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A portable neutron spectrometry system was designed based on thermal neutron detectors embedded in
concentric polyethylene spherical shells. The system is flexible and can accommodate the use of either active or
passive neutron detectors in different configurations. In this work, the response matrix of the system with In-115
foil detectors was calculated with MCNP5 v.1.6. Activation foils were chosen as an ideal detector for the planned
use of the system in medical accelerator environments. Calculations were performed using ENDF/B VII.O and

ENDF/B VIII.O data libraries. The response functions calculated with the two libraries differ by as much as 11.6%
in the thermal energy region for the largest moderator. A sensitivity analysis was also performed to evaluate the
effect of main design parameters on the response matrix.

1. Introduction

Neutrons exhibit unique properties that make them ideal for
numerous applications in fields like environment and agricultural
research, biomedical research, nanotechnology, material science, and
nuclear physics (Kardjilov et al., 2018), (Fragneto et al., 2018). Under-
standing these particles are also essential in the operation of fission re-
actors and in the development of fusion reactors and new fission reactors
(Goricanec et al., 2018; HauBler et al., 2018; Pérez et al., 2019). In the
medical sector, linear accelerators (LINACs) and positron emission to-
mography (PET) cyclotrons produce neutrons as a byproduct (Karimi
etal., 2019; Khabaz, 2018; Vichi et al., 2019). These applications require
the characterization of neutron fields to evaluate the potential neutron
dose to radiation workers and the public. However, neutron
fluence-to-dose conversion coefficients are largely dependent on
neutron energy. It is thus essential to determine the neutron spectrum to
ensure that dose from neutrons are properly evaluated.

The most widely used neutron spectrometer is the Bonner sphere
spectrometer (BSS), which consists of a thermal neutron detector
embedded in the center of polyethylene (PE) spheres with different di-
ameters (Bramblett et al., 1960). Neutron moderation in the PE spheres
depends on the incident neutron energy and the size of the sphere.
Therefore, several different-diameter moderating spheres are required
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for a BSS system to resolve the energy distribution of neutrons in a given
location. Due to the number of required spheres and its high density,
conventional Bonner spheres tend to be bulky, heavy, and challenging to
use in field measurements. However, BSS remains to be the standard
device used in neutron spectrometry due to its isotropic response and
sensitivity to neutrons over a broad range (Thomas and Alevra, 2002).

Several studies proposed alternative configurations of moderator sets
and thermal neutron detector. These include the use of cylindrical PE
moderators (Ghal-Eh et al., 2017; Gomez-Ros et al., 2015; Liamsuwan
et al.,, 2018) that are ideal for collimated neutron fields. Nested
moderator configurations (Liamsuwan et al., 2018), (Dubeau et al.,
2012) and multiple detectors embedded in a moderator (Gomez-Ros
etal., 2010), (Gomez-Ros et al., 2012) were likewise designed to provide
a more compact alternative to BSS. Various options are also available for
the thermal neutron detectors to be embedded in the moderators. Active
neutron detectors such as 1°BF3 and *He proportional counters, and °Lil
(Eu) scintillators have been used that can perform real-time measure-
ments (Thomas and Alevra, 2002). However, these detectors are
vulnerable to dead-time losses, pulse pile-up and electromagnetic in-
terferences that are typical in LINACs, PET cyclotrons, and other intense
radiation fields (Vega-Carrillo et al., 2014). Passive neutron detectors
provide a better alternative in these harsh environments. Passive de-
tectors also have the additional advantage of reduced cost, low
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sensitivity to gamma radiation, and versatility due to its ability to work
even in harsh environments. Neutron detectors that have been used in
passive systems include thermoluminescent dosimeters (TLDs) and
activation foils such as gold, indium and dysprosium (Vega-Carrillo
et al., 2014; Vlk and Pavlovic, 2018; Fernandez et al., 2007; Bedogni
et al., 2013).

The Philippine Nuclear Research Institute (PNRI) is establishing a
neutron laboratory and a subcritical reactor assembly (Asuncion-As-
tronomo et al., 2019) as part of capacity building activities in nuclear
science and technology. In support of these projects, a portable neutron
spectrometry system (PNSS) has been designed, which consists of
concentric PE spherical shells. The shells can be assembled to match
solid PE spheres with 10 different diameters and can accommodate both
passive and active neutron detectors. In this work, the response matrix of
the PNSS with a central indium foil neutron detector is calculated using
MCNP5 v.1.6 (X-5 Monte Carlo Team, 2003) to determine the response
of the system in different neutron fields. Calculations were performed
using the recently released ENDF/B VIII.O nuclear data library (Brown
et al., 2018) and the well-validated ENDF/B VIL.O (Chadwick et al.,
2006) to compare the response matrices obtained with different nuclear
data libraries. The effects of variations in the PE density and dimensions
on the calculated response matrix were likewise investigated and dis-
cussed. Moreover, anisotropy effect was quantified for the smallest
moderator of the PNSS.

2. Materials and methods
2.1. Design of the portable neutron spectrometry system (PNSS)

The portable neutron spectrometry system (PNSS) consists of one
small sphere (g 5 ¢cm) and nine spherical moderator shells that are
divided into hemispheres. Table 1 summarizes the dimensions of the PE
moderators comprising the PNSS with tolerances of + 0.002 cm. Each
moderator is designed to fit into the next shell which can provide
different moderator thickness by adding the succeeding shells. The
sphere and all the shells have cylindrical perforations (@ 1.5 cm) across
its center as illustrated in Fig. 1. These perforations can accommodate
both active and passive neutron detectors and can be plugged with cy-
lindrical PEs when not in use. An aluminum support assembly is also
included in the design to serve as the support base of the spheres. The
height of the support assembly can be adjusted to allow flexibility in the
vertical positioning of the spheres.

The design of PNSS offers different possible arrangements for the
thermal neutron detector. A cylindrical active detector with diameter <
1.5 cm can fit in the sphere’s perforations as illustrated in Fig. 2a.
Multiple activation detectors can also be embedded at different locations
in the shells (Fig. 2b), which is similar to the proposed single-sphere
neutron spectrometer (Gomez-Ros et al., 2010), (Gomez-Ros et al.,
2012). However, the focus of this work is the typical detector-moderator
configuration illustrated in Fig. 2c, where an activation foil detector is

Table 1
Dimensions of the PNSS polyethylene moderators.

Sphere/shell label Internal diameter (cm) External Diameter (cm)
5.0 N/A 4.995 + 0.002
6.5 5.005 + 0.002 6.495 + 0.002
8.0 6.505 + 0.002 7.995 + 0.002
9.5 8.005 + 0.002 9.495 + 0.002
11.0 9.505 + 0.002 10.990 + 0.002
13.0 11.005 + 0.002 12.990 + 0.002
16.0 13.005 + 0.002 15.990 + 0.002
20.0 16.005 + 0.002 19.990 + 0.002
25.0 20.005 + 0.002 24.990 + 0.002
30.0 25.005 + 0.002 30.000 + 0.002
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embedded at the center of the spheres by securing it with the PE plugs.
This configuration has been chosen because several studies (Amgarou
and Lacoste, 2010; Bedogni et al., 2008; Fernandez et al., 2007) are
available that can be used as a basis of comparison for the current work,
while a foil detector is preferred since PNSS will be deployed in LINACs
and PET cyclotrons.

Indium activation foil detectors will be employed with the PNSS
moderators. Indium has been effectively used in passive neutron spec-
trometers as demonstrated in a dual foil Bonner sphere extended system
(Wang et al., 2010) and, recently, in a multi-sphere spectrometer (V1k
and Pavlovic, 2018). However, there is still limited literature on
In-based BSS and this present work aims to further establish the use of
this material in neutron spectrometry. An indium foil is composed of
11311 (4.29%) and '°In (95.71%) nuclides with thermal neutron capture
cross sections (o4) of 12 b and 202 b, respectively.! Due to its higher
abundance and cross section, this study only accounts for neutron acti-
vation products from 15y, Compared to 197A4-197 (o = 98.65Db),
which is more commonly used with passive systems, '!°In has the
following advantages: (1) it has higher thermal neutron absorption cross
section (~202 b); (2) its relevant activation product, 116mlln, has a short
half-life at 54 min, which means shorter saturation time; (3) it is cheaper
and more abundant than gold (Vlk and Pavlovic, 2018). These charac-
teristics are ideal for the planned utilization of PNSS in accelerator en-
vironments which offers limited irradiation time.

2.2. Monte Carlo calculation of the response matrix

Fig. 3 shows the model of the PNSS geometry that was prepared
based on the dimensions of the PE spheres (p = 0.939 g cm2) listed in
Table 1. The geometry of the model allowed easier implementation of
the Russian roulette variance reduction method, where the neutron
importance of each cell is gradually increased towards the tally region.
The indium foil (p = 7.31 g cm~3) was modeled at the center of the
moderators, as a disc with a diameter of 1.27 cm and thickness of 0.127
mm and oriented perpendicular to the source. The source is defined as a
disc with the same diameter as the PE sphere combination that is
simulated.

Each foil-moderator combination has a response function R;(E) that
is defined as the number of radiative capture (n,y) reactions in the in-
dium foil per unit neutron fluence rate per unit indium mass. The PNSS
response matrix is the set of R;(E) for all the PE spheres comprising the
system. Following the method described in (Amgarou and Lacoste,
2010), R;(E) was calculated using the F4 tally and the FM card in MCNP:

_NA;
p

R(E) =22 [ plEop(ny)de M

In equation (1), N is the atom density (cm’3), A; = nr? is the surface
area of the source that was chosen to match the radius of the irradiated
sphere r;, p is the density of the indium foil (7.31 g cm™3), ¢(E) is the
fluence per energy bin that is estimated by the F4 tally in units of cm ™2,
and og(n,y) is the corresponding cross section per energy bin for the
(n,y) reaction in units of barn (1072* em?). The resulting quantity is
multiplied by 0.79 to take into account the yield of the 1*™In nuclide
produced by *°In(n,y)'1%™!In reactions, which accounts for 79% of the
total neutron interaction with indium. Dimension analysis shows that
the unit of R(E) is cm? g~ 1.

The PNSS response functions were calculated for incident neutron
energy range of 1 meV-100 MeV divided into 120 equidistant loga-
rithmic intervals. Calculations of R(E) are performed with MCNP5v.1.6
code (X-5 Monte Carlo Team, 2003) using a computer with 32 cores, 64
threads and 3.00 GHz processors. 60 threads were used to allow parallel

1 JAEA Nuclear Data Services at https://www-nds.iaea.org/(23 May 2019,
date last accessed).
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Fig. 1. Design for concentric spherical shell polyethylene moderators in exploded (a) front and (b) isometric view. (c) Assembled PNSS with aluminum sup-

port assembly.
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Fig. 2. Different arrangements of thermal neutron detector in the PNSS: (a) active detector-moderator system; (b) multiple foil detector-moderator system; (c) central
foil detector-moderator system. Top hemisphere of PNSS removed to illustrate location of detectors in the arrangement.
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Fig. 3. Monte Carlo model used to simulate the PNSS response.

processing of each input file. The number of histories was chosen to keep
statistical uncertainties lower than 0.5%. To reduce calculation time, the
SCX feature of MCNP has been used, which allows binning of tallies.
Source probability biasing was also implemented in addition to the
Russian roulette variance reduction method.

All calculations have been performed using the most recent cross
section data library available, ENDF/B VIIL.O and the corresponding
thermal neutron scattering data S(o,p) (Brown et al., 2018). For com-
parison, calculations were also performed with the ENDF/B VII.0, which
is a well-validated nuclear data library and the basis of response matrix
calculations in previous studies. The effect of variations in relevant PNSS
design parameters on the response matrix were also calculated. This
includes changes in PE density as well as changes in the dimensions of
the spherical shells. The isotropy of the response matrix was likewise
investigated under different configurations of neutron incidence.

3. Results and discussion
3.1. PNSS response matrix

The calculated R;(E) for each moderator-foil configuration
comprising the PNSS response matrix are plotted in Fig. 4. The plot
peaks shift from the eV to the MeV neutron energy region with
increasing moderator thickness, which demonstrates that PNSS can be
used over a large neutron energy range. The sharp peak observed in the
plot for the 5.0 cm sphere is due to the radiative capture resonance peak
of indium in the 0.5 eV-3 eV range (Brown et al., 2018). On the other
hand, the R(E) plots for the 25.0 cm and 30.0 cm spheres display sharp
dips in the 1-10 MeV region due to nuclear resonances of carbon in this
energy range. These results are similar with those that are previously
reported for passive BSS systems (Vlk and Pavlovic, 2018), (Amgarou
and Lacoste, 2010; Bedogni et al., 2008; Fernandez et al., 2007).

1.0

0.8

0.6

Response (cm?/g)

1E-9 1E-7 1E-5 1E-3 1E-1 1E+1
Energy, E (MeV)

Fig. 4. Calculated response matrix of PNSS with a central indium foil detector.
Statistical uncertainties are less than 0.5%.
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3.2. Effect of nuclear data library

The most recent release of evaluated nuclear data library, ENDF/B-
VIIL.O (ENDF8), features improved thermal neutron scattering data, S
(o, B), for polyethylene and new evaluated data for neutron reactions
with 'H and carbon isotopes (Brown et al., 2018). Since most literature
on BSS response matrices use the previous ENDF/B-VIL.O (ENDF7) li-
brary, the possible influence of the new library on the response functions
has been investigated. The response functions of the PNSS spheres were
recalculated using ENDF7, and the result was compared to those ob-
tained with ENDF8 by calculating the percent difference. Fig. 5 provides
a summary of the comparisons made for results obtained for the 5.0, 9.5,
16.0 and 30.0 cm spheres. The calculated percent difference between
ENDF8 and ENDF7 response functions were also plotted.

Results show that the ENDF7 library tends to overestimate the
response function compared to ENDF8. This is particularly evident for
thermal neutrons and the effect becomes more significant with larger
moderators. In the thermal energy region, the calculated response
functions for the 5.0 cm sphere differ by as much as 4.71% while for the
30.0 cm sphere ENDF8 results are lower by as much as 11.6%. The de-
viation is due to the updated neutron scattering laws applied in ENDFS8,
which results in lower total cross section of PE for low energy neutrons.
Compared to ENDF7, the S(a,p) data for PE that is included in ENDF8 is
shown to have better agreement with experiment data (Brown et al.,
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2018), (Lavelle et al., 2013). In the high energy region of the plots,
ENDF8 results are also slightly lower than ENDF7 results. This is
attributed to the isotopic carbon evaluations that is incorporated in
ENDF8 libraries while previous nuclear data libraries employ natural
carbon evaluations (Brown et al., 2018), (Chadwick et al., 2006).

3.3. Effect of polyethylene density

The PE density used in the MCNP simulations is 0.939 g/cm®, which
is based on measured dimensions and masses of available PE plugs. To
account for uncertainties in the PE density, the response functions with
density variations of 0.939 g/cm® + 0.005 g/cm?® were calculated and
the results were compared with the reference density.

The response functions corresponding to different PE densities and
the calculated percent differences are plotted in Fig. 6 for the 5.0, 9.5,
16.0 and 30.0 cm spheres. The plots show that low density PE moder-
ators result in higher response to neutrons with low energy compared to
high density PE moderators. This trend is gradually reversed as the
incident neutron energy is increased, and as evident in Fig. 6, the
percent difference plots tend to cross at neutron energies that match the
peaks of the response functions. Since the central indium foil is more
sensitive to thermal neutrons, incident neutrons on the moderator-foil
assembly should be thermalized for it to have higher reaction proba-
bility with the indium detector. Thus, low density PEs result in higher
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Fig. 5. Effect of the nuclear data library on the response function for representative PNSS spheres. The propagated uncertainties for the calculated percent difference

are less than 1%.
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difference are less than 1%.

interaction probability between indium and incident neutrons that
already have low energy. This is observed up to the peaks of the response
functions where neutrons have been optimally thermalized by the
available moderator. For high density PEs, high energy neutrons have
better chances of interacting with indium after the optimal thermali-
zation. However, these mechanisms can be neglected for small density
variations. For the considered densities, the highest percent differences
that were calculated are 2.88% and 4.16% for the 5.0 cm and 30.0 cm
spheres, respectively. As expected, changes in density have greater in-
fluence on larger moderators. It should be noted as well that the percent
difference is minimal in the region where the response function peaks,
which is more important in the evaluation of the neutron spectra.

3.4. Effect of gaps between PE spherical shells

Actual fabrication conditions of the PNSS spherical shells may result
in gaps between adjacent shells that could affect neutron moderation. To
investigate the effect of the gaps, we calculated the response functions
for the PNSS with maximum gaps based on the expected uncertainties in
the sphere dimensions at + 0.002 cm. We also considered a test gap size
of 0.02 cm that is one order of magnitude greater than the expected
uncertainty. The PNSS response functions obtained with these gap sizes
were then compared to the minimum gap size that is based on the PNSS
spheres’ dimensions as listed in Table 1.

The plots of response functions for the 6.5, 9.5, 16.0 and 30.0 cm
spheres with three gap sizes are presented in Fig. 7. It is evident that the

maximum gap size based on expected fabrication tolerances does not
have significant effect on the response matrix of the PNSS. The
maximum calculated deviations in the response functions are 0.77% for
the 6.5 cm sphere and 1.49% for the 30.0 cm sphere. The difference is
higher for larger moderators since they consist of more shells that
introduce additional gaps between shells. Deviations in the response
functions are more evident with the test gap, with maximum values of
3.34% for the 6.5 cm sphere and 5.83% for the 30.0 cm spheres. How-
ever, these deviations are still small even with a large test gap size. The
response function plots that were obtained with larger gap sizes display
patterns that is similar to the plots for PEs with decreased density. This
indicates that the effect of gaps between spheres on the response func-
tion can be accounted for in the simulation model either by explicitly
including the gaps or by decreasing the declared density of the PE
moderators.

3.5. Effect of neutron incidence

Bonner sphere spectrometers typically have isotropic responses to
neutron fields due to the spherical symmetry of the PE moderators and
the central detectors. However, since PNSS uses indium foil detectors
with a disc geometry, the potential anisotropy of the system was
investigated. This was performed by calculating the response functions
for parallel neutron incidence and a truly isotropic geometry and
comparing the results to normal neutron incidence. Considering that
anisotropy effects have been studied previously for foil-based BSS
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Fig. 7. Effect of gap between the PE shells on the response function for representative PNSS spheres. The propagated uncertainties for the calculated percent dif-
ference are less than 1%.

(Amgarou and Lacoste, 2010), (Fernandez et al., 2007), the current calculated maximum deviations of 4.48% and 2.26% in the response
study only focused on the smallest and largest moderators of the PNSS. function for parallel and isotropic incidences, respectively. On the other
The calculated result for the effect of neutron incidence on the hand, the largest moderator appears to be immune to anisotropies with
response functions of the 5.0 and 30.0 cm spheres is shown in Fig. 8. The maximum deviations of 1.42% for parallel incidence and 1.74% for
smallest moderator is more sensitive to anisotropy effects with isotropic incidence. Larger moderators provide more scattering
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Fig. 8. Effect of the neutron incidence on the response function for representative PNSS spheres. The propagated uncertainties for the calculated percent difference
are less than 1%.
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materials for neutrons such that information on the source, including
initial incidence, tends to be lost as the neutrons travel through the
material. These results demonstrate that the presence of spherical PE
moderators can adequately reduce effects of anisotropies on the PNSS.

4. Conclusion

A design for a portable neutron spectrometry system (PNSS) has been
developed, which consists of concentric polyethylene shells that can
accommodate thermal neutron detectors in different configurations. The
use of indium as a passive central detector for the PNSS was investi-
gated. The response matrix of the In-based PNSS for neutron energies
from 1 meV to 10 MeV was calculated using MCNP5v1.6. Our results
show that MCNP calculations with the newly released ENDF/B-VIILO
library result in lower response for thermal neutrons compared to re-
sults obtained with the former ENDF/B-VII.O. This is due to the differ-
ence in the thermal scattering treatment that is employed by the nuclear
data libraries. Moreover, the effect of main design parameters on the
response functions of PNSS has been investigated. The parameters
covered in the investigation include the variations in PE density, the size
of gaps between the PE shells, and the direction of neutron incidence.
Within a certain range, it is found that variations in these parameters
have negligible effects on the PNSS response matrix. This work dem-
onstrates that the PNSS provides an alternative compact configuration
for Bonner sphere spectrometers.
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