within 3 %.

3 BENCHMARK DESCRIPTION AND CALCULATION MODELS

According to the benchmark specifications, the source can be modelled as a point source
and the steel capsule and copper shell as well as the cavity within the iron/lead sphere can
be modeled as one dimensional spheres. As instructed in the specifications, the stainless steel
of the source and the iron sphere material was simplified to be iron with small concentrations
of Mn (0.4 wt-%) and C (0.1 wt-%). Lead was modelled as Pb with 0.1 wt-% Bi. Copper
consisted only of Cu. Material densities were 8.9, 7.84 and 11.3 g/cm3 for copper, iron and
lead, respectively. Influence of air was neglected and was modeled as void. The radius of the
different materials are given in Table 1. The radius of the Cf-252 source in the Serpent model
was 1E-9 cm.

Table 1: Dimensions (radius) of the modelled source and lead/iron spheres [cm].

Steel capsule inner 0.21 Steel capsule outer 0.53
Copper shell inner 0.61 Copper shell outer 0.84
Iron sphere 10, 15, 20, 25, 30, 35 Lead sphere 10, 20, 30

The Cf-252 source for the Serpent calculations was obtained by making a decay calcula-
tion for Cf-252 for 10 days. Serpent can use the result of this kind of calculation as the source
by combining the resulting material compositions into emission spectra read from ENDF for-
mat radioactive decay data files. A surface flux detector was used in the Serpent calculations
to calculate the total integral flux of photons and neutrons over a surface at 3R distance from
the source. A total of 1E9 particles were sampled in the calculations. The Serpent calcula-
tions were performed with a development version of 2.1.32. Some differences to the currently
distributed version 2.1.31 include the possibility to combine neutrons and photons in the same
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source definition, possibility for Gaussian energy broadening of the tallied spectra and new
photon libraries.

The photon source for the MCNP6.2 model was calculated with Serpent. First, a de-
cay calculation was performed for the bare Cf-252 sample. Then, the obtained photon source
was used in a photon transport calculation where the photon surface current directed out of a
1E-9 cm radius sphere was calculated with Serpent’s surface current detector. The calculated
detector scores were then used to determine the weight of the energy bins for photons in the
source definition of the MCNP6.2 calculation. For the neutron source, Watt spectrum for fission
neutrons was used following the example of the sample calculations with MCNP5 presented in
the benhcmark specifications. The MCNP6.2 calculations applied a point source. The neutron
and photon fluxes over a spherical surface at 3R distance from the source were tallied using
MCNP’s surface flux tally sampling 1E9-1E10 particles depending on the calculated case.

Gaussian energy broadening was applied to the Serpent and MCNP6.2 calculated photon
and neutron spectra according to the bechmark instructions. The benchmark specifications
provided parameters for the calculation of the FWHM (full width at half maximum) of the
broadened peaks. Two different sets of parameters were provided for the neutron spectrum
depending on neutron energy and one set for the photon spectrum.

The same neutron cross section libraries based on ENDF/B-VII.1 data at room tempera-
ture were used both in the Serpent and MCNP6.2 calculations. Additionally, the Serpent calcu-
latations were run using the JENDL-4.0 cross section data in order to get an idea on the effect
of neutron cross sections on the results. For photo atomic data, the PAELib0.1/en71 photon
library [8], which is based on data extracted from ENDF/B-VII.1, was used in Serpent. The
eprdata12 library was used in the MCNP6.2 calculations. All calculations were run on a Linux
cluster with Intel Xeon 2.2 GHz nodes using openMP parallelization.

4 RESULTS

The calculation and measurement results are presented in Figures 1–10. In the figures,
the labels “Serpent” and “JENDL” stand for Serpent 2 calculations with ENDF/B-VII.1 and
JENDL-4.0 libraries, respectively and “MCNP” stands for calculations with MCNP6.2. “Mea-
sured” stands for the measurement results provided in the benchmark specifications. All figures
give the neutron and photon spectra as neutrons / photons over a spherical surcafe of radius
”r=3R” per source neutron and energy interval in MeV.

Figure 1 presents the neutron and photon spectra from the bare Cf-252 source over a
sphere with radius 60 cm the source being at the centre of the sphere. In Figure 1a, no measure-
ment results were provided below 0.09 MeV. The correspondence between Serpent calculations
and measurements for the neutron spectrum from the bare source is very good. The differ-
ences being mostly within the measurement uncertainty. Correspondence between Serpent and
MCNP6.2 calculations is also good. Differences between Serpent and MCNP6.2 in the energy
range 0.09–4.25 MeV are mostly below 2 % and always below 2.5 %. When the flux strongly
decreases above 4 MeV, the differences between Serpent and MCNP6.2 also tend to grow. For
photon spectra from the bare source, the calculated spectrum follows the trends in the measured
spectrum. The measurements yielding slightly higher results in the lower energies and lower
results in the higher photon energies. Correspondence between Serpent and MCNP6.2 is very
good, the differences being mostly below 0.2 % and nearly always below 1 %.

Figures 2–7 present the neutron and photon spectra through the different sized iron spheres.
Figure 2 for the iron sphere with radius 10 cm presents only calculation results for the photon
spectrum since no photon measurements were made for this case.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 1: Neutron and photon spectra from the bare Cf-252 source.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 2: Neutron and photon spectra through an iron sphere with radius 10 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 3: Neutron and photon spectra through an iron sphere with radius 15 cm.

The Serpent calculated neutron flux follows quite nicely the shape of the measured flux
for all calculations. The correspondence between Serpent and MCNP6.2 is good for all cases.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 4: Neutron and photon spectra through an iron sphere with radius 20 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 5: Neutron and photon spectra through an iron sphere with radius 25 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 6: Neutron and photon spectra through an iron sphere with radius 30 cm.

The differences between energies 0.015–4 MeV remain mostly below 2 % for all cases and
nearly always below 1 % for the larger spheres with radius 20 cm or more. Above 4 MeV the

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 7: Neutron and photon spectra through an iron sphere with radius 35 cm.

decrease in the flux causes the differences to grow clearly larger. There is a strange peak in
the differences between Serpent and MCNP6.2 calculations in the energy bin 0.5-0.55 MeV.
At this bin, the differences are around 5 or 6 % when at neutron energies above and below the
energy bin the differences are below 0.5 % for all iron spheres. 0.5 MeV is the energy where
the parameters for the calculation of FWHM of the broadened spectrum are changed for the
neutron spectra. The effect is not clearly present in the differences between Serpent results and
measurements and does not happen with the lead spheres. The cause of the effect with the iron
spheres requires further investigations.

The Serpent calculated photon flux follows quite well the shape of the measured flux in
all cases. The difference between Serpent and MCNP6.2 calculated results is mostly below
3 % and nearly always below 5 %. The neutron cross section library has a clear impact on the
calculated results.

Figures 8–10 present the neutron and photon spectra through the different sized lead
spheres. The correspondence between Serpent calculations and measurements of the photon
flux is somewhat poorer than with the iron spheres. However, the calculated spectra follow
approximately the shape of the measured spectra for both the neutron and photon flux.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 8: Neutron and photon spectra through a lead sphere with radius 10 cm.
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(a) Neutron spectrum. (b) Photon spectrum.

Figure 9: Neutron and photon spectra through a lead sphere with radius 20 cm.

(a) Neutron spectrum. (b) Photon spectrum.

Figure 10: Neutron and photon spectra through a lead sphere with radius 30 cm.

The correspondence between Serpent and MCNP6.2 results for the neutron spectrum is
good. The difference between energy range 0.04-4.0 MeV is mostly below 1.5 %. Above 4 MeV
the neutron flux greatly decreases making the differences increase significantly.

In the case of the photon spectrum, the correspondence between Serpent and MCNP6.2
results is clearly best for the 10 cm radius lead sphere. The difference remains mostly below 5 %
except at the edges of the spectrum. The differences between 0.4-3.5 MeV are mostly below
2.5 %. For the larger spheres, the differences between photon energies 0.35-2.8 are mostly
below 5 % and apart from a couple of exceptions the differences below 6.5 MeV are less than
10 %.

In the MCNP6.2 calculations electron transport was not on. This approach was chosen
since electron transport is not modelled in Serpent. The effect of electrons was briefly studied
by performing MCNP6.2 calculations also with electron transport switched on. For the neutron
spectra the effect was mostly negligible. For the photon spectra through the lead spheres, the
difference between MCNP6.2 calculations with and without electron transport on was mainly
below 2 %. For the iron spheres, the effect was mostly below 1 %.
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5 DISCUSSION AND FUTURE WORK

The correspondence between Serpent and MCNP6.2 neutron spectra was quite good as
well as the correspondence between the photon spectra through the iron spheres. The corre-
spondence between the two codes for the lead spheres was poorer and the differences increased
when applying the larger lead spheres with radius 20 and 30 cm. The shape of the calculated
neutron and photon flux followed the measured flux fairly well. In the near future, more bench-
mark calculations will be performed. In the future calculations, validation effort for Serpent’s
variance reduction techniques is also planned.

ACKNOWLEDGMENTS

The author would like to acknowledge the work of Toni Kaltiaisenaho whose previously
constructed Serpent and MCNP input files served as an example for this work.

The work has been funded by the Finnish Research Programme on Nuclear Power Plant
Safety SAFIR2022.

REFERENCES

[1] J. Leppänen, et.al., “The Serpent Monte Carlo code: Status, development and applications
in 2013”, Ann. Nucl. Energy, 82, 2015, pp. 142–150.

[2] T. Kaltiaisenaho, “Implementing a Photon Physics Model in Serpent 2”, (Master’s thesis),
Aalto University, 2016.

[3] T. Kaltiaisenaho, “Photon transport physics in Serpent 2 Monte Carlo code”, Computer
Physics Communications, 252, 2020, 107143.

[4] T. Kaltiaisenaho, “Photonuclear reactions in serpent 2 Monte Carlo code”, Proc. Int. Conf.
on Mathematics and Computational Methods Applied to Nuclear Science and Engineer-
ing, Portland, USA, August 25–29, American Nuclear Society, 2019, pp. 181-190.

[5] J. Leppänen, T. Viitanen, O. Hyvönen, “Development of a Variance Reduction Scheme
in the Serpent 2 Monte Carlo Code”, Proc. Int. Conf. on Mathematics and Computational
Methods Applied to Nuclear Science and Engineering, Jeju, Korea, April 16–20, 2017.

[6] OECD/NEA, “Neutron and Photon Leakage Spectra from Cf-252 source at centres of
six iron spheres of different diameters”, NEA/NSC/DOC/(95)03/VIII, ALARM-CF-FE-
SHIELD-001, 2006.

[7] OECD/NEA, “Neutron and Photon Leakage Spectra from Cf-252 source at centres of
three lead spheres of different diameters”, NEA/NSC/DOC/(95)03/VIII, ALARM-CF-PB-
SHIELD-001, 2006.

[8] T. Kaltiaisenaho, “Photon, atomic relaxation and electron data library for Serpent 2, ver-
sion 0.1”, VTT Technical Research Centre of Finland. VTT Research Report, No. VTT-
R-00154-19, 2019.

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7–10, 2020
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