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A B S T R A C T

The calibration of radiation detectors is performed with the aim of ensuring accurate measurements of different
types of radiation. Due to scattering neutrons, the neutron beam spectrum will not be the same spectrum as that
emitted by the neutron source, thus influencing the reading of the instrument to be calibrated and causing a
systematic error in the calibration of the neutron measurement devices. The objective of the present work was to
estimate the contribution of scattering neutron radiation to fluence and mean energy using the Monte Carlo
simulation and the Shadow-Cone Method with the objective of obtaining direct and scattering counting rates.
The counting rates obtained at the Neutron Calibration Laboratory at IPEN, using the Bonner sphere spectro-
meter, were inserted into the NeuraLN program, which uses the UTA-4 response matrix and has 81 bins of energy
used to determine the spectrum, fluence rate, and mean energy at the source-detector distances of 100 cm and
150 cm.

1. Introduction

The calibration of radiation detectors, such as survey meters and
individual dosimeters, is performed with the aim of ensuring accurate
measurements with associated uncertainty, taking into account the re-
quirements established by the regulatory authorities. In situations in-
volving the calibration of neutron radiation detectors, one of the main
difficulties is related to scattering radiation, which may differ de-
pending on the laboratory size (Eisenhauer, 1989; Hwan et al., 2014;
Vega-Carrilo et al., 2007a).

AmBe neutron sources are convenient for use in calibration la-
boratories because of their long half-life, which avoids the need for
their periodic calibration, being recommended by ISO 8529–1 (ISO,
2001) and covering a range of power of interest for various applica-
tions: research, radiation protection and industry (Thiem et al., 2017;
Paola et al., 2019).

Due to scattering neutrons, the neutron spectrum (and its dose rate)
will not be the same spectrum as that emitted by the neutron source,
thus influencing the reading of the instrument to be calibrated and
causing a systematic error in the calibration of the neutron measure-
ment devices (Kim et al., 2001; Vega-Carrilo et al., 2007b). Ideally,
neutron detector calibration is performed in a non-scattered neutron
field, however, most calibrations can only be performed in a scattered

field due to the interaction of radiation with laboratory structures
(Alvarenga et al., 2017; Lee et al., 2018).

Corrections for scattering radiation depend on the neutron energy,
source-detector distance, type of detectors and the calibration room
proportions. The standard ISO 8529–2 (ISO, 2000) presents the
methods of Semi-Empirical Method (SEM), Reduced Adjustment
Method (RAM), and Polynomial Adjustment Method (PAM), which are
based on consecutive measurements varying the source-detector dis-
tance, and the Shadow-Cone Method (SCM), which is based on the di-
rect measurement of the scattering at a given point, which is employed
to correct scattering radiation (ISO International Organization for
Standardization, 2000; Mazrou et al., 2008; Lee et al., 2018; Mendez-
Villafañe et al., 2010).

The objective of the present study was to estimate the contribution
of scattering neutron radiation at the LCN/IPEN using the Monte Carlo
simulation and the Shadow-Cone Method (SCM) at 100 cm and 150 cm
source-detector distances.

2. Materials and methods

The Neutron Calibration Laboratory (LCN) has dimensions of
6.88 m× 5.46 m and walls of concrete with thickness of 15 cm covered
by drywall (panel made of calcium sulfate dihydrate (gypsum)). The
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laboratory is 2.8 m high, the concrete ceiling is 15 cm thick, and the
granite floor is 5 cm thick. The neutron source used in this study was
241AmBe (37 GBq). Experimental measurements were performed using
the Bonner sphere spectrometer (BSS), manufactured by Ludlum
Measurements, composed by spheres of high density polyethylene with
diameters of 5.08 cm (2 in), 7.62 cm (3 in), 12.70 cm (5 in), 20.32 cm
(8 in), 25.40 cm (10 in) and 30.48 cm (12 in), and by a scintillator
detector of 6Li (Eu). The electronic system used for this detector was
composed of an Lynx multi-channel analyzer manufactured by
Canberra, which is operated by the Genie 2000 Spectroscopy System
program.

The counting rates obtained by the BSS were used as input data in
the NeuraLN program, which uses the UTA-4 response matrix and has
81 bins of energy for the determination of the spectrum, fluence rate,
and mean energy at the distances of 100 cm and 150 cm (Lemos,
2009a,b). The Monte Carlo code MCNP5 was used to perform the LCN
simulations. The neutron spectrum used as the initial spectrum in the
Monte Carlo calculations was from the 241Am–Be source described in
ISO 8529–1 (ISO, 2001). In order to obtain results with low un-
certainties, 2 × 109 histories were simulated using tally F4 (Fluence in
a cell). The details of the composition of the materials of the structures
that make up the LCN in the code MCNP5, were taken based on the data
of the report PNNL-15870 (McConn et al., 2011), where air has a
density of 0.00125 g/cm3, wood of 0.42 g/cm3, PMMA of 0.95 g/cm3

and concrete of 2.35 g/cm3, granite of 2.69 g/cm3. The simulations
were performed by modeling the laboratory environment with and
without the shadow cone positioned between the source and the de-
tector, in order to evaluate the fluence rates and ambient dose
equivalent rates at the source-detector distances of 100 cm and 150 cm.
Fig. 1 shows the Neutron Calibration Laboratory of IPEN and the la-
boratory geometry, where the MCNP5 code was applied.

The Shadow-Cone Method (SCM) allows the experimental evalua-
tion of the contribution of scattering neutrons in the LCN structures. For
application of this method, ISO 8529–2 (ISO, 2000) recommends the
use of a cone composed of 30 cm of polyethylene and 20 cm of iron; the
cone shall be positioned between the source and the detector, thus
absorbing the primary beam of neutrons, allowing only the detection of
scattering radiation.

For a distance between the source center and the detector center,
the amount of direct neutrons measured, MD (l), is given by the dif-
ference between the counts measured without the interposed shadow
cone (total contribution), MT (l), and the counts measured with the
interposed shadow cone (scattering contribution), MS (l), multiplied by
a correction factor, FA (l):

= −l l l lM  ( ) [M  ( )    M  ( )]  .  F  ( )D T S A 2.1

where FA (l) is the coefficient of correction for air attenuation which can
be calculated as described in Annex C of ISO 8529–2 (ISO, 2000). The

cone shall be designed so that its angle is not greater than twice the
opening angle of the detector, thus avoiding the occurrence of a super
shadow (Kim et al., 2015). In order to eliminate the possibility of this
effect, it was necessary to use two cones with different angles: Cone I
with an angle of 2.98° and cone II with an angle of 1.07°.

According to Mirzajani et al. (2013) and Freitas et al. (2014), it was
observed that the non-use of two or more cones would result in a
considerable decrease in the average energy value when compared to
the reference values of ISO 8529–1 (ISO, 2001).

3. Results

Experimental measurements were taken at the 100 cm and 150 cm
source-detector distances, where the BSS and the shadow cone were
positioned at the same height as the 241AmBe source. The process of
measuring the counting rates occurred in two steps: in the first, mea-
surements were taken with the cone interposed between the detector
(without moderation and the 5.08 cm (2 in), 7.62 cm (3 in), 12.70 cm
(5in), 20.32 cm (8 in), 25.40 cm (10 in) and 30.48 cm (12 in) spheres)
and the source, and in the second, the measurements were taken
without the cone.

The measurement obtained by each sphere was carried out in the
period of 4h, thus allowing an uncertainty of less than 2%. Table 1
shows the results obtained by the NeuraLN program at the distances of
100 cm and 150 cm, with the cone and without the cone, which pro-
vided the values of the fluence rate and mean energy.

To obtain the values for the direct beam, Equation (2.1) was used
and the counting rates were obtained with the cone and without the
cone. Table 2 presents the values obtained by the program NeuraLN for
the direct beam and the scatter fraction, which was determined with the
difference between the direct and scattering fluence, at different source-
detector distances.

The report ISO 8529–2 (ISO, 2000) recommends that the scattering
contribution shall not exceed 40% at the calibration point; thus, it was
observed that at source-detector distances above 100 cm the scattering
contribution resulted outside the limit acceptable by the standard;
therefore, these distances can not be used for the calibration of detec-
tors in the LCN. In order to validate the unfolding process, the values of
the direct beam obtained experimentally were compared with the va-
lues described in the standard 8529–2 (ISO, 2000). Table 3 presents the
comparison between the value of the standard 8529–2 (ISO, 2000) and
those obtained for the direct beam at two distances.

The values obtained for the mean energy using the direct beam
present a percentage difference of only 0.7% for the source-detector
distances of 100 cm and 150 cm in relation to the reference value ISO
8529–2 (ISO, 2000). A simulation was carried out in order to evaluate
the scattering radiation, to obtain the direct spectrum and to validate

Fig. 1. (a) Neutron Calibration Laboratory of IPEN; (b) Laboratory geometry used for the simulation (MCNP5).
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the spectra unfolding, at the source-detector distances of 100 cm and
150 cm. At these positions air spheres were inserted with radius of
1.0 cm, filled with atmospheric air, and the shadow cone was placed
between the neutron source and the detector.

To obtain the values for the direct beam, simulations were per-
formed modeling the environment where all surfaces and cells were
maintained, but the density of the materials were adjusted to zero, so
that the volumes behave as a vacuum, thus avoiding the radiation
scattering in the LCN structure. For each source-detector distance the
neutron spectra were obtained: total (without cone), scattered (with
cone) and direct (without cone). It was also possible to obtain the va-
lues of the fluence directly from the MCNP5 code. Table 4 presents the
simulation results with and without the cone.

From the results presented in Table 4, it can be observed that the
values obtained through the simulation present a percentual difference
of 2.6% for the fluence rate at the source-detector distance of 100 cm,

with cone, and 9.4% for the fluence rate at the source-detector distance
of 100 cm, without the cone, when compared with the values obtained
experimentally presented in Table 4.

The values obtained at the source-detector distance of 150 cm have
a percentual difference of 4.5% for the fluence rate, without cone, and
of 9.7% for the fluence rate, without cone, when compared with the
values obtained experimentally presented in Table 3. It was verified
that the values relative to the direct beam obtained by means of the
simulation present a maximum percentage difference of 3.4% for the
fluence rate at the source-detector distance of 100 cm, and of 5.4% for
the fluence rate at the source-detector distance of 150 cm, when com-
pared to the values obtained using the Shadow-Cone Method presented
in Table 4.

Fig. 2 shows the spectra obtained experimentally with and without
the cone, at the source-detector distances of 100 cm and 150 cm, in
comparison to the reference spectrum of ISO 8529–1 (ISO, 2001), and
with the spectra simulated with and without the cone.

From the experimental spectra without cone (total spectrum), when
compared to the reference spectrum and the simulated spectra, at the
source-detector distances of 100 cm and 150 cm, it was observed that as
the source-detector distance increases, the total spectrum presents a few
similarity when compared to the reference spectra. It is possible to
observe that the spectra are considerably degraded and thermalized,
where it is possible to observe peaks in the range of thermal neutrons
between energies of 10−8 MeV and 10−5 MeV; this is due to the in-
teraction of neutrons with the LCN structures. The spectra obtained by
means of the direct beams present similarity in the form with the re-
ference spectrum and with the simulated direct spectra, therefore
showing a good result in the unfolding spectra process.

The experimental spectra with cone (scattering spectrum) present
low similarity in relation to the reference spectrum, because the spec-
trum is composed in its great majority of thermal neutrons; this is due
to the cone being interposed between the source and the detector. In
relation to the simulated spectra (with cone) they have great similarity,
thus validating the unfolding process.

4. Conclusions

The scattering characterization was performed at the LCN, using the
Shadow-Cone Method and the MCNP5 simulation. The fluence rate,
mean energy and the beam spectra were determined. These parameters
were obtained through the spectra unfolding performed by the NeuraLN
program, using measurements with and without the cones.

The computational modeling of the LCN was performed according
to the true dimensions and the materials that compose the laboratory.
The simulations were performed by modeling the environment without
the cone and with the cone between the source and the detector, in
order to evaluate the radiation scattering at the source-detector dis-
tances of 100 cm and 150 cm.

The direct beam and the influence of the scattering radiation at the
different source-detector distances of the LCN were determined by the
simulations and the Shadow-Cone Method; it was seen that the spectra
relating to the direct beam show similarity in the form with the re-
ference spectrum and with the simulated spectra. The scattering spectra
presented similarities to the simulated spectra, but with significant
changes, mainly for the greater source-detector distance of 150 cm.

Finally, the values of the scattering fraction at the distances of
100 cm–150 cm were determined by means of the simulation and the
Shadow-Cone Method, and the results suggest that the calibration
should be performed at distances less than 100 cm, thus ensuring that
the contribution of scattering radiation in the detector readings is
within the limit recommended by the standard.
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Table 1
Values obtained through the NeuraLN program, with and without the cone.

Distance (cm) Fluence rate (n/cm2.s) Energy (MeV)

Beam without cone
100 48.2 ± 2.4 3.89 ± 0.19
150 31.1 ± 1.6 4.17 ± 0.21

Beam with cone

100 29.0 ± 1.5 3.59 ± 0.18
150 23.4 ± 1.2 3.68 ± 0.18

Table 2
Values obtained by the NeuraLN program for the direct beam
and scattering fraction.

Distance (cm) Fluence rate (n/cm2.s)

Direct beam
100 19.1 ± 1.0
150 9.0 ± 0.5

Scattering fraction (%)

100 59.4
150 73.6

Table 3
Comparison between reference and experimental values.

Distance Energy (MeV)

100 cm (ISO 8529-2) 4.16
100 cm 4.19
150 cm 4.19

Table 4
Values obtained by means of the simulation, with and without
the cone.

Distance (cm) Fluence rate (n/cm2.s)

Beam without cone
100 50.1 ± 2.3
150 33.3 ± 1.7

Beam with cone

100 32.0 ± 1.6
150 25.9 ± 1.3

Direct beam

100 19.7 ± 1.0
150 8.5 ± 0.4
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